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Abstract

This thesis on fish osmoregulation focuses particularly on the
mechanisms utilized by freshwater salmonids to absorb Na* ions from dilute
hypotonic environments and at the same time, their capacity to make necessary
changes in order to tolerate higher saline environments.

In this thesis, [ present data that indicate rainbow trout embryos/larvae
reared in low Na* soft water maintain homeostasis by way of an EIPA-sensitive
Na* uptake pathway. In addition rainbow trout showed significantly increased
nhe3b expression at the embryo/larvae and juvenile life stages and overall, these
data support a primary role for nhe3b at these life stages. Three nhe isoforms:
nhe2, nhe3a, and nhe3b were cloned, from trout gill (2 and 3b) and kidney (3a),
into pDisplay expression vectors for transfection into the AP - 1 cell line in an
attempt to further characterize the pharmacological properties of these
transporters. However, at this time stable transfections have not resulted in
successful Nhe protein expression.

From a conservation physiology perspective [ have shown that the Arctic
grayling (a threatened native salmonid) demonstrates a reduced salinity
tolerance and develops a novel associated interlamellar cell mass, in response to
hypersaline waters, which has strong implications for hypersaline spills from
hydraulic fracturing and other oil and gas operations. I presented data
indicating this interlamellar cell mass and osmotic stress can be reversed if the

salinity exposure lasts 48 hrs or less and recovery in freshwater is achievable. In
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addition to salinity tolerance data and in order to have a comprehensive
management plan for Arctic grayling, thermal tolerance data were collected
indicating CTmax of 26.9°C and 27.8°C when acclimated to 13°C and 17°C water
temperatures (see Appendix A).

This work provides evidence of three nhe isoform expression patterns
during development in rainbow trout despite thermodynamic constraints,
demonstrates reduced salinity tolerance of a threatened native salmonid in
Alberta, provides the first reported instance of a salinity-induced ILCM in
salmonids, and provides necessary physiological data for conservation

management strategies for Arctic grayling.
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Preface

This thesis is an original work by Salvatore D. Blair. This research
project, of which this thesis is a part, received research ethics approval from the
University of Alberta Research Ethics Board, and all experiments were conducted
under Animal Use Protocol #00000072 as approved by the University of Alberta
and the Biosciences Animal Policy and Welfare Committee under the directions
provided by the Canadian Council for Animal Care in Canada. As a Ph.D. student,
this work was conducted in majority under the supervision and counsel of Dr.
Greg Goss, professor at the University of Alberta. Some of this work was
performed as a collaborative effort with other researchers in our lab and thus
the terms “we” or “our” are used throughout this thesis. Two data chapters of
this thesis have been previously published in the following peer-reviewed
research journals: Comparative Biochemistry and Physiology (Chapter II) and
Conservation Physiology (Chapter IV). Chapter V is currently being formatted
for submission to Conservation Physiology as a follow-up to the previously
published work. The roles of all authors for each data chapter along with
specific experimental contributions of certain co-authors are briefly described

below:

Chapter II: Characterization of developmental Na* uptake in rainbow

trout embryos supports a significant role for Nhe3b.
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Published article: Boyle, D., Blair, S. D., Chamot, D., & Goss, G. G. (2016).
Characterization of developmental Na* uptake in rainbow trout larvae supports
a significant role for Nhe3b. Comparative Biochemistry and Physiology Part A:
Molecular & Integrative Physiology, 201, 30-36.

Dr. David Boyle and I share co-1st authorship for this article submission in CBP-
A, as we contributed equally to this manuscript. SDB was primary researcher on
this project. Experiments were designed and carried out by SDB, DB, and GG;
SDB and DB performed data analysis and manuscript prep and revisions. DB was

instrumental in statistical analysis and DC contributed to molecular aspects.

Chapter III: Expression and Pharmacological Profiling of Rainbow Trout
nhe2, nhe3a, and nhe3b.
Salvatore Blair and Dr. Danuta Chamot carried out cloning, while SDB performed
all cell culture work, expression analysis, activity assays, data analysis, and

writing.

Chapter IV: Reduced salinity tolerance in the Arctic grayling (Thymallus
arcticus) is associated with rapid development of a gill interlamellar cell mass:
implications of high saline spills on native freshwater salmonids.

Published article: Blair, S. D., Matheson, D., He, Y., & Goss, G. G. (2016). Reduced
salinity tolerance in the Arctic grayling (Thymallus arcticus) is associated with
rapid development of a gill interlamellar cell mass: implications of high-saline

spills on native freshwater salmonids. Conservation Physiology, 4(1), cow010.



SDB and GG conceived and designed experiment. Experiment was conducted by
SDB. DM assisted in taking some select microscopy images and tissue sampling,
and YH assisted in qPCR analysis. SB analyzed data and prepared the

manuscript with GG revisions.

Chapter V: Physiological and Morphological Investigation on Arctic
grayling (Thymallus arcticus) Gill Filaments and Interlamellar Cell Mass with
High Salinity Exposure.

SDB and GG conceived and designed experiment. Experiment was carried out by

SDB. Data analysis and writing was performed by SDB.
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CHAPTERI: General Introduction

Introduction

A fish’s external environment dictates the physiological behaviour
necessary to maintain internal fluid homeostatic balance. Fish in both
freshwater and marine environments are constantly performing physiological
processes allowing them to adequately maintain internal osmotic balance
against the forces of diffusion and osmosis from varying salt and ion
concentration gradients (Evans et al., 2005). The ability to take up salts from
dilute freshwaters as well as excrete salt loads when exposed to higher external
salinities is a key physiological process for anadromous fish like those of the
salmonid family (Hiroi and McCormick 2012). These specific regulatory
mechanisms allow fish to tolerate environments with a wide range of salt
concentrations. In this thesis I studied the regulation of sodium (Na*) ions as a
proxy for ion regulation, and examined the cellular mechanisms involved in
controlling the transport of Na* ions to better understand osmoregulation and
salinity tolerance. The Salmonidae family is an ideal group to study
osmoregulation due to their common anadromous life history with extant
species demonstrating both euryhaline and stenohaline characteristics (Dalziel
et al.,, 2014). This thesis follows a micro- to macro- compilation of physiological
research. Initially, an investigation of ionoregulatory mechanisms of Na*
regulation at the cellular level was conducted and these results were applied to
complete this thesis with conservation implications at the whole animal level. In

this thesis, the rainbow trout (Oncorhynchus mykiss) was chosen to gain a



mechanistic understanding of the ability to take up Na* from dilute freshwater
environments. Rainbow trout were also used as a euryhaline comparison model
species while investigating the salinity tolerance of the Arctic grayling
(Thymallus arcticus); a strictly freshwater salmonid that we hypothesize is at a
higher risk to hypersaline produced water spills originating from the oil and gas

industry.

The Salmonids
Taxonomy

The family Salmonidae commonly referred to as “salmonids” represent a
diverse and extensive branch of the fish lineage. The family encompasses not
only the group of fish sharing its common name (the multiple species of salmon)
but also includes three sub-families: Salmoninae, Thymallinae, and Coregoninae
(Figure 1.1). Using common names, these families correspond to the “true”
salmonids (salmon, trout, and charr), the grayling, and the whitefish,
respectively. Members of the salmonids can be found on every continent other
than Antarctica, although some likely come quite close during their time in the
ocean (e.g. anadromous S. America species). From the tiny and beautiful golden
trout (Oncorhynchus mykiss aguabonita) native to the upper Sierras, the mighty
powerful taimen (Hucho taimen) of the untouched Mongolia rivers, the native
southeastern brook trout (Salvelinus fontinalis) of the Appalachian creeks, the
Arctic grayling (Thymallus arcticus) of northern tundra and boreal forests, the

massive chinook salmon (Oncorhynchus tshawytscha) of the Pacific Ocean, the



historic brown trout (Salmo trutta) of Europe, the sea-run steelhead
(Oncorhynchus mykiss mykiss) of the Pacific Northwest, the deep swimming lake
whitefish (Coregonus clupeiformis) of the Great lakes, and the widely adaptive
rainbow trout (Onchorynchus mykiss), the salmonids inhabit nearly every water

body-type imaginable and have been very successful at doing so.

Oncorhynchus
Salvelinus Salmoninae
Salmo
Hucho
Thymallus Thymallinae

Coregonus

Coregoninae

Prosopium

Figure 1.1. Phylogenetic relationship of the Family Salmonidae. (Adapted from

Créte-Lafreniere et al 2012).



The taxonomic profile of the family Salmonidae shows a deep genetic
diversity and demonstrates the ability of a species to evolve and adapt to its
environment. There are currently 11 genera and 225 validated species,
including 124 species in the subfamily Salmoninae, 86 Coregoninae, and 15
Thymallinae. The phylogeny of salmonids has been a topic of research for many
years and recent morphological, molecular, and most recently, mitochondrial
genome comparisons have demonstrated the three subfamily relationships.
Crete-Lafreniere and colleagues (2012) performed a comprehensive study
across 63 species of salmonids established relationships based on cytochrome B,
as well as mitochondrial and nuclear genes, concluding that the Thymallinae
(grayling) were the sister group to the rest of the family, diverging around 59
million years ago (mya). These data suggests that the Salmoninae (trout,
salmon, charr) and the Coregoninae are more closely related to a common
ancestor around 50 mya, with the Thymallinae the least related out of the three
subfamilies (Crete-Lafreniere et al., 2012). A more recent study focusing on
grayling phylogeny by Ma et al. (2016), utilizing complete mitochondrial
genomes from four distinct species, as well as published sequences on NCBI,
reconfigured the Salmonid family structure showing support for a Thymallinae-
Coregoninae sister relationship stemming from a common ancestor ~46 mya.
Furthermore, this study showed Salmoninae diverging separately from
Thymallinae and Coregoninae, ~54 mya (Ma et al., 2016). The oldest known

fossil of a salmonid, Eosalmo driftwoodensis, was described by Wilson (1977)



and was dated to the Eocene epoch (56-33mya). As alluded to previously, this
relationship has been constantly altered and will likely continue to be refined
throughout the years as more molecular data become available for all of the

various salmonid species.

Behaviour

A behaviour representative of, but not exclusive to, the salmonids is the
tendency towards anadromy. Anadromy, along with homing and semelparity,
are the three attributes distinguishing the family (Quinn and Meyers, 2005).
Homing or being able to migrate back to natal streams/rivers in order to
reproduce has been strongly linked to olfaction (Dittman and Quinn, 1996) and
although important to all salmonids, will not be a subject of this thesis. Likewise,
semelparity, the occurrence of mortality after spawning, will also not be a focus.
Anadromy, the act of migrating from saltwater to freshwater to spawn is of
importance to many members of the Salmonidae, and this osmoregulatory
ability will form a focus for this thesis. A large number of salmonid species (but
not all) are anadromous, seemingly to be dictated by ancestral life history and
genetics. Salmonid anadromy has been characterized over the years by a few
unique features. Specific criteria for anadromy was provided by Rounsfell from
the U.S. Fish and Wildlife Service (1958), which include: 1) extent of migrations
in the sea, 2) duration of time spent in the sea, 3) maturation state while at sea,
4) spawning habits and habitats, 5) mortality post-spawn, and 6) the occurrence

of freshwater strains. These criteria are further subdivided into other distinct



qualities which in turn are used to assess the degree of anadromy for a certain
species or strain. The classic example of anadromy is usually represented by one
of the Atlantic or Pacific salmon species and can be described as follows: 1)
adult spawning occurs in freshwater streams or rivers, 2) deposited fertilized
eggs then hatch and develop into larvae or alevin feeding from yolk sac, 3) larvae
then become swim-up fry, resembling small fish, 4) fry become parr,
characterized by dark blotches along lateral line, 5) parr undergo the process of
smoltification, which allows for the switch to a seawater environment, 6)
downstream swimming of smolts who migrate to the estuaries and eventually to
the sea 7) growth and maturation occurs while at sea over the course of a few
years varying depending on the species, 8) fertile adults then migrate from the
oceans back up natal freshwater rivers to spawn, 9) death occurs in the adults
following spawning. The key aspect to this anadromous behaviour and
migratory behaviour is the ability to transition from freshwater to saltwater and
back to freshwater during an individual’s lifetime. In most cases this pattern is a
one-time event, especially for the true salmon. However, some species of
salmonids, such as Pacific steelhead, are iteroparous (able to spawn multiple
times without death ensuing), while other salmonids remain in freshwater
throughout their life cycle. Examples of this lifestyle include introduced Pacific
salmon in the Great Lakes, who maintain their migratory behaviour by which the
adults spawn in rivers and the juveniles then make their way downstream,
where they enter into a freshwater lake instead of the marine environment of an

ocean. Other examples would include landlocked salmonids, either by way of



physical barrier (i.e. a waterfall that would not allow passage upstream), or
other freshwater dwelling salmonids such as members of the grayling or
whitefish species, which do not have the ability to encounter marine
environments. The behaviour of anadromy and the ability of salmonids to
tolerate both freshwater and seawater environments is the basis on which this
thesis is built and will be discussed in detail mechanistically later on in the

physiology section.

Species of Interest

Rainbow trout, Oncorhynchus mykiss, (formerly Salmo gairdneri) are
arguably the most widely distributed salmonid on the planet (resulting from
hatchery stocking practices) and a well-known member of the subfamily
Salmoninae. Its native range was confined mostly to the Pacific drainages on the
northwest coast of North America, reaching south to Mexico and north to Alaska,
with additional native populations found in Kamchatka and in the Peace and
Athabasca river drainages in British Columbia and Alberta (Smith and Stearly,
1989; MacCrimmon 1971). There are various subspecies of the rainbow trout,
ranging from the species native to Kamchatka (0. mykiss mykiss) to the Mexican
golden trout (0. mykiss. aguabonita). Rainbow trout are found in naturally in
cold clear rivers, feeding on a wide variety of aquatic insects, small fish, and
occasional terrestrial species that fall into the water such as mice and frogs.
These trout naturally spawn in the spring, although hatcheries are able to

influence spawning times throughout the year by controlling light cycles and



water temperature. Rainbow trout, although genetically similar, come in two
main life history forms, the landlocked or non-migratory form which inhabit
inland rivers and lakes throughout its lifecycle, and the anadromous or
migratory form which enters marine environments (or the Great Lakes) and is
referred to as a “steelhead.” Due to significant increases in hatcheries and
stocking practices, and overall success of the species, the population range now
extends to every continent other than Antarctica. Beginning in 1874, with the
transport of eggs from the McCloud River (California), the stocking of rainbow
trout has led to this fish being the most widely spread salmonid species
(MacCrimmon 1971).

In the research community, the rainbow trout provides a great model
species for many areas of study including toxicology and physiology. Early
physiological studies on trout began around the turn of the 20t century. We find
spawning and temperature preferences on many salmonid species including the
rainbow trout from a study by Gurley (1902). August Krogh (the “father” of fish
osmoregulation) worked on rainbow trout early on as well (referring to them by
their earlier taxonomic names: Salmo irideus or Salmo gardineri) with
investigations on fish respiration (Krogh and Lietch, 1919) as well as his iconic
ionic and osmotic regulation study in fish (Krogh 1937). Search engine results
for “rainbow trout” yield a long history of research encompassing 587,000
results. This is greater than any other searchable fish by common name,
including Atlantic salmon, goldfish, or even zebrafish, which results in a close

second at 534,000 results. The popularity of the rainbow trout is due to many



factors including ease of transport, rearing and maintenance, ability to tolerate
salinity, and its environmental relevance given its wide population range and
comparatively sensitive nature to toxicants and adverse environmental stimulus.
There is now a large amount of genetic information available for the rainbow
trout, including the full genome sequencing (Berthelot et al 2014) and over
684,954 DNA and RNA sequences available in the National Center for
Biotechnology Information (NCBI 2016). This high availability of genetic and
molecular information makes the rainbow trout a prime candidate for molecular,
cellular, and physiological studies as we can now observe the molecular effects
of environmental stressors that the fish encounters. Due to their anadromous
lifestyle (and anadromous ancestry for the landlocked varieties), rainbow trout
make an excellent model species to observe and compare ion and
osmoregulation capabilities and is a species of interest for this thesis.

Arctic grayling, Thymallus arcticus, is a representative of the salmonid
subfamily Thymallinae. Their appearance is identified by their unique sail-like
dorsal fin, and like many salmonids display distinct colour patterns on their skin.
As their name suggests, Arctic grayling are found throughout the freshwater
regions of the Arctic drainages, including watersheds across the northern United
States and Canada from Alaska to Hudson Bay and the northern reaches of
Russia. The southern limit of their range has historically included some remnant
populations in Michigan (now functionally extirpated) as well populations in the
upper Missouri River watershed in Montana (recovering). Mitochondrial DNA

evidence suggests the North American Arctic grayling is the most derived lineage



of Eurasian decent, first crossing the Bering land bridge during the Pliocene
Epoch, 3 - 5 mya (Stamford and Taylor, 2004). The ancestral crossing of the
land bridge from Asia, survival of glaciation periods in glacial refugia, and
current strict freshwater existence, points to the likelihood that Arctic grayling
in North America have not experienced a marine environment for several million
years. In Alberta where this species is currently being studied, grayling require
cool and low to sediment-free freshwater streams and rivers while also
inhabiting some lakes. Grayling feed on mostly aquatic and terrestrial insects,
occasionally eating minnows or crustaceans (Walker 2005). Being strictly
freshwater and non-anadromous, the grayling do not undergo a smoltification
stage. However, they are considered a migratory species and have been shown
to travel large distances (Stamford and Taylor, 2004; West et al., 1992).
Population data on Arctic grayling in Alberta show drastic declines from
historical levels (AEP 2015). As of 2015, the current status of Alberta Arctic
grayling is listed as a species of special concern and a zero possession limit has
been implemented province wide in order to limit fishing pressure (AEP 2015).
Although this governmental regulation is now in place, the exact reason for this
decline is unknown and is likely the result of a multifaceted network of factors
including but not limited to overharvest, habitat fragmentation, climate change,
as well as a variety of other environmental perturbations including watershed effects
brought on by the oil and gas and forestry industries (Walker 2005).

Compared to other salmonids, and especially the rainbow trout, the

amount of research on Arctic grayling is minimal. General research on Arctic
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grayling is quite limited with the majority of it focused on genetic distribution,
population ecology, and behaviour. Very few studies have looked at the
physiology in terms of ion regulation of these fish. The most significant
physiological study performed by Cameron (1976), noted the resting blood ion
concentrations and showed support for acid-base balance in fish was controlled
via the gill. In comparison to the widely studied rainbow trout having a total of
around 85,000 annotated protein sequences available on NCBI database, the
Arctic grayling only has around 200. Increased research on this species on a
whole scale (molecular to ecology) is necessary for conservation efforts to be

most successful.

Salmonid Significance

Salmonids are an important fish to humans in terms of food, culture,
ecology, and recreational fishing. From 1990 to 2010, salmonid production
increased from 299,000 to 1.9 million tons per year (FAO 2016). Next to carp
and tilapia, salmonids are the highest produced fish in aquaculture with Atlantic
salmon production alone in 2010 at 1.4 million tons. In addition to the increase
in aquaculture, wild caught salmon (combined six salmon species) numbers are
also high, at around 0.9 million tons globally in 2010 (FAO 2016).

Salmon are a part of the culture in the Pacific Northwest, and especially
relevant to the indigenous peoples of North America. Archeological data show
evidence of sustainable harvest of salmon by the Native American people for

~7500 years (Campbell and Butler, 2010). Salmon are the main focal point for
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much of the culture of the Pacific Northwest for many reasons: 1) salmon are
part of the native spiritual and cultural identity and are used in religious
services, 2) annual celebrations are centered around the salmon’s return from
the ocean representing a renewal and continuation of life, 3) salmon are the
essential foundation to the well-being of the entire ecosystem including other
the animals and plants which the people utilize, 4) they were and continue to be
the primary food source, and 5) the annual harvest is a critical event which
allows for the transfer of traditional values from one generation to the next
(Columbia River Inter-tribal Fish Commission 2016). Salmon are sacred and
essential to the identity of the native populations.

As seen in the textbook portrayal of bears feasting on freshly caught
salmon during their spawning runs, salmonids play an integral part in the
overall health and function of their ecosystems. Their unique anadromous
behaviour and life cycle provide necessary nutrients to temperate rainforests.
Essential nutrients including phosphorous and nitrogen are in large part derived
from salmon carcasses in many river systems (Gresh et al., 2000). Salmonids are
also an ideal indicator species of the overall health of the aquatic environment,
as they need cold, clean water to live in and reproduce.

Today, many recreational fishermen target various species of the
salmonid family. This pattern was evident even centuries ago when salmonids
were highly sought after by fisherman. A 15t century book written by Dame
Juliana Berners (1496) (reprinted in 1880) gives us early evidence of the

importance of salmonids above other fish “As now because that the Samon is
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more statelye fysshe that any man maye angle to in fresshe water: Therfore |
purpose to begyn at hym”, and the author continues with trout and then
grayling, holding them in higher regard than the rest. It would be difficult to
estimate the overall economic impact of salmonids on the recreational fishing
industry, but according to a report on salmon and the economy in the Pacific
Northwest, recreational caught salmon have an estimated worth valued at $200
per fish (Niemi et al., 1999). Fly-fishing in particular, which is now being
adapted to a wide variety of species, was likely innovated in order to catch trout
as described in one of the earliest references from the Greek author Aelian (175-
235 CE), in De Animalium Natura. From an English translation we understand
the original author describing “a river called Astraeus, and in it there are fish
with speckled skins...These fish feed on a fly peculiar to the country which
hovers on the river...They (fisherman) fasten red wool around a hook, and fix on
to the wool two feathers...then they throw their snare and the fish...is caught by

the hook and enjoys a bitter repast, a captive” (Law and Kreh, 2003).

Conservation Physiology

Conservation physiology is the research concept and approach defined by
Wikelski and Cooke (2006) as “The study of physiological responses of
organisms to human alteration of the environment that might cause or
contribute to population declines.” One goal of this thesis was to take a
conservation physiology approach and address the threats to native salmonids

in Alberta. Building on previous definitions as noted in Cooke et al. (2013) for
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this thesis, it is necessary to look at conservation specifically as the
responsibility of humans to protect, enhance, and recover any species
threatened by anthropogenic forces. The research area of conservation
physiology, utilizes the study of an organism’s physiology (the mechanisms
allowing an organisms to work: a structure and its function on a wide range of
scales from biomolecules of a single cell to the organism as a whole) and apply it
to a management or conservation strategy in order to benefit a specific organism
or ecosystem (Cooke et al., 2013). It is on this concept that the application side
of this thesis is built, utilizing the physiology of an organism to address an

anthropogenic threat to its existence.

Industry Economics

The oil and gas industry is an essential socio-economic driver for both
Canada and the United States, impacting the overall gross domestic product
(GDP) of both countries dramatically. It was estimated that future oil sands
projects in Alberta alone from 2010 to 2035, would reach a cumulative GDP
amount of $2,106 billion in Canada, and stimulate $26.6 billion in GDP for the
United States (Honarvar et al., 2011). In the United States, the last decade has
seen a 30% total increase of natural gas production (Vengosh 2014). The
economic impacts resulting from this industry are vast and currently

indispensible until alternative energy initiatives become more efficient.
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Hydraulic Fracturing

Hydraulic fracturing is a technique by which water is first withdrawn
from ground or surface water, and then mixed with chemicals and proppants
(typically sand) to create the hydraulic fracturing fluid (USEPA 2015). This fluid
is then injected under high pressures into a drilled horizontal wells deep
beneath the surface usually into shale rock. The pressurized fluid causes the
rock formations to fracture or break allowing access to the hydrocarbon targets.
Once the pressure is released the injected fluid then flows back to the opening of
the well where it is pumped out, now referred to as produced water or flowback
fluid. The resulting fractures are held open by the injected proppants and oil
and gas can now flow out to the production well and be collected on the

fracturing pad or pumped to other destinations (USEPA 2015).

Hypersaline Risk

Due to the nature of the expanding oil and gas industry, this process may
result in negative impacts on the air, land, and water, yielding the parallel need
for an environmental conservation effort in concert with the industry. Although
oil and gas companies are taking numerous preventative measures including:
contamination avoidance, water use and management, and reclamation (CAPP
2015); impacts are still common, especially involving incidental releases of
hyper-saline water resulting from hydraulic fracturing. Oil and gas extraction
technology (e.g. hydraulic fracturing, in situ development) requires tremendous

amounts of water (pumped from lakes or rivers) and the extractive process
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results in large volumes of highly saline (up to 10X seawater) and organic
contaminated flowback wastewater, with up to a 600-fold increase in sodium
concentrations compared to local lakes and rivers (Allen 2008). One of the clear
risks of this industry is the potential for accidental release of these high saline
waters through a spill occurring at a river crossing or at an on-site location.
Indeed, reviewing FracFocus documents, a total of 113 spills of flowback fluid
(between years 2005 and 2012) have entered flowing water in Alberta since
2005 (Goss et al., 2015). Spills of this produced water do occur regularly, with
51 incidents of saline water releases having been reported from Jan 2016 to June
2016 (AER 2016) in Alberta alone. According to the report [EPA/601/R-
14/001], on the Review and State of Industry Spill Data, of the 457 spills related
to hydraulic fracturing, 300 of them reached an environmental receptor (i.e. soil
or water), and 32 of them (7%) reached some form of surface water (USEPA
2015). While only a small percentage of hypersaline releases may affect
standing or flowing water under these circumstances, the osmotic stress on
aquatic organisms would be an immediate result. The degree of damage a
release may have is proportional to the volume introduced and length of time of
the release. However, a sudden influx of brine water into a freshwater lake or
stream would pose an immediate osmoregulatory perturbation for aquatic
organisms. Internal homeostasis of osmolytes by aquatic organisms is critical for
their survival and disruptions to this delicate balance can be acutely lethal. The
mechanisms of osmoregulation and responses to hypersaline environments will

be discussed further in the next section.
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In Alberta, the resource-rich geographical areas used by the oil and gas
industry directly overlap with the habitat for many threatened native freshwater
salmonids including Arctic grayling, mountain whitefish (Prosopium
williamsoni), bull trout (Salvelinus confluentus), westslope cutthroat trout
(Oncorhynchus clarki lewisi), and inconnu (Stenodus leucichthys) (Northcote,
1995; Rieman et al., 1997; McPhail and Troffe, 1998; Howland et al., 2001;
Walker, 2005; Costello, 2006; Rodtka, 2009)]. Given the limited amount of
understanding of the physiology of the Arctic grayling (and indeed any of the
abovementioned species), the risks imposed and the threatened status of Arctic
grayling, it is imperative to examine both salinity tolerance limits and
physiological responses to salinity for grayling to ensure proper conservation
strategies for this important native species. One objective of this thesis was to
evaluate the physiological responses of the Arctic grayling to acute higher saline
exposure. It is essential to understand the potential impacts on these native
species, especially given that most regulatory guidelines are routinely based on
the responses of the euryhaline rainbow trout (Environment Canada, 1990;

USEPA, 2002).

Fish Physiology

Ion- and Osmoregulation
A simple conclusion was made by August Krogh (1937), that “In a number
of freshwater fishes a special mechanism exists by which the losses of salt

through the urine and by diffusion through the skin and gills can be made good.”
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This statement, along with concurrent research by Smith (1929; 1930; 1931)
and Keys (1931) laid the foundation for the next ~80 years of research in fish
physiology concerning osmoregulation and ionoregulation. Osmoregulation by
definition is the ability of an organism to maintain their internal homeostatic
balance of salts and water in the blood regardless of external environment. Ion-
regulation (various ions) is closely tied with osmoregulation (salts and water)
and acid-base regulation (ions contributing to overall internal pH balance),
differing only by the various ions being regulated i.e. Na*, Cl-, Ca2+, NH4*, H*, HCO-
etc. (Goss et al,, 1992). The external media, which the fish lives in, determines
mechanisms of osmoregulation that need to be employed in order for the
organism to maintain internal osmotic balance. Nearly all fish and especially all
higher teleost fish (bony fishes, including salmonids) maintain a blood osmotic
level of roughly ~300 mOsms despite being in marine (up to 1000 mOsm) or
freshwater (down to 0 mOsm) environments (Evans et al., 2005; Edwards and
Marshall, 2013). Some fish have a strictly freshwater lifestyle, while others are
strictly marine species, and together, these are referred to as stenohaline.
Others including many of the salmonids, are referred to as euryhaline, or being
able to tolerate environments with widely varying osmotic concentrations or
salinities. Regardless, in either environment these fish must overcome strong
osmotic gradients. In freshwater, fish are required to compensate for the loss of
salts (sodium, Na* and chloride, Cl-) by active salt absorption across the gills
against the gradient presented by the hypotonic environment they inhabit, in

addition to producing copious amounts of dilute urine to offset the diffusion of
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water into their bodies. In contrast in hypertonic marine environments, the fish
are constantly drinking and producing very small amounts of concentrated urine
while salts are actively excreted across the gills to counteract the gain of ions and
loss of water (Evans et al., 2005). Thus, in both cases osmotic and pH
homeostasis is maintained. Due to extensive research over the years, a basic
knowledge of ion and osmoregulation in fishes now exists. However, a complete
mechanistic understanding of the relationship between pH balance and ion
regulation in fish is still lacking and variation among species is prevalent. This is
especially true of Na* transport, which is dynamically regulated in migratory fish
and is implicated in mediating osmotic and acid/base disturbances. Mechanistic
knowledge of ion transport begins with an understanding of the main site of

regulation, the fish gill.

Fish Gill Morphology

Teleost fish gills are covered by the operculum, a flap used to protect and
help ventilate or move water across the gills allowing for gas and ion exchange
between the water and the internal blood. Water enters the mouth of the fish
and flows across the four sets of gill arches. Each arch is composed of many
laterally branching filaments containing an afferent and efferent blood vessel,
which then branches individually to the many folds of the epithelial surface or
lamellae. This directional movement of water through the buccal cavity across
the filaments and out the caudal opening of the operculum allows for a

countercurrent exchange of gasses and ions with the water (Evans et al., 2005).
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Each individual filament contains many perpendicular-orientated lamellae,
thereby greatly increasing the gill surface area for absorption and excretion of
ions, as well as aiding oxygen and carbon dioxide transfer. The epithelium of the
lamellae is very thin, at times only two cell layers thick, minimizing the distance
between the blood and the external water and allowing for a close association
between the vasculature system and the environment. Lamellae consist of
structural pillar cells (PCs) housing the capillary compartment allowing for the
flow of blood cells, and are covered by a thin layer of epithelial pavement cells
(PVCs) (Laurent and Dunel, 1980). Water flows through the interlamellar space

between adjacent lamellae.

Gill Plasticity

The fish gill itself has proven to be a plastic tissue, demonstrating the
ability to alter its morphology or undergo remodeling under certain
environmental conditions. Exposure to metals or acidic environments has been
shown to result in gill epithelial hyperplasia, hypertrophy, edema, and lamellar
fusion etc. (see review, Evans 1987). More recently, there has been an increase
in examples of gill plasticity or alterations resulting in the space between the
lamellae being filled with an interlamellar cell mass (ILCM) consisting of cells
originating from the primary filament at the base of the lamellae. Tissue
plasticity was clearly shown in the gills of crucian carp (Carassius carassius) and
goldfish (Carassius auratus) in response to hypoxia (Sollid et al, 2003). In

control animals, a thick ILCM exists, and this is rapidly reduced upon exposure to
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hypoxic conditions. This was proposed to create greater surface area for oxygen
uptake (Sollid et al., 2003; Sollid and Nilsson 2006; Nilsson et al., 2012). The
goldfish gill also demonstrates similar plasticity in response to temperature.
Decreases in the ILCM have also been documented when goldfish acclimated to
25°C were compared with those acclimated to 7°C (Mitrovic and Perry, 2009).
Increases in ICLM in response to high environmental ammonia were also
documented in crucian carp and goldfish (Sinha et al., 2014). Likewise, Wright
and colleagues demonstrated Killifish (Kryptolebias marmoratus) increase their
ILCM in response to air exposure to prevent water loss (Ong et al., 2007; Turko
etal, 2011). Wright’s group also found that the ILCM of the Kkillifish was
decreased in seawater-acclimated animals compared with freshwater-
acclimated fish (LeBlanc et al., 2010). The only documented increase in ILCM by
a salmonid was observed in brook trout (Salvelinus fontinalis) in response to
aluminum exposure in slightly acidic water (Mueller et al., 1991). While
plasticity or gill remodeling seems to be a mechanism shared by many fish
species in response to alterations or disturbances in their environment, future
studies will most likely add to these examples and clarify the nature and role of

ILCM in response to differing environmental conditions.

Chloride Cells or Mitochondrion Rich Cells
Chloride cells (CCs) are responsible for Cl- secretion in marine teleosts
and commonly referred to as mitochondrial rich cells (MRCs) or ionocytes as

they are found in both marine and freshwater fish. Mitochondrion rich cells are,
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for the most part, found at the base of the lamellae where they meet the primary
filament (Perry, 1997). As their name suggests, these cells contain numerous
mitochondria providing the necessary energy (ATP) needed for their primary
role as ion transporting cells. Many studies have characterized the morphology
and function of these cells; (see reviews: Doyle and Gorecki, 1961; Philpott,
1980; Perry, 1997; Wilson and Laurent, 2002; Marshall, 2002; Evans et al., 2005;
Hwang and Lee, 2007; Dymowska et al., 2012; Hiroi and McCormick, 2012).
There is extensive variation in the structure, function, and ion transporters of
mitochondrial rich cells based on the species involved and the environment
occupied at the time especially that of freshwater teleosts. A recent review by
Dymowska et al. (2012) outlines the variation in freshwater species ionocytes
models. In rainbow trout, there are two types of documented ionocytes, one
beta-type that binds peanut lectin agglutinin (PNA) and termed PNA*, and an
alpha-type which is PNA-, differing also in their specific transmembrane ion
transporter localization (Goss et al.,, 2001). In tilapia and zebrafish there appear
to be four types of ionocytes differing in their expression of certain ion
transporters. As indicated earlier, this thesis will focus on the transport
(uptake/absorption as well as secretion/excretion) of salts and focused on Na*
regulation by salmonids, therefore the rainbow trout ionocyte and
corresponding ion transporter proteins will be highlighted. Although some ions
diffuse freely across cellular membranes, transmembrane proteins are
responsible for the bulk of ion transport in and out of the cells. Sodium

potassium-ATPase (Nka), Sodium hydrogen exchanger (Nhe), and recently Acid
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sensing ion channels (ASIC) have been reported to play important roles in Na*
transport (Dymowska et al., 2012; Claiborne et al., 2002; Hwang et al.,, 2011;

Dymowska et al., 2014).

Sodium-Potassium-ATPase

Jens Skou (1957) first described the enzymatic ion transporting ability of
Nka with experiments conducted on leg nerves of the shore crab, Carcinus
maenas. Ten years later the role of Nka in adaptation to seawater was
characterized in teleosts (Eptstein et al., 1967). Sodium potassium ATPase is an
electrogenic membrane bound transporter that uses ATP to transfer three
sodium ions out and two potassium ions into the cell against their gradients. It is
important in maintaining the resting potential of the cell, in cell volume
regulation and aids in overall ion transport (Schwartz et al., 1975; Jorgensen et
al., 2003). Itis composed of an alpha and beta subunit along with a gamma
subunit or FXYD proteins (proteins named for these specific amino acids FXYD);
including ten transmembrane domains of the alpha subunit. A hallmark of the
NKka is its sensitivity to the pharmacological inhibitor ouabain (Blanco and
Mercer, 1998; Silva et al,, 1977).

The role of Nka in fish gill cells has been extensively examined ever since
Epstein’s original characterization. In freshwater fish, the role of sodium
potassium ATPase to maintain Na* gradients and to transport Na* from the gill
epithelial cells to the blood space is generally accepted. In current models, Nka

is always localized to the basolateral side of the various ionocytes of freshwater
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fish including tilapia (Oreochromis), zebrafish (Danio rerio), and rainbow trout,
see review (Hwang et al., 2011; Dymowska et al., 2012; Hiroi and McCormick,
2012). Using an alpha subunit antibody, Ura and colleagues (1996) performed
the initial protein localization of Nka to the chloride cells in the freshwater masu
salmon (Oncorhynchus masou). Since then Nka immunoreactivity localized to
MRCs has been seen in freshwater salmonids including the rainbow trout
(Witters et al., 1996), brown trout (Salmo trutta) (Seidelin et al., 2000), Atlantic
salmon (Salmo salar), brook trout (Salvelinus fontinalis), and lake trout
(Salvelinus namaycush) (Hiroi and McCormick, 2007). In marine fish or
euryhaline fish adapted to seawater, Nka mediates the branchial excretion of Na*
by maintaining the transepithelial electrical potential across the gill epithelium,
allowing for the movement of Na* from the blood back to the external
environment through leaky junctions between mitochondrion-rich cells and
accessory cells (Evans et al,, 2005).

The important role of Nka in Na* (and CI-) secretion role is vital for
seawater tolerance and various studies have shown the link between salinity
transfer and gill Nka expression and activity in salmonids (McCormick, 1996;
Richards et al., 2003; Bystriansky et al., 2006; McCormick et al., 2013). A
significant advancement in our understanding of Nka and salinity transfer
occurred with the evidence of differential expression of separate nka isoforms,
as initially seen in the rainbow trout. Upon seawater acclimation gill expression
of nkaalb (now referred to as the seawater isoform) was upregulated, while

nkaala (freshwater isoform) expression decreased in rainbow trout (Richards
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et al.,, 2003). Since then, this isoform-switching has been documented in a
variety of species upon salinity transfer including Atlantic salmon (McCormick et
al,, 2009; Bystriansky et al., 2006), Arctic char, rainbow trout (Bystriansky et al.,
2006), Mozambique tilapia (Tipsmark et al., 2011), and the freshwater climbing
perch Anabas testudineus (Ip et al., 2012). There is also evidence for differential
expression patterns of the nka isoforms correlating with smolting and migratory
stages in the salmonids (McCormick et al.,, 2013), in which pre-smolts
demonstrate increased expression of nkaala, but nkaalb is the dominant
isoform being expressed during smolting (while still in FW) and upon transfer to
seawater. Similar patterns were seen again in Atlantic salmon smolts (Nilsen et
al,, 2007). Importantly, an inability to up-regulate or increase expression of the
seawater isoform nkaa1b has been suggested to lead to a lack of salinity
tolerance. Bystriansky and colleagues demonstrated a reduced salinity tolerance
of landlocked Arctic char associated with an inability to up-regulate nkaalb
(Bystriansky et al., 2007). This is a critical consideration for present and future
salinity tolerance studies and potentially more informative than results from
enzymatic assays which do not allow for discrimination between various
isoforms of osmoregulatory genes. Genetically these isoforms are present in
almost all of the salmonids however their ability to be upregulated and function
is the current topic of discussion (Dalziel et al., 2014). It is important to note
(when making genetic comparisons across salmonid lineages with a species such
as the well-studied rainbow trout) many hatchery rainbow trout had ancestors

that likely experienced marine environments less than 150 years ago [assuming
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a great number of hatchery rainbow trout lines retain a combination of genetics
from anadromous and resident rainbow (MacCrimmon, 1971)].

Upon exposure to differing environmental conditions, maintaining
internal blood osmolality and ion levels demonstrates a regulating ability and
suggests an overall tolerance in fish. During salinity exposures, freshwater or
euryhaline fish demonstrate initial increases in plasma ion levels (Na* and Cl-)
and osmolality, indicative of osmotic stress. Successful acclimation is
demonstrated when those blood ion levels have returned back to or near control
values. For example, rainbow trout acclimated to 40% SW experienced elevated
osmolality, Na*, and CI-levels following transfer and recovered after 5 days post-

transfer (Richards et al., 2003). Sturgeon (Acipenser transmontanus) exposed

to 16 ppt compared to those held in 0 ppt, experienced 72 hour (hr) increases in
plasma osmolality (400 to 250 mOsm, respectively), in Na* (190 to 140 mEq/L,
respectively), and in Cl- (165 to 100 mEq/L, respectively) but recovered to
control levels by 120 hrs (Amiri et al, 2009). This pattern has been shown
repeatedly; however, the time course of recovery is dependent on both the salt
concentration and the fish species examined. Salinity tolerance tests used to
examine different species can vary in the salinity concentration used with 32 -
35 ppt representing full strength seawater, 16 - 17ppt, 50% seawater, 0 - 1 ppt,
freshwater. These tests usually involve direct acute transfer from freshwater to
these higher salinities and then the fish are monitored for 24 - 96 hrs (but can

vary depending on the study and species examined).
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Sodium Hydrogen Exchanger

Mechanisms allowing for the transfer of Na* for hydrogen ions (protons,
H*) have been found universally across various phyla including bacteria, plants,
and animals. Members of the SLC9A gene family dominate this role in higher
vertebrates. In humans and mammals, at least 9 functional genes are present
that code for the various NHEs (NHE1- NHE8) (Orlowski and Grinstein 2004;
Slepkov et al., 2007). In general, NHE1-NHES are plasma membrane cell surface
proteins while NHE6-8 are organelle-localized transporters. All NHEs are
organized in a similar fashion consisting of a ~450 amino acid N-terminus made
up of 11-12 transmembrane domains, with varying length intracellular C-
terminal domain of ~125-440 amino acids which are isoform specific. While
theorized models for NHE structure are currently utilized, the exact structure
has not been solved via x-ray crystallography for any member of the SLC9 family.

In fish, recent ion-regulatory investigations theorize the Nhe as a primary
mechanism for Na* and H* transport at the gill (see reviews by Wright and
Wood, 2009; Takei et al., 2014). Current ionoregulatory models of trout MRCs
suggest a metabolon mechanism incorporating a Na* transport protein (Nhe)
coupled to a rhesus glycoprotein and V-type H*-ATPase (Dymowska et al., 2012;
Wright and Wood, 2009). This ion transporter organization would mediate the
simultaneous efflux of H* and ammonia (NH3), resulting in favourable
electrogenic gradients and boundary layer acidification to facilitate Na* uptake
(Wright and Wood, 2009). Initial protein expression studies confirmed the

presence of Nhe in the gills of rainbow trout (Edwards et al., 1999). Three Nhe
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isoforms involved in osmoregulation have now been identified in salmonids:
Nhe2 (Slc9a2), Nhe3 [Slc9a3 (referred to hereafter as Nhe3a)] (Ivanis et al.,,
2008) and the more recently described Nhe3b (GenBank ID: NM_001160482.1).
The expression of Nhe in freshwater fish and has been demonstrated in
numerous studies (Edwards et al., 1999; Ivanis et al., 2008; Hirata et al., 2003;
Edwards et al., 2005; Inokuchi et al., 2009). Full characterization of Nhe3
including gill localization was performed in the Osorezan dace, which lives in an
acidic freshwater environment (Hirata et al., 2003). Freshwater adapted
Fundulus heteroclitus demonstrate gill protein expression of both Nhe2 and
Nhe3, and exposure to hypercapnia resulted in increased expression of gill Nhe2
under freshwater conditions (Edwards et al., 2005). Expression of Nhe3 was
localized to the MR cells of the tilapia, and gill expression of nhe3 was
upregulated upon acclimation to artificial freshwater containing lower Na* and
Cl- concentrations (Inokuchi et al.,, 2009). Zebrafish (Danio rerio) are perhaps
the most researched freshwater fish when it comes to molecular and genetic
studies, and to date, 8 nhe isoforms have been cloned including nhel, nheZ,
nhe3a, nhe3b, nhe5, nhe6, nhe7, and nhe8 (Yan et al., 2007). This comprehensive
nhe expression study demonstrated gill expression of all nhe isoforms with the
exception of nhe3a, which was strongly expressed in the kidney. Furthermore,
while the 7 isoforms were expressed in the gill under control freshwater
conditions, the authors importantly demonstrate down regulation of nhe3b
under acidic conditions and upregulation under low Na* conditions (Yan et al.,

2007). Kumai and Perry (2011) however provide conflicting evidence that
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under low pH conditions morpholino knockdown of zebrafish nhe3b results in
significantly decreased Na* uptake. These differences however, may be the
result of one being a functional assay (Na* uptake) and the other only a relative
change in expression.

Among salmonids, Ivanis et al. (2008) performed initial cloning and
localization of nhe2 and nhe3 in rainbow trout, with apical expression of Nhe2/3
found on MR cells of the gill. However, no differentiation between Nhe3a and
Nhe3b was achieved with the indiscriminate antibodies used in this study.
Nhe3b immunoreactivity has been detected on the apical side of MR cells in
rainbow trout and co-localized on cells possessing basolateral Nka and sodium
potassium chloride co-transporter (Nkcc) (Hiroi and McCormick 2012).
Additionally, feeding as well as exposure to high environmental ammonia
resulted in increases in rainbow trout gill nhe2 mRNA expression (Zimmer et al.,
2010). Expression of Nhe in salmonids is supported by other studies including
the detection of Nhe2 immunoreactivity in freshwater Coho salmon, where it
was localized to elongated accessory cells on the gill filaments with minimal co-
localization with that of Nka (Wilson et al., 2002). Clarification of the expression
pattern of the various isoforms of Nhe and their role in Na* uptake in the model
organism rainbow trout was one of the goals of this thesis.

In addition to uptake of Na*, the other role of Nhe is in acid-base
regulation by providing a direct path of H* excretion at the gill epithelium. This
regulation would be necessary for fish during internal metabolic acidosis events

following intense activity (exercise in the form of chasing prey, evading
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predators, upstream migrations, or angling pressures). Acid-base and ion
regulation at the gill are closely linked in both freshwater (FW) and seawater
(SW) species, resulting from the excretion of acidic and basic equivalents and the
absorption of Na* and Cl- (Perry and Gilmore, 2006). In marine environments
favourable gradients (high external Na*) would allow for this Na*/H* exchange
to occur more easily. This exchange is supported by studies indicating the
increase of nhe3 mRNA expression following hypercapnia in the SW mummichog
(Fundulus heteroclitus) (Wall et al., 2001), increases in mRNA of nheZ in the
longhorned sculpin (Myoxocephalus octodecemspinosus) gill following HCl
infusion associated with increased H* extrusion (Hair et al.,, 2002; Claiborne et
al,, 1997; Claiborne et al., 2002), and increases in Nhe2 protein abundance
following HCl injection in the spiny dogfish (Squalus acanthias). In freshwater
environments, thermodynamic constraints have led to questioning the function
of Nhe despite numerous physiological studies stated earlier showing presence
and increased expression under various freshwater conditions. Theoretically,
even at low environmental Na*, following intense exercise the Nhe could
function given the increase of H* in the epithelial cells, as a result of the action of
cytosolic carbonic anhydrase which catalyses the reaction of CO2 and water to
form protons (H*) and bicarbonate ions (HCO3-). We know that a metabolic and
respiratory acidosis occurs in rainbow trout following exhaustive exercise
(Milligan and Wood, 1986). Arterial blood pH underwent sudden acidification
dropping from 7.8 to 7.25 following exercise, followed by progressive recovery

by 8 hrs with slight alkalosis over-compensation at 12 hrs, but returned to pre-
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exercise levels by 24 hrs associated with acid excretion to the environment
(Milligan and Wood, 1986). The exact mechanism of H* excretion is still up for
discussion as evidence for H*-ATPase has gained much support, however that
route would likely be linked with the presence of an associated Na* channel such
as ENaC (epithelial sodium channel), which has not been found to exist in teleost
fish. The recently proposed ASIC4b has been shown to be expressed in rainbow
trout and zebrafish at low pH and low Na* environments and has been suggested
to be the missing sodium channel (Dymowska et al., 2014). The question still
remains of the complete role of Nhe, as the presence of this transporter in

freshwater salmonids is clear despite thermodynamic constraints.

Pharmacological Inhibitors

The use of pharmacological inhibitors or drugs that block the action of an
ionoregulatory protein is a popular method used to demonstrate the presence or
function of a specific ion channel or transporter in many physiological studies
(Eigler et al.,, 1967; Kirshner, 1973; Kleyman and Cragoe, 1989). Commonly the
inhibitory drugs utilized are and have been chosen based on their interaction in
mammalian studies (in accordance with medical application) and have been
applied with overall theoretical assumptions for species crossover. In fish,
pharmacological agents are usually administered to the surrounding water
environment, by which they will in theory come in contact with the gills and the
transporters situated in the gill epithelium. Pharmacological agents have been

frequently employed in studies attempting to resolve the mechanistic debate
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surrounding the mode of Na* acquisition by various freshwater fish (Kirshner,
1973; Wright and Wood, 1985; Avella and Bornancin, 1989).

The application of pharmacological inhibitors in fish physiology studies was
likely prompted by studies revealing the use of amiloride (MK 870; N-amidino-
3,5-diamino-6-chloropyrazinecarboxamide), a diuretic compound, in inhibiting
active Na* transport across the frog skin (Eigler et al., 1967). Amiloride was
used in a wide range of animal species to investigate Na* transport (Benos,
1982). Kirshner (1973) first utilized amiloride in a fish physiological study, and
demonstrated a significant decrease of net Na* movement across the trout gill.
Again amiloride, as well as 4-acetamido-4-isothiocyanostilbene-2,2-disulfonate
(SITS), an anion exchange inhibitor, was demonstrated to inhibit Na*and CI-
transport, respectively, in the rainbow trout (Perry and Randall, 1981). The
addition of amiloride to the external media resulting in inhibition of Na* influx
suggests the exchange is on the apical side of the branchial epithelium of trout
(Wright and Wood, 1985; Avella and Bornancin, 1989). Due to the non-
specificity of amiloride, the support for Nhe as the main path of Na* uptake was
challenged with contrasting pharmacological studies demonstrating Na* uptake
inhibition by bafilomycin (a H*-ATPase inhibitor), in turn suggesting the
presence of an apical Na* channel working in conjunction with the H*-ATPase
(Fenwick et al 1999; Lin and Randall, 1991; Lin and Randall, 1995; Reid et al,,
2003). However, evidence for Nhe was further supported with immunological
and further pharmacological support using more specific amiloride analogues

including DMA (5-N, N-dimethyl amiloride), MIA (5-methyl-N-isopropyl
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amiloride), HMA (5-Nethyl-N-isopropyl amiloride), or EIPA (5-N-ethyl-N-
isopropyl amiloride) which all caused significant inhibition of Na* uptake in the
goldfish at 100uM concentrations or less (Preest et al., 2005). These inhibitors
were also chosen based on assumptions from studies in the medical field on ion
transport in mammalian cell preps and effects in the presence of amiloride
analogues (Kleyman and Cragoe, 1988). Until we have complete
characterization of pharmacological inhibitor effects in whole animal studies,
isolated fish cells, and isolated proteins, our interpretation of the drug effects
seen in fish physiological studies is limited by the assumptions from the
mammalian literature. One goal of this thesis was to provide further fish-specific
ion-transporter (i.e. Nhe) drug inhibitor interactions, by expressing these
transporters in a NHE-deficient cell system, allowing for direct pharmacological
characterization of these transporters. Nhe activity would be indicated by
measuring intracellular pH (pHi) calibrated to fluorescence of the pH-sensitive
dye BCECF, which was previously taken up by the cell. This method of
calculating NHE activity has been utilized in numerous studies (Grinstein et al.,

1993; Murtazina et al., 2001; Parks et al., 2010).

AP-1 Cell Line

Upon researching the role of human NHE in the growth-arrest state of
mammalian cells, a technique was performed that produced cells which were
deficient of the NHE. Utilizing a wild-type Chinese Hamster ovary cell line (WT-

5), an acid suicide method was developed which produced a mutant cell line
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deficient of NHE activity (AP-1) (Rotin and Grinstein, 1989). This method is
described in Pouyssegur et al., (1984) and also in Rotin and Grinstein (1989) as
follows: Cells are first loaded with LiCl (lithium chloride) via 2 hr incubation in
130mM LiCl, causing the intracellular Li concentration to reach 80-90mM and
pHi 7.1. Next, two chemical gradients of opposite direction were created: an
inward directed H* gradient and an outward directed Li* gradient by replacing
external medium with Na*- and Li* -free choline chloride saline solution,
buffered at pH 5.5. This resulted in a detrimental H* uptake (which could be
inhibited by the amiloride analogue, DMA). After 60-min exposure to the choline
acid saline, cell viability dropped dramatically, 100uM DMA efficiently prevented
cell death. Cell pH dropped from 7.1 to 4.8, and was associated with the rapid H*
uptake and significant efflux of Li*. This cycle was performed twice and the
surviving clones were given a third 60-min suicide test, and resistant clones
were picked and passed over 4 months of passage in the absence of selective
pressure. Subsequently, 90% of the clones resistant to H* uptake were found to
be defective in NHE activity. Also, in a HCO3- buffered medium Cl-/HCO-
exchange can efficiently overcome a NHE anti-port defect. Loading with NH4*
kills 100% of the NHE-deficient cells with no effect on the wild-type cell.

The establishment of this NHE-deficient cell line allows for the transient
or stable expression of NHEs into the cell line, which can now be characterized
for transport kinetics and or pharmacological interactions. Extensive studies
utilizing this system to do exactly that have been performed to investigate the

activity of various NHEs including the rat NHE2 (Yu et al., 1993), rat NHE1 and
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nhe3 (Orlowski, 1993), human NHE1 (Murtazina et al., 2001), human NHE1, -2,
and -3 (Kandasamy et al., 1995) and shark Nhe2 and -3 (Guffey et al., 2015).
Given all of the teleost physiological studies utilizing pharmacology against the
Nhe, there is a lack of functional characterization of any teleost Nhe utilizing a

similar expression system.

Fish Embryo Physiology

Salmonid embryo hatching times vary greatly depending on the species
and incubation temperature, however from fertilization, rainbow trout embryos
if held at constant temperature around 10°C hatch at ~34 days (Velsen, 1987).
Historically the majority of fish physiological studies concerning osmoregulation
or ionoregulation were conducted on juvenile or adult fish. However, there is an
increasing number of fish embryo or larval studies emerging looking at ion
transport and respiration at this initial stage of life (Eddy and Talbot, 1985;
Rombough, 2007; Zimmer et al., 2014). Just as adult freshwater fish face the
challenges of living in a hypotonic environment where they must acquire ions
from the environment and rid themselves of excess water brought on by osmotic
pressures due to their increased surface area-to-volume ratio fish embryos and
larvae arguably face even greater osmotic challenges. Unlike adult fish, embryos
do not have the ability to seek out favourable environments if an environmental
perturbation does exist, although the chorion and perivitellin fluid act as
protective buffering layers for the embryo (Eddy and Talbot, 1985). As stated

earlier, the gill is the main site for ion regulation, osmoregulation and respiration
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in adult fish; however, because this tissue is greatly underdeveloped in
embryonic and larval fish, research suggests the skin or yolk sac membrane to be
the initial location for these physiological processes (Wells and Pinder, 1996;
Rombough, 1999; Rombough, 2007; Fu et al,, 2010; Zimmer et al,, 2015). Indeed
similar cells to those of the gill epithelial MR cells have been localized to the yolk
sac of embryonic fish (Ayson et al., 1994; Nakada et al., 2007; Esaki et al., 2009;
Kaneko et al., 2002). The ability of embryonic fish to osmoregulate has been
discussed for a number of years (see review by Versamos et al., 2005). Shen and
Leatherland (1978) suggested that rainbow trout embryos possessed some
capacity to osmoregulate, demonstrating differences in eggs held in distilled
water compared to those in 13 or 16ppt salinity. Additionally, significant
differences in Na* content were established between the different treatments,
suggesting embryonic Na* regulation (Shen and Leatherland, 1977). Barrett et
al. (2001) demonstrated that Na* uptake in whole rainbow trout embryos was
maintained at stable rates from fertilization up until 10 days before hatch at
which point there was a significant increase in Na* uptake rate.

Much like adult freshwater fish, the exact mechanisms involved in
osmoregulation at these early life stages, especially those responsible for the
uptake of salts from the surrounding environment have not yet been fully
determined. In larval tilapia, Nka was immunolocalized to MR cells on the yolk
sac membrane suggesting the MR cells role in early osmoregulation (Hwang et
al., 1999). In larval zebrafish in acidic freshwater, Kumai and Perry (2011)

demonstrate an EIPA-sensitive Na* uptake mechanism (localization of Nhe3b)
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which is linked to ammonia transport via Rh protein, as well as a Na* uptake
component facilitated by H*-ATPase, suggesting the existence of multiple
mechanisms. Sodium uptake was also decreased upon knockdown of nhe3b in
zebrafish larvae in low Na* water (Shih et al,, 2012). It has been suggested in
rainbow trout embryos that there is a direct coupling of Na* uptake and
ammonia excretion over early development with the documented increase of
expression of nheZ and Rhcg1, and that this shifts from the skin to the gills over
time (Zimmer et al., 2014). The role of the various Nhes in embryonic Na*
uptake during rainbow trout development was an aspect investigated in this

thesis.

Thesis Projects and Aims

Fish constantly perform physiological processes allowing them to live in
aquatic environments with varying salt and water gradients. Maintaining
internal homeostasis against the forces of diffusion and osmosis that may
perturb the delicate balance of pH or salt to water ratios in their blood is a
function of the gill. Gills are the main routes of ion and gas exchange between
fish and their environment, and mitochondria rich cells lining branchial
epithelium are equipped with specialized proteins acting as transporters or
channels for ions to pass across the water/blood barrier. Sodium is a vital ion
for maintaining both acid-base balance and internal osmotic homeostasis and is
closely regulated by in fish, especially species such as those in the salmonid

family that commonly migrate between freshwater and marine environments.
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The goal of my research was to investigate the various mechanisms of the gill or
branchial region, which allow members of the salmonid family to efficiently
exchange Na* ions with the environment. Failure to do so under specific
conditions will cause imbalances to the fish’s blood homeostasis. The aims of my
thesis were as follows:
1) Examine the developmental expression of Nhe isoforms and their role of
sodium uptake in trout embryos
2) Clone trout nhe2, nhe3a, and nhe3b and conduct a pharmacological profile
following transfection into nhe deficient AP-1 cells
3) Investigate the salinity tolerance and identify ion transporters in Arctic
grayling (Thymallus arcticus)
4) Examine possible recovery from salinity exposure of Arctic grayling and

perform a comprehensive morphology analysis of the resulting ILCM
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CHAPTER II: Characterization of developmental Na+ uptake in rainbow
trout embryos supports a significant role for Nhe3b

A version of this chapter has been published previously, in which I share co-1st
author with Dr. David Boyle for the following journal article.

Boyle, D., Blair, S. D., Chamot, D., & Goss, G. G. (2016). Characterization of
developmental Na+ uptake in rainbow trout larvae supports a significant role for

Nhe3b. Comparative Biochemistry and Physiology Part A: Molecular & Integrative
Physiology, 201, 30-36.
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Introduction

In freshwaters, fish face a challenge to overcome unfavourable ion
gradients to replenish ions, including Na*, lost by diffusion. In adult fishes, ion
uptake is primarily achieved at the gill, a multifunctional epithelium with
additional coupled roles in gaseous exchange, acid-base balance and nitrogenous
waste excretion (Evans et al., 2005). In larvae, these physiological processes are
first performed cutaneously, with the role of the gill progressively increasing
during development (Fu et al., 2010; Rombough, 2007; Zimmer et al., 2014a).
Recently, it has been demonstrated that ion uptake shifts earliest to the
developing gill with gaseous exchange following later, and this has been
interpreted as the primacy of ion acquisition over respiration in driving the
evolution of gill development in fish (Fu et al,, 2010). Nevertheless, the
molecular identities and cellular organizations of the proteins involved in ion
uptake and especially their expression under variable environmental conditions
have yet to be fully elucidated and are the subject of continuing debate.

Early models of acid-base balance and ion-regulation in fish postulated
Na* uptake to occur in exchange for acidic equivalents (H*) at the gill (e.g. Krogh,
1937, 1938). This has since been empirically demonstrated [e.g., in rainbow
trout (Oncorhynchus mykiss); Goss and Wood, 1991]. Sodium uptake at the gill
has also been suggested to be coupled to ammonia (total NH3/NH4*) excretion
(Liew et al.,, 2013; Wright and Wood, 1985; Zimmer et al., 2010). Although less
studied, Na* uptake is also required for embryonic fish, Na* balance in

chorionated embryos is acid-sensitive (Eddy et al., 1990) and the timing of the
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ontogenetic shift of Na* uptake and NH4* excretion to the gill in embryonic trout
is highly correlated (Zimmer et al., 2014). The mitochondrion-rich ionocytes in
the gill (MR cells; Perry, 1997) also appear early in fish development, being
present on the yolk-sac membrane and prior to the development of gills (Nakada
et al.,, 2007; Esaki et al., 2009).

Recently proposed models of Na* transport in adult rainbow trout gill MR
cells, have a sodium transport protein potentially coupled to rhesus
glycoproteins and V-type H*-ATPases in a metabolon (Dymowska et al., 2012;
Wright and Wood, 2009). Together, these act in concert to mediate NH3 and H*
extrusion and maintain favourable electrogenic gradients and boundary-layer
acidification to facilitate Na* uptake. The electroneutral sodium/proton
exchange proteins (Nhe) in the solute carrier (Slc) family of membrane transport
proteins are currently considered primary candidates for this role (see reviews
by Wright and Wood, 2009; Takei et al., 2014). First documented in rainbow
trout by Lin and Randall (1991) and with localization at the branchial epithelial
membrane confirmed later (Edwards et al., 1999), three isoforms have now been
identified: Nhe2 (SIc9a2), Nhe3 [Slc9a3 (referred to hereafter as Nhe3a)] (Ivanis
et al.,, 2008) and the more recently described Nhe3b (GenBank ID:
NM_001160482.1). However the function of Nhe transporters in low Na* waters
has been questioned due to thermodynamic constraints of combined low pH and
low [Na*] (Parks et al., 2008). Indeed, it has been demonstrated that acid sensing
ion channels (Asic) may substitute for the function of a Nhe protein in juvenile

rainbow trout under unfavourable conditions (Dymowska et al., 2014); Asics are
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voltage-insensitive Na* channels gated by extracellular H* and are expressed in
the gill of juvenile trout.

The goal of this study was to investigate Na* uptake and the role of Nhe in
rainbow trout embryos and larvae reared from fertilization in soft synthetic
freshwater containing 0.1 mM Na+* at pH 6. This [Na*] and pH are below the point
of transport equilibrium of Nhe (Parks et al., 2008). We utilized unidirectional
whole embryo/larvae 22Na* fluxes and dose-increments of pharmacological
inhibitors of Na* uptake to determine the role of Nhe. Expression of nhe isoforms
(nhe2, nhe3a and nhe3b) was also analyzed in whole embryos/larvae. A second
group of embryos/larvae reared in hard water (2.2 mM Na*, pH 8, higher [CaZ*])
was also included in the experimental design. Importantly, fluxes with hard
water reared embryos/larvae were performed in soft water, only. The rationale
behind this approach was that if rearing embryos/larvae in soft and hard waters
leads to differential expression of nhe isoforms then embryos/larvae would
display different Na* uptake profiles when fluxed under the same water
conditions. These data could therefore add further weight to the roles of specific
Na* uptake pathways in soft water. To complement these data and to address a
data gap in the trout literature tissue specific expression analyses of nhe
isoforms were also performed in juvenile rainbow trout. This is the first study to
differentiate developmental expression patterns of isoforms of nhe in rainbow
trout during early development and the data gathered suggest a predominant

role of Nhe3b in Na* acquisition in low [Na*] soft water.
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Materials and Methods
Experimental animals and environmental waters

All experiments were conducted under Animal Use Protocol #00000072
as approved by the University of Alberta and the Biosciences Animal Policy and
Welfare Committee under the directions provided by the Canadian Council for
Animal Care in Canada. Rainbow trout embryos (n = 500) were collected on the
day of fertilization from Raven Brood Trout Station, Raven, Alberta and
transported to the University of Alberta. Embryos were equally divided between
Heath chambers in two continuously aerated and UV-treated dechlorinated
recirculating water systems containing 130 L of either soft [low Na* (0.1 mM,
nominal concentration)] or hard [high Na* (2.2 mM, nominal concentration)]
synthetic freshwaters maintained at 10°C. The chemical compositions of the
synthetic freshwaters used correspond to those previously used in trout
ionoregulatory research (Allin and Wilson, 2000; Fu et al., 2010) and
standardized waters recommended for use by the U.S. Environmental Protection
Agency (USEPA, 2002). Measured [Na*] were (means = S.D., n = 26): 0.105 *
0.006 and 2.267 + 0.201 mM for soft and hard waters, respectively. Soft and hard
waters were pH 5.9 + 0.2 and pH 8.1 + 0.1, respectively. Concentrations of other
elements in freshwaters were: Ca2* 0.015 mM; Mg?* 0.035 mM; K* 0.035 mM, in
soft water and Ca2* 0.9 mM; Mg2+ 1.0 mM; K* 0.1 mM, in hard water.

Immediately after the final flux (see section 2.3), when complete
reabsorption of the yolk sac (~22 d post hatch, dph) had occurred, excess fry

were transferred to 120 L flow-through tanks supplied with aerated 10°C re-
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circulating dechlorinated Edmonton City tapwater (Na* 0.46 mM; Ca2* 0.99 mM,;
Mg2+ 0.65 mM; K* 0.02 mM) and maintained as stock fish. Later, and in light of
gathered data of developmental expression of nhe isoforms in whole
embryos/larvae (see section 2.4 and results), it was apparent that these data
could be better interpreted by complementing them with analyses of expression
of nhe isoforms in specific tissues of juvenile trout. These expression analyses
also addressed a data gap in juvenile rainbow trout. Therefore, at 6 months, a
sub-sample (same cohort) of the juvenile trout (2.1 + 0.3 g, n = 6) were re-
acclimated for 7 d in aerated tanks containing 20 L of either soft or hard
synthetic freshwater (chemistry as indicated above). Following the acclimation
period, fish were euthanized in pH buffered MS222, and tissues excised and snap
frozen in liquid N2 for reverse transcriptase-PCR analysis (nhe isoform).
Measurement of embryo sodium concentration

At time points selected to span development from pre-hatch (chorionated
embryos) to immediately post-hatch and then the period up until the absorption
of the yolk sac, embryos/larvae (n = 3) were randomly selected and removed
from Heath trays, and individually snap frozen in liquid N2. Embryos were
subsequently dried to constant weight at 80°C, transferred to metal-free
polyethylene tubes, digested in 250 pL trace analysis grade concentrated nitric
acid and diluted to a known volume with ultrapure water for measurement of
[Na*] via atomic absorption spectrophotometry (Model 3300, Perkin Elmer, CT,

USA). Embryo [Na*] was calculated as pmol Na* mg-1 dry weight.
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Unidirectional 22Na* fluxes

Unidirectional 22Na* (in the form of 22NaCl, Perkin Elmer) fluxes in whole
embryos/ larvae reared were conducted in soft water, only (water chemistry as
described in section 2.1). The broad-spectrum Na* channel blocker, amiloride
and the purported Nhe specific inhibitor 5-(N-ethyl-N-isopropyl)-amiloride
(EIPA) were used to examine the involvement of Nhe in Na* uptake in
embryos/larvae (Kleyman and Cragoe, 1989). Embryos/ larvae (n = 6 per
dose/treatment) were transferred in system water from the Heath chambers to
individual 12 x 75 mm borosilicate tubes and placed in a constant temperature
water bath at 10°C. At ¢t = -30 min, the system water was removed, and 1 mL of
soft water (both treatment groups) premixed (vortexed) with pharmacological
agents (0, 0.1, 1, 10, 100 pM amiloride or EIPA in 0.1% dimethyl sulfoxide
(DMSO vehicle; all reagents from Sigma) was added. Previous studies have
indicated that 0.1% DMSO does not interfere with ion uptake in trout embryos
(Boyle et al., 2015) and comparison of Na* uptake rates in hard and soft water
reared embryos/larvae exposed to 0.1% DMSO with controls (i.e. no DMSO0),
indicated no significant difference (Student’s t-test, p > 0.05). Accordingly, flux
measurements performed without DMSO are not shown in figures and were not
included in further statistical analyses. After the pre-incubation period (t = 0),
the solutions were removed and immediately replaced with 1 mL of soft water
premixed (vortexed) with both the pharmacological agent (in 0.1% DMSO) and
0.0125 puCi 22Na* mL-1, as appropriate. After t = 5 min, a 100 [I. sample was

withdrawn from each tube and placed in a borosilicate tube for later counting to
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calculate the specific activity of 22Na* in the water. At the completion of the
experimental flux period (¢t = 60 min), the flux media was removed with a
Pasteur pipette and replaced with 1 g L-1 MS222 prepared in soft water and
buffered to pH 6.0. Euthanized embryos/ larvae were then washed 3 times in ~4
mL ice-cold 2.9 g L-1 NaCl to displace residual unbound 22Na*. A sub-sample (1
mL) of the final wash solution was also removed to borosilicate tubes for
counting to measure carry-over of residual externally bound 22Na*. The activities
of 22Na* in all trout embryos/larvae and water samples were counted with a
Cobra Quantum gamma counter (model E5003, Packard Instrument Company
Inc., Downers Grove, Illinois). Total [Na*] in low [Na*] water was measured using
atomic absorption spectrometry (Model 3300, Perkin Elmer, CT, USA) and
compared to appropriate Na* standards (as NaCl). Unidirectional Na* influx was

calculated as nmol Na* embryo-1 h-1 (Fu et al., 2010).

RNA extraction, cDNA synthesis and PCR

Whole embryos for transcript analysis were collected on the same day
and from the same tray as those used for 22Na* uptake fluxes. Transcript tissue
analysis (gill, kidney, brain, intestine, liver) was also conducted on acclimated
juvenile trout at ~6months post-fertilization. All collected samples were
immediately frozen in liquid N2 and stored at -80°C for later analysis. Total RNA
was extracted from tissues and embryos using Trizol (Invitrogen) and combined
with further RNA purification and genomic DNA (gDNA) removal using the

RNeasy mini plus kit (Qiagen) as previously described (Boyle et al., 2015).
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Briefly, tissues (approximately 20 mg) or individual (n = 1) whole trout embryos
were homogenized in 1 or 1.5 mL Trizol, respectively, using a motor-driven hand
homogenizer (Gerresheimer Kimble Kontes LLC, Diisseldorf, Germany). After
centrifugation (12000 x g, 10 min, 4°C) to remove tissue debris, the supernatant
was transferred to a second tube with 0.2 or 0.3 mL chloroform and then shaken
by hand (15 s). Tubes were then incubated at room temperature for 3 min and
then centrifuged again (12000 x g, 10 min, 4°C). The upper phase was
transferred to a gDNA removal column and further RNA purification continued
according to RNeasy kit manufacturer’s instructions (Qiagen). Total RNA was
eluted in ultrapure nuclease-free H20 and the concentration and presence of
impurities assessed through spectrophotometry (NanoDrop, ND-1000, Thermo
Scientific, Wilmington, USA). Synthesis of cDNA was carried out with SuperScript
Il reverse transcriptase (Invitrogen) with random primers and 1.5 ug (tissues)
or 5 pug (embryos) RNA template according to the manufacturer’s instructions.
cDNA was diluted 1 in 25 with ultrapure nuclease-free H20 for use in
quantitative PCR (qPCR) or Reverse Transcription PCR (RT-PCR).

The gene-specific oligonucleotide primers for nhe2, nhe3a and nhe3b and
elongation factor 1a (efla, house-keeping gene) for gPCR and RT-PCR were
designed using Primer3 software (v. 0.4.0) and are listed in Table 2.1. Expression
of efla has previously been shown to be stable during embryo/larval
development and has comparable expression between tissues in juvenile

rainbow trout (Boyle et al.,, 2015).

47



Quantitative PCR was carried out using a light cycling PCR machine (ABI
Prism 7500 sequence detection system) with cycling conditions as follows: 2
min denaturation at 95°C and 40 cycles of 95°C for 15 s and 60°C for 1 min, and
using SYBR green PCR mastermix (produced in-house, Molecular Biology
Services Unit, University of Alberta) in a final reaction volume of 10 uL
containing 300 nM primers. All samples were analyzed in triplicate with
appropriate no-template controls included on each plate and dissociation
analysis performed in every well to verify primer specificity. The relative copy
number of mRNA transcripts was calculated according to a Ct-based relative
quantification with efficiency of reaction correction and normalizing to efla
(Pfaffl, 2001). Efficiencies of the PCR reactions were calculated using a cDNA
dilution curve and were 105-110%.

Reverse transcription PCR was performed on whole larvae (11 dph, only)
and tissues (gill, kidney, brain, intestine, and liver) of juvenile trout. Conditions
used in the PCR were as follows: 3 min denaturation at 95°C; and 35 cycles of
95°C for 30 s, and 30 s at 60°C (nhe2, nhe3a, nhe3b), or 57°C (efla), and 72°C for
1 min; and followed by a final elongation at 72°C for 5 min. The resulting PCR
products were visualized by electrophoresis on a 2% agarose gel stained with
ethidium bromide and imaged using Alphalmager 2200 (ProteinSimple,

California). The identities of all PCR products were confirmed by sequencing.
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Data handling and statistical analyses

All data are presented and reported as means * standard error (S.E.M.).
Statistical analyses were performed using GraphPad Prism (GraphPad Software,
Inc. v. 6) or IBM SPSS Statistics 21 (SPSS Inc., v. 21). All data were tested for
normality (Shapiro-Wilk test) and if not normally distributed were logio or
arcsine transformed as appropriate. Statistically significant differences between
groups were detected using ANCOVA (Na* concentrations in embryos), Two-Way
ANOVA with Holm-Sidak’s multiple comparisons test a posteriori, One-Way
ANOVA with Dunnett’s test a posteriori and Student’s t-test. A p value of < 0.05

was considered significant.

Results
Whole embryo [Na*]

There was a small difference (of 1 d) in the time of hatch between
embryos reared in soft and hard water. Accordingly, sampling was staggered by
1 d in all post-hatch analyses and all data are presented normalized to date of
hatch. There was a clear and significant increase in [Na*] in whole
embryos/larvae as development progressed and especially post-hatch that was
evident in both treatment groups (Fig. 2.1). However, there were no significant
differences in [Na*] in soft versus hard water (using ANCOVA to normalize for
difference in time of hatch, p > 0.05). For example, [Na*] at 20 dph when yolk
sacs had receded was: 59.4 + 8.0 and 67.5 + 2.4 pymol Na* mg1 in larvae reared in

soft and hard water, respectively.
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Developmental profile of Na* acquisition

When assessed in soft water, unidirectional Na* uptake rates in
embryos/larvae reared in both soft and hard water progressively increased
during development (p < 0.001, Fig. 2.2). Starting at 0 dph, significant differences
in Na* uptake were seen between soft and hard water treatments with larvae
acquiring Na*at 7.6 £ 0.9 and 4.7 + 0.6 nmol larva-1 h-1, respectively. By 20 dph,
Na* uptake had increased to 29.5 + 3.7 and 20.8 + 3.0 nmol larva-l h-1 in soft and

hard water treatments, respectively (Fig. 2.2).

Pharmacological profile of Na* acquisition

To profile proteins and pathways of Na* uptake in soft water,
unidirectional 22Na* flux experiments were also performed with increasing
doses of amiloride and EIPA at 0 and 20 dph (Figs. 2.3, and 2.4, respectively).
The data clearly demonstrate that both pharmacological agents, and in both soft
and hard water reared larvae, inhibited Na* uptake. At 0 dph, 10 uM EIPA caused
an approximate 50% inhibition in Na* uptake, while 100 pM EIPA resulted in an
approximate maximal 85% inhibition (Fig. 2.3A). Amiloride also caused similar
patterns of inhibition with a maximum 85-90% inhibition of Na* uptake
observed. This pattern of pharmacological inhibition was also apparent in larvae
fluxed at 20 dph (Fig. 2.4A).

There were clear and statistically significant differences in absolute
measurements of Na* uptake rates in larvae reared in soft and hard water

throughout the experiment, including during exposures to amiloride and EIPA;
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however, when uptake rates were expressed as % inhibition of their respective
controls (soft or hard water), there were no significant differences observed in
the effects of the drugs between the two treatment groups (Figs. 2.3B, 2.4B).
mRNA Expression of nhe isoforms

Expression of all three nhe isoforms was not consistently detected in
whole embryos/ larvae during development. While nheZ was detectable in
embryos/larvae with RT-PCR (at least at 11 dph, Fig. 2.5) it was not consistently
quantifiable with qPCR (data not shown). Expression of nhe3a was not detected
with either technique (e.g. RT-PCR, Fig. 2.5). In contrast, expression of nhe3b was
consistently detected throughout development and was observed to increase
significantly post-hatch (Figs. 2.5 and 2.6A). Moreover, and at most time-points
analyzed, expression was significantly greater in soft water reared embryos
compared to hard water reared embryos. There was also a strong positive
correlation between unidirectional Na* uptake and nhe3b expression across all
time and treatment groups for which data were available (Fig. 2.6B). In juvenile
rainbow trout acclimated to soft and hard water, nhe2, nhe3a and nhe3b
exhibited a clear tissue specific expression pattern (Fig. 2.5B). Expression of
nheZ2 and nhe3b was detected in the gills, only, while nhe3a was localized to the
kidney (Figure 2.5B). Furthermore, expression of nhe3b was found to be about
75-fold higher than nheZ in the gills of juvenile rainbow trout under both water

conditions (Figure 2.7).
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Figure 2.1. Sodium (Na*) concentrations (umol mg™! dry weight) in embryos/larvae
reared in soft (0.1 mM Na") and hard (2.2 mM Na*) waters. Time is expressed as day
post hatch (dph) and the non-alignment of pre-hatch (i.e. <0 dph) data points reflect
the 1 d difference in hatch between treatments. Data are means + S.E.M., n = 3. There

was no significant difference between treatment groups (ANCOVA, p > 0.05).
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Figure 2.2. Unidirectional Na* flux (/Na*i, (nmol embryo™! h'!)) in trout
embryos/larvae reared in soft (0.1 mM Na") and hard (2.2 mM Na") waters. Embryos
were fluxed in soft water, only. Data are means + S.E.M., n = 6. JNa'i, increased
significantly over time in both treatment groups. * denotes significant difference

between treatments within time-points (Two-Way ANOVA, p <0.001).
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Figure 2.3. (previous page) Profile of unidirectional Na* flux [/Na'in (nmol embryo™!
h™)] in soft water (0.1 mM Na") in trout larvae immediately post-hatch that were
reared from fertilization in soft (0.1 mM Na") and hard (2.2 mM Na") waters. Larvae
were fluxed in 0.1 — 100 uM EIPA and amiloride prepared in 0.1% DMSO. Controls
were fluxed in 0.1% DMSO. Panel A: * denotes significant differences compared to
the within treatment control (Two-Way ANOVA, p <0.05). Panel B: when inhibition
was expressed as % respective controls, there were no significant differences in the
effects of pharmacological agents between treatment groups (p > 0.05). Data are

means = S.E., n = 6.
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Figure 2.4. (previous page) Profile of unidirectional Na* flux [/Na'in (nmol embryo™!
h™")] in soft water (0.1 mM Na") in trout larvae at 20 days post hatch that were reared
from fertilization in soft (0.1 mM Na") and hard (2.2 mM Na") waters. Larvae were
fluxed in 0.1 — 100 uM EIPA and amiloride prepared in 0.1% DMSO. Controls were
fluxed in 0.1% DMSO. Panel A: * denotes significant differences compared to the
within treatment control (Two-Way ANOVA, p < 0.05). Panel B: when inhibition
was expressed as % respective controls, there were no significant differences in the
effects of pharmacological agents between treatment groups (p > 0.05). Data are

means = S.EM., n = 6.
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Figure 2.5. Representative RT-PCR gel images showing expression of nke isoforms
(nhe2, nhe3a, nhe3b) and the housekeeping gene ef/a in whole larvae at 11 dph
(Panel A) and in tissues of juvenile rainbow trout (Panel B) acclimated to soft (0.1
mM Na") and hard (2.2 mM Na") waters for 7 days. S/H indicates soft/hard water;

NTC = no template control; gill (G), kidney (K), brain (B), intestine (I), and liver (L).
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Figure 2.6. (previous page) Expression of nhe3b in whole trout embryos/larvae reared
in soft (0.1 mM Na") and hard (2.2 mM Na") water. Expression is shown after
normalization to ef/a and relative to embryos/larvae reared in hard water at -3 days
post hatch (dph). Panel A: * denotes significant differences between treatments (Two-
way ANOVA, p <0.05). Data are means = S.E.M., n = 3. Panel B: correlation
between mean unidirectional Na* flux [/Na*i, (nmol embryo/larvae™ h™')] in soft
water and mean relative expressions of nhe3b (data duplicated from Fig. 6 Panel A
and Fig. 2). Data points are taken from both treatments and all time-points when both

measurements were taken.
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Figure 2.7. Expression of nhe2, nhe3a and nhe3b in kidney and gill of juvenile
trout acclimated to soft or hard synthetic waters. Expression of all genes are
shown relative to expression of nheZ from kidney of trout acclimated to hard
water. Data are means * S.E.M.. There were no significant differences in

expression between treatment groups (Student’s t-tests, p > 0.05).
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Table 2.1. Gene specific primers used.

Gene

qPCR 5°-3°

RT-PCR 5°-3°

Accession #
& Genlnfo Identifier

nhe2

nhe3(a)

nhe3b

eflo

F - GCCCTCTAGCTCTGTTGTGG
R - ATCCGGGAATCACTGGAGGA

F - AGTCGGCCAAAATGGGTGTC
R - GCCTTCACCCCTGACCTTTT

F - GCATCCAGCTTGAAGATGCC
R - GCTGGGCCTACTAATGGCAA

F - CTGTTGCCTTTGTGCCCATC
R - CATCCCTTGAACCAGCCCAT

F - ATTGGGCTGATTGTAGGGGC
R - TCGTTGAACAGGCACTCTCC

F - ACCAAGGCCGATGTGGATTT
R - CACCCCTGACCTTTTGTGGT

F-TGCATGAGCAGGACCTGAAG
R - TCTCATGGGGAATGAACCGC

F - CTGTTGCCTTTGTGCCCATC
R - CATCCCTTGAACCAGCCCAT

Accession: NM_001130994.1
GI: 196049372

Accession: NM_001130995.1
GI: 167534366

Accession: NM_001160482.1
GI: 210062149

Accession: NM_001124339.1
GI: 20269865
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Discussion

The molecular identities of proteins involved in apical Na* uptake in
MR cells in freshwater fish are much debated (see reviews by Dymowska et al.,
2012; Parks et al., 2008; Wood and Wright, 2009). Data presented in the current
study provide evidence for a principal role of Nhe3b in Na* acquisition in
rainbow trout larvae in soft water with 0.1 mM Na*. A role for the other Nhe
isoforms was less apparent. Pharmacological profiling of Na* uptake in larvae
reared from fertilization in soft water with EIPA indicated a dominant
contribution of Nhe to Na* uptake immediately post-hatch. Further progressive
increases in rates of Na* uptake throughout development were also
commensurate with elevations in expression of nhe3b while increases in
expression of nheZ and nhe3a could not be demonstrated. The conclusion of an
important role of Nhe3b in Na* uptake in low Na* waters is given further
confidence by observations made in embryos/larvae reared in hard water with a
higher [Na*]. In these embryos/larvae expression of nhe3b was lower. When
transferred to soft water Na* uptake was also lower than in embryos/larvae
reared from fertilization in soft water. In fact there was a strong correlation
between the rate of Na* uptake and expression of nhe3b when data from
multiple time-points and including embryos/larvae sampled from both
treatment groups were incorporated into a single analysis. However, a role for
other Nhe isoforms in Na* uptake cannot be completely discounted: gene
expression analyses were performed on whole embryos/larvae rather than

measuring expression in discrete tissues or cell types in embryos.
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Increases in whole larva [Na*] were consistently observed over the time
course of post-hatch sampling points (Fig. 2.1). This has been suggested to be
due to the development of the circulatory system in salmonid larvae and the
growing importance of Na* in interstitial fluid (Barrett et al., 2001). These
increases, and their magnitudes, were also apparent in both hard- and soft-water
reared rainbow trout. This observation is consistent with data from other teleost
fish, e.g. zebrafish, where internal ion concentrations (including Na+*) were
unaffected by the ion concentrations of the rearing media [35 and 1480 uM Na*
(Boisen et al., 2003)]. Pre-hatch embryo [Na*] was also similar between
treatment groups, although a direct comparison between embryos was
complicated by a 1 d difference in time of hatch. The rate of rainbow trout
development is closely correlated with temperature (From and Rasmussen,
1991) and very small differences in water temperature (< 0.5°C) between
systems might account for the 1 d difference in time of hatch. Nevertheless, and
following normalization of all data to day of hatch, the lack of a significant
difference between profiles of whole embryo/larva [Na*] during development,
despite a 22-fold difference in water [Na*] between treatments, indicates that
rainbow trout embryos/larvae may adjust their Na* transport physiology to
maintain Na* homeostasis.

Measurements of Na* uptake rates were performed in soft water, only.
Therefore, no inference can be drawn from these data as to mechanisms of Na+
acquisition and Na* homeostasis in hard water; however, comparative flux data

from embryos/larvae reared in soft and hard water can provide better insight
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into mechanisms of Na* homeostasis in trout embryos/larvae under conditions
of low [Na*]. Soft water reared embryos/larvae exhibited higher rates of Na*
uptake at all time-points tested, and especially post-hatch, indicating a difference
in physiology between the two groups (Fig. 2.2). However, inhibition of Na*
uptake by EIPA (and also amiloride) reached near maximal levels
(approximately 90%) at the highest doses in both groups of larvae indicating the
principal role of Nhe, despite theoretical thermodynamic constraints to Nhe
function at 0.1 mM Na* (Parks et al. 2008; Dymowska et al., 2012). These data
are given extra support since they were observed both immediately post-hatch
(Fig. 2.3A) and in larvae at 20 dph (Fig. 2.4A). Previous studies have indicated
similarities in morphologies of ionocytes in gill and on yolk sac of embryos/
larvae and the data in the present study suggest close similarities in physiology
also. Furthermore, when flux data were expressed as a percentage of the
respective control (soft or hard water reared larvae) the increments of inhibition
of Na* uptake observed with increasing doses of EIPA were not different
between groups (Figs. 2.3B and 2.4B). These data strongly suggest that
differences in mechanisms of Na* homeostasis in soft water between groups
were mediated at the level of uptake i.e. through activity of Nhe rather than by
differences in Na* efflux. If efflux was lower in soft water reared embryos the
profile of EIPA inhibition would be different compared to hard water reared
embryos, and this was not observed.

An EIPA-sensitive component of Na* uptake has been previously

demonstrated in goldfish (Preest et al., 2005) and in larval zebrafish (Esaki et al.,
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2009). Under conditions of low Na* (0.03 mM) and low pH (pH 6.0) a DAPI-
sensitive Asic mediated Na* uptake mechanism has also been reported in
juvenile rainbow trout (Dymowska et al., 2014). In the present study, a role of
Asic cannot be discounted. Furthermore, Nhe function at lower water [Na*]
could still occur in embryos by a combination of either a lower intracellular pH
(pHi < 7.0) or a lower intracellular [Na*] (< 0.5 mM) than used in our previous
calculations of the thermodynamic limitation of Nhe function (Parks et al., 2008).

Recently, Brix and Grosell (2012) demonstrated the involvement of a
higher affinity Na* transport pathway in a freshwater subspecies of coastal
pupfish (Cyprinodon variegatus hubbsi) acclimated to 0.1 mM Na* compared to 1
mM Na*. Interestingly, they also noted that both transport pathways were EIPA
sensitive leading them to speculate that the Nhe isoforms, Nhe2 and Nhe3, in C. v.
hubbsi may have different Na* transport affinities [as reported for mammalian
NHE2 and NHE3 (Orlowski, 1993; Yu et al., 1993)] and be differentially utilized
at 0.1 and 1 mM Na*. In the present study, nhe3b expression in whole
embryos/larvae from both treatment groups increased throughout development
but was significantly greater in larvae in soft water. The level of expression of
nhe3b was also highly correlated with Na* uptake rates in soft water across all
time-points and both treatment groups (Fig. 2.6). Although nhe2 was detectable
with RT-PCR (at 11 dph, Fig. 2.5), expression was lower than nhe3b, and was not
consistently quantifiable with qPCR. Expression of nhe3a was poorly detected in
whole embryos/larvae with both techniques and observations in juvenile

rainbow trout tissues [also reported in zebrafish (Yan et al., 2007)] indicate that
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Nhe3a is a kidney specific isoform (Fig. 2.5). While gene expression analyses lack
the functional significance of protein quantitation, these data, together with data
demonstrating EIPA sensitivity of Na* uptake, provide evidence for a specific and
principal role of Nhe3b in Na* uptake in soft water.

Data showing a role of Nhe3b in Na* uptake are in agreement with other
studies. Expression of Nhe3b has been localized to the yolk-sac membrane of
tilapia larvae and the gills of rainbow trout (Hiroi and McCormick, 2012). At low
[Na*] nhe3 (presumably the orthologue of trout nhe3b) was demonstrated to
have increased in expression in gills of Mozambique tilapia [Oreochromis
mossambicus (Inokuchi et al., 2009)], Japanese ricefish [Oryzia latipes (Wu et al.,
2010)] and in Japanese eel (Anguilla japonica), expression of Nhe3b at both
protein and mRNA levels were reportedly increased upon transfer to distilled
water [ultra-low Na* (Seo et al., 2013)]. A functional role of Nhe2 has also yet to
be elucidated despite gene expression at the gill, albeit comparatively lower than
nhe3b, being documented in the present study (Fig. 2.5) and in the data of others.
For example, Craig et al. (2007) reported increases in nheZ expression in the gills
of zebrafish following 6 days acclimation to soft water. Increased gill expression
of nheZ2 has also been reported in response to hypercapnia (Ivanis et al., 2008)
and on exposure to high environmental ammonia (Zimmer et al., 2010) although
the latter response has not been consistently observed (Nawata et al., 2007; also
in skin of trout Zimmer et al., 2014b). Clearly, the regulation of expression of

nhe isoforms at the gill is complex and requires further investigation.
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In conclusion, pharmacological and gene expression profiling of Na*
uptake in trout larvae reared in a low Na* environment support a primary role of
Nhe3b. The roles of Nhe proteins and other transporters in Na* uptake in low
Na* (and low pH) environments are the subject of an on-going discourse
regarding their roles and activities under hypothetical thermodynamic
constraints. The data presented herein indicate Nhe proteins likely can function
in embryos/larvae under these conditions, and upregulation of Nhe3b may
underpin the increased Na* uptake rates required to increase Na* acquisition

post-hatch.
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CHAPTER III: Expression and Pharmacological Profiling of Rainbow Trout
nhe2, nhe3a, and nhe3b
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Introduction

Current models for ion regulation and acid-base balance in freshwater
fish gills have mainly been based on both immunohistochemistry and in vivo
pharmacological experiments (see Reviews Hwang et al., 2011; Dymowska et al,,
2012; Hiroi and McCormick, 2012). Many of the in vivo experiments incorporate
the use of radioisotopes and pharmacological drugs aimed at blocking certain
ion transporters or channels in order to inhibit function (Kirshner, 1973; Wright
and Wood, 1985; Avella and Bornancin 1989). Unfortunately to date, the vast
majority of interpretations from the in vivo experiments utilizing inhibitory
drugs have been based on the known pharmacological profiles and interactions
of mammalian ion transporters. This extrapolation is especially true of fish
physiological studies on the mechanisms involved in Na* uptake from the
environment (Dymowska et al,, 2014). However, these profiles have not been
confirmed for fish transporters and additionally, multiple Na* transport
pathways exist in gill ionocytes making results from pharmacological inhibition
studies difficult to accurately interpret (See reviews Dymowska et al.,, 2012;
Claiborne et al.,, 2002; Hwang et al., 2011).

The NHE is a major ion transporter involved in ion regulation and acid
base balance and is found throughout the animal kingdom. Its many isoforms
have been well characterized in mammalian literature (Donowitz et al., 2013).
Although apically located on the brush border membranes of the intestine and
kidney and involved in some Na* absorption at these areas, the physiological

role of human NHE?2 is not well understood (Hoogerwerf et al., 1996; Donowitz
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et al.,, 2013). Studies reveal that in mammals NHE2 accounts for less than half of
the NHE activity and at times no Na* absorption at all where it is located. On the
other hand, NHE3 seems to be the major player in mammalian intestinal and
renal Na* absorption (Hoogerwerf et al., 1996). In mammals NHE pharmacology
has been characterized in various studies. Counillon et al. (1993) demonstrated
ki values (concentration of drug that results in half the maximum inhibition) for
amiloride on NHE1, NHE2, and NHE3 as 3 uM, 3 uM, and 100 uM, respectively.
Overall, NHE3 was the most resistant to amiloride inhibition. This pattern was
the same for the other amiloride derivatives used in the study including DMA,
MPA, and HOE694, with NHE1 being most sensitive, followed by NHE2, and
NHE3 demonstrating highest resistance (Counillon et al., 1993).

Many whole animal fish studies incorporate the use of amiloride and its
derivatives to indicate the presence or absence and function of transporters
including the study in Chapter two. The drugs and concentrations used are
based on those previously demonstrated on mammalian models. The only fish
pharmacological characterization studies involving Na* transport include one
recent study from our laboratory which featured the cloning and
characterization of Pacific dogfish shark (Squalus suckleyi) Nhe2 and Nhe3
following expression in the AP-1 NHE-deficient cell line (Guffey et al., 2015) and
a previous study on zebrafish (Danio rerio) Nhe3b expressed in Xenopus oocytes
(Ito etal, 2014).

As previously stated, NHE transporters are found within almost every

mammalian cell and across much of the animal kingdom. AP-1 cells and other
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cell lines, which have been genetically engineered and selected to be deficient of
endogenous NHEs, provide an efficient system to utilize for characterization of
NHEs. Because they are void of endogenous NHE, researchers are confident that
the majority of sodium hydrogen exchange activity occurring can be attributed
the specific NHE isoform with which they have transfected the cells. This is an
advantage these cells possess over the highly utilized Xenopus expression
system, which contains an amiloride-sensitive endogenous NHE necessary for
cell volume regulation (Towle et al., 1991; Goss et al., 2001). AP-1 cells have
been widely used for mammalian NHE characterization (Orlowski, 1993; Wang
et al.,, 1998; Murtazina et al.,, 2001) and shark Nhe (Guffey et al., 2015), and have
been chosen for this study as the best expression system for the various trout
nhe isoforms.

We know that rainbow trout contain at least 3 isoforms of Nhe, Nhe2,
Nhe3a, and Nhe3b. From previous research by Ivanis et al. (2008) and
confirmed by my data in Chapter two, we know that trout nhe2 and nhe3b are
highly expressed in the gills, while nhe3a is found mostly in the kidney. We have
made conclusions on the presence of these isoforms based on mRNA data as well
as pharmacological inhibition. However, as stated previously we are limited in
our conclusions from the pharmacological data because a full pharmacological
profile of Nhe inhibitors on teleost Nhe isoforms does not yet exist. The goal of
this study was to clone all three isoforms from rainbow trout and express each

of them separately in the AP-1 mammalian cell line deficient of NHE isoforms in
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order to characterize their pharmacological inhibition in the presence of

common Na* transport inhibiting drugs.

Methods
Animals

Rainbow trout were raised from embryos generously donated from
Allison Creek Brood Trout Hatchery, Coleman, Alberta. Embryos were
maintained in Heath trays with aerated 10°C flowing dechlorinated Edmonton
city tap water until hatch and then maintained in facility water until use. All
animal use was approved under University of Alberta AUP00001126. All trout
were euthanized in buffered MS222 prior to tissue sampling. Filaments from
right and left gill arches along with kidney tissue were excised and immediately

frozen in liquid nitrogen and stored at -80°C for downstream RNA isolation.

RNA Isolation, cDNA Synthesis, Cloning

Rainbow trout frozen gill and kidney tissues (50-100 mg) were used for
TRIzol Reagent (Ambion, Life Technologies, Carlsbad, CA) RNA extraction
according to the manufacture’s protocol. The resulting RNA pellet was
resuspended in 50 pL of nuclease-free water and stored at 4°C to ensure full RNA
solubility. RNA was checked for quality and purity via spectrophotometry
(NanoDrop, ND-1000; Thermo Fisher Scientific, DE, USA) and underwent
formaldehyde RNA gel electrophoresis to further check RNA integrity. 10 pg of

RNA was treated for DNA contamination with Recombinant DNase I (Ambion)
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and 2 pL of DNase-treated RNA was used in the subsequent 1st strand
complimentary DNA (cDNA) synthesis using SuperScript Il Reverse
Transcriptase (Invitorgen) with a mix of random and oligo(dT) primers as per
manufacturer’s protocol.

Cloning strategies differed for each of the 3 trout nhe isoforms with the
goal of insertion into the pDisplay plasmid vector mammalian expression system
(generously donated by Dr. James Stafford, University of Alberta). Due to initial
complications with amplifying the gene using restriction sites incorporated
directly into initial primers for insertion into pDisplay, prior cloning into
pBluescript plasmid was required. Full length gene primers were designed for
nheZ2 and nhe3b (Table 3.1) and amplification from gill cDNA with Phusion High-
Fidelity polymerase (NEB, Ipswich, MA) RT-PCR resulted in a ~2.6 and ~2.8 bp
amplicon, respectively. PCR products were cleaned up with QIAquick PCR
Purification Kit (Qiagen) and inserted into pBluescript SK cut with EcoRV
restriction enzyme and ligation was completed using T4 DNA Ligase (NEB).
TOP10 chemically Competent E. coli or DH5a cells (ThermoFisher Scientific)
were transformed with ligated plasmids containing either trout nhe2 or nhe3b
inserts. Colonies were grown overnight on LB Ampicillin (100 pg/mL) plates
and underwent blue-white screening. Positive colonies were picked and
cultured in 5mL of LB-Amp media at 37°C overnight. Colony PCR was performed
on selected bacterial colonies from each of the plates containing individual nhe
isoform transformed bacteria. Plasmids were then isolated from bacterial

cultures using Gene]ET Plasmid Miniprep Kit (ThermoFisher Scientific).
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Restriction digest of resulting plasmid DNA along with sequencing was
performed to confirm presence of specific nhe in the pBluescript vector. New
primers containing Smal and Sall restriction sites (Table 3.1) were designed
against trout nhe2 and nhe3b and PCR amplification was run using the resulting
plasmid DNA as a template. Following PCR clean up, the resulting PCR products
were then ligated into pDisplay Vector (Invitrogen), which were previously
digested with Smal and Sall restriction enzymes. The procedure for
transforming E. coli bacterial competent cells and isolating plasmid DNA was
repeated with this ligation product. The resulting plasmid DNA (pDisplay
containing the nhe inserts) was used for transfection of the nhe-deficient
mammalian AP-1 cell line.

The cloning procedure for trout nhe3a was less complex. Specific primers
containing Smal and Sal1 restriction sites (Table 3.1) were designed and direct
amplification from trout kidney cDNA resulted in a ~2.2 bp fragment. Following
PCR cleanup as above, it was ligated into Smal and Sall digested pDisplay.
Identity of the product was confirmed by sequencing and alignment using

Clustal Omega software.

Cell Culture

The NHE-deficient cell line AP - 1 was generously donated by Dr. Larry
Fliegel. Department of Biochemistry, University of Alberta. Cells were thawed
from frozen stocks by immersing them in 37°C water bath until a small piece of

ice is left. Cells were then added to a tube containing pre-warmed MEMa (Gibco)
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supplemented with (10% Fetal Bovine Serum, 25 mM HEPES, 2% penicillin-
streptomycin solution, pH 7.4). Cells were spun down (5 min at 300 x g), then
re-suspended in fresh media and transferred to a cell culture plate. Once cells
were confluent (covering 90-100% of the surface of the plate) cells underwent
passage by removal of old media, followed by washing cell layer with a PBS
solution, which was then removed, followed by 1 mL of 0.05% trypsin-EDTA
being added to plate. Cells were then incubated at 37°C for 5 min to allow for
cell detachment from the plate. Fresh media (2 mL) was added to the plate to
deactivate trypsin and cells were harvested. 100 pL of cell suspension were
added to new plate containing 10 mL fresh MEM-a media and cells grew to
confluence and passed every 3-4 days. Once cells underwent 20 passage cycles,
cells were re-frozen and newly thawed cells from previous time points were
thawed and used. AP-1 cells used for transfection were used only in the range of

3-15 passages.

Transfection

Procedures for transfection of AP-1 cells with trout nhe2, nhe3a, and
nhe3b were performed according to the Lipofectamine® 2000 Transfection
Reagent manufacturer’s protocol. Cells were grown to 70-90% confluence in a
24-well plate. In brief, 1 ug of plasmid DNA at a concentration of ~500 ng/uL
was added to 50 pL serum free media, while 5 pL of Lipofectamine reagent was
simultaneously added to 50 pL of serum-free media. These solutions were then

mixed and allowed to incubate for 5 min at room temperature (21°C) in order
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for DNA-lipid complexes to form. Fifty pL of the resulting DNA-lipid complex
solution was added to each well (in duplicate) yielding a final concentration of
500 ng of DNA and 2.5 pL of Lipofectamine per individual well of cells.
Following the transfection procedure, cells were incubated at 37°C for 24-48 hrs,
and then passed into normal culture media (MEM-a) containing 800 pug/mL
geneticin (G418), selecting against negatively expressing cells. Cells were
allowed to grow under these conditions at 37°C to confluence with fresh media
changes every 2 days. After 3 weeks, cells underwent a selection technique
exposing them to an acute acid load (Wang et al 1998; Franchi et al 1986) to
ensure they expressed nhe. Culture media was washed away with PBS and cells
were then incubated in isotonic NH4Cl buffer (50 mM NH4Cl, 70 mM choline
chloride, 5 mM KCl, 1 mM MgClz, 2 mM CaCl, 5 mM glucose, pH 7.4) for 60 min at
37°C in nominally CO2 free atmosphere. Cells then rapidly washed (x2) with
isotonic saline solution (120 mM NacCl, 5 mM KCIl, 1 mM MgClz, 2 mM CaCl, 5 mM
glucose, 20 mM HEPES, pH 7.4) to remove extracellular NH4*. This technique
causes the initial buildup of NH4* in the cell which then dissociates into NH3 and
H+*, resulting in strong intercellular acid loading and drops in pHi, which must be
alleviated by the function of NHE, or the cells will die. Cells that survived the
acid suicide technique were selected for and allowed to continue to grow in

normal culture media (MEM-a) containing geneticin (G418).
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Nhe Activity Assays

Two different methods were utilized in order to measure the activity of
trout nhe transfected AP-1 cells. The first method involved intracellular pHi
imaging. Following early attempts at transfection, cells were grown on
pretreated (1 M HCI acid-washed, 0.1% poly-L-lysine-coated, and rinsed with
double-distilled H20 and 70% ethanol) 15-mm round glass coverslips (catalog
no. CS-15R, Warner Instruments). Excess media was removed and cells were
briefly rinsed in Na*-containing buffer (142.5 mM NaCl, 5.0 mM Ca(Clz, 1.0 mM
MgClz, 4.0 mM KCI, 15 mM HEPES, and 2.5 mM NaHCOs, pH 7.4). The cells were
then incubated in 200 pL of Na*-containing buffer, which contained 2 pL of 5 mM
pH-sensitive BCECF-AM (50 pgin 16 pL of DMSO and 20% pluronic acid), for 30
min at 37°C. Coverslips were placed into a 70 pL imaging chamber (model RC-
20H, Warner Instruments) used for the perfusion experiments. The chamber
was fixed to an inverted fluorescence microscope (Nikon Eclipse TE300), and the
cells were subjected to differential interference contrast microscopy and
fluorescent imaging. The microscope was fitted with a xenon arc lamp (Lambda
DG-4, Sutter Instruments, Novato, CA), which allow for BCECF-AM excitation at
495 and 440 nm. Images were digitally captured every 1.7 s during perfusion
experiments at an emission wavelength of 535 nm on a mono 12-bit charge-
couple device camera (Retiga EXi, QImaging, Burnaby, BC, Canada). Ratios of
fluorescence emission intensity following excitation at 495 nm versus excitation
at 440 nm (detected at 535 nm) were digitally compiled using Northern Eclipse

software (Mississauga, ON). Solutions were manually perfused at a rate of 0.5
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mL/min (fluid replacement time of 5 sec) across the cell chamber by gravity feed
from an apparatus containing 60mL syringes blocks controlled by pinch valves
(model VE-6, Warner Instruments) and VC-6 valve controllers (Warner
Instruments). The solutions were constantly being removed from the opposite
end of the chamber via vacuum suction. Cells were monitored at resting state
while being perfused with a Na* -free buffer (142.5 mM N-methyl-D-glucamine-
Cl, 2.5 mM CsH14NO-HCO3, 5 mM CaClz, 1 mM MgClz, 4 mM KCl, and 15 HEPES, pH
7.4). A 3-min pulse of Na* free buffer containing 10mM NH4Cl was perfused over
the cells, and then returned to Na*-free buffer, which resulted in intracellular
acidification. Cells were then allowed to recover in the presence of Na*
(indicated by pHi alkalization) in order to monitor the resulting Nhe activity.

For pharmacological inhibition of Nhe, similar perfusion protocol steps were
used, with the addition either 100 uM EIPA or DAPI in the presence of Na* to
monitor any inhibition of recovery. Following the end of the perfusion, cells
underwent a pHi calibration by which four high K* solutions adjusted to (pH 6.6,
7.2,7.8, and 8.4) containing the ionophore nigericin (5uM) in order to
equilibrate intercellular and extracellular pH. The resulting pH-dependent ratios
of the emission intensity (detected at 535 nm) of 490 versus 440 nm were
calculated at each time point and used to form a regression line for each

individual cell; then extrapolated across the entire raw data set for calibration
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purposes. The data (ApHi/time) was collected and compared between cells
under control and in the presence of the pharmacological inhibitor.

The second method of characterizing Nhe activity utilizes a similar
approach, this time with fluorescence measurements on the cell population as a
whole as opposed to individual cells, and has been demonstrated multiple times
by the Fliegel lab (Wang et al 1998; Murtazina et al 2001; Slepkov et al 2005;
Ding et al 2006; Li etal 2011). In brief, transfected AP-1 cells were grown on
rectangular coverslips (Thomas Red Label Micro Cover Glass Squares), which
can be inserted into a manufactured holder specific to the PTI Deltascan
spectrofluormeter. Cells are grown on converslips to 90% confluence and then
incubated for 20 min in 400 pL serum-free media (MEM-a) containing 1.9 pg/mL
BCECF-AM. Coverslips are immersed in cuvettes containing the required
solution and then cuvettes are transferred to the flurometer for measurement of
activity. Cells are subjected to Na*-containing buffer (135 mM NacCl, 1.8 mM
CaClz, 1.0 mM MgSO04, 5.0 mM KCl, 10 mM HEPES, and 5.5 mM glucose, pH 7.3)
for 3 min. Fifty pL of a 2.5 M stock NH4Cl solution was added for a final
concentration of 50 mM NH4Cl to the bathing solution for an additional 3 min.
Cells were then exposed to a Na*-free buffer (135 mM N-methyl-D-glucamine-Cl,
5 mM K(l, 1.8 mM CaClz, 1 mM MgS0s4, 5.5 mM glucose, and 10 mM HEPES, pH
7.3), which resulted in internal acidification. Cells were then allowed to recover
in normal Na*-containing solution where rising pHi would indicate positive Nhe
activity. Calibration is then performed with cells exposed to three pH adjusted

(8.0, 7.0, and 6.0) high K* buffers containing nigericin as above.
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AP-1 Cell Nhe Expression

Following transfections and continued successful growth, samples of each
transfected cell line, as well as non-transfected cells, were harvested and spun (2
min, 12,000 x g) to pellet cells. Cell pellets were then frozen in liquid nitrogen
and stored at -80°C for downstream RNA isolation and cDNA synthesis. RNA
isolation was performed using the NucleoSpin RNA kit (Macherey-Nagel,
Germany) as per the manufacturer’s protocol, with the addition of the initial
homogenization buffer directly to the frozen cell pellet to avoid any degradation.
Total isolated RNA was checked for purity and concentration via
spectrophotometry (NanoDrop, ND-1000, Thermo Scientific, Wilmington, USA).
SuperScript Il reverse transcriptase (Invitrogen) was used to perform the cDNA
synthesis reaction with a mix of oligo(DT) and random primers on 1.5 ug RNA
template as per manufacturer's protocol. RT-PCR was performed using isoform
specific primers to confirm presence/absence of Nhe expression in the cDNA
templates (Table 2.2).

Following transfections, in addition to gene expression analysis, protein
expression against the HA-tag incorporated in to pDisplay was also performed
with Western Blot using HA-tag Antibody [HRP], (polyclonal antibody generated
in goat; GenScript) generously donated by James Stafford. A positive control
protein sample from Larry Fliegel’s lab was run in addition to protein

homogenates isolated from AP-1 cells transfected with the three trout nhe
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isoforms. In brief, cell pellets were homogenized with a motorized hand
homogenizer (Gerresheimer Kimble Kontes LLC, Diisseldorf, Germany) in cell
lysis buffer (150 mM NaCl, 50 mM Tris, Complete EDTA-free Protease Inhibitor,
PhosStop, 1% Triton X, pH 8.0). Homogenates were spun at (10min, 14,000 x g)
and resulting supernatants were diluted in equal volumes of reducing buffer
(Laemmili Sample buffer, 2-Bercaptoethanol, BioRad), and boiled at 95°C for 10
min prior to protein separation via electrophoresis. Twenty-five uL of protein
homogenate from each sample including control were separated via SDS-Page
gel on gel and transferred to a nitrocellulose membrane (BioRad). Ponceau S
(Sigma) staining confirmed successful transfer and visualization of relative
amounts of protein in each sample. Blots were then incubated in 5% skim milk in
TBS with 0.1% Tween for 20 min, followed by overnight incubation in HA-HRP
conjugated antibody in TBST (1:2000). Following three washes in TBST and a
final wash in TBS, immunoreactive bands were visualized using a Super Signal

chemiluminecent substrate kit (Thermo Scientific).

Results
Cloning and Sequencing

PCR amplification resulted in full-length gene fragments for trout nheZ,
nhe3a, and nhe3b were cloned from gill (2, 3b) and kidney (3a) (Figure 3.1).
These genes were then successfully ligated in vectors and restriction enzyme
digested to confirmed the presence of the insert. Gene specificity was also

confirmed with sequencing and alignment to previously reported sequences for
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trout nhe isoforms (Figure 3.2-3.4). Alignments were made over the open
reading frame from the starting methionine (ATG) to the last nucleotide before
the stop codon (TAG), which was excluded in the cloning process in order to
have transcription take place through the polyadenylation site in contained in
the pDisplay plasmid. Sequenced trout gill nhe2 had a 99.28% identity to
available trout nhe2 sequence, which included 17 nucleotide differences
between the sequences (Ivanis et al 2008). Sequenced trout kidney nhe3a
shared a 99.82% identity to trout nhe3 sequence (Ivanis et al 2008). The
sequenced trout gill nhe3b was 100% identical to the available trout nhe3b

sequence (Hiroi and Yasumasu unpublished).

Transfection

AP-1 cells transfected with either trout nhe2, nhe3a, or nhe3b were
maintained in MEMa medium supplemented with 800pg/mL geneticin. The cells
maintained slow initial growth for the first 2 weeks in the presence of geneticin,
however after 2 passages, growth rates returned to close to that of non-
transfected AP-1 cells. The successful growth in the presence of geneticin
prompted the use of the acid suicide technique as the second selecting agent. A
significant die-off of cells occurred following the acid selection, however
surviving cells continued to grow in G418 media over the next few days.
Sustained growth rates and normal cell morphology indicated cells were ready

for Nhe assay activity testing.
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Intracellular pHi Imaging

Initial testing performed on cells one-day post transfection indicated little
to no activity. Cell morphology post-transfection was also altered, and cells
appeared to be still in the recovery phase and not spread out (Figure 3.5A-C).
During the perfusion experiments cell activity was normal during the initial
NHa4Cl-induced alkalization and subsequent acidification. However, the Na*-
induced alkalization which should occur following the addition Na*-containing
buffer was absent from all cell traces, including the untransfected AP-1 cells
which was expected, and also from the trout nheZ transfected cells, as indicated
in the representative cell traces (Figure 3.5D,E). Not a single cell showed any

form of Nhe activity during these initial tests.

Spectrofluormeter Nhe Assay

After a second round of transfection a successfully growing group of cells
was assayed for activity. Similar to the previous imaging technique, this method
also produced negative results for all of the transfected AP-1 cells. Again cells
responded well to the initial buffers and followed expected patterns of
acidification following NH4Cl injection. However, the expected rise in pHi
attributed to the presence of Na+ activating the expressed Nhe was minimal to

absent for any of the populations of cells tested (Figure 3.6).
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Expression of Nhe

In order to confirm expression of Nhe in the AP-1 cells, RT-PCR was
performed on cDNA synthesized from isolated RNA. Using short primers specific
to the various trout isoforms, gel electrophoresis revealed corresponding bands
in the original pDisplay DNA containing the gene inserts, however no bands
were present in the transfected AP-1 cell cDNA samples, indicating that these
cells were indeed not expressing the transfected Nhes (Figure 3.7).

Western blot analysis demonstrated the absence of HA immunoreactivity
in any of the transfected cell protein samples analyzed with the exception of the
positive control sample donated by the Fliegel lab. The lack of immuoreactive
bands for any of the samples indicates a lack of expression of the HA tag (Figure

3.8).
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s <2 6kb RTnhe2

Figure 3.1. Agarose gel electrophoresis of RT-PCR for nheZ2 gene expression. A

single 2600 bp sized band was amplified in the gills (G) of rainbow trout

indicative of presence of nheZ.
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5 _ATGCGTACTATGGGAGGATTTAGCCAGATGAAACTGGCAGTTAACTTTTTAACCATCGGATTGGTTATC
CTTAGTCTACCATGTGGATCATACACGGAGATTCCACCCAAACCCCCTGGTTCCGTGACCGTCCTACCCCCT
GTCAAGCCAGCGGGGGGTCCACAAGCGTTTCCCGACGCGGAGAACTCGAATCTCCCGGTCTTCACAATGG
ATTATGCCCGTATACAGGTGCCGTTTGAGGTCACGCTTTIGGGTGCTGCTCGCGTCATTCGCCAAGATTGGT
TTCCATGTGTACCACAAGATTACCTTCTGGGTCCCAGAGTCATGTCTCCTGATCAGTATTGGGCTGATTGTA
GGGGCCATCATGCACTCTGTCCACGAGGAGCCCCCTGCTGTGCTCAGCTACAATGTCTTCTTCCTCTTCATG
CTGCCTCCOXATCGTACTGGAGTCTGGATACTTTATGCCCXACGCGACCGTTCTTCGAGAACGTGGGAACK
GGTGCTTITGGTTTGCGGTGGTGGGCACCCTGTGGAACAGCATTGGGATAGGGATGTCTCTGTATGCGGTG
TGTCAGATCGAGGCGTTTGAGGTGCAGGACATTAACCTTCAGGAGAACATGCTGTITGCCGCCATCATCTC
AGCTGTGGACCCAGTGGCCGTGCTCAGCGTGTTCGAGGATGTCTCTGTCAACGAGCAGCTCTACATCGTG
GTGTTITGGAGAGTGCCTGTTCAACGATGCTGTCACTGTGGTGCTGTACAACATGTTTATCTTCGTAGCAGAT
ATGCCAGTGGTGGAGCCGGTCGATGTATITCTGGGCGTGGCTAGGTTCTTCGTGGTGGGCCTGGGGGGTA
TGGGCTTTGGTGTCATCTTTGGCTTCGTAGCCTCCTTCACCACACGTTTCACCTCTAACGTCAGGGAGATAG
AACCCCTCTTTATCTTCATGTACAGCTATCTGGCCTACCTGGTAGCAGAGCTGTTCTCCATCTCCAGTATTAT
GGCCATTGTGACCTGTGCCCTGACCATGAAGTACTATGTGGAGGAGAATGTCTCCCAGCGGTCCTGCACCA
CTATCCGOCATGTGGTCAAGATGTTGGGCACCATCT CAGAAACCCTCATCTTCTTCTTCCTGGGTGTGGTCA
CCATAACAACAGAACACGAGTGGAACTGGGGCTACATCATGTTCACGCTGCTGTTGGCCTTAGTGTGGAG
AGGCCTGGGTGTCCTGGTGCTGACCCAGATCATTAACCCTTTCCGAACCATCCCCTTCAACTTCAAGGACCA
GTTTATTCTGGGTTATGGTGGCCTGCGAGGGGCAATCTCCTTTGCCCTGGTCTTCACCCTGCCAGACAGCAT
CGGCCGCAAGAAACTCTTTGTCACCACCACCATCTGTATGATCATGTTCACAGTCTTCATCCAGGGAATCAG
CATACGGCCCCTGATCGAGTTCATCAACGTCCGCAGAACCAACCGCAACCTGGAGACCATAAACGTAGAG
ATCCACTCCAGGCTCATAGAGCACACCATCGCTGGGGTAGAGGACCTCTGTGGCCAGTGGAGCCACTACT
ACTGGAAAGACAAGTTTCTGAAGTTTAATAACCGGATCCTGCGTAAGATCCTGATCAGGGATAACCGGGC
AGAGTCTAGCATTGTGGCTCTGTACAAGAAGCTGGAGCTGCAGAACGCAATGGAGATACTGGACACAGTG
TCOGGGGACATCAACGCTGGTTCCTCCATTGTCTCTCTACACGAGGAGAAGAAGAGCTCTGGTAAACCCAA
GAGGAAGTTTGTGGCTGCAGACCTGATGAACATGCATGACATTCTGTCCAAGAACATGTACAAGATCAGA
CAACGGACCACGGCGTACACCACCAAGCACTCCCTGCCCAATGACAGCCGGACAAAAGAGATCCTGATCC
GACGGCACACCAGCATCCGACGCAGCCTOCGACCCGGCAGCTTCAACGGACCGAATGAGGCCAAATCCCA
GAAGTACTTTTCTCTGCCTCCAGGGAAGAGTCTGGACTCAAAGTTCCCTCCTCAGAGACTGAGGCATACAG
GTAATGACGATGATGAGACCATGTCGGAGATGGATTACCCATCAGCGCGCTCCAGGTTTAACCAGCCCAG
TCGCTCCTCATCCCGAGCAATGCTGCCCCTACGCAGGCTGAACACACTGACAGAGGTGCCCTCTAGCTCTG
TTGTGGACCTGGTGGATGAGAGGAGTGGAGGAAGAGGTGCCTGGGEGGLGTGGCATGTCCCGACTAAACT
CCTCCTCCAGTGATTCCCGGATACCCGCCCCTCGCCGTCACCACGACCCCTCCAACGGCCCTGATAATGGCT
CCTCAGGTGACCATGGCAGCGGTGACAACGGGCCAGAGGGGGAGCAGCAGCCCTTGTCTCCOGACCCCAG
CCTGGGCTGCAGAGCCTGGTGACCGTGACGACAGCGGAACGCAGAAACCCCTGCTCAGGCCACAGTGGA
AGACTAGGAAACCCGTCGACGAACAAAAACTCATC _3’

Figure 3.2. Cloned sequence of trout nheZ from gill.
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5 _ATGGCATGCAGAACTTGCCTCTGGCTGCTAGGGACAACATTTTTTACTTGCACAGTCCGCCTGGTIGTTG
AGGGTACGGAGGTGGGAGCAACCCAGGGGTCGCAACCGGAGCCAGGGGTGGTGGGATCAAACCACAGC
CAGGCTGGAGGGGGCCATGGGTCCAGCATCTCAGGGATACAAATCGTGACCTTTAAGTGGCACCATGTGG
AAGCCCCCTACCTCATCGCCTTATGGATACTTGTGGCTGGGGTATCCAAGATGGTGGTCGAGCTGAACCAC
AGCCTGACCAGTGTGATCCCGGAGAGCGCCCTCCTCATCCTCATCGGTTGGATCCTGGGCGGCATCATCTA
CGGGGCAGACAAGATGCAGACCTTCACCCTGACACCTACCGTCTTCTTCTTCTACCTGCTGCCCCAAGTCAT
CCTGGATGCGGGCTACTTCATGCCCAACAAGCTGTTCTTCAGCAACATGGGCGCCATCCTGGTTTACGCTGT
GATTGGCACCTGCTGGAACGCTGCCACTGTGGGTCTCGGLCTCTGGGEGTGCTGGTTGGGCGGGGCAATG
GGTGATATCGACATTGGTCTCCTTCAGTTCCTGTTGTTIGGGAGTCTAATTGCTGCTGTGGACCCCGTGGCT
GTAATTGCCGTGTTTIGAGGAGGTCCATGTCAACGAGGTCCTGTTCATCATGGTGTTTGGGGAGTCCCTCCT
CAACGATGGTGTCACAGTGGTGCTGTTCAATGTGTTITGATGCATTCGTGTCGCTGGGAGGGGCAGAAATC
GATGCTGTAGAGATCATCAAAGGCATAATCTCGTTCTTCGTGGTGGCATICGGAGGCTCCCTGGTTGGTAT
TATCTTTGCTCTGCTGATCTCGCTCCTGACCAGATGCACAAAGAACATCCAGATCATCGAGCCAGGCTTCAT
CTTCATCCTGGGCTACCTCTCCTACCTGACAGCTGAGATGCTCTCGCTATCCGCTATCCTGTCGATCGTGTTT
TGTGGCATCTGCTGTCAGAAGTATATCAATGCCAACATGGATGAGAGGTCGGTCACCACAGTACGATACGT
CATGAAGGTGTTCGCCAATGGCTCAGAGACCATCATCTTTGTCTTCCTCGGCATCTCGGCCATAGATCCAGC
TGTATGGGTTTGGAACACAGGCTTCATCCTCCTCACACTCCTCTTCATCTTTGTGTTCAGGTTCATAGGGGTC
TITCTCCTTACCTGGATTTTGAACAAGTACCGACTGGTTCCCTTGGAGTTCATTGATCAGGTGGTGATGAGC
TACGGTGGCCTGCGAGGGGCAGT TGCCTACGGCCTTGTGGCCATGCTGGATGAGAATAAGTTCAAAGAGA
AGAATTTGATGGTCAGCACCACCCTCATAGTGGTGTACTTCACTGTCATGCTGCAGGGAATAACCATGAAA
CCACTGGTCACCTGGCTGAAAGTGAAGAGAGCAGCCGTGACAGAACTCACACTAGCTGAAAAAATACAGA
ATAGGACCTTITGACCACATGCTTGTCGCCATAGAGGACATTTCTGGACAAATAGGACATAACTACATGAGA
GACAAGTGGCATAACTTTGAGGAGAGGTGGTTGTGCTGGTTCTTGATGAAGCCCTCTGCCAGGAAATCCC
GTGACTACATATTCAACATCTTCCACCAGCTCAACCTCAAGGATGCCATGAGCTATGTAAAGGAGGGAGAA
CGCAGAGGCTCATTGGCGTTCGTTCGGAATGAGACCAAGGCCGATGTGGATTTCAATAAGAAGTTTCGTGC
CAGTTTCTCTGAGATTATGCCTGACATCATGGCAGATAATATGGGACCGGATCATGTTCCACTCTCCTCTAT
CTTACAGGACATTGTGCOCTCTGTCTGCCTAGTCATGCATGAGCAGGACCTGACAATGAGGGAGTCAGAGG
ACTTTAATGCACACCATCTACTGCAGCAGCACTTGTACAGAGGCAGGAAACAGCACAGACACAGGTACAGT
CGGAGCCACCTCGAAACCAACAGGGATGAGAATGAGGTGCAAGAGATCTTCCAGAGAACAATGAGAAGC
CGTCTAGAGTCATTCAAGTCGGCCAAAATGGGTGTCGCCCCTGCCAAGAAGATCCAAACCAAGCATCAAAA
GAAGGATAAACCACAAAAGGTCAGGGGTGAAGGCACTTTTTCCCCCTTCCTCCGTGTCCGACCTCATAGCC
ATCCTCTTATAGGCAATGTAATGTGTATGTIGTGTAATTTCATGTTATGTCATITT_3’

Figure 3.3. Cloned sequence of trout nhe3a from kidney.
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5" ATGCCAGCTCTGTGGCGCTCCACTTTCGTCCTGGTGATGGTACTGCTTGCCATTAGTAGGCCCAGCCTG
GCATCTGAGGCCACAGGAAATGGAACAGAACATACTATCACCACCCTCCCCATCGTTATCTGGAAGTGGGA
GGAAATTCATTTCCCATACCTGGTGGCACTCTGGGTCCTGGTCAGCTGGCTCTGCAAACTCGTATTCCAGCT
GAACCCGTGCCTAACCAGAGTGATCCCGGAGAGCGGCCTCCTCATTTGCATCGGTTGGGTCCTGGGCGGC
ATCATCTATGGAGCAGACAAGGTGCAGACCTTCAGGCTGCAGCCCTTCACCTTCTTCTTCTACCTGCTGCCC
CAGATCGTCCTAGACGCAGGCTACTCCATGCCCAACAAGCTGTTCTTCGGCAACTTGGGCGCCATCCTGGTT
TACGCTGTTATTGGCACCTGCTGGAACGCTGCCACTTTGGGACTCGCCCTITGGGGGTGCTGGTTGGGCGG
AGCCATGGGTAATATCGACACTGGTCTCCTGCAGTTGTTGTTGTTTGGGAGTCTGATTGCTGCTGTGGATCC
COTGGCTGTGATTGCCGTGTTTGAGGAGGTCCATGTCAACGAGGTCCTGTACATCCTGGTGTTTGGGGAGT
CCCTTCTCAACGACGGUGTCACAGTGGTGCTGTTCAATGTGTTTGATGCATTTGT GTCGCTTGGAGGGGCA
CAAATCGACGCTGTAGAGATCATCAAAGGCATAATCTCATTCTTCGTGGTGGCGGTTGGAGGCTCCCTGGT
TGGTGTCGTCTTTGCTCTGCTGATCTCGCTCCTAACCAGATGCACCAAGAACATCCAGATTATCGAGCCAGG
CTTCATCTTCGTTCTGGGCTACCTCTCTTACCTCACAGCCGAGATGCTCTCCCTATCCGCTATCCTGTCGTGTA
CATTCTGTGGGGTCTGCTGTCAGAAGTATATCAATGCCAACATGGATGAGCGGTCGGTCAGCACGGTACG
ATCCACAATGAAGGTGTTCGCAAATGGCTCAGAGACCATCATCTTITGTCTTCCTCGGCATCTCGGCCATAGA
TCCGTCAATATGGGTGTGGAACACAGCCTTTATCCTCCTCACACTCCTCTTCATCTITGTGTTCAGGTTCATA
GGGGTCTTTTTACTGACCTGGATTCTGAACCAGTACCGACTGGTTCCCTTGGACTTTATTGATCAACTAGTG
ATGGGCTACGGTGGCCTACGTGGGGCCGTAGCCTATGGCCTTGTGCTCCTGCTGGACGAGAATAAGTACA
AGGAGAAGAAACTGATGATCAGCACCACCCTCATAGTGGTGTACTTCACTGTCATGTTIGCAGGGAATAACC
ATGAAACCACTGGTGACCTGGCTGAAAGTGAAGAGAGCAGCAGTGTCAGAACGCACACTAGCAGAAAAA
ATACAGAATAGGACCTTTGACCACATGCTTGTCGCCATAGAGGACATTTCTGGACAAATAGGAGATAACTA
CATGAGAGACAAGTGGAATAACTTTGAGGAGAAGTGGTTGTACTGGCTCTTGATGACACCCATTGCCAGG
AAGTCTTGTGACCCCATATTCAACATTTTCCACAAGCTCAACATCAAGGATGCCACAAGCTATGTGAAAGAG
GGAGAACGCAGAGGCTCATTGGCGTTCGTACGTAATGAAAACAAGGCCGATGTGGATTTCAATAAGAAGT
TTGGTGCCGATTTTTCAGAGATGATGCCTTACATCATGACAGAAAATATGGGACCAGATCATGTTCCAGTCT
CCTCCATCTTACGGGACAGTGTGCCCTCTGTCTGCCTGGACATGCATGAGCAGGACCTGAAGATGAGGGA
GTCAGAGGACTTTGATGCACACCATCTACTGCAGCAGCACTTGTACAAAGGCAGGAAACAGCACAGACAC
AGGTACAGTCGGAAGCAACTTGAAGTCAACAAAGACGAGCATGAGGTGCAAGAGATCTTCCAGAGAACCA
TGAGGAGCOGTCTAGAGTCATTCAAGTCAGCCAAAATGGGTGTCGCCCCACCCAAGAAGATAAGCAAGCA
TTTAAAGAAAGACCAGCCACAAAAGATGCCAAATGGAAAATCCACAGATAACAGTAAAAGCCATGCTTAT
GGGGATGAAGATTTTGAGTTTTCTGAAGGAGACAGTGCCTCTGGTTACGAGGCTGCTGGCGGTTCATTCCC
CATGAGAGCCTATAGAGGAGCTGGAATTGTCAACCCAGCTTITCATGGCGGAGATGGACACCATGGACCCC
ATGCCACCAATGCAGCAGATTCCTTCATGGCTGGCTGAAACCGAGGTGGACAGCAGCAACATGGTCCCTTC
TCAGAGGGCTCAGCTGAGACTGCCCTGGACACCGAGCAACCTCCGCCGCCTGGCTCCGCTGTGCCTCAGTA
CCCATTCCAATGACTCCTTCCTGCTGGCTGACTCCCCTGCCACACAGGAGGGCATCTCTGAGCTCCCACCAC
CACCTCCCCCACAAGACGGACAGGGTCAGGGAACCCACAAG _3

Figure 3.4. Cloned sequence of trout nhe3b from gill.
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Figure 3.5. (Previous page) Light microscopy and intracellular pHi imaging. A)
DIC image of untransfected AP-1 cells. B) DIC image of transfected AP-1 cells
with trout nheZ (note cell morphology alterations). C) Image of fluorescence
during intercellular pH imaging experiment on untransfected AP-1 cells. D,E)
Representative AP-1 cell traces of intercellular pH (pHi) in relation to external
environmental Na*- or Na*-free buffer conditions (145 mM) on untransfected
(D) and trout nheZ transfected (E) cells. Ammonia pre-pulse technique results
in cellular acidification, and subsequent Na* addition should trigger an
immediate cellular alkalization driven by the functioning Nhe if expressed.
Green box indicates no alkalization due to absence of Nhe in untransfected AP-1

cells. Red boxes show absence of Nat+ alkalization in “transfected” cells.
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Figure 3.6. (Previous page) Spectrofluormeter assay of Nhe activity. A) Control
AP-1 untransfected cell trace B) Trout nheZ transfected AP-1 cell trace C) Trout
nhe3a transfected AP-1 cell trace D) Trout nhe3b transfected AP-1 cell trace.
Cells were attached to circular coverslips and immersed in Na* buffer for 3 min,
50mM NH4Cl- was added to induce initial cell alkalization, followed by
immersion into Na+ free buffer resulting in cell acidification. Nhe activity is
measured by the rate of alkalization upon final exposure to Na* buffer. Control
cells showed no signs of increasing pHi. Alkalization or increasing pHi upon the
addition of Na* was also absent or not significant in the transfected cells.

Expected time of alkalization area highlighted by dashed box.
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template cDNA.

1e2>.. . <nhe3b

Figure 3.7. Agarose gel electrophoresis of RT-PCR for trout nhe2, nhe3a, and
nhe3b gene expression. A) Colony PCR: Amplification of products resulting from
E.coli colonies stabbed following transformation of bacteria with nhe isoforms.
B) Gene expression testing comparing expression of nhe isoforms in the isolated
pDisplay plasmid cDNA from transformed colonies (i.e. pDisp nhe2), in
synthesized cDNA of RNA isolated from AP-1 cells transfected with each
individual isoform (i.e. AP1-nheZ2), or untransfected AP-1 cells(i.e. Untf AP-1

cell), and negative control sample containing PCR reaction mixture without any
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Figure 3.8. Western Blot of AP-1 cells transfected with trout nhe. A single band

indicated by the arrow indicated expression of an HA tagged positive control
protein sample in lane 8 (arrow). Lanes 2-7 contained protein samples from 2
groups each of AP-1 cells transfected with nheZ2, nhe3a, and nhe3b, while lane 9
contained an untransfected AP-1 cell protein sample. No immunoreactivity was

demonstrated in any of the experimental samples.
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Table 3.1 Primer sets used for cloning trout nhe2, nhe3a, nhe3b

Gene Primer Sequence
nhe2
F7 Forward 5" - CGTACTATGGGAGGATTTAGCC- 3’
RZ Reverse 5" - CTGGTCGACCTAGGGTTTCCGA- 3’
F9 Forward 5" - ATACCCGGGATGCGTACTATGGGAGGATTAG- 3'
R10 Reverse 5" - TATGTCGACGGGTTTCCTAGTCTTCCAC- 3’
nhe3a
F8 Forward 5" - TACCCGGGATGGCATGCAGAACTTGC- 3’
R10 Reverse 5' CGCGTCGACAAAATGACATAACATGAAATTACAC- 3’
nhe3b
F3 Forward 5" - CCAAGATTGATCAAAGCTCAAG- 3'
R3 Reverse 5" - CGTGTCGACCTTGTGGGTTCC- 3’
F1 Forward 5" - TACCCGGGATGCCAGCTCTG- 3’
R6 Reverse 5" - CGTGTCGACCTTGTGGGTTCC- 3’
pDisplay
T7 Promotor Forward 5’ - TAATACGACTCACTATAGGG- 3’
pDisplay Reverse 5’ - ATGATAAGGGAGATGATGG- 3’
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Table 3.2 Primer sets used for verifying expression of nhe2, nhe3a, nhe3b in AP-1 cells

Gene Primer Sequence Product Length (bp)
nhe2
F7 Forward 5 - ATTGGGCTGATTGTAGGGGC - 3’ 395
R2 Reverse 5' - TCGTTGAACAGGCACTCTCC - 3'
nhe3a
F8 Forward 5" - ACCAAGGCCGATGTGGATTT - 3’ 421
R10 Reverse 5’ CACCCCTGACCTTTTGTGGT - 3’
nhe3b
F3 Forward 5' - TGCATGAGCAGGACCTGAAG - 3' 386
R3 Reverse 5 - TCTCATGGGGAATGAACCGC - 3'
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Discussion

Sodium transport in freshwater fish is a highly researched topic with two
separate pathways of branchial Na* uptake against a concentration gradient.
One method involves the influx of Na* through an apically located ENaC
indirectly electrogenically coupled to an H*-ATPase (Avella and Bornancin,
1989). This mechanism is supported especially under dilute media conditions in
which the external Na* concentration is low and would complicate the proposed
exchange of Na*/H* (Na* influx and H* efflux), as the concentration gradient
would favour the reversal of this process. However, there is no genetic evidence
for an ENaC existing in teleost fish. Recently, our lab has proposed that the
missing epithelial channel responsible for Na* uptake in fish gills is an ASIC,
which would function under unfavourable thermodynamic conditions. The
second proposed method and the subject of this study is in fact the direct
exchange of Na*/H* via an electroneutral Nhe also at the apical surface of the gill.
Expression patterns of either mRNA and/or protein demonstrate the presence of
Nhe isoforms in many model freshwater fish species including the rainbow trout
(Ivanis et al., 2008; Chapter 1), Osorezan dace (Hirata et al., 2013), killifish
(Edwards et al., 2005), tilapia (Inokuchi et al., 2009), and zebrafish (Yan et al,,
2007). Despite the thermodynamic constraints, Nhe seems to be well expressed
in many of the freshwater fish species and various studies have attempted to
characterize its function with pharmacology and fluxes. The pharmacology data

however have been based on inhibition profiles of mammalian transporters, as
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only a few specific fish transporter studies exist (Ito et al., 2014; Guffey et al.,
2015).

The goal of this study was to focus on the rainbow trout Nhe isoforms and
their pharmacological interactions by cloning them into a cell line system, which
could be utilized to characterize a specific pharmacological profile for each of the
isoforms. Such characterization would help better interpret both future and past
fish physiological studies involving Na* uptake. Isoforms nhe2, nhe3a, and nhe3b
were cloned from trout gill and kidney tissues and transfections of AP-1 cells
were performed, in order to measure activity of Nhe in the presence of various
pharmacological inhibitors, namely amiloride, EIPA, and DAPI.

Cloning of each isoform and insertion into pDisplay plasmids was
successful with the exception of trout nheZ. Unfortunately, following additional
sequencing it was discovered that the trout gill nheZ sequence had 3 deletions in
it, which might have resulted in the translation into an amino acid sequence
representing an inactive protein transcript. Nhe3a and nhe3b sequences were
confirmed and nearly identical to previously published sequence data for trout
nhe isoforms. However, a single nucleotide difference may result in sequence
mutations leading to an inactive protein or regulatory function problems.

Expression analysis of isolated RNA (RT-PCR), as well as isolated protein
(Western blot analysis), showed a lack of expression of the trout Nhe isoforms in
both RNA as well as protein, using the HA-tag which would be co-expressed as a
proxy. The lack of expression clearly explains the lack of Nhe activity shown in

both the pHi imaging and the results of Spectrofluormeter Nhe activity assay.
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Without proper expression of the nhe isoforms to the plasma membrane of the
AP-1 cell, no activity can be measured.

The negative results of this study are somewhat perplexing and the lack
of actual experimentation with the pharmacological inhibitors is especially
frustrating. Excluding trout nheZ, the sequence and insertion into pDisplay has
been successfully confirmed for these trout nhe isoforms. The transfection
process of the AP-1 cells with the pDisplay DNA containing nhe genes for all
three isoforms resulted in positive acquired resistance to the toxin agent
Geneticin, which was supplemented at a relatively high dose of (800ug/mL) in
the MEMa media. This concentration was repeatedly lethal to the un-transfected
control AP-1 cells, indicating that the antibiotic was indeed working.
Furthermore, continuous cell growth of transfected cells following acid suicide
selection suggests that cells were transfected, as this method was lethal to
untransfected AP-1 cells and the transfection process itself appears to be
successful. The reasons for these paradoxical findings are at the present
unknown, but a possibility exists by which the cells, that survived the geneticin
and acid suicide selection, were protected in some manner by neighbouring cells
that clustered together and took the brunt of the solution, but this seems
somewhat improbable. The fact that the pDisplay plasmid was utilized in a
similar manner to transfect a different cell line (HeLa) with a catfish leukocyte
immune-type receptor, suggests that the technique used in this study should be
quite conceivable (Montgomery et al., 2009). In order to rule out experimental

error, members of the Fliegel lab performed a second transient transfection

100



using the same plasmid DNA and subsequent Western blot analysis yielding the
same negative results.

The next steps for the success of this project will be to utilize a different
expression system other than pDisplay, which has had success in AP-1
transfection. This is theoretically simple to perform with digesting the current
plasmids at common restriction sites, followed by ligation and transformation of
competent E. coli cells to produce many copies of the new plasmid containing the
present nhe gene inserts. Following isolation of plasmid DNA via miniprep,
another transfection can be attempted with the new expression system.
Western blot analysis or PCR analysis for gene expression will need to be
immediately performed in order to confirm expression prior to attempting to
measure Nhe activity. If this method is unsuccessful, re-visitation of the original
cloning strategy will be necessary, potentially with the inclusion of 5 prime and
3 prime untranslated regions, or including the stop codon, or potentially leaving
out the start codon since there is a conjugated HA tag on the 5 prime end
(Hyvonen, 2004).

Essentially, this project has great potential and should continue to be
investigated in our lab, as a full pharmacological profile for trout Nhes is critical
for the continued understanding of the Na* uptake mechanisms utilized by
freshwater fish. Once stable transfected cell lines expressing the trout nhe
isoforms are established the systems and materials would be in place for the

inhibition experiment to be completed in the future.
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CHAPTER 1V: Reduced salinity tolerance in the Arctic gravling (Thymallus
arcticus) is associated with rapid development of a gill interlamellar cell

mass: implications of high saline spills on native freshwater salmonids

A version of this chapter has been published previously in Conservation
Physiology.

Blair, S. D., Matheson, D., He, Y., & Goss, G. G. (2016). Reduced salinity tolerance
in the Arctic grayling (Thymallus arcticus) is associated with rapid development
of a gill interlamellar cell mass: implications of high-saline spills on native
freshwater salmonids. Conservation Physiology, 4(1), cow010.
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Introduction

The oil and gas industry is a socio-economic driver for both Canada and
the United States, significantly impacting the overall gross domestic product
(GDP) of both countries (Honarvar et al., 2011). Natural gas has been pushed as
a transition fuel to replace coal and reduce greenhouse gas emissions (Pacala
and Socolow, 2004; Burnham et al., 2012). Consequently, pressure is mounting
to develop deep shale reserves in northern areas including Canada (Alberta, BC,
Northwest and Yukon Territories) and Russia (Economides and Wood, 2009; BP
2015; Melikoglu 2014; Grace and Hart, 1986). Oil and gas extraction technology
(e.g. hydraulic fracturing, in situ development) results in large volumes of highly
saline (up to 300 ppt -10X seawater) and organic-contaminated flowback
wastewater, with up to a 600-fold increase in [Na*] compared to local lakes and
rivers (Allen 2008). One of the clear risks of this industry is the potential for
accidental release of these high saline waters through a spill occurring at an on-
site location or during transport to disposal wells (e.g. pipeline or trucking).
Although oil and gas companies are taking measures including contamination
avoidance, water use and management, and reclamation (CAPP 2015); spills are
still common, especially involving incidental releases of hyper-saline water
resulting from hydraulic fracturing (Gross et al., 2013; Vengosh et al., 2014).
Indeed, in a recent review of hydraulic practices, Goss et al. (2015) documented
a total of 113 spills of saline flowback fluid into flowing waters in the period
2005 - 2012 alone. Unfortunately, these resource rich geographic areas directly

overlap with the habitat for threatened native freshwater salmonids (Arctic
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grayling, mountain whitefish, bull trout, westslope cutthroat trout, and inconnu)
(Northcote 1995; Walker 2005; McPhail and Troffe, 1998; Reiman et al., 1997;
Rodtka 2009; Costello 2006; Howland et al., 2001). A sudden influx of high saline
water into a stream would pose an immediate osmoregulatory perturbation for
aquatic organisms and it is essential to understand the potential impacts on
these native species, especially since most regulatory guidelines are routinely
based on the responses of the euryhaline rainbow trout (USEPA 2002;
Environment Canada 1990).

The process of osmoregulation is vital for all organisms, whereby animals
must maintain a relatively constant internal concentration of ions irrespective of
the external environment (Evans et al., 2005). In freshwater, fish are required to
compensate the loss of salts (Na*, Cl-) by active salt absorption across the gills
against the gradient presented by the hypotonic environment they inhabit. In
contrast, in hypertonic marine environments, salts are excreted across the gills
(Dymowska et al., 2012). Euryhalinity is defined by the ability to osmoregulate
across a wide salinity range, and characterizes some members of the Salmonidae
family. Sodium potassium ATPase (Nka) plays an important role in maintaining
systemic, as well as cellular, ionic homeostasis and its various isoforms have
been identified to strongly influence the ability to tolerate seawater [nkaala as
the freshwater isoform and nkaa1b as the seawater isoform (Richards et al.,
2003; Bystriansky 2006; Nilsen et al., 2007; Bystriansky 2011)]. Indeed, a recent
phylogenetic analysis of the Salmonidae family has identified nkaala and

nkaalb sequences in all three subfamilies: Salmoninae, Coregoninae,
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Thymallinae (salmon and trout, whitefish, and grayling, respectively) (Dalziel et
al, 2014).

Arctic grayling (Thymallus arcticus) is a native salmonid species that
inhabits freshwater environments in post-glacial North America, and unlike
other salmonids does not undergo smoltification (Stamford and Taylor, 2004).
Grayling inhabit lakes and rivers in the northern regions of Canada that directly
overlap with large oil and gas reserves. Current status reports indicate Alberta
Arctic grayling populations are in serious decline, and as of 2015 a province
wide zero limit regulation has been implemented, requiring all grayling fishing
to be catch and release only (AEP 2015). Given the limited amount of
understanding of the physiology of the Arctic grayling, the risks imposed, and
the threatened status, it is imperative to examine the salinity tolerance limits for
grayling to ensure proper conservation strategies for this important native
species. The objective of this study was to evaluate the physiological responses
of the Arctic grayling to acute higher saline exposure. We compared the response
to that of the euryhaline rainbow trout (Oncorhynchus mykiss) because trout are
currently used for setting regulatory limits and remediation strategies. We
hypothesized that Arctic grayling would demonstrate a reduced salinity
tolerance when exposed to short term higher saline waters, as demonstrated by
an inability to compensate a similar osmotic stress compared to the rainbow

trout.
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Methods
Animal Collection

In collaboration with Alberta Environment and Parks (AEP), Arctic
grayling (Thymallus arcticus) were collected via angling (fly-fishing) from
Marten Creek, Alberta. Grayling were transported from Marten Creek to the
University of Alberta’s bio-secure aquatics facility utilizing an AEP hatchery
truck carrying a 1000L tank containing oxygenated river water (~9.76 mg/L Oz,
~20.4°C), chilled with ice bags. Fish were transferred from the truck and placed
into a main holding tank (825 L) with aerated flow-through dechlorinated
Edmonton tap water 10°C. Grayling (20.6 + 0.4 cm, 69.5 * 3.6 g, means = S.E.M.)
were maintained and allowed to acclimate in captivity for 2 months prior to
experimentation. Rainbow trout (21.5 £ 0.4 cm, 111.8 + 5.8 g) were reared to
size in house from embryos generously donated by the Allison Creek Fish
Hatchery, (Alberta) and maintained in tanks supplied with the same facility
water as the Arctic grayling. Trout and Arctic grayling were fed daily with
crushed trout chow (Nu-Way®, Hi-Pro Feeds, Okotoks, AB, Canada). Grayling
were supplemented with thawed Artemia sp. three times per week. Fish were

fasted 4-5 days prior to salinity exposure experimentation.

Salinity Exposures and Sampling
Preliminary testing of exposures of grayling and trout to higher salinities
was necessary to achieve a starting threshold salinity concentration and time

point allowing blood parameters to be experimentally measured. A
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concentration of 50% seawater (17 ppt) with a 96 hr time course was chosen
since this was the highest concentration tolerated by grayling for a 96h
exposure. Identical recirculating systems (180 L) containing either freshwater
(0-0.1 ppt) or 17 ppt saline water were constructed and chilled to 10°C. The
saline water was produced by dissolving a salt mixture (Instant Ocean) in
dechlorinated Edmonton tap water to 17ppt. Salinity was measured daily by
both a handheld refractometer (Atago) and digital salinity probe (YSI Model 85,
Yellow Springs, Ohio) and maintained by addition of freshwater or artificial
saline water at 17ppt. Fasted fish were acutely transferred to experimental tanks
(0 or 17ppt saline water). Lethal sampling (n=8) of fish occurred in control (FW)
at 24 h, and in 17 ppt at 24 hr and 96 hr exposure time points. Anesthetized fish
(MS-222 200 mg Lt buffered with NaHCO3 400 mg L-1, time < 3 min) were
weighed, length recorded, and blood (1 mL) was immediately sampled via caudal
blood puncture using non-heparinized syringes. Blood was centrifuged (2 min -
12000 X g) and the resulting serum frozen and stored at -80°C for later blood
osmotic and ion analysis. The 2nd and 3rd gill arches were excised and either

rapidly frozen in liquid nitrogen, or processed for microscopy.

Serum Na*, CI, Osmolality

Serum samples from grayling and rainbow trout were diluted to
appropriate volume with ultrapure water for analysis of [Na*] via atomic
absorption spectrophotometry (Model 3300, Perkin Elmer, CT, USA). Serum

[Na*] was calculated as millimoles L-1 against a NaCl standard curve. Analysis of

107



serum [Cl] was performed by direct analysis on a digital chloridometer
(Labconco, Kansas City, MO, USA). Total serum osmolality was measured on a

freezing point depression osmometer (Micro Osmette, Precision Systems).

RNA Extraction, cDNA synthesis, and Nka Isoform Expression

Excised gills were frozen in liquid nitrogen and stored at -80°C for further
RNA isolation. Gill filaments were ground in liquid nitrogen with a mortar and
pestle on a bed of dry ice. The resulting powdered tissue (~30 mg) was
transferred to 1.5mL Eppendorf tubes containing 1mL of TRIzol®, and RNA was
subsequently extracted and isolated via the TRIzol Reagent method according to
the manufacturer’s protocol (Ambion, Life Technologies, Carlsbad, California).
Total RNA was re-suspended in 30pL of nuclease-free water, quantified and
validated for purity via spectrophotometry (NanoDrop, ND-1000, Thermo Fisher
Scientific, Delaware, USA). Total RNA (3 pg) was treated to remove residual DNA
(DNase I, Thermo Fisher Scientific, Burlington, ON). RNA integrity was checked
via gel electrophoresis and the 28S and 18S bands were visualized. Synthesis of
cDNA from RNA template (1 ug) was performed using SuperScript III Reverse
Transcriptase (Invitrogen) with a mix of oligo(dT) and random primers.

Quantitative real-time PCR was performed in order to measure the
relative abundance of mRNA expression of Na*/K* ATPase isoforms among the
grayling and trout exposed to salinity at 24 and 96 hrs. The annotated partial
sequences for Arctic grayling nkaala and nkaalb (Dalziel et al., 2014) share an

89.87% nucleotide identity making common gene-specific primer design and
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subsequent qPCR challenging. To confidently navigate this obstacle, we utilized
the RNase H-Dependent qPCR technique and in doing so designed rhqPCR
primers for grayling and trout, which are blocked and cleavable by the addition
of a specific enzyme RNase H2, according to the manufacturer’s protocol
(Integrated DNA Technologies, Coralville, lowa, USA) (Dobosy et al., 2011). This
technique allows for the detection of target genes differing by only a single
nucleotide due to the high specificity resulting from the enzyme cleavage of the
blocked primer bound to the complimentary sequence (Dobosy et al., 2011).
Gene specific primers nkaala and nkaalb were designed in addition to
elongation factor 1a (efla), which served as a house-keeping gene (Table 4.1).
Forward and reverse primers for rainbow trout efla expression were as
previously developed in our lab (Boyle et al., 2015); these were found to be 80%
and 100% identical to the grayling ef1a target sequence respectively, and
furthermore were tested and efla expression was shown to be stable in grayling
and trout regardless of the treatment. All qPCR was performed in a light cycling
PCR machine (ABI Prism 7500 sequence detection system). Samples were run in
triplicate with final reaction volumes of 10uL per well containing 2X SYBR green
PCR mastermix (Thermo Fischer Scientific Rockford, IL), 300nmoles of each
primer, 1:20 dilution of sample cDNA, and 0.5 pL. RNase H2 enzyme buffer
mixture. The PCR reaction mix was denatured at 95°C for 2 min, followed by 40
thermal cycles of denaturation for 15 s at 95°C and annealing and extension for 1
min at 60°C. Dissociation curve analysis was performed after each amplification

reaction to ensure that a single product was obtained. Primer efficiency curves
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were run with a random grayling and trout cDNA sample separately in a 4-fold
dilution pattern to evaluate replication efficiency for each species (Table 4.1).
Samples were normalized relative to efla, and compared within genes to control
(freshwater) levels and analyzed statistically with one-way ANOVA, and a

Dunnett’s multiple comparisons test (Prism 6, Graphpad Systems).

Interlamellar Cell Mass Measurements

Gills were excised from grayling and rainbow trout and fixed in a 4%
paraformaldehyde (PFA) solution in phosphate buffered saline (PBS) overnight
at 4°C. Gills were washed in PBS and underwent ethanol dehydration prior to
paraffin wax embedding. Microtome sections of gill tissue (7 uM thick) were
fixed onto Superfrost® plus microscope slides (Thermo Fisher Scientific
Rockford, IL) and were hematoxylin and eosin stained and examined under light
microscopy (Leica DM RXA). Digital images were collected from three randomly
selected fish and two filaments from each fish with ten adjacent lamellae were
imaged (QI Click, QImaging). Image] software (National Institutes of Health) was
used to calculate interlamellar cell mass to lamellar length ratios as previously
described (Ong et al., 2007). Height of ILCM was measured parallel to the total
lamellar length, starting from the edge of the ILCM bordering the filament to the
most distal edge of the ILCM from the filament. Ratios were calculated and
compared among the three treatments for both grayling and trout and analyzed

via 1-way ANOVA (Prism 6, Graphpad Systems).
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Results
Survival

Arctic grayling proved to be unable to cope well upon acute exposure to
higher saline waters. Due to limited numbers of available animals, a preliminary
set of exposures was conducted on a small number of fish to define the
approximate salinity tolerance. Results indicated that short exposure to 50%
(17ppt) seawater for 0 - 96 hrs was not lethal (0% lethality), however the fish
were clearly distressed as shown by abnormal swimming behaviour and
periodic losses of equilibrium (LOE); additionally 100% mortalities (n=2)
occurred at 100 hrs post exposure. Higher salinity (25ppt- 75% seawater)
resulted in 100% mortality (n=2) within 24 hrs. Therefore, a 50% seawater
concentration (17ppt) and a 96h time point were chosen for final physiological
analysis. Rainbow trout showed no mortality at either 50% or 75% seawater,
and the strain of trout housed in our facility (supplied by Raven Brood Trout
Station) have been known to survive these conditions indefinitely, with

survivability similar to trout utilized in Bath and Eddy (1979).

Serum [Na*]

Initial serum [Na*] of freshwater Arctic grayling were slightly lower,
although not significantly, from those of rainbow trout (139 + 6.5 vs. 159 + 0.9
mM Na*, respectively) (ANOVA, p < 0.05). However, both grayling and trout
demonstrated significantly elevated serum [Na*] by 24hr exposure, increasing

by ~25% and 16%, respectively from baseline levels. However, by 96 hrs, trout
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serum [Na*] had returned to near control levels, while Arctic grayling
demonstrated continued elevation in [Na*], reaching 203 + 5.5 mM (Figure

4.1A).

Serum [CI']

Average [Cl] for Arctic grayling and rainbow trout serum held in
freshwater were nearly identical (118 + 1.6 and 119 * 3.4 mM CI, respectively).
Serum [Cl] rose significantly upon 50% seawater exposure, increasing by ~38%
in grayling and ~23% in trout after 24 hr. At 96h, average grayling serum [Cl']
was further elevated 65% to 196.8 mM. The serum [Cl] in trout returned closer
to control values, falling from 146 mM CI- at 24 hr to 138 mM at 96h (Figure

4.1B), although the [CI-] was still statistically elevated at 96h (ANOVA, p < 0.05).

Serum Total Osmolality

Total osmolality naturally followed a similar pattern to the [Na*] and [Cl]
during the exposures. Arctic grayling serum osmolality rose significantly from
299 mOsm in pre-exposed fish to 374 mOsm after 24 hr exposure to 50%
seawater. A similar increase was demonstrated in the trout serum osmolality,
increasing from 309 to 359 mOsm. The elevated total osmolality persisted in the
grayling serum, capping off at an average of 455 mOsm by 96h, however the
trout serum levels significantly reduced back to control levels by 96 hrs in 50%

seawater (ANOVA, p < 0.05) (Figure 4.1C).
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Sodium Potassium ATPase Gene Expression

Gene expression data from qPCR analysis supported the expression of
both isoforms of sodium potassium ATPase, nkaala and nkaalb in all of the gill
tissue samples analyzed. Expression patterns however for Arctic grayling
indicate a significantly decreased mRNA expression of the freshwater isoform
nkaala at 24 and 96h when compared to control levels (ANOVA, p < 0.05). A
similar pattern is seen in the seawater isoform nkaalb, where it also
demonstrates a significant decreased relative level of expression in the gills
compared to control freshwater levels at 24 and 96h (Figure 4.2).

A slightly different pattern was seen through analysis of the rainbow
trout gill nka gene expression. Upon exposure to 50% salinity, rainbow trout
expression levels of nkaela mRNA showed a decreasing trend at 24 hr, however
was significantly lower than control levels at 96h, similar to that of the grayling
expression (ANOVA, p < 0.05). In contrast to the grayling expression, gill nkaa1b
levels in rainbow trout did not significantly decrease at either 24 or 96h
exposure to 50% salinity, but rather stayed similar to control freshwater

expression (ANOVA, p > 0.05) (Figure 4.2).

Gill Tissue Plasticity

An intriguing result arose when comparing the morphology of the gills of
these fish following exposure to 50% seawater at 24 and 96h. Hematoxylin and
eosin stained gill filaments indicated a significant increase in the interlamellar

cell mass (ILCM) located at the base of the lamellae of the Arctic grayling
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(ANOVA, p < 0.05) (Figure 4.3,4). ILCM height was quantified following 24 hr
exposure to 50% seawater. We found a 156% increase in the ILCM of Arctic
grayling (Figure 4.5). This ILCM was not seen in the rainbow trout, at any of the
time points observed (Figure 4.4). The grayling ILCM by 96h was still elevated

98% above controls, with a slight reduction from the 24 hr peak (Figure 4.5).
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Figure 4.1. (Previous page) A) Serum sodium [Na*] B) Serum chloride [CI-] C)
Serum osmolality [mOsm] of Arctic grayling and rainbow trout exposed to
freshwater (control) and 17ppt saline water at 24 and 96h. Grayling and trout
demonstrating significant increases in serum ion and osmolality at 24 hr, and by
96h grayling serum concentrations were further elevated in grayling, but
rainbow trout levels returned to or near that of control values. Grayling (grey
bars) and rainbow trout (black bars) values indicate mean * S.E.M., while
dissimilar letters demonstrates significance using one-way ANOVA, Tukeys
multiple comparisons. Capital letters denotes grayling significance in
comparison to grayling freshwater, while lowercase letters denote rainbow trout

significance (n=8, P<0.05, 1-way ANOVA).

116



A 515 B § 15
w w
7] 7]
2 2
o o
= 1.04 = 1.04
© 0
3 3
> >
=< 0.5 = 0.54 . "
Q Q
2 2
5 5
& 0.0- - & 0.0- -
Y LY LY D
N N o N QO
D () B ()
v 9 v o
C Hours of Exposure D Hours of Exposure

1.59

Relative NKAo.1a expression
Relative NKAo1b expression

Hours of Exposure Hours of Exposure

Figure 4.2. Gill expression of sodium potassium ATPase isoforms nkaala and
nakalb in Arctic graying (A,B) and rainbow trout (C,D) at freshwater and
following 24 and 96 h exposure to 50% (17 ppt) seawater. mRNA expression is
normalized to the endogenous control gene efla, and significant differences
from control freshwater levels are designated with an asterisk (n=3, P<0.05, 1-

way ANOVA, Dunnett’s multiple comparisons test).
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Figure 4.3. Light microscopy images showing comparison between (top row) rainbow
trout and (bottom row) Arctic grayling gills under control freshwater conditions, 24 h

exposure, and 96 h exposure to 50% seawater (17 ppt).
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Figure 4.4. Light microscopy image showing increases in ILCM. Hematoxylin and

eosin stained Arctic grayling gill filaments in (A) freshwater and (B) following 24

h exposure to 50% seawater (17ppt).
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Figure 4.5. ILCM lamellar coverage of Arctic grayling and rainbow trout exposed to
freshwater (control) and 17ppt saline water at 24 and 96h. Grayling (grey bars) and
rainbow trout (black bars) values indicate mean + S.E.M., with significance
demonstrated by dissimilar letters using one-way ANOVA. Capital letters denotes
grayling significance in comparison to grayling freshwater, while lowercase letters

denote rainbow trout significance (n=3, P<0.05, 1-way ANOVA).
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Table 4.1. Nucleotide sequences of quantitative real time PCR primers designed for
the RNase H-dependent PCR. Bolded r(X) represents the inserted RNA base. Gene
accession information from NCBI and primer efficiencies as well as subsequent
amplicon lengths are given.

Amplicon Primer

Genme Accession information qPCR primer 5°-¥ Length Efficency
- GACGCCTCTTGGAATTGArAA TTGC/35pCS,
AG Accession: KJ175158 F-GA A ! 98 189
NKAala GE 645929571 R - CCAGAATGACGGAGAGGArT TAAGG/SpC3/
) - GTGGCTGGA GAGTCCAATGCACCC/3SpCS
AG Accession: KI175159 F-G GAG ! 133 186
NEAdlb GE 645920873
. R - CATTCTGGAAGGCTTCTTIrCAACTTSpC3/
. - GOCTCTCGGAATTGAAATTGArTCA CTGHSpCS
RT Accession: AY319391.1 F A / 17 192
NKAala GI: 34812026 R - GGATGGCAGCCATCCATATGCCCAASSPCS/
RT Accession: AY319390.1 F-AAAGAGA A ATCAGHSPCH 107 195
NKAalb GI: 34512024 R - GACAGCTTCCAGOCArGOCATG/SpCS!
) - CTGTTGCCTTTGTGCE
Accession: AF498320.1 r cATe

efla 82 196
Gt 865 R - CATCCCTTGAACCAGCCCAT
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Discussion

Research on salmonid salinity tolerance is quite extensive, as this family
is well known for the anadromous fish species which naturally make the
transition from fresh to saline water at some point in their life cycle (Morgan and
Iwama, 1991; Staurnes et al., 1992; Singer et al., 2002; Richards et al., 2003;
Bystriansky et al., 2006; Larsen et al., 2008; Bystriansky and Schulte, 2011;
McCormick et al., 2013; Dalziel et al., 2014). In this study, we aimed to
investigate the effects salinity exposure may have on Arctic grayling, a
threatened salmonid species that has a strict freshwater existence in North
American for the past 3-5 million years (Stamford and Taylor, 2004).

Spills of saline process-affected water into aquatic and riparian areas
have been documented across North America and the possibility of saline spills
into flowing water bodies containing Arctic grayling is increasing (Vengosh et al.,
2014; Goss et al., 2015).

Current environmental testing for spill response, environmental impact
assessment and remediation strategies use data from rainbow trout. For high
concentrations of salts that commonly occur in the produced water (up to 10X
seawater or ~300ppt) even a 20-fold dilution of this water would still be above
the salinity threshold of Arctic grayling if they were exposed to it for greater
than 96 hrs. We have not yet investigated the 24 hr salinity threshold for
grayling, although our limited survivability data showed that animals (n=2)
exposed to 75% SW in preliminary tests died before 24 hr. Given a high volume

spill of 300 ppt produced water into a stream containing grayling, one would
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expect mortality, as the osmotic stress would be the initial threat to these fish. In
northern areas, fish in streams tend to congregate in deep overwintering holes
as many sections of rivers and streams freeze completely in the winter. The
severity of a spill of saline produced water at this time would be compounded by
the high density of the fluid and the low stream flow, resulting in the settling of
this water into overwintering pools and swamping the fish, which are essentially
“trapped” for the winter months. Aspects of volume, concentration, and time are
important factors influencing the survivability of these fish given the occurrence
of a spill and need further investigation. Our study clearly demonstrates that
Arctic grayling have a much greater sensitivity to saline water exposure when
compared to their euryhaline salmonid relative, the rainbow trout.

Arctic grayling were unable to successfully osmoregulate even when
exposed to 50% seawater as demonstrated by histological, physiological, and
molecular indicators. Grayling showed significant elevations of blood serum
[Na*] and [C]] at 24 hr, and these were even further elevated through the 96h-
sampling period. This elevation of blood salinity would be detrimental for
normal physiological function (Conte and Wagner, 1965; Jackson 1981) and is
likely the proximal cause of death due to hematological failure (Maxime et al.,
1991).

Comparing rainbow trout and Arctic grayling, the response in serum [ion]
and osmolarity were similar in 50% seawater at 24 hr. However, rainbow trout
had the physiological capacity to overcome this stress and successfully reduced

the ion load by 96h while grayling were unable to compensate. A salmonid
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comparison study by Bystriansky et al. (2006) demonstrated the differences in
elevation patterns of plasma ions between three salmonid species acutely
exposed to 32ppt (~100% seawater). Although some mortality did occur, all
three species, Arctic char, Atlantic salmon, and rainbow trout were able to
compensate the osmotic disturbance and gradually lowered initial elevated
plasma ion levels, with char being the least successful out of the group
(Bystriansky et al., 2006). Similarly, Richards et al. (2003) showed that rainbow
trout exposed to 40% and 80% seawater gradually decrease their initial ion
elevations, returning to control freshwater levels by day 5. In contrast to these
studies and the rainbow trout in the present study, Arctic grayling were unable
to correct the salt load and at 96h serum Na*, Cl;, and total osmolality were
elevated significantly higher than both control and the already elevated 24 hr
levels. This pattern was also observed in landlocked Arctic char, which have
limited sea water tolerance, whereby upon transfer to 100% seawater (32ppt)
plasma osmolality levels rose from freshwater control levels and increased
significantly through day seven (Bystriansky et al., 2007).

Various studies have shown the link between salinity transfer and gill
Nka expression and activity in salmonids (McCormick 1996; Richards et al.,
2003, Bystriansky et al., 2006; McCormick et al., 2013). In freshwater, Nka
provides the driving energy for Na* absorption through mitochondrion rich cells
(MRCs) while in seawater adapted fish, Nka mediates the branchial excretion of
Na* through maintaining the transepithelial electrical potential across the gill

epithelium allowing for the movement of Na* from the blood back to the external
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environment through leaky junctions between MRCs and accessory cells (Evans
et al., 2005). In many instances, transfer of salmonids from freshwater to
seawater results in the increased expression of nkaalb mRNA and the decreased
expression of nkaala, as seen in rainbow trout (Richards et al., 2003;
Bystriansky et al., 2006), in Atlantic salmon smolts (McCormick et al., 2012), in
brown trout (nkaalb only) (Larsen et al., 2008); in Arctic char and Atlantic
salmon (Bystriansky et al., 2006). This differential expression pattern has been
associated with the ability of salmonids to tolerate seawater, and in the present
study both grayling and trout showed a significant decrease in expression of
nkaala upon transfer to seawater, similar to that of previous findings. Following
exposure to seawater, nkaalb mRNA expression also showed a significant
decrease in the grayling gill. Their apparent inability to up-regulate the nkaalb
isoform may indeed lead to the grayling’s lack of salinity tolerance seen in this
experiment. In support, Bystriansky and colleagues (2007) showed a similar
pattern in a population of land-locked Arctic char, which upon exposure to
seawater (32ppt), displayed identical results to the grayling in our experiment
with both isoforms demonstrating decreasing levels of expression, and
concluded that this was indicative of a loss of salinity tolerance. It is possible that
the relative ratio of MR cells to total cell number is altered during ILCM
production, which may affect the result presented in (Figure 4.2) where relative
expression to efla was demonstrated. However, Mitrovic et al (2009) in a study
using hypoxia and ILCM development in goldfish demonstrated only minor

changes in MR cell number (<10%) per filament over three days. Furthermore,
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they demonstrated the ionocytes migrated to the surface of the ILCM rather than
increase in number (Mitrovic et al., 2009). With that being said we are currently
investigating the number of ionocytes in Arctic grayling associated with the
ILCM.

Many studies utilize full strength seawater (100% or 32 - 34ppt) and
longer acclimation periods (>7days) to demonstrate changes in nka expression
patterns. For example, Richards et al. (2003) demonstrated the down regulation
of nkaala and up-regulation of nkaalb mRNA in the gills of rainbow trout
exposed to 80% (~26ppt) seawater occurring at day one persisting through day
five following exposure. While upon exposure to 40% (~13ppt), rainbow trout
showed decreased expression nkaala, however they did not demonstrate a
significant increase in nkaalb expression and it was suggested that 40%
seawater was insufficient to induce nkaa1b (Richards et al., 2003). This pattern
supports our findings where nkaa1b did not increase in 50% seawater, and
suggests that there must be a “threshold cue” for up-regulation of this seawater
isoform to occur. In our study, grayling clearly had a substantial osmotic
perturbation in their blood serum but there was no upregulation of nkaa1b.
Whether or not they have the capacity to do so or simply have not reached a
required threshold in our study remains to be determined.

Histological images of the gill filaments revealed an impressive plasticity
associated with the gill tissue of the Arctic grayling resulting from exposure to
saline water. Following 24 hr exposure to 50% seawater, a significant increase in

ILCM of the grayling appeared, at times completely overgrowing the protruding
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lamellae essentially eliminating the interlamellar region for water flow and
decreasing the surface area of the gills dramatically. To our knowledge the
present study represents the first evidence of a saline induced ILCM increase in
any salmonid, and is intriguing with respect to the rapid time course (< 24 hrs)
exposure by which it appeared in the Arctic grayling gill.

Gill plasticity or increases in ILCM are not new observations; indeed it has
been well documented in the literature and can happen as a result of many
factors. The classic example of gill remodeling occurs in crucian carp (Carassius
Carassius) and goldfish (Carassius auratus) in response to hypoxia. In control
animals, a thick ILCM exists and this is rapidly reduced upon exposure to
hypoxic conditions. This plasticity is proposed to create greater surface area for
oxygen uptake (Sollid et al., 2003; Sollid and Nilsson, 2006; Nilsson et al., 2012).
Decreases in ILCM have also been documented in response to temperature
variation in the goldfish when acclimated to 25°C compared to those acclimated
to 7°C (Mitrovic and Perry, 2008). However, in response to high environmental
ammonia (Sinha et al., 2014), crucian carp and goldfish increased their ILCM.
Similarly, Wright and colleagues documented killifish (Kryptolebias marmoratus)
increasing their ILCM in response to air exposure to prevent water loss (Ong et
al., 2007; Turko 2011). Wright’s group also found that the ILCM of the Kkillifish
was actually decreased in seawater acclimated animals compared to freshwater
acclimated fish (LeBlanc et al., 2007). The only documented ILCM increase by a
salmonid was observed in brook trout (Salvelinus fontinalis) in response to

aluminum exposure in slightly acidic water (Mueller et al.,, 1991).
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We suggest this particular gill remodeling would be a beneficial defensive
mechanism upon exposure to high salinity, limiting the uptake of salts (Na*/Cl")
and preventing water loss across the gill epithelium by reducing the exposed
lamellar surface area. As the results indicate, the ILCM although still highly
elevated at 96h does become slightly more reduced than its maximum height at
24 hr. We hypothesize that the decrease in ILCM from the 24 hr point to the 96h
level may be in response to the grayling blood becoming hypercapnic or hypoxic
as a result of reduced gas exchange attributed to the ILCM. Theoretically, the
ability to increase ILCM would be advantageous to the grayling during a short-
term spill of saline produced water. However, for a longer-term spill or if faced
with environmental hypoxia, the ILCM would have deleterious consequences.

We propose that the appearance of an ILCM may be able to serve as a
biological marker of grayling exposed to high saline water. Given the simplicity
of field fixation of moribund animals, this has the potential to be developed as an
indicator of saline exposure following saline spills into grayling bearing waters.
Development of the ILCM as a viable marker for exposure requires further
research into the rate of ILCM formation, the persistence/reversibility after the
saline exposure and the physiological consequences of the ILCM (i.e. blood
02/COz2 concentrations).

In conclusion, the present study has demonstrated a significantly reduced
salinity tolerance by the Arctic grayling in comparison to the rainbow trout.
From a conservation physiology perspective, these data reveals the high

sensitivity of grayling to an environmental spill of produced water. Our study

128



highlights the lethal effects on Arctic grayling exposed to saline water at just
50% seawater (17ppt). Due to the non-anadromous ancestral life history and
having a strictly freshwater existence for over 3 million years in North America,
we suggest that under these acute salinity conditions Arctic grayling have lost
the ability to execute the necessary osmoregulatory mechanisms to cope with
higher salinity environments. As a main by-product of hydraulic fracturing, high
saline produced water poses a great risk to freshwater habitats and the aquatic
organisms. With the expansion of oil and gas industry, there is an increased risk
of spills of produced water. We must be aware of the conservation impact that
spills may have on native salmonid species that cannot physiologically
compensate for such osmoregulatory challenges. Investigations on the
physiological responses to acute salinity of other native freshwater salmonids
(bull trout, mountain whitefish, cutthroat trout) have not been conducted.
Compared to rainbow trout, which are utilized as an environmental regulatory
species, Arctic grayling are unable to compensate for the osmotic stressors,
which would result from a high saline produced water spill. Given these new
data, collaboration between fisheries and the oil and gas industry will be vital in
the long term conservation strategies in regards to the Arctic grayling in their
native habitat. Increasing research aimed at the fisheries located in these
industrially impacted regions will be critical in coming to informed conclusions

on the sustainable coexistence of these combined resource interests.
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CHAPTER V: Physiological and Morphological Investigation on Arctic
Grayling (Thymallus arcticus) Gill Filaments and Interlamellar Cell Mass
with High Salinity Exposure
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Introduction

Arctic grayling (Thymallus arcticus) are the only salmonid representative
of the sub-family Thymallinae native to North America. Historically their range
spread west of Hudson Bay across the northern halves of British Columbia,
Alberta, Saskatchewan, and Manitoba, as well as populations found in Michigan
and Montana (NatureServe 2004). The southern reaches of the population have
been declining in the past century; most notably, the Alberta and Montana
populations, and the complete extirpation of the Michigan populations. In
Alberta, the exact reason for this decline is unknown and is likely the result of a
multifaceted network of factors, including but not limited, to habitat
fragmentation, overharvest, climate change, and watershed effects brought on by
the oil and gas industry (Walker, 2005).

Research has informed us of the negative effects of habitat fragmentation
via road construction and culverts on river populations of fish, and there are
current practices being implemented to reconnect fish to their spawning areas
and reduce negative effects of culverts on fish passage (Park et al., 2008;
MacPherson et al.,, 2012). Overharvest effects have been directly addressed in
Alberta by the implementation of a zero harvest regulation for grayling province
wide (AEP 2015). Current investigations on temperature effects on grayling are
being performed and will help to elucidate thermal sensitive areas and the
populations at risk (Jessica Reilly: AEP personal communication). Although
some regulations exist, oil and gas industrial practices can result in large

volumes of hypersaline water, which upon incidental release into waterbodies
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can result in osmoregulatory challenges for the aquatic organisms. However
information on the potential risks concerning Arctic grayling and other native
species under these conditions is extremely limited and regulations do not yet
exist to accommodate their specific osmoregulatory needs.

The ability to osmoregulate is in direct relation to the function of the gill
or branchial epithelium of the fish (Evans et al., 2005). In general, teleost fish
gills are composed of two sets of four gill arches. Each arch is composed of many
laterally branching filaments, which contain an afferent and efferent blood vessel
that branch individually to the many folds of the epithelial surface or lamellae,
and allow for a countercurrent exchange of gasses and ions with the water
(Evans et al., 2005). The branchial epithelium is made up of pavement cells,
mucous cells, mitochondrial rich cells (MR cells), the latter of which are
responsible for the bulk of ion transport and are found on the trailing edge of the
filament as well as near the base of the lamellae facing the interlamellar space
where water flow occurs (Evans et al,, 2005; Perry, 1997). The structure of the
branchial epithelium is well characterized in a number of species, although it has
not been well characterized in Arctic grayling.

Osmoregulation is critical for freshwater homeostatic balance and is
hindered by osmotic stress such as a sudden change in environmental salinity.
Hydraulic fracturing practices result in large volumes of hypersaline water, up to
10X that of seawater (300ppt) (Allen, 2008). It has been documented that spills
of this produced water do occur in some regularity, 51 incidents of varying

volumes of saline water releases have been reported from Jan 2016 to June 2016
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(AER 2016) in Alberta alone. A small percentage of hypersaline releases may
affect standing or flowing water, and under these circumstances osmotic stress
on the aquatic organisms can be an immediate result. The degree of damage a
release may have is proportional to the volume introduced and length of time of
the release.

Recently | have demonstrated that even a short-term exposure to a
salinity level of 50% seawater or 17ppt (a concentration which is the result of a
20-fold dilution of common hypersaline produced water), is still beyond the
tolerance level of Arctic grayling (Blair et al., 2016). It was shown that due to the
grayling’s non-anadromous behaviour and the inability to up-regulate the
necessary seawater isoform sodium-potassium ATPase alphalb (nkaalb) there
was a reduced tolerance to hypersaline waters as demonstrated by their
moribund state and considerably increased osmolality and serum ion levels.
Additionally, exposure to 17ppt saline water resulted in gill remodeling and the
appearance of an ILCM that was not present in their salmonid relative, the
rainbow trout, under the same treatments (Blair et al., 2016). The presence of
an ICLM has been noted in other instances in which fish were exposed to some
type of ionoregulatory or osmoregulatory perturbations including: hypoxia-
induced changes in ILCM in goldfish (Sollid et al., 2003; Sollid and Nilsson, 2006;
Nilsson et al., 2012); temperature variations in goldfish (Mitrovic and Perry,
2009); high environmental ammonia on crucian carp (Singha et al 2014); air
exposure and salinity on Killifish (Ong et al., 2007; Turko et al., 2011; LeBlanc et

al., 2010) and increases to ILCM of brook trout exposed to aluminum (Mueller et
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al., 1991). We hypothesized that the ILCM appearance in the Arctic grayling in
response to salinity could be a defense mechanism limiting the uptake of salts
(Na*/CI') under hypertonic environments.

The question remains that if an Arctic grayling exposed to salinity for a
short-term 48 hrs or less, was able to reach freshwater, could normal serum ion
levels be recovered and the resultant ILCM be reduced? It was thus of interest to
evaluate this ILCM, in relation to time of development and ability to recover if
the fish was allowed to enter back into a more favourable hypotonic freshwater
environment following exposure. This present study set out to further
investigate the general gill morphology and identify cell types of the epithelium
and ILCM of Arctic grayling. Furthermore, [ aimed to explore that in the event a
release of hypersaline water was quickly ameliorated and environmental salinity
returned to normal, whether the potentially lethal effects seen in Chapter 4

could be reversed.

Methods
Animal Collection

Arctic grayling (18.1 £ 0.4 cm, 49.7 + 3.9 g, means # S.E.M.) were collected
in July, 2015 from a tributary found in the Athabasca River watershed in
collaboration with Alberta Environment and Parks (AEP) using conventional
angling methods (fly-fishing). Fish were transferred in an Alberta fish
transportation truck to the University of Alberta, where they were held in a bio-

secure aquatics facility. Fish were maintained in a 600 L circular tank supplied
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with flow-through dechlorinated Edmonton city tap water (10°C) and constantly
aerated. Fish were allowed to acclimate for 3 months prior to experimentation.

Arctic grayling were fed a mixture of Artemia and Mysis shrimp, every other day.

Experimental tanks

Two identical systems (freshwater and a saline) were utilized for the
experimental tanks for the exposures. Each system consisted of three (60 L) in-
line tanks, a top header tank, an exposure tank (housed fish), and a sump tank,
which re-circulated 180 L of water maintained at 10°C with an attached chiller
unit. Both systems were initially supplied with dechlorinated Edmonton city
tapwater, which was aerated with air stones placed in each exposure tank.
Dissolved oxygen levels were maintained above 10 mg/L throughout the
experiment. The saline system water was made up to 17ppt (50% sea water)
with the addition of a soluble salt mixture (Instant Ocean). This salinity
concentration was chosen based on our previous research revealing sub-lethal
effects at this salinity, which are the focus of the present study. When necessary,
salinity levels were maintained by adding salts and/or freshwater following
measurement using a handheld digital salinity probe (YSI Model 85; Yellow

Springs, OH, USA).

Salinity Exposure and Sampling
Arctic grayling were fasted four days prior to experimentation and

underwent six different treatments. Fish (n=5 for each treatment) were acutely
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transferred to either 17ppt saline water and held for 12, 24, and 48 hrs, or to the
freshwater system for 24 hrs (control) before lethal sampling. In order to
observe the Arctic grayling’s ability to recover following the 24 and 48 hr acute
saline exposure, fish were transferred back to a freshwater environment where
they were allowed to recover for an additional 24 hrs before undergoing lethal
sampling.

Fish were anesthetized with a lethal dose of MS-222 (200 mg L1)
buffered with NaHCO3 (400 mg I'1), weights and fork lengths were taken,
followed by immediate blood and tissue sampling. Blood was drawn from
caudal puncture using non-heparinized syringes and deposited into 1.5ml
Eppendorf tubes and centrifuged (2 min, 12,000 x g). Serum was separated and
frozen at -80°C for future analysis. The second and third gill arches were excised
from each side of the fish and further processed for light microscopy, scanning
electron microscopy (SEM), and transmission electron microscopy (TEM)

analysis.

Physiological Serum Levels

Arctic grayling serum from each of the six treatments was thawed and
analyzed for total osmolarity (mOsm), (Na*), and (Cl) concentrations. Following
essential dilution in ultrapure water, analysis serum [Na*] was performed using
an atomic absorption spectrophotometer (Varian 220 FS). Serum [Cl-] was
measured via digital chloridometer (Labconco, Kansas City, MO, USA). Total

serum osmolarity analysis was performed using a freezing point depression
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osmometer (Micro Osmette; Precision Systems). Statistical analysis was
performed with one-way ANOVA, followed by Tukeys multiple comparisons test

(Graphpad Systems: Prism 6).

Light Microscopy

For consistency purposes the right third gill arch from each grayling was
excised and fixed in a 4% PFA in PBS (pH 7.4) for 24 hrs at 4°C. Gill tissue
processing followed a standard histological protocol consisting of washes in PBS,
followed by a dehydration series of increasing ethanol concentrations, and
paraffin wax embedding. Gills were mounted in wax blocks and serial sectioned
with a microtome yielding 7pum thick sections to be mounted on Superfrost plus
microscope slides (Thermo Fischer Scientific, Rockford, IL, USA). Five slides per
gill were obtained containing 3-4 serial sections on each slide. Slides were
stained with either Periodic acid-Schiff (PAS) stain for mucous cells localization,
or hematoxylin and eosin for general histological analysis and viewed on
compound light microscope (Leica DM RXA). A single slide per fish was
randomly selected and digital images were captured (QI Click, QImaging). Three
filaments from each fish were selected, and subsequently 10 lamellae lengths
and interlamellar cell mass measurements per filament were taken using Image]
software (National Institutes of Health). As previously described (Ong et al.,
2007; Blair et al., 2016), ratios of interlamellar cell mass to lamellae height were

calculated for each fish (n=5) per treatment and averages were compared as
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above via one-way ANOVA, with Tukeys Multiple Comparisons test (Graphpad

Systems: Prism 6).

Electron Microscopy

For SEM and TEM analysis, gill filaments were dissected from the left
third gill arch. For SEM, pairs of filaments were dissected away from the middle
of the gill arch, while individual filaments were teased apart under a dissecting
microscope for TEM analysis. Both samples were fixed overnight at room
temperature in a buffered 0.15 M sodium cacodylate solution (pH 7.4)
containing 2.5% glutaraldehyde and 3% paraformaldehyde. Filaments
underwent three ten-minute washes in 0.15M sodium cacodylate buffer,
followed by dehydration in a series of ethanol washes. Following complete
dehydration the SEM filaments were placed in a serial series of increasing
concentrations of hexamethyldisilazane (HMDS) and allowed to air dry. SEM
filaments were mounted on to SEM stubs and sputter coated with a Au and Pd
mixture for microscopy analysis.

TEM filaments were exposed to 1 hr wash in 0.15 M sodium cacodylate
buffer containing 1% osmium tetroxide, and an additional buffer wash step prior
to dehydration through the graded ethanol series. TEM filaments were
individually embedded into SPURR Resin blocks and sectioned using an
ultramicrotome (Reichert-Jung Ultracut_E Ultramicrotome). Thin sections (~80
nm) were placed on copper grids and stained with a uranyl acetate and lead

citrate stain. Examination and imaging of sections was conducted with a
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transmission electron microscope (Philips-FEI, Morgagni 268), equipped with a

Gatan Orius CCD camera.

RESULTS
Physiological Serum Analysis

Similar to our previous study, serum [Na*], serum [Cl-], and serum
[mOsm] significantly (P<0.05) and progressively increased when Arctic grayling
were exposed to 17ppt (50% seawater) at 12 hr, 24 hr, and 48 hr time points.

At 48 hrs of exposure Arctic grayling serum levels reached elevations of 204.54 +
5.27 mM Na*, 184.40 + 4.29 mM CI', and 411.0 + 5.0 mOsm (mean # S.E.M.), an
increase of 20%, 55%, and 44% respectively, from freshwater levels (Figure
5.1A, 1B, 1C).

Fish that were allowed a 24 hr recovery period in freshwater following
the exposure to 17 ppt for 24 hr, showed significant decreases in serum [Cl -], and
serum [mOsm] (P<0.05). Although serum [Na*] levels also demonstrated a
decreased trend, statistical significance was hindered by sample variability in
the 24 hr + recovery sample. Fish that were exposed for to 17 ppt for 48 hr and
then allowed to recover in freshwater for 24 hr also demonstrated a similar
pattern of shifting back towards osmotic balance. Significant differences were
seen between samples from 48 hr exposure and the 48 hr + recovery samples,
with serum [Na*] decreasing by 10%, serum [Cl-] decreasing by 21%, and total
serum osmolality decreasing by 18%. Although 24 hr recovery in freshwater

resulted in significant decreases from both the 24 hr and 48 hr exposure periods,
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levels were still significantly elevated above those of fish held in control

freshwater, for each of the measured serum levels (Figure 5.1).

Interlamellar Cell Mass

Measurements of lamellar length and height of interlamellar cell mass
were taken at each of the sampling time points. Compared to freshwater values,
significant elevations in ILCM were present just 12 hrs after exposure to 17 ppt
water (P<0.05). The ILCM remained elevated at the 24 and 48 hr time points,
however the 24 hr recovery period in freshwater resulted in significant
reductions in ILCM height for both the 24 hr and 48 hr exposures (P<0.05, one-
way ANOVA) (Figure 5.1D). This salinity-induced interlamellar cell mass began
to decrease and slough off following 24 hr recovery in freshwater (Figure 5.2)

In addition to the increase in interlamellar cell mass, it was also apparent
that during exposure to 17 ppt, the gills demonstrated an apparent increased in
mucous cells on the apical side of the epithelium revealed by PAS staining.
These cells were present in higher numbers in the 48 hr salinity exposed animals
than in the freshwater control animals or in the freshwater recovery animals

following the initial 48 hr exposure to 17 ppt (Figure 5.3).

Electron Microscopy
For SEM and TEM analysis, we utilized the salmonid relative the rainbow
trout exposed to 17 ppt for 24 hrs to perform morphological comparisons of the

Arctic grayling branchial epithelia. In brief, as the morphology of trout gills has
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been described in great detail previously (Goss et al 1994; Evans et al 2008;
Perry 1997), the lamellae of the rainbow trout expand to the edge of the
filament, with a relatively small area of epithelial cells on either side making up
both the leading and trailing edge (Figure 5.4A). Rainbow trout gill epithelial
morphology consists of a covering layer of pavement cells, with a maze-like
formation of interconnected uniform microplicae on their surface.
Mitochondrial rich cells with two distinct surface morphologies are found
interspersed amongst the pavement cells, one surfaced characterized by many
fingerlike microvilli projections, while the other has a tightly packed multicursal
labyrinth configuration of microvilli (Figure 5.4B).

Comparable to the rainbow trout gill structure, the Arctic grayling
filament is composed of lamellae in similar orientation, however they extend
laterally to a lesser extent leaving more surface area on the leading and trailing
edges (Figure 5.5A). Large epithelial pavement cells cover the filament with
their apical surfaces either flat or ridged with shortened microplicae in a less
continuous fashion that those of the trout (Figure 5.5B). Differentiated MRC
types commonly appear in pairs and their surface characteristics are almost
identical to those of trout with one type having a more dotted appearance of
short fingerlike microvilli, while the other surface portrays a compact maze-like
quality (Figure 5.5B). Exposure to salinity results in reduced lamellar surface
area, with the ILCM dominating (Figure 5.6A). Swelling mucous cells protrude

from the Arctic grayling epithelium, and are noticeably more prevalent upon
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exposure to 17ppt. There were no morphological changes to the MR cells in
terms of apical crypts characteristic of salinity acclimation (Figure 5.6B).
Transmission electron micrographs of Arctic grayling gill sections
revealed the presence of different cell types near the apical surface depending
on the environmental salinity, as well as various cells present in the
interlamellar cell mass. Representative freshwater samples show both healthy
mitochondria rich cells, mucous cells, and apparent eosinophil (containing large
granulocytes) at the apical surface of the filament in the interlamellar space
(Figure 5.7A). Upon exposure to 17ppt at 12 hrs and persisting through 48 hrs,
the interlamellar cell mass is identifiable and is characterized by an increased
number of mucous cells throughout and near the surface of the elevated ILCM, as
well as what appeared to be mucous cells or eosinophils bursting or releasing
their granulocytes (Figure 5.7B). These bursting cells were not present in any
freshwater samples. Furthermore, MR cells were not found in the interlamellar
cell mass in any of the salinity exposed samples. Representative micrographs of
gills from fish recovering in freshwater for 24 hrs post-salinity exposures, show
the ILCM dominated by mucous cells, as well as non-descript dead cells, near the
surface of the ILCM (as indicated by the denatured formation of the nucleus).
However, on the edges of the filament (trailing edge), the surface contains
healthy MR cells and mucous cells (Figure 5.7C, D, E). The 48 hr exposure plus
recovery samples show apparent apoptotic cells with irregular nuclei and

increased number of granulocytes or eosinophils (Figure 5.7F). Figure 8 shows
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higher magnifications of the various cell types and internal organelles present in

the ILCM of Arctic grayling.
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Figure 5.1. Physiological serum and ILCM data of Arctic grayling exposed to 17
ppt and following a 24 hr recovery period. (+R) indicates fish allowed to recover
in freshwater for 24 hrs, following exposure to 17 ppt for 24 and 48 hr time
points. A) Serum sodium [Na*], B) Serum chloride [C]-], C) Total serum
osmolality [mOsm], D) Height to length ratio of ILCM to lamellae of the various
treatment groups. Data are presented as mean * S.E.M., while dissimilar letters
designate statistically significant differences between groups as demonstrated
by one-way ANOVA, with Tukey’s multiple comparisons test (n=5, P< 0.05,

ANOVA).
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Figure 5.2. Representative images of Hematoxylin and Eosin stained filaments of

Arctic grayling exposed to 17 ppt for 24 and 48 hrs and those allowed to recover
in freshwater for 24 hrs, demonstrating reduction of ILCM. A) 24 hr exposed,
elevated ILCM; B) 48 hr exposed, elevated ILCM; C) 24 hr + recovery in
freshwater with reduced ILCM (24 hr +R); D) 48 hr + recovery in freshwater
with reduced ILCM (48 hr +R). Images taken through 40X objective lens on a

compound light microscope (Leica DM RXA).
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Figure 5.3. Hematoxylin and Eosin (Top Panel) and PAS stained (Bottom Panel)
Arctic grayling gills showing increased number of mucous cells in fish exposed to
17ppt for 48 hr compared to fish held in freshwater and following 24 hr
recovery post exposure. A,D) Freshwater; B,E) 48 hr exposed; C,F) 48 hr exposed

+ recovery.
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Figure 5.4. (Previous page) Scanning electron micrograph of rainbow trout gills.
A) Single gill filament with exposed protruding lamellae following 24 hr
exposure to 17ppt salinity. B) Higher magnification of trailing edge of filament
near base of protruding lamellae. Apical surface reveals pavement cells covered
with of interconnected uniform microplicae, and 2 types of MR cells interspersed
among pavement cells, one with finger like projections (*) and one with tightly

packed microvilli forming with a maze like appearance (arrows).
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Figure 5.5. (Previous page) Scanning electron micrograph of Arctic grayling gills.
A) Single gill filament with exposed protruding lamellae under control
freshwater conditions. B) Higher magnification of trailing edge of filament near
base of protruding lamellae. Apical surface reveals large flat pavement cells or
covered with shortened unconnected microplicae, along with 2 types of MR cells
similar to that of trout interspersed among pavement cells in pairs, one with
finger like projections (*) and one with tightly packed microvilli forming with a

maze like appearance (arrows).
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Figure 5.6. (Previous page) Scanning electron micrograph of Arctic grayling gills.
A) Single gill filament with limited number of exposed lamellae and increased
ILCM. B) Higher magnification of trailing edge of filament near base of
protruding lamellae. Apical surface of the trailing edge reveals large protruding
mucous cells (mc) as well as a dehydrated like appearance of apical surface of
pavement cells. MR cells (arrow) still apparent on trailing edge of filament,

however no apical crypt development was seen.

152



153



Figure 5.7. (Previous page) Transmission electron micrographs of Arctic
grayling ILCM under various salinity exposures. A) FW gill interlamellar space,
with MR cells present (arrow), granulocytes (black granules), B) 12h salinity
exposure with lamellae on either side (L) and with elevated ILCM containing
granulocytes and apparent bursting/releasing cells on apical surface (#), no MR
cells on apical surface, C) 24 hr salinity exposure with granulocytes and again
bursting or releasing cells next to end of lamellae, D) Trailing edge following 24
hr recovery, with exposed MR cell, E) 48 hr exposed ILCM, F) 48R recovery, ILCM
still slightly elevated but cells seem to be undergoing apoptosis (irregular

nucleus) and many granulocytes present.
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Figure 5.8. Higher magnification of various cell types found within the Arctic

grayling ILCM. A) Mitochondria rich cell, B) Granulocytes/Eosinophils and
apoptotic cells, C) Granulocyte and bursting/releasing cell, D) Enhanced

granulocyte.

155



Discussion

The present study was performed to fill a gap in the teleost literature
regarding the unique and important salmonid species, the Arctic grayling.
Physiological data demonstrate the stenohaline behaviour of this salmonid,
while novel morphological evidence effectively provides insight into the cell and
tissue alterations occurring during an osmotic perturbation encountered by this
organism. In doing so, we also answered the significant ecological and
conservational question of possible freshwater recovery following an
environmental exposure to high salinity. To our knowledge this is the first study
to provide general branchial morphological data on the Arctic grayling, in
addition to characterizing the gill remodeling that occurs following exposure and
recovery from acute elevated environmental salinity.

Changes in serum levels of measured ions and total osmolality occur
within twelve hrs of acute exposure to 17ppt salinity. Significant and persistent
elevations in these levels through 48 hrs post exposure indicate osmotic
imbalance on the fish and measures must be taken to alleviate this stress. In
most salmonids, osmoregulation to return to a homeostatic level occurs within
2-4 days following osmotic exposure, (Finstad et al., 1988; Richards et al., 2003;
Bystriansky et al., 2006; McCormick et al.,, 1989). We know from previous
experiments, that Arctic grayling cannot successfully osmoregulate upon 17ppt
exposure displaying serum levels highly elevated above normal exposure values,
becoming moribund around 96-100 hrs (Blair et al., 2016). However, in our

current study, these fish were allowed to return to freshwater and consequently,
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show decreased serum ion and total osmolality levels by the end of the 24 h
recovery period. Due to the reversed gradient, moving from a hypertonic to a
hypotonic environment, aids in the excretion and diffusive loss of these blood
salts back to the water, allowing for the grayling’s serum levels to begin
returning to normal freshwater parameters.

The presence of the ILCM was previously shown to appear upon 24 hrs
exposure to 17ppt salinity, however in this study increases were seen already at
12 hrs post exposure. This rapid gill remodeling of increasing ILCM is one of the
fastest reported to date, although decrease of ICLM was reported within 1 day in
goldfish exposed to hypoxia (Mitrovic et al., 2009). Again when Arctic grayling
are allowed to recover in freshwater for 24 hrs, ICLM decreased in comparison
to the 24 hr and 48 hr exposures to 17 ppt salinity. This demonstrates the ability
for rapid reduction of the ILCM when favourable conditions return, which would
allow for increased surface gill area for oxygen uptake and salt excretion. The
ILCM development and reduction continues to support our temporary defense
mechanism hypothesis describing this gill plasticity as a way to protect the fish
against environmental salinity resulting in immediate lethal effects. The ILCM
has been shown to develop or decrease when environmental conditions induce
the need for it to do so. Sollid and colleagues (2003) demonstrate this ability in
crucian carp gills which normally lack protruding lamellae under normoxia
conditions, however when exposed to hypoxia, the interlamellar cell mass begins
to decrease exposing the secondary lamellae which greatly increases the surface

area for oxygen uptake from the environment. This gill remodeling was
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associated with a lack of cell mitosis and increases of apoptotic cells within the
ILCM under hypoxia conditions (Sollid et al., 2003). Apoptosis would be
necessary for the shedding of the ILCM allowing the lamellae to be exposed,
including during recovery in freshwater by Arctic grayling following salinity
exposure.

Much of gill ionoregulation takes place on the apical surface of the gill
epithelium in the interlamellar space containing the mitochondria rich cells
under freshwater control conditions. Electron microscopy reveals that during
salinity exposure, this area is characterized by a lack of MR cells on the apical
surface and that the increased ILCM is composed of undifferentiated cells,
pavement cells, mucous cells and granulocyte containing cells resembling
eosinophils. The presence of MR cells was still apparent on the trailing edge of
the filament, which likely allowed for the maintenance of basal ion transport
during the increased ILCM event. The appearance of the granulocyte cells and
mucous cells is indicative of gill irritation or stress, and we surmise, based on the
increased presence of eosinophils, is the result of a localized immunologic
response. As demonstrated by Collins et al. (1995), just as eosinophils are
mobilized, trafficked, and regulated from the bone marrow into the lung in the
presence of an allergen, the gills of fish may also undergo similar influx of
leucocytes following immune stimulation from an environmental irritant, in this
case salinity. IL-5 is the specific cytokine responsible for this trafficking in the
previous example (Rankin et al., 2000), and although not yet cloned from any

bony fish, predicted mRNA sequences for IL-5 receptors do exist for some fishes
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including, but not limited to, the teleost channel catfish (XM_017458042.1),
Atlantic salmon (XM_014155984.1), and the northern pike (XM_010905115.1).
The predicted presence of these receptors alludes to the possibility that a similar
immune mechanism could be present in the gills of fish and the ILCM plasticity
and presence of granulocytes could be the downstream result of this process. In
light of the presence of eosinophils in the ILCM of Arctic grayling exposed to
salinity a precise assay or immune response indicator must be utilized in order
to determine if the appearance or disappearance of the ILCM is associated with
the immune system of the Arctic grayling.

In the event of a spill of hypersaline-processed water, the osmotic
perturbations to the aquatic organisms present are a real threat and fish kills do
occur. In 2007, hydraulic fracturing fluids overflowed a retention pond and
spilled into Acorn Fork Creek (Knox County, Kentucky) raising stream
conductivity from 200 uS/cm (<1 ppt) to over 35,000 uS/cm (>25 ppt)
(Papoulias and Velasco, 2013). High salinity along with low pH and resulted in
the mortality stress or displacement of many aquatic invertebrates and fish
including the threatened Blackside Dace, Chrosomus cumberlandensis, which
much like the Arctic grayling need cool clear water to thrive. Other affected fish
included creek chub, which demonstrated extreme gill lamellar hyperplasia (we
refer to as increased ILCM) which in this study was associated with a
combination of effects resulting from decreased pH, metal toxicity, and increased
conductivity (salinity) (Papoulias and Velasco, 2013). While these results are

quite similar to the changes seen in the present study, we have demonstrated the
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gill remodeling can be elicited by salinity alone in the case of these Arctic
grayling. This may have implications for other studies associated with highly
saline waters from hydraulic fracturing spills including the interpretation of
results and consistent need for salt controls during physiological experiments.

It is again important to note volume, concentration, and time of a spill
when interpreting the imminent negative consequences to the environment and
organisms. As our study demonstrates if spills result in environmental salinity
increasing to 17 ppt, Arctic grayling can potentially survive this perturbation if
freshwater is regained within 48 hrs. It can be theorized that under
environmental spill conditions an “acute transfer” of freshwater organisms into
salinity can indeed occur given a large immediate spill, although a slower
transition is more likely under the circumstances of a pipeline break or leak. In
turn, the sudden recovery to freshwater could also be feasible given the leak was
quickly fixed or flow was shut off, however a protracted recovery to full
freshwater is more likely and plasma ion levels as well as ILCM is believed to
reflect that transition.

Our freshwaters retain a constant risk of becoming more saline due to
anthropogenic forces including, but not limited to, hydraulic fracturing, which
has adverse consequences on the aquatic organisms. For this reason increased
regulations and higher standards need to be met and enforced regarding salinity
effects on freshwater environments (Canedo-Arguelles et al., 2016). Currently,
the rainbow trout is used as a regulatory species for effluent testing and acute

toxicity (USEPA 2002). However, it may be necessary in some situations for
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regulations to be based on the local sensitive species near potential spill areas
rather than the rainbow trout, which demonstrates higher salinity tolerance.
Without discounting this clear obligation, many of our freshwater species are
indeed able to cope with minor osmotic changes or perturbations which plague
their habitat, within a certain species-specific tolerance range. The Arctic
grayling maintains the ability to develop a potentially protective interlamellar
cell mass in order to alleviate these threats to a certain limit. This ILCM seems to
be associated with some type of immune response indicated by the presence of
granulocyte containing cells within the resulting mass. Furthermore, upon the
return of favourable conditions, the grayling blood serum ion levels decreased
along with marked reductions in the ILCM, which is hypothesized to be linked to
cell apoptosis. Further research into the exact mechanisms behind the
development and reduction of the ILCM is necessary. Based on this evidence and
other current examples in the literature, more evidence of gill plasticity or

remodeling will likely be found in many more teleost fish.
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CHAPTER VI: GENERAL DISCUSSION
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General Summary

Members of the family Salmonidae employ various cellular mechanisms
allowing them to inhabit environments that vary drastically in their salt content
from very dilute freshwater streams to the hypertonic waters of the oceans.
Furthermore, some salmonid species are capable of transitioning from these
opposing environments quite readily, while others are not fully capable of
tolerating both extremes. As a result of both freshwater and marine fish
maintaining their internal osmotic balance relatively the same regardless of the
exterior media, two very different processes are undertaken. Freshwater fish
are exposed to strong hypotonic gradients and must balance the uptake of water
and diffuse loss of ions by producing large amounts of dilute urine and by active
absorption of ions (such as Na*) across the gills. The Nhe is suggested to be one
possible route of Na+* acquisition, despite thermodynamic concerns over its
ability to function under low pH and low external Na* conditions. In contrast, in
a hypertonic marine environment, fish must balance the osmotic H20 loss by
constantly drinking and offsetting the subsequent salt load by producing small
quantities of concentrated urine and actively excreting ions across the gill. Nka
is one of the major ion transporters in the gill responsible for the excretion of
Na*. Past cellular models of both freshwater and marine fish have incorporated
both of these proteins based on expression studies and pharmacological
evidence, however the exact mechanisms involved in the handling of Na* were
still not clear. I chose to focus the bulk of my Ph.D. research on clarifying some of

the conflicting data surrounding rainbow trout Nhe isoforms; and from a
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conservation physiology perspective, assess whether a strictly freshwater
salmonid still maintained the capability of tolerating salinity by way of
expression of Nka in order to assess the risk associated with hypersaline spills in

Alberta.

Thesis Contributions

In this thesis I have contributed to the field of fish physiology by
demonstrating for the first time expression patterns of all three nhe isoforms in
rainbow trout at both the embryonic stage and juvenile stage, and cloned all
three isoforms from adult trout tissues. [ have demonstrated Na* uptake
patterns and associated nhe expression at time points throughout embryonic
development reared in hard water and in soft water conditions. [ have also
provided evidence supporting a prominent role of Nhe3b in Na* uptake under
these low Na* soft water conditions. I have set the framework for a full
pharmacological profile characterization of all three nhe isoforms, and although
my personal attempts at this characterization were not successful, I am
confident that finalizing this project is highly achievable in the near future with
minor adjustments. My further work in the area of conservation physiology has
led to the first documentation of a salinity-induced ILCM in salmonids. It was
established that Arctic grayling have a reduced salinity tolerance putting them at
higher lethality risk to hypersaline spills than other more tolerant fish.
Additionally, I have demonstrated that Arctic grayling can recover following

salinity exposure given the opportunity to return to freshwater within 48 hrs.
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This recovery is aided by the ICLM serving as a protective mechanism during
acute exposure and I further investigated the ILCM with various types of
microscopy in order to identify the cell types responsible for its assemblage.
While, somewhat separate from the theme of Na* transport, but in line with the
conservation of the native Arctic grayling, I administered thermotolerance
testing specific to an Alberta population of these fish with expectation that this
CTM data will be useful for further management practices by Alberta
Environment and Parks (see Appendix A). My first Chapter has laid out the
background and acted as a literature review for the research topics of the
subsequent data chapters. For the remainder of this final discussion chapter, |
will review the previous data chapters, incorporating the important new
information and discuss these in terms of the larger impact to the fields of both
fish physiology and conservation physiology. Finally, I will highlight some future

directions for each of these research areas.

Rainbow Trout Nhe Expression and Role in Na* Uptake

In Chapter II, I utilized 22Na* fluxes, pharmacological inhibitors, and gene
expression data to characterize Na* uptake between trout embryos and larvae
reared in hard water or low Na* soft water. This experiment was designed to
reveal whether environmental freshwater Na* levels influenced differential
expression patterns of nhe isoforms or other modes of Na* uptake in developing
rainbow trout embryos. Although previous studies indicated the presence of

Nhe isoforms, these lacked a functional relevance for the three isoforms being
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simultaneously expressed and which ones were involved in Na* uptake. My data
suggested that embryos from both treatments maintained similar internal Na*
levels throughout development and the uptake rates during flux experiments
were higher in the low Na* soft water-reared embryos. Furthermore, nhe3b
expression was correlated with Na+* uptake rates in soft water-reared embryos,
while nhe2 expression was low and not consistently quantifiable, and nhe3a was
absent in embryo and larvae. A cohort of these embryos were allowed to grow
into juveniles for six months and a week long acclimation to the same water
conditions revealed specific tissue localization of each isoform with nhe2 and
nhe3b confined to the gills, while nhe3a was localized to the kidney (which
clarified its absence in embryo and larvae as the kidney would be
underdeveloped at this time). This pattern of increased nhe3b expression seen in
the embryos was also found in the juveniles where it was 75-fold higher than
nheZ in the gills regardless of treatment conditions. This was the first study to
date to localize and quantify the expression patterns of all three known nhe
isoforms in rainbow trout. It was concluded that nhe3b is the dominant nhe
isoform expressed in young rainbow trout and plays a significant role in Na*
uptake. Itis clear that nheZ and nhe3a are also expressed in rainbow trout and
their role and functional significance is still to be determined (see future
directions section).

The aim of Chapter III was to perform a pharmacological profile on the
trout Nhe isoforms. This would allow for the characterization of activity

inhibition of each isoform by some of the commonly used Na*uptake
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pharmacologic agents including: amiloride, EIPA, and DAPI. T accomplished the
initial steps for these characterizations and cloned each of the genes into an
expression vector system to be used for cell line transfection. Following cloning,
multiple attempts at transfections were performed and cell viability results
(G418 selection and acid suicide selection) indicated that the AP-1 cells were
successfully transfected with each trout nhe gene. Further expression data and
activity assays indicated that there was in fact no expression of any of the Nhe
isoforms, thus false positive results were previously achieved. This chapter
currently acts as a methods chapter with negative results, however [ would not
assess this chapter to be unsuccessful or non-informative. Contrary to that, in
addition to the personal benefit of learning each of these techniques, this chapter
clearly outlines that alternate steps are needed for successful outcome and has
highlighted the problematic experimental protocols. All three trout nhe isoforms
were cloned into pDisplay plasmids and upon transfection the AP-1 cells showed
no protein expression. This lack of expression may indicate that the pDisplay
expression system was not an ideal choice for this technique. Future work will
be performed in the lab to finish this experiment. This data, when finalized,
would have a very high impact on the field of fish physiology and will help
interpret past, present and future experiments focused on Na* uptake

mechanisms.
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Arctic Grayling Tolerances and Conservation Physiology

The ability to tolerate seawater is a trait shared by many species of
salmonids, as their common ancestors experienced marine environments. This
ability however has been reduced in a number of salmonids including
landlocked freshwater subspecies. Consequently, the aim of Chapter IV was to
investigate the salinity tolerance of a threatened salmonid native to Alberta, the
Arctic grayling. [ demonstrated that indeed the Arctic grayling of Alberta have a
greatly reduced salinity tolerance, surviving acute exposure to 17 ppt (50%
seawater) for 96 hr (or less) prior to mortality occurring. Fish exposed to 75%
seawater died within 24 hrs indicating a severely reduced salinity tolerance,
which was linked to an inability to up-regulate the seawater nka isoform nkaa1b,
which is consistent with a similar expression pattern in other species
(Bystryanski et al., 2007). Moreover, I provided evidence of exposure associated
gill remodeling by the Arctic grayling, as the first documentation of a salinity-
induced ICLM among salmonids. It is theorized that this ILCM serves as a
protective mechanism, able to be employed as a result of either an
immunological response or directly from an environmental cue. Although this
ILCM can provide temporary protection from water loss and decreases surface
area for undesired salt or ion uptake, the decreased respiratory activity is likely
a negative consequence and along with the osmotic pressures would lead to fish
mortality, especially in rivers or streams with low oxygen tensions. An
important salmonid comparison was made between the Arctic grayling and

rainbow trout exposed to the exact same saline conditions; revealing successful
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osmoregulatory behaviour and the lack of an ILCM employed by the trout.
Implications of these data include the extra vigilance necessary when discussing
the risks of hypersaline water spills and the species affected. Rainbow trout, an
industrial and governmental regulatory model species, would not be affected by
a spill of hypersaline water depending on concentration, at least when compared
with other native salmonids (e.g. Arctic grayling). Thus, utilizing a more
sensitive freshwater species would be necessary during effluent testing when
salinity is a concern. Additionally, the ILCM, which was evident in salinity
exposed Arctic grayling, has the potential to be used as a biological marker for
saline spill affected waters. However, further research is needed to investigate
the viability and feasibility of this option. From a conservation physiology
standpoint, this data will be useful in determining management risks for the
future of Arctic grayling populations in Alberta.

In Chapter V of my thesis, | aimed to answer some resounding questions
stemming from the results of Chapter 4. These included: 1) Does the ILCM
appear earlier than 24 hr post exposure to 17 ppt? 2) Can Arctic grayling recover
both internal osmotic balance, as well as the resulting ILCM, given the
opportunity to re-enter freshwater following a short exposure? 3) What is the
morphology and cellular make up of the ILCM? For this experiment I utilized
Arctic grayling from a different river system in Alberta in order to confirm that
the previous results were not specific to a certain region. The exposure
concentrations were matched to the previous experiment, with the addition of a

12 hr exposure, as well as two (24 hr in freshwater) recovery time points
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following 24 hr and 48 hr of salinity exposure. Osmotic imbalance and ILCM was
observed 12 hrs post-exposure and was similar to the initial study with internal
ion concentrations significantly increasing compared to controls, however given
the sub-lethal time points chosen (<48 hr) no mortalities occurred. Recovery in
freshwater (24 hr) did in fact allow the Arctic grayling to begin to alleviate the
osmotic stress as levels rapidly fell back to or near control concentrations, which
is positive news regarding spills lasting less than 48 hrs or if fish are able to
escape the plume of hypersaline water quickly.

In order to investigate the associated ILCM more closely, I utilized various
microscopy techniques and demonstrated that the ILCM is composed of
undifferentiated cells, pavement cells, increased number of mucous cells (shown
by PAS stain), and apparent eosinophils or granulocytes. The increase of mucous
cells and granulocytes is indicative of an immune-related response resulting in
hyperplasia of cells on the filament in the interlamellar cell space. Light
microscopy histological analysis indicated an increased number of mucous cells
in the saline exposed fish, as well as the response of the ILCM to decrease or
shed following post-exposure freshwater recovery. SEM and TEM micrographs
revealed a large number of granulocytes in the actual ILCM growing between
lamellae, as well as the presence of cells bursting or releasing their contents.
Further characterization and staining is necessary for exact identification of
various specific cell types. To my knowledge this was the first electron
microscopy performed specifically on the ILCM of any salmonid and can serve as

a future reference for ILCM studies, which I theorize will increase in number in
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the next few years as more and more fish will be examined for this type of gill

tissue plasticity under various environmental conditions.

Future Directions

The results and data presented in this Ph.D. thesis have added to the
knowledge base in the field of fish physiology especially regarding the Na*
regulation mechanisms in salmonids. Thankfully however, for each question
answered, several more arise that lead to future research directions. In this
section I highlight some future directions building on the data I presented for

upcoming students in the lab who wish to expand on these findings.

Functional Role of Trout Gill nhe2 and nhe3b

In Chapters Il and III, I demonstrated the expression patterns of trout nhe
isoforms nheZ2 and nhe3b in the embryonic and larval stage, and specific tissue
distribution in the juvenile, with subsequent cloning from adult trout tissues.
The fact that nhe2 and nhe3b mRNA are expressed at the gill and protein
expression has also been confirmed (Ivanis et al 2008; Hiroi and McCormick
2012) allows us to question the relative functional significance of these two
isoforms at the gill. In mammals, it has been suggested that NHE3 is the primary
isoform responsible for Na* absorption effecting electrolyte and acid base
balance, as well as blood pressure homeostasis, while the role of NHE2 appears

to be mainly secretory, regulating cell volume without reabsorption roles
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(Orlowski and Grinstein 2004). It is possible a similar allocation of function
resides within the trout gill epithelial cells expressing these transporters.

Furthermore, it has not been clearly demonstrated that Nhe2 and Nhe3b
are localized to the same gill cells, therefore they may indeed be performing two
different functional roles and isolated to separate cell types much like
differential expression patterns of the various isoforms of Nka found in the
zebrafish ionocytes (Hwang et al 2011). In order to clarify these roles, the
development of isoform specific antibodies would necessary. Although
functional protein expression is superior, in situ hybridization with isoform
specific probes could also be utilized to show differential expression of mRNA in
the gills of trout and would be quicker and more economically feasible given the
complexity surrounding antibody production.

Along with specific antibodies and probes, functional characterization of
these isoforms would be benefited with the use of isoform specific
pharmacological inhibitors. These could be used in conjunction with varying
environmental conditions (low Na*, high Na*, low pH, high pH, etc.) and the
analysis of flux data to show which isoform is responsible for mitigating certain
osmotic and ionic perturbations. This would ideally be paired with mRNA or

protein expression as in Chapter II of this thesis.
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Is Salinity Tolerance an Inherited Aspect of Phenotypic Plasticity?

[ have demonstrated in Chapters IV and V a reduced salinity tolerance of
the freshwater salmonid, the Arctic grayling. This reduced tolerance is
associated with the inability to up-regulate the necessary seawater isoform
nkaalb, even though this gene is expressed throughout the salmonid species,
including Arctic grayling (Dalziel et al 2014). Based on the freshwater life
history of the Arctic grayling and the lack of osmoregulation in saline waters, is it
possible that these fish no longer have an environmental stress response that
results in higher expression and in-turn have lost their tolerance? This brings
about the idea of genetic plasticity, a currently popular topic in environmental
physiology, whereby the environment may have the ability to induce one
genotype to produce different phenotypes (Agrawal 2001). The aspect of
epigenetics or the ability to inherit nuclear information without changes to the
DNA sequence (Holliday 2006) may be the subject of investigation for changes in
species salinity tolerances. This definition has been extended to epigenetic
inheritance whereby heritable changes in gene expression unrelated to genetic
variation occur (Richards 2006). It would be of great interest to acclimate
grayling to higher salinities from freshwater at a slow rate in order to observe if
prolonged acclimation would allow for tolerance to be reestablished.
Alternatively, exposure to sub-lethal salinities at different life history stages (e.g.
embryo/larval stage) may alter the salinity tolerance. To assess salinity
tolerance as an aspect influenced by epigenetics, a different model organism that

possessed a faster generation time than the Arctic grayling could be used. A
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euryhaline organism would be of benefit, such as one with both freshwater and
marine residing populations. The mummichog or killifish (Fundulus heteroclitus)
would be an appropriate species to select for this experiment given its
population stratification in different osmotic environments and previous results
of genetic plasticity related to salinity (Whitehead et al., 2011). A potential
experimental protocol might include repeated exposure of the freshwater
parental generation to salinity and then compare the salinity tolerance of the
offspring to the offspring of parental individuals that did not undergo salinity
exposures. Interestingly, a similar experiment was conducted on fertilized eggs
of the dessert pupfish (Cyprinidon macularius), whereby they were reared in
either their spawning salinities or waters of differing salinities. Following hatch,
the young were monitored for growth rates and food conversion; those reared in
the spawning salinities fared far better than those transferred to a different
salinity level following fertilization (Kinne 1962). It is hypothesized that
environmental stressors such as salinity exposure can result in inherited
epigenetics in the offspring, preparing them for similar scenarios. Since grayling
do retain the genetic markers for salinity tolerance (Nka isoforms), it is possible
that salinity tolerance can be regained and a relevant investigation would be a
valuable. Additionally, there are other threatened native Alberta salmonids (e.g.
mountain whitefish) that may also show similar patterns of reduced salinity

tolerance and these ought to be further investigated.
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Extent and Regulation of Interlamellar Cell Mass

Arctic grayling exposed to salinity (only 50% seawater) developed an
ILCM within 12 hrs. This relatively quick form of gill remodeling is likely a
protective mechanism employed by these fish to avoid environmental
perturbations. However, this ILCM has been documented to develop or reduce
as a result of temperature, air exposure, metal toxicity, and oxygen levels in a
variety of other fish species. Taken together, is the development of an ILCM a
common mechanism throughout all fish species? Is it exclusive to freshwater
fish? Is it found only in teleosts? Have we as fish physiologists missed this
mutual process as a result of excluding gill histology in a large number of
experiments? These are some of the questions that should be addressed in order
to include the development of an ILCM in the arsenal of coping mechanisms
shared by fish in response to environmental stressors.

Questions remain as to the function and the exact trigger of the ILCM
response in fish species. A reasonable theory for the ability of Arctic grayling to
quickly produce an ILCM may be a protective function. For Arctic grayling,
which reside in streams that are filled with glacial sediments and are subject to
sudden flooding that turns some rivers from clear to turbid quite quickly; the
ILCM may be a response to changes in sediment load. To assess this hypothesis,
specific sedimentation experiments need to be carried out in conjunction with
histological analysis in order to determine if stream sediment can cause the

development of an ILCM.
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In this thesis, [ have demonstrated the presence of granule-containing
cells, resembling eosinophils in the ILCM suggesting that at least some of the
ILCM growth may be associated with an immune response. Further work is
needed to establish this theory with more refined histamine or other cytokine
release assays and increased cell identification. Is the ILCM stimulated by an
early cortisol response? Wilson et al.,, (2002) demonstrated a plasma cortisol
spike at 12 hrs upon seawater adaptation of freshwater Coho salmon. Itis
possible that a spike in cortisol could elicit a gill remodeling response driven by
hyperplasia. However, another hormone may be responsible for the ILCM
development. Insulin-like growth factor (IGF) is also present in teleosts and
recent evidence points to its association with cell hyperplasia in zebrafish gills
(Wood et al,, 2005; Shive et al., 2015). Itis clear that salinity does not trigger an
ILCM in fish with high salinity tolerance like the rainbow trout; therefore the
ILCM is likely a direct result of an irritant specific to each individual species or
event. A diagram incorporating various aspects of the physiology surrounding
the ILCM was developed based on these ideas (Figure 6.2). Further research into
the induction of the ILCM across various species of fish will increase our

understanding of this gill remodeling mechanism.
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Figure 6.1. Theorized process of development of the ILCM in response to

environmental stressors.
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Conservation physiology perspectives regarding produced water spills

It was my aim that the physiological data I presented in my Ph.D. thesis
would be utilized to benefit the conservation of the threatened Alberta native
Arctic grayling. These data should make us aware of the conservation impact
that hypersaline spills may have on native salmonid species that cannot
physiologically compensate for such osmoregulatory challenges. There were
two valid criticisms of my experimentation using 17ppt saline water as a proxy
for spills of hydraulic fracturing flowback fluid or hypersaline produced water:
1) What is the environmentally relevant salinity concentration that fish would be
exposed to in a real spill in an Arctic grayling stream in Alberta? 2) Hydraulic
fracturing fluid is a composed of a mix of many different salts, organics, solvents,
acids, and other chemicals; why are you solely using salinity as the stressor?

Firstly, the salinity concentration of the water body following a spill
would depend on the volume of the spill, the size of the water body, the flow rate
of the river or stream, the original concentration of the fluid itself, and the length
of time that the spill persists. This would be difficult to calculate and the only
way to get an indication of the salinity following a spill would be to sample the
water with a salinity or conductivity probe immediately following a spill. Under
normal circumstances this proves difficult because a) it takes time to report a
spill, b) the company’s private contractors or researchers usually perform the
sampling, and c) the resulting data would be proprietary or used as evidence in
environmental damage prosecutions, thus unavailable to the public. However,

there are some instances where measurements were made following spills

178



including the Kentucky spill when researchers from the US Geological survey
were able to sample and measure conductivity some time after a spill occurred
in Acorn Creek (Papoulias and Velasco, 2013). At the time of the measurements
approximately 1 week after the wells were fracked, conductivity at one of the
sites measured 35,000 uS/cm (between 20-25 ppt); much higher than the 17 ppt
standard I used in the salinity tolerance tests on grayling. It is expected that the
initial concentration in the river in the first few days following the spill was even
more elevated given the week of dilution that occurred prior to sampling. Thus,
our study remains valid and likely underestimates the actual concentrations fish
are exposed to following a spill of hypersaline water.

The second point made concerning the 17 ppt saline water used to
demonstrate the harmful effects of hydraulic fracturing fluid or hypersaline
produced water spilling into an environment was that salinity is only a minor
aspect of this flowback fluid, which is actually a complex mixture of chemicals
with varying compositions of salts. The fact that the mixture of chemicals is
likely more harmful than salinity alone is an arguable point. I nevertheless
maintain that the osmotic stress will be the most immediate and most significant
stress that the fish will encounter in the event of a spill. However, the presence
of organics and other chemicals within the mixture has the potential to
compound the lethal and sublethal effects of the hypersaline fluid. A direct
exposure of Arctic grayling to hydraulic flowback water diluted to the same
17ppt salinity is a route of further investigation that ought to be taken. I

theorize that mortality would set in quicker than when exposed to elevated
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salinity alone. The direct toxicity of chemicals and the potential for some
chemicals to inhibit physiological process, possibly even halting the
development of the ICLM, is likely to speed the mortality outcome. Even a 20-
fold dilution of some flowback fluid is still above the salinity tolerance threshold
of Arctic grayling. A direct exposure is feasible as our lab has unique access to
fracturing flowback fluids and is an experiment that would further my

conservation physiology aim in supporting this native salmonid.

General Conclusion

The salmonids are a fascinating group of fish extending to all parts of the
globe, armed with a suite of ionoregulatory mechanisms allowing them to
survive in a variety of aquatic habitats including freshwater and marine
environments. Their importance in this world extends beyond that of a food
source, science, culture, economics, sport fishing, and ecology. Members of the
Salmonidae family are subject to a variety of environmental stressors, many of
them resulting from anthropogenic processes. The continued understanding of
their physiology, tolerances, and regulatory mechanisms is critical for their

future conservation.
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APPENDIX A: Investigate the thermo-tolerance of Arctic grayling
(Thymallus arcticus) via critical thermal maximum
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Appendix Preface

SDB, Chris Cahill, and Jessica Reilly (AEP) conceived and designed
experiment. Experiment was carried out by SDB, along with data collection,
analysis, and writing. This thermotolerance data will be part of a collaborative
work with previous mentioned authors as part of the conservation management
plan for Arctic grayling, which will include previous salinity tolerance

considerations.
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Introduction

Concerns over global climate change and its effects on freshwater
ecosystems are growing based on evidence of increased atmospheric CO2 and
other greenhouse gasses being linked to a global warming trend (Bolin, 1986).
Data indicate a increased global temperature of 0.85°C, over the period
1880-2012, and more recently an increase of 0.72°C over the period 1951-2012
(Hartman et al,, 2013). More specifically in the northern hemisphere, data show
an increase in air temperatures at an average rate of 0.24°C per decade (Folland
et al.,, 2001). It has been shown that lake and stream temperatures closely follow
the same temperature patterns and trends as the air temperature (Mohseni and
Sefan, 1999). Increases in air and subsequent water temperature will have
direct effects on the aquatic organisms inhabiting these freshwater
environments in a variety of ways including direct lethal effects of increased
temperature (which will be the focus of this chapter), decreased dissolved
oxygen, increased sensitivity to pollutants, and effects on habitat and hydrology
(Ficke et al,, 2007). As a result of fish being ectotherms, their internal body
temperature closely reflects that of the environmental temperature (Fry, 1967).
Therefore any changes in water temperature will have quick and direct effects
on the fish including enzymatic function, diet and metabolism, growth,
swimming performance and lethality (Fry, 1947).

Preferred temperatures for pacific salmon species (Chinook, pink,
sockeye, chum) have been documented as 12-14°C (Brett, 1952). However,

critical thermal maximums (CTM) have become a common method in order to
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indicate temperature tolerance of a species (Becker and Genoway, 1979). Today
many fish species CTMs have been demonstrated as the temperature at which
the fish experiences a loss of equilibrium (LOE) and can no longer right itself,
and salmonids demonstrate the lowest CTMs indicative of their lack of high
temperature tolerance (Beitinger et al., 2000). To date only 2 studies have been
conducted on Arctic grayling thermotolerance. The first, conducted by
LaPerriere and Carlson (1973) measured temperature tolerance of an Alaskan
population of Arctic grayling with 96 hr lethal temperature tests and showed
that amongst all life stages tested when acclimated to 8°C, the maximum thermal
limit range was 20-24.5°C. The second study concerned the isolated Montana
populations of Arctic grayling which exhibited CTMs of 26.4°C following 8.4°C
acclimation and 29.3 following 20°C acclimation (Lohr et al., 1996). These CTMs
are among the lowest of the salmonids tested.

In Alberta, where Arctic grayling are considered a species of special
concern as of 2015, populations are in great decline compared to historical
ranges (AEP; Walker, 2005). One threat to their population status is habitat
decline as a result of increased water temperatures. Along with overfishing,
increased water temperature due to logging was a major factor that is blamed
for the extirpation and lack of successful reintroductions of the Arctic grayling
populations that once inhabited Michigan up to the 1930s (Vincent, 1962). As a
salmonid, grayling require habitats with cold clear water. Recent temperature
trends in Alberta from 1950-2010 indicate annual average air temperatures

increasing 2-4°C in the northern areas as well as lesser snowfall (Kienzle 2016).
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The decreased water flow as a result of less snowfall, as well as higher water
temperatures will lead to decreased habitat for this species.

In order for proper conservation of the Arctic grayling in Alberta, all
factors of population decline must be examined. Increased temperature has
been linked to other population declines and range alterations of salmonids, and
it should be an aspect of great importance when examining grayling range
(Keleher and Rahel, 1996; McCullough et al., 2009). As a result of genetic
variation and geographical distance between populations of Arctic grayling of
Montana and Alberta populations (Stamford and Taylor, 2004), the Alberta
population may have different temperature tolerances compared the Montana
population examined by Lohr and colleagues (1996). Therefore the goal of this
study was to provide necessary critical thermal maximum data for Arctic
grayling acclimated to 13°C and 17°C, based on a 4-year (2011-2014) average
summer temperatures for June and July found in two separate boreal streams in
Alberta. In collaborative efforts with Alberta Environment and Parks, this vital
physiological data will later be used in conjunction with stream temperature
modeling data and life history analyses to form a complex management plan for
Alberta Arctic grayling taking into past, present, and future stream temperature
variations.

Methods
Animal Collection and Housing
Arctic grayling (Thymallus arcticus) were collected in collaboration with

Alberta Environment and Parks (AEP), via angling (fly-fishing) from the Freeman
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River, in central Alberta. Grayling were transported from the catch site to the
University of Alberta’s bio-secure aquatics facility utilizing an AEP hatchery truck
carrying a 1000 L tank containing oxygenated river water (~9.76 mg/L Oz, ~20.4°C),
chilled with ice bags. Fish were transferred from the truck into a main holding tank
(825 L) with aerated flow-through dechlorinated Edmonton city tap water 10°C.
Grayling (22.7 £ 0.4 cm, 69.1 + 4.2 g, means + S.E.M.) were maintained and allowed
to acclimate in captivity for 6 months prior to experimentation. Grayling were fed to

satiation a mixture of Artemia and Mysis shrimp every other day.

Critical Thermal Maximum

CTM tests were conducted on Arctic grayling (n=8) for each acclimation
temperature. Fish were transferred from the central holding tank (10°C) to an
180L recirculating acclimation system composed of three individual 60 L tanks
(header tank, fish acclimation tank, and sump tank). Water was temperature
controlled via heat exchange through an external chiller unit, which maintained
the set temperature of the system at +/- 0.3°C throughout experiment. Fish were
gradually acclimated from 10°C to 13°C over a one-day period and fish
acclimated from 10°C to 17°C over a three-day period. Fish were held at their
respective acclimation temperatures for 14 days prior to performing CTM tests.
On day 10 of the acclimation to 17°C, a single fatality occurred bringing this
sample size down to an n=7 for this group. It is unknown whether this lethality

was incurred due to the acclimation procedure, as all other Arctic grayling did
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survive. Fish were fed during the acclimation period, but fasted 3 days prior to
and during testing.

An identical 60 L tank, to that of which the fish had been housed in for the
14-day acclimation period, was used as the testing tank to minimize any
environmental change induced stress incurred by the fish. The test tank was
supplied with recirculating water from a Lindberg Blue M (Thermo Scientific)
heated water bath and attached chiller unit at a flow rate of 10 L/min. A
submerged air stone was placed in the test tank to aerate the water and provide
constant mixing to avoid thermal stratification in the tank. Dissolved oxygen
was constantly measured in the test tank with a handheld oxygen and
conductivity probe (YSI Model 85; Yellow Springs, OH, USA) and maintained
above 8.7 mg/L. Tank temperature was monitored on opposite sides of the tank
with both the handheld Oz probe as well as a Loligo Witrox system temperature
probe (Loligo Systems, Denmark).

Two fish were transferred from the acclimation tank to the experimental
tank maintained at the same temperature and allowed to acclimatize for 10
minutes prior to commencement of CTM. Following the 10 min acclimation
period, the temperature in the test tank was increased at a rate of 0.2°C /min
(R2=0.999) from the initial acclimation temperature (13°C or 17°C). The
temperature at which the fish could no longer right itself and demonstrated a

loss of equilibrium (LOE) was recorded as its critical thermal maximum (CTM).
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Results
Behaviour

Upon introduction to the experimental tank Arctic grayling quickly
became settled within the initial 10min prior to the beginning of the ramp up
period. Initial behaviour consisted of slow and constant gill ventilation with
very little body movement as the fish stayed near the bottom of the tank. For
each of the trials once the temperature reached 18-20°C, fish behaviour shifted
from settled to a stressed state. This was indicated by increased ventilation and
greatly increased swimming behaviour moving throughout the tank. Ata
temperature of 20-22°C fish began to swim throughout the entire water column
constantly surfacing. Initial signs of buoyancy difficulty began between 24-25°C,
with most fish briefly turning over but quickly righting themselves and
continued swimming and surfacing. The time period that this final behaviour

lasted until complete LOE was reached varied with individual fish.

Critical Thermal Maximum

Arctic grayling acclimated to 13°C demonstrated a significantly lower
average CTM than the grayling acclimated to 17°C (Figure 6.1). The 13°C
acclimated fish maintained an average CTM of 26.95°C £ 0.82°C compared to
27.80°C £ 0.53°C of the 17°C acclimated fish (mean + SD, Student’s t-test, p value
<0.05, p =0.0367, n= 8 and 7, respectively). The lowest CTM was of a 13°C
acclimated fish at 25.10°C, while the highest CTM was that of a 17°C acclimated

fish at 28.41°C (Table 6.1). Additionally, there were no significant differences in
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the weight between the two different groups of acclimated fish (p = 0.234, t-
test). Furthermore, regression analysis yielded no relationship among the
combined treatments (all 15 data points) between the individual weight and

CTM demonstrated by the Arctic grayling, R?2 = 0.053, p = 0.406 (Figure 6.2).
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Figure A.1. Mean critical thermal maximums (CTM) for Arctic grayling. Black
bar indicates Arctic grayling acclimated to 13°C, while grey bar represents
grayling acclimated to 17°C (grey bar). Dissimilar letters indicated significant

difference between average CTM (t-test, P value = 0.036).
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Figure A.2. Regression analysis of LOE temperature and mass of Arctic grayling.

Slope = 0.012 + 0.014; R?= 0.053; P value = 0.406

210



Table A.1 Critical Thermal Maximum Data for Arctic grayling acclimated to 13 and
17°C

Acdimation Fish AVG Median STDEV SEM Range
Temp CTmax CTmax
13 8 26.95 27.14 0.82 0.29 25.10-27.88
17 7 27.8 279 0.53 0.19 27.06-2841
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Discussion

Acclimation temperatures of 13°C and 17°C were chosen based on the
average summer temperatures in June and July of two rivers in Alberta which
are home to Arctic grayling. These streams currently have a population rating of
“very low” while historically they maintained “moderate,” to “very high”
population statuses in throughout various sections of the rivers (AEP 2015).
Furthermore, from 1950 - 2010, average summer air temperatures have
increased 0.4 to 1.5°C in the areas around these rivers (Kienzle 2016). Grayling
acclimated to 13°C and 17°C demonstrated relatively low average CTMs of
26.95°C and 27.80°C, respectively, confirming their cold-water fish designation.
Furthermore, statistical analysis (Students t-test, p<0.05) showed significant
differences in the CTMs between the 13°C and 17°C acclimated fish
demonstrating some Arctic grayling ability to increase their upper temperature
tolerance limit following an acclimation period, a characteristic shared by most
fish (Beitinger et al., 2000). Results did not suggest any correlation between size
of fish and temperature, however the smallest fish (40.6g) used in the study did
exhibit the lowest CTM of 25.1°C. Additionally, the heat ramping rates were
always consistent at 0.18°C/min (~11°C/hr) and linear (R2=0.999) falling within
the range of comparable CTM experiments. All fish used were of the same
relative size and a final loss of equilibrium or the complete inability of the fish to
right itself is analyzed, although initial LOE is also reported. These aspects of the

experiment performed here are necessary to mention as they fulfill the
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requirements of the amended criteria for a proper CTM test as described in
Becker and Genoway (1979).

In comparison to other grayling thermotolerance studies, exact
comparisons are difficult to make based on differing acclimation temperatures.
However, we argue based on the certain variables used in each study that the
Arctic grayling used in this study exhibit a lower thermal tolerance than the
Montana population of Arctic grayling reported on by Lohr and colleagues
(1997). Fish used in the present study were significantly larger (69.1g
compared to 19.5g) than the small juveniles of Montana tested previously.
Although in our study there is no correlation between size and thermal
tolerance, body temperature is related to body size and can come into play when
comparing CTMs (Stevens and Fry, 1974). In contrast to that, specific grayling
comparisons between sac fry and fish larger than 20cm revealed no differences
in lethal temperature, and the authors noted that young of the year fish that
survived the 24°C 96 hr lethality test demonstrated normal behaviour compared
to the larger grayling which were in poor condition at the same time point
(LaPerriere and Carlson, 1973). Lohr et al. (1997) utilized acclimation
temperatures of 8.4, 16 and 20°C, which produced respective average CTMs of
26.4, 28.5, and 29.3°C. This is in comparison to our acclimation temperatures of
13°C and 17°C, which yielded average CTMs of 26.95°C and 27.8°C. Given a
linear regression was applied to the Lohr et al. data, with respect to acclimation
temperature and acquired CTM, a linear equation with an R2 of 0.994 can be

produced (y = 0.2535 +24.316). If our acclimation temperatures of 13°C and

213



17°C are plotted against this regression, we can estimate that the Montana fish
would possess a CTM of 27.61°C and 28.63°C. Comparing these with our
acclimation reveals that the Montana grayling appear to have a higher
thermotolerance than the Alberta grayling. However, this analysis is quite
theoretical given 1) the limitations of CTM not always maintaining a linear
relationship to acclimation temperature 2) the size of fish, and 3) the slight
difference in ramping rate (0.2°C/min compared to 0.4°C/min) between the two
mentioned studies. The CTM values achieved in this study are consistent with
other salmonid CTMs (<30°C) and are lower than many including rainbow trout
and some salmon species (Beitinger et al., 2000) acclimated to similar
temperatures, confirming these fish have a limited tolerance for warming
waters.

With increasing water temperatures in Alberta, these data should be
taken into account for future conservation efforts and stream temperature
closure designations. The critical thermal maximum again is the temperature-
induced point at which the fish loses equilibrium and its ability to right itself. It
is incorrect to assume that fish will be unaffected until stream temperatures
reach 27°C. CTM should be viewed exactly as described, a critical limit, as in
lethality would already have occurred if temperatures reached this point for any
length of time. This is made clear in the Lohr et al.,, (1997) study, which included
upper incipient lethal temperatures (UILT) based acclimating fish to the same
temperatures as before followed by exposing fish to a number of temperatures

close to their CTM for a period of time until death occurred. These data revealed
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that only grayling acclimated to 20°C could survive 22°C exposure for more than
2 days. Furthermore, all grayling regardless of acclimation temperature exposed
to 26°C or higher could not survive the exposure longer than 4 hrs, with most
dying within minutes (Lorh et al,, 1997). We would argue that the grayling of
Alberta would have even lower UILT based on their experimental CTMs, and
thus stream temperatures reaching 24-25°C for periods longer than a few hrs
would be quite dangerous to Arctic grayling present in these rivers.

Various examples have been documented in the literature where
salmonids have been negatively affected by increasing water temperature,
including one example of extirpation of the close relative to the Arctic grayling,
the European grayling (Thymallus thymallus) from a 30-kilometre stretch of the
Rhone River (McCollough et al., 2009; Daufresne et al., 2003). Brown trout
populations have shifted to higher elevations in the mountains of Switzerland
due to increased water temperatures (Hari et al., 2006). These effects and many
sublethal effects likely not yet revealed are the result of just small water
temperature changes. Alberta grayling are potentially following the same
population patterns as these mentioned affected fish species. Further complex
studies, including modeling of stream temperatures according to predicted
warming weather trends will be necessary to predict and help slow or stop these
negative population changes from occurring, namely those influenced by
anthropogenic forces including logging and riparian habitat disruption. The goal
will be to recognize hydrological areas which are at high risk and develop

management plans to protect these areas and the Arctic grayling that inhabit

215



them, and additionally attempt to revitalize stream that have succumb to

warming temperatures to increase habitat for these native salmonids.
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