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Coding in the Auditory Nervous System

by Experiments on how hearing works suggest that it is the connectivip
of the central pathways, and not the existence of elaborate cod,

L. C. WHITFIELD

Neurocommunications Research Unit,
University of Birmingham

Trr idea of auditory analysis by resonant structures is
one of some antiquity. The earliest theories were framed
in tarrns of cavity resonances, for the inner ear was then
thought to be filled with air, Quile explicit theorics of
this tvpa are to be found at the beginning of the seven-
peonth century,  From the thne of du Verney? onwards,
however, the solid strueiures to which the auditory nerve
is distributed came to be regarded as the resonators, snd
the only changes betweon 1760 and 1830 resulted frem a
continuing svarch for the preciso location of the resona-
tars, bhe fleld of search being progressively opened up by
tmprovements in mierescopie and histologicul technique.
The pestulated resonance seems to have been regarded
mainly as o means of magnifying the weak sound stimulus
cagher than as an analytic mechanism, although du
Verney did consider that as s result of differential vibra-
tion the auditery nerve would “receive different impres-
sions which represent in the brain the various character.
istics of tones”. Haller® appesrs to have been the first
to speculate on the possibility of distinguishing sound
frequencies by the frequency of the ‘tremors’ in the audi-
tory nerve fibres and thus to have foreshadowed the
other great group of auditory coding theories—the
frequency or “‘telephone™ theories first formalized by
Rntherford in 1886,

In 1857 Helmholtz? produced his famous theory, which
can probably be regarded as the first attempt to formulate
a detailed system of auditory coding. He did this by
combining three previously enunciated principles. The
first of these was Ohm's law of aunditory analysis. It
is a matter of commmon experience that, in notes sounded
by most musical instruments, it is pessible with practice
to distinguish both the fundamenteal and one or two over-
tones. Ohm extended this observation in his hypothesis,
and stated that any complex periodic sound wave be-
haved—as far as the ear was concerned—=ss if it consisted
of a series of suitably related sine waves corresponding fo
its Fourier components.

Helmholtz was quick to recognize that a system of
tuned resonators is precisely the kind of structure to
realize Ohm's proposal physically, and he therefore
emphasized the analytic rather than the magnifying
propetties of the resonance hypothesis of cochlear function
already established.

The third principle was that which is now commonly
known under the namo of Miller’s doctrine of specific
nerve energies. Miiller proposed, in effect, that there are
five differcnt kinds of sensory nerves—one for each of the
five senses—and that stimulation of one particular kind
of nerve, by whatever means, evokes specifically the
sengory quality to which it is related. Other pecple
cerriod the subdivision further and the idea reached its
fullast extension with Helmholtz's proposal of a specific
fibre or group of fibres for each distinguishable pitch.
The Helmholtz theory, in its original form, was a pure
place theory. Each subjectively distinguishable tone

patterns in individual structures, which mediates discrimination of
such a wide range of sounds by the ear.

had a corresponding rescnator in the cochlea and eael
resonator was supplied by an individual nerve fibre o
group of fibres distinct from ali others. Frequency wag
thus coded in terms of activity or inactivity in particular
fibres, and intensity in terms of the degree of that activity,

There are a great many problems raised by the Helm.
Loitz hiypothesis, of mest of which Helmboltz was himseif
aware. It is not possible to discuss them in detail here;
they have been well treated by Wevert. It is suffeient
to point out the two general headings: the identity of
the resonators, snd their selectivity, In spite of the
greatly inereased detail which the compound microscops
had revealed by the mid-nincteenth century—in particu.
far the structure of the organ of Corti—it never provad
possible to identifly any component which would aceon
in number and range of physical properties for Lthe mumier
and range of the known diseriminable frequencies,  Like
wige, 1t proved impossible to reconeile the high degree of
selectivity called for in the resonators with the experi-
mentally determined decay time of the system.

These two difficuities caused Helmholtz later to abandon
the idea of highly sclective resonators and to suggest only
that one particular resonator was most highly excited by a
tone while thoso for some distance on each side would be
excited to lesser extents. He thus implicitly abandoncd
the specific nerve energy “one tone, one fibre” code in
favour of a code in which there was o non-unigue arvay
of fibres subjected to & unigue pattern of activation,

Although both the general principle and the details of
resonance in the cochlea continued to be matters of
argument, the theory was quite widely accepted and
taught in elementary textbooks for some seventy years.
Perhaps its very elegance and simplicity madoe people
feel it ought to be true and encouraged its acceptance.

Behaviour of the Cochlear System

The essence of the Helmholtz theory was a series of
transverse mechanical resonators, distributed along the
length of a tapering basilar membranc.  Tones aof
different pitch would set into vibration different but
highty lecelized regions nlong the length of this membrane.
Until the early 1940s no one had actually looked at the
basilar membrane during activation of the car by a sound’
stimulus., Then Békésy®, who had been working for som¢
time on cochlear models, published several papers on the
mechanies of real ears. The essence of his method was (@
examing the vibrating membrane through an artificisl
window in the cochlea with the aid of strobosecopi
illumination. He found indeed that there was a region ®
maximum vibration of the membrane for a given frequenty
of stimulus, and that this maxitnum moved from the ape®
towards the base of the cochlea as the sound frequenty
was increased. The maxima were not very sharp, how
ever, and considerable overlap of the vibration envelops®
waas evident between frequencies an octave or more apit
The method also made it possible to determine t¢
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& phase of the vibration, and the result proved
against & regonance theory. The phase lag of
cement of the basilar membrane relative to the driv-
oree increases progressively from the base to the apex
cochles, reaching values as large as 5w at the apical
he lag at the position of maximum displacement
6 27 or more. These values are not compatible with
fgiresonant system. The disturbance can best be
hit of as & traveiling wave originating st the basal end
figimembrane and travelling towards the apex ot the
ea: As it travels it gradually incresses in amplitude
Hen dies away rather abruptly. With high frequency
1g forces the penk amplitude js reached closs to the
d, and the wave does not travel very far before
oub.  With lower driving frequencies the wave
Iy’ farther and farther along the cochlea, and the
num is progressively displaced towards the apical

Fig. 1}).

Basilar membrane

Jage Apex

g 1. “Instantuneous” pictures of the travelling wave on the basilar

" imembrane for s high {requency, a; & middle frequency, b; and & low fre-

- gency stimulus, c. The dashed envelopes show how the disturbance

“Aravels (acther along the membrane from base Lo apex before reaching a
i peak and dying out,

The basilar membrane carries on its surface a ragher
ftplex structure known collectively as the organ of
- Lorti.* This steucture contains the hair bearing celis which
ﬁrm the mechano-neural $ransducers. Vibration of the
#iar memmbrane results in deflexion of the hairs attached
Jo'theso cells and this, in turn, by a process not fully
: derstood, resultsina discharge of impulses in the sensory
- Mve fibres associated with these cells. Tho greater the
- Mmplitude of vibration of the membrane, the faster are
* pulses discharged by the nerve.
Although the innervation of the cochlea is quite com-
Jex, in general terms we can say that the 30,000 to
f"_._ﬂ()(} fibres of the auditory nerve are ovenly distributed
# hair cells along the whole length of the basitar mem-
Bne. Because the vibration cnvelope of one tone can
Jverlap that of other tones an octave or more away, and
. Use the extent of the envelope varies with intensity,
® Mmight expeet that a single nuditory nerve fibre could be
:‘fd};{}’at«ed by many different tones, and this proves to be
Caso.  Near its threshold a fibre responds to only a
mt'_mnge of frequency, but as the sound intensity is
:q‘m:’&sed it responds over o greater and greater range
ol ab high intensities it may be responding toprmy
sach

ency within a band several octaves wide®,

757

fibre thus has a triangular frequencyfintensity response
area which roughly mirrors the shape of the vibration
envelope,

Because any one fibre responds to a wide band of fre-
quencies, it would be expected, conversely, that a largs
number of auditory nerve fibres will be discharging at
any given stimulus frequency. Schuknecht? has shown
that at the quite moderate sound pressure level of 40 dB,
between 15 and 25 per cent of the whole system is activated
by any one single froequency. But 25 per cent of 40,000
fibres is 10,000 fibres. It follows that if the frequency is
changed by 1 per cent—an easily dotectable change.
something like 200 fibres will be added to cne end and s
similar number subtracted from the other. In other
words, 98 per cent of the active fibres are activated by
both tones. When wo remember that the total number
of fibres activated depends onr intensity as well as frequency
along the array, it is clear that there is no question of
there being specific groups of fibres for specific diserimin-
able frequencies. How then does the system function t

Possible Pulse Interval Codes

An alternative to the resonpnece hypothesis woas put
forward by Rutherford?® in the 1890s and has become
known as the “tolephone theory”. Rutherford suggested
chat, rathor th periphe analyvaix faking place, the
atditory neeve teaasmitted o lregquecey replica of the
sound.  Little was known in those davs about the proper-
ties of the nerve Dupuise, but subsequeit work has shown
thiat it is nof possible fur a nerve to carey trains of impulses
at froquenchas greater than at most 1,060 per see, and it
wstlly eannot suseaia rafes groater than 300/5ee for more
than a very short times This teaves o lege propoction of
the pudible spectrum without representation. To deal
with the frequeneics above 300 ¢fs, it has boen suggested
that some form of alternation takes placet. According to
ehis idea, a [eequency of 10,000 ¢/s would be doalt with by
pwendy lbres each firing 300 pulsesjzce and fiving in rota-
tionn.  Of conese, this would only signal the frequeney
clement of the sound, and considerably more fibres would
be requircd to deal with the intensity parameter, but
thero are some 40,000 fibres available so that the hypo-
thesis does not immediately fail on this score. .

The peimary question, however, is the experimental
one: do tho pulses in auditory neeve fibres bear any
relation in timo to the stimulus frequency ! At low
stimulus frequoencies (say, 200 ¢fs) there is undoubtedly
a very strong relationship. However, there is o good deal
of “jitter” in the system which coauses this relationship
to become progressively less and less obvious as the
stimudus frequency is increased. In the auditory nerve
this relationship fails somewhere between 2,600 and
4,000 efs, according to the time and space over which one
chooses to integrate the measurcments. The situation
gets progressively worse as one ascends the neural path-
way, owing to the variable nature of synaptic delays (the
variation roay be as much as 300 psec). This means, in
effect, that for anything but the very lowest frequencies, a
frequency code would have to be converted to some other
form at a very early stage in the neural path. There is
no evidence that any such conversion takes place. We do
not, for example, find that single neurones at the higher
levels of the nervous pathway respond only to narrow
froguency bands; the band of frequencics to which a
given fibee responds at, say, the collicular level is just as
great as that of an auditory nerve fibre.  We must conclude
that although frequency representation is a possible
mechanism for low frequencies, it is not o valid one for
high frequencies,

Even at low frequencies there is a further problem to be
considered. It is very casy when recording nerve impulses
on an oscilloscope, or using thern o prepare a pulse interval
histogram, to distinguish a frequency of 990 from a fre-
quency of 1,000, However, for the nervous system to do
this, it too must have a suitable clock and there is no
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evidence that a neural clock of this degree of accuracy
exists.

We have considered two types of coding—indivi-
dual channel activity and mean pulse frequency. Let us
now consider another. The pulse trains in & nerve fibre
are not, in detail, evenly spaced in tims. This is especially
true ab higher levels in the system. It is elearly possible
that & pulse interval code eould exist, and such & code has
a potentially high information capacity. In the past
ton years or 80, the possibility of such a code in the nervous
system has attracted a lot of attention and a great deal
of work has been done on analyses. So far, little encour-
sgoment has been forthcoming., Examination of such
“patterns’ in the auditory system has served only to
support the conclusion that the distributions of pulse
intervals are random,

In the early stages of the system; if we discount the
relative deficiency of short intervals imposed by the
refractory propersies of the excitable elements, and any
residval first order patterning of the type referred to
here, there remains only an interval distribution which
could adequately be accounted for by & random process.
At higher neural levels the distributions are complicated
by multiple delay paths, but there still appears nothing
obviously specific to the stimulus, The objection raised
here would also seem to apply cven more eogently to
the use of & pulsc interval codo: is there in the nervous
system any mechanism for decoding such a pattern?
Again we know of none,

Coding of Stimulus Frequency and Intensity

Before going further, it may be worth while to consider
what the auditory system actually bas to do in hearing,
say, o steady tone or a vowel sound.  If we make measure-
monts of the frequency and intensity differenco limina
(DLs) over the whole range of hearing, we can construct
8 two-dimensional diagram consisting of & number of
cells or compartments which show at & glance the size
of the DLs in any particular region®. I wo¢ count up the
total number of thess ceils we find there are sbout 340,000,
However, although many people have greater or lesser
degrees of absolute pitch it would be absurd to suggest
that anyone when presented with a tone at random can
say “That is 6,130 ¢/s at 30 dB above threshold”, and the
auditory system is not called on to transmit data for any

Impulse rate

Apleal

Fibre artay

Basal

Fig. 2. Diagram to show the distribution of activily in the array of

flores ariginating from the basilar membeane. The height of exch line

represents the mean rate of nerve limpulsesin the corregponding fibre. The

upper and middle diagrams represent bwo different stimulus frequencles,

while the lowest diagram represents an (nereased stimulus intenaity, In

actuality there would be several hundeed Limes ns many fbres activated
ag are shown here,
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such choice. Intensity difference limina are normgy
determined by compsring adjacent stimuli. Aga;
although speech has o highly complex waveform of Pﬁt(-::‘
tially very high information content, little of this iy us«i E
at any one time, Even highly degraded waveformsg Such
a3 differentiated clipped speech yield 92 per cent intellig,',
bility scores!®, It seems that a very few frequencie‘,
usually called the formant frequencies, or perhaps even
the second formant alone, are sufficient to chamcte,-jZc
the speech sounds as far as intelligibiliby is concernequ
Let us see, therefore, how far we can get with a rat,,
simple code. Wo have already seen that the pattery of
activity in the array of auditory nerve fibres for a tong
stimulus is like that of Fig. 2 with fibres firing at varigy,
rates according to the degree of excitation of the papt ¢
the membranc from which they arise. In this Array we
could, for example, assess intensity in terms of the i,
charge rate of the most highly excited fibre, or by th,
total number of fibres carrying any activity. Likewise,
wo could assess the stimwulus frequency by the position
of the most active fibre (the position of the “peak™,
or by the relative position of the two ends of the array of
active fibres. Neither of these two latier criteria js :
good, however, as a small pereentage of ‘anise’
acdded a$ suc e synaptic jucettons conld easily bio

their loeations.

¥

Basal Tibre array Apleal Fibre areay
[ &
Fig. 3. Transformation of pulse rate distribution in the fbre array offi:
tad By tha cochlen 3, @, input pattern; b, o pttern,

in

lintes represant a lo wdug ingonigty, thir
Other conventions as in Fig. 2 {af

et | hig
ter Whitfeld ™,

If we examine the behaviour of a single auditory fibwe
at a higher level beyond the first cell station (cochlear
nucleus) we observe two differences from an auditory
nerve fibre'®1, First, the discharge rate is no longer s
monotonic function of stimulus intensity, so that intensity
cannot be signalled purely in terms of discharge rate
Secondly, over o rather wide range of stimulus intensity
there iz littlo change in firing rate. The curve tends to
increase rather rapidly near threshold as the intensity i
raised, and then to flatten off, falling again someswhat at
very high intensities. Allanson and Whitfield! hawve
pointed out that this effect leads to .a transformation in
which the noise-sensitive aunditory pattern is transformed
into one in which all the fibres are substantially either
“hard on”” or “hard off”” (Fig. 3). In other wouds, if we
consider only whether there is activity or no-activity in 4
given fibre, then the frequency is signalled by the relative
position of the two edges, and the intensity by the number
of active fibres between those edges. Such an arrangernent
is not only very resistant to degradation, but presents the
information in a form which should be eminently detectable
by the nervous system which is well adapted to locating
regions of abrupt change in activity.

An immediate difficulty arises. Suppose we have not
one single tone as stimulus, but two or more simultaneously,
as will certainly occur very often in real life. Becauso ot
the considerable cverlap of activity, the auditory nerye
pattern might look something like Fig. deg, and ths
after transformation, might be expected to give rise to 3
single block of active output fibres indistinguishable from

, that produced by a single, much louder tone, the frequency

of which is located somewhere between the two ton®
we are considering. If we actually try the expemncﬂf:
we find that although the fibres in the ‘overlap’ region &7
activated by either of the two tones sounded alone, if ¥°
sound them simultaneously these fibres are actusly
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Input patbcrn Apleal Quiput pattern
b

. Iuput,’output relations for a stimulus involving two frequencies.
otrc the inhibition (i) in the “overlap" region. Conventionsasin Fig. 2 -
(after Whitflald™).

bited and fail to respond (Fig. 4b). This type of
ibition is a common feature of sensory pathwaysls1e,
effect of its existence is clearly to preserve the identity
ofrseparate stimuli—in this case the blocks of active
.ﬁBres corresponding to the two tones.

WI{; is also found experimentally that the fibre array
Ec:temrves an orderly anatornical arrangement at least as

h:s"&‘

up a8 the inferior colliculus!®. Thiz means that channels
which are adjacent frequency -wise are also spatially
acent. The activity in the total array in response to a
Feornplex sound signal will therefore appear rather like
"that shown diagrammatically in Fig. Sa.

Tlbre array
-

e (bet) al ()

[4

Flg. 6. a, Distribution of puiseactivityin thearray of Qbregin the contral
auditory pathway, and the way this may vary with time as the com-
porents of the stimuius vary in frequency and intensity. &, Distribution
of speech energy in different frequency banda for two vowels and a diph-
thong {after Pottey, Kopp and Green?),

It is instructive to compare this with the time course of
the formant frequencies of speech sounds (Fig. 5b). The
svidence of Fig. 5a also suggests why diserimination be-
- bween two successively presented tones, which would only
Srrequire detection of the fact that the edge has moved, is
80 much more readily carried out than the absolute
identification of frequency which would require memory
identification of specific channels.

So far, we have considered only steady states and the
relations between them. Identifications of frequency
changes, however, are also important. For example, the
e;f,_feature which appears to distinguish between the con-
donants b, d, and g is whether the sccond formant fre-
Quency rises towards its final value, remaing constant, or
E,,f"alls towards the final value respectively!”. If we examine
ot
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nearones in the auditory part of the cerebral cortex, we
find that there are such units which are specifically re-
sponsive o frequency changes®, A given neurone will
fire only when presented with a falling frequency, while
another will fire only when the frequency is rising (Fig. 8)-
The precise valus of the frequency is largely unimportant
provided thera i8 a sufficient excursion in the corrsct
diroction. Provided the change is not too slow, the rato of
change is not very critical. SR

¥ig, 6. a, Response of a nenrone in the auditory cortex to a rising fre-

queney. The signal bar represenia a steady tose of 12 Xefs which then

rose linearly at the polat shown to a new steady value of 13-2 kefs. The

rigs time was 50 msec.  In & the frequency returned from 13 2 kefs to

12 kefs In the same way; this failed to stimulate the neurone (after
Whitficid and Evans™).

It seemns likely that the qualities of pitch and intensity
are distinguished by levels below the cortex, as discrimina-
tions of this type can be made, for example, by cats in the
absence of the relevant cortical arveas. Temporal patterns
of sound, in which the only differences are those of the
sequence of the tones and not their identity, cannot,
however, be distinguished in these circumstances. There is
some evidence of a similar situation in man.

Trangient Phenomena and Sound Localization

8o far wo have been considering either steady state
phenomena, or sigoals involving enly fairly slow and
limited changes of a single frequency. However, tho ear
has also to operate on a wide range of transient signals.
One of the defects of the resonance theory was its failure
to desl with this aspect of cochlear behaviour and its
concentration on steady state frequoncy analysis. It is
possible theoretically to produce for any waveform a pure
frequency analysis, & pure time analysis, or any inter-
mediate compromise. 'The mechanics of the cochlea do
indeed represent such a compromise between the needs of
frequency identification and the necessity for the temporal
location of wave fronts. The latter are, of course, of par-
ticular importance to the organism in the location of
sound gources.

If & short impulse is applied to the ear, & ‘travelling
bulge’ is preduced on the basilar membrane which propa-
gates from the base to the apex of the cochlea. This wave
has a velocity of the order of hundreds of metres per second
near the base and slows to only three or four metres per
second near the apex. Experiment shows that as a result
of the passage of this bulge a given auditory nerve fibre
discharges one or more impulses with a pulse interval
corresponding to the steady-state frequency for which that
fibre would be maximally excited!®. There is thus a close
link between the temporal pulse pattern produced by an
impulse and that produced by a low frequency tone, and it
would appear that the samse mechanism could well process
both. The ‘click’ has a marked superiority over the tone,
however, in that it excites temporarily identifiable pulses
in fibres at the basal end of the cochlea, and the steep
wave front means that these initial pulses will be especially
aceurately timed.

For localization of a sound soures, the relative time of
arrival of the scund at the two ears and the relative timing
of the corresponding nerve impulses could provide some of
the necessary data. In criticizing the telephene and
related theories of frequency analysis, we noted the way
in which the relation between nerve impulse position and
stimulus envelope, fairly good in the auditory nerve,
became progressively degraded ag more and more synapses
were introduced along the pathway. We argued that this
potential source of information could only be used if it
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were transformed ab an early stage intc some other code.
In the process of sound localization such a trensformation
does take place. There appears ta be a special structure
for this purpose—the medial (or accessory) olivary
nucleus, which is situated in the brainstem at about the
level at which the auditory nerves enter it. The nucleusis a
plate like structure which has a sheet of nerve cells each
innervated on one face by flbres of the auditory nerve of
its own side, and on the opposite face by corresponding
fibres of the auditory nerve of the opposite side. Hall*,
using click stimuli, has shown that the probability that
one of these ceils will fire depends on the relative time of
arrival of the stimulus at the two ears. Thus, if the stimulus
to the ipsilatoral ear precedes that to the contralateral
ear by 500 usec the probahility of the neurone firing might
be, say, 0-75. If the ipsilateral stimulus lags by 500
usec tho corresponding probability would be only (-45.
Relative intensity of the stimuali has a similar effect; if
the ipsilateral click is more intense than the contralateral
one, then the probability of firing is increased and vice
vorsa. Artificial manipulation of the timing and intensity
of dichotic clicks enables us to demonstrate the pheno-
menon of time intensity trading?®! in the apparent positicn
of a source, but for a real single souice the two effects
reinforce one anolber, as the signat will be both earlier
and louder at thoe nearer ear. Because this situation in-
volves a higher probability of e particular cell firing, it
will mean that more libres leaving this nucleus will be
activated; the code has been transformed from one in
which the information is contained in the relative timing
of impulses to one in terms of the number of active fibres.
The end result of the transformation thus has the same
form, and the same resistance to degradation, as the
frequency code discussed eariier. Of course, the number of
active fibres on a given side will be a function of the
abzolute intensity of the signal, as well as of its relative
intensity, and to this extent there is an ambiguity. The
relative number of active fibres, however, on the two sides
is to a first approximation independent of the absclute
intensity and thus could give a measure of lateralization.
Although such a model has been proposed®, the anatomical
site of a comparator has not yet been located. Neverthe-
Tess, at the cortex there are cells which, while they are
readily activated by quite weak sounds anywhere in the
quadrant from dead ahead to a position opposite one ear,
are quite unaffected by much stronger signels originating
in the eorresponding gquadrant on the opposite side of the
head.

Centrifugal Control

Finally, et me turn to the question of the control of the
suditory input. Everyone is familiar with the pheno-
menon of “not hearing the sitting room clock tick until
it stopa'. Continuously present or irrelevant signals tend
to be suppressed at the expense of more immediately
important ones. This control talkes place quite early in
the system. Thus the electrical response in the cochlear
aucleus to & sound signal hag been shown to disappear if
the signal is repeatedly presented over a long period®.
Distraction of attention by the presentation of an “in-
teresting” visual stimulus may have & similar effect®.

These ‘gating’ operations, which selectively control
the input, appear to be mediated by centrifugal pathways
which pacallel the ascending auditory system all the way
from the cortex to the periphery. Even right out at the
cochlea It is possible to inhibit activity in individual
groups of auditory nerve fibres by stimulation of the
centrifugal olivo-cochiear bundle®. Farther up the system,
within the brainstem, the possibilities becomne more varied.
Stimulation of one set of descending fibres will shut off
the response to sound of a particular neurone in the co-
ehlear nucleus®®; on the other hand, stimulation of a
difforent set of these fibres increases the sensitivity of
cochlear nucleus cells, and may lower the sound threshold
of a particular cell by as much as 15 dB™. It is clear that
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these fibres control the sensory throughput ab all atage,
It is less clear if they simply control whether or pof
information gets through at all, or if they actually deter.
mine the route it takes. ‘

Until quite recently, views on auditory localization
tonded towarda the view that somewhere in the systen,
there should be sn area or set of structures uniquely
sctivated by a discriminable stimulus. From this loeys
activity would presumably ‘fan out’ to produce a complex
widespread response on the motor side. A diagrammatie
representation might be made from two pyramids with g
eommon apex. As we have seon, experiment simply
does not support this concept of sensory organization,
Just why such an arrangement should have been thought
necessary is unclear. Among spinal reflexes, the classical
‘gserateh roflex’ involves interconnection of a complex
gensory pattern with a complex motor pattern, yet no one
has ever postulated a ‘scratch’ unit or claimed that there
were unique pathways leading to it., The ‘pyramid’
theory, if it were true, would of course have simplified our
concept of the discrimination mechanism, as we should
only require a gate to operate at a single point. However,
the existence of widespread centrifugal connexions means
thet not only is diffuse zating a practical means of con.
trolling o ‘learned’ discriminution, but thab this gating
could take place at slmost any neural level. It is well ;
established, for instance, that direct connexions exist |
between auditory nuelel and motor pathways ab the
upper medullary level?®. These are generaliy desoribed «x
‘auditory reflex’ pathways, bub there scems no reason
why they shounld not be ‘conditional’ pathways who:»
activity or cuiescence i3 centrolled by the centrifugal
system.

In suwmmary, then, let me reiterate two points. There is
no evidence anywhera in the anditory system for groups
of newrones responding uniquely to particular diserimin.
able stimmweli, and muiti-channel correspondences probably
exist between the sensory system and effector systems,
equivalent to those at the spinal level. The elaboratencss
of the sensory pathway seems to lie in its conneetivity;
shere is no evidence to date for the existence of elaborate |
code patterns in individual fibres. ;
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