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ABSTRACT

In the following study, I tried to link horm onal background conditions to 

successful olfactory imprinting in sockeye salm on by em ploying behavioural, 

endocrinological and electrophysio logical experim ents. In the initial experim ents, 

sockeye salm on were exposed to potential im printing odorants, with o r w ithout additional 

treatm ent w ith thyroid hormones, during several juvenile stages betw een fertilization and 

beyond the PST. After two years o f  rearing, these fish were tested for behavioural 

responses to test odorants in two behavioural arenas. N either imm ature nor m ature fish 

reacted behaviourally to the odorants that they had been exposed to previously.

Therefore, exposure o f  juveniles to odorants did not lead to imprinting to those odorants 

under hatchery rearing conditions. In contrast, juvenile fish that were exposed to test 

odorants and treated with a com bination o f  T 3 and T 4 (in all cases) or T 3 (in one case) the 

tw o most com m on forms o f  thyroid horm ones, did exhibit an odorant recognition 

response tw o years later. However, the response differed between immature and mature 

fish. M ature fish were attracted to the im printing odorant, whereas im m ature fish were 

repelled by the it. W hen immature fish w ere injected with GnRH before testing, their 

behavioural response w as reversed. No behavioural response could be detected in fish 

that had been challenged with either T 3 o r T 4 alone, in contrast to a com bined treatm ent 

with both forms. Thus. I found evidence that a com bination o f  T 3 and T 4 initiated 

im printing and that GnRH m otivated odorant recognition.

To exam ine the underlying horm onal processes, I first determ ined plasm a thyroid 

horm one concentrations in sockeye salm on before and after horm onal challenges w ith



Ill

thyroid horm ones o r GnRH. In addition, the activity o f  the deiodinase enzyme that 

converts T 4 into the other possible forms o f  th>Toid horm ones was investigated in sensory 

and non-sensory tissues. The results suggested that only a com bined T 3 T4 treatment 

increased the availability o f  both thyroid hormone form s in blood plasma, while a 

separate challenge with T 4 suppressed T 3 availability and vice versa. M oreover, the 

results provided evidence for deiodinase activity in the olfactory epithelium  and the retina 

and dem onstrated that G nRH can modulate the T 4 conversion process.

This inform ation was helpful for planning and interpretation o f  the remaining 

experim ents. Results obtained from a classical conditioning paradigm  (heart-rate- 

conditioning), provided support for the hypothesis that GnRH lowers the threshold to an 

imprinting odorant and that the influence o f  GnRH was not restricted to an enhancement 

o f  motivation. To investigate whether hormonal action could also m odulate the sensitivity 

o f  the peripheral olfactory system , electrophysio logical responses from the olfactory 

epithelium  (electro-olfacto-gram s or EOGs) were recorded. The EOG results established 

that thyroid horm ones and G nRH increased the EO G response o f  adult naïve (never 

imprinted to an odorant) fish, as did maturity. In the last experim ents, I conducted EOG 

recordings on fish that had been imprinted at a juvenile stage. In summ ary, EOG 

recordings revealed that the imprinting process increased sensitivity to the imprinting 

odorant at m aturity, while sensitivity in immature fish was decreased in com parison to 

non-im printed fish. In com bination w ith my behavioural results, this could explain why 

salm on do not enter their natal stream  before they reach m aturity. At maturity however, I 

also encountered desensitization to non-im printing odorants, which might increase the 

ability to  focus the olfactory system  to the task o f  hom ing.
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Chapter I: General Introduction

I. B ackg round

a. Life cycle o f  sockeye salmon:

A life history (Figure 1.1.) (for reviews, see: G root & M argo lis. 1991) that 

utilizes two environm ents, ocean and freshwater streams, allows salm on to take 

advantage o f  beneficial attributes o f  both environm ents. W ithout hum an influence this 

life cycle seems well adapted to the environm ents occupied. Highly oxygenated gravel 

beds o f  the spaw ning stream s provide protection from predators and facilitate survival 

during the vulnerable stage o f  egg incubation (Foerster. 1968; Burgner. 1991 ). Once 

hatched, the juveniles enter the alevin stage until the yolk sac is absorbed and the fish 

sw im -up out o f  the gravel and start to feed. Juveniles, now free-sw im m ing, leave the 

natal stream  and venture into a lake to establish a planktivorous lifestyle in schools. At 

this stage, sockeye salm on must internalize information about the chem ical com position 

o f  their environm ent (im print) for the first time, since they will not enter their natal 

stream  again before they m igrate tow ards the ocean. After one o r m ore years in the 

lacustrine environm ent, depending on their overall condition and their genetic 

predisposition, juvenile  sockeye undergo the parr-sm oIt-transform ation (PST) and begin 

their seaw ard m igration (Hoar. 1976. 1988). During this dow nstream  m igration, sockeye 

salm on constantly experience new environm ents and imprint for the second tim e to recall 

the olfactory characteristics o f  the changing environm ents. This olfactory inform ation 

will be used for homing orientation, once maturity approaches.
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Figure 1.1.: Time course, stage names, environm ents experienced and their attributes 
and descriptive characteristics o f  each stage in the life cycle o f  sockeye salmon. 
Drawings o f  the first four stages (egg, alevin, fry and sm olt) are to scale. Double arrows 
show tim es o f  migration.



The rich feeding grounds o f  the ocean allow sockeye salm on to grow to larger size than 

they could by rem aining in fresh water. Typically after one to four years a cascade o f  

hormonal processes initiates m aturation and the fish m igrate back to their natal stream. 

The physical-chem ical signature o f  the natural environm ents experienced at juvenile 

freshwater stages is now  used to locate first the rearing lake and then the natal stream  

(H asler & W isby. 1951). Upon reaching the natal gravel beds, spawning occurs and 

subsequent death com pletes the life cycle.

b. Sensory system s used in migratory behaviour

Limited by the capabilities o f  our own senses, hum ans often fail to recognize 

the sensory system s that animals use to navigate through environm ents that appear bare 

o f  obvious orientational cues. Prominent exam ples o f  m igratory behaviour guided by 

sensory capabilities that are currently not well understood include: migratory birds 

orientating in overcast conditions at night; whales m igrating through oceans distant from 

any landm arks (D ingle. 1996); and the long-range ocean m igration o f  Pacific salmon. 

The economic im portance o f  salm on led to an early interest in details o f  their migratory 

routes and the sensory m echanism s used to guide the m igratory behaviour.

In the ocean, the following sensory system s have been suggested to guide 

m igratory behaviour in salmon: Orientation tow ards currents was proposed by 

W esterberg (1984), Doving et al. (1985) and Quinn &  TerH art (1987). Within this 

hypothesis currents not only serve as constant orientational cues, but also carry fish 

tow ards their hom e stream  and thus decrease the energetic investm ent necessary to



accomplish the long distance oceanic m igration. The potential use o f  m agnetic com pass 

orientation was implied by Quinn (1982) based upon evidence for com pass orientation in 

freshwater experim ents. B lackboum  (1987) suggested orientation tow ards tem perature 

gradients and Quinn (1980) suggested the possibility o f  orientation to local magnetic 

fields. Local magnetic field orientation, in contrast to magnetic com pass orientation, is 

based upon the detection o f  naturally occurring irregularities in the earth 's  magnetic 

fields around m ountain chains on the ocean floor. The nature o f  the sensory system  used 

to perceive com pass direction or irregularities o f  magnetic fields is still unknown and 

therefore a m atter o f  intensive research (W iltschko et al.. 2000). A nother m echanism  that 

has been suggested to guide long-distance m igrations in the ocean, is the ability o f  

salmon to perceive the orientation o f  polarized light (Groot. 1972; Hawryshyn, 1992).

W hen salm on re-enter fresh water, the recognition o f  olfactory stimuli seem s 

to be the dom inant sensory modality that guides the final part o f  hom ing m igration 

(Hasler & W isby. 1951; H asler & Scholz. 1983).

c. The role o f  olfaction; Sum m ary o f  behavioural experim ents

The life history o f  salm on allows for easy access to m ature or m aturing fish in 

fresh water. This accessibility provides opportunities for behavioural experim ents and 

thus research on the role o f  olfactory perception for hom ing has a long history (Scheer, 

1939; Hara. 1970; Hasler. Scholz & Ho rail. 1978; C ooper & Hirsch. 1982; Stabell. 1984; 

Quinn. 1993; Nevitt &  Dittman. 1998: Barinaga, 1999). Sensory system s can be 

experim entally altered and effects can be observed directly o r w ith the help o f  radio



telemetry. Initial experim ents on the effect o f  olfactory impairment on correct homing in 

freshwater were conducted by Hasler & W isby (1951. W isby & Hasler. 1954) who 

established a link between an intact olfactory system  and the precision o f  hom ing in coho 

salmon. Hasler. Scholz and associates Horall. C ooper and M adison focused on the basic 

m echanism s o f  imprinting and developed a theory o f  olfactory imprinting in salm on 

(Hasler, 1966; Scholz et al.. 1976; Hasler et al.. 1978; Hasler & Scholz. 1980). Their 

seminal studies relied on the use o f  m orpholine and phenyl-ethyl-alcohol as artificial 

im printing substances and the subsequent release o f  m arked coho salm on smolts into 

tributaries o f  Lake M ichigan. Returning m ature fish, in this study, were shown to ascend 

into streams treated with the im printing substance and the imprinting odorant proved to 

be m ore im portant than the release site o f  the fish (M adison et al.. 1973). Thus. M adison 

et al.( 1973) dem onstrated that salmon explicitly use olfactory stimuli to locate their natal 

stream  and the olfactory im printing theory was bom . Hasler and Scholz (1980) 

recom m ended the use o f  the artificial im printing procedure for the conservation o f  

endangered salm on stocks. They proposed to lead salm on that had been exposed to 

m orpholine at the sm oking stage into adjacent non-natal streams by scenting the non- 

natal stream s with morpholine. It was hoped that this approach could be used to colonize 

additional river system s without the large expense o f  conventional enhancem ent 

program s. In the following years, the sim plicity o f  the olfactory imprinting theory was 

questioned. Hasler and colleagues (1983) had assum ed that naïve salm on were neither 

attracted to nor repelled by m orpholine since natural attraction or repulsion to an odorant 

can m ask behavioural reactions based on  imprinting. This suggestion was questioned by 

M azeaud (1981.1982), who showed that salm on w ere attracted to m orpholine w ithout



previous exposure. Another m orpholine imprinting experim ent in a hatchery on the 

O regon coast failed to corroborate the original results (Rehnberg et al.. 1985). Since 

then, m orpholine has not been used in imprinting experim ents. D ittm an and Quinn 

( 1996) used phenyl-ethyl-alcohol as an imprinting odorant to show  that successful 

olfactory im printing w as restricted to the PST stage, which confirm ed earlier findings by 

Hasler and Scholz (1983). Physiological conditions that allow  for olfactory imprinting 

w ere further clarified by electrophysio logical and endocrinological research, as described 

below.

d. The role o f  olfaction: Sum mary o f  electrophysiological experim ents

The olfactory imprinting theory for salmon as proposed by Hasler and 

colleagues (Cooper & Hasler. 1974: Hasler & Scholz. 1983) was questioned when 

electrophysiologist H ara (1974) examined the effectiveness o f  m orpholine as an 

olfactory stim ulant. H ara found morpholine to be non-stim ulatory for rainbow trout at 

the concentrations used in im printing experim ents conducted by C ooper & Hasler 

( 1974.1976), Cooper & Scholz ( 1976) and Scholz et al. ( 1978a). A high morpholine 

concentration o f  0.1 M was also found to inhibit the EEG (electroencephalogram ) 

response to an odorant (L-Serine) that was normally highly stim ulatory at the level o f  the 

olfactory bulb (Hara, 1974). In addition, Hara (1976) revealed that high concentrations o f  

m orpholine increased the pH o f  the surrounding m edium, w hich affects the olfactory 

transduction processes, and can irreversibly inhibit the olfactory responsiveness to other 

odorants (H ara &  Brown. 1979). W ithin the same set o f  experim ents. Hara and Brown 

could not find a  m anifestation o f  the imprinting process in the neuronal transduction



process when recording EEG responses to morpholine. Rainbow  trout that had been 

exposed to m orpholine 1 2  m onths prior to testing did not display an alteration in their 

EEG  responses to m orpholine w hen com pared to non-exposed control fish. However, it 

rem ained unclear w hether their fish had failed to imprint, w hether their 

e lectrophysio log ical recording technique was unsuitable to detect imprinting based 

sensitivity changes, o r w hether sensitivity to the imprinting odorant would increase only 

under particular physiological conditions. In response to Hara s and B row n 's findings. 

C ooper (com m ent and response published in Cooper. Hara & Brown. 1982) suggested 

that reproducibility o f  imprinting responses was highly dependent on using the proper 

developm ental stage. This way. C ooper indirectly pointed to the possible regulatory role 

o f  horm ones for successful im printing o f  juvenile fish and odorant recognition in 

hom ing, m ature salmon.

e. Do horm ones control im printing and odorant recognition?

In a series o f  experim ents Hasler and Scholz ( 1983) gathered evidence that 

suggested hormonal control o f  the im printing process. First, blood plasm a thyroid 

horm one concentrations w ere found to be at their highest level in coho salm on smolts 

during their m igration from fresh w ater into saltwater. Subsequently. H asler and Scholz 

(1983) com pared odorant recognition performance o f  coho salm on that had been 

sim ultaneously exposed to phenyl ethyl alcohol and thyroid stim ulating horm one (TSH ) 

ten m onths earlier w ith groups that had been exposed to the olfactory stim ulus w ithout 

the hormone. N either o f  the two treatm ent groups reacted behaviourally to  the imprinting 

odorant before m aturity. At m aturity, the group that was exposed previously to both.
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odorant and TSH. showed a behavioural response to  the imprinting odorant. This 

suggested that thyroid hormones facilitated juvenile  imprinting and that the stage o f  

m aturity allowed the fish to recognize the im printing odorant. W ithin the array o f  

horm ones that initiate m aturation. G nRH  (gonadotropin-releasing horm one) was 

investigated for its possible role during m igratory behaviour by Sato et al. (1997). They 

dem onstrated that hom ing behaviour w as intensified in lacustrine sockeye salm on 

following treatm ent with GnRH. G nRH  was further implicated in the hom ing process 

when Okubo et al.(2000) showed the expression o f  GnRH receptors in the olfactory 

epithelium  o f  the m igratory Japanese eel {Anguilla japonicus) and Eisthen et al. (2000) 

dem onstrated neurom odulatory capabilities o f  GnRH on olfactory receptor neurons 

(ORN s). Therefore. GnRH may act to enhance swimm ing m otivation or as a 

neurom odulator at the level o f  the ORN.

f. Im portance o f  precision in hom ing

We now know that the large m ajority o f  sockeye. coho and chinook salm on 

hom e to their natal stream  and only a  small num ber o f  fish stray into nearby stream s 

(H asler 1966. Harden-Jones 1968;Q uinnet al.. 1987; Quinn 1993). Why is precise 

hom ing o f  such im portance? Failure to spawn in the natal stream  can reduce fitness 

because salm on typically develop adaptations that enhance reproductive success in their 

natal stream  (Ricker, 1972; Taylor, 1991). Considerable evidence indicates that 

indigenous fish populations are m ore successful in reproduction than transplanted fish 

(R icker, 1972; Reisenbichler. 1988). From this perspective, the ability to  locate the hom e 

stream  precisely is itse lf a behavioural adaptation o f  great im portance. Therefore it is not



surprising that the system  o f  olfactory imprinting leading to precise homing is a highly 

developed, rather com plex phenom enon that is intriguing to study.

2.Questions of seminal interest to my thesis

Hasler and Scholz (1983) found that coho salm on failed to imprint when they 

were exposed to m orpholine subsequent to smoltification. This observation implies a 

tem poral w indow for olfactory imprinting that is restricted to the period prior to or 

during parr-sm o It-trans format ion (PST). I f  it is possible to artificially induce imprinting 

o f  salm on after PST. facilitated by exposure to thyroid horm ones, one could exclude the 

possible influences o f  the other physiological PST changes on the imprinting process and 

clarify the role o f  thyroid hormones. Therefore, salm on within my study were exposed to 

imprinting odorants and thyroid hormones prior to and after the PST to investigate 

whether imprinting could occur independently from this developm ental stage. My 

rationale was to clarify w hether the developm ental stage o r the hormonal status 

experienced during exposure to an odorant would be more im portant for successful 

imprinting. Two behavioural arenas were em ployed to test for behavioural responses o f  

three-year-old im m ature and m ature sockeye salm on to odorants that the fish had been 

exposed to at juvenile stages.

The two m ain forms o f  thyroid horm one are T3 and T4. The physiologically 

inactive T 4 has been suggested as the agent that initiates olfactory imprinting 

(Scholz. 1980; D ittm an et al.. 1996). In contrast. T 4 exposure has been shown to decrease 

the amplitude o f  neuronal olfactory responses in late parr o f  Atlantic salm on {Salmo 

solar) (M orin et al.. 1997). To explain this contradiction, it has to be emphasized that T 3
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equals T 4  minus one iodine group and that T3, due to greater receptor affinity for nuclear 

binding sites o f  sensory cells, is assum ed to be the physiologically active form o f  thyroid 

horm one (Eales, 1995). Conceivably, desensitization o f  the olfactory system  following 

T 4 treatm ent maybe the consequence o f  a T 3 decrease that occurs in response to T 4 

challenges (M orin et al.. 1995, 1997). The possible interaction betw een the two forms o f  

thyroid horm one and their physiological role in the juvenile im printing process is 

therefore unresolved and clarification requires more research. In C hapter II. I address the 

role o f  the two forms o f  thyroid hormone in behavioural odorant recognition tests and in 

chapter IV and V a classical conditioning paradigm  and electrophysiological experiments 

are utilized to elucidate possible effects o f  the two forms o f  lh>Toid hormone.

The status and interaction o f  the two forms o f  thyroid horm one and 

gonadotropin-releasing horm one (GnRH) in blood serum and at the level o f  peripheral 

sensory tissues like the olfactory epithelium  and the retina, is not well understood. 

Therefore I m onitored the thyroid hormone status in different sensory and non-sensory 

tissues and recorded possible changes in response to GnRH challenges in C hapter III o f  

this study. In this m anner. I tried to investigate the possible direct or indirect role o f  

GnRH in peripheral control o f  thyroid hormone responsive tissues, which might 

influence the processes o f  olfactory imprinting and hom ing-odorant recognition.

The basis for odorant recognition during hom ing by m ature fish is successful 

imprinting early in developm ent and the storage o f  the im printed inform ation over 

several years. Nevitt et al. (1994) provided first evidence for im printing related 

peripheral sensitization using single-cell patch clamp preparations o f  ORNs. In 

continuation o fN e v itl et a l. 's  w ork. D ittm an et al (1997) m onitored increased activity o f
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guanylyl cyclase in O RN s in response to an imprinted odorant and thus provided a 

possible explanation for im printing based peripheral sensitization. Nevertheless, these 

results are difficult to explain since ORNs continue to turn over during adult life 

(Farbm an. 1994) and their sensitized state has to be manifested in a higher center o f  the 

olfactory system. In Chapter V o f  this study. 1 therefore investigated peripheral retention 

o f  olfactory information during im printing in electro-olfactogram s (EGGs). EO G s are 

typical exam ples o f  com pound action potentials (CAP). They represent the com bined 

receptor potentials o f  many olfactory receptor neurons recorded at the surface o f  the 

olfactory epithelium  (O ttoson. 1971). Peripheral sensitization initiated by the im printing 

process should therefore becom e visible when the EGG responses o f  imprinted and non

im printed fish are com pared. It should further be possible to detect general sensitization 

in non-im printed fish based on the onset o f  m aturity or hormonal action in EGGs.

The overall strategy o f  my thesis research was to take an integrative approach 

to investigate m echanism s o f  olfactory imprinting in juvenile fish. The success o f  the 

juvenile  imprinting strategy w as m easured in the behavioural response o f  adult fish to the 

im printing odorant. To facilitate my research, three generations o f  test fish were reared 

from fertilization until death in a controlled hatchery environm ent, m aking it the only 

study o f  its type. A lthough this approach was tim e and labour intensive, environm ental 

conditions o f  the fish could be controlled at all tim es and clear causal links between 

treatm ents and behavioural, endocrinological and electrophysio logical responses could 

be made.
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Chapter II: Odorant recognition based on olfactory imprinting in 

sockeye salmon {Oncorhynchus nerka) 

II.I. Introduction:

In this study, two behavioural tests were em ployed to establish the hormonal 

background conditions that facilitate the internalization o f  odorant stimuli (im printing) in 

juven ile  sockeye salmon. Sockeye salm on were chosen as the experim ental species 

because o f  their unique life history, which typically differs from the life cycle o f  the other 

four N orth Am erican Pacific salm on species by the inclusion o f  a one to two year period 

o f  residence in a lake (see also Figure I . l . )  (Foerster, 1968; Burgner. 1991). Sockeye 

salm on m igrate twice in freshw ater before they enter the ocean. First, when they leave 

their natal stream  for the rearing lake and second, when they proceed to the ocean by 

m igrating from the rearing lake to the estuary o f  a river system  during the parr-sm olt 

transform ation (PST). Since it is com m only assum ed that salm on imprint during tim es o f  

juven ile  m igration (H asler & Scholz. 1983. Dittman et al.. 1994), sockeye salmon should 

im print during at least two periods in nature. The natural necessity o f  multiple imprinting 

should make sockeye salm on a well-suited organism  for experim ental imprinting studies 

at different stages in captivity.

W ithin the anadrom ous life history o f  sockeye salm on, many adaptive processes 

are necessary to endure the variety o f  environm ents encountered. For the m ost part, these 

processes are under hormonal control (H oar. 1976, 1988; Dingle. 1996). ThvToid 

horm ones for exam ple initiate physiological adaptations including silvering o f  the body, 

an increase in salinity tolerance, a heightened hem oglobin com plexity to com pensate for
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lower oxygen saturation, stim ulation o f  the overall m etabolism  (H oar. 1988) and 

adaptation o f  the visual system  to differences in changing light environm ents (Browman 

& Hawryshyn, 1992). In nature, thyroid horm ones typically peak during PST but they 

have also been shown to increase at first feeding in sockeye salm on (Tilson et al.. 1994. 

1995). It has been suggested that environm ental cues act via the hypothalam us pituitary 

axis to initiate the increased production and circulation o f  thvToid hormones. The 

hypothalam us is neuronally connected with the m esencephalon and the optic tecta, where 

m ultim odal sensory input is processed (Hazon & Balment. 1998: W ullim an. 1998). 

Environm ental cues include: changes in photoperiod (M orin et al.. 1997). lunar phase 

(Grau et al.. 1981 ). tem perature (Hoar. 1976) and current (Y oungson & Simpson. 1984). 

In the m onotonous hatchery environm ent, the aforem entioned physical param eters do not 

change and the less precise hom ing observed in hatchery-reared salm on has been 

attributed to this lack o f  sensory stim ulation (Dittm an & Q uinn. 1996). In conclusion, 

m igratory restlessness, sensory stim ulation and increasing thyroid horm one plasma levels 

seem to co-occur at stages o f  olfactory imprinting in nature but not in hatchery rearing 

conditions. W hile this tem poral correlation is suggestive o f  a causal relationship between 

the three factors and im printing, only indirect experim ental evidence for the possible 

causal relationship exists. W hen Scholz (1980) and Hasler and Scholz (1983) stimulated 

the thyroid gland o f  hatchery-reared juvenile coho salm on by thyroid-stim ulating 

horm one (TSH ) instead o f  environm ental cues, they improved the hom ing precision o f  

these fish at m aturity. TSH  stim ulates the thyroid gland to produce T 4 . the physiologically 

inactive form o f  thyroid horm one, which has to be converted to the physiologically active 

T 3 .  M oreover, artificially increased T 4  plasma concentrations can lead to a decrease o f  T 3
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plasm a levels in A tlantic salm on (M orin et al.,1995. 1997). Thus it is unknown whether 

T 3 . T4 . a com bination o f  both forms o f  thyroid horm ones or o ther processes related to the 

chosen developm ental stage were responsible for the facilitation o f  the imprinting process 

(Scholz. 1980: Hasler and Scholz. 1983).

Therefore, my study was designed to specify whether odorant exposure at 

different developm ental stages or the hormonal status o f  the fish trigger olfactory 

imprinting.

The effectiveness o f  my juvenile olfactory imprinting protocol was evaluated tw o 

years after im printing in two behavioural arenas. To m onitor subtle behavioural changes 

to odorants. I used the behavioural trough (Figure 2.2.) (Jones &  Hara. 1985). To 

determ ine w hether odorant recognition would m otivate fish to overcom e a low-profile 

waterfall, behaviour w as m onitored in an experim ental set-up that combined natural 

aspects o f  a spawning stream , the Y-maze waterfall (Figure 2.3.). In com bination, the two 

set-ups were used to correlate the conditions at juvenile odorant exposure with 

behavioural responses o f  im m ature and mature adult fish to the possible imprinting 

odorants.

The choice o f  odorant used to imprinting fish experim entally is important. Hasler 

and Scholz (1983) w ere criticized because it was never clarified whether the imprinting 

odorant that they used (m orpholine). was a non-specific irritant or a  potent stim ulant for 

the olfactory system  (H ara. 1974. Cooper et al. 1982). Therefore, I defined suitability o f  

an odorant for im printing purposes in my experim ents in the following term s: Sockeye 

salm on had to be able to either perceive the odorant, as proven in electrophysio logical 

tests, o r the odorant had to occur naturally at the used concentration. M oreover, fish were
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not supposed to be naturally attracted to o r repelled by the chosen odorants. The 

following representatives from three different groups o f  odorants were chosen:

1. L-alanine and L-glutamine represented amino acids, which are naturally 

occurring in a  large variety o f  forms and are em itted directly from fish and 

decay o f  organic m atter. Amino acids are also widely used as standard 

odorants in electrophysio logical recordings from the peripheral olfactory 

system  in fishes (H ara et al.. 1984).

2. Cholic acid was the representative o f  the bile acid group, which is naturally 

em itted from fish and can be detected at very low concentrations (Hara et al.. 

1984).

3. M nCb. BaCIi and C uC b were chosen to represent metal ions o r bivalent 

cations that are ubiquitously occurring in nature. M nC b. for example, was 

found at concentrations o f  10^ M -10'^ M in Fulton River, a major spawning 

tributary o f  sockeye salm on running into Babine Lake and one o f  the stream s 

that eggs for this study were collected from. M oreover bivalent cations can 

substitute calcium  ions in the bony tissue o f  salm on species and their 

com position can be m atched to the com position o f  natal stream s to reveal the 

freshw ater origin o f  fish that are caught in the ocean (M ulligan et al., 1983). 

Thus, the com positions o f  m olecules, which are substituting calcium  ions, are 

a representation o f  the unique bivalent cation com position o f  a s tock 's  natal 

stream. Electropysiological recordings, testing for responses to bivalent 

cations had not been undertaken before this study.
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Successful im printing to these odorants was defined as a behavioural response o f  

sockeye salm on in two different behavioural arenas tw o years after last exposure to the 

im printing odorants. This experim ental design also allowed for an assessm ent o f  the 

influence o f  m aturity and the m aturity-related hormone gonadotropin-releasing hormone 

(GnRH ) for the initiation o f  behavioural responses to potential imprinting odorants. The 

fact that three generations o f  fish were reared from fertilization until maturation allowed 

m e to standardize background conditions throughout ontogeny, making this study the first 

one o f  its kind.
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II. 2. Materials and methods

I. General m aterials and m ethods for all chapters: 

Egg sam pling, incubation and rearing

Thirty spawning sockeye and kokanee males and females w ere sam pled from 

Pierre Creek, a tributary o f  Babine Lake located in northern British Colum bia. Canada, in 

August o f  1995. Kokanee salm on were paired with kokanee and sockeye salm on with 

sockeye and eggs from one female were fertilized with the sperm from a single male in 

water.

For incubation, eggs were transported (20 hours at a tem perature o f  3-5°C) to 

Rosewall Creek Experim ental H atchery (Fanny Bay. V ancouver Island. British 

Colum bia. Canada). During incubation, in standard under-current incubation trays (Heath 

trays), the tem perature was held at 8.5 ± 1°C. Eggs o f  individual pairs were kept separate 

until the eyed stage, to trace m ortalities to genetic crosses. Subsequently, eggs o f  

individual pairs w ithin the sockeye o r kokanee subspecies were com bined for easier 

maintenance. Once the larvae had reached the late alevine stage (yolksac larvae) they 

were moved into buckets with a screened bottom  floating in holding tanks (30 cm 

diam eter. 50 cm deep) in a building w ith natural photoperiod. The floating buckets served 

to keep the fish aw ay from feces that constantly accum ulated at the bottom  o f  the tank 

and sim plified tank m aintenance. W hen the yolksac was visibly absorbed, food (Ewos. 

Vextra, Starter Food) was offered every hour until swim up. at which point juveniles feed 

activelv.
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Rationale for using sockeye and kokanee salmon

W ith w arm er w ater tem peratures and higher metabolism  and feed intake in a 

hatchery environm ent during the w inter months, sockeye salm on mature at the end o f  

year three, which is one year earlier than in the wild. A small percentage o f  precocious 

sockeye m ales o r “jacks", mature at the end o f  year two. Under the same conditions 

kokanee salm on, the resident or non-ocean going form o f  Oncorhynchus nerka, reach 

m aturity at the end o f  their second year (W ood & Foote. 1996). Combined, the two forms 

o f  sockeye salm on allowed me to test mature fish over a period o f  two to four years.

Thus, tem poral flexibility was gained and the project was not based on only one testing 

season when m ature fish were available.

Thyroid horm one feed treatm ent

Feed was treated with either T 3 ( 12 ppm) o r T4 ( 120 ppm) independently or T 3 

(12ppm ) and T 4 (120 ppm) com bined. Thyroid horm ones were dissolved in ethanol and 

sprayed onto  pellets whereas feed for the control groups was sprayed with ethanol only. 

Pellets were frozen for storage once the ethanol was absorbed or evaporated. The fish 

were fed 1 -2 %  o f  their average body w eight on a daily basis by hand feeding o r through 

autom atic feeders.

Fish rearing and G nRH treatm ent

D uring odorant and horm one treatm ent sockeye were reared in three-foot tanks 

( 10 L •  min (low. well w ater 8.5 ± 0.5°C) until Septem ber o f  1998 (age. three years) 

when approxim ately 50%  m atured. Only com pletely silver fish that did not show  any
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m orphological signs o f  maturity (i.e. darker body colouration, hum pback) were chosen 

for the GnRH injection. GnRH analogue (20 p g  •  kg body weight o f  D-Ala-6 , des 

G ly '" ethyl am ide) dissolved in a 9%o saline w as injected into epaxial m usculature twice. 

36 h and 12h before blood samples were taken or before the fish were tested 

behaviourally. J.E. Rivier (Salk Institute, La Jolla, California) generously donated the 

GnRH analogue. Injection num ber one and two were assum ed to stimulate pituitary GTH 

synthesis and secretion respectively (N. Sherw ood personal com m unication).

Table 2.1.: C oncentrations used for odorant exposure at juvenile stages to achieve 
imprinting and in three-year-old fish to test for behavioural responses.

Odorant M olecular weight 
in [g •  M-'l

Concentration

M nCli 125.8 10"* M

BaCb 208.3 10"  ̂ M

CuClz 134.5 10-  ̂ M

L-glutam ine 146.1 10'" M

L-alanine 89.01 10'" M

cholic acid 408.6 10'* M
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O dorant exposure o f  juvenile sockeye salmon w ithout horm onal treatm ent

Juvenile sockeye were exposed to odorants during the following stages:

1. First feeding until three months after PST: This period o f  odorant exposure began at 

the tim e w hen the yolk sac was visibly absorbed and fish were starting to swim-up 

and feed. It entailed the fi-y-parr and the PST stage and ended three m onths after first 

m orphological signs o f  PST. Overall, fish were exposed to the prevailing odorant for 

eight m onths and I thus tried to ensure that all periods o f  juvenile m igration and 

possibly olfactory im printing were covered.

2. PST stage: Exposure was carried out for 30 days starting at first m orphological signs 

o f  PST (scale loss, silvering, higher activity when feeding and approaching rearing 

tanks).

The same odorant concentration that was used during juvenile im printing, was also used 

when adult fish were tested for behavioural responses to the imprinting odorants. During 

juvenile im printing exposure, odorants were adm inistered by a constant drip from 25 L 

carboys, adjusted by precision dripping valves. The odorant was mixed into 22 L o f  well 

w ater and ran at a drip rate o f  5 mL •  m in '.  This way I com posed a mixture o f  the well 

w ater specific background odorants and the potential im printing odorant at a higher 

concentration. During the imprinting odorant exposure period, the rate o f  drip was 

controlled and adjusted twice daily. Identical carboys, with untreated water, were 

positioned on the rim o f  control group tanks to standardize between treatm ent and control 

groups. Odorant concentrations in the odorant tanks were determ ined according to the
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flow rate through the fish rearing tanks. Substances and their respective concentrations 

used as imprinting odorants in this study are sum m arized in Table 2.1.

A minimum o f  100 fish per treatm ent group were exposed to an odorant and/or a 

hormone. For experim ents in adult fish. 5000 sockeye salm on were reared and rem ained 

untreated.

Table 2.2.: Timing o f  hormone treatm ents that correspond with MnClz exposure at 
juvenile  stages and with behavioural testing w ith M nCb at age three (for explanation o f  
life stage names see Figure 1.1).

S tage H orm one and odorant exposure

fry Tj, T 4  and T 3+ T 4

in feed for 30 days + M nCh, starting six weeks after first feeding

post PST Tj, T 4  and T 3+ T 4

in feed for 30 days + M nCl:. starting 90 days after first 
m orphological signs o f  PST

tw o years o f  
rearing 
w ithout 

horm one or 
odorant 

exposure

age three 
im m ature

GnRH
2 injections. 36h and 12h before testing into epaxial m usculature

o f  imm ature fish

O dorant exposure o f  juvenile sockeye salm on in com bination with horm onal 

treatm ent

The tim ing o f  Juvenile exposure to M nC b in com bination with both forms o f  

thyroid horm ones is sum m arized in Table 2.2.
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Rearing between odorant and horm one exposure and behavioural testing o f adult 

fish

Subsequent to the last odorant and/or hormone treatm ent (Septem ber in the year 

o f  first feeding) o f  juvenile fish, all sockeye were transferred into tanks with a diam eter 

o f  0.9 m (10 L * min ' flow through tanks, water tem perature 8.5 ± 0.5°C. aerated well 

water). Fish that did not show any signs o f  m aturation 15 months after first feeding were 

transferred into tanks w ith a diam eter o f  1.8 m (25 L •  min 'flow  through tanks, w ater 

tem perature 8.5 ± 0.5°C. aerated well w ater) for rearing during year three and four.

2. M aterials and m ethods for the experim ents in this chapter only:

O dorant recognition testing In the behavioural trough and the y-m aze waterfall

The behavioural trough and the Y-maze waterfall were used to assess behavioural 

responses to potential im printing odorants 22 to 25 m onths after the exposure to the 

odorants and hormones (treatm ent groups) o r the background water (naïve control fish). 

Fish from the same treatm ent group w ere tested in both experim ental set-ups whereas the 

sam e individuals were tested in only one o f  the two set-ups. All treatm ent groups were 

labeled by the treatm ent that they experienced as juveniles.

Behavioural trough

The behavioural trough (length: 4.8 m. width: 1 m. height 0.5 m) w as divided into 

ten  inflow  chambers, an  undivided fish cham ber and ten outflow  cham bers (Figure 2.1).
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W ater entered the trough through the inflow cham bers and flowed through a perforated 

sheet o f  PVC (2 mm hole size, flow lam inarizer) into the fish cham ber ( 10 L • min ' per 

cham ber). A second perforated PVC divider allowed the w ater to leave the trough 

through one o f  the ten outflow chambers. Flow through each o f  the inflow and outflow 

com partm ents could be regulated and treated with an odorant.

Behavioural trough, experim ent 1: Spatial profile o f the odorant plume in the 

behavioural trough

Dye tests visualized the fiow o f  the test odorants and dem onstrated that the 

m ixing occurred mainly on the margins o f  the plume and did not continue beyond the 

adjacent com partm ent on either side. Thus it was ensured that odorant plumes were 

spatially defined. Small turbulences, possibly created by the fish, were mimicked by hand 

m ovem ent and showed that the plume stayed stable and that fractions o f  the odorant were 

not distributed throughout the trough.

Behavioural trough, experim ent 2: Tracking the swim m ing pattern o f  test fish in the 

behavioural trough (Figure 2.1)

Fish m ovem ent was recorded by using a tracking program  designed for this 

project. The fish 's x-y coordinates were recorded (represented by the cursor within an 

image o f  the behavioural trough on the com puter screen) every 0.5 seconds for the 

duration o f  the observation. Fish m ovem ent could then be played back for visual and 

statistical analysis. The trough image on the com puter screen was projected onto an 

observation m irror and superim posed on the reflection o f  the actual trough. This allowed
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the observer to m aintain continuous visual contact with the superim posed image o f  the 

fish and the cursor. The trough was illuminated with fluorescent bulbs along its whole 

length to ensure even lighting conditions throughout. Access to the ends o f  the trough 

was cut o ff  by plastic netting m aterial to avoid a com er hiding behaviour, observed when 

access to the com ers was allowed in first experiments. Therefore, only com partm ent two 

to nine were accessible to the fish. Since fish had to slow dow n before they tum  around in 

the com ers, com ers are autom atically over represented when recording the frequency o f  

stay in each com partm ent and hence com partm ent two and nine were never treated with 

odorants and were not considered w hen analyzing the swim m ing pattem  statistically.

To start a behavioural trial, fish were caught with a dip net and transferred into a 

bucket under water. Then the w ater-filled bucket, including the fish, was quickly 

transported into the behavioural trough, where the fish was released under water. Since 

air exposure was avoided, stress was minimized and fish would acclim atize quicker. Fish 

behaviour was subsequently m onitored every ten minutes, until a regular sw im m ing 

pattem  from end to end o f  the trough was observed. Fish that did not establish such a 

sw im m ing pattem  within three hours were excluded and transferred back into a holding 

tank (% 5%). Swim ming pattem  w as then recorded for twenty m inutes without odorant 

and for tw enty minutes with the odorant running. Duration o f  stay and num ber o f  turns in 

each com partm ent were m onitored and analyzed com paratively. Since the experim ental 

design allowed for com parison o f  behaviour for the same individuals before and during 

exposure to odorants, the paired-t test was used to compare m ean o f  duration and mean 

num ber o f  turns within the odorant com partm ent. To avoid inadvertently re-testing the 

same fish, all fish were transferred to separate holding tanks after testing.
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Figure 2.1.: The behavioural trough (adapted from Jones & Hara, 1985). Tw o 
perforated plates divide the trough interior into three longitudinal sections, an influent 
side, an undivided central channel in w hich a  fish m ay swim freely, and an effluent side. 
T he length o f  the fish section is m arked w ith num bers one to ten. The influent side is 
partitioned into ten cells, each receiving its ow n adjustable w ater supply, which can be 
scented by dropping an odorant out o f  an odorant tank. Incoming water mixes in the cells, 
passes through the first divider, flow s across the central fish channel, moves through the 
second divider into the effluent side, and finally exits by one o f  the ten outflows. Fish 
swim  perpendicular to the current and can scan the different water masses for olfactory 
stim uli. Dim ensions; length 4.8 m, w idth 1 m (inflow  and outflow cells 0.2 m 
respectively, fish channel 0.6 m), height 0.5 m.
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The waterfall set-up

W aterfall set-up , experim ent 1: Influence o f  flow, m aturity and gender on the 

behavioural perform ance

Fish tested in the waterfall were three years o f  age. imm ature and had never been 

exposed to artificially enhanced concentrations o f  im printing odorants. The waterfall 

consisted o f  two cham bers (2.4 m long. 0.6 m wide and Im  deep) with underw ater 

observation w indow s that were connected via a waterfall w ith a drop o f  20 cm. A 

discharge o f  200 L per m inute o f  de-chlorinated water at a tem perature o f  15 °C was 

flowing through the cham bers and over the waterfall. Individual test fish were transferred 

in a w ater bucket from their holding tanks into the lower cham ber o f  the simple waterfall 

set-up. The behavioural response o f  20 individual fish was m onitored for 2 h each. After 

the first round o f  testing all 20 fish were transferred back into holding tanks. Ten o r half 

o f  the fish were subsequently sedated and injected with 2 0  pg •  kg body weight o f  

GnRH analogue (D -A la-6 . des Gly'*’ ethyl am ide, dissolved in a 9%o saline) while the 

other ten fish w ere injected with a saline solution (controls). The following day the 

injection procedure was repeated to stim ulate pituitary G TH  synthesis and secretion 

respectively (N. Sherw ood, personal com m unication). Three days after the first test, 

sockeye salm on w ere re-tested in the sim ple w aterfall set-up and behavioural 

perform ance w as com pared between test one and test two. I f  GnRH did not affect the 

behaviour o f  salm on in response to a waterfall, it was expected that: the behavioural 

perform ance in test num ber two should not differ betw een GnRH and saline injected fish 

and that the behavioural differences betw een test num ber one and test num ber two should
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be consistent over both treatm ent groups. As a m easure o f  acclim atization to the waterfall 

set-up. I recorded the duration o f  the motionless period that usually occurs after fish have 

been transferred to a new environm ent. Num ber o f  passes trough the waterfall and the 

num ber o f  jum ps into the waterfall were recorded to determ ine general activity and 

m otivation to overcom e a waterfall.

W aterfall set-up, experim ent 2: O dorant recognition in the y-m aze waterfall

The main structure o f  the Y-maze waterfall (Figure 2.2.) is a concrete raceway 

with a length o f  15m and a w idth o f  2.4 m. The upper part o f  the raceway was divided 

into two spawning com partm ents o f  4m  length and equal w idth o f  1.2 m. A constant 

flow o f  2 0 0  1 •  min was presented in both o f  the spawning com partm ents ( 1 0  cm layer 

o f  gravel on the bottom ) and spilled over a 15 cm high and 40 cm wide waterfall into the 

main undivided sw im m ing cham ber. In the swim m ing cham ber ( 8  m long. 2.4 m wide 

and 0.3 m deep), fish could move freely and access the two waterfalls.

In preparation for an experim ent, test groups were left at the outflow  end o f  the 

concrete raceway one night prior to experim ents for acclim atization. The rearing area (3 

m length. 2.4 m width) was divided from the swim m ing cham ber by black tarp attached 

to a supporting metal frame to  avoid visual contact o f  the test fish and the fish that still 

had to be tested. Test fish were transferred from the rearing area into the swimm ing 

cham ber with a  dip net. Since individuals only had to be lifted over the partitioning 

plastic tarp, stressful air exposure was minimized. Positioned on the inflow end o f  both 

spawning cham bers were 25 L carboys that contained either straight water or a  water 

odorant mixture.
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Figure 2.2.: The Y-m aze waterfall is divided into two spawning com partm ents (10 cm 
layer o f  gravel on the bottom ) that are 4 m long and 1.2 m wide and the undivided 
swimm ing cham ber (8 m long, 2.4 m wide and 0.3 m deep) where fish can  move freely 
and choose to jum p  up one o f  the tw o waterfalls. Both spawning cham bers and therefore 
both o f  the waterfalls could be treated with odorants by regulated discharge o f  odorants 
from the odorant tanks.

The carboy discharge rate could be regulated by valves to  adjust odorant concentration to 

the water flow. The com partm ent with odorant treatm ent was fixed within each day o f  

testing but random ly chosen  from  day to  day (well w ater dripped into the other 

compartm ent). The odorant drip w as stopped over night to allow  for rinsing o f  the whole 

raceway and to avoid odorant residue build-up in either one o f  the spawning chambers. 

Fish behaviour in the sw im m ing cham ber was observed through a small slit in black 

plastic tarp that w as attached to w ooden support fi’ames, which served as an  experim enter
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blind. A test fish w as scored as soon as it jum ped up the waterfall and entered the 

spaw ning chamber, fish that had not Jum ped up either waterfall after 4 h were scored as 

“non-jum ping” fish. The ratio between jum ping and non-jum ping fish was used to 

determ ine the m otivation to overcom e the waterfall. Experim ental trials were followed by 

30 min pauses to ensure that any odorant trails em itted fi-om the previously tested fish 

would be highly diluted.
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II. 3. Results

l.O utcom e o f  testing in the behavioural trough:

l.a . Behavioural responses o f naïve' fish to potential im printing odorants:

M anganese Chloride (M nC^)

M nC b was found at a concentration o f  2» 10'^ M in Fulton River (w ater analysis 

carried out in 1998 by DFO Canada. Table 2.3), one o f  the natal stream s for the tested 

sockeye salm on. W hen tested for changes in sw im m ing pattem  in the behavioural trough 

(Figure 2.3.a. & b.) neither three year old im m ature ( a  = 0.988) nor mature ( a  = 0.502) 

fish show ed a significant change in the percentage o f  tim e that the fish stayed in the 

M nCli (lO'^ M) treated com partm ents. M nCb therefore neither repels nor attracts 

sockeye salm on that have not been previously exposed to it.

T able 2.3.: W ater Analysis: Fulton River, tributary o f  Babine Lake, northern British 
Colum bia Canada, Carried out in June 16"'. 1998.

M etal Result fmg • L’'l M olar concentration [M]
Barium 0 . 0 2 1 • 1 0 '^
Calcium 1 0 2.5 ■ 10 "
Iron 0.16 2 . 8  • 1 0 -̂
M agnesium 2.3 1 • lO"*
M anganese 0 . 0 1 2 2  ■ 1 0 '
Silicon 2.18 7.8 • 10 "
Strontium 0.065 7 • 1 0 '
Zinc 0.007 1 • 1 0 '

' N aïve fish are defined as fish that have never been artificially exposed to an odorant o r a 
horm one prior to testing for odorant recognition
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Figure 2.3.: Changes in tim e in the M nC h (lO"^ M) treated area o f  the behavioural trough 
(NA = fish from  this cohort were never artificially exposed to an odorant or hormone). 
Negative values (striped bars) represent a decreased and positive values (clear bars) 
represent an increased frequency o f  stay in the odorant treated area. Ten three-year-old 
im m ature (2.3.a.) and nine three-year-old mature (2 .3 .b.) fish were tested. Frequency o f  
time in the odorant treated area did not change in response to M nC h in imm ature (paired 
t-test. p = 0.565) or m ature (paired t-test, p= 0.876) sockeye salmon.
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C holic acid

Im m ature sockeye salm on (Figure 2.4.a.) did not exhibit a significant ( a  = 0.148) 

behavioural responses to the presence o f  cholic acid at a concentration o f  10'* M. In 

contrast, mature sockeye salm on (Figure 2 .4 .b.) avoided the odorant com partm ent (p = 

0.012) once cholic acid was present at a concentration o f  10'* M. In summary, three- 

year-old sockeye were repelled by cholic acid once they reached m aturity but not at 

imm aturity.

Cupric chloride (CuCIi)

Im m ature (Figure 2.5.a.) and m ature sockeye (Figure 2.5.b.) were strongly 

repelled by C uC b at a concentration o f  lO"* M. All o f  the m ature (p = 0.008). and seven 

out o f  eight imm ature (p = 0 . 0 0 1  ) sockeye avoided the odorant com partm ent when C uC b 

was present.

L-glutam ine

The presence o f  L-glutam ine (10'^ M) did not change the tim e that sockeye 

salm on stayed in the odorant treated com partm ents significantly (eight imm ature fish. 

Figure 2.6.a., p = 0.569; 12 m ature fish. Figure 2.6.b.. p = 0.192).

Barium Chloride (BaC b)

Just like M nC b. BaCl? was found at concentrations around 1 • 10’’ M in Fulton 

River (Table 2.3), one o f  the natal stream s for the tested sockeye salm on. In the 

behavioural trough, eight imm ature (Figure 2 .7.a.) and 16 m ature (Figure 2.7.b.) sockeye 

salm on did not significantly a lter their frequency o f  stay in the odorant compartm ent in 

response to the presence o f  BaCli (im m ature p = 0.454. mature p = 0.993).
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Figure 2.4.: Changes in tim e in the cholic acid {10‘*M) treated area o f  the behavioural 
trough. N egative values (striped bars) represent a decreased and positive values (clear 
bars) represent an increased frequency o f  stay in the odorant treated area. Eight three- 
year-old im m ature (2.4.a.) and eight three-year-old m ature (2.4.b.) fish were tested. 
Frequency o f  tim e in the odorant treated area in response to cholic acid did not change in 
im m ature (paired t-test, p = 0.148) but decreased significantly in mature (paired t-test. p = 
0 .0 1 2 ) sockeye salm on.
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Figure 2.5.: Changes in time in the cupric chloride (C uC h at lO'^M) treated area o f  the 
behavioural trough. Negative values (striped bars) represent a decreased and positive 
values (clear bars) represent an increased frequency o f  stay in the odorant treated area. 
Eight three-year-old im m ature (2.5.a.) and eight three-year-old mature (2.5.b.) fish were 
tested. Frequency o f  time in the odorant treated area decreased highly significant in 
response to C uC h in im m ature (paired t-test. p = 0.008) and in mature (paired t-test, p =
0 .0 0 1 ) sockeye salmon.
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Figure 2.6.: Changes in tim e in the L-glutam ine treated {10’  ̂M) area o f  the behavioural 
trough. Negative values (striped bars) represent a decreased and positive values (clear 
bars) represent an increased frequency o f  stay in the odorant treated area. Eight three- 
year-old im m ature (2.6.a.) and twelve three-year-old m ature (2.6.b.) fish were tested. 
Frequency o f  tim e in odorant compartm ents did not change significantly in response to 
L-glutam ine in im m ature (paired t-test. p = 0.569) or in mature (paired t-test. p = 0.192) 
sockeve.



36

F igure  2.7.a.

s
i
c3a.
Eoy

4 5

35

25

15

5

S3
J=
u | - 1 5

O
.= -25

-35 

-45

45
F igure  2.7.b.

_ 3 5

r  25  
§

i l  5

a  8
i - 5

U  0 - 1 5wo
.5-25  

-35

-45

tested  w ith: B aC h  im m ature
prev ious exposure  to: N A . naive
previously  exposed  w hen: N A . naive

1 2 3 4 5 6
Fish ID-number

tested  w ith: B aC h m ature  

p rev ious exposu re  to: N A . naive 

p rev iously  exposed  w hen: NA . naive

8

I— I

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Fish ID-number

F igu re  2.7.: Changes in tim e in the barium  chloride (B aC b at 10*̂  M) treated  area o f  the 
behavioural trough. Negative values (striped bars) represent a decreased and positive 
values (clear bars) represent an increased frequency o f  stay in the odorant treated area. 
Eight three-year-old im m ature (2.7.a.) and 16 three-year-old m ature (2 .7 .b.) fish were 
tested. Frequency o f  tim e in the odorant com partm ents did not change significantly in 
response to B aC b in im m ature (paired t-test, p =  0.454) or in m ature (paired t-test, p =
0.993) sockeye.
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l.b . Behavioural response o f  three-year-old fish that were exposed to the testing  

odorants at juvenile stages

Three-year-old sockeye salm on that had experienced juvenile exposure to MnCl?, 

BaCli o r L-glutamine without thyroid horm one treatm ent displayed no significant change 

in their sw im m ing pattern when presented with either one o f  the odorants (Table 2.3.).

i.e . Behavioural response o f  three-year-old fish that were exposed to the testing  

odorants and thyroid horm ones at Juvenile stages

Control groups: Juvenile exposure to MnCfi

Since thvToid horm ones w ere dissolved in ethanol, control groups were fed with 

ethanol treated feed w ithout thyroid horm one addition while being exposed to M nCb. 

Neither immature nor mature fish out o f  the control groups were attracted o r repelled 

when tested in the behavioural trough at age three (Table 2.4.).

Horm one groups: Simultaneous iuvenile exposure to NtnCb and T ; or Tj independently 

o r T jT j combined

G roups that were treated w ith T 3 o r  T 4 while they were exposed to M nCb 42 days 

after first feeding o r 90 days after the first m orphological signs o f  PST did not react 

significantly to M nCb two years later in the behavioural trough (Table 2.4.). This lack o f  

a behavioural response was consistent betw een three-year-old imm ature and m ature fish. 

However, a combined juvenile T 3 T 4 treatm ent concurrent with exposure to M nCb 

significantly changed the behavioural reaction o f  three-year-old sockeye salm on to the 

im printing odorant regardless o f  the tim ing o f  juvenile odorant exposure (Figure 2.8.).
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Table 2.3.: Sum mary table for behavioural responses o f  three-year-old sockeye that were 
exposed to odorants but not to hormones during juvenile odorant exposure. The table 
shows testing odorants at age three, physiological state, developm ental stage during 
juvenile  odorant exposure, number o f  fish tested (N). p-value for the paired t-test and 
mean value o f  the percentage that the fish stayed in the odorant com partm ents without 
odorant and while the odorant was running ± the standard error o f  the prevailing mean.

Testing
odorant

A
g
e

Physiological
state

O dorant o f
juvenile
exposure

N p-value.
paired
t-test

Mean
no
odorant
± S E

Mean
odorant
± S E

M nCb 3 im m ature M nCl; 
during PST

8 0.870 23.1
± 6 .9

22.7
± 8 .7

M nCb 3 m ature iVlnCb 
during PST

10 0.557 25.8 
± 1.9

28.8
± 4

BaCl: 3 im m ature B a d :  
during PST

9 0.077 27.6 
± 1.7

23
± 2 .4

BaCb 3 m ature BaCb 
during PST

9 0.652 25.7
± 2 .9

23.9
± 3 .4

L-glutam ine 3 im m ature L-glutamine 
during PST

10 0.852 29.9
± 2 .5

30.1
± 3 .4

L-glutam ine 3 m ature L-glutamine 
during PST

8 0.389 30.2
± 3

31.4
± 3 .9

L-glutamine 3 im m ature L-glutamine 
first feeding 
until 3 months 
after PST

7 0.368 27.9 
± 1.1

25.2
± 2 .8

L-glutam ine 3 m ature L-glutamine 
first feeding 
until 3 months 
after PST

9 0.261 27.8 
± 1.8

25.9
± 2 .9
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Table 2.4.: Sum m ary table for behavioural reactions o f  three-year-old sockeye salmon 
that were exposed to M nCb (10^  M) with o r without sim ultaneous exposure to T 3 or T 4 

independently. The table shows m aturity state, odorant and hormone that fish were 
exposed to, start and length o f  exposure period, number o f  fish tested (N), p-value for the 
paired t-test and m ean value o f  the percentage that the fish stayed in the odorant 
com partm ents w ithout odorant and while the odorant was running ±  the standard error o f  
the prevailing mean. Since the p-value determined in the paired t-test was greater than 
0.05 for all groups, no significant behavioural reaction to M nCh could be observed.

c/3C
3"■a
0n
%

2

i

Odorant + 
horm one 
exposed to as 
juveniles

Start o f  exposure N a
(paired
t-test)

M ean
no
odorant
± S E

M ean
odorant
± S E

Sock no,
age
3

M nCl:, no 
horm one, feed 
ethanol treated

42 days after first 
feeding for 30 
days

8 0.331 27.9
± 5 .2

25.6 
± 4.4

Kok yes,
age
3

M nC b, no 
horm one, feed 
ethanol treated

42 days after first 
feeding for 30 
days

9 0.517 34
± 2 .7

31.3
± 4 .7

Sock no,
age
3

M nC b, no 
horm one, feed 
ethanol treated

90 days after first 
m orphological 
signs o f  PST

1 0 0.510 32.7
± 8 . 2

29.4 
± 5.9

Sock yes,
age
3

M nC h, no 
horm one, feed 
ethanol treated

90 days after first 
m orphological 
signs o f  PST

1 0 0 . 2 2 2 26.7
± 4 .3

23.7
± 4 .4

Kok yes,
age
3

M nC h, T j for 30 
days

42 days after first 
feeding

8 0.847 26
± 2 . 2

26.7
±2.5

Kok yes,
age
3

M nC b, T 4  for 30 
days

42 days after first 
feeding

1 0 0.830 2 2 . 8

± 0 . 8

22.4
± 2

Sock yes,
age
3

MnClz, T j for 30 
days

90 days after first 
m orphological 
signs o f  PST

9 0.094 22.9 
± 1 . 8

28.1 
± 1.9

Sock yes,
age
3

M nC h, T 4 for 30 
days

90 days after first 
m orphological 
signs o f  PST

8 0.844 24.6
± 3 .8

23.5
± 3 .8

Kok no,
age
3

MnClz, T 4  for 30 
days

42 days after first 
feeding

8 0.197 28.8 
±  1.4

25.5 
± 1.7

Sock no,
age
3

M nC h, T 4  for 30 
days

90 days after first 
m orphological 
signs o f  PST

9 0.087 29.7
± 2 . 6

25.8
± 2 .3
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Figure 2.8. legend: Changes in tim e stayed in the M nCb ( 10"  ̂M) treated area o f  the 
behavioural trough. Negative values (striped bars) represent a  decreased and positive 
values (clear bars) represent an increased frequency o f  residence in the odorant treated 
area. I tested ten three-year-old m ature (2.8.a.) sockeye that were exposed to M nCh and 
T3T4 com bined. 42 days after first feeding (Figure 2.8.a.) (paired t-test. p =  0.004) and 
nine three-year-old m ature sockeye that were exposed 90 days after first m orphological 
signs o f  PST (Figure 2.8.b.) (paired t-test. p = 0.027). Both treatm ent groups were 
significantly attracted to M nC h.
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Three-year-old mature sockeye salm on that were exposed to M nCh and T3T4, 42 days 

after first feeding (Figure 2.8.a.) o r 90 days after the onset o f  PST (Figure 2.8.b.). resided 

significantly m ore in the odorant com partm ents when the imprinting odorant was running 

(p = 0.004 and p= 0.027 respectively). Increased T3T4 plasm a levels concurrent with 

exposure to an odorant, M nCh in this study, within the first year o f  ontogeny seemed to 

be the basis for olfactory imprinting.
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2. Results from the Y-m aze waterfall

2.a. Determ ination o f general m otivational factors to overcom e a waterfall

The am ount o f  w ater spilling over the waterfall was a crucial in m otivating two- 

year-old imm ature sockeye salmon to overcom e the fall (Figure 2.9.). At four different 

flows (50. 150, 250 and 350 L •  m in ')  the percentage o f  fish (eight per group) that 

overcam e the fall ranged from one out o f  eight fish (12.5 % ) at 50 and 150 L •  min ' to 

five out o f  eight fish (62.5 %) at a flow o f  250 L •  m in '. At 350 L •  m in '. four out o f

eight or 50% o f  the tested fish overcam e the waterfall.

100 r
1

N=8 fish per group

>
o

'J
f
c
:
o.

90 i  

80 r

70 1
60

50

40

30

20

10

0 250 350150

w ate rtlo w  over fall [ 1 m in '' J

Figure 2.9. (legend): The influence o f  flow on the percentage o f  fish that overcam e the 
waterfall in the y-maze waterfall experim ent. At each o f  the four flow regim es (50. 150. 
250 and 350 L •  m in '')  we tested eight two-year-old im m ature sockeye salmon. Fish were 
scored as soon as they overcam e the fall for the first time. Flows o f  50 or 150 L •  min ' 
m otivated only one out o f  eight fish (12.5 % ) to jum p. At a flow o f  250 and 350 L •  m in ' 
fish were significantly (Chi-Square test, a  = 0.039) more m otivated and the percentage 
increased to five out o f  eight (62.5 % ) and four out o f  eight (50 % ) jum ping fish 
respectively. (The Chi-Square test is used to compare an observed w ith an expected 
fiequency, w hereas the expected frequency in this case, was the jum ping  frequency o f  the 
fish at the lowest water discharge o f  50 L •  min ').
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Figure 2.10. a. and b: Figure 2.10.a. show s the correlation betw een the m otivation to 
overcom e a  waterfall and the state o f  maturity. Seven out o f  18 (38.8 % ) im m ature and 14 
out o f  19 (73.7 %) m ature sockeye salm on jum ped up one o f  the waterfalls in the Y-maze 
waterfall set-up. The difference in percentage betw een immature and mature fish is 
significant (Chi-Square test, p = 0.033).
In Figure 2.10.b. the percentage o f  m ature sockeye that overcame a waterfall is plotted 
against gender. No significant correlation betw een gender and waterfall Jumping 
m otivation could be observed (Chi-Square test, p = 0.518): 195 out o f  247 or 78.9 %  o f  
the males and 29 out o f  39 o r 74.3 % o f  the females overcam e the waterfall. Due to the 
fact that males m ature in average one year before female sockeye salm on a higher 
num ber o f  mature males was available for testing am ong the three-year-old sockeye at the 
tim e o f  testing, in the fall o f  1997.

The difference in the num ber o f  fish that overcam e the waterfall at flows < 150 L •  m in ' 

and > 250 L • min ' was significant (Chi Square Test, p = 0.039). The percentage o f  fish 

that overcame the w aterfall at the lowest discharge rate o f  50 L •  min ' was the expected 

frequency for the Chi-Square test that all o ther observed frequencies were tested against. 

In accordance with this finding the flow in all subsequent experim ents in the Y-maze 

waterfall was kept at 200-250L •  min ' in each o f  the two waterfalls.

The state o f  m aturity and its influence on the m otivation o f  sockeye salm on to 

overcom e a  w aterfall was the next factor that was investigated (Figure 2.10.a.). I tested 

18 imm ature and 19 m ature three-year-old sockeye salm on at a flow rate o f  250 L •  min ' 

over both o f  the falls. Seven out o f  18 (38.8 % ) immature and 14 out o f  19 (73.7 %) 

m ature sockeye salm on overcam e the falls (Figure 2.10.a.). This difference in frequency 

was significant determ ined by the Chi-Square test (expected frequency = 38.8 %. p = 

0.033) and one can conclude that m ature fish are more m otivated to overcom e a waterfall 

than immature fish.
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Since it is possible to determ ine the gender o f  mature fish by visual exam ination 

o f  external m orphological features, the influence o f  gender on the m otivation to 

overcom e a waterfall was determ ined in m ature sockeye salmon. No significant 

difference (Chi-Square test, expected frequency = 78.9 % . a  = 0.518) to overcom e a 

waterfall was observed between genders (Figure 2.10.b.) (195 out o f  247 or 78.9 %  

males; 29 out o f  39 o r 74.3 % females).

2.b. Influence o f  GnRH on behaviour o f  sockeye salm on

To investigate possible GnRH effects. 20 imm ature sockeye salm on were tested 

tw ice in a waterfall set-up. In both tests, the tim e to the start o f  swimm ing behaviour, the 

num ber o f  passes through the plume o f  the waterfall and the number o f  jum p attem pts 

into the waterfall were recorded. Betw een first and second test, half o f  the fish were 

injected twice with a saline solution (controls) and the other half was injected twice with 

GnRH.

Time to move, increased significantly in control fish (paired t-test. a  = 0.021) 

from 4.9 ± 1.7 min in test one, to 24.9 ± 8.4 min in test two. In GnRH injected fish the 

time to move rem ained constant (paired t-test, a  = 0.922) (test one: 10 ± 2.1. test two: 9.3 

± 5 .6 )  (Figure 2.11.a.).
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Figure 2.11. a.+b.+c: Figures 2.11 a.,b. and c. describe GnRH caused changes in the 
behavioural reaction o f  sockeye salm on confronted w ith a waterfall. In test tw o half o f  
the 20 fish, that w ere tested  in test one, were injected with a saline solution (control fish) 
while the other h a lf w as injected with GnRH (G nRH  injected fish). In Figure 2 .1 1 .a. I 
m easured the period o f  time betw een transfer into the waterfall tank and start o f  
swim m ing activity. Control fish started to swim after a  significantly (paired t-test, a  = 
0.021) longer period o f  time in the second test (24.9 ± 8.4 min) when com pared w ith test 
one (4.9 ± 1.7 min). In GnRH injected fish the tim e betw een tank transfer and start o f  
swim m ing activity did not change significantly (paired t-test, a  = 0.922) (test 1: 10 ± 2.1 
min; test 2: 9.3 ±  5.6 min). The num ber o f  passes through the waterfall (Figure 2.1 l.b .) 
did not change significantly for control fish but increased significantly for GnRH injected 
sockeye salm on (control: paired t-test, a  = 0.909. test one = 44.3 ± 7 passes, test two = 
42.8 ±  13.2 passes; G nRH  injected: paired t-test, a  = O.Ol, test one = 29.9 ± 5.8 passes, 
test tw o = 85.9 ± 16.9 passes). Jum ping activity (Figure 2 .11 .c.), did not change 
significantly in control fish but increased in a highly significant manner for the GnRH 
injected sockeye (control: paired t-test. a  = 0.296. test one = 0.7 ± 0.5 jum ps, test two = 
2.2 ± 1.4 jum ps; G nR H  injected: paired t-test, a  = 0.007, test one = 0.5 ± 0.5 jum ps, test 
two = 10.5 ± 2.7 jum ps).

The num ber o f  passes through the waterfall (Figure 2.1 l.b .). interpreted as overall 

activity, increased significantly (paired t-test, a  = 0.01) in the GnRH injected fish (test 

one: 29.9 ± 5.8 to test two: 85.9 ± 16.9) but stayed nearly unchanged for the control 

group (test 1: 44.3 ± 7 to  test 2: 42.8 ± 13.2). Hence G nRH enhanced the overall activity 

o f  im m ature sockeye salm on when confronted with a waterfall.

Jum ping activ ity  (Figure 2.1 I.e.), did not change significantly in control fish 

(paired t-test, a  = 0.296) in test two but increased in a  highly significant m anner for the 

GnRH injected sockeye (paired t-test, a  = 0.007). GnRH therefore increased the 

m otivation o f  sockeye salm on to jum p into a  waterfall in this study.
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2.C. The behavioural response o f  im m ature and mature sockeye salm on to odorants 

in the y-m aze waterfall set-up

In the preceding section, the influence o f  state o f  m aturity, gender and GnRH on 

the behavioural response o f  sockeye salm on to a waterfall was determ ined. In the next 

experim ental step, I added a  second waterfall and an odorant that could be presented in 

one o f  the two waterfalls.

In Figure 2.12.a. the percentage o f  fish that overcame the w aterfall is plotted 

against six different treatm ent groups. The expected value for the Chi-Square test, used 

for statistical analysis, was 71.4 %  based on the fact that 15 out o f  21 o r 71.4 % o f  the 

control fish (no treatm ent) overcam e the waterfall.

All groups w ere exposed to the odorant o r odorant and horm one treatment for 30 

days, starting 90 days after first m orphological signs o f  sm oking, two years prior to 

testing. Juvenile exposure to M nC h. M nCh and T 3 and M nC h and T 4 had no significant 

effect on the percentage o f  im m ature fish that mastered either one o f  the two waterfalls 

(72.7 % . 75 % and 89.5 %. respectively)(F igure 2.12.a.. first four colum ns). However, 

juvenile  exposure to M nC h com bined with T 3 and T4, significantly decreased the 

percentage o f  im m ature fish that overcam e the waterfall (33.3 %. Chi-Square test, p = 

0.001) (Figure 2.12.a., column 5). This decrease could not be observed when the 

im m ature fish were injected w ith GnRH before testing (75 %) (Figure 2.12.a., column 6 ).

Among im m ature fish that overcam e the waterfall (Figure 2.12.a), the percentage 

that chose the odorant treated side is show n in Figure 2.12.b. Since the set-up offered 

two choices a binomial test has to be used to analyze results and 50 %  o f  the fish should 

enter each com partm ent, if  the odorant does not influence their behavioural response.
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Figure 2.12. a. & b: Behavioural response o f  im m ature sockeye salm on recorded in the 
y-maze w aterfall test in the presence o f  MnClz in one o f  the two waterfalls. Figure 2.12.a. 
shows the percentage o f  fish that overcam e either one o f  the two w aterfalls and Figure
2.12.b. show s how  many o f  those fish chose the odorant treated side. Figure 2.12.a.: 
Juvenile exposure to M nC h (72.7 % , Chi-Square test p = 0.557) M nC h and T 3 (75 %, 
Chi-Square test p = 0.475) and M nC h and T 4  (89.5 % , Chi-Square test p = 0.061) did not 
lead to a  significant change in the percentage o f  imm ature fish that overcam e the 
waterfall tw o years later. Juvenile exposure to M nCh com bined with T 3 and T4 decreased 
the percentage o f  imm ature fish that overcam e the waterfall significantly (33.3.% , Chi- 
Square test p = 0.001). This decrease was reversed w hen the fish were injected with 
GnRFI before testing (75 %, Chi-Square test p = 0.503).
Figure 2.12.b.: Am ong the im m ature sockeye that overcam e the waterfall the percentage 
o f  fish that entered the odorant treated side w as not significantly different from 50 %  in 
the control group (40 % ), M nC h exposed (50 % ), M nC h + T 3 (40 % ), M nC h + T 4 (41.1 
%) and M nC h + T 3 & T4 (50 % ). W hen injected with GnRH before testing, 83.3 %  o f  the 
M nCh + T 3 & T 4  group chose the odorant treated side. This value was significantly 
different from  the expected 50 %  value (Binom ial test p = 0.039).

The odorant did not change the random ly assum ed ratio o f  50 % o f  the fish that 

enter each o f  the two waterfall com partm ents in cohorts w ith the following juvenile 

exposure history; no treatm ent, control fish (40 % ); exposure to M nC h (50 %); exposure 

to M nC h and T 3 (40 % ); exposure to M nCh and T 4 (41.1 % ); exposure to M nCh 

com bined w ith T 3 and T 4 (50 % ) (Figure 2.12.b., colum n 1-5). How ever, when the latter 

group (M nC h &  T3T4 com bined) was injected with GnRH before testing, significantly 

more (83.3 % ) sockeye salm on entered the odorant treated side (binom ial test, a  = 0.039). 

In conclusion, GnRH increased the num ber o f  imm ature, by way o f T 3T 4  treatment, 

M nC h-im printed  three-year-old sockeye salm on that overcam e a waterfall. In the same 

cohort, GnRH  also increased the percentage o f  fish that entered the M nCh-scented 

com partm ent.
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F ig u re  2.13.a. & b: Behavioural response o f  m ature sockeye salm on recorded in the y- 
m aze w aterfall test in the presence o f  M nC l: in one o f  the waterfalls. Figure 2 .13.a. 
shows the percentage o f  fish that overcam e either one o f  the two falls and Figure 2 .13.b. 
show s how  many o f  those fish entered the odorant treated side. All groups with the 
exception o f  the control group were exposed to the odorant o r odorant and hormone 
treatm ent for 30 days, starting 90 days after first morphological signs o f  sm oking. Figure
2.13.a.: The group that experienced juven ile  exposure to MnCl] only, died and was 
therefore lost for testing. Juvenile exposure to M nCl] and T 3 (81.3 %) o r M nCl] and T 4 

(92.9 % ) did not lead to a significant change in the percentage o f  m ature fish that 
overcam e the waterfall. For m ature sockeye that were exposed to MnCl] and a 
com bination o f  T j and T4 the percentage increased significantly (Chi-Square test, p = 
0.013) to 100%, when com pared w ith the control group percentage (73.5 %).
Figure 2.13.b.: Am ong mature sockeye salm on 48 %  o f  the control group and 53.8 %  o f  
the M nCl] + T 4 treated group jum ped up the odorant treated waterfall. Juvenile treatm ent 
w ith M nCl] and T 3 (84.6 % ) and M nCl] com bined with T 3 and T 4 (80 % ) resulted in a 
significant increase o f  sockeye that entered the odorant treated side at m aturity (binom ial 
test for M nCl] and T 3 group p = 0.022, for M nCl] and a com bined T 3 and T 4 treatm ent p 
= 0.035).

The behavioural response o f  three-year-old mature sockeye in the Y-maze 

w aterfall is illustrated in Figure 2.13. Figure 2 .13.a. shows the num ber o f  fish that 

overcam e the waterfall and Figure 2 .13.b. the percentage o f  jum pers that entered the 

odorant treated side plotted against four different juvenile odorant and horm one exposure 

groups.

Colum n one in Figure 2 .13.a. represents the 25 out o f  34 o r 73.5 %  o f  the m ature 

control fish that overcam e the waterfall. Consequently we used this percentage as the 

expected value for the Chi-Square test. M ature sockeye salm on that w ere treated with 

M nCl] and T 3 o r M nCl] and T 4 overcam e the waterfall more often than the control group 

(81.3 %  and 92.9 % , respectively) but the difference was not statistically significant. In 

contrast, 1 0 0  %  o f  the fish that had been challenged with a com bination o f  T 3 and T4 

during the exposure to MnCl] overcam e one o f  the waterfalls (Figure 2 .13.b., fourth
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colum n). This jum ping frequency was significantly higher than the one observed for the 

control group (Chi-Square test p =  0.013). Am ong m ature sockeye salm on that overcam e 

one o f  the waterfalls, 48 % o f  the control group and 53.8 %  o f  the M nC h and T 4 treated 

fish entered the odorant treated side (Figure 2 .13.b.. first and third colum n). These 

percentages were not significantly different from the expected value o f  50 %. M ature 

sockeye salm on that had experienced juvenile  exposure to M nCh and Tj o r M nCh and a 

com bination o fT j  and T4, entered the odorant treated side with a frequency o f  84.6 % 

and 80 %  respectively (Figure 2.13.b., second and fourth column). These frequencies 

were significantly higher than 50%  (binom ial test p-values are 0 . 0 2 2  for M nCh and T3. 

0.035 for M nCh com bined with T 3 and T 4 treatm ent). The presence o f  M nCh hence 

attracted m ature sockeye salmon if they had been exposed to the odorant plus T 3 o r a 

com bination o f  T3 and T4, at imprinting.
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II.4. Discussion

The main purpose o f  this study was to determine w hether the two factors, 

developm ental stage or horm onal status, could facilitate olfactory imprinting during 

juvenile  exposure to an odorant. My behavioural experim ents did not provide any 

evidence that odorant exposure by itself, at any o f  the tested juvenile  developm ental 

stages was sufficient to initiate imprinting under hatchery rearing conditions. In contrast, 

the behavioural evidence gathered, indicates that treatm ent with a com bination o f  the two 

thyroid hormone forms (T j and T4) o rT j  only can initiate the im printing process to an 

odorant.

To avoid the criticism  that Hasler and Scholz ( 1983) received for their choice o f  

im printing odorant (m orpholine), which was shown to be a non-specific attractant for 

salm onids (M azeaud, 1981/1982), 1 first determined the general behavioural response to 

candidate odorants for use in the imprinting experim ents. W hen fish are naturally 

attracted to or repelled by an odorant, they will react to the odorant independent from 

previous exposure history and behavioural results are difficult to interpret. Sockeye 

salm on in my experim ents w ere naturally repelled by CuCI: and cholic acid and did not 

react behaviourally to M nC h, L-glutam ine and B aC h. In the first behavioural 

experim ents, it becam e also apparent that using two behavioural arenas that differed 

m arkedly in the behavioural responses that fish displayed during testing, proved to be 

beneficial. The low energetic investment necessary to respond to an odorant in the 

behavioural trough, made it easy to detect whether an odorant w as an attractant or a 

repellent. In the com m only used Y-maze set-up (H asler & Scholz. 1983; D ittm an et al., 

1994; D ittm an et al.. 1996) those subtle changes in behaviour could not be detected. This



is not to say that Y-maze set-ups cannot serve to dem onstrate behavioural reactions to 

odorants when fish are highly m otivated to migrate at final m aturation. Once the choice 

o f  odorants was narrowed down to the more suitable representatives o f  certain odorant 

groups and the functionality o f  the behavioural arenas was established. I proceeded to test 

for the effect o f  juvenile  odorant exposure. Juvenile odorant exposure on its own could 

not trigger imprinting although exposure periods ranged from one m onth to the whole 

juvenile developm ent past the PST stage and thus covered all stages that have been 

suggested for natural imprinting (H asler & Scholz. 1983; D ittm an et al.. 1996: Nevitt & 

Dittman, 1998).

But why do sockeye salm on in nature imprint to an odorant that they have been 

exposed to? To answ er this question, it was important to em phasize that the increase in T ; 

and Ta plasm a levels found in salm on in nature, are largely suppressed in captivity 

(Youngson & Sim pson, 1984. this study). I therefore tested whether exogenous 

challenges with one o r both types o f  thyroid hormones would allow  fish to imprint. 

Separate treatm ent w ith Ta proved to be inadequate but a combined treatm ent with Ta and 

T] led to olfactory im printing at two developmental stages that are not naturally related to 

the imprinting process. Thus. I could initiate imprinting independent from the comm only 

accepted developm ental stage o f  PST and suggest that the often m entioned Ta on its own 

is not able to provide the physiological background conditions for imprinting (H asler & 

Scholz. 1983; D ittm an et al.. 1994; Dittman et al.. 1996). M oreover, imprinting was 

achieved in a stim ulus-poor hatchery environm ent, which excludes the possibility that 

changes in current, tem perature, food composition or visual environm ent, all suggested as 

possible imprinting triggers, might have stimulated the process in this study.
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Through w hich course o f  action the com bined T4T3 treatment triggered the 

olfactory im printing process is unknown. Since thyroid hormones act on alm ost every 

organ in an organism  at one point (see introduction o f  Chapter III), the horm ones might 

act directly at the level o f  the olfactory epithelium  or more centrally along the olfactory 

neuronal pathw ays. The possible im printing related sensitization o f  olfactory receptor 

neurons has been suggested by N evitt et al. (1994) and Dittman et al (1997). While the 

experim ental evidence gathered by these authors is conclusive, it is difficult to explain 

how  this peripheral sensitization is m aintained when olfactory receptor neurons are 

turned over and replaced by new receptor cells (Farbm an, 1994). It is also hard to explain 

how  N evitt et al. (1994) were able to pick the specific receptor cells that could bind their 

im printing odorant for single cell recordings out o f  millions o f  olfactory receptor cells 

that should have not been able to bind the imprinting odorant (Buck & Axel, 1991). I 

believe m ore studies investigating the turn-over rate o f  olfactory receptor neurons and the 

specificity o f  each receptor cell to one odorant in imprinting fish are necessary.

In addition to the preceding results from the behavioural trough. I gathered the 

following behavioural evidence for T 3T 4 based imprinting in the Y-m aze waterfall. First 

my experim ental efforts were focused on  the determ inants o f  the m otivation to overcom e 

a waterfall. W aterflow significantly influenced jum ping performance and was set 

optim ally to 250 L/min. Then possible effects o f  gender and state o f  m aturity were 

determ ined. W hile gender did not seem to influence jum ping perform ance, m ature fish 

w ere significantly more m otivated to jum p up a waterfall than im m ature fish. The next 

experim ent was aimed at singling out the agent, co-occurring with m aturation, that could 

initiate the m otivational increase to overcom e a  waterfall. Sato et al. (1997). found GnRH
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treatm ent, possibly by way o f  heightened steroid hormone levels, to be effective in 

m otivating sockeye salm on to migrate faster to their natal stream. Therefore, it appeared 

reasonable to test w hether GnRH treatm ent might also increase the m otivation to 

overcom e a waterfall in this study. W hen testing for jum ping m otivation. I also recorded 

the extent o f  the m otionless period o f  acclim atization to a new environm ent, typically 

occurring after transfer into a new tank. During this period, fish display fast and strong 

opercular movement, a typical sign o f  stress. Hence. I expected this period to increase 

with increasing stress to the fish, in the second o f  two tests. For control fish this 

assum ption was verified but GnRH effects possibly overrode this stress response since 

G nRH injected fish showed no increase in their time o f  acclim atization between test one 

and test two. GnRH might counteract the rise o f  adrenaline levels experienced at tim es o f  

high stress (Joy et al.. 1998).

The num ber o f  passes through, and jum ps up the waterfall increased significantly 

in the second test subsequent to GnRH injections but stayed unchanged in the saline 

injected control group. GnRH seemed to increase either the m otivation to overcom e a 

waterfall, m otor neuron activity o r a com bination o f  both factors. It is highly speculative 

to discuss the nature o f  interaction betw een GnRH and the central nervous system that 

leads to the observed behavioural changes. GnRH m ight interact with centers in the CNS 

that are involved in the detection or processing o f  olfactory inform ation or it might act 

indirectly through a multimodal sensory center (W ullim an, 1998). Alternatively. GnRH 

m ay interact with a horm one-sensitive center in the telencepahlon in com bination w ith a 

feedback system that regulates the function o f  the olfactory bulb through centrifugal 

fibers, as proposed by Hara (1967b). The GnRH neuron netw ork seems to fulfill all o f  the
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above m entioned requirem ents but electrophysio logical recordings have not yet identified 

stim ulation o f  the olfactory system  by GnRH neurons (Hara. personal com m unication). 

Evidence for direct neurom odulatory action o f  GnRH in the olfactory epithelium  has just 

recently been reported by Okubo et al. (2000) who discovered G nRH  binding sites on 

O RNs and by Eisthen et al. (2000) who observed GnRH triggered sensitivity m odulation 

in ORNs.

In the last experim ent, my aim  was to relate juvenile odorant and hormone 

exposure histories to  behavioural reactions o f  three-year-old im m ature and mature 

sockeye salm on in the m otivationally dem anding Y-maze waterfall. Firstly, the number 

o f  fish in each group that would overcom e either one o f  the waterfalls was recorded to 

m onitor differences in m otivation to jum p and secondly, the num ber o ffish  that chose the 

odorant treated site was m onitored. Im m ature sockeye previously exposed to M nCE or to 

M nCl: and T 3 o r T 4 did not differ significantly from the control group in the percentage 

o f  fish that overcam e the waterfall and the percentage o f  fish that chose the odorant 

treated waterfall did not differ significantly from the expected 50 %. N evertheless, a 

significant lower num ber o f  im m ature sockeye that experienced a  com bined T 3 and T 4 

treatm ent at the artificial im printing stage surm ounted either one o f  the waterfalls when 

their im printing odorant was present. The same odorant and horm one exposure record 

that had led to a behavioural response, that was interpreted as odorant recognition in the 

behavioural trough, led to an avoidance o f  waterfalls when confronted with the 

imprinting odorant. In nature, some o f  the migratory salm onid species are confronted 

w ith the odorant o f  their natal stream  from tim e to time. N evertheless, they do not enter 

their stream  o f  origin fxfbre  they reach the stage o f  maturity. It has been hypothesized
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that spéciation in sockeye salm on can be facilitated by tem poral reproductive isolation 

within the same spaw ning stream  (Tallm an & Healey. 1994; W ood & Foote. 1996). I f  it 

is desirable to m inim ize gene flow betw een different species o r even m orphs o f  the same 

species than precise tim ing o f  the spawning migration is crucial. A voidance o f  the natal 

stream  at tim es outside the stock-specific spawning season therefore appears reasonable. 

M oreover, prem ature m igration into mostly food scarce and energy dem anding natal 

streams does not seem  to be advantageous for the growth o f  fish. I f  it is assum ed that the 

behavioural avoidance reaction o f  imm ature sockeye salm on in this study was intentional, 

then m ature and im printed fish should be motivated to jum p up the waterfall and choose 

the odorant treated side. W hen I first tried to mimic m aturity by a G nR H  injection this 

hypothesis was verified: The percentage o f  fish that overcam e the waterfall increased 

significantly and a significant m ajority o f  these fish chose the odorant treated side. 

Therefore GnRH not only increased the m otivation to overcom e a waterfall but it also 

enhanced olfactory recognition o f  the odorant that the fish had been imprinted to. 

Furthermore, it was reconfirm ed that a com bination o f  T3 and T4, parallel to the juvenile 

odorant exposure, could facilitate olfactory imprinting. The effects o f  a  combined T 3 and 

T4 treatm ent may also have caused an additional increase o f  T 3 when com pared w ith the 

group that was treated with T 3 only. This alternative hypothesis is nevertheless dependent 

on the conversion o f  T4 to T3, which is assum ed to be suppressed by exogenous T4 

treatm ents (Eales. 1995). The fact that T 3 treatm ent during juvenile odorant exposure led 

to behavioural patterns in the Y-m aze waterfall o f  three-year-old sockeye that were 

interpreted as odorant recognition based on olfactory imprinting, supports this hypothesis.
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In conclusion, the evidence accum ulated in m y behavioural tests led to  the 

suggestion that com bined T 3 and T4  treatm ent facilitates juvenile olfactory imprinting. 

Either both forms o f  thyroid horm ones o r in a  less reliable fashion T 3 treatm ent initiated 

imprinting w hen fish w ere tested in one o f  the two behavioural set-ups. I therefore 

recom m end com bined T 3 and T 4  treatm ents for future imprinting experim ents. M y data 

furtherm ore suggest that T4  is not a  convincing imprinting facilitator and that the 

hormonal state o f  m aturity is crucial for the recognition o f  an imprinting odorant.
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Chapter III: Thyroid and gonadotropin hormones in the context of 

olfactory imprinting

III .l. Introduction: Thyroid horm ones and G onadotropins during salmonid  

ontogeny

Thyroid and gonadotropin horm ones affected the outcom e o f  my behavioural 

experim ents in a significant way. They independently or interactively facilitated juvenile 

olfactory im printing that lead to recognition o f  the imprinting odorant in adult fish. 

Therefore, I decided to investigate the hormonal background and the possible interaction 

o f  thyroid and GnRH system s (Figure 3.1 ) in our experim ental fish.

Background: Thyroid horm ones

In its normal state, the thyroid system  is controlled by the pituitary, which in turn 

is under neurosecretory control o f  the hypothalam us (Cyr & Eales. 1996). It is still 

unclear, which chem ical factors are released by the hypothalam us to establish the brain- 

pituitary axis but it is clear that the pituitary controls the thyroid gland via thyroid- 

stim ulating horm one (TSH ) (Eales. 1995). The thyroid, driven by TSH. synthesizes and 

releases m ainly L-thyroxine (T4) (Figure 3.2.b.) which is partly converted to 3 .5 .3 '- 

triiodo-L-thyronine ( T 3 )  (Figure 3.2.b.). T 3 has about a ten tim es higher affinity to nuclear

^ This study was carried out in collaboration w ith Bruce Adam s. University o f  Victoria 
and Dr. G eoff Eales, University o f  M anitoba.
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receptors o f  target tissue cells than T 4 (Cyr & Eales. 1996; Eales, 1995) and T 4  to T 3 

conversion is known to occur in many different tissues o f  teleost fish (Eales & Brown. 

1993). Among these tissues the liver seems to be the most im portant T 3 donor to blood 

plasm a (M orin et al.. 1993). Sensory target tissues like the olfactory epithelium  and the 

retina have also been suggested as locations o f  deiodinase activity (M orin et al.. 1995;

Cyr & Eales 1996) but supporting data has only recently been provided for the retina 

(Orozco et al., 2000). In general, a variety o f  essential processes are affected by thyToid 

hormones in vertebrates (Cyr &  Eales. 1996). Examples are: grow th (H azon & Balment. 

1998), control o f  m etam orphosis (Denver. 1998). alteration o f  visual pigm ents (Browman 

& Hawryshyn. 1992: A lexander et al.. 1994). osm oregulation (H oar. 1988). increase in 

dendritic arborization o f  neurons (Rami et al., 1986 a & b: .Arnold, 1992) and the 

modulation o f  olfactory sensitivity (M orin et al., 1995. 1997). The com m on thread 

through these exam ples is the m ode o f  action. After release from binding proteins in the 

bloodstream , T4 enters the target cell by diffusion through the cell m em brane (thyroid 

hormones are lipophilic) and by facilitated diffusion involving m em brane carriers (Eales, 

1995). W ithin the cell, most o f  the T 4 is converted to T 3 by enzym atic activity o f  T 4 

outer-ring deiodinase (Figure 3.2.). The resulting T 3 binds to nuclear receptor sites that 

control the transcription o f  genes affecting cell differentiation (Eales & Brown, 1993: 

Eales 1995). In response to high T 4 levels in target tissues, T 4 inner-ring deiodination can 

act as an autoregulator and produce inactive reverse T 3 (rT 3 ) (Figure 3.2.). This is 

believed to be a disposal pathw ay at tim es o f  T 4 saturation (Eales & Brown, 1993). To 

date, nuclear T4 receptors have not been identified (Eales, 1995) and it is well known that 

T 4 challenges can initiate the thyroid system  to switch to the disposal m ode m entioned in
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the last sentence. This can lead to a drastic decrease o f  T 3 available to target tissues 

(M orin et al.. 1995). Therefore it is crucial to m onitor T4 and T 3 when attempting to 

m odify the thyroid system.

WTiile approaching m aturation, the stage when odorant recognition is important 

for hom ing, T 4 plasm a levels increase briefly, then gradually decrease to a low level 

(B iddiscom be. 1983). Oestradiol can act as an inhibitor for the thyroid gland (Figure 3.1) 

and consequently an increase in oestradiol, experienced at maturation, leads to a decrease 

in T 4 synthesis and release. Low T 4 blood plasma levels do not necessarily mean low T 3 

availability  for target tissues, if increased deiodinase activity com pensates for reduced T 4 

availability. For T 3-driven gene expression in the olfactory epithelium  to increase 

olfactory sensitization at maturation, there must be a link that connects the onset o f  

m aturation with increased thyroid availability in target tissues. In this study, it was 

therefore investigated whether GnRH might link the beginning o f  m igratory behaviour 

w ith increased deiodinase activity in sensory o r  non-sensory tissues.

Background: GnRH

Gonadotropin injections have been show n to enhance the occurrence o f  

behavioural patterns that are related to hom ing in salm on (H as 1er & Scholz. 1983, Sato et 

al.. 1997. this study). The gonadotropin system  should therefore be considered when 

searching for agents that could enhance m igratory m otivation and/or sensitization o f  the 

o lfactory system tow ards imprinting odorants. G onadotropins primarily regulate 

reproduction and the output o f  sex steroids. G nRH  production early in ontogeny also 

coincides with the onset o f  GnRH neuron expression, w hich starts in the olfactory
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F igure  3.3: Changes in plasm a level o f  GTH I and GTH II in coho salm on during the 
m onths prior to m aturation (after D ickhoff & Swanson. 1990).

placode o f  sockeye salm on only 19 days after fertilization (Parhar et al.. 1995). GnRH 

neurons might therefore affect the peripheral olfactory system  at the earliest stages o f  

developm ent, perhaps initiating o r m aintaining imprinting processes. The gonadotropin 

system  is controlled by fibers originating from hypothalamic centers that innervate 

gonadotrope cells in the pituitary gland and thus regulate the release o f  gonadotropin 

hormone (GTH ) via GnRH secretion. Dopam ine acts as a direct and indirect (via the 

hypothalamus) inhibitor o f  GTH release from the pituitary in goldfish and rainbow  trout 

and might therefore also be responsible for GTH regulation within the brain o f  other fish 

species (Chang et al.. 1990. Vacher et al.. 2000). GTH in fish can be found in two forms.
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G TH  I and GTH II (Suzuki et al. 1988c). GTH I promotes vitellogenesis and 

sperm atogenesis long before spaw ning in coho salm on (Figure 3.3) (D ickhoff &

Sw anson, 1990). Shortly before final m aturation, the GTH I plasma level declines as the 

G TH  II level rises, initiating ovulation and sperm iation (D ickhoff & Swanson, 1990). The 

m ost drastic increase o f  the GTH I level hence coincides with the onset o f  hom ing 

behaviour in coho salmon (D ickhoff & Sw anson. 1990) and it seems likely that GTH I 

levels are elevated in other anadrom ous salm on species at the sam e stage. GnRH 

increased the motivation o f  sockeye salm on to migrate to their natal stream  (Sato et al.. 

1997) and recently it has been reported that GnRH receptors are expressed in the 

o lfactory epithelium  o f  the Japanese eel (Anguilla japonicus) (Okubo et al.. 2000). 

T ogether with Eisthen et al. (2000) findings that dem onstrate neurom odulatory 

capabilities o f  GnRH at the level o f  olfactory receptor neurons (o r ORNs). GnRH appears 

as a likely candidate to be also involved in olfactory guided homing.

O bjectives and experim ental approach

M y first objective was the m onitoring o f  the status o f  both forms o f  thyroid 

horm ones in juvenile sockeye salm on before and in response to exogenous T 3 and T 4 

treatm ent. I thus tried to evaluate how  juvenile  sockeye salm on respond to artificial T 3 

and T 4  challenges before PST. I then waited until the PST stage was term inated and 

challenged again w ith both forms o f  thyroid hormone. The second challenge was carried 

out at a  tim e when levels o f  thyroid horm ones are naturally low and thus the effect o f  the 

challenge could be interpreted w ithout the disturbance o f  natural horm onal fluctuations.
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In the second experim ent, I compared thyroid horm one levels o f  adult immature 

and m ature sockeye salm on betw een wild fish and fish that were raised in a hatchery 

environm ent. The objective was the investigation o f  possible effects o f  the stim uli-poor 

hatchery environm ent on the thyroid hormone household.

In the third experim ent, non-m aturing three-year-old sockeye salmon were 

injected with GnRH, and m onitored for corresponding changes in the activity o f  

deiodinase enzym es. This was an attem pt to clarify w hether thyroxine can be activated or 

deactivated independently from prevailing blood plasma levels by GnRH in the olfactory 

epithelium , the retina, the liver and the brain o f  sockeye salmon.
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III. 2. M aterials and methods:

For general m aterials and m ethods like egg sam pling, incubation, rearing, thyroid 

horm one feed treatm ent and GnRH treatment see m aterials and m ethods o f 

C hapter II.

Experim ent 1 and 2:

Blood sam pling for thyroid horm one assays

In preparation for blood sampling, sockeye were anaesthetized with tricaine 

m ethanesulfonate (MS 222). Fish w ere then killed by a sharp blow  to the head and their 

tail was am putated for blood collection. The blood was subsequently centrifuged and 

plasma was draw n o ff  and stored frozen (-60°C) until assayed for T 3 and Tj. To obtain 

enough plasm a for one sample (50pl for T3 and 25pl for T4) in the youngest group (six 

weeks after first feeding, average weight 2.95 g ± 0.55g) two to four fish had to be 

pooled. When in short supply o f  plasm a. T 3 was measured first, as it is considered to be 

the physiologically active form o f  thyroid hormone. In the post-PST and the age 3 

groups, individual fish had enough plasm a for one assay per fish (average weight post- 

PST group: 9.61 g ± 1.65g; average weight age 2 group: 210g ± 32g).

Radioim m unoassays for free Tj and T4

Plasm a T 3 and T 4  concentrations were determ ined by using the radioim m unoassay 

kits Coat-A-Count® TO TAL T 3 and T 4 (Diagnostic Products Corporation. Los Angeles. 

California. USA). Both assays are based on com petitive protein binding to T 3 o r T4
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specific binding sites. The process was started by filling duplicate 50 pi plasm a samples 

tor Tj and 25 pi for T^ into corresponding specific antibody-coated tubes tor incubation 

w ith a '^^I-labeled T j or T4 tracer. After incubation, décantation and drying, radioactivity 

o f  the tubes was measured in a gam m a counter and the amount o f  T j or T 4 in the plasma 

sam ple w as determined by interpolation from a standard curve. Low radioactivity counts 

im plied high thyroid hormone concentrations in the plasm a since the radioactively 

labeled Tj or T4 and the plasm a Tj o r T4 were com peting for the specific binding sites.

Sam ple Tim ing

Sam ple and horm one treatm ent tim ing for juvenile sockeye salmon:

T j levels o f  juvenile sockeye salm on were determ ined five weeks after first 

feeding (day 175 after fertilization), six weeks after first feeding (day 182 after 

fertilization), 83 days after the onset o f  PST (day 343 after fertilization) and 90 days after 

the onset o f  PST (day 350 after fertilization). The samples six weeks after first feeding 

and 90 days after the onset o f  the PST w ere taken three days after indivudual cohorts o f  

fish had been challenged with T j , T4  o r a com bined T jT 4 challenge.

Serum  T4 levels were sam pled 90 days after the onset o f  PST (day 350 after 

fertilization) and 97 days after PST (day 357 after fertilization). Three days before the 

first T 4 -sam pling date three groups o f  fish had been treated with T j . T 4 or TjTj 

com bined.

Sam ple and horm one treatm ent tim ing for adult sockeye salmon:

Blood samples fi’om  wild sockeye salm on were taken on Septem ber 22"‘‘. 1996 

from  tw o locations at Fulton R iver Spawning Channel. Babine Lake, northern British
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Colum bia. Canada. One group o f  fish was sampled at the m outh o f  Fulton R iver when 

approaching maturity. At the time o f  blood sampling gonadal products were still firm 

indicating that fish had not reached final maturity. The other set o f  blood samples was 

taken from fish on the spawning beds within the channel during spawning. Eggs and 

sperm  in this group were readily released and som e fish had started to spawn. Hatchery 

reared sockeye were either sampled at age three (day 1092 after fertilization) w ithout any 

signs o f  maturity or at the same age fully mature (eggs or sperm were released upon 

handling).

Experim ent 3: 

Deiodinase assay tissue sam pling

Tests for deiodinase activity were carried out on three-year-old imm ature sockeye 

salm on. Tissue samples were dissected shortly after euthanasia and stored in liquid 

nitrogen to halt deterioration o f  enzym atic processes. Brain, liver, retina and olfactory 

epithelium  were sampled for the deiodinase assay. Liver represents the tissue with the 

highest deiodinase activity in fish and served as a positive control. Parallel to the 

deiodinase activity. T4  and T 3 blood plasma levels were determ ined in the GnRH 

challenged and control fish. Following Eales et al. (1999). corresponding tissues from 

different fish within the sam e treatm ent groups were pooled when less than 0.5g o f  the 

respective tissue could be collected from an individual fish.

Deiodinase activity assay

General principle: T 4 is converted to T 3 by rem oval o f  one o f  the two outer ring 

iodine m olecules (F). W hen the iodine is detached from the 5 ' position within the outer
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phenyl ring by the enzym atic action o f  the deiodinase, equal m olar quantities o fT ]  and I 

are created (Figure 3.2.). The degree o f  deiodinase activity can be determ ined by using 

labeled T 4 (*7^) as a substrate and measurem ent o f  [ '^ I ]  F (*F) o r T 3 (*Ts) 

the products o f  outer-ring deiodinase activity. The deiodinase-rich m icrosom al fraction 

within the chosen tissues is used for the assay and deiodinase activity is related to the 

am ount o f  m icrosom al protein. The resulting deiodinase activity is therefore expressed in 

fmol T 4 deiodinated •  h ' •  mg m icrosom al protein '.

Statistical analysis for experim ent 1, 2 and 3

Sam ple data for each treatm ent group were exam ined for consistency with the 

normal distribution (Shapiro-W ilk test) and com pared for equality o f  variance (Levene 

test) before testing for differences in m ean concentrations w ith the analysis o f  variance 

(ANO VA ) o r an independent sample t-test.
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III. 3. Results:

Calibration curves:

The T 4 calibration curve (Figure 3.4. a.) covered values o f  radioactive counts that 

w ere well within the range o f  the values o f  results obtained from my own sockeye blood 

plasm a samples (7,000 to 19.000 counts). The extra effort to increase resolution at the 

lower count-level was necessary to accom m odate the human RIA kits to the, in 

com parison to human T 4  blood plasma levels, lower T 4 levels o f  fish. The range o f  

radioactivity counts in response to the T 3 standards (Figure 3.4.b.) that came w ith the RIA 

kit were fitting within the range o f  counts that were found in blood plasm a levels (3000 to 

8000 counts). Thus, T 3 standards were taken as is and did not need extra dilution steps to 

increase resolution.

T3  levels in juvenile sockeye salm on

No significant change w ithin the T 3 blood serum levels o f  hatchery-reared control 

fish was detected over the sam pling period and measured concentrations rem ained 

betw een 2.5 and 3 ng •  ml ' (Figure 3.5.a.). T 3 blood serum levels did not change 

significantly in response to a T 4 challenge (Figure 3.5.a). How ever, T 3 levels increased 

significantly to  6.41 ±  ng •  ml ' following a T 3 challenge six w eeks after first feeding and 

to 7.49 ±  0.82 ng •  ml ' following a  T3 challenge 90 days after the onset o f  PST. T3 levels 

also rose significantly in response to a combined T3T4 challenge (12 ppm  T3, 120 ppm 

T4) six weeks after first feeding (9.47 ±  0.83 ng •  m l')  and three m onth after PST (7.95 ± 

0.63 ng •  ml"').
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Figure 3.5.a & b: Figure 3.5. shows T3 (a.) and T4  (b.) blood plasm a levels in juvenile 
sockeye salm on. Bar colours and patterns refer to: untreated controls (open bar), T 3 

treated (gray ), T4 treated (black stripes) o r treated with T3-T4 com bined (black). The 
legend applies to both graphs. Tim es (x-axis) o f  blood sam pling are shown in days after 
fertilization. Figure 3.5.a: The sample at day 175 was taken one day before any hormonal 
treatm ent and five w eeks after first feeding. The sample at day 182 was taken 6  days after 
the start o f  the 30 day treatm ent with thyroid hormones (T3, T4 or T3T4 combined) and six 
weeks after first feeding. Day 343 after fertilization w as positioned 83 days after the 
onset o f  PST and one day before the start o f  a 30 day treatm ent with thyroid hormones. 
Day 350 after fertilization was positioned 90 days after the onset o f  PST and six days into 
treatm ent with the different thyroid hormones. T3 and combined T3T4 treatm ent increased 
the T 3 plasm a level at both stages significantly, T4 treatm ent had no significant effect on 
the T 3 serum level. Figure 3.5.b: T 4  serum  levels were significantly increased by T 4 and 
com bined T3T4 treatm ent. T3 treatm ent did not change the T4 serum levels significantly. 
Seven days after the horm onal treatm ent (day 357) the T 4  plasm a levels in control fish 
had slightly decreased. For tim es o f  sampling see explanations o f  Figure 3.5.a. Data 
points represent the arithm etic mean ±  standard error (error bars). Significant differences 
o f  treatm ent m eans to control m eans are marked with an asterisk (A N O V A . p < 0.05)

T 4 levels in juvenile sockeye salmon

T4 serum  levels o f  control fish (Figure 3.5.b) dropped significantly from 90 days 

after PST (14.05 ±  0.55 ng •  ml ')  to one week later (4.4 ± 0.15 ng •  m l'') . It is therefore 

assum ed that the fish were sam pled during a  time o f  natural T 4 decline as experienced 

after the PST (H as 1er &  Scholz. 1983). T 4  levels (15 ± 0.36 ng •  ml ')  were not 

significantly altered in com parison to controls when the fish w ere challenged with T 3 

(Figure 2.5.b). Both. T4  and the com bined T3-T4 challenges elevated T4 levels 

significantly to 91.3 ±  3.97 ng •  ml ' and 63.1 ± 1.72 ng •  ml ',  respectively.



Figure 3.6.a: Tj and T4 levels in wild fish
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Figure 3.6.a & b: Figure 3.6.a show s T3 and T4 blood plasma levels in wild Fish 
and Figure 3.6.b shows T 3 and T4 blood plasm a levels in hatchery-reared sockeye salm on. 
A sterisks stand for significant (ANO VA . p < 0.05) differences in the m ean concentration 
between stages. When approaching m aturity T 3 blood plasma levels in w ild fish did not 
change significantly (from  1.7 ± 0.06 ng •  ml ' to 2 ± 0.04 ng •  ml ') (Figure 3.6.a, left 
graph) whereas T4 blood plasma levels dropped significantly (from  37.9 ± 4.2 ng •  ml ' to 
5 ± 0.08 ng •  ml ' ) (Figure 3.6.a. right graph)

The T 3 serum  level in im m ature sockeye was significantly higher (6.2 ±  0.29) than 
the T 3 serum  level in m ature fish (2.3 ± 0.13 ng •  ml ')  (Figure 3.6.b. left graph) w hereas 
the T 4 level was not significantly changed (21 ± 0.46 ng •  ml ' in imm ature fish to 24.3 ±
0.7 ng •  ml ' in mature fish) (Figure 3.6.b. right graph).

T j  and T 4  levels in adult and m aturing wild and hatchery reared sockeye

Since immature wild sockeye salm on were not available to me. I chose to sample 

blood from fish that were approaching m aturity to com pare to the imm ature hatchery- 

reared sockeye salmon.

W hen approaching m aturity. T 3 blood plasma levels in wild fish (Figure 3.6.a) did 

not change significantly (from  1.7 ± 0.06 ng •  ml ' to 2 ± 0.04 ng •  ml ')  while T 4 blood 

plasm a levels dropped significantly (from  37.9 ± 4.2 ng •  ml ' to 5 ± 0.08 ng •  ml ').

In the hatchery-rearing environm ent T 3 serum  levels in imm ature sockeye w ere 

significantly higher (6.2 ± 0.29) than the T 3 serum  levels in mature fish (2.3 ± 0.13 ng •  

ml ')  whereas the T 4 level was not significantly changed (21 ± 0.46 ng •  ml ' in im m ature 

fish to 24.3 ± 0.7 ng •  ml ' in m ature fish)
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(striped bars) sockeye salm on. The GnRH injection increased the T 3 plasma level 
significantly (A N O V A , p = 0.004) from 1.9 ng/ml to 2.56 ng/ml. while T4 levels did not 
change significantly (control 12.39 ng/ml. G nRH treated 14.31 ng/ml).

Deiodinase activity response to a GnRH challenge

Response o f  T 3 and T4 plasma levels to a G nRH  challenge in sockeye salmon

T 3 plasm a levels increased significantly, following a  G nRH challenge (Figure

3.7.a). T 4  levels however, did not seem to be significantly altered by the hormonal action 

o f  G nRH  (Figure 3.7.b).
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Figure 3.8. (legend): Figure 3.8. shows deiodinase activity in m icrosom al fractions from 
different tissues o f  three-year-old imm ature sockeye salmon. For each tissues the value 
that is represented by the open bar stands for deiodinase activity in control fish whereas 
the striped bar stands for deiodinase activity in GnRH challenged fish. T 4 outer-ring 
deiodinase (ORD) (Figure 3.8.a) activity did not change significantly corresponding to a 
GnRH challenge in either one o f  the tissues, but in the olfactory epithelium  T4ORD 
activity increased in a non-significant manner (p=0.073. ANOVA). T4 inner-ring 
deiodinase (IRD) (Figure 3.8.b) activity did not change significantly in response to GnRH 
challenge in brain, liver and olfactory epithelium  but decreased significantly (p=0.028. 
ANOVA) in the retina. T 3 IRD activity (Figure 3.8.c) did not change significantly in 
response to a GnRH challenge in brain, liver and olfactory epithelium  but also decreased 
significantly in the retina (p=0.014. ANOVA).

T4 outer-ring deiodinase (ORD) activity

In response to a GnRH challenge. T 4 outer-ring deiodinase activity did not change 

significantly in the m icrosom al fraction sam pled from either one o f  the tissues (Figure

3.8.a.). However, in the olfactory epithelium  the ORD increased in a non-significant 

m anner (p=0.073, ANOVA) based upon the high standard error between the samples.

T4 ORD activity in the olfactory epithelium  had not been described up to date.

T4  inner-ring deiodinase (IRD) activity

Subsequent to GnRFI treatm ent. T4 IRD activity (Figure 3.8.b) did not change 

significantly in brain, liver and olfactory epithelium  but decreased significantly (p=0.028. 

ANOVA) in the retina. Like T 4  ORD activity. T 4  IRD activity had not been m onitored in 

the olfactory epithelium  or the retina up to date.
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Tj IRD activity

T] IRD activity (Figure 3.8.c) did not change significantly in response to a GnRH 

challenge in brain, liver and olfactory epithelium  but decreased significantly in the retina 

(p=0.014. ANOVA). Like the activity o f  the other deiodinases, T 3 IRD activity had not 

been discovered in the olfactory epithelium  or the retina previous to this study.

In summ ary deiodinase enzym es were active in all o f  the tested tissues but activity 

was only significantly decreased by GnRH treatm ent with respect to IRD activity in the 

retina.
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III. 4. Discussion

Tj levels in juvenile sockeye salmon

T j levels in control fish were low and stable at all tim es o f  sam pling and are 

typical for fish that are reared in a stim ulus-poor hatchery environm ent (D ickhoff & 

Sullivan. 1987). Control fish for my behavioural experim ents (C hapter II) came from the 

sam e treatm ent group and therefore it was verified that T j levels during the olfactory 

im printing period (C hapter 11) were low and stable in control fish. After 6 days into a 30- 

day challenge with T j. T j levels were unchanged relative to controls. Only a challenge 

with T j o r a com bined T jT j treatm ent raised the T j levels significantly. Based on these 

results. T 4 challenges are not suitable to increase the availability o f  the physiologically 

active T j ( C v t  &  Eales. 1996; Eales. 1995) and may even lead to an activity decrease o f  

the enzym e that converts T ; to Tj in the liver. Thus, the suggestion o f  Eales and Brown 

(1993) that T4 treatm ent can be counterproductive when one attem pts to achieve an 

increase o f  T ; availability in blood plasma is supported by my data  from sockeye salmon. 

The fact that only the T jT 4 treated fish in the behavioural experim ents, conducted in 

C hapter II o f  this study, reliably imprinted, provides additional evidence that an increase 

in the availability o f  T j and T 4 can initiate processes that ultim ately lead to olfactory 

imprinting.

T 4 levels in Juvenile sockeye salmon

T4  levels in the control group o f  juvenile sockeye salm on decreased between day 

90 and 97 after the onset o f  PST. During PST. salm on in nature and to a lesser extent in a
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hatchery environm ent undergo an increase in T 4 serum levels (H oar. 1988). which 

term inates at the end o f  PST. The declining T4 serum levels that occurred between day 90 

and day 97 in my study suggest that sam ples were taken past the peak o f  PST. 

M orphological features like parr-m ark loss, silvering and first scale loss (described in 

Chrisp & Bjom . 1978), used as indicators for the PST in this study, therefore appear to be 

suitable indicators for the onset o f  the PST stage in sockeye salmon.

T 4 levels were not altered in correspondence with T 3 treatm ent but increased 

significantly in response to T4 and a com bined T3T4 treatm ent. Peak T4 serum levels 

subsequent to T4 and T3T4 treatm ent were within the range o f  naturally occurring peak 

values for T4 in hatchery-reared and wild coho and Atlantic salm on around PST (Grau et 

al., 1981; Hosier & Scholz, 1983. Youngson & Simpson. 1984). Therefore. T 4 challenges 

are well suited to elevate the level o f  the physiologically inactive T 4 serum  levels but fail 

to elevate the levels o f  the physiologically active T3. T4 is assum ed to be less 

physiologically active than T 3 because T 3 has a much higher affinity to nuclear binding 

sites (Eales & Brown, 1993). W hether T 4 can bind to nuclear binding sites in target tissue 

cells at all is not clear, since nuclear T 4  receptors have yet to be described (Cyr & Eales. 

1996). M oreover. T 4 challenges increase the hepatic inner-ring deiodination o f  T 4 to the 

phyiologically inactive r-T 3 and decrease the conversion from T 4 to the physiologically 

active T 3 (unpublished data from this study). The activation o f  those two pathw ays is 

normally correlated with an oversupply o f  T4  and considered to be a m echanism  o f  T 4 

disposal.

Aside from m onitoring thyroid horm one levels, the results obtained in this study 

verified that the T 3 and T 4 challenges in my behavioural experim ents did not interfere
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with natural peaks o f  TH s. which w as crucial for the interpretation o f  my behavioural 

results (Chapter 11).

Tj and T 4 blood plasma levels in adult sockeye salmon

From one to two weeks before m aturation until m aturation. T 3 serum 

concentrations stayed unchanged, whereas T 4 concentrations decreased significantly in 

wild sockeye salmon. T 4  and T 3 blood plasma levels are interpreted as indicators for 

different physiological states o r processes.

c o n t r o l

T .

T

T.ORD

T  t r e a t e d

T
T, ORD T, IRD

T,IRD

Figure 3.9; The influence o f  adm inistration o f  thyroid horm ones in feed on the pathways 
o f  T4  hepatic deiodination in im m ature rainbow  trout. - ,  inactivation o f  deiodinase 
pathw ay relative to controls: +, activation o f  deiodinase pathw ay relative to controls 
(com bined from Eales &  Brown, 1993 and M orin et al.. 1995 )
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Ta is prim arily responsible for iodine supply and regulates energy balance in somatic 

grow th and metabolism  (Eales. 1979. Cyr and Eales. 1996). W hen salm on are homing, 

feeding ceases and energy investment is shifted away from somatic growth and towards 

m igratory m ovem ent and gonadal growth. Near com pletion o f  the migration, energy 

supplies are depleted and Ta blood plasm a levels typically decline (M cBride. 1967). 

w hich might explain the declining Ta levels in the wild sockeye salmon that were 

approaching final maturity at the end o f  their m igration in this study.

Under hatchery rearing conditions, no energy is invested into migratory behaviour 

and accordingly Ta plasm a concentration stayed at the same high level, when immature 

and m ature fish were compared. The Ty serum levels on the other hand, dropped 

significantly between immature and mature fish o f  the same age. The difference in the 

physiological state between hatchery-reared and wild sockeye salm on might be 

responsible for this phenomenon. My hatchery-reared sockeye salmon actively fed until 

final m aturation and therefore did not undergo the typical energy depletion, observed 

before m aturity in wild fish that can critically influence the thyroid hormone household 

(M cB ride. 1967: Eales. 1979: CyT and Eales. 1996).

Despite the significant drop in plasm a Ta concentration in wild fish, their T 3 levels 

stayed fairly constant. Thus, lower Ta production in the thyroid, which occurs at final 

m aturation, may be com pensated by an increase in Ta to  T 3 conversion in the liver. GnRH 

m ight initiate this regulation o f  deiodinase activity at m aturity (this study).

W hen thyroid hormone levels were com pared betw een immature and mature 

hatchery-reared fish o f  the same age. Ta levels stayed constant and T 3 serum  levels 

decreased significantly, which is in com plete contrast to the results obtained from wild
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fish. This T 3 drop may be caused by a decrease in outer-ring deiodinase activity leading 

to a lack o f  T 4  to T 3 conversion o r alternatively an increase in T 3 inner-ring deiodinase 

activity, leading to increased T 3 disposal. Hatchery-rearing conditions, void o f  the 

sensory stim ulation experienced in nature during the homing m igration, can lead to a 

deficiency o f  sex steroids produced by the gonads during vitellogenesis in hatchery- 

reared fish (D onaldson et al.. 1981). Sex steroids, in turn, can severely affect T 3 and T4 

serum  levels (Cyr & Eales, 1996), which is consistent with my results. In conclusion, the 

experim ental evidence gathered in this study, supports the assum ption that the hormonal 

household o f  salm onids is severely affected by rearing conditions.

Deiodinase activity:

W hile outer-ring-deiodinase (ORD) activity has only recently been described in 

the retina o f  fish (Orozco et al.. 2000), ORD in the olfactory epithelium  and inner-ring 

deiodinase (IRD) activity in the olfactory epithelium and the retina is described for the 

first time in this study. IRD activity in the retina was very high, even in com parison to 

IRD activity in the liver, an organ that has a central role in the control o f  the thyroid 

horm one household (Eales. 1995). Therefore. T 3 availability within the retina might be 

altogether detached from fluctuations in T4 or T 3 serum  levels and the effect o f  exogenous 

T 4 challenges on this tissue may be highly dependent on endogenous deiodinase activity. 

In the olfactory epithelium  ORD  and IRD activity was very high (com pared to liver), 

which suggests that the olfactory epithelium  is also able to regulate its own T 3 

availability. G nRH treatm ent increased the circulating T 3 serum  level and did not atTect 

the T4  level. This result can be interpreted as a GnRH based stim ulation o f  ORD activity.
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However, since GnRH failed to initiate significant changes in ORD or IRD activity in the 

liver, the increased serum  T 3 concentration may have been the result o f  increased ORD 

activity in an organ that was not investigated in this study. GnRH decreased IRD activity 

in the retina and did not initiate significant changes in ORD or IRD activity in liver, brain 

o r olfactory epithelium. ORD activity in the olfactory epithelium  however, appeared to be 

increased as well (p=0.073. ANOVA). Possibly, the high standard error within the GnRH 

treated group pushed the p-value above the significance level o f  p = 0.05. which might 

indicate that the GnRH treatm ent atTected ORD activity in the olfactory epithelia o f  some 

fish while others were unaffected. Overall. GnRH may represent the factor that regulates 

the tissue-specific availability o f  thyroid horm ones and thus tunes sensory tissues for the 

tasks o f  homing and maturation.

In conclusion, with the help o f  Dr.JelT Eales and Bruce Adams 1 dem onstrated 

that the retina and the olfactory epithelium  can control their thyroid household on a 

peripheral level and that GnRH can directly influence the deiodinase activity in the retina 

and possibly in the olfactory epithelium . T 3 could therefore still act as a neurom odulator 

during tim es o f  low T4  availability, as observed in wild m aturing salmon T 3 (this study). I 

therefore suggest that the reproductive and the thyroid system s can interact at the level o f  

sensory receptor tissues (Figure 3.10) and thus possibly prepare those tissues for the 

special tasks o f  hom ing, independent from blood plasm a levels o f  thyroid hormones.

Since the thyToid and/or the GnRH system s are far from being fully understood or 

sim ple in nature. I am fully aware that the attem pt to clarify the issue made in this 

discussion, represents one possible explanation am ong many others.
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Chapter IV: Heart-rate-conditioning: a classical conditioning paradigm 

used to investigate hormonal influence on the olfactory system in 

sockeye salmon

IV. 1.Introduction:

K now ledge about salmon hom ing is largely based on behavioural studies. A large 

num ber o f  behavioural studies have been undertaken since Has 1er & W isby (1951) 

conducted the first experim ent that clearly dem onstrated the dependence o f  precise 

hom ing on olfactory perception. In summary, it becam e obvious that orientation during 

the freshwater phase o f  hom ing was based on the recognition o f  olfactory stimuli 

internalized during juven ile  imprinting. H araet al. (1970) and Hasler, Scholz & W isby 

( Has 1er & Scholz. 1983) first used electrophysiology to further investigate neuronal 

processes underlying hom ing navigation. Electrophysiology provided quantitative and 

qualitative detail abou t the olfactory system  but long-term  studies entailing multiple 

testing o f  the sam e anim al were impossible due to  the invasive nature o f  

electrophysiology. The need for a testing procedure that would allow  for quantitative and 

qualitative data  and m ultiple testing throughout ontogeny becam e obvious. Heart-rate- 

conditioning can elucidate threshold concentrations for the detection o f  odorants and 

offers the added possibility for m ultiple testing throughout different life stages. Hirsch 

(1977) first em ployed the technique for olfactory research in salm onids. In his 

experim ents, the onset o f  an olfactory stim ulant w as followed by a mild electroshock 

while m onitoring the heart rate. The natural heart-rate-reduction o r bradycardia



91

experienced in response to  the w eak shock would shift in its occurrence from 

imm ediately following the shock in unconditioned fish, to imm ediately following the 

odorant and this way occurring before the shock in conditioned fish. Since fish were kept 

aerated, anaesthetized and imm obilized during testing, they could be used repeatedly after 

a period o f  regeneration. Thus, it became possible to determine threshold concentrations 

for olfactory clues during ontogeny and to detect the influence o f  possible hormonal 

m odulators o f  olfactory sensitivity in the same individual.

H eart-rate-conditioning is also based on the modulation o f  the m yogenic heart 

pacem aker to reduce heart-ra te  in response to the unconditioned and conditioned 

stimulus. W hether the neuronal connection between the stimuli and the heart pace maker 

is established directly via a reflex arch or indirectly via the central nervous system  is 

unclear. The technique it is not restricted to the olfactory system  and has also been used 

to investigate spectral sensitivity o f  the retina (Beaucham p & Rowe. 1977. Hawryshyn & 

Beaucham p, 1985. Browman & Hawryshyn. 1992). This suggests that neuronal 

inform ation may be processed in one o f  the m ultim odal centers o f  the central nervous 

system. Hence, heart-rate-conditioning is considered to be a neurophysio logical as well as 

a  behavioural m ethodology to determ ine olfactory sensitivity. H eart-rate-conditioning is 

highly dependent on the health o f  the tested fish because it is dependent on neuronal 

com putation involving the whole nervous system  over an extended period o f  time.

I used the technique to determ ine w hether gonadotropin-releasing horm one 

(GnRH) can influence the threshold concentration to an imprinting odorant in sockeye 

salmon. Thyroid and gonadotropin hormones, alone or interactively, have been suggested 

to facilitate juvenile olfactory imprinting and odorant recognition in hom ing salm on
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respectively (Figure 3.1 )(H asler &  Scholz, 1983; Cyr & Eales. 1996). Possible 

interactions between the thyroid and the gonadotropin system s are described in detail in 

the Introduction o f  Chapter 3 in this dissertation.

In this study, heart-rate-conditioning experim ents were used to investigate aspects 

o f  olfactory imprinting in the follow ing way. First, immature tw o-year-old sockeye 

salmon were exposed to two odorants and both forms o f  thyroid horm one. Thus. I tried to 

achieve olfactory imprinting at a developm ental stage that is tem porally detached from 

the naturally occurring process o f  im printing. Second, heart-rate conditioning tests were 

conducted to determ ine the threshold concentrations o f  the two potential im printing 

odorants six months after odorant and hormone exposure. This way. thresholds to the two 

imprinting odorants were determ ined in imm ature sockeye salm on at a time w hen the fish 

are not hormonally tuned tow ards m aturation or homing and im printing odorant 

recognition. Third, the possible effect o f  GnRH treatm ent on the threshold concentrations 

to an imprinting odorant was determ ined in immature fish through heart-rate 

conditioning.

In summary, I tried to determ ine whether sensitization to an im printing odorant 

during the imprinting and the odorant recognition process can be accom plished by using a 

certain odorant and hormone com bination at a developm ental stage that is tem porally 

detached from the respective task in nature. This approach allowed for easier 

interpretation o f  possible horm onal influence than previous studies (H asler & Scholz. 

1983; Dittm an et al., 1994; N evitt et al.. 1994; Dittm an et al.. 1997).
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IV.2. Materials and methods

1. For general materials and m ethods regarding egg sam pling, incubation, rearing, 

thyroid horm one feed treatm ent and G nRH treatment see m aterials and m ethods o f  

C hapter II and III.

T im ing o f  thyroid horm one feed treatm ent and odorant exposure

Food o f  the test fish was treated for 30 days with T 3 ( 12 ppm) and (120 ppm) 

six m onths before testing in the heart-rate-conditioning set-up (at two years o f  age). Fish 

were fed 1-2% o f  their average body w eight daily. Parallel to the hormonal treatm ent, 

sockeye salm on were exposed to M nCb and L-Alanine at a concentration o f  10"  ̂ M. 

Control groups were exposed to the odorants without additional horm one treatment.

Tim ing o f  G nRH treatment

In Septem ber o f  1998 (age. three years) approxim ately 50%  o f  the fish that were 

exposed to T 3 ,  T4. M nCh and L-alanine m atured. For GnRH treatm ent, completely 

silvery fish w ithout any m orphological signs o f  maturity (i.e. darker body colouration, 

hum pback) were chosen. The im m ature fish were injected with 20 pg  •  kg body weight 

o f  m am m alian GnRH analogue (D -A la - 6  N-ethyl amide dissolved in 9%o saline) into the 

expaxial m usculature twice, 36 h and 12h before testing in the heart-rate-conditioning set

up.
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Experim ental set-up and procedure

The central com ponent o f  the heart-rate-conditioning set-up (Figure 4.1.) was a 

fish holding tank w ith a  slow, constant flow to transport odorants away from the nasal 

epithelium  for discharge. A foam -padded, adjustable fish holder keeps the test fish in a 

position facing the inflow  end o f  the tank. Oxygen saturation at the gill epithelium  was 

m aintained via a constant flow o f  one L •  mi n '  through a respirator tube inserted into the 

m outh o f  the fish. H eart rate was m onitored through heartbeat electrodes (gold plated cast 

silver heart-beat electrodes. Grass. E6GH) touching the body surface behind the origin o f  

the pectoral fins. E lectrophysio logical signals picked up by the electrodes were amplified 

by a pre-am plifier (W orld Precision Instrum ents. DAM 70) and further visualized by an 

oscilloscope (Tektronix Inc.. Portland. Oregon. Type 502 A dual beam oscilloscope). The 

am plified trace was digitized (Labm aster A/D board. 12 bit. Scientific Solutions) and 

saved in a personal com puter, facilitated by custom ized recording software (software 

designed in .ASYST. Keithly ASYST Softw are). O dorants were adm inistered through a 

glass tube (5 mm inside diam eter) positioned 2 mm from the inflow end o f  the nares. 

W ater flow through the glass tubing was controlled by a peristaltic pum p (Cole-Parmer. 

M asterflex, M odel No. 7015) and kept constant at 20 ml •  min '. To adm inister the 

odorants, the flow o f  background water was stopped and imm ediately replaced by flow 

out o f  an odorant tank through com puter controlled three-w ay solenoid valves (Burkert 

C ontrom atic Corp.. 3-way Type 300). The use o f  a peristaltic pum p ensured that pressure 

differences during the switch from the background w ater to the odorant were kept 

minimal.
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Shocking electrodes w ere positioned on both sides o f  the caudal peduncle and shock 

tim ing (500m s-Is) and intensity (5-25 mA. AC) were adjusted to induce consistent 

bradycardia during the conditioning process.

In preparation for an experim ent, fish were transported to the experim ental set-up 

(2 minutes) and anaesthetized in M S222 (tricaine m ethanosulfonate. concentration in 

w ater bath 0.1 g * L"'). Once com pletely anaesthetized, fish were injected with the 

m uscle relaxant Flaxedil (gallam ine triethiodide. lOmg •  kg body weight ')  and fitted into 

the foam lined fish holder w here aspiration was started im m ediately. Throughout the 

experim ent, fish were m aintained under mild anesthesia (3 mg •  kg body weight ' 

intram uscular injection o f  M arinil -  M etom idate hydrochloride). Heartbeat and shocking 

electrodes were tucked under the pectoral fins and positioned at the caudal peduncle 

respectively, before fish were left for 30 minutes to acclim atize. During this period 

heartbeat was m onitored and typically stabilized between 80-100 beats per minute. 

Following acclim atization, conditioning was started by presenting a two-second pulse o f  

an odorant at super threshold concentration, followed by a one-second shock. The shock 

intensity had to be adjusted to reliably initiate a bradycardia since only fish that displayed 

a bradycardia to the shock could be conditioned to the odorant. The set-up was calibrated 

tem porally using m ethylene blue dye to determine when the highest odorant 

concentration reached the nasal epithelium  (Figure 4.3.). The onset o f  the shock was 

timed beginning two seconds after the highest odorant concentration at each valve. Fish 

w ere stim ulated with five concentrations from 10'^^ to 10'^ M o f  L-alanine and M nCl; 

(ten odorant channels in total). Each testing session consisted o f  up to 50 trials, by which 

tim e a  test fish had to be conditioned o r was dism issed (30%  o f  ail fish). The duration o f
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tim e betw een individual trials w ithin a session was chosen randomly between 30 and 150 

seconds. During the entire session a m asking valve was operated at a random  frequency: 

w ithout this precautionary m easure, fish would become conditioned to the noise o f  

opening and closing valves instead o f  the odorant in test trials.

The relative cardiac deceleration was calculated by dividing the largest interbeat 

interval during the ten seconds o f  odorant stim ulation with the largest interbeat interval 

during the ten seconds before odorant stim ulation. A criterion response was defined w hen 

a single interbeat interval during the odorant stim ulation period was at least 1.04 times 

longer than the longest interbeat interval during the pre-stim ulus period. The pre-stim ulus 

interbeat interval mean and its standard deviation were calculated for each trial to allow 

for an evaluation and possible adjustm ent o f  the criterion level. For every 1% increase in 

the standard deviation o f  the pre-stim ulus interbeat interval, the conditioning criterion 

was increased by 0.05 to ensure statistical robustness o f  the procedure. A fish was 

considered to be conditioned when it gave three consecutive criterion responses. The 

follow ing ten blank trials served to detect possible conditioning to unknown extraneous 

stim uli o ther than the odorant.

Threshold determ ination began one hour afier the last conditioning trial. During 

threshold determ ination, fish were shocked only when they showed a criterion response. 

Starting at 10 M. concentration was increased by 1-1.5 log units every two trials, until 

fish show ed two consecutive criterion responses, at which time threshold intensity was 

recorded. To avoid false positives the threshold detection procedure would be repeated 

tw o m ore times.
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A fter the experim ent, fish were allowed to recover in a respirâting tank overnight 

and were transferred back into their holding tank next morning.

S e t-u p  ca lib ra tio n

To obtain absolute, rather than relative threshold concentrations and to ensure that 

the highest odorant concentration was immediately followed by the shock, the tim ing o f  

the odorant arrival at the naris had to be precisely calibrated. In the first calibration step. I 

used ten known standard concentrations o f  m ethylene blue, determ ined their absorption at 

a wavelength o f  A. = 688 nm in a spectrophotom eter (N ova Spec II) and calculated a 

calibration curve that related concentration to absorption. Then one o f  the odorant 

containers was filled with a known concentration o f  m ethylene blue ( I O ' M) and I 

m onitored the period o f  time from opening o f  the solenoid valve until the dye reached the 

outflow  end o f  the odorant supply tube. From that point forward, the dye solution was 

collected for the next 70 seconds, sampling every two seconds. Thus, the tim ing and 

concentrations o f  the testing odorants at the end o f  the odorant supply tube was 

m onitored for channel one. five and eight. Three channels were m onitored since the 

solution had to travel a variable pathlength, depending on the channel that was used.
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rV. 3. Results:

S et-up  ca lib ra tion

Figure 4.2. shows the calibration curve that related know n dye concentrations to 

their absorption in a spectrophotom eter.
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F igure  4.2.: Calibration curve for methylene blue. Absorption o f  light (optical density) at 
a wavelength o f  X = 688 nm  in the N ova Spec II was related to the known concentrations 
o f  methylene blue.
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F ig u re  4.3.: M ethylene concentration over time depending on the channels that were 
used. For all tests the odorants w ere running out o f  a container that was tilled w ith a 
m ethylene blue concentration o f  10'^ M. In channel 1 (open circles connected by dotted 
line) the maximum concentration o f  10'^ M was reached after six seconds and started to 
drop back to the starting concentration 10 seconds later. In channel 5 (black triangles 
connected by stippled line) the odorant concentration rose in 12 seconds to 10 '^  M. half 
a log unit lower than in the odorant container, stayed at that concentration for eight 
seconds until it gradually dropped back to the starting concentration within 40 seconds. 
The m aximum  concentration o f  10~* M that was reached in channel 8 (black crosses 
connected with solid line), was 1.4 log units below the known odorant tank concentration. 
It was reached after 18 seconds, stayed at this level for two seconds and slowly decreased 
over the next 48 seconds.
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In a second calibration step, it was determ ined when the highest dye concentration 

could be monitored at the outflow end o f  the odorant delivery tube. For all tests, the 

odorants were running out o f  a container that was filled with a methylene blue 

concentration o f

10" M. In channel 1 (open circles connected by dotted line) the maximum concentration 

o f  10'^ M was reached after six seconds and started to drop back to the starting 

concentration ten seconds later. In channel 5 (black triangles connected by stippled line), 

the odorant concentration rose in 12 seconds to 10’  ̂'  M, ha lf a log unit lower than in the 

odorant container, and stayed at that concentration for eight seconds until it gradually 

dropped back. The m aximum  observed concentration o f  10"*^ M in channel 8 (black 

crosses connected with solid line) was 1.4 log units below the known odorant tank 

concentration. It was reached in 18 seconds, stayed at this level for two seconds and 

slow ly decreased over the next 48 seconds, but never com pletely dropped back to the 

starting level. The calibration allowed me to deliver the highest odorant concentration 

two seconds before the shock in all channels. It also revealed the odorant profile over 

tim e that could be expected in each odorant charmel.

T rials to criterion acquisition

Only seven out o f  23 or 30.4 % o f  the fish were conditioned to the odorant within 

the first 21 trials (Figure 4.4.a, colum n 1 and 2). For 16 out o f  23 or 69.6 % o f  the fish, it 

took betw een 21 and 60 trials until bradycardia could be detected in response to the 

odorant (Figure 4.4.a, column 3-6).
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Figure 4.4.a. & b.: (legend next page)

Figure 4.4.a. & b: Figure 4.4.a. shows the num ber o f  trials to criterion acquisition for 
sockeye salm on in the heart-rate-conditioning set-up for a total o f  23 fish. All fish were 
exposed to MnClz and L-alanine for thirty days, six m onths before the experim ent. Three 
fish acquired criterion in 1-10 trials, four in 11-20 trials, four in 21-30 trials, five in 31-40 
trials, two in 41-50 trials and five in 51-60 trials. The experim ent was term inated if  the 
fish could not be conditioned after 60 trials.
In Figure 4 .4 .b. I com pared the num ber o f  trials until criterion acquisition betw een test 
one (tight pattern) and test tw o (loose pattern) when using M nC b or L-alanine as test 
odorants. The num ber o f  trials until criterion acquisition decreased significantly for both 
odorants from test one to test two (paired t-test. M nCli p = 0.004. L-alanine p = 0.003). A 
significant dilTerence in trials until criterion betw een the odorants could neither be found 
in test one nor in test tw o (independent samples t-test, test one p = 0.493, test two 
p = 0.546).

However, the num ber o f  trials until criterion decreased significantly for both 

odorants from test one to test two (paired t-test. M nCb p = 0.004. L-alanine p -  0.003) 

(Figure 4.4.b).

Possible effects o f  thyroid horm ones for im printing and GnRH for odorant 

recognition

To determ ine the possible effect o f  a com bined T3T4 challenge, parallel to odorant 

exposure at two years o f  age, results from this cohort were compared w ith results 

obtained from fish that were exposed to the odorants without the hormonal challenge. No 

significant difference in the threshold concentration for the imprinting odorants M nCh 

and L-alanine could be detected betw een the tw o groups, six m onths after exposure in 

immature fish (Figure 4.5.a. and 4 .5 .b. column one and two).
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Figure 4.5.a.
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Figure 4.5.a. & b.: (legend following page)

F igu re  4.5.a & b: Figure 4 .5 .a. shows the threshold concentration o f  two and a half year 
old im m ature sockeye salm on for the detection o f  L-alanine. Threshold concentrations for 
L-alanine for fish that were exposed (six m onths prior to testing) to L-alanine and M nCL 
^1 0 - 6  .3 3 ^  1 0 - 0  4 ^  colum n 1 ) did not differ (independent samples t-test) from fish that 
were additionally exposed to thyroid horm ones during the imprinting period ( 1  O'* '^ ±  1 0 ' 

M. column 2). N either GnRH injections nor saline injections before testing altered the 
threshold concentrations for L-alanine (paired t-test) (G nRH  injected: 1 O ' * ±  10'” M. 
colum n 3: saline injected: 10'* ”'*± 10'”"^ M . column 4).
In Figure 4.5.b. the threshold concentrations to MnCl? for sockeye salm on that were, 
treated under the same protocol as the fish in Figure 4.5 .a„ are shown. The major 
difference betw een the response to L-alanine and MnClz can be found in colum n 3. The 
GnRH injection in this case led to a significant (paired t-test, p = 0.037) decrease in the 
threshold concentration to M nCL (from  10"*' ‘‘ t  10'” '̂* M colum n 2 to 10“**” ± 1 0 '” *' M. 
colum n 3). Control fish, injected with saline, did not display a significant change in their 
threshold concentration to MnCL (lO"**' ± 10'”^” M, colum n 4).

W hen the sam e fish were injected with a 9 %o saline-G nRH solution, the 

threshold concentration for MnCL decreased significantly (paired t-test. p =  0.037). while 

it did not change significantly in the control fish injected with saline. In contrast, the 

threshold concentration for L-alanine did not change significantly in response to a GnRH 

o r saline injection (Figures 4.5.a. L-alanine & b. M nCL, colum n 3 for GnRH. column 4 

for control fish).

GnRH therefore decreased the threshold concentration to MnCN but did not alter 

the threshold concentration to L-alanine even though the fish had experienced exposure 

to both odorants plus thvToid hormones six m onths prior to testing.
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IV. 4. Discussion:

A low num ber o f  trials to criterion acquisition has been suggested as an indicator 

for a sensitive period for olfactory imprinting (M orin et al.. 1989 a & b). In the same 

study the period o f  m em ory retention o f  olfactory stimuli learned during this sensitive 

period was presum ably increased. I therefore assumed that the num ber o f  trials to 

criterion acquisition would decrease when the fish had previously been imprinted to this 

odorant. This assum ption could not be confirmed by my data. The num ber o f  trials to 

criterion did not decrease when fish had previously been exposed to the odorants and 

thyroid hormones. N evertheless, a significant threshold decrease to M nCli following two 

GnRH injections was taken to indicate successful imprinting to the odorant and 

represented the main result o f  this experiment. Therefore, odorant recognition based on 

long-term  retention o f  olfactory inform ation was not evident in faster conditioning but 

rather in a decreased threshold concentration to the imprinting odorant caused by GnRH. 

G nRH has been suggested as a neurom odulator in ORNs o f  the m udpuppy (N'ecturus 

maculosus) (Eisthen et al.. 2000) consistent with the findings o fO k u b o  et al. (2000) who 

discovered GnRH binding sites in the olfactory epithelium  o f  the Japanese eel {Angialliis 

japonictis). N eurom odulation in the mudpuppy led to an increase in the magnitude o f  in 

inward current into single O R N s and enhanced their excitability. The reduced resting 

potential that has to be overcom e to depolarize GnRH m odulated ORNs could lower 

threshold concentrations to an odorant, since fewer odorant m olecules must bind to 

receptor sites o f  odorant binding proteins to initiate depolarization. GnRH could also 

m odulate deiodinase activity  in the ORNs (Chapter 3) and thus increase the availability o f
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T], which has a nuclear binding site in ORNs (C yr & Eales, 1996). It would be interesting 

to repeat the experim ents conducted by Eisthen et al. (2000) in com bination with a 

deiodinase blocker or different T 4 concentrations in the surrounding medium to clarify 

whether GnRH acts directly o r indirectly by way o f  the deiodinase activation.

During the experim ents conducted in this study certain details o f  the heart-rate 

conditioning experim ents proved to be crucial to obtain reliable results. First, it was 

necessary to control precisely the delay between peak odorant concentration and the mild 

shock. The num ber o f  trials to criterion acquisition increased drastically in preliminary 

trials when the peak odorant concentration was not presented exactly tw o seconds before 

the shock. M oreover, it proved to be essential to elicit a strong and clearly detectable 

bradycardia in response to the shock, to warrant a  conditioned response to the odorant 

later on. Second, a flexible threshold m ultiplier that was adjusted dependent on the 

regularity o f  heart beat, considerably increased the num ber o f  fish that could be 

conditioned. At the same tim e, a statistical pow er test estim ated that the sliding scale 

m ultiplier would not produce more than ten false positives in 500 trials. O ther authors 

had sim ilar experiences. M orin et al. (1987. 1989 a & b) and Browm an & Hawryshyn 

(1992) had to lower their threshold m ultipliers when working with olfactory stimuli in 

Atlantic salm on and visual stim uli in rainbow trout, respectively. Interbeat interval 

changes o f  1.5 times, com m on in response to visual stimuli in heart-rate-conditioning 

experim ents with goldfish (H aw ryshyn. 1991). occurred in two out o f  5000 trials that 

w ere conducted on m ore than 1 0 0  sockeye salm on and rainbow trout during 1 2  m onths o f  

intensive testing in this study.
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The high num ber o f  trials to criterion acquisition observed in this study was 

possibly the result o f  the nature o f  olfactory clues when com pared with visual clues. The 

onset o f  visual stim uli can be accom plished within m icroseconds in com parison to 

seconds in olfactory  stimuli. Therefore it is easier to achieve a perfect tem poral sequence 

o f  stim ulus and shock with visual stimuli.

The second result o f  my experim ents was the difference in sensitivity changes to 

the two odorants, L-alanine and MnCL. Both odorants could be detected but once 

injected w ith G nR H . fish were hormonally tuned tow ards m aturation and only the 

sensitivity tow ards M nCb increased in response. Possibly this phenom enon can be 

explained by tank rearing conditions, where L-alanine. em itted from fish and fish food, is 

constantly present, and might have masked the am ount o f  L-alanine that was added. 

Therefore. MnCI: is a likely candidate for the list o f  potential imprinting odorants in 

nature, along with CaCI:. another bivalent cation suggested by Bodznick (1978a. 1978b). 

M nCI: was found in the natal stream o f  my test fish at concentrations sim ilar to the ones 

used in my experim ents and since it is washed out o f  rocks and stones, it is naturally 

abundant in fresh w ater (Clasen. 1998). The presence o f  M nCI: is not dependent on the 

residence o f  juvenile  fish o f  the same population in the natal stream  (Nordeng, 1971 ) and 

it is m ore stable in its concentration than organic com pounds. A future study, in which 

behavioural changes to natal stream w ater would be recorded in response to substitution 

o r extraction o f  single com ponents o f  the stream  water, would allow  for the determ ination 

o f  odorants that are used for homing in nature.

A m ong the many questions about the olfactory imprinting process that remain 

unansw ered one stands out from my point o f  view. H ow  can the neurom odulatory action
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o f  GnRH be selective to O R N s that are binding imprinting odorants? The heightened 

sensitivity o f  the guanylyl cyclase system  to an olfactory im printing odorant (Dittman et 

al., 1997) in coho salm on O RN s is suggestive o f  an explanation but depends on the 

turnover rate o f  ORNs after imprinting. Until we know  w hether O RN s constitute a static 

o r dynam ically phasic population o f  sensory receptor cells, I believe it will be impossible 

to explain the tem poral and spatial selectivity o f  hormonal sensitization o f  ORNs within 

the olfactory epithelium

Overall. I believe that heart-rate conditioning experim ents with more 

concentration steps and therefore a higher resolution can add new  information to our 

knowledge o f  horm onal effects on the imprinting process. Concentration steps o f  one log 

unit, used in this study, are very coarse and likely m ask sm all-scale threshold changes.
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Chapter V: Electrophysiological assessment of peripheral olfactory 

sensitivity to non-imprinted and imprinted odorants 

V .l. Introduction

In this study, electrophysiological recordings from the olfactory epithelium  

(Electro-O lfacto-G ram s or EOGs) o f  sockeye salm on were used to assess peripheral 

sensitivity changes o f  the olfactory system  in the context o f  olfactory im printing and its 

horm onal background conditions. EOG responses to three odorants were recorded and 

subsequently it was m onitored w hether the onset o f  maturity, hormonal treatm ent (GnRH. 

T3. T4) or extended juvenile exposure to an odorant (imprinting) could m odify the EOG. 

EOGs and electrophysiological recordings from the olfactory bulb (Electro-Encephalo- 

G ram s or EEGs) have been used extensively to investigate neuronal m echanism s o f  

olfactory imprinting (C ooper & Hasler. 1973. 1974. 1976; Hasler & Scholz. 1983; Hara. 

1974; Cooper. Hara &  Brown, 1982; Stabell. 1984. 1992). EO Gs represent the summ ed 

receptor potentials o f  a  large population o f  olfactory receptor neurons (O RN s). They are 

initiated when odorant m olecules bind w ith specific receptors located on the cilia o f  the 

sensory neurons (Ottoson. 1971).

By recording EOGs. I m onitored the initial step o f  olfactory perception that 

ultimately leads to olfactory im printing. For the period starting with Juvenile perception 

o f  odorants within the natal stream  and ending with use o f  these odorants by m aturing 

fish as orientational cues in the hom ing migration, odorant inform ation concerning the 

natal stream  has to be internalized. W here and how this odorant inform ation is 

internalized in teleosts is unknown. In higher vertebrates, m em ory storage is com m only 

related to the hippocam pus and am ygdala o f  the CNS (Cahill & M cGaugh. 1998; Paulsen
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& M oser, 1998; W allenstein et al., 1998). In contrast. Burton et al. (2000) pointed out 

that dam age to the hippocam pus o r the am ygdala did not impair learning o r memory 

retention in an olfactory m em ory task. In the same study, however, the important role o f  

the hippocam pus for spatial m em ory tasks was confirm ed. Therefore, olfactory 

inform ation may be stored outside the classical spatial m em ory centers. In teleost fish, 

m em ory storage was long believed to be facilitated by the telencephalon (O verm ier & 

Hollis, 1983). which com prises the structures suggested to be hom ologous to the 

hippocam pus and the am ygdala. Yet. ablation o f  the telencephalon did not impair 

m em ory in the goldfish (Carassius auratus) suggesting that another neuronal center must 

facilitate associative learning and m em ory storage (Overm ier and Hollis. 1983). .Although 

there seem s to be a reluctance to accept such findings, they nevertheless suggest that 

m em ory storage can occur within unconventional m em ory centers in m am mals and 

teleosts. In the context o f  olfactory imprinting, the sensitization o f  olfactory receptor 

neurons (ORNs). has been suggested as a means o f  internalization o f  stimuli. Nevitt & 

M oody (1992) and Nevitt et al. (1994) used single cell patch clam p recording techniques 

to dem onstrate that isolated ORNs show  higher levels o f  activity to an odorant if  fish had 

been exposed to the odorant six m onths prior to testing. Dittm an et al. (1997) added 

further evidence for peripheral olfactory sensitization during imprinting, by 

dem onstrating increased guanylyl cyclase activity in ORNs o f  hom ing and mature salm on 

in response to an odorant previously used for imprinting. High guanylyl cyclase activity 

increases the availability o f  c-G M P in the cilia o f  ORNs (Breer et al.. 1992). c-GM P in 

turn, can bind to cyclic nucleotide-gated ion channels to cause depolarization o f  O R N s in 

response to odorant m olecules (N akam ura & G old, 1987). In the context o f  olfactory
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im printing, the increased availability o f  c-GM P might reduce the negative potential that is 

m aintained over the m em brane o f  ORNs and reduce the num ber o f  stimulant m olecules 

necessary to  trigger depolarization. I f  this peripheral sensitization is restricted to ORNs 

that bind the im printing odorant, it may represent the m echanism  for olfactory imprinting. 

N evitt and D ittm an (1998) hypothesized that thyroid horm ones might facilitate the 

imprinting process directly by a neurom odulatory effect on ORNs or indirectly by 

promoting the turnover o f  non-stim ulated ORNs. In general, thyroid hormones certainly 

have the potential to re-m odel the central nervous system , a well docum ented 

phenom enon during am phibian m etamorphosis (Denver. 1998). but many questions 

remain unansw ered. How can the sensitized state o f  im printed ORNs be maintained over 

the m ulti-annual oceanic phase in a salm on 's life cycle when O RN s are the only sensory 

receptor cells that are continually turned over during adult life (Farbm an. 1994)? 

Nevertheless, if  the sensitized state o f  imprinted O R N s can cause perm anent synaptic 

m odification in higher centers o f  the olfactory system  that is relayed back to newly 

em erging ORN s. mem ory storage might be independent from the turnover o f  ORNs. In 

this case. EO G s would be suitable to dem onstrate imprinting related sensitization o f  the 

receptor cells in the olfactory epithelium.

I therefore chose EOG recordings as the m ethodology to investigate possible 

peripheral sensitization to olfactory stimuli in the context o f  olfactory imprinting. The 

research was conducted according to five steps. In step one. I determined general EOG 

responses to the three odorants that were chosen for my im printing studies (the rationale 

for my choice o f  odorants was given in the introduction to Chapter II) in three-year-old 

im m ature sockeve salmon.
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In step two. EOG responses from three-year-old m ature fish were recorded and 

com pared to results from the immature fish. Thus. I m onitored whether the state o f  

m aturity could have a general or an odorant specific effect. In the third step, immature 

fish were treated with GnRH before electrophysio logical recordings were undertaken. In 

this way. it was possible to compare the effects o f  m aturity and GnRH on peripheral 

olfactory perception. My assum ption o f  GnRH influence was based on three facts. Firstly, 

the hom ing m igration and increased production and circulation o f  GnRH co-occur. 

Secondly. GnRH accelerates homing in sockeye salm on (Sato et al.. 1997) and thirdly. 

GnRH can bind to ORNs (Okubo et al.. 2000) and m odulate their sensitivity (Eisthen et 

al.. 2 0 0 0 ).

In the fourth part o f  the study, fish were challenged with thyroid hormones, which have 

been, like GnRH. suggested as m odulators o f  olfactory sensitivity in salm on (Scholz. 

1980. Nevitt & Dittman. 1998). Subsequent to the treatm ent with both forms o f  thyroid 

horm ones (T3 and T4). EOGs were recorded in three-year-old imm ature fish.

In experim ents one to four. I established the influence o f  maturity. GnRH and 

thyroid horm ones on peripheral olfactory sensitivity in fish that had never been exposed 

to an artificially increased concentration o f  an odorant and were therefore considered as 

being naive o r not imprinted. In the fifth and last set o f  experim ents, three-year-old fish 

that cam e from a cohort that had been exposed to M nCb and T3T4 shortly after the PST. 

were tested. Since m em bers o f  this cohort responded strongly to MnClz in behavioural 

tests (C hapter II). they w ere considered imprinted to M nCb. I thus hoped to mimic the 

com plete olfactory imprinting and odorant recognition cycle that salmon undergo in 

nature. EO G s in the im printed fish were recorded in im m ature and mature fish to
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determ ine the effect o f  maturity. Additionally, results from imprinted fish could be 

com pared to non-im printed fish at the same physiological stage, to answer the following 

question. Does imprinting change the peripheral neuronal sensitivity to  the imprinting 

odorant?
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V. 2. Chapter 5: Materials and Methods

I. For general m aterials and m ethods like egg sam pling, incubation, rearing, 

juvenile odorant and thyroid exposure m ethodology and GnRH treatm ent see 

m aterials and m ethods o f C hapter II.

Experim ental set-up and procedure

Set-up: The central com ponent o f  the electrophysio logical recording rig (Figure 

5.1.) was a fish holding tank with a slow , constant flow to transport odorant substances 

aw ay from the nasal epithelium  for discharge. The foam-padded adjustable fish holder 

fixed test fish in a position facing the inflow end o f  the tank. Oxygen saturation at the gill 

epithelium  was maintained via a w aterflow  o f  1 L •  min ' through a respirator tube that 

was inserted into the mouth o f  the test fish. O dorants were adm inistered through a glass 

tube (5 mm inside diam eter) pointing directly (distance 1 mm) at the surgically exposed 

nasal sac. The distance and the angle betw een the glass tube and the exposed olfactory 

epithelium  were kept constant betw een individual fish. The flow rate through the glass 

tube was controlled by a peristaltic pum p (Cole-Parm er. M aster flex. M odel No. 7015) 

and kept constant at 20 mL •  m in '.  To adm inister an odorant, the flow o f  background 

w ater was replaced for ten seconds by the flow out o f  an odorant tank through computer- 

controlled three-way solenoid valves (B urkert Contromatic Corp.. 3-way Type 300). The 

use o f  a peristaltic pump ensured a constant w ater flow and buffered possible pressure 

differences during the switch from the background w ater to the odorant.
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EOG recording: Electro physio logical signals were recorded by Teflon® coated 

silver chloride electrodes (*AM-Systems Incorporated. O rder No. 7870. diam eter = 0.03 

mm), that were connected directly to a pre-amplifier (W orld Precision Instruments. DAM 

70. Settings: high frequency c u to ff  filter = 1 KHz. low frequency cu to ff  filter = 0.1 Hz. 

am plification = 1000 tim es at the alternate current or AC setting) and displayed by an 

oscilloscope (Tektronix Inc.. Portland. Oregon. Type 502 A dual beam  oscilloscope).

Recording electrode in contact 
with olfactory epithelium at location 
o f highest response amplitude

Dorsal

CaudalApieal

Olfactory rosette 
position in nasal sacVentral

Figure 5.2.: The position o f  the recording electrode in the exposed olfactory epithelium. 
The recording position was chosen in extensive pre-testing sessions and provided the 
strongest possible response in all fish that were tested. It was located at the caudal-dorsal 
area o f  the flat part o f  the olfactory rosette, close to the longest raphae and possibly right 
in the center o f  the underlying olfactory nerve (Kara & Zhang. 1998).
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In extensive pre-testing sessions a recording position (Figure 5.2.) was chosen that 

provided the strongest possible EOG response. It was located at the caudal-dorsal area o f  

the flat part o f  the olfactory rosette, close to the longest raphae. possibly right in the 

center o f  the underlying olfactory nerve. The am plified trace was digitized (Labm aster 

A/D board, 12 bit. Scientific Solutions) and stored on a personal com puter, using 

custom ized recording and analysis softw are (software designed in ASYST. Keithly 

A SYST Software).

To m onitor the overall condition o f  the fish, heart rate was controlled during the 

acclim atization period at the beginning o f  each experim ent. The heart-beat electrodes 

(gold plated cast silver heart-beat electrodes. Grass. E6 GH) were positioned between the 

origin o f  the pelvic fins and the ventral body surface.

Experim ental procedure for EOG recordings

In preparation for an experim ent, fish were anaesthetized with M S222 (tricaine 

m ethanosulfonate. concentration in w ater bath 0 . 1  g •  f ')  while transported in buckets for 

two m inutes ft-om the holding facility to the laboratory. Com pletely anaesthetized fish 

were injected with the m uscle relaxant Flaxedil (gallam ine triethiodide. lOmg •  kg body 

w eight '), fitted into the foam lined fish holder and respiration (fiow rate 1 L» min) was 

started immediately. Throughout the experim ent, fish were m aintained under mild 

anesthesia by an intram uscular injection o f  M arini I (3 mg •  kg body w e ig h t '.  M arini 1 = 

M etom idate hydrochloride). Fish were left undisturbed for 30 m inutes to acclim atize to 

the apparatus before electrophysio logical recording began. During this period, heartbeat 

was m onitored and typically stabilized betw een 80-100 beats per minute. Subsequent to
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the acclim atization period, recording was started in response to L-alanine. The am plitude 

o felectrophysio logical recordings from the olfactory epithelium  is highly variable unless 

the detection procedure for the recording position and optim al distance between olfactory 

epithelium  and recording electrode are standardized as much as possible. 1 therefore 

adhered to the following standardization procedure: Electrode position was adjusted three 

tim es w ithin the area outlined in Figure 5.2 and the position with the highest response 

am plitude to a  10'^ M concentration o f  L-alanine was chosen. O nce the "m axim um  

response recording location" had been established. I determ ined the optimal distance 

betw een recording electrode and olfactory epithelium. To achieve response intensity 

curves that represent the EOG response am plitude to a range o f  odorant concentrations, 

test objects were stim ulated w ith five concentrations o f  L-alanine. MnCL (from  10 '^ ' to 

10 '  \ f )  and cholic acid (from  ID''*'* to 10"*' Vf), respectively. The concentration range for 

M nC h was chosen arbitrarily because no information could be found concerning 

electrophysio logical responses to this odorant. The ranges for L-alanine and cholic acid 

were chosen to correspond with detection threshold limits reported by Hara et al. (1984). 

All odorants were delivered for ten seconds and the concentration profile o f  the odorants 

during valve opening was determ ined in dye tests with m ethylene blue (Figure 4.3.). To 

obtain a  response intensity curve, the highest concentration o f  each odorant was presented 

first and decrem ented every tw o trials. To confirm the first two responses to each 

odorant, the intensity steps were repeated from the lowest to the highest concentration.
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Statistical analysis

W ithin each treatm ent group, nine to ten fish were tested and the mean and the 

standard error o f  the response am plitude o f  the whole treatm ent group were determined at 

each concentration. The distribution o f  values around the m ean for each concentration 

was in all cases tested for normality. To search for significant differences between 

response intensity curves obtained from different treatm ent groups the "repeated 

m easures AN O V A ” procedure (SPSS Base 10.0 Applications Guide, 1999) was used.

The repeated m easures ANOV.A required that differences occur along the whole 

concentration range to be statistically significant. P-values < 0.05 were taken to indicate 

a significant difference between response intensity curves o f  tw o treatm ent groups.

Treatm ent groups

The following treatm ent groups were chosen to elucidate the relationship between 

horm onal action, state o f  m aturity and odorant exposure history (Table 5.1 ). To test for 

artifacts. I determ ined the EOG response o f  three dead fish to each o f  the three odorants 

(G roup A). The other treatm ent groups could be divided into two categories. Category 

one consisted o f  fish that had never been exposed to artificially increased concentrations 

o f  the odorants that were used as stim uli in the EOG recordings and were defined as 

naïve fish. Category two consisted o f  fish that were exposed to artificially increased 

concentrations o f  M nC h and a com bined T 3 T 4  treatm ent for 30 days, starting 90 days 

after first m orphological signs o f  PST.
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Table 5.1.: Treatm ent schedule and testing groups for the EOG recordings.

A ge Kcti’x : t \
O dorant and Horm one 

exposed fish
Control Fish

M onth 0 R carinu

i
M onth 11 

(90 days after 
morphological 
signs o f  PST)

h\pOMirL'

No exposure

MnCL and T,+T^ 
exposure for 30 days

I
Month 12 

until 
M onth 35

Month 36-38:

EOG 
response 

recorded to:

1. cholic acid
2. L-alanine 

3. \ln C L

in the 
following 
groups:

Ri a i i nn No exposure 
during rearing

Group 1 : 
immature

Group 2: 
mature

No exposure 

No exposure

No exposure 
during rearing

G roup A:
control test for artifacts 
o f  odours on dead fish

G ro u p J : 
im m ature

G roup 4:
im m ature, tested after 
30 days o f  T,+ n  treatment

Group 5:
im m ature, tested after 
two injections with GnRH

G roup 6 : 
m ature fish
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V.3. Chapter 5: Results

Artifact control tests

A control experim ent was carried out to ensure that none o f  the three odorants 

would interact with the type o f  electrode used, and thus produce artifacts that could not 

be distinguished from the real EOG responses. EOG responses to all three odorants were 

recorded twice from the same fish, first when the fish were alive and for the second time 

after the fish had been euthanized and frozen for three days. Any response recorded in 

dead fish was assum ed to be an artifact rather than an electrophysio logical response 

initiated by the depolarization o f  O R N s. L-alanine at a concentration o f  1 0 ’  ̂ M elicited a 

strong response am plitude o f  3.9 mV in living fish (black trace. Figure 5.3.a) while no 

artifacts in response to L-alanine could be detected in dead fish (gray trace. Figure 5.3.a). 

The electrophysiological response to cholic acid was similar. A strong EOG response was 

recorded (am plitude 5 mV) in response to cholic acid (10“** M) in living fish (black trace. 

Figuer 5.3.b). while no response artifacts were visible in dead fish (gray trace. Figure 

5 .3 .b). In contrast, when recording EOG responses to MnCL in dead fish (gray trace. 

Figure 5.3.c), an artifact am plitude o f  52%  o f  the response in living fish (black trace. 

Figure 5.3.c) was recorded. The phenom enon was observed at this strength only at the 

highest concentration o f  10'^ '* M. For concentrations lower than 10“* M the artifact 

com ponent o f  the whole response dropped to 30%. Since the artifact com ponent at 

concentrations higher than 10“* M m ade up more than h a lf  o f  the whole response. I did 

not consider EOG responses to this concentration for the response intensity curves.
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Figure 5.3. a., b. and c.: In all three figures EOG exam ple traces in response to an 
odorant (y-axis) are plotted against time in seconds (x-axis). The black trace is recorded 
from  a living fish while the gray trace is recorded from  the same fish after killing and 
three days o f  freezing. O verall. I recorded from five fish, first alive and then dead. The 
traces shown are typical for each odorant tested and represent the results for all five fish 
that were tested per odorant.
Figure 5.3.a. clearly dem onstrates that L-alanine at a concentration o f  I O ’’"* M elicits a 
strong response with an am plitude o f  3.9 mV in living fish (black trace). Artifacts in 
response to L-alanine (gray trace) could not be detected in dead fish.
In Figure 5.3.b. the sam e expected result is shown. \Vhile a strong EOG response 
(am plitude 5 mV) was recorded to cholic acid ( 10~*‘ M) in living fish (black trace), no 
response artifacts were visible in dead fish (gray trace).
Figure 5.3.C.: In response to M nCh (10'^  ̂ M ), I recorded an artifact (gray trace) with an 
am plitude o f  52%  o f  the response in living fish (black trace). Below Figure 5.3.C.. the 
odorant stim ulus profile was plotted over time to show  the fast onset and gradual 
dim inishing o f  the olfactory stimulus.

For concentrations lower than I0“* M the results w ere adjusted by 30% to obtain absolute 

am plitude values for response intensity curves. For L-alanine and cholic acid the values 

did not have to be adjusted and responses to the whole concentration range could be 

considered for the response intensity curve.

EOG responses from naïve imm ature versus naïve m ature sockeye salm on

I recorded EOG responses to the odorants L-alanine. cholic acid and M nC h in 

im m ature and m ature naïve sockeye salmon at three years o f  age to test for possible 

m odulations o f  the EOG response by the state o f  m aturity.

No significant difference in the EOG response to L-alanine could be found when 

im m ature and mature fish were compared (p =  0.126, Figure 5.4.a) but the response 

am plitude in m ature fish seem ed higher than in im m ature fish at the two highest 

concentrations.
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Figure S.4.a.:

Figure 5.4.b.:

Figure 5.4.C.:
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Figure 5.4.a, b and c (legend next page
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Figure S.4.a., b. and c.: In Figure 5.4.a. the EO G  response amplitude to L-alanine is 
plo tted  against the odorant concentration ranging from 10'^ to lO' "̂* M in five steps. Two 
treatm ent groups w ere considered, three-year-old im m ature fish (N =7,solid line with 
filled black circles for m ean values) and three-year-old m ature fish (N=9. stippled line 
w ith black triangles for m ean values). The sym bols for treatm ent groups apply to all three 
graphs w ithin Figure 5.4. Error bars stand for the standard error o f  the mean. No 
significant difference in the sensitivity to L-alanine betw een imm ature and mature 
sockeye salm on could be found (p = 0.126). The response am plitude to  cholic acid, 
show n in Figure 5.4.b ., was recorded to a concentration range from 10'*^ to 10"* " M. The 
sensitivity difference betw een im m ature and m ature sockeye salm on to cholic acid was 
significant (repeated m easures ANOVA, p =  0.045*). The EOG response amplitude to 
MnClz (Figure 5.4.c.) over a range from 10'^ " to 10  ̂  ̂ M did not change significantly 
w hen im m ature and m ature fish at three years o f  age w ere com pared (repeated measures 
ANOVA. p = 0.666).

Overall, this led to a  response intensity curve with a  higher slope. The response amplitude 

to cholic acid, shown in Figure 5.4.b. was recorded over a concentration range from 10'^ * 

to 10“*  ̂ M because the overall sensitivity to  bile acids is several orders o f  magnitude 

higher than to amino acids (H ara et al.. 1984). EOG response am plitude to cholic acid 

differed significantly betw een im m ature and m ature sockeye salm on (repeated measures 

ANOV A. p = 0.045*). Similar to L-alanine, the gradient o f  the response amplitude curve 

to cholic acid w as considerably steeper in m ature fish. The EOG response amplitude in 

response to M nCb, show n in Figure 5.4.C., did not differ significantly between immature 

and m ature fish (repeated m easures AN O V A , p =  0.666).

In sum m ary, EO G response to the organic com pound cholic acid was enhanced by 

m aturation, whereas the sensitivity to the inorganic M nCL was not.
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F ig u re  5.5.: Com parative EOG am plitude in response to a range o f  L-alanine 
concentrations in three year old imm ature control (circles connected by solid line). T3T4 
treated (triangles connected by regularly stippled line) or GnRH treated (squares 
connected by irregularly stippled line) sockeye salm on. T3T4 treatm ent did not result in a 
significant change (repeated m easures ANOVA, p =  0.059) o f  the olfactory sensitivity to 
L-alanine over the chosen concentration range (10*’ to 10'^^ M). The response amplitude 
to L-alanine, subsequent to GnRH treatm ent, was increased over the whole range o f  
concentrations which led to a significant (p = 0.013) difference betw een the treatm ent 
groups (error bars stand for the prevailing standard error o f  the mean).
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Figure 5.6.: Com parative EOG am plitude in response to a range o f  cholic acid 
concentrations in three year old im m ature control (circles connected by solid line). T 3T 4 

treated (triangles connected by regularly stippled line) or G nR H  treated (squares 
connected by irregularly stippled line) sockeye salmon. T3T4 treatm ent did result in a 
significant increase (repeated m easures ANOVA. p = 0.011) o f  the EOG response 
amplitude to cholic acid over the chosen concentration range (10“* “ to 10"'’ “ Nf). The 
response am plitude to cholic acid subsequent to GnRH treatm ent was also overall 
significantly increased (p = 0 .0 0 1 ).
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Figure 5.7.: Com parative EOG am plitude in response to a range o f  M nC h concentrations 
in three year old imm ature control (circles connected by solid line). T 3T 4  treated 
(triangles connected by regularly stippled line) o r GnRH treated (squares connected by 
irregularly stippled line) sockeye salm on. N either T 3T 4 , nor GnRH treatm ent resulted in 
significant changes (repeated m easures ANOVA, p = 0.163 and p = 0.068 respectively) in 
olfactory sensitivity to M nC h over the chosen concentration range (IC'*'* to ID"’ * M) 
when com pared with values obtained from the control group (error bars stand for the 
prevailing standard error o f  the mean).

Is olfactory sensitivity in adult and im m ature sockeye salm on influenced by 

horm onal action o f T 3 T 4 or G nRH  ?

D ata presented in the previous section o f  this chapter suggests m odulation o f  the 

EOG response by m aturation. The next experim ental step was to evaluate w hether T3T4 

and/or GnRH could also act as peripheral olfactory sensitivity m odulators, given that both
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have been suggested as m ediators o f  olfactory m odulation and are involved in m any 

developm ental processes ( C v t  & Eales. 1996).

T3T4 treatm ent did not cause significant change (repeated m easures ANOVA. p = 

0 .059) o f  the EO G response am plitude to L-alanine (Figure 5.5). Nevertheless, the 

steepness o f  the curve seemed increased at higher concentrations. The EOG am plitude in 

response to L-alanine after GnRH treatm ent increased significantly (p = 0.013). com pared 

w ith control fish.

T3T4 and GnRH treatm ent increased the EOG response to cholic acid significantly 

(p =  0.011 and p = 0.001 respectively) (Figure 5.6.) but no hormonal sensitization was 

detected in the EOG responses to M nCI2 (Figure 5 .7 ). Neither T3T4 nor GnRH treatm ent 

resulted in significant changes (repeated measures ANOVA. p = 0.163 and p = 0.068 

respectively) in the EOG response.

In sum m ary. I conclude that changes in EOG responses caused by m aturation o r 

G nRH  treatm ent are qualitatively and quantitatively similar. However, results from T3T4 

treatm ent were equivocal and it would be prem ature to assume that thyroid horm ones can 

induce peripheral olfactory m odulation in three-year-old immature sockeye salm on.

Does juvenile treatm ent with thyroid horm ones lead to olfactory im printing?

In this section. I present the results o f  EO G recordings o f  fish that experienced 

exposure to M nCh and T3T4 after the term ination o f  the PST. two years before the 

recordings w ere conducted. Two treatm ent groups were tested for EOG responses to L- 

alanine. three-year-old im m ature fish (N=8) and three-year-old m ature fish (N=9) (Figure 

5.8.a).
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Figure 5.8.a. & b.: (legend next page)
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Figure 5.8.a. & b: In Figure 5.8.a. the EOG response am plitude is plotted against L- 
alanine concentrations ranging from 10'^ to M. Considered treatm ent groups are 
three-year-old imm ature fish (N =8,solid line w ith filled black circles for mean values) 
and three-year-old m ature fish (N =9. stippled line with black triangles for mean values). 
Both groups o f  fish had been exposed to MnClz and T3T4 for 30 days, starting 90 days 
after first m orphological signs o f  PST. The EOG response am plitude in m ature fish is 
significantly (p = 0.032) lower than in immature fish.
Figure 5.8.b. relates EOG am plitude (y-axis) at a 10 '  M concentration o f  L-alanine to the 
m aturity state o f  the fish (x-axis) expressed in the gonado-som atic-index (GSI). The 
Pearson correlation between the two variables has a r-value o f  0.665 and is highly 
significant (p=0.002). The slope o f  the linear relationship is strongly negative (p = 0.005).

The EOG response am plitude was significantly (p = 0.032) low er in m ature fish than in 

imm ature fish and curve slope o f  m ature fish appeared flatter. M oreover. EOG response 

to a 10'^ M concentration o f  L-alanine was significantly negatively correlated 

(r = -0.665. p = 0.002) with the gonado-som atic-index (GSI). the ratio o f  gonad weight to 

total body weight (Figure 5.8.b).

In contrast, the EO G response am plitude to cholic acid was significantly (p = 

0.033) higher in m ature than in im m ature fish (Figure 5.9.a). The EOG response 

am plitude to a fixed cholic acid concentration o f  10'^ M was positively correlated (r = 

0.674, p =  0.003) with the GSI.
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Figure 5.9.a.
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F ig u re  5.9.a. & b: In Figure 5.9.a. the EOG response amplitude is plotted against cholic 
acid concentrations ranging from 10“* * to 10'’ " M, Three-year-old immature fish (N=8, 
solid line with filled black circles for m ean values) and three-year-old m ature fish (N=9. 
stippled line with black triangles for mean values) are considered. Both groups o f  fish had 
been exposed to M nCb and T 3T4 for 30 days, starting 90 days after first morphological 
signs o f  PST. The EOG response am plitude in m ature fish is significantly (p = 0.033) 
higher than in imm ature fish.
Figure 5.9.b. relates EOG amplitude (y-axis) in response to a lO'^ "* M concentration o f  
cholic acid to maturity state (x-axis) expressed in the gonado-som atic-index (GSI) which 
describes the ratio o f  gonad weight to total body weight. The Pearson correlation between 
the tw o variables has a r-value o f  0.674 and is highly significant (p=0.003). The slope o f  
the linear relationship is strongly positive (p = 0.006).

EOG responses to M nCb were significantly higher (p = 0.0001 ) in mature fish 

than in imm ature fish (Figure S.lO.a) and the gradient o f  the response am plitude curve 

appeared to be steeper for mature fish over the full concentration range. The EOG 

response to a fixed lO'""* M concentration o f  M nCF was significantly positively- 

correlated (r = 0.588. p = 0.007) with the GSI (Figure S.lO.b.)

In summ ary, for fish that had imprinted on M nC b. EOG response amplitudes 

increased significantly at m aturity in response to both cholic acid and to the imprinting 

odorant MnCl?. but decreased significantly at m aturity in response to L-alanine.
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Figure 5.10 a. & b: In Figure 5.10.a. the EOG response am plitude is plotted against 
M nC h concentrations ranging from to 10'’ “ M. Tw o treatm ent groups are 
considered, three-year-old im m ature fish (N = 8 .solid line with filled black circles for 
m ean values) and three-year-old m ature fish (N=9. stippled line w ith black triangles for 
m ean values). Both groups o f  fish have been exposed to M nCli and T 3T 4 for 30 days, 
starting 90 days after first m orphological signs o f  PST. The EOG response am plitude in 
m ature fish is significantly (p = 0 .0 0 0 1 ) higher than in im m ature fish.
Figure S.IO.b. relates the am plitude o f  the EOG response (y-axis) elicited by a constant 
concentration o fM n C b  (10 ' * M) to the maturity state o f  the fish (x-axis) expressed in 
the gonado-som atic-index (GSI). The Pearson correlation betw een the two variables has a 
r-value o f 0.588 and is highly significant (p=0.007). The slope o f  the linear relationship is 
significantly positive (p = 0.013).

Does Imprinting m odulate the EOG response am plitude?

To answ er this question, EOG responses were recorded in three-year-old 

imm ature and mature sockeye salm on with two different histories o f  odorant exposure. 

G roup one included naïve control fish that had never been exposed to artificially 

increased concentrations o f  any o f  the test odorants nor any kind o f  hormonal challenge. 

G roup two included fish that had been exposed to T3T4 and M nCI: following the PST and 

were therefore called imprinted.

For im m ature fish, the EOG am plitude to M nCh was significantly higher (p = 

0.027) in the control group than in the imprinted group (Figure 5 .11 .a). In contrast, for 

m ature fish, sensitivity to  M nC h was significantly higher (p = 0.05) in the imprinted 

group than in the control group (Figure 5 .1 1 .b.).
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Figure 5.1 l a
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Figure S .ll .a . & b: In both Figures S .l l .a .  and 5.1 l.b . the EOG response amplitude in 
mV is plotted against a concentration range (10'^  ̂ to 10'^'‘M ) o f  M nC b in negative log 
units. In Figure 5.1 l.a. 1 compare immature naïve control fish (means are shown as 
upside dow n triangles connected by striped line) with im m ature and M nCb imprinted fish 
(m eans are show n as open black circles connected by dotted line). Immature and 
im printed sockeye salm on (Figure 5.11 .a.) display a significantly (p = 0.027) reduced 
EOG response am plitude while the EOG response am plitude in mature and imprinted fish 
(Figure 5.11 .b.) is significantly (p = 0.05) increased w hen compared to naïve control fish.

In the last experim ental step. 1 examined whether the increase in EOG response 

am plitude in im printed fish relative to that in control fish occurred over the whole 

concentration range o r was particularly strong at the original imprinting concentration. 

The highest percentage increase in am plitude (257 % ) difference between immature and 

m ature imprinted fish occurred at a M nCb concentration o f  10^ M. the concentration that 

the fish w ere exposed to during imprinting (Figure 5.12.a). To confirm  whether the same 

phenom enon could be observed when m ature naive fish were compared to mature 

imprinted fish. 1 com pared EOG amplitude differences for each concentration between 

the tw o cohorts in Figure 5.12.b. Again, the highest percentage increase in am plitude 

(150% ) occurred at a M nCh concentration o f  10^ M . the imprinting concentration.
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F igu re  5 .12 .a, b: In Figure 5.12.a and b. I plotted changes in the EOG response 
am plitude (y-axis) for each o f  the test concentrations (x-axis). In Figure 5.12.a, EOG 
am plitudes are com pared betw een imm ature imprinted and m ature im printed sockeye 
salm on (relating response am plitude curve shown in Figure 5.10.a). The strongest EOG 
am plitude difference (257 % ) was observed in response to a  M nCli concentration around 
10"  ̂ M. The striped bar, below the result bars, stands for the MnClz concentration during 
im printing (Figures 5 .12.a.and b)..
Figure 5.12.b. show s EO G  amplitude differences betw een m ature naive and m ature 
imprinted fish at different concentrations (relating response am plitude curve show n in 
Figure 5.1 l.b ). The largest am plitude gain (150 % ) occurred in response to  a M nCli 
concentration around 1 M.
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V. 4. Chapter 5; Discussion

EOG recordings from sockeye salm on not previously exposed to test odorants:

The first experim ents described in this chapter were designed to determ ine EOG 

responses o f  naïve fish to the three test odorants L-aianine. cholic acid and MnCN.

Control responses w ere m onitored to enable careful evaluation o f  the influence o f  state o f  

maturity. GnRH and T 3 and T 4 . The results were equivocal. EOG response am plitudes to 

the organic com pound cholic acid changed significantly at m aturity w hereas the response 

am plitudes to L-alanine and M nC b did not change significantly at maturity. Therefore, it 

seems that the state o f  m aturity does not have the same effect on all odorant-binding 

receptor populations. M y results also revealed that maturity does not cause a uniform 

increase in EOG response am plitude over the whole concentration range. Instead, it 

selectively enhances the response am plitude to higher odorant concentrations leading to 

an overall increase in the slope o f  response intensity curves. The steeper slope o f  a 

response am plitude curve may indicate improved resolution o f  odorant concentrations 

within the concentration range o f  ORNs. The consistency o f  the phenom enon for 

treatm ent groups in w hich olfactory sensitivity changed significantly, supports this 

assum ption. The suggestion o f  plasticity in ORN fiinction at m aturity is in accordance 

with recent findings by Eisthen et al. (2000) who discovered neurom odulation o f  O R N s 

by GnRH. and w ith the fact that production and circulation o f  G nRH  increases at 

m aturity (D ickhoff & Sw anson. 1990; Cyr &  Eales, 1996). G nRH  can increase inward 

currents into ORNs, thereby lowering the resting potential and thus possibly enhancing 

their excitability (E isthen et al.. 2000). Therefore, I hypothesize that the m odulated 

sensitivity in m ature fish w as based on  the horm onal action o f  GnRH. M y hypothesis is
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consistent with the observation that EOG responses w ere sim ilar in GnRH treated and 

m ature fish. Treatm ent with GnRH significantly increased EOG responses to L-alanine 

and cholic acid but not responses to M nCh.

Having found evidence for the neurom odulatory role o f  GnRH in ORNs o f  naïve 

sockeye salm on, I proceeded to record EOGs following treatm ent with T j and T4 . No 

significant change in the EOG responses to L-alanine and M nCb could be detected, but 

the enhanced response am plitude to cholic acid suggests that T3T4 treatment can modify 

EOG response to an organic com pound. However. T3T4 treatm ent was less potent than 

G nRH in this respect. The fact that peripheral olfactory sensitivity to M nCl; was not 

affected by m aturity. GnRH or T3T4 treatm ent was an im portant finding for the 

experim ents, in w hich M nCL was used as an im printing odorant.

In sum m ary. GnRH and m aturity affected peripheral olfactory sensitivity to 

organic com pounds but not to MnCL.

EOG recordings from sockeye salm on previously exposed to test odorants:

In the next part o f  the study 1 tested for EO G responses in fish known to have 

im printed to M nCL under the influence o f  T3T4 as dem onstrated in behavioural tests 

(C hapter 2). Although these fish had imprinted to MnCU (no previous exposure to L- 

alanine and cholic acid) EOG responses were recorded to all three test odorants. 

Proceeding this way. I could m onitor changes in sensitivity to non-im printing odorants as 

well as the imprinting odorant. In fish imprinted to M nC h, the EOG response to L- 

alanine was significantly reduced in m ature fish while the response to cholic acid was 

significantly increased at m aturity, when com pared w ith im m ature fish from the sam e
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cohort. The m aturity-induced increase in sensitivity to cholic acid in imprinted fish 

corroborates my earlier findings that maturity and GnRH increase the EOG response 

tow ards cholic acid in naïve fish. In contrast, the decreased response am plitude to L- 

alanine at maturity is not consistent with the results for naïve fish. O ne may be able to 

explain this phenom enon by considering the natural use o f  the odorant and the hormonal 

circum stances o f  the imprinting process. L-alanine is an amino acid found in most 

processed fish food and many natural food items (Sutteriin, 1975; Jones. 1989). Amongst 

the spectrum  o f  amino acids that elicit one or more com ponents o f  food search behaviour, 

L-alanine attracts the widest range o f  fish species including herring (Clupea harengus. 

Dem psey. 1978). Atlantic salm on {Salmo salar, M eam s, 1985) and brow n trout {Salmo 

trutta) (M eam s. 1986). L-alanine can therefore be related to food searching behaviour, 

which ceases when Pacific salm on enter their home stream . W hen I artificially increased 

T3T4 levels to initiate the juvenile imprinting process, the high T3T4 levels might have 

imprinted MnCI: as one o f  the predom inant com ponents o f  the tank water. At the same 

tim e, imprinting may have caused the sensitivity to background odorants like L-alanine. 

to drop at maturity. This might result in an increased ability to  distinguish the 

predom inant imprinting odorant. I f  this hypothesis is correct, the sensitivity to M nCI:, the 

im printing odorant, should increase in a m anner that sets it apart fi-om m aturity-induced 

changes in olfactory sensitivity to the other two odorants. The increase in sensitivity to 

M nCI: in m ature imprinted sockeye com pared to imm ature im printed fish w as highly 

significant (p = 0.0001). The fact that no hormonal o r m aturity-induced sensitization to 

M nCI: could be observed in naïve fish supports the assum ption that the process o f  

im printing, rather than a  general m aturity-induced sensitization, was responsible for this



143

highly significant sensitization to the im printing odorant M nCli. M oreover, the highest 

percentage increase in EO G am plitude occurred at a MnCI2 concentration o f  lO"* M 

w hich resem bles the im printing concentration. Thus. I have found evidence in EOG 

recordings supporting N ev itt 's  and D ittm an 's (1998) theory o f  peripheral sensitization to 

im printing odorants in general and to  the imprinting odorant concentration in particular.

In addition to confirming N evitt’s and D ittm an’s results, by a different recording 

technique, this study has dem onstrated that peripheral sensitization is related  to T3T4 

treatm ent during the im printing period.

In the last experim ent. EOG response amplitudes tow ards the im printing odorant 

M nCli were com pared betw een naïve and imprinted sockeye salm on. W hen I analyzed 

data from immature fish, it em erged that the EOG response was significantly weaker in 

im printed, than in non-im printed test fish. This result supports one o f  my earlier 

behavioural results (C hapter II). in w hich imm ature imprinted fish show ed less 

m otivation to overcom e a waterfall treated with the imprinting odorant than naïve fish. 

Thus, behavioural patterns and olfactory  perception in imprinted fish change at maturity 

and differ from those in naïve fish. In nature, many migratory stocks o f  salm onids feed or 

reside close to the m outh o f  their natal stream  (i.e.. kokanee in K ootenay Lake) but do not 

enter the stream until they approach m aturity. From an evolutionary perspective, it might 

be disadvantageous to enter the natal stream  prematurely since conceivably only during 

the main run time could the genetic pool be preserved without mixing and com petition 

for suitable spawning habitat. M otivational state (Chapter II) and olfactory perception 

(Chapter V), which appear to be under horm onal control and dependent on  proper 

im printing may be the m echanism s controlling migration tim ing. The com parison o f
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EO G s o f  imprinted and non-im printed sockeye salm on at maturity support this theory. 

Im printed sockeye salm on were significantly more sensitive to M nCh than naïve fish and 

the strongest EOG am plitude gain was again observed in response to the imprinting 

concentration. Although the concept o f  sensitization to a  particular imprinting odorant 

concentration is supported by my results, it can also be explained alternatively. The 

greatest potential for change in the response to an odorant is expected to occur in the 

dynam ic range o f  its particular receptor population. In my experim ents, the imprinting 

odorant concentration fell into the dynam ic range o f  its receptors. Therefore, the apparent 

concentration specific sensitization may be caused by receptor sensitization to the whole 

concentration range.

In the rem ainder o f  this chapter. 1 suggest a model o f  imprinting that represents a 

synthesis o f  results from this and other studies. The cellular mechanism that leads to an 

im printing-based sensitization o f  ORNs is likely triggered by the hormonal action o f  a 

com bination o f  T j and T 4  (this study). The two forms o f  thyroid horm ones may sensitize 

O R N s by binding to their nuclear receptors and initiating a process (Eales. 1995) that 

m odulates guanylyl cyclase activity (D ittm an et al.. 1997). Thus. ORNs are sensitized to 

the predom inant olfactory stim uli experienced during increased T 3 and T 4 availability for 

O RN s. The odorant com position, specific to the natal stream , must then be internalized to 

be recovered several years later to guide hom ing in fresh water. Since thyroid horm ones 

decline throughout m aturation in nature (Cyr & Eales. 1996). another trigger must initiate 

O R N  sensitization that m otivates salm on to  recognize and swim  tow ards their natal 

stream  shortly before m aturation. For the following reasons this trigger may be GnRH: 

G nR H  can enhance the enzym atic activity o f  deiodinases. w hich have the potential to



145

increase the availability o f  the physiologically active T 3 in the olfactory epithelium  (this 

study. C hapter 111). GnRH has neurom odulatory (this study) and motivational 

capabilities (Sato et al.. 1997, this study C hapter 11) that can prom ote the sensitization and 

behavioural response towards an imprinting odorant (this study). During homing in fresh 

water, the sensitivity to the imprinting is increased but in addition, the sensitivity to food- 

specific odorants might be reduced at the same time (this study).

Few details are known about an essential part o f  the olfactory imprinting and 

odorant recognition process, the long-term  retention o f  im printing related olfactory 

inform ation. N or is it known how im printing related sensitization can be m aintained in 

the peripheral olfactory system while O R N s are replaced continually (Farbm an. 1994). 

Efferent fibers from the olfactory bulb o r higher centers where the information could be 

stored, would allow  for centrifugal feedback to the olfactory epithelium , but this 

m echanism  has not yet been described. A likely candidate system  for centrifugal 

feedback is the netw ork o f  GnRH fibers that connect parts o f  the CNS directly with the 

olfactory epithelium  in salm on (Parhar et al.. 1994; N evitt at al., 1995). This netw ork is 

established early on in ontogeny in sockeye salm on (Parhar et al.. 1995) but its function 

rem ains unclear. It has been suggested that they facilitate imprinting (Parhar et al.. 1994) 

based on their distribution throughout the olfactory system  and their increased expression 

at tim es o f  juvenile  migration, which co-incides with T 3 and T 4 surges. Nevertheless, 

attem pts to record electrophysio logical responses o f  GnRH neurons to olfactory stimuli 

have been unsuccessful (Hara, personal com m unication). Given that GnRH neuron 

expression can coincide with high T 3 and T 4  levels (Parhar et al.. 1994) and that GnRH 

increases deiodinase activity in sensory tissues (this study. C hapter 111). GnRH neurons
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m ight have a  dual function in the context o f  imprinting. They m ight regulate T 3 

availability in the olfactory epithelium  and manifest the internalization o f  olfactory 

stimuli that are necessary for hom ing in a higher center o f  the olfactory system.

Since m any questions about olfactory imprinting remain to be answered. I can 

only m ake suggestions that are securely based on experim ental evidence but lack definite 

detail. I hope these suggestions and m odels will renew interest in the fascinating field o f  

olfactory im printing in m igratory salmonids.
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Chapter VI: Synthesis and future outlook

In synthesis, the com bined studies o f  this thesis add to the existing knowledge 

about olfactory im printing and imprinting based hom ing in the following way.

Both forms o f  thyroid horm ones (T3 and T4) previously suggested to be im portant for 

olfactory sensitization leading to olfactory imprinting, have been shown to be essential. 

Only a com bined T3T4 treatm ent reliably led to successful im printing to an odorant in my 

studies and elevated the concentration o f  both horm ones to levels that are experienced at 

the PST in nature (C hapter 2 & 3). Separate T4 treatm ent did not raise the serum  

concentration o f  the physiologically active T 3 and did not trigger the imprinting process 

(Chapter 2 & 3). The developm ental stage chosen for artificial im printing appeared to be 

o f  no importance as long as T 3 and T4 plasma levels were raised artificially to sufficient 

levels (C hapter 2 & 4). I therefore suggest that imprinting in nature occurs at the PST 

because o f  the increased levels o f  thyroid horm ones at this developm ental stage. 

Im printing not only causes attraction to the imprinting odorant, it can also cause 

avoidance o f  the im printing odorant when fish are not in the adequate horm onal state for 

hom ing (C hapter 2). The physiological state that triggers attraction to the imprinting 

odorant in adult fish can be achieved through GnRH treatm ent and occurs naturally at 

m aturity (C hapter 2.4 & 5). Besides the m otivational effect o f  GnRH for im printing- 

odorant recognition and hom ing behaviour. GnRH also enhances the conversion o f  the 

physiologically inactive T4  into the physiologically T3. This conversion process has been 

dem onstrated for the first time in the retina and the olfactory epithelium  in this study 

(Chapter 3). M oreover, GnRH can lower the threshold concentration for the response to
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an imprinting odorant in fish that have been im printed under the influence o f  T 3 and T 4 

(Chapter 4). The juvenile imprinting procedure, relying on a combined T3T4 treatm ent 

also caused far-reaching m odulation o f  the peripheral sensitivity to imprinting and non

imprinting odorants as dem onstrated in EOG recordings. EOG recordings proved useful 

to reveal a close link betw een physiological state o f  the fish and their sensitivity to an 

imprinting odorant (Chapter 5). Sensitivity to the imprinting odorant decreased in 

imm ature fish and increased in m ature fish com pared with the sensitivity in non

imprinted control fish (Chapter 5). Olfactory sensitivity to an odorant like L-alanine. 

related to feeding behaviour, which ceases during hom ing o r mating, can be reduced by 

imprinting (C hapter 5). This m ight result in an increased ability to distinguish 

predom inant olfactory stimuli used to guide hom ing from background odorants. 

Sensitivity to imprinting and non-im printing odorants was likely m odulated by hormonal 

action, since evidence for hormonal sensitization, triggered by GnRH and T3T4 was 

observed in adult fish regardless o f  their odorant exposure history (Chapter 5). My 

results, also revealed that maturity might increase the slope o f  EOG response intensity 

curves. .An increased slope may enhance the ability to detect concentration changes 

within the dynam ic range o f  ORNs (Chapter 5).

Based on  this synthesis. I can suggest experimental approaches to address the 

most significant gaps in our understanding o f  olfactory imprinting in salmon.

It may be useful to employ m olecular techniques to investigate w hether thyroid 

horm ones and/or GnRH initiate differential expression o f  enzym es in ORN s o r  even lead 

to enhanced ORN  turnover. The possibility o f  horm one-based plasticity in O R N  function 

is consistent with recent findings by Eisthen et al. (2000) who discovered a



149

neurom odulatory role o f  GnRH in ORNs o f  the mudpuppy {Nectums maculosiis). Either 

by labeling GnRH or by local application o f  GnRH binding blockers it should be possible 

to clarify the role and mode o f  action o f  GnRH. Then it would be possible to decide 

whether the retention o f  olfactory information can be accom plished on the level o f  the 

ORNs o r w hether interaction betw een the olfactory epithelium  and higher centers within 

the olfactory system  is necessary. To investigate whether the action o f  GnRH is restricted 

to the olfactory system s or whether overall m uscle activity is altered as well, I suggest 

that m otor neuron activity in response to an imprinted odorant should be compared 

following saline o r GnRH treatm ent.

Aside from hormonal affects, it is still unknown which group o f  odorants is used 

for olfactory imprinting in nature. A behavioural arena, in which naturally homing 

salm on could respond in an easily quantifiable way to water from their home stream, 

could be used as a control experiment. Changes in this behavioural response, brought 

about by elim ination o r substitution o f  certain com ponents o f  the home stream water, 

could possibly dem onstrate the importance o f  certain odorant groups for home stream  

recognition.

On the electrophysio logical level, voltage sensitive dyes would be an effective 

tool to determ ine w hether imprinting can m odulate the spatial pattern o f  depolarization in 

the olfactory epithelium  and/or the olfactory bulb. This way specificity o f  ORNs to 

certain odorants could be mapped on two levels o f  com putation and changes related to 

im printing or hormonal treatm ents could possibly be elucidated.

And to go back to the roots o f  hom ing research, telem etry is needed to observe 

behavioural patterns during the approach to the spawning stream  in nature. I think it is
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unlikely that salm on orient tow ards a concentration gradient created by w ater from a 

typically small natal stream  during homing in very large rivers like the Fraser or the 

Skeena River. M oreover, constant exposure to the im printing odorant experienced while 

hom ing should lead to adaptation o f  the ORNs binding the im printing odorant or 

odorants. In contrast, I believe that under those conditions changes in concentration o f  the 

im printing scent o f  several o rders o f  m agnitude would be easier to detect. In other words. 

I hypothesize that fish overshoot their natal stream  until the natal stream  odorant drops 

from a high concentration to non-detectable level, then retrace their path to make the 

correct choice. This behavioural pattern should be visible using telem etry with a high 

tem poral and spatial resolution. .As a last recom mendation. 1 think that the classic 

im printing experim ents conducted by Has 1er and colleagues in the freshwater 

environm ent o f  the G reat Lakes should be repeated in sea-going salm onid stocks. So tar. 

all attem pts to repeat these experim ents in anadrom ous fish w ith an oceanic growth phase 

have been unsuccessful.
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