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I. INTRODUCTION

It has long been known that salmon can return with great specificity
to their homestream to spawn. How this "homing" is accomplished is
still not completely understood, although there has been extensive
research in meny areas relating to this prcblem. There appear to be
two well-defined aspects of the homing-migration: orientation in the
open ocean, and inshore orientation near and including the final journey
to the homestream. During the early stages of their life history, it
is believed that salmon can store cdor information about their streanm
(i.e. imprint to their homestream odors) and recall this information
during the inshore phase of the spawning migration. This paper will
deal only with this second phase of homing.

One of the more recent methods of studying homing is the electro-
encephalographic or EEG technique. Classically, the term EEG refers
to signals obtained from mammals {mostly humans)} from electrodes
taped to the scelp in conventionally defined places (e.g. on the tem-
poral lobes). These signels are thought to originate from the cerebral
cortex. More recently, however, the term EEG has been used for re-
cordings obteined from many types of animals {ipcluding fish) with
electrodes placed both on the skull and into various parts of the
brain. The sole criterion for an EEG recording secems to be that it
comes from the central nervous system and contains signals that lock
similar to the classical mammalian recordings. Other terms, such as
EOG (electroolfactogram) and EOBG (electroolfactobulbargram), are
sometimes associated with the EEG,

The EEG is & particulsarly useful tool in the study of olfacticn
{and therefore homing) because it is a relatively simple technique
compared to censusing large numbers of fish and to behavioral studies
on salmon. From the viewpoint of a physiclogist, the EEG is easier to
obtain than single unit recordings from the ¢lfactory bulb, where
many small cells (often one micron in size) are extremely difficult,
if not impossible, to study.

The EEG technique, as used in the study of homing, consists
of paralyzing the animal, removing a porticn of the skull and placing
an electrode in the olfactory bulb. Various chemical soluticns or
natural waters are then presented to the ipsilateral naris and the signals
recorded on a polygraph. In some cases the test solutions produce =
"homestream" response (see below).

The electrcencephalographic or EEG technique was first explored
&5 & possible bicassay for individual streem recognition in salmon
in & paper by Hara, Ueda, and Gorbman in 1965. Since that time there
have been many physiologicel (Cooper, 1871; Hara, 1G67a and 1967b;

Hars and Gorbman, 1967; Oshima and Gorbman, 1966a, 1966b, 1968, and 1969;
Oshima et al., 1969c; Rappoport and Daginawala, 1968; Satou, 1971;
Sutterlin and Sutterlin, 1971; Hara and Law, 1972} and behavioral

(Dizon, 1971; Hara, 1972a and 19T2b; Oshima et al., 1969a and 1969b;
Ueda et al., 1967; Ueda et al., 1971) studies that have attempted to
evaluate the significance of these signals. Hara has summarized much

of this work (Hara, 1970).

This paper will attempt to critically evaluate the EEG as a research
tool for the study of homing. We will refer to work on non-salmonids
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where it is appropriate. In addition we will describe in detail what
we believe is one of the most significant and exciting applications

of the EEG technique with regard to "odor" homing and to the basic
physiological question of long-term memory. In the past, the EEG
technique has been misused in some experiments because of limitations
of the technique and its analysis. Moreover, the responses obtained
with the EEG technique do not mlways correlate with responses cobtained
with behavioral technigues.
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II. THE EEG TECHNIQUE
A. The Characteristics of the Signal

We shall discuss various factors that need to be considered in
crder to use the EEG technique for experimentation. These are: the
type and form of the responses; the chemicals that elicit responses;
the physical parameters, perhaps independent of the chemical itself
{i.e. pE, ionic strength, and temperature) that influence these res-
ponses; and the order of sample presentation.

The characteristic "homestream" response described by Hara et al.
(1965) consists of a series of high smplitude evoked waves (10 to 40
Hz) from 50 to 500 miecrovolts in strength. We shall see that there
are sdditional characteristies of the response to an artifieisl im-
printed odor as compared to a response to other stimuli. These
include the lag at the beginning of the signal, duration of the
response, and adaptation (discussed in "Imprinting to Artificial Odors").

Two broad classes of EEG responses to stimuli are spindling and
inhibition. Spindling is characterized by a marked increase in signal
amplitude especially at higher frequencies when compared to back-
ground activity. Inhibition is shown by a desynchronization and
flattening of the EEG trace. These, then, may be referred to as a
high amplitude response or a depression response. These categories
perallel those of Sieck (1967).

A second group of factors to be considered in the study of the
EEG involve the relationship between responses and after-responses
or after-discharges. Four cases of this will be illustrated from ex-
periments by Weber (1970). He took 0.06 M solutions of various salts
and observed EEG responses to them (Table 1). High smplitude responses
(spindling) are shown by positive numbers, inhibition responses by
negative numbers in this table of relative values. First, he observed
a response when the sample was introduced and then no response while
rinsing out the nares with distilled water (e.g. NaCl, MnCl,, and MgClp).
Alternately he found a response to the stimulus and also & response
while rinsing (e.g. SrClp, CaCls, and NHLCl). Thirdly, there was a
depression at the time of sample presentation but no after-discharge
{(e.g. KHpPOL, KC1 and HqBO3)}. Similar classes of responses can be
seen with compounds other than salt. Sucrose produces a lov response,
while phenethyl aleohol gives both spindling and after-discharges.

Unfortunately, the category in which a compound apparently falls
is not mlwsys consistent. For instance, Weber, Oshima, Hara and
Gorbman {Weber, perscnal communication} all report large evoked poten-
tials to NaCl in both adults and juvenile salmcon. Cooper and Hasler
do not find evoked potentials to NaCl in imprinting studies with
artificial odors using adult coho salmon, although Dizon (1971) and
Dizon et al. (1973) did for juveniles. The introduction of NaCl did
produce remarkably constant background levels of activity. The in-
consistency of responses may be explained because Cooper and Hasler
worked only with Lake Michigan cohc adults. These fish had lived in
& total freshwater enviromment unlike the fresh-salt-fresh water regime
of the Pacific salmon. Handwash (water in which the hand has been dipped)
does give consistent large spindling in all work reported.
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Table 1. Effect of 0.06M solutions on olfactory epithelium of yearling
coho salmon; 1 indicates the amplitude of spontanecus bulbar activity.
Positive numbers indicates spindling, negative numbers inhibition. After-

responses with distilled water are sometimes produced as well (Weber, 1970).

Solution Amplitude After-Response
NaCl 5 no
CaCl2 5 yes
MeCl, 5 no
MnCl2 3 no
Sr 3 yes
NH&Cl L yes
KC1 -2 ne
Kngou -3 no
H3303 -2 no
Sucrose 1 -
Distilled H.O 1 -

2




Table 2. Olfactory bulb responses of five ccho salmon to amine acid
solutions relative to human hand-rinse. Note that isomers produce
different quantitative response. These responses are not directly

pelated to behavioral responses (Weber, 1970).

Sclution Solution concentratien Average response
(Melal) and range in percent

Humanhhand-rinse Unknown 100 + 12
L-serine 1.3 x 10_3 53 + 6

D-serine " 23 + 13
L-valine " 23 + 10
I-isoleucine " 23 + 10
L-cystine 1.0 x 107 26 + 21
L-methionine 1.3 x 10‘3 113+ 5
D-methionine 1.3 x 10—3 b+ b
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Bulbar responses can be seen with other chemicals, such as amino

acid soluticns as shown in Teble 2 from the work of Weber (1970).

Here it is interesting to note that while L-methionine gives higher

EEG responses than handwash, it does not elicit an avoidance response

in behavioral studies on adult salmon, as does handwash. Therefore,

the EEC responses are not always directly related to behavioral responses.
It is clear, tooc, that optical isomers of the amino acids give different
responses. Leserine (the active component in handwash) elicits a
stronger response than D-serine, while L-methionine gives a vastly
greater evoked pctential than D-methionine.

Hara (1972v) has recently looked at responses of rainbow trout
to amino acids. His results correlate well with the work of Weber.

The order of magnitude of the response to the eleven most effective
of forty-nine aminoc acids tested were: Leglutamine > I-methionine>
L-leucine > homoserine > L-asparegine > L-alanine > L-cystine > L-cysteine>
glycine > L~gerine > L~histidine.

Sutterlin and Sutterlin (1971) have also described electrical
responses of the olfactory epithelium to various amino acids and to
other substances. We feel the use of their data in relation to the
olfactory bulb is permissible since they state that compounds
excitatory to the epithelium generally resulted in EEG evoked potentials.
They provide a list of non-stimuletory compounds as seen in Table 3.
Unfortunately for an understanding of the EEG, they could find no
satisfactory explanation as to why some compounds are stimulatory
and some sre not.

Table 3. Non-stimulatory compound tested gn the clfactory epithelium.
All compounds were tested at 107-, 107, and 1077 M
(Sutterlin and Sutterlin, 1971).

Propionic acid Dimethylamine

Valeric acid Trimethylamine

Caproic acid n-Butylamine
sec-Butylamine

Sucrose 1,4-Diamincbutane

Lactose

Dextrose Ethanolamine
L-2-Amino-1-precpancl

Methanol 3-Amino~1l-propanol

Ethanol L-Dimethylaminc-2-propancl

Propanol 3-Dimethylamino-1-propancl

Butanol L-2-Amino-butanocl

Pentanol D-2-Amino-i-butanol

5-Amino-l-pentanol
Morpholine




Variations in EEG responses to solutions differing in pH have
been found. In a preliminery experiment, {Cooper, 1971) it was found
that pH changed responses as shown in Figure 1. In this experiment
0.01 M sodium bicarbonate buffer was adjusted to different pH values
with HC1 and NeOH. It was found that acid pH b and 5 and basic pH
8 and 9 elicit higher responses than does neutral pH 7. However,
these solutions alsc varied as to the concentration of sodium, chloride
and sulfate ions as well. To control for the iomic strength of these
chemicals, Dizon and Cooper (Dizon, 1971) designed another experiment.
A series of solutions were prepared in which NaCl was added to the
basic solutions (which had been titrated with NaOH) to balance the
extra C1- in the acid solutions (from titration with HCl) and to
balance extra sodium added with the basic titration (NaOH). The re-
sults of this experiment are not clear. There appears to be a maximum
in response around pH 7.8. Acid sclutions elicit greater responses
than do basic solutions (see Figure 2). Although responses to the
bicarbonate-carbonate solutions are complex and sensitive enough to
indicate a pH sensitivity, the exact shape of the stimulus-response
curve is somewhat obscured. This experiment was repeated in the
fall of 1972 on spawning salmon and agein the results were varisble.

Another factor in the EFEG method, the ionic strength of the
solution, alsc influences the EEG response to verious solutions, but
this relationship has not been clarified (Weber, personal communication;
Dizon, personal communication).

Another physical characteristic of the solution thaet influences
the EEG has been studied by Dizon (1971). He used & 0.06 M NaCl solu-
tion to test how the strength of the evoked potentiels changed with
changing temperatures of white bass (Morone chrysops) obiained from
Lake Mendota., The temperature of the sample was monitored with a therm-
istor in the cannula that was used to deliver the sample. The altered
temperature samples (changed by cooling) were compared to a response
to the samples at & reference temperature of 18°C, Figure 3 shows that
there is a definite temperature sensitivity in the EEG response. This
EEG finding correlates well with the results of behavioral experiments
on tempersture sensitivity of the olfactory rosette (Dizonm, 1971).

The placement of the electrode in the EEG techrnique must be con-
sidered. Although many workers using the EEG technique feel subjectively
that electrode placement is not a major factor in determining the EEG
response in fish (Weber, personal communication; Satou, 1971), others
have reported definite changes in the EEG with electrode placement for
avien species (Green et 8l., 1962; Hernandez-Pefn, 1961; Hughes, 1966;
Mozell and Pfaffman, 195L; Valverde, 1965). Thus, this factor should
be considered, especially when one attempts to use & sophisticated
analysis of the data {e.g. power spectra by computer) to lock at dif-
ferences in EEG responses.

The order of sample presentation and the number of times the sample
is presented are also of interest. Oshima (Horrall, personal communication)
and Weber (personal communication) have reported thet the amplitude of
the evoked potentisl to a stimulus appears to change depending on the
number of times this sample is presented (with a distilled water rinse
in between each presentation). They refer to s "priming" effect where
the first time the sample is presented, there is a low amplitude response,
while later trials elicit higher amplitude responses.
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B. Analysis of the EEG Signals

Most EEG work with fish has been analyzed by taking the integration
of the responge {i.e. the total ares under the curve with the signal
as the upper bound and the sponteneous EEG level as the lower bound)
and then finding the area under the line generated by this integration.
This analysis uses approximately & double integral of the evoked potential.
It was hoped that the resulting measure would bear some linear relation=-
ship to the magnitude of the response. In a subjective way, it is clesr
that the grester the response, the greater the area under the integration.
Ueda, Gorbman, Hara, and Oshime all used a Grass 5P3 preamplifier which
has & finite time constant sc that one does not obtein a true integra-
tion for many recordings. Use of the Grass TP10 preamplifier, which
has an unlimited time constant, eliminates this problem. More recently,
workers in our laboratory have measured the slope of the line of the
integration record. It can be shown that for a constant "Y" component
(such as a constant travel distance for the polygraph channel), the
slope is directly related to the ares under the curve.

More sophisticated attempts to analyze the data have met with
some success (Satou, 1971l; Ueda et al., 1971). Ueda et al. working
on Himé salmon (land-locked sockeye) found thet temporal changes in each
component within the bulbar response were characteristic of the stimuli
of different stream waters. These results indicate that each stream
hes its own characteristic odors and that Himé salmon can discriminate
between these odors.

The peak frequencies in the response are also of interest, although
no work has been done on fish in this regard. Hughes and Mazurowski
(1962) used a heterodyne wave analyzer on the EEG spectra from monkeys
given a wide variety of odorants and found that each odor could be
relisbly differentiated on the basis of peak frequencies. Such aif-
ferences should be sought in salmon EEG's.

A lack of precisicn in the analysis of the EEG is exactly why some
uses of the technique are inappropriate, when more sophisticated analyses
are not attempted. For example, it is impossible on the basis of the
EEG response alone to differentiate between strongly aversive stimuli
(such as handwash and bearpaw wash) and odors which appear to be
attrective (such as egg rinse). In addition, when the applicability
of an EEG snalysis in defining chemical constituents of homestream
water responsible for homing of coho salmon was evaluated, alterations
in that water which made it more stimulatory (containing perhaps more
of the homestream odor), could not be distinguished from alterations
that mede the water more aversive [containing perhaps handwash con-
temination (Cooper, 1871)1.

The validity of the EEG technique for determining chemical con-
stituents of homestreem water was also questioned because of the
varisble response of coho salmon to any treatment of the homestream
water {Table 4). It is doubtful that this technique as reported and
analyzed in the literature can serve as a relisble analytical tool
for isolation and identification of the chemical constituents in
homestream waters. Again, it is possible that the use of a more
sophisticated analysis would have helped in this regard.



Table 4, Variation in responses to replicate samples of raw stream
water and stream water stored at 5 C. Mean and the standard
deviation of the responses, expressed as the percent of s
response to NaCl, are shown (Cooper, 19T1).

Sagple

Raw 5C
Coho 14k 66 + 9 50 + 25
Coho 146 46 + 10 32 + 4

More complex analytical tools such as power spectra analyses with
a computer program may help in the analysis of EEG records in some cases.
However, it may be that for many comparisons, such as the one to be
described later in "Imprinting to Artificial Odors," a visual inspection
of the data and an integration of the area under the evoked potential,
are suffiecient and adequate for this application of the EEG technique.

C. The Effects of Flaxedil and Other Anesthetics on EEG Records

The anesthetic used in an experiment can have a large effect on
its outcome. Essentially all salmon EEG's reported in the literature
have been conducted with fish paralyzed with flaxedil. The average
dose has been 2 mg/kg body weight.

Since flaxedil (gallamine triethiodide), a synthetic curare-like
compound, is a quaternary ammonium compound, it was long assumed that
it did not cross the blood-brain barrier. All central action has been
disputed (Bovet and Longo, 1953; Smith et al., 1947). However, some
action on the central nervous system was later noted as a prolongation
in the after discharge of the cat after stimulation (visual or auditory)
while paralyzed by flaxedil. Straw (1968) claims that this is due to
peripheral action on the EEG, while Halpern and Black (1967) claim that
it is due to central action. Gellhorn {1958) found & change in the EEG
of the cat under flaxedil. Direct effects on the cuneate nucleus of the
cat were found by Galindo et al. (1968).

Alternately, in clinical studies, Munroe et el. (1966) found that
there is no stoppage of sensory inflow during operations on humans.
Holstein et al. (1969) and Buchwald et al. {1969) reported no effect
on the auditory sensory system under flaxedil.

In the sbsence of conclusive data, flaxedil is still assumed to
have no significant effect on the central nervous system with regard
to fish. Nevertheless, Galindo et al. (1968) recommend the use of
succinylcholine, since there are no known effects on the central nervous
system or the EEG by this substance.

Many studies on the salmon EEG have used MS 222 (Tricaine Methane-
sulfonate) to quiet the experimental animal. Since adult selmon can be
handled without this substance, and because there have been reports that
MS 222 influences sensory systems and the central nervous system, its
use should be discouraged.
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ITI. EEG FVOKED POTENTIALS AND SAIMON HOMING
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In considering the EEG as a biocassay for homestresm recognition,

is the evoked potential spe
elicits an evoked potential? The answer %o this qu
"no" - other non-natal waters
discussion concerning this co

mind: 1) long-term memory by the adult of its juvenile

experience, 2) recent exposure of the adult to
3) inecidental stimulatory product
1972). Since many of the EEG experiment
were not adequately controlled for one or more ©

interpretation of the data may need revision.

A.

Earliest reports by Ueds et al. {1967) showed that only home
ponses in the salmon studied (Teble 5). Oshima
eriments and confirmed the findings,
estream weter that produced large
The work of Oshima, Hars, and Ueda
ould not be

water produced large res
et al. (1969b) continued these exp
except that they found one non=hom
responses in the spawning salmen.

was conducted on unmarked salmon, which, of course, ¢

Long-term Memory by the Adult

also produce evoked responses.
nelusion, one should keep three factors in
"imprinting"
the homestream water and
3 in the homestream (Cooper and Hasler,
s reported in the literature
f these variables, the

cifie in that only the homestream water
estion appears to be

During the

positively identified as to natel stream. Undoubtedly there was some

straying in the groups of sa
this is not known. The terms '"natal”

not be verified for specific salmon.

lmon they studied, although the extent of
or "non-natal," therefore, could

Table 5. Specificity of response to home water for salmon from three

spawning systems.
sented 8s a percentage of

The magnitude of the responses is repre-
that to home water (mean + SE%,

stream

pumber of fish in parentheses (Ueda et al., 1967) .
Water from
Univ. Wash.
Fish from Fisheries pond Issaquah Cr. Soos Cr.
Univ. Wash. Fisheries _
pond (chinoock) 100 (%) o (W) 2.3 + 3.1 (4)
Issaquah Cr. (coho) 39.1 + 1.5 (3) 100 (3) 6.4 + 3.5 (3)
Soos Cr. {coho) 0 (4) o (W) 100 (4)




- 18 -

Three recent experiments (Uede et al., 19T1l; Oshima et al.. 1973

s Dizon, 1971) have failed to find speC1f1c1ty In the
response. In the work of Ueda et al. (1971) spawning Himé salmon upon
their return to Shimizu Creek or to Senju-Shimizu Creek, responded
less strongly to their home water than to the non-homestream water from
Jigoku Creek. Similar results were also found in Soos Creek coho and
the University of Washington chinock salmon, in which bulbar responses
evoked by the home water could not be distinguished from responses to
non-natal Issaqueh River water (Oshima et al., 1969a}. Chum salmon
from the Tsugaruis River showed greater responses to non-natal Otsuchi
River water than to the home water (Ueds et al., 1971).

Dizon experimented with coho trapped at two different homestreams -
the Ahnapee River and the Kewaunee River. The Ahnapee River fish
responded to Ahnapee River water but not to Kewaunee water. Kewaunece
River fish also responded to their own river water but responded even
more strongly to Ahnapee River water. In addition, he found that
water in which the fish had been held was more stimulatory than the
"pure" water.

In another experiment Tarby (Oshime et 8l., 1973), working in
Japan, found that certain water semples along the homestream produced
far greater responses than did other home waters.

B. Non-specific Stimulatory Products in the Homestreesm

Ueda et al. (1971) have suggested that large responses to non-
homestream water may be produced by certain non-specific odorous sub-
stances that were merely more highly concentrated in certain non-homestream
waters, such as Jigoku Creek. Dizon found that odors from other fish
produced stimulatory water samples. This reaction could be considered
the result of incidental stimulatory products. Tarby (Oshima et al.,

1973} found that the water sample that produced the largest evoked
potentials came from a factory discharge and contained large concentrations
of organic materials.,

The findings reported in A. may he due in part to a problem of
water sample collection. Researchers may not have collected "pure”
homestream water, but have cbtained samples in an srea where there is
& high incidence of non-specific siimulatory products, e.g. many
Juvenile or spawning salmon were present.

C. Recent Exposure of the Adult to the Homestresm Water

It is pertinent at this point to note that all the work reported
here was done with salmon csught near or in the home water. It has been
argued that the EEG response merely reflects the odor of the water to
which the fish have been most recently exposed and does not indicate
a long~term memory of the homestream, There is evidence to support this
hypothesis, as seen in Table 6. Chinook salmon taken from Scos Creek
water to aquaris at the University of Washington, College of Fisheries,
developed a strong response to this new water after being held in it
for 67 hours.



Teble 6. Olfactory bulbar responses of two-year-cld chineok salmon
moved from Soos Creek to the University of Washington Fisheries.
After only 67 hours responses to the new water is indistinguish-
able from the responses to the Soos Creek water. (A) vs,
(B} not significant; (B) vs. (C) P<0.025; (C) vs. (D) not
significant (Oshima et al., 1969b).

Bulbar EEG response ratio

Time after transfer (hr) No. of fish Univ, Wash. Fisheries < 100
Soos. Cr.
0 3 11.1 + 1.1 (A)
17 - 22 5 62.0 + 6.3 (B)
87 - 70 3 123.6 + 10.4 (C)
91 - 93 2 117.8 + 1.6
13 days 3 107.8 + 9.8 (D)

Evidence against the importance of recent exposure has been found
at Osk Creek by our research group. ©Salmon held in Oak Creek water did
not respond to Osk Creek, nor did fish held in a tank supplied with
Lake Michigan water show an evoked potential to Lake Michigan water,
Moreover, non-imprinted fish (see Section IV) did not respond to
morpholine, although they had been exposed to it in the stream. Findings
of Tarby (personal communication) in his work with Oshima in Japan, also weigh
against accepting the recent exposure hypothesis. We demonstrate in the
research reported in "Imprinting to Artificial Odors™ that recent exposure
is not a major factor.

D. Behavioral Evidence for the Recent Exposure Hypothesis

Behavioral ocbservations for accepting the recent exposure hypothesis
comes from & series of experiments we conducted with a Y-maze at the
Lehorstory of Limneclogy and O=zk Creek,

In our study site at Qak Creek, South Milwsukee, Wisconsin, a
Y-maze of plywood was built. Lake Michigan water was put in one arm
and Osk Creek water in the cother. Salmon jacks held in Oek Creek water
for one week always chose the QOak Creek water side of the maze, while
fish held in Lake Michigen water for one week always chose the Lake
Michigan side (Table T) (Work conducted with R. Smith).
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Table 7. Choices in & Y-maze of salmon held in either Lake Michigan
(L. M.) or Oak Creek (0. C.) water for at least 25 hours.
L. M, water was delivered to one arm and Q. C. water to the
other during the experiments. The numbers represent the choices
of 8 individual fish run in duplicate (switching the side of
0. C. and L. M. water) (with R. Smith).

Held in Choice
Leke Michigan Oak Creek
Leke Michigan 5 o]
Oak Creek ¢ 3

In a second set of experiments at the Laboratory of Limnology
with the same apparatus, Madison c¢ity tap water was put into both arms
(Steffel and Cooper, 1972). Hatchery-raised cocho salmon were held in
morpholine at lO"ﬁmg/l for three time periods (12, 24, and 36 hours) in
50 gallon equaria. When placed in the Y-maze, fish held for more than
2L hours showed increesed swimming activity when morpholine was put
into one of the arms at 10~ 3mg/l.
In a third set of experiments (Steffel, 1972; Steffel and Cooper,
1972), juvenile fish unexposed to morpholine showed an avoidance for
it when placed in the maze, and swam up the arm not containing morpholine.
Fish that were exposed to morpholine at 10'5mg/l for more than 12 hours
showed positive responses when they were placed in the maze and swam
up the arm containing morpholine at 107 “mg/l. Fish that were held in
morpholine for 24 hours were placed in fresh water in order to see
the extinction curve to this "memory." These fish again showed negative
responses to morpholine after 24 hours in fresh water (Table 8).
Evidence reported by Madison et sl. (1973a) also weighs against
the recent exposure hypothesis. They found that adult salmon that had
been exposed to morpholine in Oak Creek did not respond te this chemiecal
when it was placed in another stream. Other behavicral evidence for
?nd a?ainst this hypothesis has recently been reviewed by Scholz et al.
1973).
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Table 8. Choices of cocho salmon in a Y-maze. The numbers in the left-hand
column indicate the numbers of hours the fish was held in morpholine

and the time the fish was held in fresh water before the experiment, i.e.
12-24 fish were held for 12 hours in morpholine and then were held for

24 hours in fresh water. D means the fish remained at the intersection

of the Y; +, attraction, -, repelled, O, unaffected. Each symbol in

the three right hand columns represent one fish, i.e. there are three fish
in each experiment. Groups 36-24 and 12-3 day both have only two fish due
to mortality. Columns 3 and 4 are replicate experiments in which the mor-
pholine was put either in arm 1 or arm 2.

Tish not held in morpholine were repelled by it, while fish held in it were
attracted by morphcline; the fish were again repelled by morrholine after
3 days in fresh water (Steffel, 1%972).

Group Treatment
No Morpholine Morpheline

Morpholine (Arm 1.) (Arm 2.)
0-0 ¢c 0 0 - - - - - D
i2-0 D 0 0 + 0 0 + 0 0
36-0 o 0 0 + + 0 + + 0
12-24 g 0 ¢ - D O D D 0
36-24 0 0 ¢ D C D D
12-3 day o ¢ 0 - D - -

36-3 day 0 0 0 - - - - - -
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IV, IMPRINTING TO ARTIFICTIAL ODORS#*
A. Introduction

As noted in the beginning of this paper, it has been hypothesized
that salmon can retain the olfactory information about their homestream
and use it to find their natal streanm Guring the homing migration. We
have used the EEG technique to determine whether coho salmon fingerlings
can be "imprinted" (by exposure) to an artificial chemical (morpholine),
and to see if they can retain the odor information from this chemical
until the adult spawning migration 18 months later. We have found s
difference in the evoked responses of previously exposed (as Juveniles)
versus unexposed adult ccho salmen to morpholine during the spawning
season. Thus, it is shown for the first time that homing salmen can
retein odor information of an artificial chemical affiliated with the
homestream for at least eighteen months. These results correlated
well with behavioral evidence recorded in a Joint study (Madisen et al.,
19T73a and 1973b).

Morpholine was chosen as the imprinting chemical by Wisby (1952)
because of certain characteristics. It is infinitely water soluble
and, as far as is known, is relatively stable in natural waters. It
1s not known to oceur in natural waters or to be affiliated with any
natural stream system. This chemical is also repellent to naive
salmcn at concentrations several orders of magnitude above threshold,
which is very low (sbout 10‘gmg/l).

This problem of imprinting was first epproached by Dizon (1971)
and Dizon et al. (1973) electrophysiologically. Two thousand five
hundred eccho salmon smolts were divided into two groups. One group
was exposed to morpholine at 10™“mg/l for one momth and the other
{control group) was left unexposed. The fish were held for ten months
and then tested with the EEG technique for their response to morpholine
at various concentrations. The responses were integrated and this
integration compared to the integration of a response to a standard
solution of NaCl (NaCl, as noted earlier, produces consistent evoked
potentials and is, therefcre, a useful standard). These results were
ranked according to the strength of the responses (Table 9}. Two of
the chemical concentretions (1% and 0.01%) evoked high potentials in
the exposed versus the unexposed salmon. Responses of the two groups
to C.1% morpholine were not statistically different. This was the
first evidence that the EEG might be used as a tool to study imprinting.
However, since the salmon were held in a hatchery after chemical ex-
posure and were not sexually mature, we felt that it was necessary to
determine whether adult salmon also showed this response.

3. Experimental Design-

Three groups of 8,000 coho salmon fingerlings were stocked into
large holding tanks at Oak Creek, South Milwaukee, Wisconsin, in April
1971. These salmon were supplied with water pumped from an intake
about 1 km out from the shore of Lake Michigan., This was considered
& neutral or "background" weter in that it was not associsted with
any stream system. All of the fish groups were marked uniquely by

*¥Portions from a paper submitted by J. C. Cooper and A. D, Hasler to Science.
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fin clips (although only hslf of the morpholine-exposedhgroups were parked),
Two of the groups were exposed to morpholine at 5 x 107" and 5 x 10 “mg/l
respectively, while one group was left unexposed. The fingerlings were
exposed from 2 period three weeks before smolting to two weeks after
smolting. The salmon were then released at the mouth of Osk Creek near
the imprinting location. Some of these salmon returned as Jacks in the
fall of 1971; the majority of these salmon returned as adults in the

fall of 1972, 18 months after the time of release. During this fall
migration period, morpholine was relﬁased into Qak Creek at an approxi-
mate stream concentration of 1 x 107 mg/l {in order to decoy the salmon
to this strean).

Salmon were captured in the mouth of Oak Creek, paralyzed with
flaxedil (2 mg/kg body weight), and restrained in a holding box. Their
gills were perfused with city tap water saturated with oxygen. All city
weter was Tiltered through activated charcoal in order to eliminate chlorine.
Water was run over the portion of the fish extending out of the water to
cool the body. A portion of the skull over the forebrain was removed
with a dental drill to permit the insertion of an electrode into the
olfactory bulb. The electrodes were made from two 00 insect pins coated
with Insul-X and spaced gbout 1 mm apart. The EEG recordings were made
with a Grass Instruments Polygraph equipped with a model TP5 preamplifier
and the signals integrated with a Grass Model TP10 integrator. Heartbeat
(FKG) was used to monitor the physiological condition of the fish.

Both EEG and EKG signals were recorded on magnetic tape with an FM tape
recorder. A total of 14 test samples were used (Table 10). All salmon
were tested with sample aliguots cf 6 to 10 ml at an approximate rate
of 1 ml/sec delivered via a cannula to the ipsilateral naris in a
random sequence.

There were & variety of reasons for selecting the 1k chemical solu-
tions. Different concentrations of morpholine were used to see if fish
had "remembered” the imprinting chemical. Buffered solutions were used
to control for pH, which is a factor in the EEG response. FPhenethyl
alechol was used to determipne whether another organic compound other
than morpholine would elicit evoked potentials. Lake Michigan and
Oak Creek water were chosen to test for the influence of water which
the fish had recently experienced and to check for the presence of
non-specific stimulastory products. Finally, fish were tested with
a solution of NaCl (0.06 M) because this solution produced fairly constant
responses and could be used as an internal standard in our experiments.

For the purpose of standardizing the response of each trial, the
integration of the responses to each test sample was divided by the
integration of the NaCl record as described earlier. The means of at
least three trials, and in most cases four trials, are presented for
each chemical solution. The responses of fish tested only once or twice
are also shown. The mean responses Were ranked according to magnitude
and then tested for significance by the Mann-Whitney U test (Siegel,
1956). Responses that were closer than 0.03 were considered the same
rank.



Table 10. Chemical sclutions uged in Qak

Morpholine
Morpholine
Phenethyl Alcohol

Phenethyl Alcohol

Lake Michigan Water

Oak Creek Water

Buffer (0.1 M Sodium Bicarbonate)

Chemical
at 1.0%

at 1.0%

at 0.1%

at 0.1%
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Creek experiments.

Stimull
0.1% 0.01%
0.1% 0.01%
0.01%
0.01%
pH 7.5

Buffer (0.1 M Sodium Bicarbonate} pH 2.5

NaCl 0.06 M

BUFFERED

BUFFERED

Handwash (water in which the hand has been dipped)

or l-serine
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C. Results

Eleven imprinted and 9 non-imprinted fish were tested by the EEG
technique. The responses of these two groups to 1% morpholine were
significantly different (U=12, p< .0l) (Teble 11). If the salmon
tested three or more times only are used (8 imprinted and 6 non=-
imprinted selmon), the responses of the two groups are also significantly
different (U=3, p< .001). There were no responses to the 0.1% and 0.01%
concentrations of morpholine. No differences were seen in responses
for the two groups of Eish imprintgg at two different concentrations
of morpholine (5 x 10™" and 5 x 10 “mg/1) as Juveniles. The magnitude
of the response to morpholine for the 11 imprinted fish was roughly
correlated with the number of salmon returning to the stream, i.e.
largest responses occurred at the pesk of the spawning season (Table
12, Figure 5). The fish at the start and the end of the season showed
arproximately equal responses of & lower amplitude. Ne¢ responses to
phenethyl alcohol were obgerved.

Unexpectedly, we found no significant responses to the buffered
morpholine solutions, although there was a significant response to
pH 7.5 buffer alone (signed rank test, L N=12, p=.003). Thus, we
have two stimuli (morpholine and pH 7.5 buffer) that individually.
elicit strong responses, but together show no response. Therefore,
we hypothesized that the two stimuli had effects that cancelled each
other out. These results cannot be explained on the basis of pH alone.
One percent morpholine has a pH of 9.5, while the buffer has a pH of
7.5. Previous studies in our laboratory (Dizonm, 1971) showed low res-
ponses to a pH 9.5 buffer. This result was confirmed in our experiments
with buffer at pH 9.5. The magnitude of the response to the buffer
solutions was random for the morpholine-exposed and conirel groups
(Mann-Whitney U test, U=37, p >.05). However, salmon that had been
previously exposed to morpholine (as juveniles) showed an increasing
responsiveness to buffer during the season. Thus, this sensitization
is not specific only to morpholine (the home odor}. Significant dif-
ferences were observed in the responses of the exposed and unexposed
groups of salmon to phenethyl alcohol buffered to pH 7.5 then tested
by the Mann-Whitney U test (U=26, p=.05) (Table 13).

Three qualitative differences appeared in the evcked potentials
to morpholine as compsred to the responses to other substances (Figure L).
First, a lag occurs for up to several seconds from the time of the
stimulus until the response. This lag does not occur with buffer,
handwash (water in which the hand has been dipped), phenethyl alcchol,
or 0.06 M NaCl. Second, the adaptation to morpholine is very slow
with clear responses lasting over 30 seconds. This compares to an
adaptation time less than 10 seconds for other stimuli. Third, res-
ponses to morpholine cannot be eliminated by rinsing the naris with
distilled water as is possible with other stimuli.

D. Threshclds

Although fish were imprinted to 5 x 10~% and 5 x 10~°mg/l concen-
trations of morpholine, evoked potentials occur only above the 0.01%
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conﬁentration (102mg/1) for Dizon's work and at the 1% concentration
(10%mg/1) for this work. Table ik shows a comparison of thresholds
obtained with the EEG technique as compared to thresholds cbtained by
behavioral methods. It is evident that the EEG technique is the less
sensitive of the two methods. One may postulate that the insensitivity
of the EEG technigue necessitates the use of much stronger morpholine
concentrations than were needed for the initial imprinting and for
decoying the fish back to Osk Creek.

Rappoport and Daginawala (1968) provide evidence that morpholine
is a true olfectory stimulus, rather than an irritent. They showed
that chenges in base ratio nuclear RNA of the brain ﬂf the catfish
were induced in onme hour in sea water containing 107~ M morpholine
{sbout 10 mg/l). These changes in brain nuclear RNA were reversed within
oL hours to the levels of unexposed controls. Morpholine also elicited
g change similar to other stimulants. Olfactory stimulants affect a
change in content and character of the RNA in brain nuclei, whereas
jrritants to the clfactory epithelium change the content of brain nuclear
RNA but do not alter the base ratio.

E. Short and Long-term Odor Information

The trend towsrds increesing responsiveness of the olfactory system
to morpholine as shown by the EEG of sexually mature salmon correlated
well with (a) the incressing number of fish returning to the stream
[the largest evoked potentials occurred at the peak of the spawning season
(Madison et al., 19730)3, (b) the stronger tendency for initial homeward
orientation during the peak of the season [as shown by ultrasonic tracking
studies (Madison et al., 1973e)3, and (c) the absence of evoked potentials
to waters that the fish had recently experienced [such responses have
been reported for spawning chinook salmon (Oshima et al., 1969b)1(Figure 5).

Thezse correlations suggest that the fish can store odor information
in a long-term memory system, Consciousness is not implied in our
use of the term "memory." This long-term memory could be retrieved
at the time of the spewning migration, perhaps facilitated by an in-
crease in hormonal titres in the bleod. At the same time, recent stimuli
(e.g. the water, such as Osk Creek and Lake Michigen or artificial
odors (Madison et al., 1973a) to which the fish has been recently exposedl
might become less important, as shown by the lack of EEG responses to
these waters.

The retention and retrieval of long-term memory traces are dynamic
processes, as shown by Oshima et al. (1969c). This dynamic process is
essential to the retention of the long-term memory, since it is ob-
served that memory traces can be forgotten. Whether one holds to the
school that proposes interference from other learning or to temporal
decey (Gleitman and Rozin, 1971) it is vital for salmon survival that
extinction of the homestresm odor be counteracted by some physiological
means.

In e sense, then, short-term memory may be in constant competition
with the long-term memory aslready in existence. For the salmon with
a limited brain capacity and integration areas, & mechanism that inhibits
short—term memory processes for the benefit of long-term memory retrieval
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Tablel4. Threshold from behavioral and EEG techniques to various compound

{mg/1). The EEG is the less sensitive of the two.

Substance Behavior Worker

Morpholine 1076 Wisby (1952)

l-gerine 10-4% Brett (1954)
et. al.

Alderdice (1954)

Idler (1956)
e_t. il-l

Phenethyl alcchol 10-3 Teichmann (1959)

EEG

10

10

0.9

0.1

10

Worker

Cooper
Pizon (1971)
Dizon et. al.

(1973 —

Sutterlin &
Sutterlin (1971)

Hara (1972}

Cooper
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might be necessary if the retrieval of the long-term memory is critical
to the perpetuaticn of the species {Gleitman and Rozin, 19T1).

There may be, for salmon, a substitution or inhibition of recent
cues by the retained information {learned by imprinting) about the
stream odor. This mechanism would imply that short-term odor memory is
not necessary to locate the spawning site or to spawn in the home-
stream and is unnecessary for survival through the spawning activities.
Although there is little experimental evidence to support the above
hypothesis, it is well known that salmon stop feeding as they approach
the homestreem. The feeding behavior may depend in part on short-term
memory, {(on the other hand, the relatively small contribution of short-
term memory to the homing process as proposed by this hypethesis does
not rule out the utilization of certain biologiecal substances such
as pheromones or fright substances, i.e. schrechstoff).

Although & behavioral and physiological preference for morpholine
does not require a selective memory retrieval, it would seem non-adaptive
to store information that is not required for homing.

One cannot discard the possibility that other mechanisms function
in the formation of short and long-term memory. First, before the
memory is consolidated, there may be an irhibition of the action short-
term memory on behavior. Second, there may be & mechanism that leads
to an insbility to consolidate short-term memory into long-term memory,
a consolidetion that is an essential step as shown by Agronoff and
Davis (1968). Finally, there may be an inhibition of all long-term
memory retrieval except that dealing with the home odor. Whatever '
the mechanism, long-term memory seems to be more important than short-
term memory during the homing process. BSuch a mechanism would
have the adaptive significance of decreasing the chance of straying
to non-home waters as a result of the relative insignificance of
recent exposure to environmental cues. This would permit more accurate
homing and thus, would tend to insure the preservation of the species.
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V., SUMMARY

1. The EEG technique is not an entirely relisble method for differ-
entiating between salmon from different homestreams. This is because
there does not appear to be a unique response to a specific homestream
water,

2. The analysis of the EEG is complicated by responses resulting
from recent exposure to odors and by responses to non-specific stimulatory
products.

3. The EEG responses are not always directly related to behavioral
responses. There may be strong EEG responses and no behavioral responses
to a given substance.

L, The EEG technique is useful for detecting differences in res-
ponses to specifie substances, i.e. the presence or absence of morpholine
in the past history of salmon. However, it is often necessery to test
with concentrations far exceeding behavioral thresholds.

5. The EEG technique has been used to show that salmon cen respond
to morpholine 18 months from the time of last exposure to this chemical.
Therefore, we hypothesize a long-term memory of this odor.

6. The EEG results did correlate well with the results from census
experiments and from behavioral experiments with morpholine.

T. There may be, for salmon, a substitution or inhibition of recent
cues by the retained information - long-term memory - (learned by im-
printing) sbout the stream odor.

8. There appears to be a build-up in the magnitude of the evoked
potential to morpholine towards the pesk of the spawning season, indi-
cating an increased importance of long-term memory at this time.
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