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Abstract 

The olfactory system of fishes mediates a wide array of behaviours including migration and spawning. 

These olfactory-mediated behaviours are elicited by chemical mixtures known as pheromones, released 

by a conspecific with the intent of communicating to a conspecific. Olfactory sensory neurons 

expressing the complementary odour receptor for an odorant will bind it, initiating an intracellular 

cascade resulting in the depolarization of the cell and propagation of sensory information toward brain 

structures known as olfactory bulbs. While generalist olfactory sensory neurons (OSNs) have been 

observed in insects, some OSNs in the main olfactory epithelium of mammals as well as fish express 

odour receptors that show high specificity for a single odorant or structurally similar odorants.  

Although the male sea lamprey (Petromyzon marinus) sex pheromone components 3 keto-

petromyzonol sulfate (3kPZS) and 3,12-diketo-4,6-petromyzonene-24-sulfate (DKPES) stimulate 

responses at the level of the olfactory epithelium, only 3kPZS and a DKPES/3kPZS mixture has 

elicited a behavioural response from ovulating females. Thus, it was hypothesized that the OSNs of 

the sea lamprey respond to a single pheromone odorant, and the objective of my thesis was to determine 

the cellular response specificity of sea lamprey OSNs and to characterize neural responses from the 

olfactory bulb, the location of the first order synapses and associated interneurons. We used calcium 

imaging to investigate the specificity of odorant responses by individual OSNs to amino acid and 

pheromone odorants and found that sea lamprey OSNs showed high specificity in responding to single 

amino acids and pheromone odorants. At the level of the olfactory bulb, the local field potential 

detection thresholds for several pheromone odorants were determined and several previously untested 

single pheromone odorants were found to stimulate responses from the dorsal bulbar region. This study 

characterises, for the first time in the sea lamprey, the specificity of individual OSN responses to 

pheromone odorants and describes the olfactory responses to 4 newly elucidated putative sea lamprey 

pheromone odorants that were found to elicit responses from both the olfactory epithelium and 

olfactory bulb.  
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CHAPTER 1   GENERAL INTRODUCTION 

 

Survival and reproduction for any organism are dependent upon the ability of that 

organism to process the wide range of sensory information available from its surrounding 

environment at a neural level in order to elicit appropriate behaviours. Perceiving and decoding 

this sensory information is accomplished by sensory systems including the visual, auditory, and 

olfactory systems. Behaviours including feeding, migration, and spawning are mediated by the 

olfactory systems of organisms ranging from insects (Kaissling 1971) to mammals (Eisenberg 

and Kleiman 1972) to fishes (Hara 1986). In fishes, olfaction plays a prominent role in 

facilitating chemical communication both among inter- and intraspecific organisms as the 

olfactory system of fishes is capable of detecting a wide variety of chemicals including amino 

acids, gonadal steroids, bile acids, and prostaglandins (Hara 1994). Olfactory cues have been 

found to guide migration to suitable spawning habitat in species including salmon (Hasler and 

Scholz 1983) and sea lamprey (Teeter 1980). In addition, identification of gender and 

reproductive status of conspecifics, facilitating reproduction in a number of fish species, has also 

featured the exploits of the olfactory system (Drickamer 1999; Sorensen and Stacey 1999). With 

this sensory system also having a role in eliciting behaviours such as feeding, kin recognition, 

and predator avoidance across aquatic taxa, the importance of the olfactory system cannot be 

understated.  

To understand how olfaction mediates behaviour, an understanding of how the olfactory 

system is organized as well as the nature of the signalling pathways inherent in this system is 

required. To this end, much has been learned from the study of vertebrate and invertebrate 

organisms (Hildebrand and Shepherd, 1997), with the neural pathway from olfaction to 
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locomotion having been described in an invertebrate (C. elegans) (Gray et al. 2005) and also in 

the sea lamprey (Petromyzon marinus) (Derjean et al. 2010). Given their large and easily 

accessed olfactory bulbs relative to the rest of their brain (Stoddart 1990), the sea lamprey is a 

model species for the study of olfaction and has been subject of rigorous study. The olfactory 

pathway in sea lamprey (and in all other vertebrates) begins when an odour ligand binds to its 

odour receptor expressed by an olfactory sensory neuron (OSN) on the surface of the main 

olfactory epithelium (MOE) or accessory olfactory organ (Li and Sorensen 1997). Generalist 

OSNs, which bind and respond to a number of varying odorants, have been observed on the 

antennae of insects (Schneider 1969; Stengl et al. 1992) and in the OSNs projecting to necklace 

glomeruli of the mouse (Greer et al. 2016). However, OSNs in the main olfactory epithelium of 

mammals (Ressler et al. 1994; Vassar et al. 1994) as well as fish (Specca et al. 1999; Laberge 

and Hara 2001) have been shown to express odour receptors that exhibit high affinity for a 

particular ligand property of an odorant. The odour receptors expressed by sea lamprey OSNs are 

members of a seven-transmembrane G-protein coupled receptor superfamily (Libants et al. 

2009). The binding of an odour ligand to the odour receptor initiates a signal transduction 

cascade involving second messengers opening cyclic nucleotide gated channels as well as other 

ion channels on the surface of the OSN (Figure 1.1), spurring the depolarization of the cell, 

producing a generator potential detectable by electro-olfactogram recordings, and culminating in 

an action potential once the membrane potential threshold is met (Restrepo et al. 1996). The 

electrical impulses propagate along OSN axons via voltage-gated sodium channels to the axon 

terminus in an associated glomerular region of neuropil found in the olfactory bulb. Local field 

potentials (LFPs) can be recorded from the surface of the olfactory bulb when odorant responses 

occur (Schild and Restrepo 1998). The olfactory bulb surface is organized into regions based on 
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the response characteristics of the OSNs within each region (Rubin and Katz 1999). In the sea 

lamprey, OSNs from the main olfactory epithelium have been shown, through tract tracing 

experiments, to extend to the medial, dorsal, and lateral regions of the ipsilateral olfactory bulb 

while sensory neurons within the accessory olfactory organ project axons solely to the medial 

region of the olfactory bulb (Figure 1.2) (Frontini et al. 2003; Ren et al. 2009). The dendrites of 

olfactory bulb projection neurons extend into the glomeruli to receive synaptic input from the 

OSNs of the main olfactory epithelium and accessory olfactory epithelium (Derjean et al. 2010). 

Projection neurons from the medial region of the olfactory bulb project their axons to the 

posterior tuberculum before relaying to the mesencephalic locomotor region containing neurons 

which project to reticulospinal neurons responsible for locomotion. Projection neurons from the 

lateral olfactory bulb project to the lateral pallium and other forebrain regions (Figure 1.2) 

(Derjean et al. 2010).    

This thesis refers to the intentionally released, male sex pheromone components as 

chemical signals, while referring to the components more passively released by larvae, as 

chemical cues (Wisenden 2015). The use of chemical signals and cues by the sea lamprey 

(Petromyzon marinus) to mediate critical behaviours over the course of its complex life-cycle 

(Figure 1.3) has been well documented (Kleerekoper 1972; Teeter 1980; Mallatt 1983; Bjerselius 

et al. 2000; Li et al. 2002). An ancient agnathan, the sea lamprey can have its origin traced back 

about 500 million years ago (Forey and Janvier 1993). While native to the Atlantic Ocean, this 

anadromous species has successfully invaded all the Great Lakes as well as several of the Finger 

Lakes in North America (Smith and Tibbles 1980; Bryan et al. 2005). Each spring, males and 

females mate in spawning streams where males construct nests for the tens of thousands of eggs 

deposited by a single female attracted to the nests by male sex pheromone components including 
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3-keto petromyzonol sulphate (3kPZS) (Figure 1.4b) and 3-keto allocholic acid (3kACA) (Figure 

1.4b) (Li et al. 2002; Siefkes et al. 2003). 3kPZS stimulates directional movement and search 

behaviour by females, thereby attracting them to the pheromone’s source while also increasing 

swimming speed and inducing rapid tail beating (Li et al. 2002; Siefkes et al. 2003; Johnson et 

al. 2005; 2009). While males do release 3kACA, this compound failed to elicit a behavioural 

response on its own and did not increase female trap retention when released as part of a mixture 

with 3kPZS compared to 3kPZS released on its own (Luerhing et al. 2010).  Soon after 

spawning, the male and female die (Applegate, 1950). Blind, filter-feeding young referred to as 

ammocoetes then hatch from the developed embryos and live in streams for 3-20 years (Smith 

and Tibbles 1980). The time spent as ammocoetes depends on the time taken to reach a critical 

size and condition required for metamorphosis into juveniles. With large olfactory systems and 

rasping oral discs, parasitic stage lamprey will swim downstream to open waters (ie. associated 

river, lake, or ocean) where they will actively parasitize fishes present (Youson 2003). One to 

two years of rapid growth occur during this parasitic phase, with these individuals being 

transported widely by the hosts they are feeding from. At the onset of sexual maturity, they are 

guided to appropriate spawning rivers by the migratory cues released by larvae within their 

streambeds including petromyzonol sulphate (PZS) (Figure 1.4b), allocholic acid (ACA) (Figure 

1.4b), and two disulphated aminosterol derivatives known as petromyzonamine disulphate 

(PADS) (Figure 1.4b) and petromyzonolsterol disulphate (PSDS) (Figure 1.4b) (Li et al. 1995; 

Bjerselius et al. 2000; Sorensen et al. 2005). It has been shown through mark-recapture studies 

that sea lampreys do not necessarily return to their specific natal streams, and instead follow the 

aforementioned migratory cues towards streams containing high numbers of larvae (Bergstedt 

and Seelye, 1995; Moore and Schleen, 1980; Sorensen and Vrieze, 2003). This behavioural 
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strategy results in significantly lower numbers of sea lamprey entering rivers where lampricides 

have decimated larvae numbers. Once the lampreys have entered a spawning river during a 

spring-time run, males will construct their nests, spawning ensues, followed by death of the 

spawning individuals all within a few weeks. 

Presently, sea lampreys remain a constant threat to commercially and ecologically 

important fishes, and controlling this species remains a necessity in order to maintain a healthy 

and sustainable ecosystem in the Great Lakes. As such, the Great Lakes Fishery Commission, in 

conjunction with the Fisheries and Oceans Canada (DFO) and the U.S. Fish and Wildlife Service 

(USFWS), continues to implement an integrated pest management program to control sea 

lamprey populations in the Great Lakes.  

As evidenced by having set strategic goals including the deployment of a new alternative-

control method by 2010, the GLFC continues to actively pursue potential advances to their 

control program in terms of increasing efficiency, reducing cost, and limiting environmental 

impact (GLFC, 2001). The research spurred on by this initiative has resulted in the elucidation 

and subsequent synthesis of a number of migratory and sex pheromone components released by 

sea lamprey, as outlined above. Recent studies by Li et al. (2013) have since demonstrated that 

ovulating female lamprey show a pervasive preference for spermiated male washings when 

exposed to spermiated male washings and isolated 3kPZS in a two-choice maze, indicating the 

likelihood of there being another male sex pheromone component. The identity of this 

component was determined to be 3,12-diketo-4,6-petromyzonene-24-sulfate (DKPES) (Figure 

1.4a). The putative pheromone petromyzestrosterol (Li et al. 2012) has also been recently 

isolated and its structure elucidated from water conditioned by spermiated male lamprey. From 

water conditioned by larval lamprey, the putative pheromone petromyzonin (Li et al. 2013) has 
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too been isolated and its structure elucidated. More recently, PAMS-24 (Figure 1.4a) has been 

identified as a putative pheromone component obtained from reproductive male lamprey and is 

believed to act as a territory marker, averting other conspecific males from the releasing male’s 

nest (Brant 2015). In addition, two other newly isolated putative pheromone components, 971 

and 973 (Figure 1.4a), have been obtained from larval lamprey and are to be investigated to 

determine their function (Brant 2015). The migratory and sex pheromone components isolated 

from sea lamprey to date have been characterized in terms of electrophysiological responsiveness 

at the level of the olfactory epithelium through electro-olfactogram recordings (Li et al. 1995, 

2002, 2013; Bjerselius et al. 2000; Siefkes et al. 2003; Sorensen et al. 2005). The same cannot be 

said however of our knowledge concerning the processing of this sensory input within the brain. 

The potential for synergistic effects on behaviour when DKPES and 3kPZS are released as a 

mixture was demonstrated in 2013 when Li et al. observed a 73% increase in the proportion of 

sexually mature females entering nests when they were baited with a mixture of DKPES and 

3kPZS (2:29.8) compared to nests baited with only 3kPZS. These pheromone components are 

likely bound by specific odour receptors expressed by olfactory sensory neurons within the 

peripheral olfactory organ. Much can be gained then from imaging experiments at the peripheral 

olfactory organs as well as electrophysiological investigations at the olfactory bulb in terms of 

better characterising how each of these pheromone components are detected and processed by 

the olfactory system. As well, the relative importance of each component with regard to 

stimulating motor output may be determined.   

Given the potential synergistic interactions between 3kPZS and DKPES, the overall 

hypothesis of this thesis is that each epithelial olfactory sensory neuron of the sea lamprey 

responds to a single pheromone component, rendering pheromone component combinations 
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more stimulatory than single components. The general aim of my research is thus to assess 

whether the olfactory sensory neurons are each exclusively responding to a single odour or to 

multiple odours. Additionally, I wish to determine whether synergistic affects arise in the form of 

greater or lesser electrophysiological response amplitudes when pheromone components are 

released as a mixture compared to when each component is released alone. To address this, I 

employed electrophysiological and calcium imaging techniques to gain multiple perspectives of 

and subsequently better characterise the relative responses generated by pheromone components 

themselves compared to mixtures of these components.  

To this end, calcium imaging techniques were employed to determine the level of cellular 

specificity with regard to OSN responses to different odours. The calcium binding fluorophore 

Calcium green dextran loaded olfactory epithelia were exposed to various odorants and odorant 

mixtures of interest and the relative change in fluorescence in each of the OSNs observed was 

recorded. In this way, specificity was determined based on whether similar fluorescence changes 

are observed from the same OSNs in response to different odours or whether completely 

different subsets of OSNs fluoresce in response to different odours.  

Neural activity in the form of summed inhibitory and excitatory postsynaptic potentials 

from the surface of the OB, in response to sea lamprey pheromone components and mixtures, 

was examined by recording local field potential (LFP) responses from dorsal and lateral 

olfactory bulb regions. As well, detection thresholds for these components were determined in 

adult lamprey at the level of the olfactory bulb.  
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Figure 1.1 The olfactory signal transduction cascade involving the second messenger cyclic 
adenosine monophosphate (cAMP). Binding of an odour to a G-protein coupled receptor (R) 
releases the α subunit from the receptor, which binds to, and activates adenylyl cyclase (AC). 
The activated AC uses adenosine triphosphate (ATP) to produce cAMP, which in turn binds to 
cyclic nucleotide-gated channels (CNG). The CNG channels open and Ca2+ and Na+ ions enter 
the intracellular environment, where calcium dextran molecules (CD) can bind with the Ca2+. 
The increase in intracellular Ca2+ and Na+ ions causes a chloride channel to open, allowing Cl- 
ions to flow into the extracellular environment. The movement of Ca2+ and Na+ ions inward and 
Cl- ions outward depolarizes the olfactory sensory neuron generating an action potential. 
Illustration modified from Firestein, 2001. Nature Vol 413: 211-218. 
 

Ca2+ 

CD 



9 
 

 
Figure 1.2 An illustration of the parallel processing pathways of the olfactory bulb in the 
sea lamprey. The accessory olfactory organ (AOO) OSNs (blue) project solely to the medial 
region of the olfactory bulb. The main olfactory epithelium (MOE) OSNs (red) project to the 
medial, dorsal, and lateral regions of the olfactory bulb. The medial olfactory bulb sends the 
axons of its primary projection neurons (purple) to the posterior tuberculum (PT). Neurons of the 
PT project to the mesencephalic locomotor region (MLR) where reticulospinal cells, responsible 
for initiating locomotion, synapse with PT axons. The primary projection neurons of the non-
medial regions of the olfactory bulb (green), receiving inputs solely from the MOE (red), project 
their axons (green) to pallial regions of the forebrain. It is proposed that this pathway is involved 
with further olfactory information integration (Illustration from Derjean et al. 2010. PLoS Biol 
8(12):e1000567).  
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Figure 1.3 The sea lamprey life-cycle and associated pheromone components. The life-cycle 
stages are numbered I though V. Pheromone components released by a particular stage are seen 
branching from that stage. The Roman numeral of the life stage affected by each component is 
found branching from that component. “?” denotes currently unknown component target. Li et 
al. 2002 (3kPZS); Li et al. 2013 (DKPES); Brant 2015 (971, 973, and PAMS-24); Sorensen et 
al. 2005 (PSDS and PADS); Siefkes et al. 2003 (3kACA); Li et al. 1995 (PZS); and Bjerselius et 
al. 2000 (ACA). 
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Figure 1.4a Elucidated chemical structures of putative sea lamprey migratory cues and 
male sex pheromone components. Putative pheromone components are denoted with ‘*’ (Li et 
al. 1995, 2002, 2013; Bjerselius et al. 2000; Siefkes and Li 2004; Sorensen et al. 2005). 
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Figure 1.4b Elucidated chemical structures of known sea lamprey migratory cues and 
male sex pheromone components. (Li et al. 1995, 2002, 2013; Bjerselius et al. 2000; Siefkes 
and Li 2004; Sorensen et al. 2005). 
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CHAPTER 2   CHARACTERIZATION OF OLFACTORY RESPONSES TO 
NOVEL PUTATIVE SEA LAMPREY (Petromyzon marinus) 
PHEROMONE COMPONENTS AND COMBINATIONS 

 

 

2.1. Introduction 

 

2.1.1 Is there cellular specificity of olfactory sensory neuron responses to pheromones? 

 

 The peripheral olfactory organs of an organism house the repertoire of olfactory sensory 

neurons, within which, olfactory sensory reception occurs. Olfactory sensory neurons on the 

antennae of invertebrates (Tolbert and Hildebrand 1981; Christensen et al. 1995), olfactory 

sensory neurons within the main olfactory epithelium and vomeronasal organ of mammals 

(Shepherd and Greer 1998; Ma 2007), and olfactory sensory neurons within the olfactory 

epithelium of teleost fish (Ngai et al. 1993) express the odour receptors that bind their respective 

odour ligands to initiate sensory reception. While generalist olfactory sensory neurons that bind, 

and respond to a variety of odorants have been observed on the antennae of insects (Schneider 

1969; Stengl et al. 1992) as well as on olfactory sensory neurons that project to specific 

glomeruli termed the necklace glomeruli of the mouse (Greer et al. 2016), olfactory sensory 

neurons in the main olfactory epithelium of mammals (Ressler et al. 1994; Vassar et al. 1994) as 

well as teleost fish (Speca et al. 1999; Laberge and Hara 2001) are known to express odour 

receptors which exhibit specificity to a single odorant or to a specific ligand group that can be 

present on several odorant molecules. In fish, the peripheral olfactory organ detects a number of 

chemical classes, including amino acids, gonadal steroids, nucleotides, bile acids, and 

prostaglandins (Hara 1994; Hara and Zielinski 2007). The olfactory sensory neurons expressing 

the complementary odour receptor protein for each of these odour classes are relatively more 
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organised in mammals in terms of zones of receptor expression when compared to fish (Ressler 

et al. 1993; Laberge and Hara 2001). In mammals, zones of receptor expression will overlap in 

the main olfactory epithelium, and a particular odour receptor may be expressed in several zones 

across the surface of the epithelium (Ressler et al. 1993; Buck 1996; Iwema et al. 2004; 

Miyamichi et al. 2005; Ma 2007). Conversely, odour receptors expressed by olfactory sensory 

neurons in fish are distributed stochastically throughout the olfactory epithelium (Speca et al. 

1999; Laberge and Hara 2001). In all vertebrates, the axons of olfactory sensory neurons from 

the olfactory epithelium spread over the surface of the olfactory bulb and enter spherical regions 

of neuropil known as glomeruli. Spatial patterning of bulbar activity elicited by particular odour 

stimulants is referred to as chemotopy, and this has been observed in mammals (Johnson et al. 

1998; Johnson and Leon 2007) as well as various fish species (Friedrich and Korsching 1997, 

1998; Nikonov and Caprio 2001) and the sea lamprey (Green et al. 2017). 

 In sea lamprey, electrophysiological recordings by Green et al. (2017) have shown that 

the medial olfactory bulb region responds to amino acid, bile acid, and pheromone odorants. 

Conversely, odorant specificity was observed in nonmedial olfactory bulb regions, with the 

dorsal territory responding most readily to lamprey sex and migratory pheromone components 

while basic amino acids were best able to elicit responses from the lateral territory. Tract-tracing 

experiments have shown that these distinct olfactory bulb regions receive projections from 

olfactory sensory neurons that are scattered throughout the main olfactory epithelium (Green et 

al. 2017). Still to be determined is whether, in the case of bile acids for example, the individual 

epithelial olfactory sensory neurons responding to bile acids respond to all or to specific bile 

acids.  
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 Olfactory sensory reception requires an odour ligand to successfully bind to a 

complementary odour receptor protein expressed by an olfactory sensory neuron. This binding 

initiates an intracellular, cyclic adenosine monophosphate second messenger cascade that sees an 

influx of extracellular calcium ions into the olfactory sensory neuron coupled with an efflux of 

chloride ions resulting in depolarization of the cell (Schild and Restrepo 1998; Firestein 2001). 

Calcium imaging is a technique which takes advantage of the calcium influx inherent in olfactory 

sensory neurons responding to successfully bound odour ligands to their odour receptors. 

Calcium imaging experiments have been employed in olfactory organ imaging studies of species 

including the mouse, Mus musculus (Leinders-Zufall et al. 1998; Wachowiak and Cohen 2001; 

Bozza et al. 2002), frog (Sansone et al. 2015), salamander, Ambystoma tigrinum (Firestein et al. 

1991), and zebrafish, Danio rerio (Friedrich and Korsching 1997). This study represents the first 

use of calcium imaging techniques in the sea lamprey, thus the methods used were adapted from 

previous examinations of other animal models. This technique uses a calcium-sensitive dye that 

is loaded into the olfactory sensory neurons of interest prior to imaging taking place. The dye 

may potentially be naturally endocytosed into OSNs (Doving et al. 2009), however a solution of 

triton x-100 can be used to solubilize the cell membrane of OSNs to allow entry of the large 

dextran molecule (Frontini 2003). With the dye successfully loaded into the olfactory sensory 

neurons, the olfactory epithelium is exposed to an olfactory stimulus, resulting in the influx of 

calcium into responding olfactory sensory neurons that is bound by the dye. The binding of 

calcium dextran to calcium in responding cells results in those olfactory sensory neurons 

fluorescing, thus clearly indicating cell-specific responses to olfactory stimuli. 

 Calcium imaging experiments were utilized in the present study to test whether olfactory 

sensory neurons in the sea lamprey olfactory epithelium respond to a single, specific pheromone 
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component, or to multiple. Epithelial olfactory sensory neurons were loaded with fluorescent 

Calcium-Green dextran dye, and imaging experiments captured the change in fluorescence of 

olfactory sensory neurons responding to odorants of interest. These imaging experiments had a 

focus on investing the neurophysiological basis of the synergistic affect that male sex pheromone 

components 3,12-diketo-4,6-petromyzonene-24-sulfate (DKPES) and 3-keto petromyzonol 

sulphate (3kPZS) appear to display when eliciting increased behavioural responses in ovulating 

females upon their release as a mixture (Li et al. 2013). As such, 3kPZS and DKPES responses 

were examined individually as well as in a mixture to determine which olfactory sensory neurons 

are responding to each pheromone component based on the fluorescence observed upon 

application of each component onto the olfactory epithelium.  

 

2.1.2   Characterization of sea lamprey (Petromyzon marinus) olfactory bulb responses to 
novel pheromone candidate molecules 

 

To effectively manage the invasive sea lamprey populations of the Laurentian Great 

Lakes, abatement strategies utilizing pheromones to disrupt migration and reproduction of sea 

lampreys while leaving other organisms unaffected are being investigated (Li et al. 2013; Brant 

2015). To ensure the effectiveness of these strategies, knowledge of how potent these 

pheromones are at eliciting predictable behavioural responses in lampreys is essential. Recently, 

several putative male sex pheromone and larval migratory pheromone components have been 

elucidated including 3,12-diketo-4,6-petromyzonene-24-sulfate (DKPES), (+)9,(12)-oxy-10,13-

dihydroxystearic acid (973), (-)9,(12)-oxy-10,13-dihydroxystearic acid (971), and 

petromyzonamine-24-monosulfate (PAMS-24) (Li et al. 2013; Brant 2015). Still to be robustly 
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determined however, is the relative effectiveness of these molecules at stimulating and 

maintaining neural activity in the olfactory epithelium and olfactory bulbs of these animals. 

Each of the sea lamprey pheromone components elucidated to date have been applied to 

the main olfactory epithelium, where electro-olfactogram recordings have been taken to verify 

that each putative pheromone component was detectable at this level of the olfactory system and 

that the animal can in effect ‘smell’ these compounds (Li et al. 1995, 2002; Bjerselius et al. 

2000; Siefkes et al. 2003; Sorensen et al. 2005). Detection at the level of the olfactory epithelium 

does not however, test for the response in the brain. Olfactory bulb recordings yielding local 

field potential (LFP) responses to olfactory stimuli have been used to determine whether an 

olfactory stimulus is detectable at the level of the organism’s brain, thus indicating the likelihood 

that the stimulus is being processed here (Green et al. 2013; Li et al. 2013). The LFPs being 

produced are not necessarily the result of afferent action potentials, but rather the summed OSN, 

projection neuron, and associated interneuron synaptic activity.  

The current study employed the use of LFP recordings from the olfactory bulb to help 

bridge the gap between existing olfactory epithelium response data and behavioural response 

data reported for sea lamprey pheromone components and expand olfactory bulb investigations 

by Green et al. (2017). As well, this work hopes to inform the implementation of newly 

elucidated putative pheromone components for sea lamprey population management strategies. 

To better understand how putative pheromone odorants PAMS-22, 971, 973, and DKPES 

are physiologically detected by sea lamprey, LFP recordings were taken from both dorsal and 

lateral olfactory bulb regions. Additionally, in an attempt to determine the neurophysiological 

basis for the observed synergy between 3-keto petromyzonol sulphate (3kPZS) and DKPES with 

regard to stimulating behavioural output (Li et al. 2013), each of these pheromone components 
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was applied individually and in a mixture (DKPES:3kPZS 2:29.8) to identify potential 

synergistic affects as indicated by significantly different LFP peak amplitudes. Detection 

thresholds of various pheromone components represent useful information for population control 

efforts and as such, an aim of this study was to explore the olfactory bulb detection thresholds of 

migratory and sex pheromone components.  

 

2.2   Materials and Methods 

2.2.1 Experimental animals 

Larval and transformer-stage (post-metamorphic stage seven) sea lamprey from the 

Connecticut River, Turner Falls, MA were collected and supplied by United States Geological 

Survey Conte Anadromous Fish Research Laboratory in the fall of 2015 and 2016. Spawning-

stage sea lamprey were collected from Hammond Bay Biological Station, MI in the spring of 

2015 and 2016. Sea lamprey were held at the University of Windsor at 6oC ± 1oC in 420 L 

aquaria under static renewal conditions until used. All animal holding and experiments were 

conducted according to the University of Windsor Animal Care Committee (AUPP 14-05) under 

the Canadian Council on Animal Care. 

 

2.2.2 Odorant test solutions 

The test solutions included negative and positive control odorants, as well as pheromone 

test solutions. As a positive control for amino acids detection, stock solutions were prepared, 

then diluted to 10-4 M for both calcium imaging and olfactory bulb recordings. A stock solution 

of 10-2 M L-histidine or L-Arginine (Sigma-Aldrich, Oakville, ON, Canada; H-8000) used as a 

standard odour (Li and Sorensen 1992) was prepared on the day of experimentation in chilled 
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lamprey Ringer’s solution. Immediately prior to experimentation, a serial dilution was made to a 

final concentration of 10-4 M L-histidine or L-arginine in chilled lamprey Ringer’s solution. 

 All test lamprey pheromone components utilized were received in powder form from Dr. 

Weiming Li (Michigan State University, MI, USA) on 13 Febuary 2015 and 12 August 2016. 

Stock solutions of the pheromones were made by reconstituting each pheromone in a 1:1 solution 

of high purity methanol:ultra-pure water to 1 mg mL-1 and stored in aliquots at -80oC. A vehicle 

control of 0.0025% methanol (equivalent to the amount of methanol expected in 10-6 M 

pheromone solution) was tested on the olfactory bulb preparation used for recordings. Aliquots 

of 10-5 M pheromone components were made in chilled lamprey Ringer’s solution from which 

working pheromone solutions were made immediately prior to experimentation via serial 

dilutions in chilled lamprey Ringer’s solution. Li et al. (2013) determined electro-olfactogram 

response threshold for DKPES and 3kPZS was 10-7 M and 10-10 M, respectively, for sexually 

mature spawning sea lamprey, with behavioural responses to 3kPZS and a ratio of 

DKPES:3kPZS occurring at 10-13 M. Therefore, 10-7 M 3kPZS, 10-8 M DKPES, 2:29.8 

DKPES:3kPZS with DKPES at 10-8 M and 3kPZS at 10-7 M were used in experiments 

comparing OSN and olfactory bulb responses to 3kPZS and DKPES individually and in a 

mixture. All other pheromone concentrations utilized for imaging experiments did not fall below 

the 10-13 M behavioural threshold nor the electro-olfactogram thresholds for each component 

(Table A-1) with 10-7 M being the concentration that pheromone components were typically 

diluted to prior to testing. Pheromone components to be employed during olfactory bulb 

experiments were serially diluted, beginning at 10-6 M, down to threshold during threshold 

experiments. A standard dilation series ranging from 10-13 M up to 10-6 M (for transformers) and 

10-12 M up to 10-6 M (for adults) was also prepared for those sets of experiments.  



20 
 

2.2.3 Loading dye into olfactory epithelium for calcium imaging 

To observe the response characteristics of individual olfactory epithelial OSNs when 

exposed to single odorants and odorant mixtures, the fluorescence changes occurring during 

OSN responses needed to be measured. Calcium imaging experiments involved loading OSNs 

with Calcium-Green dextran (3000 MW, Invitrogen, Eugene, OR). To load the olfactory 

epithelium, the sea lamprey to be used in the imaging experiment was taken from its holding 

aquarium and anesthetized (0.03% tricane methanesulfonate, pH 7.4; Sigma-Aldrich, Oakville, 

ON, Canada). Once unresponsive, the individual was removed from the anesthetic and the nasal 

pore was dried. A needle and syringe were then used to carefully deposit a mixture of Calcium-

Green dextran crystals and 0.1% triton x-100 (in deionized water) into the nasal pore before 

allowing a 5-minute rest period to allow the dye to dissolve in the nasal cavity. Chilled (8-10°C) 

and oxygenated Ringer’s solution (130 mM NaCl, 2.1 mM KCl, 2.6 mM CaCl2, 1.8 mM MgCl2, 

4 mM HEPES, 4 mM dextrose, 1 mM NaHCO3, pH 7.4) was applied to the gills intermittently 

during this rest period. As an experimental technique that was adapted and improved during this 

study, later loadings of the olfactory epithelium involved a 5-minutes rest period in a solution of 

dechlorinated water odorized with L-arginine immediately following the 5-minute dry rest period 

(Doving et al. 2011). The individual was then returned to the holding aquaria for at least 48 h 

(Daghfous G, Pers. Comm.) to allow for complete loading of the dye prior to dissection and 

imaging.  

 

2.2.4 Calcium imaging preparation of olfactory neurons 

Following the 48-hour incubation period, the dye loaded sea lamprey was anesthetized 

(0.03% tricane methanesulfonate, pH 7.4; Sigma-Aldrich, Oakville, ON, Canada) and 
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decapitated at the 3rd branchiopore. The head region was submerged in chilled and oxygenated 

lamprey Ringer’s solution (130 mM NaCl, 2.1 mM KCL, 2.6 mM CaCl2, 1.8 mM MgCl2, 4 mM 

HEPES, 4 mM dextrose, 1 mM NaHCO3; pH 7.4) that was replaced every 5-10 min during the 

dissection. The sample was placed dorsal side up, allowing removal of muscle and cartilage to 

expose the brain, olfactory nerve, nasal cavity, and olfactory epithelium. The ventral region of 

the nasal cavity, containing the olfactory epithelium was then removed and prepared as a flat 

mount, securely pinning and orienting the epithelium to face the inflow (Figure 2.1), taking care 

not to contact the lamellae. In a custom-built perfusion dish on a microscope stage, the olfactory 

epithelium had cooled, oxygenated Ringer’s solution perfused over its surface and odorants were 

applied intermittently, into the perfusate.  

 

2.2.5 Calcium image acquisition  

A Nikon Eclipse 800 epifluorescence microscope equipped with 10X to 40X objectives 

(water immersion lens) and with a fluorescein isothiocyanate excitation/emission filter set was 

used to monitor calcium responses of labeled cells (fluorophore excitation/emission was 506/531 

nm) (Figure 2.1). The light emitted was captured with an intensified CCD video camera 

(Photometrics CoolSNAP HQ; Roper Scientific, Tucson, AZ) and recorded (~1.5 frames per s), 

using Metafluor imaging software (Molecular Devices, Sunnyvale, CA) (Figure 2.2). To 

characterise the Ca2+ responses quantitatively for comparison, they were expressed as relative 

changes in fluorescence ΔF/F% and areas (ΔF/F•s) and compared between cells and stimuli 

(Viana Di Prisco et al. 1997, 2000; Smetana et al., 2007, 2010; Brocard et al., 2010; Derjean et 

al., 2010). Forskolin, an activator of adenylyl cyclase (Frings and Lindemann 1991; Leinders-

Zufall et al. 1997; Wong et al. 2000), was used as a positive control for calcium imaging 
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experiments at a concentration of 10-6 M. Adenylyl cyclase catalyzes the production of cyclic 

AMP, a second messenger that binds to cyclic nucleotide-gated channels through which calcium 

enters a responding cell, thus resulting in a calcium influx and eventual increase in cellular 

fluorescence. As a negative control, the neutral amino acid L-serine was applied to the olfactory 

epithelium where OSNs failed to respond, as also observed by Li (1995) during electro-

olfactogram recordings of the olfactory epithelium upon exposure to L-serine. Larvae were used 

during initial imaging experiments as the larval life-stage has been found to have the greatest 

density of OSNs, thus increasing the probability of detecting a fluorescing OSN within the 

imaging field of view (Vandenbossche et al. 1995). 

 

 

 

Figure 2.1 Calcium green dextran loading of sea lamprey olfactory sensory neurons. (A) 
The ventral olfactory epithelium (OE) with lamellar edges traced. Also visible are the olfactory 
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30 μm 

20 μm 
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bulbs (OB) (blue trace). (B) Calcium green dextran-loaded transformer-stage olfactory sensory 
neurons situated along lamella. (C) Calcium green dextran-loaded cells. 

 

 

Figure 2.2 An illustration of the odorant application setup for the calcium imaging 
experiments. The perfusion fluid for the custom-made delivery system was kept cool with the 
use of a chiller. A custom-designed 3-way solenoid valve allows for rapid and accurate switching 
between a constant chilled-Ringer drip and any of the chilled odours onto the epithelium. Upon 
exposure to stimulatory solutions, fluorescence changes were captured from the olfactory 
epithelium via an intensified CCD video camera. 
 
 
 
 
2.2.6 Electrophysiology setup 

To determine if odorant and odorant mixture sensory information from OSNs of the 

olfactory epithelium was being relayed to the olfactory bulb, LFP responses were recorded from 

the dorsal region of the olfactory bulb in response to various odorant applications to the olfactory 

epithelium. The electrophysiological recording rig and subsequent recording protocol, developed 

by Green et al. (2013, 2017) employed a 9-chamber odour delivery system that also 

simultaneously chilled the odorants to be tested as well as the background medium (Ringer’s 

solution) before delivering any of these preparations to the olfactory epithelium (Figure 2.2). 

Over the course of each experiment conducted using this setup, background Ringer’s solution 
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was continuously perfused over the olfactory epithelium which was accomplished using a 

gravity-fed, valve-controlled odour delivery system. All Ringer’s and odours applied were 

constantly vacuumed out of the recording chamber opposite to the inflow site. In order to switch 

between the background Ringer’s solution to any of the experimental odorants, without 

interruption in flow or changes in naris pressure, a Dell computer controlled and electronically 

triggered three-way solenoid valve was used.   

 

2.2.7 Ex-vivo olfactory bulb recording preparation 

All samples and solutions were prepared immediately prior to neural recordings. Prior to 

dissection, sea lamprey were anesthetized (0.03% tricane methanesulfonate, pH 7.4; Sigma-

Aldrich, Oakville, ON, Canada) and then decapitated at the 3rd branchiopore. The anterior tissue 

was submerged in chilled and oxygenated lamprey Ringer’s solution (130 mM NaCl, 2.1 mM 

KCL, 2.6 mM CaCl2, 1.8 mM MgCl2, 4 mM HEPES, 4 mM dextrose, 1 mM NaHCO3; pH 7.4) 

that was replaced every 5-10 min throughout the dissection.  

To begin the dissection, the removed anterior tissue was placed ventral side up and a cut 

made along the gill pores allowing the removal of the ventral tissue down to the level of the 

buccal cavity and nasopharyngeal pouch. The sample was then placed dorsal side up, allowing 

removal of muscle and cartilage to expose the brain (including olfactory bulbs), olfactory nerve 

and nasal cavities. A cut was made at the most rostral portion of the spinal cord and the olfactory 

epithelium was kept intact in order to detect delivered odours. The sample preparation was then 

placed on a chilled plate at 10oC and submerged in Ringer’s solution (Figure 2.3). Neural 

recordings were taken 1 h post dissection to allow for tissue to recover.  
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Figure 2.3 An illustration of the odorant application setup for the LFP recording 
experiments. The odours are stored in a custom-made delivery system and kept cool with the 
use of a chiller. A 3-way solenoid valve allows for rapid and accurate switching between a 
constant chilled-Ringer drip and any of the chilled odours onto the epithelium. Upon exposure to 
an odour, LFP’s will be recorded from the OB while EOG recordings will be taken from the 
olfactory epithelium via a recording electrode, with a reference electrode being placed on the 
surface skin near the naris of the sea lamprey. Green et al. (2013, 2017). 
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2.2.8 Local field potential recordings 

Following experimental protocol as established by Green et al. (2013, 2017), during each 

recording, all olfactory-stimulating molecules examined were delivered to the olfactory 

Figure 2.4 A diagram of the odour delivery apparatus (A) and recording chamber (B) 
containing the ex-vivo sample preparation. As illustrated, following the dissection, the 
peripheral olfactory organ (PO), olfactory bulb (OB), and pallium (Pal) are exposed and kept 
intact for the neural recordings that are read through an electrode placed on the surface of the 
OB. The electrode is in turn connected to an amplifier which passes the information on to an 
A/D converter before being displayed and stored on a connected computer. Green et al. 
(2013, 2017). 
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epithelium between 3-6 times in two second pulses in addition to the intermittent delivery of a 

negative control (either Ringer’s solution or a 10-4 M L-glutamine/L-serine mixture) applied to 

the lateral region and a positive control applied to the lateral region (10-4 M L-arginine). Between 

each unique odour delivery, lamprey Ringer’s solution was delivered via the odour delivery tube 

in 10 second pulses until LFP responses ceased. To obtain the extracellular LFPs in the olfactory 

bulb, a glass micropipette (World Precision Instruments, Inc., Sarasota, FL, 1.0mm) pulled to an 

5-10 μm tip diameter filled with 2M NaCl (0.1 MΩ impedance) was used. Silver wires were used 

to connect the micropipette to a headstage and the headstage-amplifier circuit was grounded and 

referenced using silver wires placed in the recording bath, that were then connected to the 

headstage. The signals obtained were filtered between 1 Hz and 1 kHz, before being amplified 

10,000 times and then subsequently digitized at 10 kHz (Powerlab 4/30, model ML866, 

ADInstruments, Colorado Springs, CO, USA) (Green et al. 2013). In order to ensure an 

acceptable signal to noise ratio, spikes were viewed online during recording and subsequently 

analyzed offline to assess spike frequency, amplitude, and duration during odour delivery using 

LabChart software (version 6.1.3, ADInstruments).  

 For each recording, the 5 second pre-odour stimulus baseline was used to generate a 

baseline mean and standard deviation for each odorant response analyzed. Only responses with 

peak amplitudes that exceeded a value 3 times greater than the baseline standard deviation were 

considered to be odour-evoked responses and included in further analyses. The basic amino acid 

L-arginine was employed as a positive control for electrophysiological recordings taken from the 

olfactory bulb as this odorant functioned well in eliciting LFP responses while the neutral amino 

acid L-serine failed to elicit LFP responses and thus worked well as a negative control. 
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2.3 Results 
 
 

2.3.1 Olfactory sensory neuron responses to odorant stimuli 

To determine the response characteristics of OSNs to odorants presented to the olfactory 

epithelium both individually and as mixtures, calcium dextran-loaded OSNs were imaged during 

odorant application. Forskolin, a stimulator of adenylyl cyclase (Frings and Lindemann 1991; 

Leinders-Zufall et al. 1997; Wong et al. 2000), was used as a positive control (Figure 2.5a). The 

responses elicited by forskolin (Figure 2.5a) support the suggestion that these OSNs are 

employing G-protein receptors using a cyclic AMP-second messenger (Buck and Axel 1991). 

The neutral amino acid, L-serine, which is not an odorant to the lamprey olfactory system (Li 

1994), failed to elicit OSN responses by calcium imaging (Figure 2.5b).  
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Figure 2.5 Positive and negative controls used in calcium imaging experiments. (A) Calcium 
transients of transformer-stage olfactory sensory neuron responses to odorant applications of 10-7 
M 3kPZS and 10-6 M forskolin (positive control) compared to background (ringer’s solution) 
baseline (left 3 transients), and odorant applications of 10-8M DKPES and 10-6 M forskolin 
compared to background (ringer’s solution) baseline (right 3 transients). All odorants were 
applied to the same olfactory epithelium preparation and each transient (produced by separate 
OSNs) begins at odorant stimulus offset. (B) Calcium transients of olfactory sensory neuron 
responses to odorant applications of 10-7 M Serine (red trace; negative control), 10-11 M 3kPZS 
(blue trace), and an unresponsive OSN (black trace). All odorants were applied to the same 
olfactory epithelium preparation and each transient (produced by separate OSNs) begins at 
odorant stimulus offset. Data from panel A provided by Michelle Farwell. 
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2.3.2 Olfactory sensory neuron discrimination between odour classes 

 Olfactory sensory neuron response specificity was examined at the level of pheromone 

and amino acid odour class discrimination. Larval olfactory sensory neurons, in a semi-intact 

preparation, exhibited response specificity upon exposure to a pheromone component mixture  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.6 OSN discrimination between pheromone and amino acid mixtures. Changes in 
fluorescence of eight larval-stage olfactory sensory neuron responses to a pheromone component 
mixture (A), and an amino acid/bile acid mixture (B). The 8 olfactory sensory neurons depicted 
in panel A (cell number shown on y-axis) are the same as those in panel B (cell number shown 
on y-axis; on right of figure) and were imaged from the same preparation (n=1). Each row 
represents a distinct, recorded olfactory sensory neuron and fluorescence peaks, representing 
responses, are boxed. Blue colouration indicates lower fluorescence emission while red indicates 
higher emission. The stimulus period, during which each odorant mixture was applied, is 
indicated by a vertical box across all cells. Data provided by Michelle Farwell. 
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and an amino acid/bile acid mixture once imaged to detect changes in fluorescence emission in 

response to the mixtures applied (Figure 2.6). This odour class response specificity was also 

observed during calcium imaging experiments conducted on transformer stage sea lamprey 

exposed to the same amino/bile acid and pheromone component mixtures (see Appendix; Figure 

A-3). Olfactory sensory neurons that were observed fluorescing in response to the stimuli 

presented (illustrated by a sharp change from blue/green/yellow to orange/red, and then back to 

the pre-response colour), responded to only one of the two odorant mixtures (Figure 2.6). These 

neurons appeared to exhibit specificity in terms of odorant ligand binding among amino and bile 

acid mixtures.  

 

2.3.3 Olfactory sensory neurons respond to specific pheromone components  

Individual odorants were applied to 24 preparations of transformer stage olfactory 

epithelia with 137 separate cells responding (see Appendix; Figure A-7).  The cells showed 

specificity in response upon exposure to various sets of single odorants including male sex 

pheromone components 3kPZS and DKPES (Figure 2.7). Ten preparations of olfactory epithelia 

were exposed to each pheromone component individually, then together in a mixture, eliciting 

responses from 23 olfactory sensory neurons (Figure 2.8). None of the responding olfactory 

sensory neurons were observed responding to both 3kPZS and DKPES, thus showing response 

specificity at the level of these individual pheromone components (Figures 2.7 and 2.8). 

Additionally, cells seen fluorescing to an individual pheromone component (ie. 3kPZS or 

DKPES) were observed responding again to a 3kPZS:DKPES mixture (Figure 2.7). The average 

fluorescence peak values produced by the olfactory sensory neurons (Figure 2.8) responding to a 

standard set of odorants including 10-7 M 3kPZS, 10-8 M 3kPZS, 10-8 M DKPES, and a 

DKPES:3kPZS mixture (10-8 M:10-7 M) are illustrated in Figure 2.9. The differences between 
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the fluorescence values elicited by each odorant were not determined to be statistically 

significant (f = 2.33013, p = 0.060427). 

 

 

 

 

 

 

 

 

Figure 2.7 OSN fluorescence peak response patterns to 3kPZS and DKPES. Fluorescence 
emission from two transformer-stage olfactory sensory neurons, (1) and (2), in response to a 
mixture of 10-7 M 3kPZS:10-8 M DKPES (I), 10-8 M DKPES (II), and 10-7 M 3kPZS (III). 
Olfactory sensory neuron responses to stimuli are illustrated by vertical bands of red/orange 
appearing after 20 second long stimulus periods (preceding boxed area), before returning to a 
baseline level of fluorescence (blue). (B) Calcium transients of the responses depicted in (A). 
Data provided by Michelle Farwell. 
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Figure 2.8 OSNs show specificity in response to 3kPZS and DKPES. An overview of 
transformer-stage epithelial preparations (n=10) exposed to 3kPZS and DKPES pheromone 
components. Each column represents a single olfactory sensory neuron, and columns grouped 
together by a heavier outline belong to the same preparation. Positive responses are represented 
by red (3kPZS) and blue (DKPES) boxes, tested odorants not responded to by a particular cell 
are represented by gray boxes, while untested odorants are represented by white boxes.  

 

 

 

 

 

 

 

 

 

Figure 2.9 OSNs discriminate between 3kPZS and DKPES when applied as single odorants 
and a mixture. Average maximum peak fluorescence amplitudes produced by 23 separate 
transformer-stage olfactory sensory neurons over 10 preparations (n=10) of transformer stage sea 
lamprey epithelium. Each cell was exposed to 10-7 M 3kPZS, 10-8 M 3kPZS, 10-8 M DKPES, and 
a 10-7 M 3kPZS:10-8 M DKPES mixture. The fluorescence emission values were recorded. Cells 
which responded to either isolated 3kPZS concentration were classified as 3kPZS responding 
cells (black bars) while DKPES responding cells are represented by light gray bars for each 
comparison of peak fluorescence amplitudes produced by each odorant or mixture. The peak 
levels of fluorescence are determined by dividing the delta fluorescence by the average for a 
particular cell. Differences in average fluorescence peak values between odorants were not 
determined to be significant (f = 2.33013, p = 0.060427). 
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 Other pairs of pheromone components were tested for specificity from olfactory sensory 

neurons. Putative larval migratory cues 971 and 973, enantiomers sharing the same chemical 

formula and mirrored structures, were delivered to two transformer stage preparations of 

olfactory epithelia. Each odorant was delivered individually and as a mixture, resulting in 25 

cells responding to one of 971 or 973 over the two preparations. Looking at the traces identifying 

the cells that responded to each odour (Figure 2.10), none of the responding cells from these 

preparations fluoresced to both 971 and 973 odorants as seen by absence of both a yellow and 

magenta trace around any one cell. Furthermore, analysis of olfactory sensory neurons 

responding to each odorant applied revealed a number of instances involving a cell responding to 

one of the individual 971 or 973 odorants as well as the mixture when it was applied. One such 

instance is illustrated in Figure 2.11 with a 971-responding cell (outlined in blue; Figure 2.11a) 

producing fluorescence peaks (blue trace; Figure 2.11d) in response to applications of 10-7 M 

971 and a 10-7 M 971:10-7 M 973 mixture. It is important to note that this cell, having responded 

to the 971 odorant applications, did not respond to an application of 10-7 M 973 (Figure 2.11d). 

Looking at the 973-responding cell (outlined in red; Figure 2.11a), a similar response pattern is 

observed with fluorescence peaks (red trace; Figure 2.11d) produced by this cell in response to 

odorant applications of 10-7 M 973 and a 10-7 M 971:10-7 M 973 mixture. None of the 25 cells  
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Figure 2.10 Location of transformer-stage OSNs responding to 971 and 973. The 
transformer-stage olfactory epithelium preparation image shown was taken from an image stack 
generated during the calcium imaging experiment and subsequently filtered using imageJ 
software. Two sets of superimposed regions of interest encompassing olfactory sensory neurons 
responding to 10-7 M 971 (yellow traces) and 10-7 M 973 (magenta traces; two regions have been 
cropped) during separate applications of each odorant onto the same olfactory epithelium. Scale 
bar, 60 μm. 
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Figure 2.11 Olfactory sensory neuron discrimination between sea lamprey pheromone 
components 971 and 973. (A) Raw image of transformer-stage olfactory sensory neurons 
loaded with calcium green dextran. A cell responding to the putative pheromone component 971 
is outlined in blue, while a cell responding to the putative pheromone component 973 is outlined 
in red. Scale bar, 60 μm. (B) Heatmap overlays of cells responding to 10-7 M 971 (left), a 1:1 
mixture of 10-7 M 971:10-7 M 973 (center), and 10-7 M 973 (right). Non-responding cells are 
outlined in each case (971 cell in blue, 973 cell in red). Scale bars, 60 μm. (C) A filtered sample 
image of the preparation used for analysis. Scale bar, 60 μm. (D) Calcium transients of a 971-
responding cell (blue traces), a 973-responding cell (red traces), and a control cell (black traces) 
in response to 10-7 M 971 (left), a 1:1 mixture of 10-7 M 971: 10-7 M 973 (center), and 10-7 M 
973 (right). Odorant stimulus onset coincides with the start of each trace while black arrows 
beneath each trace denote offset. 

 

 

which responded to either 971 (13 cells) or 973 (12 cells) were observed responding to 

applications of L-arginine (Figure 2.12). Conversely, six cells that responded to L-arginine did 

not respond to either 971 or 973 (Figure 2.12).  
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Figure 2.12 OSNs show specificity in response to 971 and 973. An overview of 2 transformer-
stage epithelial preparations (n=2) exposed to 971 and 973 pheromone components. Each 
column represents a single olfactory sensory neuron, and columns grouped together by a heavier 
outline belong to the same preparation. Positive responses are represented by black boxes, tested 
odorants not responded to by a particular cell are represented by gray boxes, while untested 
odorants are represented by white boxes. Across two preparations, 25 olfactory sensory neurons 
responded to either 971 or 973. 

 

Putative pheromone component PAMS-24 was tested alongside 3kPZS to determine detectability 

at the level of the olfactory epithelium. PAMS-24 and 3kPZS were each delivered individually to 

the same epithelial preparation before a mixture of both components was then applied. Again, 

each cell responded to either PAMS-24 or 3kPZS pheromone component and was not observed 

responding to both components as illustrated by response territories of PAMS-24-responding 

cells (magenta traces; Figure 2.13) and 3kPZS (yellow traces; Figure 2.13) not overlapping for 

any one cell. A specific instance of the same olfactory sensory neurons responding to both an 
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Figure 2.13 Location of OSNs responding to 3kPZS and PAMS-24. The transformer-stage 
olfactory epithelium preparation image shown was taken from an image stack generated during 
the calcium imaging experiment and subsequently filtered using imageJ software. Two sets of 
superimposed regions of interest encompassing olfactory sensory neurons responding to 3kPZS 
10-7 M (yellow traces) and PAMS-24 10-7 M (magenta traces) during separate applications of 
each odorant onto the same olfactory epithelium. Scale bar, 60 μm. 

 

individual pheromone component as well as the component mixture when applied is illustrated in 

Figure 2.14. Here, a pair of responding cells; a PAMS-24-responding cell (outlined in red; Figure 

2.14a) fluoresced in response to PAMS-24 10-7 M (Figure 2.14d; red trace, right calcium 

transient set) and a 3kPZS-responding cell (outlined in blue; Figure 2.14a) fluoresced in response 

to 3kPZS 10-7 M (Figure 2.14d; blue trace, left calcium transient set), and both responded to the 

3kPZS/PAMS-24 mixture when it was applied (Figure 2.14d; middle calcium transient set).  
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Figure 2.14 Olfactory sensory neuron discrimination between sea lamprey pheromone 
components 3kPZS and PAMS-24. (A) A raw image of transformer-stage olfactory sensory 
neurons loaded with calcium green dextran. A cell responding to the putative pheromone 
component 3kPZS is outlined in blue, while a cell responding to the putative pheromone 
component PAMS-24 is outlined in red. Scale bar, 60 μm. (B) Heatmap overlays of cells 
responding to 10-7 M 3kPZS (left), a 1:1 mixture of 10-7 M 3kPZS:10-7 M PAMS-24 (center), 
and 10-7 M PAMS-24 (right). Non-responding cells are outlined in each case (3kPZS cell in blue, 
PAMS-24 cell in red).  Scale bars, 60 μm. (C) A filtered sample image of the preparation used 
for analysis. Scale bar, 60 μm. (D) calcium transients of a 3kPZS-responding cell (blue traces), a 
PAMS-24-responding cell (red traces), and a control cell (black traces) in response to 10-7 M 
3kPZS (left), a 1:1 mixture of 10-7 3kPZS M:10-7 M PAMS-24 (center), and 10-7 M PAMS-24 
(right). Odorant stimulus onset coincides with the start of each trace while black arrows beneath 
each trace denote offset. 

 

In all, 53 olfactory sensory neurons responded to one of either PAMS-24 (23 cells) or 

3kPZS (30 cells). In addition to 3kPZS, DKPES, PAMS-24, 971, and 973, pheromone 

components PSDS and PZS were also successful in eliciting responses from olfactory sensory 

neurons (Figure 2.15). Cellular specificity was not only observed for pheromone components 

however, amino acids L-arginine and L-histidine and bile acid taurocholic acid all elicited 
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responses from olfactory sensory neurons, showing the same level of response specificity seen 

with the aforementioned pheromone components (Figure 2.15).  

 

 

 

Figure 2.15 OSNs show specificity in response to a variety of odorants. An overview of 
transformer-stage olfactory sensory neuron responses to: pheromone components 3kPZS, PSDS, 
and PZS; amino acids L-histidine and L-arginine; and bile acid taurocholic acid. Each column 
represents a single olfactory sensory neuron, and columns grouped together by a heavier outline 
belong to the same preparation (n=10 preparations shown). Positive responses are represented by 
coloured boxes, tested odorants not responded to by a particular cell are represented by gray 
boxes, while untested odorants are represented by white boxes. 

 

 

2.3.4 Electrophysiological olfactory bulb recordings  

Local field potential recordings were made to investigate the response of the olfactory 

bulb neural responses to individual canonical and newly discovered lamprey pheromone 

components. Green et al. (2017) observed local field potential responses in the dorsal region of 

the olfactory bulb to a mixture of canonical pheromone components, and the lateral bulbar region 

responded only to amino acids. However, responses to individual pheromone components, or the 

newly discovered pheromone components have not been tested. In our recordings, the lateral 

region did not respond to the pheromone component PADS, yet the dorsal region did respond 

(Figure 2.16). This finding is in agreement with the observation by Green et al. (2017) that the 
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lateral olfactory bulb did not respond to a pheromone mixture when applied, instead responding 

only to amino acids.  

 

 

Figure 2.16 Lateral olfactory bulb region is unresponsive during pheromone exposure. 
Local field potential) recordings in the lateral and dorsal regions of the same olfactory bulb in 
response to 10-7 M PADS. Odorant stimulus onset coincides with the start of each trace while 
black arrows beneath each trace denote offset.  
 
 
 
Each pheromone component tested arrived in powdered form and was subsequently solubilized 

in a 1:1 mixture of methanol and ultra pure water. The vehicle control of 0.0025% methanol was 

tested alongside 10-7 M 3kPZS to compare the local field potential response amplitudes 

stimulated by each to ensure that the methanol vehicle control did not act as a stimulus. While 

the 10-7 M 3kPZS application elicited a local field potential response, the methanol vehicle 

control did not yield a response upon application (Figure 2.17).  
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Figure 2.17 Methanol vehicle control did not elicit a response from the dorsal olfactory 
bulb. Electrophysiological (local field potential) recordings taken from the dorsal olfactory bulb 
in response to applications of 0.5% methanol and 3kPZS 10-7 M. Odorant stimulus onset 
coincides with the start of each trace while black arrows beneath each trace denote offset. 
Responses were elicited by 3kPZS while 0.5% methanol failed to elicit a response from the same 
test preparation. 
 

 

The amino acids L-serine and L-arginine (Li 1994) were established as negative and 

positive controls respectively (Figure 2.18) as the neutral amino acid L-serine reliably failed to 

elicit an electrophysiological response from the dorsal olfactory bulb while the basic amino acid 

L-arginine functioned well as an odour stimulus.  

 

 

 
Figure 2.18 L-serine does not elicit a response from the dorsal olfactory bulb. Local field 
potential recordings from the dorsal olfactory bulb in response to applications of 10-4 M L-serine 
and 10-4 M L-arginine. Odorant stimulus onset coincides with the start of each trace while black 
arrows beneath each trace denote offset. Responses were elicited by L-arginine while L-serine 
failed to elicit a response from the same individual. 
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2.3.5 Threshold concentration of sea lamprey pheromone components  

 The response thresholds for three separate male sea lamprey sex pheromone components 

(n=1, Figure 2.19) as well as four larval migratory cue components (n=1, Figure 2.20) were 

determined from local field potential recordings from the olfactoy bulb of spawning stage sea 

lamprey. Each individual tested was exposed to serially decreasing concentrations of one 

pheromone component until response elicitation failed for three consecutive odorant stimulations 

(n=1 for each pheromone component tested for threshold). Concentrations indicated as 

‘Threshold’ in Figures 2.19 and 2.20 are 10 times more concentrated than the concentration 

which failed to elicit an LFP responses for that pheromone component (ie. if ‘threshold’ is 10-12 

M, then no response was detected at 10-13 M).   For each recording, a 5 second pre-odour 

baseline mean and standard   
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Figure 2.19 Spawning-stage dorsal olfactory bulb detection thresholds determined for three 
separate adult male sea lamprey pheromone components. The traces depicted are of local 
field potential recordings from the dorsal surface of the olfactory bulb in response to each 
pheromone component at 10-6 M (right) and threshold concentrations (center), with an example 
of the background baseline (left). For each pheromone component, one test preparation was used 
to elicit the response data shown. Each pheromone was tested three times and the offset of these 
2 second deliveries are represented by the arrowheads under each trace. Asterisks denote recently 
elucidated putative pheromone components.  

 

deviation was calculated and only responses with peak amplitudes greater than 3 times the 

baseline standard deviation were considered odour-evoked responses. Of the seven total 

pheromone component thresholds determined, four are recently elucidated, putative pheromone 

components including two male sex pheromone components DKPES and PAMS-24 (Figure 

2.19) as well as two larval pheromone components 971 and 973 (Figure 2.20).  
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Figure 2.20 Spawning-stage dorsal olfactory bulb detection thresholds determined for four 
separate larval sea lamprey pheromone components. The traces depicted are of local field 
potential recordings from the dorsal surface of the olfactory bulb in response to each pheromone 
component at 10-6 M (right) and threshold concentrations (center), with an example of the 
background baseline (left). For each pheromone component, one test preparation was used to 
elicit the response data shown. Each pheromone was tested three times and the offset of these 2 
second deliveries are represented by the arrowheads under each trace. Asterisks denote recently 
elucidated putative pheromone components. 

 

 

 

10-18 M 

10-18 M 

10-10 M 

10-20 M 

* 

* 



46 
 

2.3.6 Dose-response investigations of various pheromone components  

 

 A standard concentration series ranging from 10-12 M up to 10-6 M was delivered to 

spawning-stage sea lamprey to observe the potential correlation between the concentration of an 

odorant delivered and the subsequent response amplitude elicited. A total of 8 pheromone 

components (3 male sex pheromone and 5 larval pheromone components) were tested on 

olfactory bulb preparations from 8 spawning-stage sea lampreys. Each lamprey received serially 

diluted concentrations of one pheromone component (Figure 2.21a). Six of the eight pheromone 

components tested had the greatest average response amplitudes elicited by the highest 

concentration within the series.  

Likewise, a concentration series ranging from 10-13 M up to 10-6 M was delivered to 

transformer stage sea lamprey to determine the nature of dose-dependent olfactory bulb 

responses. A total of nine pheromone components (4 male sex pheromone and 5 larval 

pheromone components) were tested on olfactory bulb preparations from 9 transformer lamprey 

sea. Each transformer lamprey received serially diluted concentrations of one pheromone 

component (Figure 2.21b). Two of the nine pheromone components tested had the greatest 

response amplitudes elicited by the highest concentration delivered. 
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Figure 2.21 Average electrophysiological (local field potential) dose-response peak 
amplitudes recorded from the dorsal olfactory bulb surface of transformer-stage (A) and 
spawning-stage (B) sea lamprey. Each coloured series of plots represents a concentration series 
of a pheromone odorant delivered to the peripheral olfactory organ. The magnitude of the 
response amplitude is expressed as a ratio of the maximum response from that concentration 
series. A maximum response would thus have a y value of 1.0. Each odorant was tested on n=1 
transformer-stage or spawner-stage sea lamprey for a total of n=9 transformer-stage preparations 
and n=8 spawner-stage preparations used. 

 

 

2.3.7 Comparison of olfactory bulb electrophysiological responses to single vs multi-
component odour stimuli 

 Male sex pheromone component 3kPZS (10-8 M), putative male sex pheromone 

component DKPES (10-8 M) and a mixture of both components DKPES:3kPZS (10-8 M:10-8 M) 

were delivered to the peripheral olfactory organ of five (n=5) transformer stage sea lamprey. The 

peak response amplitudes recorded from each lamprey were averaged for each odorant and 
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compared (Figure 2.22). After testing skewness (3kPZS z-score=1.459, DKPES z-score=1.611, 

DKPES:3kPZS z-score=1.586), kurtosis (3kPZS z-score=1.025, DKPES z-score=0.942, 

DKPES:3kPZS z-score=1.434), and Shapiro-Wilk value (3kPZS=0.430, DKPES=0.214, 

DKPES:3kPZS=0.265) it was determined that the data passed these tests of normality. Thus, a 

parametric ANOVA was used to determine that the LFP amplitude means were not significantly 

different (p=0.334).   
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Figure 2.22 Transformer-stage olfactory bulb responses to individual pheromone 
components compared to mixture. The average peak amplitudes of local field potential 
recordings from the surface of the olfactory bulb in response to 10-8 M 3kPZS, 10-8 M DKPES, 
and a ratio mixture of 10-8 M DKPES:3kPZS (2:29.8) odorant applications to the peripheral 
olfactory organs of n=5 transformer stage sea lampreys. Constituent LFP values (dot overlays) 
comprising each average (represented by each bar) are displayed, superimposed over the 
corresponding bar. Data collected/analyzed with Michelle Farwell. 
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2.4 Discussion 
 

Given the behavioural observations by Li et al. (2013) that a mixture of sex pheromone 

components 3kPZS and DKPES attracted a greater number of ovulating females than either 

individual component alone (with DKPES completely failing to elicit a behavioural response), 

this study sought to characterise how sea lamprey OSNs process odorant mixtures compared to 

single odorants and how this may affect neural activity at the surface of the olfactory bulb. The 

present study proposed that OSNs may be highly specific in responding to perspective ligands, 

thereby providing increased resolution and the ability for OSNs of the peripheral olfactory organ 

to respond to specific pheromone components. When presented with multiple odorants, 

individual OSNs were found to respond to a single odorant, often responding again to a mixture 

containing that odorant. Overall, 7 separate pheromone components, 2 amino acids and 

taurocholic acid were detected by separate OSNs of the olfactory epithelium without a single 

OSN responding to multiple odorants. Olfactory bulb detection thresholds in adult sea lampreys 

were determined for 7 pheromone components and found to range from 10-9 M (DKPES; n=1) to 

10-20 M (PZS; n=1). All 4 newly discovered putative pheromone components tested (DKPES, 

PAMS-24, 971, and 973) elicited OSN responses as well as LFPs from the dorsal olfactory bulb 

region, demonstrating that these components are detected by the olfactory epithelium and that 

this sensory information is relayed to the brain (ie the olfactory bulb).   

Across several separate olfactory epithelium preparations, OSNs were found to respond 

to one out of a series of odorants applied during each experiment. In each case, responding OSNs 

fluoresced to only one odorant, exhibiting high specificity for that odorant and often responding 

again if exposed to a mixture including the odorant previously responded to. Broadly tuned 

OSNs, responding to multiple odorants, have been observed in the necklace glomeruli of mice, 
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and while these broadly tuned OSNs have also been observed on the antennae of insects, so too 

have specialist OSNs, expressing only pheromone specific odour receptors showing high 

specificity for sex pheromone components (Christensen and Hildebrand, 1987; Hildebrand and 

Shepherd, 1997; Sato and Touhara, 2009; Greer et al. 2016). Nara et al. (2011) tested 13 separate 

odorant mixtures, as well as single odorants, on 3000 mouse OSNs and found both broadly tuned 

OSNs, responding to multiple odorant mixtures, as well as many cases of individual OSNs 

responding to only a single odorant. Interestingly, the single odorants to which individual OSNs 

were found to specifically respond to were all animal-related olfactory cues, including mouse 

pheromones, fecal odorants, and musk odorant components (Nara et al. 2011). These animal-

related odorants could conceivably be involved in innate responses upon detection by OSNs of 

the olfactory epithelium, much in the same manner that sea lamprey pheromone components are 

believed to trigger innate behavioural responses. The importance of the detection of multiple 

pheromone components and their specific ratio within the released mixture has been 

demonstrated in a number of species. Nochuid moths, Pelosi pisi and Pelosi flammea employ the 

same two principle components in their respective pheromone blends, but these two closely 

related species use different concentrations of these components to aid in conspecific recognition 

(Kaissling and Kramer 1990). Similarly, while both the goldfish (Carassius auratus) and the 

closely related common carp (Cyprinus carpio) release prostaglandin F2α, 15keto-prostaglandin 

F2α, and 13,14-dihydro-15keto-prostaglandin F2α, male carp were more strongly attracted to the 

odour of conspecific ovulated females compared to the odour produced by ovulated goldfish 

(Lim and Sorensen 2011). It was determined that while both species release the same 3 

prostaglandins, ovulated goldfish release these at a slightly greater rate and in a different ratio 

(Lim and Sorensen 2011). The ability to identify separate male sex pheromone and larval 
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migratory cue components could thus be advantageous for sea lamprey as this allows for varied 

behavioural responses based on the combination and ratio of mixture components (Li 2005; 

Johnson et al. 2008). 

In this study, a mixture of 3kPZS and DKPES induced a significantly greater average 

LFP response amplitude from the dorsal olfactory bulb than 3kPZS when applied on its own. 

These two pheromone components elicited responses from separate OSNs, suggesting that these 

cells express unique odour receptors. OSNs expressing dissimilar odour receptors have been 

shown to project to different glomeruli in the mammalian olfactory bulb, with each glomerulus 

receiving axonal input from only OSNs expressing a single odour receptor gene (Ressler et al. 

1994). Conceivably, the pheromone components in this study may be exhibiting specific 

glomerular activation similar to that seen in zebrafish, where Friedrich and Korsching (1997) 

showed that individual amino acids induced highly specific glomerular activity. As such, a 

mixture of 3kPZS and DKPES may be activating a greater number of glomeruli within the 

olfactory bulb than 3kPZS activates on its own, thereby generating greater neural activity 

reflected by a greater LFP response amplitude as seen in this study. LFP recordings represent the 

summed synaptic activity generated by inhibitory and excitatory postsynaptic potentials 

involving OSN axons, projection neuron dendrites, and interneurons, with greater LFP 

amplitudes being indicative of greater synaptic activity. While LFPs convey this general, odour-

evoked information to higher brain regions, they do not provide information about the specific 

odour identity (Friedrich et al. 2004). Thus, these recordings cannot guarantee that the sensory 

information being sent to the recorded neurons is being passed on to higher brain structures to 

elicit a motor response. Behavioural responses to olfactory stimuli can also be taken into 
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consideration as an indication of the perception of an environmental odour (Johnson et al. 2006, 

2009). 

In the present study, calcium transients were elicited from OSNs in response to 

applications of 4 larval pheromone components (971, 973, PSDS, and PZS) and 3 male sex 

pheromone components (3kPZS, DKPES, and PAMS-24). These results bring cellular resolution 

to the findings from studies which used electro-olfactogram recordings of neural activity from 

the olfactory epithelium to illustrate sea lamprey responsiveness to 3kPZS (Li et al 2002), 

DKPES (Li et al. 2013), PAMS-24, 971, and 973 (Brant 2015), PSDS (Sorensen et al 2005), and 

PZS (Siefkes and Li 2004) in the peripheral olfactory organ. This study also reports LFP 

responses recorded from the dorsal olfactory bulb region in response to 6 larval pheromone 

components (971, 973, PADS, PSDS, PZS, and ACA) and 4 male sex pheromone components 

(3kPZS, DKPES, PAMS-24, and 3kACA). The LFP responses elicited by 3kPZS, 3kACA, PZS, 

PADS, and PSDS echo the findings of Green et al. (2013, 2017) which also observed responses 

to a mixture containing these pheromone components from the dorsal olfactory bulb. 

Considering the previously reported electro-olfactogram responses to DKPES (Li et al. 2013), 

PAMS-24 (Brant 2015), and ACA (Bjerselius et al. 2000) recorded from the olfactory 

epithelium, it was not surprising to see neural activity elicited from the dorsal olfactory bulb by 

these components. This study reports an absence of pheromone-evoked LFP responses from the 

lateral olfactory bulb, as was also reported by Green et al. (2013, 2017). Additionally, there is 

structural similarity (ie. a shared tetracyclic (cholane) backbone with side-chain branching off 

the 5-carbon ring) between DKPES, PAMS-24, and ACA to the components of the pheromone 

mixture reported by Green et al. (2013, 2017) as being stimulatory. The current study expands 

these findings however by testing each component of the pheromone mixture employed by 
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Green et al. (2013, 2017) to characterise olfactory responsiveness to each component 

individually. Interestingly, putative pheromone components 971 and 973 do not share this 

tetracyclic backbone and instead represent novel dyhydroxylated tetrahydrofuran diol fatty acids 

(Brant 2015). Despite their departure from the classic cholane steroid template, these 

components were found to elicit neural activity from the olfactory epithelium based on electro-

olfactogram recordings (Brant 2015) and calcium imaging data presented in this study showing 

individual OSNs responding to these components. This study also determined dorsal olfactory 

bulb response thresholds for 4 larval pheromone components (971, 973, PSDS, and PZS) and 3 

male sex pheromone components (3kPZS, DKPES, and PAMS-24). Table 1 compares the 

olfactory detection thresholds determined for each component and compares these threshold 

values to the electro-olfactogram thresholds previously reported in the literature (Li et al. 2002, 

2013; Siefkes and Li 2004; Sorensen et al. 2005; Brant 2015). Though the n value is too low for 

robust statistical analyses of these threshold values, if the various pheromone component LFP 

and electro-olfactogram thresholds are compared as a whole, it is observed that generally all LFP 

threshold values collected from adult lampreys, aside from PSDS (Sorensen et al. 2005), were 

found to be lower than the electro-olfactogram derived values for each pheromone component. 

One explanation for this observation may be OSN axonal convergence into olfactory bulb  
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Molar (M) detection threshold  

 
3KPZS PZS PSDS DKPES PAMS-24 971 973 

Olfactory 
epithelium 
EOG  

10-10 10-12 10−13 10-7 10-12 10-11 10-11 

Olfactory 
bulb LFP  
 

 
10-14 10-20

 10-10 10-9 10-14 10-18 10-18 

 
Table 1. A comparison of dorsal olfactory bulb and olfactory epithelium response 
thresholds for individual sea lamprey pheromone components. LFP response thresholds from 
the dorsal olfactory bulb are compared to the response thresholds of electro-olfactogram 
recordings from the olfactory epithelium of adult lamprey in response to applications of 
individual pheromone components 3kPZS (Li et al 2002), DKPES (Li et al. 2013), PAMS-24, 
971, and 973 (Brant 2015) PSDS (Sorensen et al 2005), and PZS (Siefkes and Li 2004).  
 

glomeruli. It has been shown in the mammalian olfactory system that axons from OSNs 

expressing the same odour receptor will converge within the same glomerulus to synapse with 

projection neuron dendrites (Ressler et al. 1994). Thus, this convergence may be summating 

sensory input from many, widespread OSNs scattered throughout the epithelium into far fewer 

glomeruli in the olfactory bulb from which LFP responses were recorded in this study. This then 

could have facilitated the detection of LFP responses from the olfactory bulb at concentrations 

below the detection threshold at the olfactory epithelium, where electro-olfactogram recordings 

may be recording the summed neural activity of only a portion of the OSNs activating the 

glomeruli from which LFP recordings were taken. Interestingly, the 3 lowest threshold values 

were produced by larval pheromone components (PZS, 971, and 973), this appears to shadow the 

general trend of relatively lower detection thresholds (electro-olfactogram) for migratory 

components compared to male sex pheromone components (Li et al. 1995, 2002, 2013; Sorensen 

et al. 2005). Additionally, natural in-stream pheromone concentrations have been measured as 

being in the range of 10-12 M to 10-13 M (Yun et al. 2002; Johnson et al. 2008), while behavioural 

N=1 N=1 N=1 N=1 N=1 N=1 N=1 

N=4 N=4 N=6 N=7 
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trials have shown ovulating female sea lamprey respond to in-stream concentrations as low as 10-

14 M (3kPZS) (Johnson et al. 2008).  

 Interesting differences between the dose-response patterns produced by spawning-stage 

and transformer-stage lamprey exposed to pheromone component concentration series were 

observed. While 6 of 8 pheromone components delivered to spawning-stage lamprey had their 

maximum response magnitude elicited by the highest concentration delivered, this was the case 

for only 2 of 9 pheromone components delivered to transformer-stage lamprey. LFP peak 

response amplitudes represented the summed glomerular activity from OSN axons recruited to 

the recording region, projection neuron dendrites, as well as interneurons. These amplitudes were 

reported for each pheromone concentration tested as percentages of the maximum response for 

that concentration series. A decrease in LFP response amplitude coinciding with a decrease in 

concentration was observed for 5 of 8 pheromone component concentration gradients tested on 

spawning-stage lamprey while only 1 of 9 pheromone components (PADS) tested on 

transformer-stage lamprey exhibited a similar dose-response pattern. The difference between 

life-stage dose-response patterns could be influenced by the maximal raw LFP values recorded 

for each life stage. The maximal LFP values from spawning-stage lamprey tended to be greater 

for each concentration series than the maximal LFP values from transforming-stage lamprey. A 

greater maximum peak value per concentration series provides a larger range for a potential 

concentration-dependent response pattern to fall within. The greater LFP values produced by 

spawning-stage lamprey may be the result of a greater number of OSNs conveying sensory 

information to any one glomerulus, since the peripheral olfactory organ of spawning-stage 

lamprey is many-fold larger and contains far more OSNs than that of a transformer-stage 

lamprey (vanDenBossche et al. 1995). It could also be argued that the generally concentration-
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invariant LFP amplitudes recorded from the majority of pheromone components tested on 

transformer-stage lamprey as well as a portion of those tested on spawning-stage lamprey may be 

expected. Wachowiak et al. (2001) observed in the box turtle, Terrapene carolina, that the 

glomerular activation patterns produced by an odorant at a low concentration did not alter 

significantly as the concentration was increased. As well, an orientation strategy relying on 

recognition of concentration gradients may not be effective for sea lamprey when tracking 

pheromones in their aquatic environment. Sea lamprey are monorhinic and thus use a single 

nostril to move scented water into and out of the olfactory epithelium which each respiratory 

cycle (Kleerekoper 1972). This restricts lamprey to sequential sampling of odour plumes, and 

this sampling rate may be too slow to reliably measure the dynamic properties in turbulent odour 

plumes (Webster and Weissburg 2001). Therefore, differences in bulbar activity level may not be 

expected to correlate with odorant concentration. Behavioural assays by Johnson et al. (2008) 

demonstrated upstream movement by ovulating female sea lampreys induced by in-stream plums 

of 10-14 M to 10-10 M 3kPZS with no significant difference in the time it took the lamprey to 

swim upstream into the trap between the various concentrations.  

 Sea lamprey OSNs are believed to posses G-protein coupled odorant receptors (Frontini 

et al. 2003, Ren et al. 2009), so forskolin, an indirect promoter of cyclic-AMP catalysis 

(resulting in depolarization and subsequent generation of a neural impulse), should elicit a 

response from any OSN employing this G-protein coupled receptor (Frings and Lindemann 

1991; Leinders-Zufall et al. 1997; Wong et al. 2000). While we observed responses from 

multiple OSNs to forskolin, we did not observe an instance of an OSN responding to both an 

odorant as well as forskolin, as would be expected. A concentration of 10-6 M forskolin was used 

in this study, higher concentrations have been used in similar studies (10-5 M in Bozza et al. 
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2002) and this is an adjustment that could be easily made to determine if this may be affecting 

OSN responses. Supporting this thought, while 30+ OSNs were observed responding to 3kPZS 

during one experiment, the greatest number of OSNs seen responding to forskolin in our 

experiments was 3. Another consideration, given the mechanism of action of forskolin, is that the 

cellular membrane of the OSN may be leaky given the triton application during the calcium 

loading process. This leakiness may be illustrated by the general decrease in baseline 

fluorescence observed during calcium imaging experiments in this study. It could be that the 

membrane may still be slightly solubilized, affecting the entry of forskolin or promoting its exit 

out of the OSN, and thereby affecting OSN responses to its application. Regular odorants act 

extracellularly on odour receptors and may be less affected.  

 An important qualifying note on much of the electrophysiological data collected from the 

olfactory bulb in this study is the low n-value for the various threshold and dose-response 

recordings. Several factors influenced the n-value including the time we had to work with the 

animals. Spawning-stage lamprey undergo natural senescence regardless of whether mating has 

occurred, thus from the time of collection (early May) until senescence (early to mid August in 

our tanks) we had a relatively short window within which to work. Similarly, the transformer-

stage lamprey in our possession lasted on average from the time of collection (mid to late 

October) until the animal quality degraded beyond usability (late March to early April). 

Additionally, with limits on human resources, repeatability was sacrificed in order to gain as 

much novel information as possible from as many different pheromone components (including 

each of the 4 newly elucidated putative components) as possible for both threshold and dose-

response experiment sets. Given the knowledge gained through this study concerning the 

approximate thresholds of the various pheromone components, these concentrations could be 
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targeted in future experiments as a means of more efficiently increasing the n value for these 

experiments. Based on the general trends observed in this study regarding dose-response patterns 

amongst spawning and transforming-stage sea lamprey, future experiments could focus more 

narrowly on a smaller set of pheromone odorants to test for potential life-stage effects. 

 The characterization of how the peripheral olfactory organ is responding to individual 

pheromone components and component mixtures, at the level of an individual OSN is an 

important addition to our knowledge of sea lamprey olfaction and may have farther reaching 

implications within vertebrate olfaction as well. As a basal vertebrate, the sea lamprey offers a 

glimpse into the evolution of the vertebrate olfactory system in terms of organization and 

function, thereby informing investigations of higher order vertebrates. From a population 

management standpoint, a greater understanding of how lamprey are processing pheromone 

mixtures in the peripheries of the olfactory system, and how this processing influences bulbar 

activity can significantly aid pheromone cocktail design. The characterization of 4 newly 

elucidated, putative pheromone components in terms of the ability of each of these components 

to stimulate olfactory responses from the olfactory bulb as well as individual cells within the 

olfactory epithelium also serves to better inform the potential further investigation of these 

compounds in behavioural studies.  Ovulating females prefer whole spermiated male washings 

over any single fractionated component of the washings (Johnson et al. 2008), so identifying 

each component, and the relative attractiveness of each component, individually and in different 

combinations can prove useful. With discussions of pheromone communication in vertebrates 

often narrowly focused on mammals, the sea lamprey affords a well described, robust, and 

relatively simple model of vertebrate olfaction. This study represents the first description of OSN 

response characteristics in the sea lamprey and has outlined several pheromone components that 
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have elicited olfactory responses from individual OSNs that showed high specificity for the 

ligand to which they responded. The specificity in odour-evoked OSN responses seen here in the 

lamprey may offer insight into similar instances observed in the mouse and salamander (Zufall et 

al. 1998; Nara et al. 2011). In the future, it may be interesting to explore the effect of 

concentration on OSN stimulation. Mainly, are varying proportions of OSNs activated when the 

olfactory epithelium is exposed to 10-6 M 3kPZS compared to 10-14 M 3kPZS? When exposed to 

extremely concentrated pheromone odorants, do OSNs lose their specificity? This information 

may help better interpret the dose-response data reported in this study. It may also be interesting 

to compare the relative OSN activation thresholds of various pheromone odorants to the 

established electro-olfactogram thresholds. This study employed a relatively high concentration 

of 10-7 M for all pheromone concentrations unless otherwise explicitly stated.  

 The results of this study demonstrate that the OSNs of the sea lamprey olfactory 

epithelium appear to be very specifically tuned to separate odorant classes and to single odorants 

within that class, supporting the hypothesis that sea lamprey OSNs respond to just one 

pheromone component. The detection of neural activity (by LFP recordings from the dorsal 

olfactory bulb) elicited by pheromone concentrations below the thresholds reported for electro-

olfactogram recordings of the olfactory epithelium in response to the same pheromone 

components, may help explain the low (ie. 10-14 M 3kPZS) concentrations known to elicit 

behavioural responses from sea lamprey that also fall below the reported electro-olfactogram 

recordings.      
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CHAPTER 3   THESIS SUMMARY 

3.1 Summary 

3.1.1 Overall goal  

To understand how odorant mixtures stimulate a behavioural response in the sea lamprey.  

 

3.1.2 General hypothesis 

Each olfactory sensory neuron responds to a single pheromone component, rendering pheromone 

component mixtures more effective in stimulating a behavioural response (as seen in Li et al. 

2013) than single components. 

 

3.1.3 Brief background information  

With its lineage as a basal vertebrate, its relatively large and easily accessible olfactory organs, 

and its ecological importance as an invasive species to the Laurentian Great Lakes, the sea 

lamprey has become a model system for the study of fish and vertebrate olfaction (Stoddart 

1990). As such, the olfactory-locomotor pathway in the sea lamprey was described by Derjean et 

al. in 2010, Green et al. (2013) characterised the organisation of the olfactory bulb including the 

odour response characteristics of the medial, dorsal, and lateral olfactory bulb regions, showing 

that pheromones stimulate the dorsal bulbar region, which receives olfactory sensory input from 

the entire main olfactory epithelium. Various components of a migratory pheromone released by 

larval stage sea lamprey (Li et al. 1995; Bjerselius et al. 2000; Sorensen et al. 2005) as well as a 

number of male sex pheromone components (Li et al. 2002, 2013; Siefkes et al. 2003) have been 

elucidated with regard to structure. Behavioural studies by Li et al. in 2013 investigated the 

function of male sex pheromones 3-keto petromyzonol sulphate (3kPZS) and 3,12-diketo-4,6-
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petromyzonene-24-sulfate (DKPES) and demonstrated reproductive female preference for a 

mixture of the two components (2:29.8 DKPES:3kPZS) over 3kPZS used on its own to bait 

traps, while DKPES on its own was unable to elicit any behavioural response. Although these 

pheromone components elicited electro-olfactogram responses at the level of the olfactory 

epithelium, the degree of specificity with which olfactory sensory neurons on the surface of the 

epithelium bind various odour ligands is still unknown.  

3.1.4 Research aims 

1. Determine whether individual olfactory sensory neurons respond to one or to multiple 
pheromone components.  

2. Determine the relative level of neural activity at the level of the olfactory epithelium and 
olfactory bulb in response to exposure to:  
a) Sex pheromone component combinations compared to the single components of that 

combination.  
b) Novel putative pheromone components DKPES, PAMS-22, 971, and 973. 

 

 

3.1.5 Significance 

• Determining whether olfactory sensory neurons respond to one ligand or multiple would 

aid in pheromone cocktail design and may help explain observed synergistic effects seen 

in behavioural studies (Li et al. 2013). 

• Characterising olfactory bulb responses to new putative pheromones can expand current 

pheromone-based sea lamprey control arsenal while also determining whether 

behavioural studies involving these odours will be worthwhile.  
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3.1.6 Conclusions 

 Given that 144 separate OSNs over 29 olfactory epithelium preparations showed high 

specificity for one particular odorant when presented with multiple, there is appears to be support 

for the hypothesis that sea lamprey OSNs are very narrowly tuned in terms of odorants to which 

they respond. OSNs were also often observed responding to a mixture of odorants containing an 

odorant to which the cell previously responded when the odorant was applied individually. 

 Four putative sea lamprey pheromone components, 2 male sex pheromone components 

(DKPES and PAMS-24) and 2 larval pheromone components (971 and 973) were found to elicit 

olfactory responses from both the peripheral as well as the central olfactory organ. Calcium 

imaging experiments showed individual OSNs fluorescing upon exposure to each of the four 

putative pheromone odorants, indicating response elicitation from the sensory cells of the 

olfactory epithelium (in agreement with earlier electro-olfactogram studies of DKPES (Li et al. 

2013), PAMS-24, 971, and 973 (Brant 2015). As well, this study found that these four putative 

pheromone components stimulated LFP activity from the dorsal olfactory bulb region of the sea 

lamprey upon exposure of the olfactory epithelium to each of the pheromone odorants, indicating 

the successful relay of sensory information generated at the peripheries of the olfactory system 

towards the olfactory bulb. 

 Olfactory bulb LFP response threshold to a number of pheromone components was 

examined in both spawning-stage and transforming-stage sea lamprey. In general, it was found 

that the LFP thresholds were lower than the electro-olfactogram thresholds found in the literature 

for each component tested. The LFP thresholds seemed to agree more with the thresholds for 

behavioural responses than the electro-olfactogram thresholds, except for 3 larval pheromone 
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components (PZS, 971, and 973) which exhibit extremely low threshold values (10-20 M, 10-18 M, 

and 10-18 M respectively) to which there are no published behavioural thresholds to compare. 

 Finally, an investigation of the potential synergy between pheromone components 3kPZS 

and DKPES yielded interesting results. The pheromone odorants were applied individually and 

in a mixture. The DKPES/3kPZS mixture was found to elicit a significantly greater LFP peak 

amplitude than pheromone component 3kPZS when it was applied individually. 

 

3.1.7 Next steps 

This study revealed interesting trends with regard to the relative neural activity elicited 

from the dorsal olfactory bulb of the sea lamprey in response to various pheromone components 

tested. However, until the n value on the threshold experiments done with spawning-stage 

lamprey is increased, robust statistical analysis will not be possible. As such, this should be 

prioritized, especially given the experimental protocol has been well established, and that the 

materials needed are not in short supply.  

It would also be interesting to then determine the olfactory bulb detection thresholds for 

transformer-stage lamprey to then allow for comparison between the life stages. The dose-

response experiments, carried out on both spawning and transforming-stage lamprey, should also 

be repeating in order to increase n value. Again, interesting dose-response patterns were brought 

to light in these experiments, with the two stages seemingly exhibiting different dose-response 

patterns.  

Exploring the response characteristics of OSNs to varying concentrations of a single 

odorant could prove interesting. The number of responding OSNs to each concentration could be 
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tracked to determine concentration effects on OSN sensitivity. Sensitivity to pheromone 

components could then be compared to that of other odour classes including amino acids.  

 

3.2 Standard operating procedures and protocols  

3.2.1 Calcium imaging 

1. Switch camera cord to proper computer tower (tape indicates port to insert cord) 
 

2. Turn on Nikon power supply 
 

3. Turn on X-Cite power supply 
i. Wait for it to stop flashing (NB: if it is shut off; requires a 1 h cool down 

period) 
 

4. Switch lens filter to DIA (blank) 
 

5. Turn on chiller; should be set to 6 ºC (NB: requires ~30 mins to reach temp) 
 
6. Turn on ADI power supply (next to Nikon) 
 
7. Grab water-immersion objective from drawer 
 
8. On computer: 

i. Open Lab Chart (set 10s intervals / pulse duration 5s / 1V amplitude) 
 

ii. Turn on camera (switch at back, on left) 
 

 
iii. Open Metafluor: 

1.  Click begin new experiment 
2. Under “status”; click “log data” 

a. Save under “Calcium Imaging” (folder already in 
existence) 

b. Title experiment as today’s data plus your initials 
c. Within folder; make a folder for each odorant tested 

3. Repeat a-c for “Save images” and “Save ratios” 
 

iv. Click focus 
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v. Pull slider (on right side of eyepiece) 
 

vi. Click “Start focusing”  make necessary adjustments to expose and gain  
 

vii. Click “Stop focusing” 
 

viii. “Cfg acq”  set exposure time to what it is in “Focus” 
 

ix. “Acq one” 
 

x. Click “Regions” 
1. Click okay 
2. Click on “O” 
3. Circle each corner of field of view + a few cells  
4. Click save 

 
xi. Click “start” on Lab Chart 

 
xii. In Metafluor; click “Zero clock”, click “Aquire”, and in Lab Chart; enter 

comment. * All 3 steps to be done simultaneously * 
 

xiii. In Lab Chart; Stimulate once (5s) at 100 cycles if the preceding 20 cycles 
were not noisy. Then stimulate again 200 cycles later 

 
Things to keep in mind: 

 
- The room should be kept as dark as possible 
- Care should be taken to not bump the microscope or the table on which it sits  
- Gloves should be worse throughout the experiment to prevent your odours from 

contaminating the ringer’s etc. 
 
 
3.2.1.1 imageJ/Matlab analysis 
 
ImageJ: 
 

1. “File”; “Import”; “Image sequence” 
a. Check Lab Chart file for the experiment that you’re analysing to verify when 

stimulations took place 
 

2. Click “open” on appropriate image 
a. adjust image range from dialogue box 
b. check “sort names numerically”; “okay” 

 
3. Click “image”; “stacks”; “delete slice” 
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a. Do this while viewing the image you want deleted (the 1st image in a stack tends 
to be shifted compared to the rest) 
 

4. To establish baseline fluorescence from 20 preceding images before stim: 
a. Click “image”; “stacks”; “z-project” 

i. If you stim’d at 100 c then baseline range is 80-100 c (want 10-20 images 
for baseline) 

ii. Projection type = “average intensity” 
 

5. Analysis ΔF 
a. “Process”; “Image calc” 

i. Leave image 1 the way it is 
ii. Operation  “subtract” 

iii. Image 2  “Average..” 
iv. Make sure both boxes are checked; “okay” 

 
6. Analysis ΔF/F 

a. “process”; “image calc” 
i. Image 1  “Result..” 

ii. Operation  “Divide” 
iii. Image 2  “Average..” 
iv. Both boxes checked 

 
7. Getting numerical values from processed images: 

a. “Analyze”; “Tools”; “ROI Manager” 
i. Select “freehand” tool and draw around responding cell 

ii. Click “add it”; shift+S; click “yes” 
1. Repeat for all responding cells + 1 non-responding cell (baseline) 

iii. Select all cells; “More”; “Save”  
1. File name should come up as “ROIset” assuming you selected 

more than 1 cell  
* To see all highlighted cells  check “show all” 
*Be sure to have current set of calculated images in view for next steps 

b. “More”; “Multimeasure”; click 1st 2 boxes, not the 3rd  
i. #’s are spit out; should be 0.### (between -1 and 1) 

ii. Save as (excel file)’ no need to save other images  
c. Open excel file’; delete 1st row (“Mean 1, Mean 2, etc..); “save as” Text (File 

delimited)  
 

Matlab: 
 

1. “Open”; script (a labmate will need to give you the appropriate script) 
2. “Run and advance”; open (excel) Text file 
3. “Lineplot”; “Colorplot”; or “both” are your options for figure output 
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 3.2.2 Electrophysiology  
 
3.2.2.1 Lab Chart analysis 
Steps 1 – 2.c.i. are done 1 time for each odorant delivery regardless of number of peaks analyzed  

1. Click start of solenoid trace in channel 3 
 

2. Go to commands 
a. Set selection 
b. Unlick “active point” 
c. Click “as seconds” 

i. Want 5 seconds prior to solenoid onset (adjust time value accordingly) 
 

3. Under channel: unclick channel 3; click channel 1 
 

4. Click “data pad” 
a. Leave yourself 5 columns 

i. Column 1 – mean (ch 1) 
ii. Column 2 – click on “B” change to standard dev (ch 1) 

iii. Column 3 – go to “selection + active point”; click “selection end” (no ch) 
 

5. Go to “Setup” 
a. Display settings 
b. Click “always seconds” 
c. Unlick “display date” 
d. Click “hide grid” 

i. Column 4 – click D; go to “stats”; click on “min value” (ch 1) 
ii. Column 5 – click E; go to “stats”; click on “time at min” (ch 1) 

 
6. Click “Add to data pad” 

a. In upper left corner; click “A” 
 

7. Want “baseline mean” and “baseline standard dev” from excel sheet (excel sheet to be 
given to you by a labmate) 
a. Get these values from data pad 

 
8. Want “selection end” 

a. Get it from data pad  put it in excel sheet under “time of solenoid” 
 

9. Drag threshold down; #’s will pop up 
 

10. When highlighting a peak; start selection and end of selection should be level with 
each other (ie the trace) 
a. Add to data pad 

i. Not interested in first 3 values 
ii. Copy “min peak val”; paste in excel sheet under “Peak (min val)” 
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11. Take “Time of min” from data pad  paste under “Time of peak” in excel sheet 
 

12. Drag and drop the 2 blank columns (response mag) 
 

 
13. **Need to source the R-code: “EOG extract function messy peaks”  

i. (get this code from a labmate 
ii. File; source R-code  in R program 

iii. File; change dir; c://; users; z lab; desktop; LFP extract 
 

14. In Lab Chart: click edit; copy lab chart data 
 

15. Open new excel file 
a. Paste; unclick comments; unlick ch settings 

i. “Save as” into LFP extract file 
1. CSV, comma delimited  

 
16. Back in R:  

a. EOG.extract2(“File_name.csv”,”Output file_name.csv”) 
i. Hit enter 

*** hitting up arrow will paste the previous line of code *** 
b. If flashing red line in R then peak successfully ran through  

i. In EOG extract folder there should now be a file with the same name as 
before but now with “output” preceding name 

1. Open this file and copy data except for “time” 
a. Paste them in original excel sheet 

 
 
 
 
 
3.2.2.2 Obtaining local field potential traces 
  

1. Start with black tract (channel 1) 
 
2. drag down channel 1 (with digital filter) to expand the plot area  

 
3. Click channel 1; digital filter; source channel 2; cut off = 100, low pass 

 
4. Setup  display settings: 

- graticule  hide 
- click “always seconds” 
- click “display date” 
 

5. Click on channel 3 on trace where you want to start copying 
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6. “Command”; “set selection”  “as seconds”, “no active point” 
 
7. “Channels”  unclick channel 3, click channel 1 (this will highlight channel 1 
 
8. “Window zoom view” (magnifying glass icon) 
 
9. “Stacked mode” (button on left; 4 buttons) 
 
10. “Zoom in axis” *** keep all axis the same across all traces for a figure *** 
 
11. “Edit”  copy zoom view 
 

In Illustrator: 
 
1. “File”; “new”; “landscape” 

 
2. “Paste” 

 
3. “View”  “outline” 

 
4. Get rid of everything but the trace 

o Ungroup 
o Green lights up; right click; release clipping mask (x2) 
o Delete; keep trace and axis  
 

5. Click line segment tool; make x-axis of scale 1 second long; make y-axis of scale 100 
um high  put both segments together and group 
 

6. Group trace 
 

7. Group with scale 
 

8. Move to sheet 
 

9. If it doesn’t fit; artboard tool (#) to expand sheet  
 

10. Save as jpeg; File  export; click “use artboard” 
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3.3 Practical lab information 

 

3.3.1 Solution recipes  

Molecule Amount to add Amount of solute  Final concentration  

L-arginine 0.01742g 10mL ringer’s 10-2 M 

L-histidine 0.01552g 10mL ringer’s 10-2 M 

TCA 0.053768g 10mL ringer’s 10-2 M 

L-serine 0.010509g 10mL ringer’s 10-2 M 

L-glutamine 0.014615g 10mL ringer’s 10-2 M 

L-proline 0.02303g 20mL ringer’s 10-2 M 

L-glutamine 0.01502g 20mL ringer’s 10-2 M 

NaOH 10g 50mL DI H20 5 M 

NaCl 5.84g 50mL DI H20 2 M 
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3.3.2 Pheromone component formula weights 

Pheromone odorant Aliquot volume (µL) Into x μL of ringer’s Final concentration  

3kPZS 49 9951 10-5 M 

DKPES 49.5 9950.5 10-5 M 

PAMS-24 64.6 9935.4 10-5 M 

971 33 9967 10-5 M 

973 33 9967 10-5 M 

PZS 47.85 9952.15 10-5 M 

PSDS 62.6 9937.4 10-5 M 

PADS 74 9926 10-5 M 

3kACA 40.6 9959.4 10-5 M 

 
 
 
3.3.3 Triton x-100 recipe: 
 
For 10 mL of Triton solution in DI water: 

10 mM NaCl, 0.1% triton 100x 
 
Add: 
- 0.005844 g NaCl 
- 10 uL Triton 100x (100x is part of its name) 
- 9.99 mL DI water 

 
* Aliquot into 100 uL and store in -20oC. 

We then add a triton aliquot to an aliquot of calcium green dextran (a few crystals) and apply 
into the epithelium. 
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3.3.4 Anesthetizing lamprey: 

Larvae/Transformers – 0.03g of MS-222 per 100mL (0.3g/L) 

Spawners – 0.6g of MS-222 per 1L 
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APPENDIX: Supplementary Tables and Figures 

 

Name Origin Behavioural Output EOG 
Threshold 

3kPZS Spermiated male Sex pheromone component; 
attracts ovulating females 

10-10 M 

DKPES* Spermiated male None on its own (synergistic 
affect in conjunction with 3kPZS 

10-7 M 

971* Larva  TBD 
 

10-11 M 

973* Larva TBD 
 

10-11 M 

PAMS-24* Spermiated male Sex pheromone component 
advertising nest boundaries  

10-12 M 

PADS Larva Migratory pheromone component 
 

10-13 M 

PSDS Larva Migratory pheromone component 
 

10-13 M 

3kACA Spermiated male Suspected male sex pheromone 
component 

10-10 M 

PZS Larva Migratory pheromone component 
 

10-12 M 

ACA Larva  Migratory pheromone component 
 

10-10 M 

 

Table A-1. A summation of the sea lamprey behavioural and EOG response data to 
pheromone components. Reported by Li et al. 2002 (3kPZS); Li et al. 2013 (DKPES); Brant 
2015 (971, 973, and PAMS-24); Sorensen et al. 2005 (PSDS and PADS); Siefkes et al. 2003 
(3kACA); Li et al. 1995 (PZS); and Bjerselius et al. 2000 (ACA). 

 

 

 

 

 

 

 

 

 



83 
 

Name Origin Behavioural Output 
EOG 

Threshold 
Local Field 
Potential 

Calcium 
Imaging 

3kPZS Spermiated 
male 

Sex pheromone component; 
attracts ovulating females 

10-10 M ● ● 

DKPES* Spermiated 
male 

None on its own (synergistic 
affect in conjunction with 3kPZS 

10-7 M ● ● 

971* Larva  TBD 
 

10-11 M ● ● 

973* Larva TBD 
 

10-11 M ● ● 

PAMS-24* Spermiated 
male 

Sex pheromone component 
advertising nest boundaries  

10-12 M ● ● 

PADS Larva Migratory pheromone component 10-13 M ●  

PSDS Larva Migratory pheromone component 10-13 M ● ● 

3kACA Spermiated 
male 

Suspected male sex pheromone 
component 

10-10 M ●  

PZS Larva Migratory pheromone component 10-12 M ● ● 

ACA Larva  Migratory pheromone component 10-10 M ●  

 

Table A-2. A summation of the response data garnered from each pheromone component 
tested in this study as well as the behavioural output and EOG threshold of each 
component from the literature. Behavioural and EOG data reported by Li et al. 2002 (3kPZS); 
Li et al. 2013 (DKPES); Li (unpublished) (971, 973, and PAMS-24); Sorensen et al. 2005 
(PSDS and PADS); Siefkes et al. 2003 (3kACA); Li et al. 1995 (PZS); and Bjerselius et al. 2000 
(ACA). Newly identified putative pheromone components are denoted by *. Responses obtained 
from application of the associated odorant with the associated recording method are denoted by 
●. 
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Figure A-1. Average electrophysiological (local field potential) response peak amplitudes 
recorded from the dorsal olfactory bulb surface of spawning-stage (A) and transformer-
stage (B) sea lamprey. Each row represents a concentration series (10-12 M through 10-6 M for 
spawners and 10-13 M through 10-6 M for transformers) of a pheromone component delivered to 
the peripheral olfactory organ. The magnitude of the response amplitude (each cell) is expressed 
as a percentage (shaded box drawing) of the maximum response from that concentration series 
(M). Cells denoted with “0” indicate that a response was not detectable while cells denoted with 
“NT” represent concentrations not tested for the associated odorant.   
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Figure A-2. Raw local field potential data in response to various concentrations of putative 
sea lamprey pheromone components DKPES, 973, 971, and PAMS-22. Arrows indicate the 
end of the odour delivery period for each local field potential recording.  

 



86 
 

 

Figure A-3. Changes in fluorescence reflecting OSN responses to chemical stimuli. (A) A 
colour contour map was applied to the field of view to visually monitor changes in fluorescence 
of calcium green loaded OSNs. Blue represents less fluorescence and red represents more 
fluorescence. (B) Regions with Ca2+ transients are indicated by red arrows. Increases in 
fluorescence can be observed in both instances after a chemical stimulus was applied compared 
to immediately before the stimulus was applied. Note that different cells responded to the two 
mixtures. As well, a cluster of cells responded to 10-6M 3kPZS and DKPES. (B) Ca2+ transients 
of the indicated OSNs in (A). 
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Figure A-4. Calcium imaging data collected from a transformer stage sea lamprey in 
response to male sex pheromone odorants 3kPZS and DKPES. A heat contour map was 
applied to each image ranging from blue (no fluorescence) to red (highest fluorescence). Panels 
A-C depict the same two OSNs in the same field of view with arrows indicating the fluorescing 
OSN in each case. Panel A shows the OSN on the left fluorescing in response to 3kPZS being 
applied to the epithelium at a concentration of 10-7 M while the right OSN does not respond. 
Panel B shows the OSN on the right responding to DKPES being applied at a concentration of 
10-7 M while the left OSN does not respond. Finally, panel C shows both OSNs fluorescing in 
response to a mixture of both 3kPZS and DKPES components being applied simultaneously at 
10-7 M. 
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Figure A-5 Amplitude values of transformer stage sea lamprey LFP responses to four 
different putative pheromone components to a standardized concentration gradient 
ranging from 10-13 M to 10-6 M. Each point represents a single peak generated during a 
response to the associated odorant stimulus.    
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Figure A-6. Amplitude values of transformer stage sea lamprey LFP responses to putative 
male sex pheromone component DKPES over a standardized concentration gradient 
ranging from 10-13 M to 10-6 M. Each point represents a single peak generated during a 
response to the associated odorant stimulus (n=1).    
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Figure A-7. Amplitude values of transformer stage sea lamprey LFP responses to putative 
larval pheromone component 971 over a standardized concentration gradient ranging from 
10-13 M to 10-6 M. Each point represents a single peak generated during a response to the 
associated odorant stimulus (n=1).    
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Figure A-8. Amplitude values of transformer stage sea lamprey LFP responses to putative 
larval pheromone component 973 over a standardized concentration gradient ranging from 
10-13 M to 10-6 M. Each point represents a single peak generated during a response to the 
associated odorant stimulus (n=1).    
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Figure A-9. Amplitude values of transformer stage sea lamprey LFP responses to putative 
male sex pheromone component PAMS-24over a standardized concentration gradient 
ranging from 10-13 M to 10-6 M. Each point represents a single peak generated during a 
response to the associated odorant stimulus (n=1).    
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Figure A-10. Amplitude values of transformer stage sea lamprey LFP responses to male sex 
pheromone component 3kPZS over a standardized concentration gradient ranging from 
10-13 M to 10-6 M. Each point represents a single peak generated during a response to the 
associated odorant stimulus (n=1).    

 



94 
 

 

Figure A-11. Amplitude values of transformer stage sea lamprey LFP responses to larval 
migratory pheromone component PADS over a standardized concentration gradient 
ranging from 10-13 M to 10-6 M. Each point represents a single peak generated during a 
response to the associated odorant stimulus (n=1).    
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Figure A-12. Amplitude values of transformer stage sea lamprey LFP responses to larval 
migratory pheromone component PSDS over a standardized concentration gradient 
ranging from 10-13 M to 10-6 M. Each point represents a single peak generated during a 
response to the associated odorant stimulus (n=1).    
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Figure A-13. Amplitude values of transformer stage sea lamprey LFP responses to larval 
migratory pheromone component PZS over a standardized concentration gradient ranging 
from 10-13 M to 10-6 M. Each point represents a single peak generated during a response to the 
associated odorant stimulus (n=1).    

 



97 
 

 

 

Figure A-14. Amplitude values of transformer stage sea lamprey LFP responses to male sex 
pheromone component 3kACA over a standardized concentration gradient ranging from 
10-13 M to 10-6 M. Each point represents a single peak generated during a response to the 
associated odorant stimulus (n=1).    
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Figure A-15. An overview of all 137 responding OSNs over 24 olfactory epithelium 
preparations. OSNs (cells) are represented on the y-axis with tested pheromone components on 
the x-axis. Black cells indicate a response was observed by the associated cell, gray cells indicate 
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that the associated cell was exposed to that odorant but did not respond, and white cells indicate 
untested odorants. 

 

 

 

Figure A-16. Olfactory epithelial OSNs of a transformer-stage sea lamprey loaded with 
calcium green dextran.  
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Figure A-17. Olfactory epithelial OSNs of a transformer-stage sea lamprey loaded with 
calcium green dextran. 
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Table A-3. A representative data set generated by analysis of fluorescence changes during 
calcium imaging of OSN. At each cycle, an image is taken and the resultant image stack is 
analyzed after the experiment. Analysis yields a fluorescence value for each cell analyzed at each 
cycle. In this way, changes in fluorescence can be tracked through time.  

 

Cycle            Cell 1            Cell 2         Cell 3 
1 0.02 0.023 0.028 
2 0.019 0.024 0.029 
3 0.018 0.021 0.027 
4 0.013 0.017 0.02 
5 -0.045 -0.045 -0.041 
6 0.022 0.025 0.024 
7 0.021 0.024 0.024 
8 0.022 0.022 0.025 
9 0.021 0.02 0.022 

10 0.014 0.02 0.021 
11 0.013 0.017 0.013 
12 0.013 0.016 0.016 
13 0.014 0.014 0.014 
14 0.012 0.016 0.01 
15 0.013 0.013 0.011 
16 0.008 0.005 0.009 
17 0.012 0.009 0.007 
18 0.012 0.012 0.007 
19 0.004 0.008 0.004 
20 0.006 0.011 0.003 
21 0.007 0.007 0.002 
22 0.006 0.005 0.003 
23 0.007 0.004 0.005 
24 9.44E-04 0.002 6.73E-04 
25 0.008 0.008 0.001 
26 0.008 0.011 0.01 
27 0.012 0.012 0.006 
28 0.006 0.008 0.006 
29 0.002 -0.002 -0.003 
30 0.002 3.65E-04 -0.003 
31 0.014 0.012 0.004 
32 -0.009 -0.007 -0.01 
33 -0.018 -0.017 -0.022 
34 -0.015 -0.018 -0.022 
35 -0.017 -0.016 -0.023 
36 -0.021 -0.019 -0.026 
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37 -0.019 -0.019 -0.024 
38 -0.017 -0.02 -0.025 
39 -0.018 -0.019 -0.025 
40 -0.018 -0.022 -0.026 
41 -0.02 -0.021 -0.025 
42 -0.02 -0.017 -0.027 
43 -0.018 -0.023 -0.027 
44 -0.021 -0.02 -0.027 
45 -0.017 -0.022 -0.028 
46 -0.022 -0.022 -0.026 
47 -0.022 -0.024 -0.026 
48 -0.022 -0.02 -0.027 
49 -0.021 -0.026 -0.025 
50 -0.021 -0.022 -0.026 
51 -0.02 -0.024 -0.026 
52 -0.02 -0.023 -0.026 
53 -0.022 -0.022 -0.024 
54 -0.02 -0.023 -0.023 
55 -0.015 -0.022 -0.023 
56 -0.007 -0.022 -0.024 
57 -2.97E-04 -0.022 -0.021 
58 0.038 0.011 0.011 
59 0.035 0.008 0.008 
60 0.003 -0.025 -0.024 
61 0.005 -0.022 -0.028 
62 0.008 -0.02 -0.025 
63 0.012 -0.021 -0.019 
64 0.008 -0.022 -0.008 
65 0.04 0.01 0.044 
66 0.039 0.007 0.05 
67 0.009 -0.026 0.022 
68 0.039 0.009 0.063 
69 0.022 -0.007 0.047 
70 -9.09E-04 -0.03 0.033 
71 0.005 -0.027 0.029 
72 0.006 -0.023 0.032 
73 0.032 0.004 0.068 
74 0.035 0.006 0.069 
75 0.014 -0.014 0.051 
76 0.004 -0.023 0.036 
77 0.037 0.009 0.073 
78 0.028 0.006 0.071 
79 0.031 0.006 0.068 
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80 0.028 0.003 0.067 
81 0.029 0.005 0.066 
82 0.026 0.005 0.063 
83 0.025 0.004 0.063 
84 0.023 -0.001 0.053 
85 0.025 0.001 0.052 
86 0.022 -7.16E-04 0.052 
87 0.02 -6.66E-04 0.049 
88 0.017 -8.02E-04 0.049 
89 -0.011 -0.03 0.015 
90 0.02 -0.003 0.044 
91 0.023 -0.002 0.044 
92 0.018 -0.005 0.043 
93 0.02 -0.003 0.04 
94 0.016 -0.003 0.041 
95 0.014 -0.007 0.035 
96 0.016 -0.006 0.031 
97 0.015 -0.005 0.037 
98 0.013 -0.01 0.03 
99 0.01 -0.008 0.027 

100 0.013 -0.012 0.03 
101 0.009 -0.01 0.03 
102 0.012 -0.01 0.025 
103 0.012 -0.011 0.023 
104 0.011 -0.012 0.025 
105 0.011 -0.01 0.022 
106 0.009 -0.013 0.021 
107 0.01 -0.012 0.019 
108 0.004 -0.014 0.015 
109 0.007 -0.013 0.021 
110 0.008 -0.015 0.016 
111 0.004 -0.019 0.02 
112 0.005 -0.017 0.017 
113 0.001 -0.015 0.016 
114 0.002 -0.02 0.014 
115 0.004 -0.016 0.016 
116 6.59E-04 -0.019 0.01 
117 -0.001 -0.019 0.01 
118 -0.002 -0.024 0.008 
119 -0.001 -0.02 0.009 
120 9.90E-04 -0.027 0.009 
121 -9.05E-04 -0.023 0.011 
122 -0.001 -0.021 0.007 
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123 -0.002 -0.024 0.008 
124 -0.003 -0.024 0.002 
125 -0.005 -0.023 0.009 
126 -0.007 -0.023 0.007 
127 -0.008 -0.023 0.005 
128 -0.005 -0.024 0.008 
129 -0.009 -0.025 0.005 
130 -0.008 -0.026 0.005 
131 -0.011 -0.03 0.002 
132 -0.013 -0.035 -0.005 
133 -0.027 -0.044 -0.014 
134 -0.032 -0.049 -0.022 
135 -0.039 -0.055 -0.027 
136 -0.037 -0.055 -0.025 
137 -0.037 -0.056 -0.029 
138 -0.041 -0.056 -0.027 
139 -0.009 -0.026 0.007 
140 -0.009 -0.026 0.005 
141 -0.015 -0.036 0.003 
142 -0.041 -0.058 -0.03 
143 -0.013 -0.029 0.002 
144 -0.04 -0.059 -0.029 
145 -0.009 -0.029 0.005 
146 -0.011 -0.029 0.004 
147 -0.015 -0.028 0.007 
148 -0.012 -0.029 0.007 
149 -0.012 -0.027 0.005 
150 -0.012 -0.033 0.008 
151 -0.011 -0.032 0.003 
152 -0.013 -0.03 0.007 
153 -0.014 -0.033 0.006 
154 -0.012 -0.031 0.004 
155 -0.013 -0.032 0.005 
156 -0.014 -0.034 0.006 
157 -0.016 -0.035 0.001 
158 -0.018 -0.036 0.001 
159 -0.014 -0.037 1.50E-04 
160 -0.018 -0.037 -4.52E-04 
161 -0.021 -0.031 0.005 
162 -0.014 -0.034 0.004 
163 -0.019 -0.035 0.002 
164 -0.02 -0.037 8.75E-04 
165 -0.02 -0.036 0.002 
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166 -0.022 -0.036 0.004 
167 -0.023 -0.038 8.81E-04 
168 -0.022 -0.039 -0.001 
169 -0.022 -0.039 9.73E-04 
170 -0.02 -0.042 -0.002 

 

 

Table A-4. A representative data set generated by the analysis of LFP recording data 
produced during dorsal olfactory bulb recordings. “Peak (min value)” values must exceed the 
“Threshold” values associated with that particular “delivery”. The “threshold” is calculated as 3 
times the “Baseline SD”. 

 

odour 
delivery 
# 

Baseline 
mean (V) Baseline SD 

Threshold 
(V) 

Peak (min 
value)(V) 

10-3 M arg/hist 1 -0.0189 0.2155 0.6276 -2.6587 

    0  
3KPZS:DKPES 
(2:29.8)_10^-
6:10^-7 1 -0.0383 0.0443 0.0946 -0.315 

  -0.0383 0.0443 0.0946 -0.9016 

    0  
 2 -0.0342 0.0477 0.1089 -0.9576 

    0  
 3 -0.0343 0.0406 0.0875 -0.897 

  -0.0343 0.0406 0.0875 -0.9099 

    0  
L-Arg_10^-4 1 -0.0113 0.0393 0.1066 -0.5783 

  -0.0113 0.0393 0.1066 -0.5734 

    0  
 2 -0.0367 0.0461 0.1016 -0.5156 

    0  
DKPES_10^-11 1 -0.0372 0.0623 0.1497 -0.703 

  -0.0372 0.0623 0.1497 -0.7266 

  -0.0372 0.0623 0.1497 -0.679 

  -0.0372 0.0623 0.1497 -0.5886 

  -0.0372 0.0623 0.1497 -0.7264 

    0  
 2 -0.0357 0.0651 0.1596 -0.6017 

  -0.0357 0.0651 0.1596 -0.621 

  -0.0357 0.0651 0.1596 -0.6557 

  -0.0357 0.0651 0.1596 -1.1162 

  -0.0357 0.0651 0.1596 -0.6545 

    0  
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 3 -0.0356 0.0732 0.184 -0.8694 

  -0.0356 0.0732 0.184 -0.8174 

  -0.0356 0.0732 0.184 -0.4717 

    0  
DKPES_10^-8 1 -0.0344 0.0479 0.1093 -0.6146 

    0  
 2 0.2092 0.8182 2.6638 -0.6335 

  0.2092 0.8182 2.6638 -0.6145 

  0.2092 0.8182 2.6638 -0.8366 

    0  
 3 -0.0347 0.0573 0.1372 -0.7004 

  -0.0347 0.0573 0.1372 -0.6455 

  -0.0347 0.0573 0.1372 -0.6576 

  -0.0347 0.0573 0.1372 -0.8414 

    0  
3KPZS_10^-11 1 -0.0376 0.0456 0.0992 -0.7809 

  -0.0376 0.0456 0.0992 -0.5383 

  -0.0376 0.0456 0.0992 -0.6327 

    0  
 2 -0.0363 0.0554 0.1299 -0.9495 

  -0.0363 0.0554 0.1299 -0.8101 

  -0.0363 0.0554 0.1299 -0.8431 

    0  
 3 -0.0372 0.0602 0.1434 -0.6838 

  -0.0372 0.0602 0.1434 -0.7344 

  -0.0372 0.0602 0.1434 -0.916 

      
3KPZS_10^-8 1 -0.0375 0.0498 0.1119 -0.9764 

  -0.0375 0.0498 0.1119 -0.5832 

  -0.0375 0.0498 0.1119 -0.5361 

  -0.0375 0.0498 0.1119 -0.8251 

    0  
 2 -0.0366 0.0549 0.1281 -0.853 

  -0.0366 0.0549 0.1281 -0.7161 

  -0.0366 0.0549 0.1281 -0.7653 

    0  
 3 -0.0366 0.0444 0.0966 -0.6161 

 

 -0.0366 0.0444 0.0966 -0.8154 
     

1 -0.0189 0.2155 0.6276 -2.6587 

   0  
1 -0.0354 0.0269 0.0453 -0.3724 

 -0.0354 0.0269 0.0453 -0.1855 

   0  
2 -0.0372 0.0275 0.0453 -0.3277 

 -0.0372 0.0275 0.0453 -0.1787 
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   0  
3 -0.0379 0.0294 0.0503 -0.2224 

 -0.0379 0.0294 0.0503 -0.2623 

   0  
1 -0.0371 0.0313 0.0568 -0.1923 

 -0.0371 0.0313 0.0568 -0.2135 

 -0.0371 0.0313 0.0568 -0.2943 

   0  
2 -0.0361 0.0292 0.0515 -0.2848 

 -0.0361 0.0292 0.0515 -0.2562 

   0  
3 -0.0357 0.0339 0.066 -0.217 

 -0.0357 0.0339 0.066 -0.2724 

   0  
1 -0.0153 0.1124 0.3219 -0.3044 

   0  
2 -0.0362 0.0307 0.0559 -0.2985 

   0  
3 0.4007 1.0583 3.5756 -0.1909 

 0.4007 1.0583 3.5756 -0.3617 

   0  
1 -0.0391 0.0334 0.0611 -0.303 

   0  
2 -0.0373 0.0232 0.0323 -0.2175 

 -0.0373 0.0232 0.0323 -0.1881 

 -0.0373 0.0232 0.0323 -0.1952 

 -0.0373 0.0232 0.0323 -0.3238 

   0  
3 -0.035 0.0228 0.0334 -0.1827 

 -0.035 0.0228 0.0334 -0.1729 

 -0.035 0.0228 0.0334 -0.3606 

   0  
1 -0.0373 0.0235 0.0332 -0.1493 

 -0.0373 0.0235 0.0332 -0.2647 

   0  
2 -0.038 0.0227 0.0301 -0.1831 

 -0.038 0.0227 0.0301 -0.2078 

 -0.038 0.0227 0.0301 -0.4255 

   0  
3 -0.0315 0.0273 0.0504 -0.1567 

 -0.0315 0.0273 0.0504 -0.3457 

   0  
1 0.1383 0.6408 2.0607 -0.1634 

 0.1383 0.6408 2.0607 -0.6078 

   0  
2 0.246 0.9018 2.9514 -0.2019 
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 0.246 0.9018 2.9514 -0.4945 

   0  
3 -0.0378 0.0242 0.0348 -0.5273 

 -0.0378 0.0242 0.0348 -0.1915 

   0  
1 -0.035 0.0225 0.0325 -0.7942 

 -0.035 0.0225 0.0325 -0.1601 

 -0.035 0.0225 0.0325 -0.243 

   0  
2 -0.0361 0.0178 0.0173 -0.2381 

 -0.0361 0.0178 0.0173 -0.8049 

 -0.0361 0.0178 0.0173 -0.1914 

   0  
3 -0.0399 0.022 0.0261 -0.8165 

 -0.0399 0.022 0.0261 -0.2196 

 -0.0399 0.022 0.0261 -0.2212 

   0  
1 -0.0375 0.0238 0.0339 -0.8372 

   0  
2 -0.0363 0.0182 0.0183 -0.8398 

 -0.0363 0.0182 0.0183 -0.2774 

 -0.0363 0.0182 0.0183 -0.1961 

   0  
3 -0.0433 0.0215 0.0212 -0.9081 

 -0.0433 0.0215 0.0212 -0.4921 

 -0.0433 0.0215 0.0212 -0.2611 
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