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monius to assume that such instances are indeed rare,
rather than just neglected. One generalization that can
be made is that chemical communication in general
among fishes may be on a low level of organization in
terms of the hierarchy of levelsl4. Because of the
critical position of reproductive behavior in species
survival, it is normal to find that interactions during
reproduction include the highest levels of organization
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and behavior of which the species is capable. In the
case of chemical stimuli, reproductive behavior in
fishes does not attain the level of signal or communica-
tion (as defined by Tavorcal4), with a very few excep-
tions.

W, N. TavoLca, in Nonverbal Communication (Eds. L. KrRAMES,
P. Priver and T. Arroway; Plenum Press, New York 1974),
p. 51.
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The purpose of this brief survey is to place in per-
spective electroencephalographic (EEG) responses of
the olfactory bulb as they relate to prespawn homing
behavior of salmon. No attempt will be made to review
the numerous experiments in this area since they have
been recently reviewed by Haral.2,

EEG and behavior

Spontaneous electrical activity in the brain was
first observed by CATON in 1875 (BrAzIER3, 1961) and
first recorded from humans by BrRGER4 in 1929.
Continuous oscillations in electric potential can be
measured between electrodes placed on the brain.
Oscillations differ in frequency and amplitude from
region to region and the parameters of frequency and
amplitude can be altered by sensory input, hormones,
metabolites, blood gas level, etc. In theory the EEG
might serve as a direct measure of the qualitative
aspects of brain activity, but in fact the relationship
between behavior and EEG is not understood. How-
ever, in humans some states of altered brain function
may be diagnosed by EEG. Relative to an actual
behavioral response the EEG response must be con-
sidered to be very crude in terms of yielding qualitative
information. For example odiferous substances which
evoke behavioral responses in fish do so at concentra-
tions several orders of magnitude below that required
to evoke a change in the EEG of the olfactory bulb.
This is not surprizing when one considers that changes
in EEG require the simultaneous firing of complex
networks of neurons.

Bulbar EEG evoked by natural waters

Having Trecognized the great disparity between
evoked changes in EEG and actual behavioral re-
sponses the question arises as to whether it is meaning-
ful to draw any behavioral conclusions from EEG
studies. To -address this question, the relationship

between prespawn homing behavior and evoked
bulbar EEG responses to natural waters will be dis-
cussed. The focus is on studies of homing salmon
(various species of Oncorhynchus) since more detail is
available from these studies. As discussed earlier in
this article, the homing salmon is dependent upon
olfaction. Hara et al.5 first showed that when the ol-
factory epithelium of salmon Oncorhynchus tshawytscha
and O. kisutch was irrigated with water taken from the
home stream a high amplitude, synchronized response
was recorded from the surface of the olfactory bulb.
Originally it was found by UEDA et al8 that only
water from the home stream evoked the high amplitude
synchronized bulbar response as shown in Figure a.
UEDA et al. showed that waters transversed during
migration were stimulatory, but the evoked bulbar
response was much less than when home stream water
was used as the stimulant.

Subsequently OsHiMA et al.? showed that the bulbar
response to natural waters in homing salmon was not
the ‘all of none’ situation which was suggested from
earlier studies of UEDA et al.b. OsHMA et al.” found
that, although a high amplitude bulbar response always
occurred when home stream water was profused into
the nasal cavity, all natural waters evoked some re-
sponse and in some instances non-home water evoked
a response similar to the response to home water,
Figure b. OsHIMA et al.® also showed that bulbar re-
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sponses similar to that evoked by water from the home
stream occurred when waters taken at various inter-
vals along the fresh water migratory route were pro-
fused over the olfactory epithelium. From this latter
study it was suggested that homing salmon were not
following an odor gradient emanating from the home-
stream, but rather fish are stimulated by a succession
of olfactory clues along the migratory route. Hence,
the bulbar EEG, asanalyzed by pattern and magnitude,
was found not to be specific for only the home stream
water. However, in general, discrimination between
home route waters and waters taken from different
drainage areas was usually observed.

The high amplitude synchronized bulbar EEG was
also found to be evoked by substances from fish. Water
which failed to evoke a high amplitude synchronized
response in chinook salmon did so when chinook or
coho were placed in the water for a few hours prior to
testing, Water containing chinook evoked the greatest
response. Since olfaction is probably important in
schooling and species identification (Hara?2) these
results are not surprizing. This finding is presented to
illustrate the point that the bulbar EEG, viewed
simply in terms of overall pattern and magnitude, is a
quantitative reflection of intense, excitatory, olfactory
stimulation. The qualitative aspect of this EEG
‘language’ still remains obscure.
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EXPERIENTIA 32/0
Qualitative analyses of electrophysiological responses

To observe a qualitative aspect of the bulbar EEG
during exposure to natural waters Raj1 et al.? used a
computer to analyze the frequency spectrum of the
bulbar EEG. They observed temporal changes in
frequency which were different for individual waters
or solutions L-serine and concluded that spectral pat-
terns seemed to reflect qualitative differences even
when overall magnitudes of some of the responses were
similar. The spectral patterns were analyzed at a
resolution of 0.25 cycles/sec. However, the validity of
the spectral pattern approach is still open to question
since the variation observed between individuals as
well as repeated responses given by an indivudal animal
to the same stimulus often differ nearly as much as
responses to certain different natural waters or test
solutions (HARrA, personal communication).

Another approach to obtain qualitative electro-
physiological information on olfactory responses to
homestream water is to measure activities of single
bulbar neurons. D6vING et al.l0 have shown that dif-
ferential responses to waters, in which different fish
had been held, occur in individual bulbar neurons of the
migratory Arctic Char. As with EEG, relating single
unit activity to the problem of understanding behavior
remains a difficult task. Single unit studies, however,

Shown are olfactory bulb EEG’s
recorded from chinook salmon
during stimulation of the olfac-
tory epithelium with various
natural waters. a) Response to
home water; b) response to non-
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home water from the same drain-
age area as the home area; c) re-
sponse to non-home water from a
drainage area different from that
of the home area. Solid line under
the EEG indicates perfusion of
water over the epithelium. Upper
trace is the integration of the
total baseline deviation of the
EEG. Scale is given at lower right:
horizontal, 1 sec; vertical 50 puV

(from OsHiMA et al.”).
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have alerted us to the possibility that the bulbar EEG
may be influenced by a variety of non-olfactory stimuli
which are registered on the olfactory epithelium. For
example SATo and Suzukiil found 4 types of functional-
ly differentiated fibres in the olfactory tract of the
carp, Carassius auratus. They described chemosensitive,
thermosensitive, mechanosensitive and chemothermo-
sensitive fibres. Also they differentiated two types of
thermosensitive and two types of chemosensitive fibres.
Considering that a similar array of fibres exist in other
fish such as salmon, it is important that electro-
physiological studies be controlled in terms of para-
meters such as the temperature of test waters, force
with which the olfactory epithelium is perfused, etc.

Variables which alter the bulbar EEG

As suggested from the single unit work there are a
variety of parameters which influence both quantitative
and qualitative aspects of the bulbar EEG recorded
during olfactory stimulation. CooPER and HASLERI2
have shown in bass that the EEG response can vary
with the temperature of the test water. The pH also
has some effect on the response (CoorEr and HASLER18).
The period during the migratory season when fish are
tested may also be a variable at least in some instances.
CooPER and HASLER!3 found that homing coho salmon
obtained during the peak of the season, which had
been in part ‘imprinted’ on morpholine as fingerlings,
gave a stronger bulbar response to morpholine than
fish which were early or late arrivals. This may be due
to the endocrine state differences of fish arriving at the
home stream at different times. Estradiol, for example,
may increase the bulbar EEG response (Haral4). The
time intervals in which various test waters are pre-
sented during recording of the EEG may produce
variation in the bulbar response. Also the amplitude of
the evoked potential may change with the number of
times a given test water is presented. A ‘priming’
effect is sometimes observed in which the first expo-
sure evokes a small response which increases to
maximum after several exposures to the test water
(OsHIMA, personal communication). The manner and
the location of the placement of recording electrodes
on or just beneath the surface of the olfactory bulb
may also alter the pattern and intensity of the recorded
EEG (Hara et al.35, Osaima and HAuN (unpublished
data).

Discrimination at the bulbar level

Experiments have been done to determine if a
‘discriminatory’ EEG can be recorded from the ol-
factory bulb after bilateral tract section. In prepara-
tions of this type the olfactory bulb is isolated from
the rest of the brain but afferent neurons from the

Generalia

1097

nasal mucosa remain operative. Immediately after
tract section home and non-home waters were pre-
sented. While the magnitude and pattern of the EEG
was decreased, the ratio of the home water response to
non-home water response was similar to that observed
in the intact brain (OsHIMA et al.?). This experiment
suggests that discrimination between natural waters
may occur at the bulbar level. Experiments of this
type also show that the bulbar EEG is markedly mod-
ified by centrifugal feedback from higher brain
regions.

Summary remarks

It is evident that the bulbar EEG is a complex
response which can be influenced by several methodo-
logical and stimulant variables. What EEG patterns
tell us about actual behavior remains obscure. The
bulbar EEG which is evoked by homestream water is
not necessarily a reflection of olfactory memory. The
evoked bulbar EEG also does not necessarily demon-
strate the salmon has distinguished the home-water
from another water in terms of migrational orienta-
tion. Despite lack of absolute specificity, a correlation
between bulbar EEG and actual behavioral perfor-
mance has been observed even though some non-
home waters evoke responses similar to that of the
home water. In general it has been found that the home
water response can be distinguished from the response
to other natural waters. Failure to obtain complete
specificity may be due to a variety of variables which
have been alluded to earlier in this section. Thus
considering that the evoked EEG is a reflection of the
integration of a diverse afferent input, further electrical
and computer analyses may eventually permit the
decoding of the EEG in terms of behavior. However,
if the EEG proves to be more a quantitative rather
than qualitative reflection of brain activity, relating
EEG to behavior will prove to be of limited value.
Since afferent responses in the olfactory bulb are
influenced by impulses from higher brain centers,
studies on centrifugal aspects during olfactory
stimulation may be useful in gaining some qualitative
understanding of the home water evoked EEG of the
olfactory bulb.
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