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ABSTRACT

In teleosts, Ggis positive ciliated, calretinin positive microvillous and S100
positive crypt morphotypes of olfactory sensory neurons (OSNs) respond to different
odorants (bile acids, amino acids and sex steroids respectively) and project axons to
glomeruli in specific stereotyped areas of the olfactory bulb. In this thesis, the diversity of
OSNs and their olfactory bulb glomeruli was described using calretinin, Gy and S100
immunocytochemistry in Chinook salmon embryos, larvae and fingerlings. Olfactory
learning, such as imprinting to natal waters, occurs during these early stages. Calretinin
immunoreactivity was present in lateral glomeruli 1G1, 1G3/4, 1Gg and dorsal lateral
glomerular chain (dIG) from embryonic stages. At late larval and fingerling stages
calretinin also labeled some medial anterior glomeruli (maG), ventromedial glomeruli
(vmG) and a ventroposterior glomerulus (vpG;). Ger immunoreactivity was seen in
medial and ventral olfactory bulb regions, specifically in ventral medial glomeruli vmGsx,
vmGy and the dIG in embryos and additional dorsal glomeruli (dG), maG, smaller vmGs
and vpG; starting from late yolk-sac larval stage. S100 immunoreactivity was present in
lateral regions of the olfactory bulb at the fingerling stage. Amino acid (40-450 nM), a
potential imprinting odour, or phenylethyl alcohol (107M), an odour used in salmon
imprinting studies and not found endogenously in municipal water, exposure over larval
development resulted in decreased glomerular volumes of 1G3/4 or vmGsy at early yolk-sac
larvae and late yolk-sac larvae stages, respectively. No difference was observed at other
larval periods or for other IGs and vmGs. Different timing of development of various
glomeruli may be important for understanding their role in salmon behaviour and the

learning of olfactory cues.
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CHAPTER 1: OLFACTORY SENSORY NEURONS AND THEIR OLFACTORY
BULB PROJECTIONS IN TELEOSTS AND THEIR IMPORTANCE TO

OLFACTORY IMPRINTING IN HOMING MIGRATION

1.1 General Overview

Olfaction in fish is important in mediating various behaviours and interactions
with their environment. Fish can respond differentially to specific signals and cues they
encounter in their aquatic environments. Some of the behaviours mediated by the
olfactory system include finding mates, avoiding predators, feeding activity, social
interactions and guiding fish back to their natal streams for spawning (Sorensen and
Caprio 1998). Of particular interest in this thesis is the role of olfaction in mediating the
long distance homing migration of salmonids for spawning. Behavioural studies of
salmonids after olfactory occlusion have indicated that fish rely on their sense of smell to
guide their homing migration and without this sense they are unable to reliably
differentiate their natal stream (silver salmon, O. kitsutch: Wisby and Hasler 1954,
Chinook salmon, O. tshawytscha: Groves et al. 1968). Since olfaction plays a critical role
in the fidelity of salmon migration the olfactory imprinting hypothesis was formed,
suggesting that salmon imprint to the unique chemical composition of their natal streams
during a sensitive developmental period after hatch, and use these odour memories as
adults to return to their waters of origin for spawning (Hasler et al. 1978). Imprinting
refers to the rapid learning of a stimulus and the long-term ability to recognize the cue
that was learned during a critical period during development (Bateson 1990).
Experiments tracking movements of adult salmon exposed to synthetic chemicals

morpholine or phenylethyl alcohol (PEA) at early life history stages confirmed the



occurrence of odour imprinting and use of the olfactory memory in guiding the migrating
fish to streams scented with the artificial odour (Coho salmon, O. kisutch: Cooper et al.

1976, Scholz et al. 1976; sockeye salmon, O. nerca, Tilson et al. 1994).

Even though the role of olfaction for homing has been studied for a long time the
neural mechanism of olfactory imprinting has yet to be fully understood. Dissolved
odorants in the water are detected through their binding to olfactory receptor proteins on
olfactory sensory neurons (OSNs), which relay the information first to the olfactory bulb
and then onto higher brain structures (Laberge and Hara 2001). Ciliated, mircovillous and
crypt morphotypes of OSNs respond to different types of odorants (rainbow trout: Sato
and Suzuki 2001, Bazaes and Schmachtenberge 2012) and each send their axons into
specific and stereotypical regions of the olfactory bulb where they terminate onto units of
odour discrimination called glomeruli (rainbow trout, O. mykiss: Riddle and Oakley
1992, zebrafish, Danio rerio: Sato et al. 2005, Braubach et al. 2013, 2013, Ahuja et al.
2013). How fish encode olfactory memories within the olfactory circuitry has yet to be
explained. However, the fish brain shows life-long plasticity and early development is
particularly affected by early experiences with the fish’s environment (review: Ebbesson

and Braithwaite 2012).

This thesis aims to describe three OSN morphotypes and their axonal projections
into the olfactory bulb in wild-caught Chinook salmon (a species that undergoes a long-
distance upstream spawning migration) during early developmental stages when
imprinting is likely to occur (Dittman et al. 2015). An understanding of the development
of different OSNs in wild populations of salmon, such as the Chinook salmon, is

necessary as a basis for further study into how imprinting affects the olfactory system in



salmon. Chapter 2 describes the ciliated, microvillous and crypt OSN morphotypes found
in the olfactory epithelium and where their axons terminate within the olfactory bulb of
Chinook salmon during early developmental stages. The developmental of the OSNs and
their bulbar axons was examined in two embryonic stages (early and late eyed embryo),
three larval stages (early yolk-sac, late yolk-sac and fry) and the fingerling stage. Chapter
3 aims to provide some insight into the effect of olfactory experience during the larval
stage in Chinook salmon on the development of glomeruli in the olfactory bulb. This
chapter examines the changes in glomerular development after exposure of larval
Chinook salmon to olfactory enrichment with either an amino acid mixture or phenyl
ethyl alcohol (PEA). Overall, the goal of this thesis is to add to the knowledge of
olfactory biology in a non-model species and investigate anatomical evidence of
imprinting after odour exposure in larval Chinook salmon. Particularly, greater insight in
the neurological mechanism of imprinting may have applications in restocking efforts

and restorative biology.

1.2 Olfactory sensory neurons and the olfactory epithelium

Fish live in aquatic environments where they use their olfactory system to detect
and process information regarding a wide variety of dissolved odorants that they use to
guide behaviours and physiological responses necessary for their survival. These
olfactory cues are composed of combinations of dissolved chemicals including amino
acids, bile acids, nucleotides, steroids and even alcohols. Fish utilize the olfactory system
to respond to feeding cues, reproductive pheromones, alarm cues and kin odours
(Sorensen and Caprio 1998). However, since these odorants are dissolved together in the

water, the olfactory system, from the OSNs in the olfactory epithelium to the olfactory



bulb and telencephalon, is designed to recognize certain molecules and to organize this
sensory information to provide an appropriate behavioural response (Laberge and Hara

2001).

The peripheral component of the olfactory system in fish is the pseudostratified
olfactory epithelium which opens into the external environment through the nares
(Hansen and Zeiske, 1998). The olfactory epithelium has folds called lamellae with both
non-sensory and sensory portions. The non-sensory epithelium contains ciliated non-
sensory cells. The sensory epithelium contains basal cells and support cells and also
includes the OSNs that bind and respond to different odorants (Yanagi et al. 2004,
Hansen and Zielinski 2005). The axons of OSNs extend from the olfactory epithelium
into the olfactory bulb and form synaptic contacts onto second order sensory neurons
called mitral cells that carry olfactory information to higher brain structures including the

telencephalon (Laberge and Hara 2001).

In teleosts there are four types of OSNs that differ functionally and
morphologically within the sensory region of the olfactory epithelium. These are ciliated
OSNs, microvillous OSNSs, crypt cells and Kappe cells (recently reported in zebrafish)
(review: Kermen et al. 2013, Ahuja et al. 2014). Each of these OSN morphotypes
expresses different classes of olfactory receptors that bind specific odorant molecules and
uses different proteins in signal transduction. Unlike the mammalian olfactory system
where ciliated OSNs are present in the main olfactory epithelium and microvillous OSNs
are found in the vomeronasal organ (Eisthen 1992, 1997), fish only have one main
olfactory epithelium where all OSN morphotypes are randomly distributed throughout

(Hansen et al. 2003).



The cell bodies of ciliated OSNs are located deep in the olfactory epithelium and
these neurons have long dendrites and cilia. These express OR-type olfactory receptors
and trace amino receptors (TAARS) that are associated with G,r (zebrafish: Sato et al.
2005, Oka and Korsching 2011, goldfish: Hansen et al. 2004, Hussain et al. 2009) and
have shown responsiveness to bile acids (catfish: Nikonov and Caprio 2001; Hansen et al.
2003; rainbow trout: Sato and Suzuki 2001, Schmachtenberg and Bacigalupo 2004). The
nuclei of microvillus OSNs are located at an intermediate depth in the olfactory
epithelium with microvilli protruding from the dendritic knob. These cells express V1R-
type and VV2R-type olfactory receptors (zebrafish D. rerio: Sato et al. 2005, goldfish:
Hansen et al. 2005, D. rerio, Gasterosteus aculeatus, Oryzias latipes, Tetraodom
nigroviridis, Takifugu rubripes: Saraiva and Korsching 2007). Microvillous OSNs
primarily respond to amino acids (catfish: Hansen et al 2003, rainbow trout: Sato and
Suzuki 2001). Both ciliated and microvillar OSNs have been found in embryonic rainbow
trout (Zielinski and Hara 1988), embryonic zebrafish and non-teleost fish such as

sturgeon (Zeiske et al. 2009).

The crypt and kappe cells have only been described in fish. Pear or ovoid shaped
crypt cells are located apically in the olfactory epithelium and are both microvillar and
ciliated (Hansen and Zeiske 1998). The crypt cells express ora4 of the V1R-types
olfactory receptors (zebrafish: Oka et al. 2012). Crypt cells have shown responsiveness to
amino acids (mackerel: Vielma et al. 2008), some bile acids during early life stages and
also sex steroids during later life stages (rainbow trout: Bazaes and Schmachtenberge
2012). They have also been linked to kin recognition in zebrafish (Biechl et al. 2016,

Biechl et al. 2017). Crypt cells were first seen in salmon the olfactory epithelium of chum



salmon (O.keta) (Sandahl et al. 2006). Lastly, Kappe cells have been recently identified
as a separate class of olfactory sensory neuron in zebrafish similar to the crypt cells with
not much yet known about its function (zebrafish D. rerio: Ahuja et al. 2014). These cells
were labeled by an antibody to G, and found to also be located apically in the olfactory
epithelium with a round shape and tuft of cilia that gives the cells the appearance of a
toque (zebrafish D. rerio Ahuja et al. 2014). As of yet little is known about what these

cells respond to or which olfactory receptors they express.

The OSN morphotypes can be studied using their characteristic protein
expression. Ciliated OSNs express the G protein G, s Which has been used to label
ciliated OSNs in the olfactory epithelium and their axonal projections (goldfish: Hansen
et al. 2004, zebrafish D. rerio: Koide et al. 2009, Gayoso et al. 2011, Braubach et al.
2012, 2013). However, G, ¢ labeling of ciliated cells has not been described in salmon.
The calcium binding protein calretinin has been used to visualize microvillous OSNs in
zebrafish (embryo: Duggan et al. 2008, larvae: Kress et al. 2015, Koide et al. 2009, adult:
Braubach et al. 2012, Kress et al. 2015) and larval Chinook salmon (Ochs et al. 2017).
However, calretinin has also been shown to label ciliated cells in zebrafish (Germana et
al. 2007, Koide et al. 2009, Braubach et al. 2012, Kress et al. 2015). In salmonids
calretinin labeling has only been shown in larvae and has not been analyzed for labeling
of ciliated cells. Crypt cells have been labeled by immunohistochemistry to the calcium
binding protein S100 in zebrafish (Germana et al. 2004, 2007, Sato et al. 2005, Gayoso et
al. 2012, Oka et al. 2012, Braubach et al, 2012, Kress et al. 2015, Ahuja et al. 2013) but
some studies also indicated that S100 labeling was also seen in a subpopulation of

microvillous OSNs (Gayoso et al. 2012, Kress et al. 2015). S100 labeling of crypt cells or



microvillous OSNs has yet to be reported in salmon. Lastly, Kappe cells were reported
through G, straining in zebrafish (Ahuja et al. 2014) but no studies describe these cells

in salmon.

1.3 Olfactory bulb

Odorants are first detected in the most peripheral portion of the olfactory system,
the olfactory epithelium, where OSN receptors bind specific dissolved molecules
(Hansen and Zielinski 2005; Sato et al. 2007; Hamdani and Dgving 2007). Once odorants
bind to olfactory receptors of OSNs, the cells relay the information electrically through
its axon as they extend into the olfactory nerve to the olfactory bulb. In addition to
expressing different classes of olfactory receptors, different morphotypes of olfactory
sensory neurons are further distinguished by the organization of where their axonal
projections terminate within the olfactory bulb, the primary location for odour
processing. Depolarization in the neuron conducts a signal through the axons along the
olfactory nerve into the olfactory bulb terminating onto regions of high synaptic activity
called glomeruli, where the terminals of the OSNs synapse onto dendrites of mitral cells
that relay the signal to higher brain regions (Mori et al. 1999; Kerman et al. 2013).
Glomeruli are the functional units of odour discrimination and demonstrate a highly
stereotyped organization where different olfactory sensory neuron morphotypes project
their axons to different glomeruli (Zielinski and Hara 2007) which are stimulated by
particular odorants (Hansen and Zielinski 2005; Sato et al. 2007; Hamdani and Dgving
2007). The clustering of the glomeruli create localized areas for odour detection through

formation of glomerular chains (Friedrich and Korsching 1997; Zielinski and Hara 2007).



The segregation of odorants binding particular OSN morphotypes also translates
into a spatial segregation in the teleost olfactory bulb. In particular, amino acids and
nucleotides stimulate the lateral regions of the olfactory bulb (zebrafish D. rerio:
Friedrich and Korsching 1998, Doving et al. 1980, Hara and Zhang 1998, Koide et al.
2009) which are innervated by axons of microvillous OSNs (zebrafish D. rerio: Sato et
al. 2005), while bile acids stimulate the medial regions of the olfactory bulb (zebrafish D.
rerio: Friedrich and Korching 1997/1998, chars Salmo alpinus L. and graylings
Thymallus thymallus L.: Doving et al. 1980) innervated by ciliated OSN axons (zebrafish
D. rerio: Sato et al. 2005). Axons of crypt cells and kappe cells project their axons to a
different dorsomedial glomerulus in zebrafish (zebrafish D. rerio: Braubach et al. 2012,
2013, Gayoso et al. 2012, Ahuja et al. 2013, Ahuja et al. 2014, Kress et al. 2015), while
crypt cells project their OSNs to ventral regions of the olfactory bulb in catfish (Ictalurus
punctatus: Hansen et al. 2003) and crucian carp (Carassius carassius: Hamdani and
Doving 2007). However, axonal projections of crypt cells have not been described in the

salmon olfactory bulb.

The glomerular regions that OSN axons innervate form repeatable territories
(rainbow trout O. mykiss: Riddle and Oakley 1992) and show a spatial segregation by
stimulus type (zebrafish D. rerio: Friedrich and Korsching 1997, 1998). Individual
glomeruli in these glomerular territorial regions have been mapped and characterized in
zebrafish (Braubach et al. 2012, 2013). Calretinin labeling of the olfactory epithelium and
olfactory bulb of brown trout (Salmo trutta) from embryonic to adult stages showed
positive labeling in microvillous and ciliated cells and calretinin positive glomeruli in

lateral glomeruli but most dorsomedial glomeruli being calretinin negative (Castro et al.



2008). Ochs et al. (2017) have mapped the glomerular territories and individual lateral
glomeruli in larval Chinook salmon. However, the complete organization of glomeruli
within all the glomerular territories has not fully been elucidated in wild non-laboratory
fish such as the Chinook salmon. Particularly, a description of glomeruli during the
embryonic and fingerling stages has not been reported. In addition, only lateral
glomerular development labeled with calretinin antibody has been characterized in detail
in Chinook salmon while course glomerular territory organization was described in the
non-lateral (dorsal, medial, ventral) regions (Ochs et al, 2017). The glomeruli of medial
and ventral portions of the olfactory bulb are of particular interest as these regions
undergo extensive growth during the larval period than the lateral and dorsal regions
(Ochs et al. 2017). The mapping of these dorsal, medial and ventral glomeruli and
chronicling when they develop in these fish may provide better insight into their function
based on odorants present in the water at the time and may also indicate the relevance of
the OSN morphotypes in wild fish populations. The properties of different OSN

morphotypes are summarized in Table 1.1.

1.4 Olfactory imprinting for homing migration

Of particular interest in this thesis is how fish imprint to olfactory cues and create
odour memories that they use later in life. Imprinting refers to the rapid learning that
occurs during a sensitive learning period or critical period and is associated with the
ability to recognize the cue the individual was exposed to at a later time (Bateson 1990).
With regards to the olfactory system, imprinting has been suggested to play a role is such
behaviours as kin recognition (Gerlach et al. 2008, Biechl et al. 2016, 2017) and natal

homing in salmonids (Hasler et al. 1978). Hasler and Wisby first proposed in 1951 that



olfactory imprinting plays an important role in natal homing of salmonids. Various
behavioural studies in fish exhibiting homing abilities showed early evidence that the
olfactory system plays an important role in fish being able to differentiate their natal
streams during homing migration. In a study by Wisby and Hasler (1954) silver salmon
(O. kitsutch) that had their olfactory pits occluded were less likely than control fish to
retrace their original migratory path when displaced a mile before a junction of two
streams. In studies tracking homeward migration of black rockfish (Sebastes inermis) and
Chinook salmon (O. tshawytscha), fish either had their visual or olfactory sense ablated
(Mitamura et al., 2005; Groves et al., 1968). Both studies found that fish deprived of their
visual senses were still able to reach their specific waters of origin, but when deprived of
their olfactory sense there was a significant reduction in fish reaching their natal streams.
Additionally, in a study tracking the movement of Lacustrine sockeye salmon (O. nerka)
deprived of either there visual or magnetic senses, the fish were still able to navigate to
their natal streams (Ueda et al., 1998). Therefore, evidence from behavioural experiments
in migrating fish indicated that olfaction is important for guiding fish back to their

particular stream of origin.

Studies tracking migrating behaviour of salmonids imprinted to artificial odours
phenylethyl alcohol (PEA) and morpholine have also supported the role of olfaction for
homing migration and the process of olfactory imprinting (Scholz et al. 1976, Dittman et
al. 1996). PEA is a compound found in nature but not usually in municipal water (Erbas
and Baydar 2016, Medjahed et al. 2016), that salmon can learn to recognize (Nevitt et al.
1994, Dittman et al. 1996) and has been shown to elicit olfactory responses (Nevitt et al.

1994, Harden et al. 2006). Coho salmon (O. kisutch) that were exposed to morpholine or

10



PEA during early life history stages were shown to preferentially migrate towards
streams scented with the artificial odour (Cooper et al. 1976, Scholz et al. 1976). In
studies by Tilson et al. (1994) and reiterated by Ditman et al. (2015) Lacustrine sockeye
salmon (O. nerca) were exposed to an artificial imprinting odour (either PEA or
morpholine) at various points in their life cycle from fertilization to the par stage. Fish
that were exposed to the imprinting odour during the hatch and larval stages showed the
greatest percentage of fish that were attracted to the imprinting odours after they reached
maturity, identifying a potential window for olfactory imprinting. In addition to this, the
egg and larval stages are the only life stage when fish remain in the redds and are
guaranteed exposure to the natal stream waters. Hence, the larval stage appears to be a
critical developmental period that may be significant as a time when imprinting can

occur.

1.5 Imprinting odour

The olfactory imprinting hypothesis suggests that salmon imprint to unique
chemical cues within their natal streams that are consistent year to year and are distinct
between different streams (Hasler and Scholz, 1983; Dittman et al., 2015). As juvenile
salmon may imprint to the specific chemical signature of the streams in which they were
hatched and use the odour memory as adults to return for spawning in their natal streams
after years away in open waters (Hasler et al. 1978). Dissolved free amino acids in water
have been put forth as the potential odours to which salmonids imprint to in the wild.
Salmonids show electrophysiological and behavioural responsiveness to the naturally
occurring composition of dissolved free amino acids of stream water (review: Ueda

2012).Electro-physiological experiments on Masu salmon (O. masou) showed that
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application of artificial stream water with a composition of dissolved free amino acids
reflective of their natural waters resulted in electro-physiological responses in the
olfactory epithelium similar to that from applications of their natural water (Shoji et al.
2000). The same study also showed that the fish had larger responses to the artificial
amino acid water than responses to artificial river water composed of a similar bile acid
composition as the natural river water or the amino acid composition from a non-home
stream (Shoyji et al., 2000). Hence, this study showed that fish respond preferentially to
water with an amino acid composition similar to their home stream water. Furthermore,
behavioural studies looking at the responsiveness of chum salmon (O. keta) to different
amino acids showed that fish preferred artificial stream water that had a dissolved free
amino acid composition similar to that of their natural natal stream water and were not as
attracted to artificial stream water with a dissolved free amino acid composition not
typical of their natal streams (Shoji et al., 2003; Yamamoto and Ueda, 2009). These
studies suggest that salmon are able to distinguish different streams by their amino acid
composition. Hence, amino acids have been implicated as a key component of the

signature odour of the water of a fish’s natal stream.

1.6 Neural mechanism of imprinting

The focus of this paper is to investigate anatomical evidence of imprinting
relating to homing in wild Chinook salmon. Sensory experience and olfactory imprinting
can have effects on various levels of the olfactory system. In 1965 Hara et al. reported
that spawning adult Chinook (O. tshawytscha) and Coho salmon (O. kisutch) showed
high amplitude electroencephalographic responses in the olfactory bulb to application of

home pond water and little or no change to application of water from other pond sources.
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This study showed the importance of the olfactory bulb in discriminating home water

during spawning migration.

Biechl et al. (2016 and 2017) showed that zebrafish can be imprinted to kin
odour. Crypt cells were activated when exposed to a kin odour but not a non-conspecific
odour or food odour. After exposure of fish to the kin odour, increased activation of crypt
cells in the olfactory epithelium and olfactory bulb cells located at the dorsomedial
glomerulus that crypt cell axons project to was seen in imprinted zebrafish compared to
control non-imprinted fish. These studies helped link crypt cells to imprinting and
recognition of kin odour (Biechl et al., 2016). Studies looking into the effect of
imprinting on the peripheral olfactory organ showed an increased response to PEA in
electrophysiological recordings of the olfactory epithelium of Coho salmon (O. kisutch)
that were imprinted to the odour a year earlier year later (Nevitt et al. 1994).
Additionally, zebrafish showed a downregulation of several OR olfactory receptor genes
when imprinted to PEA (Calfun et al. 2016). Calfun et al. (2016) suggest that the
downregulation may occur due to an enhancement of the signal-to-noise ratio as some
ORs are repressed and others are activated. Studies in insects and mammals have
indicated that sensory experience can affect the size of and number of glomeruli in the
olfactory bulb, and that these changes can be translated to higher brain regions leading to
alterations in behavioural responses (Devaud et al., 2001, Todrank et al., 2011). In
insects, an increase in glomerular volume was observed in Drosophila and Apis after
olfactory exposure during a critical developmental stage (Sachse et al., 2007; Sigg et al.,
1997; Arenas et al., 2012). In mammals, mouse pups showed a preference for an odour

they were exposed to in utero and while nursing, with an increase in the volume of the
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glomeruli corresponding to the odour (Todrank et al., 2011). Additionally, olfactory
experience to an amino acid mixture in larval zebrafish resulted in more numerous small
glomeruli with decreased cross-sectional area (Braubach et al 2012). However, zebrafish
do not undergo a homing migration so it would be more beneficial to work with a wild
population of fish that do home back to their natal streams. Ochs et al. 2015 did not see
changes in volumes of several lateral glomeruli in pairs of amino acid imprinted and non-
imprinted Chinook salmon larvae. However, this study did not look into a difference in
the average glomerular volume between all amino acid exposed and control fish and did

not take into account endogenous amino acids in the water.

1.7 Chinook salmon as a model species undergoing homing migration

Of particular interest is the imprinting of Chinook salmon to amino acids during
the larval stage. Chinook salmon (O. tshawytscha) is an anadromous fish species that
undergoes homing migration as adults from open waters back to their natal streams. They
were introduced to the Great Lakes in the 1970s in response to declining native trout
populations and increasing populations of non-native alewife fish prey in Lake Ontario
(Wurster et al. 2005; Jones et al. 1993). The stocking of Chinook salmon allowed alewife
population control and growth of recreational fishing of the Chinook salmon with
economic benefits for local coastal communities (Wurster et al. 2005; Talhelm 1988).
Chinook salmon spawn in the fall, depositing eggs in the gravels of their natal streams.
These eggs hatch during the winter and the larval fish remain within the redds or nests,
not feeding during this period as they grow by absorbing nutrients from their yolk sacs
(Scott and Crossman 1998). Once they have absorbed their yolk sac juvenile Chinook

salmon, first called fry or fingerlings, spend time in different estuaries before they
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become smolts and migrate to open waters at the beginning of summer (Scott and
Crossman 1998). As they mature, the salmon swim downstream to open waters where
adults feed for a few years before returning through natal homing migration to their natal
streams for one spawning event before dying and completing their life cycle (Quinn,
2005). Accurate homing is important for Chinook salmon homeward migration to natal
streams and with recent descriptions of its glomerular organization during the larval stage
(Ochs et al., 2017), it is a candidate for experiments in how imprinting affects the

olfactory system.

1.8 Thesis objective

The aim of this thesis is to gain a better understanding of the development and
function of OSN morphotypes in a wild population of Chinook salmon, and the
anatomical evidence of imprinting in olfactory bulbar projections of the OSN axons.
There is a lack of understanding of the ontogeny of different OSN morphotypes during
early developmental stages in salmonids, a period when olfactory imprinting can
potentially occur (Tilson et al. 1994) and feeding behaviour in beginning (Mearns 1986).
The ability of fish to recognize these cues should presumably require a developed
olfactory system. Chapter 2 describes the development of ciliated, microvillous and crypt
OSNss in the Chinook salmon olfactory epithelium and their axonal projections into the
olfactory bulb from embryonic to larval and fingerling stages. In Chapter 3 the objective
is to analyze the effect of olfactory experience to an amino acid mixture or PEA odour
during larval stages in Chinook salmon on the development of glomeruli in the olfactory
bulb. Since amino acids, which have been proposed as imprinting odours, are found

endogenously in the water (Shoji et al. 2000), this may dampen the effects of amino acids
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on glomerular development. Hence, the experiments described in Chapter 3 look into the
composition of amino acids in the water of the natal streams and investigate an
alternative imprinting odour (PEA) to investigate the glomerular effects. Hence, this
thesis aims to better understand the effects of olfactory experience at the level of the

OSNss innervating specific glomeruli in wild Chinook salmon.
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terminating onto vpG; in fry and fingerling stages. This was not described in a study of
calretinin labeling in larval Chinook salmon (Ochs et al. 2017) where vpG; was only

reported to be immunoreactive to KLH, similar to zebrafish (Braubach et al. 2012). This
paper shows calretinin positive fibers in the vpG; in which calretinin fibers only reached

this glomerulus at fry and fingerling stages.

To our knowledge this is the first study in which G and S100 labeling has been
reported at any life history stage in Chinook salmon. In this study G antibody was used
as a label specific to ciliated OSNs, which respond to bile acids (rainbow trout O. mykiss:
Sato and Suzuki 2001, Schmachtenberg and Bacigalupo 2004) and project their axons to
medial anterior and ventral medial regions of the olfactory bulb in zebrafish (Braubach et
al. 2012, 2013). In Chinook salmon, G was observed to chiefly immunolabel cells with
their somata situated deep in the olfactory epithelium, and dorsal anterior, medial anterior
and ventromedial territories of the olfactory bulb. This is consistent with G labeling of
these territories in zebrafish (Braubach et al. 2012, 2013) and reports that ciliated cells
project axons to medial regions of the zebrafish olfactory bulb (Sato et al. 2005). Similar
to zebrafish (Braubach et al. 2013), in late eyed embryo Ggs labeled two ventromedial
glomeruli, vmGy and vmGy. Consistent to labeling in zebrafish (Gayoso et al. 2011,
Braubach et al. 2012), in fry and fingerling stages G labeled the dorsal glomeruli (dG),
the dorsal lateral glomerular chain (dIG), lateral glomerulus (1G;) , maG and additional
smaller vmGs. maG and small vmGs were also immunoreactive to calretinin at fry stage.
These glomeruli were consistently identified at late yolk-sac larvae, fry and fingerling
stages in Chinook salmon based on comparable position and characteristic shape within

the olfactory bulb to Gy labeled glomeruli in zebrafish (Braubach et al. 2012, 2013).
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However, some clear differences were determined between G labeling in the
zebrafish and Chinook salmon olfactory bulbs. In zebrafish several smaller vmG
glomeruli are described along with vmG, and vmGy in ventral medial regions of the
olfactory bulb named vmGy.¢, vmGy and another vmGy, were differentially labeled by
either Gy, calretinin or both antibodies (Braubach et al. 2012). However, in the Chinook
salmon olfactory bulb numerous small vmG glomeruli are present in the same region but
these glomeruli were immunolabeled by both Gy and calretinin. Since this study
focussed on early developmental periods, smaller vmG glomeruli solely immunoreactive
to either G¢ or calretinin may not have developed in the olfactory bulb at this point.
Confocal microscopy could be useful in this situation for visualizing individual vmG

fibers to confirm if they were labeled by both Gy and calretinin.

Another clear difference between zebrafish and Chinook salmon was the
innervation of a ventroposterior glomerulus (VpG,) with Ggs in the Chinook. In zebrafish
this glomerulus was only reported to by immunoreactive to KLH antibody (Braubach et
al. 2012). Hence, this may suggest that the vpGs, vpG; being calretinin immunoreactive
and vpG; being G immunoreactive in Chinook salmon, may have different functional
importance compared to zebrafish. Calretinin positive vpG; and Gy positive vpG, may
be innervated by microvillous and ciliated OSNs respectively. Retrograde tracing from
these glomerular regions in the olfactory bulb to the olfactory epithelium could be used to

identify from which populations of OSNs the vpGs receive inputs.

In a previous study describing the glomerular territories in Chinook salmon larvae
from the early yolk-sac larval period to swim up, most glomerular territories described in

zebrafish (Braubach et al. 2012) were also labeled from hatch in Chinook salmon with
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KLH antibody, a general OSN label that labeled all the glomerular territories (Ochs et al.
2017). Medial anterior and other ventral medial territories corresponding to ciliated OSNs
were labeled with KLH in Chinook salmon early yolk-sac larvae (Ochs et al. 2017) but
Goir labeling in individual glomeruli did not begin to develop in these regions until the
late yolk-sac larvae or fry stages. This could indicate that even though the territories may
already have the glomerular architecture in place, the glomeruli may not be functional if

factors such as the G-protein used for signal transduction have not yet developed.

Unlike zebrafish which show G labeling of glomeruli in embryo comparable to
that of adults (Braubach et al, 2012, 2013), labeling with Gq; was only present in vmGy
and vmGy of the ventromedial olfactory bulb from late eyed embryo to late yolk-sac
larvae. Chinook salmon appeared to undergo rapid development of G positive regions
during late yolk-sac to fry stages when dG and vpG; developed, along with maG and
vmG glomeruli which also exhibited calretinin labeling. This is consistent with reports
that the Chinook salmon undergoes asynchronous growth of the ventral portion of the
olfactory bulb during larval development (Ochs et al. 2017). Additionally, a similar
pattern of asynchrony in development was seen with calretinin antibody. At late yolk-sac
larvae stage characteristic labeling of lateral glomeruli IG;, 1G34 and 1Gg was present in
the olfactory bulb (similar to Go ;s vmmGy and vmGy- being present at this stage) but labeling
of non-lateral regions with calretinin did not occur until fry and fingerling stages.
Calretinin labeled several of the same G, immunoreactive glomeruli that develop in this
period, particularly maG and small vmGs. As medial and ventral regions are typically
innervated Gqs fibers (Sato et al. 2005), this indicated that calretinin could also be

labeling ciliated OSNs.
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The apparent asynchrony in the development of different glomerular regions
could be a result of experience to certain relevant odours that are in the water that
stimulate glomerular growth once they have been detected (Miyasaka et al. 2013,
Todrank et al. 2011). For instance, lateral regions of the olfactory bulb are amino acid
responsive (Friedrich and Korsching 1998, Sato and Suzuki 2001) and appear to develop
distinct glomeruli as early as in late eyed embryo (Figure 2.4) (Castro et al. 2008). This
may be because amino acids are a potential component of stream odour that larval salmon
imprint to (Shoji et al. 2003) and are also feeding cues that fish to learn to respond to for
foraging once their yolk sac is depleted (Hara et al. 2006). Salmon have been shown to
respond to behaviourally at the end of larval development to feeding-specific cues, as at
this point salmon have absorbed their yolk sac (Mearns 1986). Hence, the various
potential functions amino acids play in early fish development may itself be a factor that

contributes to development of lateral glomeruli.

Additionally, two G positive ventromedial glomeruli are also present in the late
eyed embryo. Gys labels ciliated OSNs, which are widely responsive to bile acids (Sato
and Suzuki 2001, Schmachtenberg and Bacigalupo 2004), and have been shown to be
related to alarm response reaction (Hamdani and Doving 2007). Since salmon exhibit
anti-predator behaviour to olfactory cues released by predators even in the larval stages,
these G positive vmGy and vmG- glomeruli may have a possible function in mediating
alarm responses in salmonids (Louhi et al. 2011). Additionally, bile acids, that stimulate
ciliated OSNs, are also relevant to other types of olfactory mediated functions including

fish having general awareness of surrounding individuals (Huertas et al. 2010) and

48



foraging (Sorensen 1986), opening different possibilities for the function of G positive

glomeruli in early development.

Additional G, immunoreactive ventromedial and medial anterior glomeruli do
not develop until fry and fingerling stages. In particular the ventral region of the olfactory
bulb has been shown to be responsive to pheromone components (zebrafish: Friedrich
and Korsching 1997, 1998, Lastein et al. 2006), which are important for reproductive
behaviours in adult fish (Stacey et al. 1986). Additionally, prostaglandin PGF2a, which is
a reproductive hormone in female fish (goldfish: Kobayashi et al. 2002) that functions as
a sex pheromone in various fish species such as zebrafish (Friedrich and Korsching
1998), carp (Irvine and Sorensen 1988) and salmon (Moore et al. 1996), has recently
been shown to activate two ventromedial glomeruli in the olfactory bulb of zebrafish
(YYabuki et al. 2016). As these odours are related to reproductive behaviours in fish they
may not be functionally relevant in juvenile fish stages, which may help explain why in
this study many G positive ventromedial glomeruli and ventroposterior glomeruli do

not develop until later fry or fingerling stage in Chinook salmon.

S100 labeling, used to visualize crypt cells, was present in the olfactory
epithelium from embryonic stages and through larval development in cells situated
apically in the olfactory epithelium, sometimes exhibiting a short dendrite. This cell
description is consistent with either crypt or microvillous cells. S100 fibers were only
apparent in the olfactory bulb during the fingerling stage. However, the fibers did not
terminate onto the dorsalmedial glomerulus where crypt cells project their axons to in
zebrafish (Ahuja et al. 2013), nor did they terminate in ventral glomeruli of the olfactory

bulb like in catfish (Hansen et al. 2003). In Chinook salmon fingerlings S100 fibers were
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present in lateral regions of the olfactory bulb. However, the lateral olfactory bulb
typically receives axonal innervation from microvillous OSNs (Sato et al. 2005). S100
marker has been shown in some studies to also label a subset of microvillous OSNs
(Gayoso et al. 2011, Kress et al. 2015, Biechl et al. 2016) which may explain S100
labeling in lateral glomeruli. Braubach et al. 2012 mentioned that S100 labeling was
occasionally present in the lateral glomeruli and lateral plexus of zebrafish but did not
attribute this labeling to crypt cells, noting them as inconsistencies in the labeling due to
the immunohistochemical procedure. Due to conflicting reports of S100 labeling using a
more reliable marker for crypt cells or tract tracing experiments could help in
understanding if these fibers truly come from microvillous or crypt cells or if they are
artifacts of the labeling procedure. In particular, anti-Trk-A antibody has been used to
mark crypt cells in zebrafish and their axonal projections into the olfactory bulb (Ahuja et
al. 2013). This may be a potential marker to label cryt cells and their axons to confirm if

there is a specific glomerulus crypt cells project their axons to in salmon.

Overall, this study gives a description of olfactory system development in early
life stages of Chinook salmon and opens questions into the significance of specific
groups of glomeruli developing at different times. The ontogeny of different OSN
morphotypes may be reflective of biological relevance of different classes of odours at
different points of development of salmon. Additionally, our knowledge of glomerular
patterning in the developing olfactory bulb of a wild fish species was expanded with
similarities observed to patterning in the model species zebrafish, particularly the general
location and shape of glomeruli. However, some noticeable differences were also seen,

such as in the timing of when certain glomeruli emerge in the olfactory bulb.
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Understanding the glomerular patterning in the olfactory bulb of wild caught salmon
species is a useful tool for determining the relevance of glomerular maps in model fish
species to wild fish populations. This study builds on previous research in calretinin
immunoreactivity in larval Chinook salmon (Ochs et al. 2017) to create a more complete
view of the glomerular patterning in the olfactory bulb, which is a basis for

neuroanatomical studies for olfaction.
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2.6 Tables and Figures

Table 2.1: Chinook salmon early developmental stages from embryo to fingerling.
Temperature units (degree days) were calculated by summing average daily temperatures
(Crisp 1981) and stage naming was based on Ochs et al. 2017 and visual observations.

Stage Description Degree days (dd)
Embryonic | Early eyed | All embryos have eyes visible through | 266
embryo the egg shell
Late eyed Eye and fish body very pronounced 410-470
embryo under egg shell.
Larval Early yolk | Fish have hatched. Large yolk sac 505
sac larvae weighs fish down within the water.
Late yolk- | Fish have absorbed approximately half | 714
sac larvae their yolk sacs. Have started
swimming in Heath trays.
Fry Fish have almost completely 920
reabsorbed their yolk sacs. Fish are
very active in Heath trays.
Fingerling Fish transferred to hatchery tanks and | 1257-1537

are now actively feeding
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Figure 2.4: Late eyed embryo olfactory bulb exhibited calretinin positive lateral
glomeruli and two Gs positive ventromedial glomeruli. A: calretinin labeling is present
in nerve outside the presumptive olfactory bulb. B-F: calretinin labeled the dIG and
lateral region (IG) of the late eyed stage olfactory bulb, particularly IG; (C), 1G3;4 (D) and
IGs (D-F). E-F: Ggjs labeling is seen in two small ventromedial glomerulus (vmGy and
vmGy-). Bulbar depths are noted at the lower right hand corner of each micrograph. Scale
bar in A of 60um applies to A-F. Depth of the olfactory bulb section is in the lower right
corner of each micrograph.
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Figure 2.5: Calretinin and Go; immunoreactive glomeruli during larval stages. DAPI
counterstaining marks cell nuclei outlining of the olfactory bulb in the micrographs.
Calretinin (red) positive glomeruli are present primarily in the lateral region of the
olfactory bulb. A-C: In dorsal regions of the olfactory bulb CR immunoreactivity is
present in dIG and IG; throughout larval stages. G (green) also labeled dIG (double
labeled in orange) and dG at late yolk-sac larvae and fry stages. D-I: midway through the
olfactory bulb calretinin labels anteriorly situated 1G3/4 and IGg in the posterior bulb. G
fibers innervate vinGy and vmG-; medial to 1G3,4 and medial anterior glomeruli in late
yolk-sac larvae and fry (E,F, H,I). Golf also labels vpG; in the ventral posterior olfactory
bulb of fry. J-L: calretinin and Ggs positive nerve layer is visible in ventral regions of
olfactory bulb with some double labeled vmGs present in late yolk-sac and fry stages.
Calretinin labels posteriorly located vpG; (L). 60um scale bar in A applies to A-L. Depth
of the olfactory bulb section is in the lower right corner of each micrograph.
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Figure 2.6: Dorsally located calretinin and Gs positive glomeruli of the fingerling
Chinook salmon olfactory bulb. A-C: Calretinin (red) and Gt (green) both labeled dIG in
the dorsal olfactory bulb (double labeled area coloured orange), but only Golf diffusely
labeled the IG; region (A,B). B-C: Calretinin labeling of IG; and G labeling of dG
appear at 180um bulbar depth. Scale bar of 60um corresponds to A-C. Depth of the
olfactory bulb section is in the lower right corner of each micrograph.
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Figure 2.7: Calretinin and G positive glomeruli in the medial and ventral regions of the
fingerling olfactory bulb. Calretinin (red) labeling is present in lateral and anteriorly
situated 1G3,4 (A-C) and posteriorly situated 1Gg (B-D). Goif (green) immunoreactivity is
present in vmGx (B-D) and ventral to this glomerulus vmG; (D). G labeled vpG,
situated posterior to 1Gg (A-D). Additionally, G labels the maG region with calretinin
fibers innervating some maG glomeruli (A-D: orange double labeled). A-D: scale bar of
125um. Depth of the olfactory bulb section is in the lower right corner of each
micrograph.

68



Figure 2.8: Calretinin and G positive glomeruli in the ventral olfactory bulb and nerve
layer of the Chinook salmon fingerling. Gy (green) is present in vmGy (A-C) in ventral
portions of the olfactory bulb and numerous smaller vmG glomeruli (B-D) which also
show innervation with calretinin fibers (orange double labeled). Calretinin (red) labeling
was present in ventrally and posteriorly situated vpG; (A-C). Scale bar of 125um in A
applies to micrographs A-D. Depth of the olfactory bulb section is in the lower right
corner of each micrograph.
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