
and cooling of the brain, suggest that 
the temperature changes are detected 
centrally in those animals. Under the 
same conditions as those for the experi- 
mental data shown in Fig. 1, we ex- 
amined the time course of the change 
in brain temperature as a function of 
the temperature of the perfusing water. 
A thermocouple was implanted in the 
brain 2.5 mm from the midline and at 
the level of the posterior commissure. 
The changes in brain temperature 
lagged behind the perfusion tempera- 
ture by 20 to 25 seconds; these have 
been added to Fig. 1, A and B, as a 
dashed line. Increased activity of both 
the warm- and cold-sensitive neurons 
therefore tended to be synchronous 
with a changing brain temperature, 
rather than the temperature step across 
the gills. This result is consistent with 
the interpretation that the sensory site 
is in the brain. Furthermore, prelimi- 
nary experiments in which neural activ- 
ity and brain temperature were moni- 
tored simultaneously indicate that 
activity does follow brain temperature 
(Table 1). 

Although the initial constant brain 
temperature was different for each unit 
tested, it appears that the mean 
steady-state activity of different units 
can be quite variable. For example, 
during the initial phase of warming 
the brain, the temperature 11.5?C 
was common to the first four units in 
Table 1 but the mean steady-state ac- 
tivities were dissimilar. In addition, the 
temperature of the brain above which 
the activity increased with warming 
varied between units. The range of 
temperature sensitivities of + 2 to + 18 
impulses sec-1 deg-' for the trout is 
above the range of + 0.09 to + 1.0 for 
the warm-sensitive units in the lizard 
(7), but is within the range of + 1 to 
+21 impulses sec-1 deg-l for the dog 
(8). The variation in the temperature 
sensitivity of individual units, their 
steady-state frequency, and the temper- 
ature of the brain at which they 
switched on with warming, suggests 
that the brain might have a population 
of temperature-sensitive neurons con- 
sisting of individual units that function 
over a specific temperature range. 

Cabanac et al. (7) have already 
noted the similarities between mam- 
malian and reptilian brains with regard 
to temperature-sensitive units. Now, 
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vertebrates. Though one cannot neces- 
sarily infer a close association between 
the activity of these units in the brain 
and some behavioral thermoregulatory 
response of the fish, one might specu- 
late that the beginnings of a central 
thermostat exist in the lowest class of 
vertebrates. 
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Some 40 years ago Wever and Bray 
(1) observed sound-evoked electrical 
activity in the eighth nerve, which re- 
produced the frequency and waveform 
of low-frequency sound stimuli. This 
response, which we have termed a fre- 
quency-following response (FFR), was 
observed at frequencies well beyond 
the limits of response of individual 
neural units. To account for this dis- 
crepancy, Wever proposed the "volley" 
concept of neural firing. Subsequently, 
FFR has been observed at higher levels 
of the auditory pathway (2). 

Considerable controversy has existed 
over whether this response reflects 
neural activity, or some nonneural 
mechanism such as cross talk in the 
recording system, remote pickup of the 
cochlear microphonic (CM), or some 
artifact generated by such physical fac- 
tors as acoustic vibration at the inter- 
face of brain and electrode. Evidence 
supporting a neural interpretation of 
FFR has been reported by a number 
of authors (3). The principal observa- 
tions are: (i) FFR has latency appro- 
priate to the neural level from which 
it is recorded; (ii) in contrast to the 
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graded onset of the CM, FFR has an 
abrupt onset and a discrete threshold; 
(iii) FFR is so narrowly localized 
within the auditory pathway that it is 
not recorded at points a millimeter 
away; and (iv) under anoxia the dis- 
appearance of FFR is concurrent with 
that of known neural activity (for ex- 
ample, evoked potentials) whereas CM 
persists. Since the possible importance 
of FFR for processing of neural in- 
formation and for theories of hearing 
depends upon an unequivocal demon- 
stration of its neural basis, two experi- 
ments were undertaken to resolve this 
issue. 

In the first experiment (Fig. 1), sec- 
tion of the eighth nerve abolished FFR 
at the cochlear nucleus, as well as the 
evoked potential, without affecting the 
CM recorded at the round window. 

Since the functional integrity of the 
recording electrode in the cochlear 
nucleus is not demonstrable after 
transection of the eighth nerve, a sec- 
ond experiment was performed. Revers- 
ible blocking was produced by inserting 
a cryoprobe to cool the left cochlear 
nucleus. Both the evoked potential and 
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Auditory Frequency-Following Response: Neural or Artifact? 

Abstract. An electrical response which reproduces the waveform and frequency 
of the sound stimulus can be recorded from the central neural pathway for audi- 
tion. Controversy has existed for some years over whether this frequency-follow- 
ing response (FFR) is neural or an artifact such as remote pickup of the cochlear 
microphonic or cross talk in the recording system. Two experiments resolve this 
issue by demonstrating that the frequency-following response depends upon func- 
tionally intact neural pathways. The frequency-following response, as well as 
auditory evoked potentials, is abolished by section of the eighth nerve; it is revers- 
ibly abolished by cooling of the cochlear nucleus. 
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Fig. 1. Effects of transection of the eighth nerve on the cochlear microphonic 
and the frequency-following response (FFR). In each photo traces are: STIM, 
trical signal to earphone produces a tone pulse with a frequency of 730 hz, durat 
25 msec, and an intensity of 100 db referred to .0002 t/bar; RRW, cochlear microj 
recorded at the right round window; RCN, response recorded from right co 
nucleus. The photos in the top row are (A) taken 5 minutes before, and (B) just I 
section of the eighth nerve. Photos in the lower row are (C) taken immediately 
and (D) 5 minutes after section of the eighth nerve. The CM response survives tl 
tion, whereas the FFR and the evoked potential from the cochlear nucleus are abo 
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Fig. 2. Reversible interruption of neural conduction produced by cooling the cochlear 
nucleus with a cryoprobe. In the three left columns, the upper traces in all photos are 
CM responses recorded from the left round window. The lower traces show the evoked 
potential and FFR recorded from a recording tip on the cryoprobe. In the right-hand 
columns the upper and lower traces show the evoked potential and FFR recorded from, 
respectively, the left and right accessory nuclei of the superior olivary complex. The 
three rows of photos are: L, left monaural stimulation; B, binaural stimulation; R, 
right monaural stimulation. In all cases, the stimulus was a tone pulse with a frequency 
of 900 hz, duration of 20 msec, and intensity of 94 dl. Each set of three pictures shows 
responses recorded before, during, and after cooling of the left cochlear nucleus. The 
cooling abolishes responses from the left cochlear nucleus without affecting the left CM 
recorded from the left round window. At the olivary level, responses are abolished to 
left monaural stimulation during cooling of the left cochlear nucleus. During cooling, 
olivary response to right monaural stimulation are not affected. Normally, the olivary 
response to binaural stimulation reflects an interaction between the effects of right and 
left monaural stimulation, whereas under cooling the response to binaural stimulation 
is the same as that to right monaural stimulation. 
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FFR recorded from the left cochlear 
nucleus at the tip of the cryoprobe were 
temporarily abolished by cooling (ap- 
proximately 6?C drop at the cryoprobe 
tip); they were recovered completely 

IOOuMV when the temperature returned to nor- 

2zo0, mal. The CM response at the left round 
window was not affected by this cool- 

ing. At the accessory nucleus of the 
superior olive, FFR was evoked by 
sound stimuli to either ear, and cooling 
of the left cochlear nucleus abolished 
it for left monaural stimulation but not 
for right monaural stimulation. 

That neural conduction was inter- 
rupted on the cooled side is further 

IooiV demonstrated by the polarity and 
I amplitude of the olivary response to 
|20QV binaural stimulation during cooling. 

Before and after cooling the response 
to binaural stimulation reflects an inter- 
action between the response to right 

(CM) and left monaural stimulation. In 
elec- contrast, during cooling, the olivary 

ioni o response to binaural stimulation is 
chlear identical to that of right monaural 

before stimulation. 
after, These results demonstrate that FFR 

ie sec- is a neural response which, like the 
lished. evoked potential, depends upon the 

functional integrity of the auditory 
pathway. It follows that further ex- 

ploration of the significance of FFR 
should not be clouded by concern over 
whether or not it is in fact a neural 

response. 
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