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Abstract

Hagfish feed on putrefied carrion, which poses several environmental challenges
to the scavenger including hypoxia (Low Py, ), hypercapnia (high P¢,,) and high
environmental ammonia (HEA). To any other organism, these conditions would be
physiologically challenging; however, hagfish seem to have adapted to survive and thrive
in this type of environment. While feeding, hagfish immerse their head and gills in the
decaying flesh leaving their trunk exterior to the carcass, allowing for potential cutaneous
exchange of acid/base (A/B) equivalents, ammonia and O,. Hagfish are osmoconformers
and do not regulate plasma [Na'] or [CI'] but do regulate the divalent ions SO4>, Mg

and Ca®*; however, the hormone(s) controlling this regulation have remained elusive.

In this thesis, I describe some of the physiological strategies that Pacific hagfish
(Eptatretus stoutii) employ to withstand and recover from stresses in A/B status, and
exposure to ammonia and hypercapnia. Furthermore I identify the relative branchial and
cutaneous contributions to overall maintenance of A/B status, ammonia excretion, and O,
acquisition through the use of custom designed separated-flux chambers. Finally I
characterize the glucocorticoid and mineralocorticoid responses of the hagfish and
identify the role of the corticosteroids previously shown to act on hagfish corticosteroid

receptor.

An environment with a high P, will initially cause acidification of the blood

followed by compensatory metabolic plasma [HCOj; | elevations. I simulated these
perturbations in hagfish through injections of either HC1 or NaHCOj; (total H/HCO5

load: 6000 pmol kg™). Hagfish excreted the acid load via excretion of acid equivalents in
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the gill region while the resultant base load was excreted in the skin-only posterior
region, indicating that the gills may not be involved in recovery from acute metabolic
hypercarbia. However, following chronic hypercapnia exposure (72 h; 0.6% CO,) to
induce hypercarbia, hagfish utilized both gill and skin mechanisms to similar degrees for

HCOs excretion, indicating that the gills are capable of excreting base equivalents.

Hagfish exposed to chronic hypercapnia (48 h; 4% CO,) compensated for blood
acidosis by mounting an ~70 mmol L plasma [HCO;] response. Upon reintroduction
into normocapnic seawater, plasma [HCOs'] was rapidly corrected within 8 h. This
correction occurred with impressive rates of plasma HCO; loss (at peak: ~10 mmol kg™
h™") occurring primarily via carbonic anhydrase mediated CO, offloading with only minor
contributions from direct HCO;/CI" flux and insignificant contributions from increased

glomerular filtration.

During 48 h HEA (20 mmol L™ [T amm]; [total ammonia]) exposure, plasma
[T amm] increased 100-fold to over 5000 pmol L™ while ammonia excretion (Jamm) Was
transiently inhibited. Plasma [T amm] stabilized after 2448 h exposure, possibly through
lowering NH; influx by reducing body NH; permeability. Ammonia balance was
subsequently maintained through the reestablishment of Ja.,, against inwardly directed
APyy, and NH," electrochemical gradients. Restoration of Janm by the hagfish during
ammonia exposure likely involves secondary active transport of NH,4", possibly mediated
by Na/NH," (H") exchange. Recovery from HEA in ammonia-free water was
characterized by considerable ammonia washout, and restoration of plasma [T amm] Within
24 h. During recovery, Jamm occurred via branchial (70-80%) and cutaneous (20-30%)

mechanisms. Excised hagfish skin fluxes revealed concentration-dependent (0.05 — 5
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mmol L'l) Jamm With 8-fold greater Jau,, across skin excised from HEA-exposed hagfish.
Using immunohistochemical staining with a hagfish-specific Rhcg (ammonia/ammonium
transporter) antibody, I demonstrated that Rhcg is present in cutaneous epidermal layers

consistent with physiological data.

Cutaneous O, uptake by the hagfish has been previously suggested as the major
site of systemic O, acquisition. However, I show that hagfish rely primarily (85%) on
branchial O, uptake. When the branchial region was locally immersed in hypoxic
conditions (4.6 kPa O,), hagfish did not utilize cutaneous mechanisms to acquire
available O, in the normoxic anterior chamber, suggesting that even when presented with
restricted O, availability, hagfish do not use cutaneous mechanisms to supplement

metabolic O, requirements.

Using handling stress and mineral challenges (SO4> injections), I show that
hagfish are capable of eliciting glucocorticoid and mineralocorticoid responses.
Furthermore I show that these responses are not mediated by alterations in plasma

cortisol, corticosterone, 11-deoxycorticosterone or 11-deoxycortisol.

Overall in this thesis, I show that hagfish have developed novel cutaneous A/B
and ammonia handling mechanisms along with extraordinary tolerances and effective
recovery strategies to cope with exposure to extreme perturbations (e.g. hypercapnia,
hypoxia, HEA). It is these strategies and mechanisms that allow this unique organism to

survive and thrive in their demersal environment.
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Preface

This thesis is an original work by Alexander Michael Clifford. The research
project, of which this thesis is a part, received research ethics approval from the
University of Alberta Animal Care and Use Committee and Bamfield Marine Sciences
Animal Care Committee. The following protocols governed the research described
herein: University of Alberta: Project Name “Acid/base and ionoregulation in fishes”
AUPO0001126 (2010-2016). BMSC: Project Name “Acid/base and ionoregulation in
ancient fishes” RS 10-42, RS-11-26, RS-12-10, RS-13-24, RS-14-13, RS-15-31. (2010-

2016).

Some of the research conducted for this thesis forms part of an international
research collaboration, led by Professor G.G. Goss at the University of Alberta. I
(Alexander M. Clifford) performed the majority of the work presented in this original
Ph.D. thesis. However, parts of this thesis were the result of collaborative efforts. Parts of
Chapter 1 were published in the book titled “Hagfish Biology” (2015) Edwards, S.L.,
Goss, G.G. Eds., CRC Press — Taylor & Francis Group. Chapters 2 and 5 have been
published in Comparative Biochemistry and Physiology - Part A, which is a peer-
reviewed journal. Chaper 6 is currently under consideration for publication in American
Journal of Physiology - Regulatory, Integrative and Comparative Physiology. Chapter 7
1s currently under consideration for publication in General and Comparative
Endocrinology and Journal of Experimental Biology, respectively. Chapter 8 has been
published in the Journal of Experimental Biology. Chapter 3 will be submitted for
possible publication in Journal of Experimental Biology. Chapter 4 will be submitted

pending collection of further data in July 2016. The separating chambers described in



Chapter 2 were designed by me with the assistance Dr. G. Goss and J. Johnston
(University of Alberta). The biographical details for the introduction and data chapters
are listed below and indicated at the beginning of each chapter. The role and

contributions of all authors for each chapter are briefly described below.

Chapter 1:
Clifford, A.M., Goss, G.G., Roa, J.N., Tresguerres, M., 2015. Acid/base and ionic
regulation in hagfish, in: Edwards, S.L., Goss, G.G. (Eds.), Hagfish Biology. CRC Press,

Boca Raton, FI, pp. 277-298. do1:10.1201/b18935-12

This review was conceived by AMC, GGG and MT. AMC drafted the
manuscript. AMC, MT and GGG revised the manuscript. All authors approved the
manuscript. This review is the result of my individual efforts with the following
exceptions: Figure 1 was adapted with permission from Tresguerres et al. (2006)
Comparative Biochemistry and Physiology Part A. 145:312-321; Figure 3 was

contributed by JNR.

Chapter 2:
Clifford, A.M., Guffey, S.C., Goss, G.G., 2014. Extrabranchial mechanisms of
systemic pH recovery in hagfish (Epratretus stoutii). Comp. Biochem. Physiol. A 168,

82-89. doi: 10.1016/j.cbpa.2013.11.009.

The study was conceived and designed by AMC and GGG. AMC performed the
experiments and SCG aided. AMC conducted sample analysis and analyzed the data.
GGG contributed analysis tools, materials and reagents. AMC drafted the manuscript. All

authors revised and approved the manuscript. All experiments performed in Chapter 2 are
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the result of my individual efforts with the following exception: SCG aided in data

collection.

Chapter 3:
Clifford, A.M., Weinrauch, A.M., Goss, G.G. Recovery from hypercapnia-
induced hypercarbia in Pacific hagfish (Epratretus stoutii) occurs primarily via passive

loss of CO, mediated by carbonic anhydrase conversion of HCOj5

The study was conceived and designed by AMC and GGG. AMC performed the
experiments and AMW aided. AMC conducted sample analysis and analyzed the data.
GGG contributed analysis tools, materials and reagents. AMC drafted the manuscript.
AMC and GGG revised the manuscript. All authors approved of the manuscript. All
experiments performed in Chapter 3 are the result of my individual efforts with the

following exception: AMW aided in data collection

Chapter 4:
Clifford, A.M., Weinrauch, A.M., Goss, G.G. Extrabranchial recovery strategies

from hypercapnia-induced hypercarbia in Pacific hagfish

The study was conceived and designed by AMC and GGG. AMC performed the
experiments and AMW aided AMC performed sample analysis. AMC analyzed the data.
GGG contributed analysis tools, materials and reagents. AMC drafted the manuscript.
AMC and GGG revised the manuscript. All authors approved of the manuscript. All
experiments performed in Chapter 4 are the result of my individual efforts with the

following exception: AMW aided in data collection.
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Chapter S:

Clifford, A.M., Goss, G.G., Wilkie, M.P., 2015b. Adaptations of a deep sea
scavenger: High ammonia tolerance and active NH; " excretion by the Pacific hagfish
(Eptatretus stoutii). Comp. Biochem. Physiol. A 182C, 64-74.

do1:10.1016/;.cbpa.2014.12.010

The study was conceived and designed by AMC, GGG and MPW. AMC, and
MPW performed the experiments, sample analysis and analyzed the data. GGG and
MPW contributed analysis tools, materials and reagents. AMC and MPW drafted the

manuscript. All authors revised and approved of the manuscript.

Chapter 6:

Clifford, A.M., Weinrauch, A.M., Edwards, S.L. Wilkie, M.P., Goss, G.G.,
Flexible ammonia handling strategies using the skin and gill contribute to the high
ammonia tolerance of the Pacific hagfish. American Journal of Physiology - Regulatory,
Integrative and Comparative Physiology. Submitted 31 pages on August 15, 2016.

Manuscript ID: R-00351-2016

The study was conceived and designed by AMC and GGG. AMC performed the
experiments. AMC, AMW and SLE analyzed the samples. AMC analyzed the data.
MPW aided in data interpretation. GGG and SLE contributed analysis tools, materials
and reagents. AMC drafted the manuscript. All authors revised and approved of the
manuscript. All experiments performed in Chapter 6 are the result of my individual
efforts with the following exceptions: AMW contributed H&E staining and SLE

contributed immunohistochemistry.
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Chapter 7:
Clifford, A M., Bury, NR., Schultz, A.G_, Ede, ].D., Goss, B.L. Goss, G.G.,
Regulation of plasma glucose and sulfate excretion rates in Pacific hagfish, Eptatretus

stoutii 1s not mediated by 11-deoxycortisol. General and Comparative Endocrinology.

Submitted 37 pages on April 27, 2016. Manuscript ID: GCE-S-16-00236

The study was conceived and designed by NRB and GGG. AMC, BLG, JDE,
NRB and GGG performed experiments. AMC, AGS, JDE, NRB and GGG analyzed
samples. AMC, GGG and NRB analyzed the data. GGG contributed analysis tools,
materials and reagents. AMC and GGG drafted the manuscript. AMC, AGS, GGG and

NRB revised the manuscript. All authors approved of the manuscript.

Chapter 8

Clifford, A.C., Zimmer, A M., Wood, C.M., Goss, G.G. 2016. It’s all in the gills:

Evaluation of O2 uptake in Pacific hagfish refutes a major respiratory role for the skin.

Journal of Experimental Biology. In Press, doi: 10.1242/jeb.141598

The study was conceived and conducted by AMC and AMZ. AMC and AMZ
analyzed the samples. AMC analyzed the data. GGG and CMW contributed analysis
tools, materials and reagents. AMC drafted the manuscript; all authors revised and
approved the final manuscript. All experiments performed in Chapter 8 are the result of
my individual efforts with the following exceptions: AMC and AMZ conducted the

experiments collaboratively.
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Chapter 1: General introduction to hagfish respiration,

acid/base, ammonia and ionoregulation

Portions of this chapter have been published.
Clifford, A.M., Goss, G.G., Roa, J.N., Tresguerres, M., 2015. Acid/base and ionic
regulation in hagfish, in: Edwards, S.L., Goss, G.G. (Eds.), Hagfish Biology. CRC Press,

Boca Raton, FI, pp. 277-298. do1:10.1201/b18935-12



Introduction

Hagfish are extant representatives of the most basal craniate and share an ionic
profile similar to that seen in marine invertebrates, representing the evolutionary
transition between invertebrate and vertebrate organisms. It is these unique physiological
traits and evolutionary positions that make hagfish an excellent model to study the
evolution of respiration, acid/base (A/B) homeostasis and ionic regulation. Hagfishes
diverged from the main vertebrate lineage more than 500 million years ago (Bardack,
1991) with fossil evidence supporting the inference that their morphology has remained
unchanged for ~450 million years (Holland and Chen, 2001). Hagfishes are exclusively
marine animals with most living at considerable depths world-wide (Fernholm, 1998;
Martini, 1998; Wisner and McMillan, 1995), and are the only living vertebrates to
passively maintain their plasma Na“ and CI” concentrations at levels almost iso-osmotic
to that of seawater (Robertson, 1976). Coupling the unique osmoregulatory
characteristics of hagfish along with the fact that fossil evidence comes solely from
marine-based sediments, it 1s inferred that the ancestors of hagfish never entered a fresh
water environment. Fossil evidence further suggests that the morphology of extant
hagfishes has remained relatively unchanged compared to their ancestral relatives. Thus,
1s can be inferred that their current physiology may reflect the physiology of vertebrate
ancestors prior to invasion of estuaries, fresh waters and land (Hardisty, 1979; Holland

and Chen, 2001; Janvier, 2007).

Hagfish are stenohaline osmoconformers who maintain their blood osmolarity
slightly hypertonic in comparison to seawater. Capable of withstanding only small

deviations in salinity (violent struggling observed in hagfish held in seawater that is < 31



ppt and rapid death at 20-27 ppt; Adam, 1960; Gustafson, 1935; Strahan, 1962) they have
no ability to regulate Na" and CI” concentrations to control levels (Sardella et al., 2009)
similar to proto-vertebrate lineages (e.g. Ciona, Amphioxus), but distinct from lamprey
and all other vertebrates (Robertson, 1954). While hagfish do not regulate Na" and CI,
they do actively regulate plasma concentrations of the divalent ions, Ca’", Mg*" and SO,>
to 30-50% of seawater concentrations (Bellamy and Chester Jones, 1961). Despite the
inability to regulate Na” and CI', a number of studies have identified genes associated
with 1on transport and A/B regulation (Choe et al., 1999; Choe et al., 2002; Edwards et
al., 2001; Karnaky, 1998; Tresguerres et al., 2006a) . Regulation of A/B is linked to
monovalent ion movement through the Na"/H" exchanger (NHE), Na'/HCO;™ Exchange
and CI/HCOs;™ exchange (CBE) transporter families. Thus hagfish are an excellent model
for studying acid/base physiology as the confounding effect of Na” and CI regulation can

be negated.

A well-known feeding strategy of the hagfish involves burrowing into rotting
carcasses of animals that fall to the ocean floor (Martini, 1998), presenting a feeding
environment which would have high [ammonia], have a low P, (Partial pressure of O,;
hypoxic), and high P¢,, (hypercapnic) due to micro-organisms also feeding on the
carcass. Furthermore, hagfish partially burrow into the decaying flesh while feeding,
ventilation of the hagfish would be restricted and the branchial (gill) region, typically the
dominant site of respiration, acid/base ammonia and 1on exchange (Evans et al., 2005),
would be fully immersed in this physiologically challenging environment. These
perturbations would generally be toxic or deleterious to any other aquatic organism;

however, hagfish have somehow adapted to withstand these physiological stresses. Thus



1s derived the central theme of my thesis, viz, to identify and describe the mechanisms by
which hagfish survive and thrive in what can only be considered otherwise pernicious

conditions to other organisms.

In this general introduction, I will give an overview on key lines of research
regarding hagfish physiology leading up to my hypotheses which are set in four
overarching topics; namely: 1) Acid/base regulation 2) Nitrogen handling 3)
Tonoregulation and 4) Respiration. These topics ultimately compose the major sections of
my dissertation, and within each I provide unique and valuable insights into the

physiology of the hagfish based on hypothesis-driven research.



Acid/base regulation

A/B regulation is one of the most tightly regulated physiological processes
(Heisler, 1986b) and all organisms must maintain this homeostasis as the concentration of
H' (~pH) affects the kinetics of chemical reactions and the structure and function of
proteins (Srivastava et al., 2007; Whitten et al., 2005). Fish, similar to terrestrial
vertebrates, use a strategy of buffering and excretion to defend against both intracellular
and extracellular pH alterations. The processes of intracellular metabolism generates free

H" and HCO5™ from CO, which exist in equilibrium as:

CO, + H,0 < H,C0; < H* + HCO;

and speciate according to the Henderson-Hasselbach equation (Reviewed by Claiborne et
al., 2002). While the intracellular buffering capacity in hagfishes is not well
characterized, in higher fishes both inorganic and organic phosphates, proteins and amino
acid residues have been shown to limit free H". However, to maintain intracellular pH,
critical for proper cellular function, cells must additionally actively import and export H"
and HCOs; via transport proteins located in the cell membrane (Roos and Boron, 1981).
The ability of fishes to compensate for metabolic and environmental disturbances is
limited by the aquatic environment in which they reside, therefore most fishes regulate
blood pH by secreting and absorbing excess H" and HCO;™ across specialized epithelia
including gills and skin (reviewed by Perry, 1997). Other factors that help maintain or
affect extracellular fluid (ECF) and blood A/B homeostasis are buffer systems, including

CO,/HCO5", NH3/NH,", phosphates and proteins (Boron, 2004; Heisler, 1986a).



Hagfish habitat and behaviour

Hagfish are demersal and either burrow into the sediment (Genus Myxini) or
reside on top of the ocean bed (Genus Epfatretus) (Martini, 1998). These environments
are usually quite hypoxic or even anoxic (McInerney and Evans, 1970; Smith and
Hessler, 1974), and likely determine the low metabolic rates observed in hagfish (Drazen
et al., 2011; Forster, 1990; Munz and Morris, 1965). Hagfish also have a high capacity

for anaerobic respiration (Sidell et al., 1984) which can lead to metabolic acidosis.

Hagfish have traditionally been considered to be scavengers; however, recently at
least one species has been observed to also actively hunt live prey, dragging their victims
back to their burrows (Zintzen et al., 2011). Hagfish consume a wide variety of prey
types including polychaetes, squid, shrimp, crab, and teleosts (Shelton, 1978), sometimes
robbing food captured by other fauna (Auster and Barber, 2006). Active hunting
behaviour is likely associated with burst swimming activity potentially causing acute
blood acidosis (Ruben and Bennett, 1980). However, hagfish are able to readily recover
from energetic bouts with little disturbance to their blood A/B status (Davison et al.,

1990).

Hagfish are best known for their opportunistic scavenging behaviour, as they have

been regularly reported to feed on dead and decaying carrion that falls to the ocean floor

(Auster and Barber, 2006; Collins et al., 1999; Martini, 1998; Smith, 1985). Sources of
carrion may include by-catch from commercial fishing (Collins et al., 1999) or large

expired mammals (Smith and Baco, 2003), but the most likely source is leftovers from
other predator-prey interactions. Hagfish burrow into the decomposing carcass (Jensen,

1966; Martini, 1998), which presents both opportunities and challenges. As the carcass is



being consumed, decomposition of the tissues by bacteria is believed to generate an
environment that is rich in nutrients including amino acids and phosphate, which hagfish
may absorb across gills and skin (Glover et al., 2011; Schultz et al., 2014). However, the
metabolism of bacteria, other animals and hagfish themselves feeding inside the carcass

likely also results in depletion of P, and elevations in P, , [ammonia], [H'] and weak

acids including as butyric acid, putrescine and formic acid, which are known to cause

acute acidification of tissues.

Acid/base regulatory organs

The gill is the main blood A/B regulatory organ in adult fish (Evans et al., 2005),
and certain areas of the skin fulfill this role in larval fish before gills develop (Wells and
Pinder, 1996). Similarly, gills were considered as the main A/B organ in hagfish
(Edwards et al., 2001; Evans, 1984); however, my early research has demonstrated that
the skin, especially in the posterior body, also plays an important role in blood A/B
homeostasis (Clifford et al., 2014). While the renal system in more derived aquatic
species (e.g. chondrichthyes, osteichthyes) plays a distinctive role in A/B regulation
(Claiborne et al., 2002), the hagfish renal output is quite low (0.1-1.0 mL 100 g day;
Hardisty, 1979; Morris, 1965). Furthermore, all fish lack the ability to resorb fluid and
are unable to concentrate solutes in their urine (Alt et al., 1981) leading to the assumption
that the hagfish renal system is likely unable to significantly contribute to acute A/B
regulation. Nonetheless, hagfish kidneys have been shown to resorb Na” (McInerney,
1974), which may play a significant role in nutrient uptake from the filtrate (discussed

below).



Gills

The gill pouches of the hagfish are morphologically different compared to gills
from lampreys, chondrichthyan and osteichthyan fishes (Figure 1). Gill pouches are
found along the length of the anterior half of the body, and range from 6 to 13 pairs in
number displaying both infra- and inter-species variability (Rauther, 1937; Weinrauch et
al., 2015) . All gill pouches are morphologically similar, and consist of a muscular wall
lined up with an epithelium known as the ‘primary filament’, from which multiple
‘lamella’ radiate towards the pouch lumen (Mallatt and Paulsen, 1986). Whether or not

all gill pouches are also functionally identical has not yet been discerned.

Ultrastructural studies on hagfish gills have revealed the presence of pavement,
basal and intermediate cells and 1onocytes (Bartels, 1984; Bartels, 1985; Elger and
Hentschel, 1983; Mallatt and Paulsen, 1986; Weinrauch et al., 2015). Ionocytes, which
are cells characterized by possessing large number of mitochondria, typically support
transepithelial ATPase-driven 1on transporting processes. The ionocytes in hagfish gills
have been shown to express ion transporter mRNAs and proteins associated with the
excretion and absorption of H and HCO5™ for A/B regulation (Choe et al., 1999; Edwards
et al., 2001; Evans, 1984; Mallatt et al., 1987; Parks et al., 2007b; Tresguerres et al.,
2007a), and they have also been demonstrated to take up inorganic phosphate (Schultz et

al., 2014) and amino acids (Glover et al., 2011).

Cellular mechanisms for gill acid/base regulation

In all organisms, transepithelial A/B regulation is achieved by the combined

action of various ion-transporting proteins differentially expressed in the basolateral or



apical membranes, or in the cytoplasm; the overall result is excretion of excess H" and
absorption of HCOj' to correct blood acidosis, and excretion of excess HCOs™ and
absorption of H' to correct blood alkalosis. In marine organisms, the most typical ion-
transporters/proteins involved in A/B regulation are Na'-K™-ATPase (NKA, located in
the basolateral membrane), carbonic anhydrase (CA, cytoplasmic and membrane-bound),
Na‘/H" exchangers (NHE; HUGO gene family SLC9), Na"/HCOs™ co-transporters (NBC;
HUGO gene family SL.C4) and CI/HCOs exchangers (CBE; HUGO gene family SLC26)
(with the latter three located in either apical or basolateral membrane, depending on the
specific isoform and cell type). Another A/B relevant protein is the V-type H'-ATPase
(VHA), which 1s intracellularly localized and its specific role varies depending on the

species, cell type and A/B condition (for review, see Evans et al. 2005).

In a generalized model, CO, enters the 1onocytes from blood plasma (through a
mechanism that may depend on plasma membrane-bound CA; Esbaugh et al., 2009) and
1s also produced in mitochondria. Once in the 1onocyte, the hydration of CO, is catalyzed
by cytoplasmic CA into H" and HCO5", which are subsequently differentially excreted to
seawater or absorbed into the blood, depending on the A/B regulatory needs. To
compensate for blood acidosis, H" are excreted to the surrounding seawater in exchange
for Na" through apical NHEs; this transport is secondarily energized by basolateral NKA
(Evans et al., 2005). The proteins responsible for HCO;™ absorption are not as well
characterized, although suitable candidates are basolateral CBEs and Na“/HCO;  co-
transporters (NBCs) (Parks et al., 2007a). To compensate for blood alkalosis, HCOs™ is
excreted in exchange for CI through apical CBEs. However, the rest of the mechanism is

much less understood and may vary considerably from species to species. The driving



force may be provided by NKA, for example by creating a cell membrane potential that
favours a low intracellular [C17, or by linkage of apical CI/HCO; exchange with Na*

uptake (e.g. Na'-dependent CBE) (Parks et al., 2009). In this case, H' transport from the
ionocyte into the blood most likely takes place by basolateral NHEs, as described in the

intestine of marine fish (Grosell and Genz, 2006) and crab gills (Tresguerres et al., 2008).

Another option for acid/base compensation involves basolateral VHA as
described in shark gill ionocytes; in this mechanism VHA ‘pumps’ H" into the blood,
driving apical CI/HCO; exchange by removing H™ from the cytosol (which prevents CA
inhibition and reversal by law of mass action), and by promoting CI” absorption into the
blood across channels in the basolateral membrane (due to the membrane potential
generated by H" transport; Tresguerres et al., 2006b). Regardless of the specific
mechanisms, lampreys, elasmobranchs and bony fish have developed gill ionocyte
subtypes specialized for acid or base secretion (reviewed in Evans et al. 2005). Hagfish
follow the general model of Na'/H" and CI/HCO; exchange across the gill epithelium
(Evans 1984: Figure 2a). However, histochemical and immunohistochemical evidence
suggests that hagfish gills have a single type of ionocyte that alternatively performs H' or
HCOs5 secretion depending on the blood A/B condition (Tresguerres et al., 2006a). The
vast majority of experiments on hagfish A/B regulation have been conducted on either
Atlantic hagfish (Myxini glutinosa), or Pacific hagfish (Eptatretus stoutii) with little
information on the other species (e.g. E. burgeri). Based on the published results, this
chapter assumes that the cellular mechanisms for A/B regulation are similar for all
hagfish species; for details about the experimental species used in each study the reader is

directed to the cited literature.
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Hagfish decrease net H or HCO;  secretion when placed in Na'- or Cl'-free
seawater, respectively (Evans, 1984). Given that hagfishes represent the only chordate
group assumed to have never entered freshwaters (Hardisty, 1979; Janvier, 2007), the
presence of these transport mechanisms led to the hypothesis that these mechanisms
evolved for pH balance prior to their use in ionoregulation, and that these mechanisms
were co-opted for Na" and CI absorption for ionoregulation by the chordates that

originally invaded estuarine and freshwater environments (Evans, 1984).

The first suggestion that hagfish gill ionocytes are involved in blood A/B
regulation was biochemical evidence of NKA and CA activities in hagfish gill pouches
histological sections (Mallatt et al. 1987). Two subsequent studies used
immunohistochemistry to localize NKA and NHEs in hagfish gill epithelium (Choe et al.,
1999: Choe et al., 2002), and a third study suggested co-localization of NKA, V-H'-
ATPase, and an NHE2-like in a single gill cell type (Tresguerres et al., 2006a). The anti-
NKA and anti-VHA antibodies used in those studies were raised against amino acid
regions that are highly conserved in all animals and therefore it is likely they are able to
specifically recognize hagfish NKA and VHA proteins. However, the anti-NHEs
antibodies used were against mammalian NHE isoforms that are not as well conserved in
other animals, so these results should be interpreted with caution. Another potential
limitation of Tresguerres et al. (2006a) was that co-localization of NKA, VHA and NHE2
was inferred from consecutive histological gill sections, which do not always contain the
same cells (in fact, co-localization was not evident in all sections examined). However,
more recent dual immunolocalization of NKA and VHA on the same gill section confirm

that these two proteins are indeed present in the same cells (Figure 1.3).
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Responses to metabolic acidosis

Hagfish have an outstanding capacity for recovering from metabolic acidosis; this
has been determined from experiments that induced blood acidosis by injections of
H,S0, (3 mequiv H kg™'; Edwards et al., 2001; McDonald et al., 1991) or HCI (6
mequiv H" kg™; Parks et al. 2007b) into the posterior caudal blood sinus. Blood pH
suffered initial sharp reductions between ~0.6 (McDonald et al., 1991) and up to ~1.6 pH
units (Parks et al., 2007b). However, blood pH was fully (McDonald et al., 1991) or near
fully (Parks et al., 2007b) rectified within 6 h demonstrating a significant capacity for
rapid A/B regulation. In the latter study, subsequent injections caused significantly
smaller reductions in blood pH compared to the initial injection, indicating increased
capacity for acid secretion upon sustained acidosis. Metabolic acidosis resulted in up-
regulation in gill NHE2-like mRNA (Edwards et al., 2001) and protein abundance (Parks
et al., 2007b) and involved protein insertion in the apical membrane of gill ionocytes
(Parks et al. 2007b) (Figure 2a). In addition, the protein abundance of NKA and VHA
remained unchanged (Parks et al. 2007b). These results indicate that apical NHEs are
involved in acid secretion, and suggest that the basal levels of NKA are sufficient to
sustain upregulated acid secretion. However, other NKA-activating mechanisms (NKA

1soforms, phosphorylation) cannot be ruled out.

Responses to metabolic alkalosis

Little research has been conducted evaluating hagfish responses to metabolic
alkalosis. It 1s also less clear which conditions would result in blood alkalosis in the wild.

One possibility is following feeding in a hypercapnic environment (e.g. after feeding on a

12



decaying carcass), when there may be excess HCO;™ that had accumulated to compensate
acidosis as described in other fishes (Brauner and Baker, 2009). Hagfish have recently
been demonstrated to rapidly (24 — 48 h) accumulate large plasma [HCO;5'] (up to ~70
mmol HCO5™ L) during exposure to compensation from the respiratory acidosis

experienced from elevated P, tensions (Baker et al., 2015) (discussed below). Another

potential source of blood alkalosis is a post-prandial alkaline tide as observed in
elasmobranchs (Tresguerres et al., 2007b; Wood et al., 2005a), and both freshwater
(Bucking and Wood, 2008) and seawater-acclimated trout (Oncorhynchus mykiss)
(Bucking et al., 2009). However, post-prandial digestive strategies of hagfishes remain to

be identified.

Nonetheless, it is clear that hagfish possess efficient mechanisms to rectify blood
metabolic alkalosis (Tresguerres et al., 2007a). Injection of base (NaHCOs;; 6 mequiv
HCO5 kg) caused sharp increases in blood pH and HCO5, and both were rectified
within 6 h. Similar to the acid injections described above, the impact of subsequent base
injections on blood pH was diminished, indicating capacity for up-regulation of base
secretory mechanisms. After four NaHCOs injections at 6 h intervals (24 h), there was an
increase in VHA protein abundance both in gill homogenates and in enriched gill cell
membrane fractions, estimated from Western blots. Since accumulation of VHA 1n the
apical membrane was not evident in immunostained gill sections, these results suggest a
translocation of VHA to the basolateral membrane to counteract blood alkalosis as
described in dogfish sharks (Tresguerres et al., 2005). However, the tubulovesicular
system in hagfish gill ionocytes complicates differentiating between cytoplasm and

basolateral membrane localization using immunohistochemistry techniques, unlike shark
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1onocytes that lack a tubulovesicular system (e.g. see Tresguerres et al. 2005). While
there were no significant changes in NKA abundance in gill homogenates, a reduction of
NKA abundance was detected in enriched gill cell membrane fractions, also by Western
blot analysis. Since hagfish gills posses only one ionocyte subtype that is rich in both
NKA and VHA, it was postulated that the differential activation of acid and base
secretion occurs via differential insertion of NKA and VHA into the basolateral
membrane, and of NHE and of a yet unidentified CBE into the apical membrane (Parks et
al., 2007b; Tresguerres et al., 2006a; Tresguerres et al., 2007a). In addition, my initial
research has suggested that, at least at shorter time points (4 h), extrabranchial, rather
than branchial mechanisms are primarily relied upon for recovering from blood alkalosis

(Clifford et al., 2014; see Extrabranchial section below).

In all other chordates studied, there exist two or more ionocyte subtypes (Doyle
and Gorecki, 1961; Lin et al., 2006) with distinct utility for regulating acid/base status
(Goss et al., 2011; Reid et al., 2003). In the case of lampreys and elasmobranchs, acid and
base secretion is likely split between two subtypes; NKA-containing and V-H'-ATPase-
containing (Choe et al., 2004; Piermarini and Evans, 2001; Piermarini et al., 2002;
Tresguerres et al., 2005; Tresguerres et al., 2006a). The same i1s true for teleost fish,
where at least 2 or more different subtypes have been identified with at least one subtype
capable of acid secretion and another for base secretion (for review see Hwang and Lee,
2007; Hwang et al., 2011). The presence of a single 1onocyte type in hagfish suggests it is
an ancestral character trait and that more derived groups evolved multiple ionocyte

subtypes in relation to novel environmental and metabolic challenges (Tresguerres et al.,

20064a).
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Responses to hypercapnia

Given the feeding lifestyle of the hagfish, one physiological challenge that may be
frequently encountered during feeding bouts involving decaying carcasses is hypercapnia.
Considerable amounts of CO, are generated during land-based decomposition, due in part
by microorganisms consuming decaying flesh (Carter et al., 2007; Putman, 1978).
Similar CO, generation and build-up (hypercapnia or high P¢,, tension) can be inferred
during aquatic decomposition. Hypercapnia presents organisms with an interesting set of
physiological A/B challenges. CO, diffuses across epithelia (gills/skin) and rapidly
causes a respiratory acidosis (as opposed to a metabolic acidosis — see above) resulting in
reduction in intracellular and extracellular pH (pH; and pH., respectively). Generally
animals, including hagfish (Baker et al., 2015), will compensate for these reductions in
pH elevating plasma [HCOs] in an equimolar exchange with plasma [CI']. Thus,
hypercapnia results in an initial acidosis, which the animal attempts to correct for,
followed by an alkaline load at the conclusion of exposure, which also must be excreted.
Full compensation (full correction of pH) appears to be limited by the capacity for the
organism to elevate HCO; beyond 27 — 33 mmol L™ during acute hypercapnia exposure
— previously thought to be the “apparent [HCO; | threshold” (Heisler, 1986b) for HCOs5
compensation. Recently however, Baker et al. (2015) reported on the extraordinary
tolerance of the hagfish to hypercapnia. In their study, hagfish exposed to up to 5% CO,
were able to withstand exposure to periods of at least 96 h. More interesting however,
was the reported HCO;™ compensation exhibited by the hagfish, reaching plasma [HCOj57]
concentrations of up to ~70 mmol L™, exchanged equimolarly with plasma [CI]. Baker et

al. (2015) further hypothesize that this degree of compensation is possible in hagfish due
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in part by their osmoconforming strategy, thereby providing a greater amount of CI ions
to exchange for HCOs5™ (Baker et al., 2015). Whether or not hagfish are capable of
recovering from these impressive plasma [HCOs'] loads, and how recovery is mediated

warrants further investigation.
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Nitrogen balance and handling

Build-up of total ammonia (T amm; NHs~ + NH3) within organisms is toxic,
causing a variety of impairments including disruption of biochemical pathways,
interference of ionic movement across transmembrane surfaces via 1on substitution of
other monovalent ions including Na" and K", and also disruption of extracellular and
intracellular pH via the strongly basic NH; (Walsh, 1997). The high protein diet of
hagfishes (Auster and Barber, 2006; Collins et al., 1999; Martini, 1998; Smith, 1985)
results in uptake of a large amount of amino acids. Catabolism of these ingested amino
acids not only supplies the carbon backbone, necessary for conversion into fatty acids,
and carbohydrates (Nelson et al., 2008), but also contributes to the net nitrogen load of
the fish, which must be excreted (for excellent reviews see Evans et al., 2005; Wood,
2001). Other sources of nitrogen include the deamination of proteins during fasting
periods or, perhaps more relevant to the scavenging behaviour of the hagfishes, from a
decaying food source. No data exists on the physicochemical characteristics inside or
surrounding decaying carrion in aquatic environments; however, in Chapter 5, I suggest
that this environment would be similar to decomposition in terrestrial environments
where putrefactive gases (hydrogen sulfide and ammonia) generated by anaerobic
microflora lead to high deposits (~30 mmol L) of nitrogenous compounds in the
surrounding soil (Carter et al., 2007). These deposits in an aquatic environment would
present high inwardly directed ammonia gradients to an encapsulated animal during a

prandial event (Chapter 5; Clifford et al., 2015a).
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Nitrogen handling organs

Gills

The gills are a primary site of NH; excretion for many aquatic vertebrates (Wood
and Evans, 1993; Wright, 1995) and most aquatic invertebrates (Henry et al., 2012).
Additionally, various strategies exist to combat high ammonia including ureotelosis as in
the lake Magadi tilapia (Oreochromis alcalicus grahami; Randall and Wright, 1989) and
Gulf toadfish (Opsanus beta; Walsh et al., 1990), glutamine production in the swamp eel
(Monopterus albus; Ip et al., 2010), and active NH, " excretion used by the mudskipper
(Periophthalmodon schlosseri) while burrowed (Randall et al., 1999; Wilson et al.,
2000). Recently, hagfish have been shown to have low basal rates of NH3/NH,4" and urea
excretion, with both the gills and the skin being hypothesized as sites of passive excretion

(Braun and Perry, 2010).

Cellular mechanisms for nitrogen excretion

Despite reported low basal rates of nitrogenous waste excretion, hagfish have the
remarkable ability to excrete excess nitrogen. Excess nitrogen uptake can be induced by
either exposure to high environmental ammonia (HEA; Clifford et al. 2015a) or via direct
infusion of NH4CI (Edwards et al., 2015; McDonald et al., 1991) or urea (Braun and
Perry, 2010). Transcellular transport of ammonia and urea may be respectively facilitated
by Rh glycoproteins (Hugo gene family SL.C42) (Marini and Urrestarazu, 1997) and urea
transporters (UT:; Hugo gene family SLC14) proteins (Levine et al., 1973a; Levine et al.,
1973b; You et al., 1993). The Rh glycoproteins are homologues of the Amt superfamily

and have multiple isoforms (Huang and Peng, 2005); however, the isoforms of interest to
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fish physiology and ammonia excretion are Rhag, Rhbg and Rheg (Hung et al., 2007;
Nakada et al., 2007; Nawata et al., 2007; Tsui et al., 2009). In gills from the marine
teleost Takifugu rubripes, Rhag localizes to the apical and basolateral membranes of the
pillar cells and mediates ammonia transport from red blood cells through pillar cells
(Nakada et al., 2007). Rhbg localizes to the basolateral membrane of pavement cells
while Rhcg?2 localizes to the apical membrane. Finally Rhcg-b localizes on 1onocytes on
apical, gill/water interface. However, teleost fishes are highly derived compared to the
hagfishes so the roles and localizations of any hagfish specific Rh glycoproteins may
differ.

To date two Rh glycoprotein isoforms from hagfish have been cloned; Rhbg and
Rheg and are expressed in hagfish gill and skin (Edwards et al., 2015) with the presence
of Rhag so far remaining elusive. Hagfish specific Rhcg protein and mRNA expression
has been demonstrated in both gill and skin tissues. In gill, Rhcg is localized to the basal
aspect of the filament epithelium along the region of the filament closest to the blood
margin and in the skin ZRhcg (hagfish specific Rhcg) immunoreactive cells were
localized to regions surrounding mucous glands (Edwards et al., 2015). In addition, by
using heterologous antibodies and immunohistochemistry, Braun and Perry (2010) found
Rhbg localized to the lining of larger blood vessels (i.e. non-capillary vessels), while
Rhegl co-localized apically to NKA enriched gill cells. Localization of Rhbg to the blood
vessels points to a different role for this isoform in hagfish, likely mediating transcellular

transport of ammonia from tissues to the blood (Braun and Perry, 2010).
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Responses to nitrogen challenges

Basal ammonia excretion rates for hagfish are about 40-60 pmol kg™' hr™" (Braun
and Perry, 2010; Clifford et al., 2014; Clifford et al., 2015a), half that of most
ammonotelic fishes (100-350 pmol kg™ hr''; Evans et al., 2005; Wood, 2001) and on par
with larval and parasitic sea lamprey (Peteromyzon marinus; 20-50 pmol kg™ hr'; Wilkie
et al., 2004; Wilkie et al., 1999) and the ureotelic elasmobranchs (~50 pmol kg™ hr™';
reviewed by Wood 2001). A few studies have described the ability of the hagfish to
survive high imwardly directed ammonia gradients with survival reported following 9 h
exposure to 100 mmol L™} NH,CI in seawater (Braun and Perry, 2010) and 48 — 72 h
exposure to 20 mmol L™ NH,C1 (Clifford et al., 2015a). These studies have also
highlighted the capacity of hagfish to tolerate extremely high plasma ammonia loads with
the highest reported plasma ammonia load peaking at 5450 pmol L™ following 24 h
exposure to 20 mmol L HEA (Clifford et al., 2015a). Remarkably, during continued
exposure to HEA, hagfish are able to excrete ammonia/ammonium against massively
inwardly directed gradients thus stabilizing rates of uptake (Clifford et al., 2015a).
During recovery from HEA exposure hagfish are capable of excreting
ammonia/ammonium at high rates (~3000 pumol kg hr''; Clifford et al. 2015a). The high
rate of ammonia excretion is composed of both branchial and extrabranchial transport
with the branchial contribution comprising approximately 70-80% and excretion through
the skin comprising the remainder (Clifford et al. 2014; 2015a; see Extrabranchial

section).

A recent study where hagfish were injected with 3 mmol kg™ NH,Cl

demonstrated that elevated plasma ammonia concentrations paralleled elevated ammonia
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excretion rates and coincided with initial significant up-regulation of Rhcg mRNA
expression in the gill & the skin. These results suggest that the transcriptional regulation
of Rh glycoproteins may respond to elevated plasma ammonia. The study also used
hagfish-specific antibodies to demonstrate the subsequent significant up-regulation of
hagfish Rhcg protein, suggesting that Rh glycoproteins are involved in the regulation of

ammonia excretion in hagfish (Edwards et al., 2015).

Basal excretion of urea in hagfish has been reported to be ~30 pmol kg™ hr
(Braun and Perry, 2010), again on par with excretion rates observed in parasitic lamprey
(Wilkie et al., 2004). In E. sfoutii, urea excretion did not change during exposure to high
environmental ammonia (10 — 100 mmol L™) nor during recovery in nominally-ammonia
free seawater (Braun and Perry, 2010; Clifford et al., 2015a). However, following
infusion of NH,4Cl that raised plasma ammonia to 10 mmol L'l, three-fold increases in
urea excretion were observed following a 6 h period. Direct infusion of urea (to raise
plasma urea to ~100 mmol L) caused an immediate (0-3 h) 1000-fold surge in urea
excretion which tapered to ~250-fold compared to control animals (Braun and Perry,

2010).
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Ionoregulation

Similar to A/B balance, the maintenance of stable plasma ionic composition is
crucial for normal physiological function. Ionic regulation is traditionally associated with
Na' and CI transport because these are the two major constituents of internal fluids and
therefore are the major contributors to total osmolarity. However, plasma ions including
K", Ca**, Mg** and SO4> are also maintained at significantly lower concentrations
compared to the environment; these are especially relevant for hagfish plasma since they
are the only 1ons whose concentrations are significantly lower than seawater (Bellamy
and Chester Jones, 1961; Currie and Edwards, 2010). Ions that contribute to A/B balance

(e.g. H, HCO5", NH,") are discussed in previous sections.

Tonic gradients between internal fluids and the marine environment originated in
the first unicellular organisms; these gradients were essential for processes such as energy
generation, uptake of molecules from the environment, and counteraction of negatively-
charged proteins (Yancey, 2005). Ionic gradients are associated with water flux which
can disrupt cells by swelling and shrinking; thus, cells also accumulate other solutes
including proteins, amino acids and other osmolytes to account for the osmotic gap with

the environment.

The osmolarity of hagfish plasma is essentially the same as in seawater (Smith,
1932) and therefore hagfish do not experience major water fluxes with the environment;
except perhaps when entering a carcass. Later works demonstrated hagfish plasma is also
similar to seawater in 1onic composition (Bellamy and Chester Jones, 1961; Robertson,
1976), with the exception of Ca**, Mg”* and SO,* (Bellamy and Chester Jones, 1961).

Due to the similarity of osmotic strategies, hagfish have been considered to have more in
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common with invertebrates than the vertebrates (Currie and Edwards, 2010). Indeed, Na"
and CI are the major osmolytes in hagfish plasma, and they lack the capacity to regulate
plasma osmolality and [Na'] and [CI] (Sardella et al., 2009), similar to most marine
invertebrates. The strict osmoconforming strategy likely reflects an exclusive
evolutionary history of hagfish in seawater, and it can also explain why there are no fossil
records of hagfish in sediments other than of marine origin, and why there are not extant

estuarine or freshwater hagfishes (Janvier, 2007).

While plasma [Na'] and [CI] are similar to seawater, plasma [Ca**], [Mg”'] and
[SO4*] are regulated to levels 1/2 to 1/3 that of seawater (Bellamy and Chester Jones,
1961; Robertson, 1976; Robertson, 1954). For example, unlike [Na'] and [CI] (Sardella
et al. 2009), hagfish can actively regulate SO, levels in the absence of any changes in
glomerular filtration rate (Chapter 8; Clifford et al. submitted). Similarly, information
about mechanisms for active regulation of plasma [Ca®*] and [Mg?*] is still lacking.
Given the phylogenetic position of the hagfish and its ability to regulate these divalent
ions but not Na” and CI, it seems that ionoregulation of divalent ions evolved prior to
regulation of monovalent ions. However, validation of this hypothesis requires further
study examining the ionoregulatory capacities of organisms from major clades that

diverged prior to and following the divergence of the agnathans.
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Respiration

Given the demersal habitat of hagfishes, with some species known to burrow into
mud (Genus Myxine) (Martini, 1998), and the scavenging nature of their feeding regimes
(Lesser et al., 1996; Martini, 1998), hagfishes are likely to frequently encounter hypoxic
or even anoxic conditions. Depending on location, water exchange at depth is low,
leading to limited available oxygen. While feeding the ability for the hagfish to draw
water through their nostril into the pharynx may be impaired thus impairing ventilation
(Burggren et al., 1985; Steffensen et al., 1984; Welsch and Potter, 1998). Furthermore,
organisms other than hagfish also consume the carrion, further depleting the already
scarce oxygen. As a result, this shared feeding environment is likely severely hypoxic or
even anoxic. Despite these environmental challenges, hagfish readily survive and thrive
in these conditions that would be deleterious to most other aquatic organisms. Survival by
the hagfish in these extreme oxygen-limited conditions results from employing several
physiological strategies and/or adaptations. In particular, as a strict osmoconformer
(Smith, 1932), hagfish do not need to expend energy to actively regulate plasma ions and
this can help to maintain low metabolic rates (Forster, 1990; Munz and Morris, 1965).
Indeed, hagfish have been shown to have the lowest measured metabolic rate among
fishes (Brauner and Berenbrink, 2007). Further adaptations relating to hypoxia/anoxia

tolerance include the ability of rapid metabolic rate (M, ) suppression (Cox et al., 2011;

Drazen et al., 2011), altered kinetics of key glycolytic enzymes (Baldwin and Davison,
1989; Sidell and Beland, 1980) and monomeric hemoglobin with a high affinity for O, at

low P,, tensions (Manwell, 1963). Finally, despite the low reported contribution to

whole-animal oxygen uptake by the gills (see below), Malte and Lomholt (1998) reported
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that oxygen extraction efficiency of the gills of hagfish may be as high as 75 — 80%.

Thus, the hagfish is well adapted to handle very low oxygen challenges.
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Extrabranchial contributions to respiration, acid/base, ammonia and ionoregulation

The structure and functioning of the gill epithelia (gill pouches) of hagfish is
considerably different when compared to that of teleosts and chondrichthyan fishes. In
more derived teleost and chondrichthyan fishes, the gills represent the dominant site for
ion, A/B, and ammonia regulation and respiration. Several reports however, suggest that
cutaneous mechanisms are prominent in hagfish physiology with regard to respiration
and 1onoregulation. Furthermore, my preliminary studies also suggest that the skin of

hagfish 1s important in excretion of HCO;™ and ammonia.

Two previous reports examining oxygen exchange in hagfish provide evidence
suggesting that cutaneous oxygen uptake acts as the predominant route of oxygen
acquisition. Studies comparing ventilation and oxygen uptake in burrowed and
unburrowed hagfish have suggested that ventilation in hagfish can only account for ~20%
of whole animal O, extraction (Steffensen et al., 1984). Furthermore, given the prominent
capillary networks in the subepidermis (Hans and Tabencka, 1938; Lametschwandtner et
al., 1989), Steffensen et al. (1984) further suggested that hagfish are well suited for
cutaneous respiration. Lending support to this hypothesis was the finding that when gill
apertures of hagfish were sutured shut, hagfish retamed 89% of M, (Lesser et al., 1996).
Cutaneous O, uptake would be beneficial as while feeding, the anterior end of the hagfish
remains burrowed, thus impairing ventilation via water current through the nostrils into
the pharynx, while the trunk of the animal remains exposed to oxygenated water
(Burggren et al., 1985; Steffensen et al., 1984; Welsch and Potter, 1998). On the contrary,
Malte & Lombholt (1998) have argued against the capability of cutaneous O, uptake in the

hagfish, citing the impracticality for O, exchange across the 70-100 um epidermal layer
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(Welsch and Potter, 1998), the perfusion of capillaries with arterial blood with a high P, _,

and the impact of a boundary layer surrounding the skin on diffusion (Malte and
Lombholt, 1998). An important consideration with regard to the studies of Steffensen et al.
(1984) and Lesser et al. (1996) is that measurements of cutaneous oxygen exchange were
made, or inferred, indirectly. Thus, an in-depth study into the true cutaneous oxygen

uptake abilities of the hagfish is warranted.

Recent developments in hagfish physiology have begun to highlight the
extrabranchial aspects of A/B and ionoregulatory status, specifically, the novel findings
of the skin performing nutrient acquisition. Glover et al. (2011) proposed that the feeding
environment (i.e. putrefied carrion) of the hagfish would be high in amino acid content
and that hagfish may have adapted to take up nutrients across multiple epithelia. It was
hypothesized that while burrowing into a carcass to feed, hagfish could optimize
nutritional uptake vie amino acid transport through use of both the skin and gill in
addition to the intestine. The findings from this study did indeed show in vitro uptake of
L-alanine and L-glycine through the intestine, as expected. However, more importantly
for this thesis, uptake was also present in the gills and the skin (Glover and Bucking,
2015:; Glover et al., 2011; Glover et al., 2013) thus highlighting the novel adaptations that
hagfish have acquired to maximize nutrient uptake while burrowing into decaying food
sources. Further work by members of my laboratory has demonstrated that in addition to
intestine, the skin and gills of hagfish also facilitate uptake of inorganic phosphate, a

limiting nutrient at the demersal habitat of the hagfish (Schultz et al., 2014).

In addition to being nutrient rich, the environment in and around the putrefying

carrion is also likely high in P¢,, , [ammonia] and likely has an acidic pH (see above:
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Hagfish habitat and behaviour). 1 hypothesized that hagfish may have also developed
similar extrabranchial adaptations in ionoregulatory capacity to cope with these
environmental stressors when hagfish burrow into carrion (Evans, 1984; Jensen, 1966;
Martini, 1998). Observationally, it is known that while feeding, the posterior portion of
the animal often remains outside the carrion (Strahan, 1963). Thus, it is likely that the
caudal region 1s immersed in seawater that has far lower concentrations of putrefactive
gases and would present more favourable gradients to offload toxicants including excess
NH,", NH;, H, HCO5", CO,). In this thesis, I investigate the potential role of
extrabranchial tissues (specifically skin, intestine and kidney) in ionoregulation, A/B
regulation nitrogen handling and respiration as unique adaptations to the hagfish feeding

behaviour/strategy.
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Perspectives and objectives

Hagfish have been a model organism for physiologists and morphologists since
Homer Smith’s seminal 1932 review on the evolution of water regulation (Smith, 1932).
Since this time, many interesting physiological traits have been described for this
phylogenetically ancient organism including hypoxia and anoxia tolerance (Cox et al.,
2011; Forster et al., 1992; Perry and Gilmour, 2006; Perry et al., 2009), tolerance to
extreme environmental hypercapnia (Baker et al., 2015) and ammonia (Braun and Perry,
2010) and an extraordinary ability to regulate blood acid/base status (McDonald et al.,
1991; Parks et al., 2007b; Tresguerres et al., 2007a). Indeed, for some scientists, the
hagfish 1s considered the basal state of vertebrate physiology; based primarily on the fact
that at least the morphology of the organism is similar to the fossil record, gone
unchanged since it’s suspected divergence (Holland and Chen, 2001). Alternatively, the
numerous distinct physiological traits of hagfish may be entirely derived given the unique
environment it inhabits and the long evolutionary time frame (~500 million years) since
divergence from the rest of the vertebrate lineage (Bardack, 1991). A discussion on the
debates and arguments surrounding the basal phylogenetic relationships of the hagfish to
the early vertebrate evolution is beyond the scope of my thesis. However, my thesis is
based upon the presumption that valuable insights can come from an in-depth
understanding of the unique physiology of the hagfish. These insights, which I aim to
provide through this dissertation, can certainly be used from a comparative/evolutionary
physiological standpoint and provide useful information towards an understanding of

early vertebrate evolution. My overall goal is to highlight the mechanisms and

29



adaptations in hagfish that allow this animal to survive and thrive in a physiologically

challenging environment.

My PhD research was initiated as an investigation into the strategies for acid/base
regulation and the unusual tolerance of the hagfish to withstand extreme acid/base
regulatory challenges. From these initial studies, and with the aid of numerous
collaborators, my thesis grew into the story presented herein. Specifically the main goals

of my thesis were to:

1) Investigate the branchial and extrabranchial mechanisms hagfish employ to
recover from systemic acid and base disturbances.

2) Define the mechanisms by which hagfish are able to recover from
hypercapnia-induced hypercarbia.

3) Investigate the physiological basis by which hagfish are able to tolerate and
recover from high ammonia environments.

4) Identify whether Pacific hagfish (Epratretus stoutii) possess and employ
glucocorticoid and mineralocorticoid responses.

5) Investigate the metabolic physiology of the hagfish following exhaustive

exercise and examine the role of the skin in oxygen transport.
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Figures
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Figure 1.1 Schematic of the hagfish gill pouch gross anatomy and fine structure.
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(A) Water enters the hagfish through the nasopharyngeal duct, and it leaves across the 10
to 13 pairs of gill pouches located at each side of the body. (B) External morphology of a
gill pouch. (C) Cross section of a gill pouch (modified from Mallat and Paulsen, 1986).
Water and blood flow in counter-current fashion. The surface area of filaments and
lamella is enlarged by radial infoldings, as opposed to the typical structures found in
lampreys, elasmobranchs and teleosts. The plane of section wused in the
immunohistochemistry study is illustrated on top of the pouch, which is also shown in
more detail in D. (D) Section across the gill pouch i the orientation indicated in C. The
gill filaments and lamella are shown in the same view as the immunohistochemistry
sections of Figure 1.3. Notice how the radial infolding of the lamella results in an
apparent separation from the filaments in this plane of section. (Adapted from

Tresguerres et al. (2006a) Comp Biochem Physiol A 145:312-321)
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Figure 1.2 Molecular components of hagfish acid/base and ionoregulation.
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Molecular components of hagfish acid/base and ionoregulation in (A) gill and (B) skin.
NKA=Na'/K'- ATPase, VHA = V-H'-ATPase, NHE = Na'/H" exchanger, Rhcg-b = Rh
glycoprotein c1, UT = Urea Transporter, CBE = Chloride Bicarbonate Exchanger, CA =

Carbonic Anhydrase.
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Figure 1.3 VHA- and NKA-rich cells in hagfish gills.
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Dual immunolocalization of VHA (A, green) and NKA (B, red), with VHA and NKA
immunoreactivity found in the same gill cells (C). At higher magnification with optical
sectioning NKA immunoreactivity was visible as punctate staining throughout the edge
of cell, indicative of NKA localization along the basolateral membrane (D). Nuclei in

blue. Scale bar =20 um.
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SECTION I:

ACID/BASE REGULATION
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Chapter 2: Extrabranchial mechanisms of systemic pH

recovery in hagfish (Eptatretus stoutii)

A version of this chapter has been published.
Clifford, A.M., Guffey, S.C. and Goss, G.G. (2014). Comparative Biochemistry and

Physiology, Part A 168, 82—89. Reproduced with permission of the co-authors of the

manuscript.
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Introduction

The hagfish are the oldest extant representatives of an organism that split from the
rest of the vertebrate lineage approximately 500-600 million years ago (Bardack, 1991).
Possessing a plasma composition that is isosmotic to seawater, the hagfish does not
ionoregulate plasma sodium and chloride levels (Robertson, 1976). This lack of
regulation is interesting given the abundant presence of gill mitochondrion rich cells
(MRCs) in hagfish (Bartels, 1985; Elger and Hentschel, 1983), cells that are, in marine
teleosts, associated with both acid/base balance and salt regulation (Foskett and Scheffey,
1982; Goss and Wood, 1990a; Goss and Wood, 1990b; Karnaky, 1986; Philpott, 1980).
The hagfish does not use these MRCs for sodium and chloride regulation; therefore, it
has been hypothesized that these cells are present primarily for pH regulation (Evans,
1984; Mallatt et al., 1987). In jawed vertebrates, there exist two or more MRC types with
one cell type thought to be responsible for acid excretion and another for base excretion
(for review see Dymowska et al., 2012) . In contrast, hagfish are only believed to possess
one cell type based on common immunocytochemical localization of transport proteins in

hagfish gills (Tresguerres et al., 2006a).

The ability of the hagfish to recover from disturbances to blood pH 1s well
documented, being able to return blood pH to normal levels within 6 h following
injection of 1500 pmol kg™ H,SO4 (McDonald et al., 1991) and being able to withstand
and recover from repeated injections (6000 pmol kg™) of either HCI or NaHCOs (Parks
et al., 2007b; Tresguerres et al., 2007a). Recovery by the hagfish from these acid/base

disturbances via the single MRC they possess was postulated to occur by MRC
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remodeling depending on the disturbance; however, the true mechanisms of this dual

recovery has yet to be elucidated (Tresguerres et al., 2006a).

Past research efforts have primarily focused on branchial mechanisms of ion
transport in hagfish (Choe et al., 1999; Edwards et al., 2001; Evans, 1984; McDonald et
al., 1991; Parks et al., 2007b; Tresguerres et al., 2007a); however, extrabranchial ion
exchange has largely been overlooked. Hagfish are scavengers that feed on decaying
animal carcasses that have fallen to the ocean floor (Martini, 1998). While burrowing into
a decaying carcass to feed, the anterior portion of the hagfish would constantly be
interfacing with a nutrient rich environment. With this in mind, Glover et al. (2011)
investigated amino acid transport through the skin and gill of hagfish with the hypothesis
that, given this nutrient rich environment, hagfish would optimize nutritional uptake via
transport through both the skin and gill. The findings from this study demonstrated
uptake of amino acids by an excised gill or skin preparation. Glover et al. (2011) further
demonstrated that uptake of amino acids was sodium dependent and suggested a role of
SLC (solute carrier) transport proteins being involved in this uptake (as opposed to mass
diffusion). This study has provided interesting results by demonstrating extrabranchial
nutrient and ion uptake in hagfish in isolated tissue preparations. However, to date there
have been no studies conducted in vivo demonstrating the capacity of the skin to

contribute to 1onic or nutrient homeostasis.

In addition to the feeding environment (inside the carcass) being nutrient rich,
other significant physiological impairments would also be present, namely low pH, high

P¢o, and high [ammonia], all produced by microorganisms feeding off the same carcass.

The raspers and feeding appendages are in close proximity to the branchial region of the
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hagfish. While the hagfish feeds on the decaying carcass, there is an opportunity for
undesirable branchial uptake of CO, and ammonia. Observations of feeding behavior in
hagfish show that while burrowing into the carcass, the posterior part of the hagfish often
remains outside. Thus, there is an opportunity for partitioned ion and acid/base regulation
using extrabranchial mechanisms. Therefore, I hypothesized that the skin can serve as an
extrabranchial mechanism for both regulating acid/base status and excreting ammonia.
Using hagfish compartmentalizing flux chambers, I was able to separate flux of ammonia
and acid/base equivalents into anterior (skin and gill contributions combined) and
posterior regions (posterior to gill pores, skin and intestinal contributions combined). In
addition, by sealing the cloacal opening and eliminating the intestinal contribution, I
document the extrabranchial strategies employed by the hagfish to recovery from either

acid or base injections.
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Materials and methods

Experimental animals and holding

Pacific hagfish (Eptatretus stoutii, N=42; 86.64 +2.02 g;: mean + s.e.m.) were
lured with bait (rotting hake) and captured via a bottom-dwelling trap from the Trevor
channel, Vancouver Island, BC, Canada. The fish were immediately brought to the
Bamfield Marine Sciences Centre and housed in aerated, darkened 20 m® tanks receiving
seawater in a flow-through design. Fish were fed bi-weekly with rotting fish during
captivity. Fish were fasted at least for one week prior to experimentation. All animals
were used under the licenses of Department of Fisheries and Oceans Canada collection
permit XR 146 2012 and Bamfield Marine Science Centre Animal Care protocol number

BMSC RS-12-10

Chemicals

Unless noted, all chemical compounds, reagents and enzymes were supplied by

Sigma-Aldrich Chemical Company (St. Louis, MO).

Experimental protocol

pH disturbances

Hagfish were anaesthetized in seawater with 1 g L™ tricaine methanesulfonate
(TMS; Syndel Laboratories Ltd., Vancouver, British Columbia, Canada) buffered with 2
g L' sodium bicarbonate. This dose of TMS was sufficient to keep the animal sedated for

~5 minutes while pre-experimental protocols were conducted. Weight was recorded and
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fish were then held vertically causing pooling of blood in the caudal subcutaneous sinus
within 20 seconds. A 200ul non-injected control blood sample was then removed from
the sinus with a heparinized 21G needle and 1 mL disposable syringe. The animals were
then injected with one of the following solutions: acid saline (250 mmol L™ HCI
[pH=0.60], 250 mmol L' NaCl), alkaline saline (250 mmol L' NaHCOs, 250 mmol L
NaCl, [pH=8.43]) or control saline (500 mmol L NaCl) at a standard volume of 2.4 pul g
! body mass to induce an acid/alkaline/saline load of 6000 pmol kg™ body mass. Similar
injection protocols have been employed in previous studies mvolving hagfish (McDonald

et al., 1991; Parks et al., 2007b; Tresguerres et al., 2007a) with no adverse effects noted.

The injection site was then sealed by adhering a 0.5mm X 0.5mm square of nitrile
rubber with instant cyanoacrylate glue (Krazy Glue: Elmer’s Products Inc., Columbus,
Ohio, USA) to ensure no acid/base seepage from the injection site. Animals were then
gently inverted five times to facilitate mixing of the blood and injected solution. At this
point, half of the animals also underwent the cloacal seal protocol (below) prior to being

fitted for insertion into the compartmentalizing flux chamber.

Fitting of cloacal seal

The kidney and gut of the hagfish empty directly into the cloaca. In order to
determine cutaneous flux without the potential additional flux coming from the cloacal
compartment, half of all injected fish were fitted with a cloacal seal. First the cloacal
region of the animal was blotted dry with a Kimwipe and then instant cyanoacrylate glue
was applied to seal the cloaca shut (drying times ~15 seconds). A nitrile rubber bandage

(2.0cm X 1.0 cm) was then applied to the cloacal region by gluing the perimeter around
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the cloacal region. Animals were then fitted for insertion into the compartmentalizing

flux chamber.

Fitting of latex collar

The anterior and posterior portions of the chambers are separated by collar
assemblies (two square Plexiglas plates with 2.5 cm diameter central holes; see
supplementary material) that are fitted onto the hagfish first prior to insertion into the flux
chambers. These assemblies sandwich a finger from non-powdered latex gloves (8 cm
long x 2 cm unstretched diameter) and are tightened together with plastic wing nuts and
screws. Hagfish (either cloacally sealed or non-sealed) were patted dry in the region 2 cm
to 4 cm posterior to the most posterior branchiopores. The latex sheath was slid onto the
animal from the anterior end until the sheath was in the area to be glued. Cyanoacrylate
glue was applied to this region around the circumference of the animal and the latex

glued to the skin to form a watertight seal.

Fitting of hagfish into compartmentalizing flux chambers

Hagfish were then placed into a specially constructed hagfish compartmentalizing
flux chamber (designed by AC, manufactured by Jeffery Johnston — UofA fabrication
workshop; see supplementary material) in order to partition ammonia and acid/base
fluxes into anterior and posterior regions. With no cloacal seal, the posterior compartment
receives both cutaneous and cloacal flux while with a cloacal seal, only cutaneous flux is
measured. The hagfish were then rinsed in fresh seawater and placed into the chamber
where the collar assembly was fitted into slots. A thin layer of Silly Putty (Crayola LLC,

Easton, Pennsylvania, USA) lined the perimeter of the Plexiglas plates to ensure a

44



watertight seal between chambers. Measured amounts of seawater were added to the
anterior portion of the chamber only and a check for leaks was conducted. Only those
preparations that demonstrated no leakage against the head pressure of the anterior region
were used 1n this study. Following the leak test, seawater was subsequently added to the
posterior chamber. Initial water samples were removed and the lid secured in place with
plastic wing nuts. The entire chamber was then placed onto a water table with flowing

seawater for temperature control (~12 “C) for the 4 h flux period.

Blood sample analysis and terminal sampling

Blood samples (200 ul) were obtained as described above prior to injection and
following conclusion of the 4 h flux period. Following sampling, blood was added into a
1.5 mL Eppendorf tube and placed into a water bath held at 10 "C. Blood pH was
measured immediately using a thermojacketed Orion ROSS Micro pH electrode (Fisher
Scientific, Ottawa, ON). Blood samples were then centrifuged (12,000 g for 2 min) to
obtain plasma, which was immediately analyzed for total CO, content (TCO,) using a

Corning 965 carbon dioxide analyzer (Ciba Corning Diagnostic, Halstead, Essex, UK).

Measured values of blood pH and total CO, were used to calculate plasma [HCOs’
] and blood P, at 10°C by the Henderson-Hasselbalch equation, using the general
formulas derived by Heisler and cited in Boutilier et al. (1984) using the solubility of CO,
(Weiss, 1974) and the dissociation constant of carbonic acid as a function of pH,

temperature, and 1onic strength for seawater as a surrogate for hagfish plasma (Mehrbach,

1973).
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Proton fluxes

Net H' fluxes from hagfish anterior and posterior regions were determined using
techniques modified from Heisler and Weitz (1976) and Evans (1982). Under the

assumptions proposed by Heisler and Weitz (1976), if the P, and temperature of a

water sample is maintained constant while recording pH, then according to the
Henderson-Hasselbalch equation, after a correction for seawater buffering capacity, any
net change in recorded pH can only be the result of a net acid or base addition from the

animal.

Using a disposable 25 mL pipette, water samples (25 mL) were removed from
both the anterior and posterior chambers at /=0 h and =4 h and added to 50 mL conical
tubes. The tubes were then placed in a water bath held at 10 “C and the samples were
bubbled with 6% CO, During bubbling, water pH was measured using a thermojacketed
Orion ROSS Micro pH electrode until a stable reading was obtained (drift < 0.002 pH
units 10 sec”’ for 1 min). pH readings were converted into pequiv H and differentials
between =0 h and r=4 h were calculated. The presence of the hagfish may change the
buffering capacity of the experimental water. In order to correct calculated H
differentials, buffering capacity of seawater from both the anterior and posterior
compartments was determined at /=4 / over the pH range observed during the course of
the flux period. To determine buffering capacity, changes in pH were measured following
the addition of known amounts of 0.1066 N HCI1 or 0.10 N NaOH to a separate 25 mL
water sample. Buffering capacity was calculated as the slope from the linear regression of

nequivalent H change per pequiv acid/base added. All corrected H' differentials were
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compared to differentials calculated in control chambers containing no fish and with

buffering capacity determined at /=0 5.

Thus, H' flux produced by the animal could be calculated according to the

following equation:

3=
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where /" is the net proton flux H gy A0 experH i are the total proton

> exper
concentration in the experimental samples. .ontroffin@0d controfimiria: are the total proton
concentrations in the control samples, ... and .,.8 are the determined buffering
capacities of the experimental water and the control water, ..,/ and .,,V are the water

volumes of the experimental and the control chambers, m is the mass of the hagfish and ¢

1s the total flux time.

Ammonia fluxes

Water samples (1 mL) for ammonia analysis were removed at /=0 h and =4 h
and added to 1.5 mL tubes and acidified withl pl of 1.999 N HCI to trap ammonia. Water
total ammonia (T amm) concentration was determined using methods modified from
Verdouw et al., (1978) using a salicylate-hypochlorite colourimetric assay and measured
using a microplate spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale,
CA). Ammonia flux (Jamm) was calculated for both the anterior and posterior chambers as

based on the Tamm accumulation using the following equation:
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]Amm = ([TAmm]initiaI - [Tdmm]final ) expV) ) ; ) E (2)
where [T amm] is the initial or final concentration of ammonia in the water (umol L™); Vis

the volume of water (mL); m 1s the animal mass (g) and Az the duration of the flux period.

Statistical analysis

All data presented are reported as mean + s.e.m. (n). Differences between groups
were tested using one-way analysis of variance followed by Fisher’s Least Significant
Difference multiple comparison post-hoc tests (Fisher, 1949) with pre-planned
comparisons. Statistical significance was defined as p < 0.05. Comparisons were not
made between (Saline/No Seal) vs. (Acid/Seal) or (Base/Seal) groups, (Saline/Seal) vs.
(Acid/No Seal) or (Base/No Seal) groups, (Acid/Seal) vs. (Base/No Seal), and (Acid/No
Seal) vs. (Base/Seal). All statistical analyses were completed using GraphPad Prism 6.0

(GraphPad Software, San Diego, USA).

Determination of epaxial muscle pH;

Samples of epaxial muscle excised terminally were immediately freeze clamped
(clamps pre-chilled in liquid nitrogen) and stored in liquid nitrogen. Intracellular tissue
pH was determined within 30 days of sampling using techniques modified from Portner
et al., (1990). Briefly, samples were removed from liquid nitrogen and a portion (100-200
mg) was broken off from the frozen fillet. The subsample was pulverized under liquid
nitrogen into a fine powder and added to an Eppendorf tube containing 400 pl of
metabolic inhibitor (150 mmol L™ potassium fluoride + 6 mmol L™ nitrilotriacetic acid).

The resulting slurry was mixed with an 18G needle and an additional 400 pl of inhibitor
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solution was added. Tubes were then capped, vortexed and stored on ice. After 10
minutes, the pH of the slurry was measured using a thermojacketed Orion ROSS Micro

pH electrode until a stable reading was obtained.
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Results

Blood and plasma variables 4 h after HCI injection

Blood pH in non-injected control animals was 7.97 + 0.02, n = 41. No differences
were observed in blood pH between non-injected controls and saline-injected animals
without the cloacal seal (7.83 + 0.05, n = 7). Saline-injected, sealed animals exhibited a
small but reliable depression in blood pH (7.64 £ 0.10, n = 4) 4 h after injection. Acid-
injected animals (6000 pmol kg HC1) exhibited significant blood acidosis after 4 h with
blood pH reduced to 6.94 + 0.17, n = 8, in unsealed animals. However, hagfish with a
cloacal seal displayed a greater acidosis with a measured blood pH of 5.98 £0.24, n =7

(Figure 2.1A).

Plasma TCO, values displayed nearly the same pattern (Figure 2.1B). No
significant differences after 4 h were observed between non-injected controls (7.61 + 0.27
mmol CO, L, n =41) and saline-injected animals (8.52 + 1.00 mmol CO,L", » =7 and
6.62 + 1.43 mmol CO,L™", n = 4 in unsealed and sealed hagfish, respectively). While
acid-injected hagfish without a cloacal seal did not exhibit a significant reduction in
TCO, 4 h post-injection (5.78 + 1.01 mmol CO, L™, n = 8) compared to non-injected
controls, a significant reduction in TCO, was observed in acid-injected animals with a

cloacal seal (2.00 + 0.54 mmol CO, L™, n=7).

Calculation of plasma [HCOs'] and P¢o, in all non-injected fish revealed a plasma

[HCO;] of 7.52 + 0.27 mmol HCO5 L', n =41 (Figure 2.1C). Saline injection resulted

in no change in either plasma [HCOs'] or Py, after 4 h (p > 0.99). However, injection of

HCl resulted in both a reduced plasma [HCOs ] combined with a significant increase in
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P¢o,m animals either with (2.17 + 0.24 kPa, n = 7) or without (1.97+ 0.42 kPa, n = 8) a

cloacal seal compared to control Peo, values (0.22+ 0.012 kPa, n = 41).

Blood and plasma variables 4 h after NaHCOj injection

No disturbances in blood pH were evident in either sealed (7.81 +£0.07, n =8) or

unsealed base-injected animals (7.98 + 0.06, n = 8) after 4 h (Figure 2.1A).

In base-injected animals, plasma TCO, disturbances remained 4 h after injection
(Figure 2.1B). Unsealed, base-injected hagfish still had significant elevations of TCO, 4
h post-injection (17.52 + 1.82 mmol CO,L ™" » = 8) both compared to non-injected
controls and to unsealed, saline injected animals. The elevation in plasma TCO, after 4 h
was less pronounced in base-injected hagfish fitted with a cloacal seal (11.93 + 0.63

mmol CO,L" n=28).

Calculation of plasma [HCOs'] and P, indicated that HCO;™ remained elevated 4

h post injection in both sealed and unsealed animals (11.70 + 0.63 mmol HCO; L™, n =8
and 17.33 + 1.83 mmol HCO5 L™, »n = 8, respectively; Figure 2.1C) and that this was also

associated with a slight but not significant rise in plasma P¢,in each group (0.51 + 0.04

kPa, n =38, or 0.58+ 0.12 kPa, n = 8, in both sealed and unsealed animals, respectively)

compared to control animals.

Partitioning of H' flux following acid injection

Unsealed hagfish injected with saline exhibited minimal net H™ flux from the
anterior region during the 4 h post-injection period (Figure 2.2A; 69.80 + 282.70 pequiv

H'kg'h™', n = 7). The same animals exhibited considerable net base efflux in the

51



posterior region (Figure 2.2B; -917.14 + 177.24 pequiv H kg™ h™', n = 7; where negative
outward H' flux is equivalent to positive outward base flux). Mean anterior H" flux from
saline-injected animals with a cloacal seal (559.08 + 550.33 pequiv H kg'h™, n=14)
was not statistically different from that of unsealed animals due to considerable
variability in the responses. Base efflux in the posterior region was significantly reduced
in sealed animals (-33.68 + 77.97 pequiv H" kg™ h, » = 4). During the 4 h post-injection
period, unsealed, acid-injected hagfish excreted 13.5 times more H' in the anterior region
(948.70 + 187.74 pequiv H kg h'!, » = 8) than unsealed saline-injected controls.
However, acid-injected hagfish with a cloacal seal exhibited only a small net base efflux
in the anterior region (-62.92 + 178.37 pequiv H" kg h™’, n = 7) that was not statistically
different from sealed, saline-injected animals. In the posterior region, unsealed, acid-
injected animals tended to excrete less base (-421.99 + 138.10 pequiv H kg’ h, n =28)
than the saline injected animals (-917.14 + 177.24 pequiv H kg™ h™, n = 7), but this was
not statistically significant. The cloacal seal did not significantly affect net base excretion

by the posterior region of acid-injected fish.

Partitioning of H' flux following base injection

No changes in anterior net H™ flux were observed in base-injected animals with or
without a cloacal seal compared to saline-injected controls (Figure 2.2A; 139.13 £ 278.15
nequiv H kg’ h', n = 8, for unsealed and 178.00 + 428.02 pequiv H kg h™', n = 8, for
animals with a cloacal seal). In the posterior region, base injection did not lead to
differences in H' flux in unsealed animals (-1239.53 + 321.73 pequiv H kg’ h', n =8)
compared to unsealed, saline injected controls (-917.14 + 164.10 pequiv H kg h’, n =

7) (Figure 2.2B). However, application of the cloacal seal after base injection
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significantly increased base efflux by the skin (-2521.15 + 309.94 pequiv H kg' h™', n =

8).

Partitioning of ammonia flux following both acid and base injection

Saline-injected hagfish excreted ammonia in the anterior region at a rate of 50.63
+10.26 pmol amm kg h™, n = 7 (Figure 2.3A) and in the posterior region at 9.28 + 3.74
umol amm kg’ h', » = 7 (Figure 2.3B). Application of the cloacal seal did not result in
any statistically significant differences, with an ammonia flux of 23.30 + 18.45 pmol
amm kg’ h™’, » =4 in the anterior region and 9.21 + 0.93 pmol amm kg h™, » =4 in the
posterior region. There were no significant effects of acid injection on ammonia excretion
rate during the 4 h post-injection period in either the anterior or posterior region in either
sealed or unsealed animals. Similarly, in the base-injected animals, no statistically
significant differences were observed in ammonia flux from the anterior region with or

without a cloacal seal compared to saline injected controls.

Measurement of epaxial muscle pH; 4 h post-injection

The tissue pH; in excised epaxial muscle was 7.06 = 0.05, » = 8, in control non-
injected animals. No statistically significant differences were observed between any of

the groups after 4 h (Figure 2.4; p > 0.5, n =6 —8).
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Discussion

Partitioning of net acid or base secretion in hagfish

The present experiment demonstrates that after acidosis, hagfish excrete protons
primarily into the anterior compartment. Furthermore, since the skin and skin+cloacal
inputs in the posterior did not play a role in acid secretion, I suggest that acid excretion
primarily occurs at the gills. In contrast, after alkalosis, hagfish excrete base through non-
branchial (i.e. posterior) mechanisms with little contribution from the anterior/branchial
region. Whether the skin of the anterior and posterior regions exhibit similar rates of

transport is unknown and warrants further study.

Values of net H' flux in this study come from measurement of the change in pH
of the water. The major chemical species contributing to this flux, which cannot be
distinguished from one another, are likely H", OH", HCO5". The total balance of acid/base
equivalents transferred between the animal and the seawater would then be the sum of net

H' flux and net ammonia mHngHf) flux.

The values of net H' flux show that saline-injected hagfish normally excrete
minimal H' in the anterior region and exhibit a considerable net base efflux in the
posterior region. A control base efflux rate of ~-250 pequiv H kg™ h™ for whole animals
was observed by McDonald et al. (1991) in non-injected Atlantic hagfish (Myxine
glutinosa) using similar flux protocols and the present study extends those results to
demonstrate anterior/posterior partitioning of net acid and net base flux, respectively.
After sealing the cloaca, base efflux by the posterior region was eliminated, suggesting

cloacal constituents of base flux were significant under control conditions. Hagfish have
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low urinary output, less than 5.4 mL kg™ day™ (Morris, 1965) which, in the case of the
average hagfish (86.64 g) in the current study would equate to ~78ul of urine output in 4
h. Even i unsealed animals, this rate of urine production would likely account for less
than 1% of observed net flux. This suggests that the gut or cloacal tissues are routes of
base excretion in the resting hagfish. This raises an interesting point as it has recently
been demonstrated that seawater teleosts utilize increased HCOs™ secretion by the
intestine and calctum and magnesium mediated carbonate precipitation for hyposmotic
regulation (Grosell, 2006; Taylor and Grosell, 2006). Preliminary studies found no
indication of hyperosmotic mediated increased in HCOs™ secretion by the hagfish gut
(Taylor, 2009). However, it should be noted that disturbances in acid/base balance were
not investigated. If the intestine can indeed respond to base challenges by upregulating
intestinal HCOs" secretion, it would suggest that the mechanisms for elevated HCOs5”
secretion by the mtestine under hyperosmotic conditions were co-opted from acid/base
regulatory mechanisms. This interesting but important evolutionary hypothesis will form

the subject of future studies.

My results show that this protocol induced significant acidosis in hagfish (Figure
2.1A) with disturbances in blood pH to as low as 6.94 &+ 0.17 in non-sealed animals and
5.89 + 0.24 in sealed acid-injected animals 4 h post-injection. Based on results obtained
by Parks et al. (2007b), who measured blood pH equal to 6.21 at 3 h post-injection of the
same acid load, it seems likely that some recovery occurred before the 4 h sampling point
in the present study. Parks et al. (2007b) also demonstrated that 3 h post acid injection,
plasma TCO, was as low as 0.08 mmol CO, L™'; however, the present study observed a

recovery of TCO, after 4 h to levels similar to controls. While the observed blood
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acidifications are substantial, hagfish have been shown to demonstrate similar blood
acidification (0.7 pH units) during recovery from exercise (Ruben and Bennett, 1980).
The NaHCOs injections in the present study were intended to induce a substantial HCO5
load with an associated elevation in blood pH. Although significant rises in blood pH
were not observed 4 h post base injection, based on the alkalizations recorded by
Tresguerres et al. (2007) 3 h post-injection (pH=8.05 to 8.13) using the same injection
protocol, it 1s likely that the hagfish had already significantly recovered blood pH by the
4 h post-injection sampling time. The TCO, measurements in the base-injected animals
indicate that a significant part of the bicarbonate load remained after 4 h. As indicated in
the pH/HCOs" plot in Figure 2.1C, blood pH at 4 h after base injection was similar to

control values due to a rise in plasma P, that balanced the increased plasma HCO5’

load.

In the present study, my results show that following acidosis, the main route of
blood pH recovery is through branchial acid excretion, which increased by 13.5-fold in
the 4 h post-injection period compared to saline-injected controls. There was also a trend
toward moderately decreased base excretion by the posterior region. Proton flux results
are in line with previous measurements by McDonald et al. (1991) who injected hagfish
with sulphuric acid (3000 pequiv H kg™) and observed a maximal H' excretion rate of

608 pequiv H" kg™' h' in the first 1.5 h of recovery.

It 1s interesting to note that there was a greatly decreased branchial acid flux in
acid injected animals fitted with a cloacal seal. This result is also supported by the fact
that in these same animals, there was a greater reduction of blood pH in cloacally sealed

animals. This interesting finding suggests that there is a mechanism of crosstalk between
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the cloacal net H™ flux and gill net H™ flux. The mechanism by which this might occur is

currently unknown and warrants further investigation.

Surprisingly, there were no observed differences in anterior H' flux in the 4 h
period post base injection, suggesting that the branchial region is not responsible for base
excretion. This result runs contrary to a previous suggestion (Tresguerres et al., 2006a)
that MRCs in the gill are responsible for the majority of both acid and base excretions. In
all other fishes studied, there are at least two or more types of MRCs with at least one
population capable of acid secretion and another capable of base secretion (Dymowska et
al., 2012). Based on immunohistochemical labeling of several 1on transport proteins,
hagfish are thought to only possess a single gill MRC type (Tresguerres et al., 2006a).
Since hagfish do not regulate plasma [Na‘] and [CI ], these cells have been proposed to
be primarily responsible for systemic pH regulation. Given the presence of a single MRC
type and the remarkable ability for the hagfish to recover from a wide array of acid/base
perturbations (McDonald et al., 1991; Parks et al., 2007b; Tresguerres et al., 2007a) it
was postulated by Tresguerres et al. (2006) that the hagfish gill MRC is responsible for
both acid excretion and base excretion. In light of the results of the current study, I
suggest that hagfish MRCs are acid-secreting only and that the majority of base excretion
occurs through extrabranchial mechanisms. This result also forces a reconsideration of
the evolution of MRCs and how multiple MRC types arose throughout the vertebrate

lineage.

For base-injected hagfish without a cloacal seal, the posterior region excreted base
at approximately the same rate as control NaCl-injected hagfish suggesting that there was

an inability to upregulate this cloacal flux. However, when the cloaca was sealed, net
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base excretion was reduced in NaCl-injected animals but was substantially increased in
base-injected cloacal sealed animals. This suggests that hagfish are able to upregulate
base secretion via the skin. These results are supported by Tresguerres et al. (2007), who
showed that hagfish demonstrated full recovery from base injection after 6 h and an
enhanced ability to deal with subsequent base loads. The observed effects of the cloacal
seal noted above, viz., that a cloacal seal either prevented up-regulation of acid flux in the
anterior of the animal or enhanced base flux in the posterior region through the skin,
reveals that there 1s some as yet unidentified communication amongst these epithelia. To
ensure that differences were not the result of transfer of acidic or basic equivalents into
the intracellular compartment, pH; in epaxial muscle was terminally measured tissue
however, no differences between any of the groups 4 h post-injection were noted. These
findings raise an interesting point (as noted previously) where the cloacal seal reveals that
mechanisms for communication between the skin, gill and intestine/cloaca occur within
the hagfish. While this 1s an important finding, a logical and experimentally supported
explanation is unable to be provided at this time. Future studies should focus on the
possibility that there are mechanisms for cross-talk between tissues to allow for

adjustments 1n acid/base regulatory processes.

Partitioning of ammonia flux

This study clearly demonstrates that the skin of hagfish, at least in the posterior
region, is capable of excreting a substantial amount of ammonia. However, ammonia
efflux is not a factor in acid/base regulation in the hagfish because flux was similar and

unchanging across all treatments.
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The most notable observation of ammonia flux is that ammonia efflux in the
posterior chamber continued even in the presence of a cloacal seal, indicating that hagfish
are capable of excreting ammonia across the skin. In the anterior region, ammonia flux
contains both gill and skin components. In this study, partitioning of skin from the whole
animals was ~40% 1n the anterior and 60% in the posterior chamber. Ammonia flux from
the skin of the posterior region alone was in the range of 10-30% of total ammonia flux.
While ammonia transport through the isolated skin has previously been reported by
Braun and Perry, (2010) using Ussing chamber protocols, here I provide the first
physiological in vivo evidence demonstrating ammonia excretion through the hagfish
skin. It should also be noted that when total anterior and posterior flux of ammonia are
combined, the total ammonia flux rates observed was nearly an order of magnitude lower
compared to McDonald et al. (1991). This difference was noted in both restrained
(current study) and unrestrained animals (Chapter 6). This discrepancy could be due to

species differences or perhaps differences in capture and feeding regimes.

The ability to excrete ammonia extrabranchially is not surprising considering the
scavenging behavior of the hagfish. Within a decaying carcass, decomposition would
create a source of ammonia, reversing the ammonia and pH gradients between the
environment and the feeding hagfish. In order to prevent the deleterious effects of
elevated ammonia levels (for reviews see Cooper and Plum, 1987; Mommsen and Walsh,
1992; Wilkie, 2002) an exchange system featuring ammonia efflux from the posterior

skin would be beneficial.
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Conclusions

In summary, my results have provided insight into how hagfish regulate systemic
acid/base status after exogenous loads. Acid excretion occurs through the branchial
region, while the ability to increase base excretion occurs by a non-branchial mechanism
located in the posterior region, likely through the skin. Future studies will focus on
identifying the mechanism(s) of recovery from alkalosis and determining the normal role
of the cloacal region in acid/base balance, characterizing the regulatory capacity of
ammonia transport in the skin, and investigating the ammonia transport capacity along
the length of the organism. Finally, with the use of new hagfish separating chambers,
many new avenues of research surrounding the unique aspects of hagfish physiology are

available.
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Hagfish were injected with 2.4 ul g”' body mass of one of the following: 250 mmol L™
HC1/250 mmol L NaCl (Acid; 6000 pmol H® kg’ body mass), 250 mmol L
NaHCO05/250 mmol L™ NaCl (Base; 6000 pmol HCO; kg body mass) or an equivalent
volume of 500 mmol L™ NaCl (Saline) then placed into darkened separated chamber
apparatus for 4 h. (A) Blood pH (B) plasma total CO, of non-injected hagfish (Control;
White bar), hagfish with an non-sealed cloaca (No Seal; grey bars) or a sealed cloaca
(Seal; back bars). Data are presented as mean + 1 s.e.m. (n). Bars sharing the same letter
are not significantly different. (c¢) Blood pH/[HCOs;'] diagram depicting the acid/base
status of the blood of hagfish. The solid straight line is the non-bicarbonate buffer line
determined by (Wells et al., 1986). Non-statistically different HCOs™ values are grouped

within grey ovals. For difference in blood pH values refer to (A)
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(A) Net outward anterior and (B) posterior H' fluxes during 4 h period in separated
chamber apparatus. Hagfish were treated as described in Figure 2.1. Hagfish either had a
non-sealed cloaca (No Seal; grey bars) or a sealed cloaca (Seal; back bars). Data

presented as mean = 1 s.e.m. (n). Bars sharing the same letter are not significantly

different.
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(A) Net outward anterior and (B) posterior ammonia fluxes during 4 h post mjection
period in separated chamber apparatus. Hagfish were treated as described in Figure 2.1.
Data presented as mean = 1 s.e.m. (»). Hagfish either had a non-sealed cloaca (No Seal;

grey bars) or a sealed cloaca (Seal; black bars)
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Measurement of intracellular pH (pH;) before (control) and following a 4 h post injection
period in separated chamber apparatus. Hagfish were treated as described in Figure 2.1.
Hagfish either had a non-sealed cloaca (No Seal; grey bars) or a sealed cloaca (Seal;
black bars). Data presented as mean + 1 s.e.m. (n). Bars sharing the same letter are not

significantly different.
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Supplemental figures

Supplemental Figure 2.1 Photograph of collar assembly.
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Picture showing deconstructed Plexiglas collar assembly and fully assembled collar
including latex sheath (non-powdered latex glove finger). The collar was fitted on hagfish

posterior to branchiopores and the sheath was glued into place with cyanoacrylate glue.
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Supplemental Figure 2.2 Separating chamber apparatus.
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(A) Side view of hagfish separating chamber with collar assembly inserted. (B) Top view

of chamber with darkened lid. (C) Aerial side view of chamber with darkened lid.
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Supplemental Figure 2.3 Seperating chamber slot for collar.
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(A) Picture illustrating how collar slots were lined with silly putty in order to achieve
leak-proof seal between the anterior and posterior chambers. (B) Aerial view of hagfish

properly fitted into apparatus.
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Chapter 3: Recovery from extreme hypercapnia in the Pacific

hagfish (Eptatretus stoutii)
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Introduction

Hagfish are touted as physiological champions due to their tolerance to noxious
environmental stresses such as high ammonia (Clifford et al., 2015a), hypoxia (Axelsson
et al., 1990; Forster et al., 1992), anoxia (Cox et al., 2011) and hypercapnia (Baker et al.,
2015). While the tolerance and physiological impacts to these stressors have been well
characterized, little data exists on the mechanisms and strategies for recovery from these
stressors. Physiologically speaking, acid/base homeostasis 1s a tightly regulated process
amongst vertebrates (Heisler, 1986b) and hagfish are no exception. Several studies have
highlighted the extraordinary capabilities for hagfish to regulate their blood pH in the
face of severe perturbations. When injected with H,SO4 (McDonald et al., 1991) or HCI
(Parks et al., 2007b) (1500 pmol kg and 6000 pmol kg™ respectively) the acidosis that
hagfish experienced (H,SO,4: > 0.6 pH unit acidosis; HCI: ~2 pH unit acidosis) was
recovered within 6 h of injection. When injected with base (6000 pmol kg™ NaHCOs);
blood pH only rose ~0.3 pH units after 1 h and was fully recovered within 6 h,
demonstrating that hagfish have a pronounced capacity to withstand acid/base challenges
(Tresguerres et al., 2007a). Perhaps more profound is how hagfish are capable of
tolerating very high partial pressures of CO, (P¢o, ; termed: hypercapnia), withstanding
P, tensions of up to 50 torr (~6.6% CO,) for 96 h. Hagfish compensate such

P, tensions by building up plasma [HCOj5'] (termed: hypercarbia) to the highest levels

ever observed in any organism (~70 mmol L; Baker et al., 2015). Plasma [HCOs]
compensation for hypercapnia-induced acidosis takes place over 24 — 48 h in an

equimolar trade-off with plasma [CI'] (Baker et al., 2015).
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Hypercapnia tolerance in hagfish is well characterized and it seems apparent that
hagfish are capable of rapidly recovering from minor hypercarbia loads induced by base
injection (~20 mmol HCOs'; Tresguerres et al., 2007a) easily clearing repeated alkaline
infusions. However, it remains to be seen whether hagfish are capable of recovering from
high hypercarbia loads as reported by Baker et al. (2015). Furthermore, if recovery is
possible, the kinetics and mechanisms merit investigation. Indeed, during extended bouts
of hypercapnia, hagfish appear to be ‘sluggish’, presenting themselves in a distended or
uncoiled manner (personal observation) rather than the traditional coiling observed in

normal healthy hagfish (Martini, 1998).

The goal of this study was to characterize the recovery strategies of the hagfish in
response to hypercapnia-induced hypercarbia. Hagfish were exposed to hypercapnia (4%
CO,) for 48 h to induce hypercarbia at high levels. Over the next 24 h, hagfish were
allowed to recover in normocapnic seawater while measurements of blood acid/base
status, [C1'] and net H/HCOj; flux were made in an effort to describe the recovery
strategies of the hagfish. While it is hypothesized that the majority of TCO, (total CO,
content: comprised of the sum of both P¢,,and [HCO;7] in a biological system) recovery
will occur via direct HCOs™ excretion in an equimolar trade-off with Cl” mediated via
chloride-bicarbonate exchanger (CBE), other means of TCO, off-loading exist (see
Figure 3.1). These include increases in glomerular filtration rate (GFR) and carbonic
anhydrase (CA) -mediated recovery/reduction of plasma HCOs", which would involve the
catalyzed hydration of HCOs to CO, at the gills and rapid clearance of gaseous CO,

across the gill epithelium.
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The renal system in hagfish is known to be rudimentary with a low urinary flow
rate (Morris, 1965) and also lacking concentrative abilities (Alt et al., 1981). Thus it is
hypothesized that GFR will not play a substantial role in recovery. The relative role(s) of
CA-mediated and CA-independent recovery can be investigated by inhibition of CA
using the CA inhibitor acetazolamide; however, based on the previously reported
hypercapnia compensation with equimolar exchanges of plasma [HCOs'] and [CI'] during

exposure, CA-mediated recovery is not hypothesized to play a major role in recovery.
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Materials and methods

Animals and holding

Pacific hagfish (Eptatretus stoutii; N = 24; average mass = 77.27 + 5.89 g) were
captured from Trevor channel, Vancouver Island, BC, Canada via a bottom-dwelling trap
baited with rotting hake. Hagfish were transferred to Bamfield Marine Sciences Centre
and housed in aerated, darkened 20 m® tanks receiving flow-through seawater. Hagfish
were fed bi-weekly with rotting fish during captivity and fasted at least for one week
prior to experimentation. All animals were used under the licenses of Department of
Fisheries and Oceans Canada collection permit XR-310 2015 and University of Alberta

Animal Care protocol number AUP0001126.

Chemicals

Unless noted, all other chemical compounds, reagents and enzymes were supplied

by Sigma-Aldrich Chemical Company (St. Louis, MO).

Experimental protocol

Hypercapnia exposure and recovery in normocapnic seawater

One day prior to experiments, Pacific hagfish were transferred to 1.0 L containers
with tight fitting lids, receiving continuously flowing normocapnic seawater to acclimate.
Containers were placed in a sea-table receiving flow-through seawater for temperature
regulation (~12 “C). The next morning, hagfish were exposed to hypercapnia (nominal

P¢o,= 4% CO,) in continuously flowing seawater within the 1.0 L containers, maintained
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by aeration with ~10% CO, (administered via utilization of a dual-supply precision gas
blender (FM4333/FM4336 Matheson, Basking Ridge, New Jersey) receiving 100% CO,

(Praxair) and house air) which was controlled by a P, /pH feedback controller (DAQ-

M, Loligo systems Inc, Viborg, Denmark) connected to a pH meter/ pH electrode
(Portable meter ProfiLine pH 3310 / Sentix HWD electrode, Wissenschaftlich-
Technische Werkstitten GmbH, Weilheim, Germany). This system was calibrated and

controlled using CapCTRL software (Loligo Systems Inc).

Following 48 h hypercapnia exposure, CO, administering airlines were removed,
water refreshed and hagfish were allowed to recover in their individual, aerated 1.0 L
containers receiving normocapnic seawater for up to 24 h. Modifications to this protocol

for blood sampling, or for flux/GFR protocols are listed below.

Series 1: Blood and plasma responses during recovery from hypercapnia-induced

hypercarbia

Immediately following acclimation to exposure chambers, flow-through seawater
was temporarily shut off, and ~half the water in the 1.0 L container was removed.
Hagfish were anaesthetized via addition of 0.5 g L™ tricaine methanesulfonate (TMS;
Syndel Laboratories Ltd., Vancouver, British Columbia, Canada) neutralized with 0.15 g
NaOH pre-dissolved in ~10 mL of seawater. This dose caused rapid sedation, lasting for
~5 minutes and also allowed for rapid recovery (typically <5 min) from blood
sampling/sedation. Fish were weighed, and then held vertically causing pooling of blood
in the caudal subcutaneous sinus within 20 seconds. A 200 ul control (pre-exposure)

blood sample was then drawn from the sinus with a 21G needle and 1mL disposable
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syringe that was rinsed with heparinized hagfish saline (50 U mL™" heparin in 0.5 mol L
NaCl). Hagfish were immediately returned to containers with refreshed seawater and
flow-through re-established, with the administration of CO, as described above. Blood
samples were immediately analyzed (see below) for pH and TCO,. Hagfish were sampled
for blood 1n a similar manner following the conclusion of 48 h hypercapnia exposure, at 2
h intervals from 0 — 12 h recovery and then at 4 h intervals from 12 — 24 h recovery.

Throughout recovery, flow-through seawater was dispensed to the container.

Blood sample analysis

Blood pH was measured immediately using a thermojacketed (10 “C) Orion
ROSS Micro pH electrode (Fisher Scientific, Ottawa, ON). Blood samples were then
centrifuged (12,000 g for 2 min) to obtain plasma, which was then analyzed for total CO,
(TCO,) using a Corning 965 carbon dioxide analyzer (Ciba Corning Diagnostic,
Halstead, Essex, UK). Plasma [C] ] was measured with a Buchler Digital Chloridometer.
Measured values of blood pH and TCO, were used to calculate [HCOs'] and P, at 10°C
by the Henderson-Hasselbalch equation, using the general formulas derived by Heisler
and cited in Boutilier et al. (1984) using the solubility of CO, (Weiss, 1974) and the
dissociation constant of carbonic acid as a function of pH, temperature, and 1onic strength

for seawater as a surrogate for hagfish plasma (Mehrbach, 1973).

Series 2: Hagfish acid/base and ammonia excretion patterns during recovery from

hypercapnia-induced hypercarbia

Net H™ flux and Jan, (ammonia excretion rate) were measured in the 2 h period

prior to hypercapnia exposure, in the final 2 h of hypercapnia exposure and at 2 h
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intervals throughout recovery from 0 — 10 h recovery. Net H' flux was measured using
techniques modified from Heisler and Weitz, (1976) and described by Clifford et al.
(2014). Briefly, flow-through water to the individual 1.0 L containers was terminated and
water was removed such that ~750 mL of water remained. Two water samples (1 mL and
25 mL) were removed at the beginning and end of the flux period. At the conclusion of
each flux period, the container containing the hagfish and experimental water was
weighed and water samples taken (see below). Following the conclusion of each flux
period, water in the containers was refreshed. At the conclusion of the recovery period,

hagfish were anaesthetized and then weighed.

The 25 mL water samples were placed in a water bath held at 10 °C and bubbled
with 100% CO, Water pH was measured using a thermojacketed Orion ROSS Micro pH
electrode until a stable reading was obtained (drift < 0.002 pH units 10 sec” for 1 min).
pH readings were converted into pequiv H" and differences between initial and final
time-points calculated. As the hagfish itself may change the buffering capacity of the
seawater, H' differentials (between initial and final) were corrected by determining the
buffering capacity of the experimental water over the observed pH range. Buffering
capacity was determined in the final 25 mL water sample by measuring changes in pH
following the addition of known amounts of 0.1011 N HCI or 0.1 N NaOH (Standardized
via volumetric titration) while being aerated with 100% CO,. Buffering capacity was
calculated as the slope from the linear regression of pequivalent acid change per
nequivalent acid/base added. Differences between corrected H' differentials were
compared to differentials calculated in control chambers (containing no fish; in tandem

with experimental chambers and with buffering capacity determined at initial time-
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points). Thus, H' flux produced by the animal could be calculated (See calculations

below).

The 1 mL water samples were acidified withl pLL of 2 M HCI to trap ammonia.
Water [ammonia] was determined using methods modified from Verdouw et al. (1978)
using a salicylate-hypochlorite colourimetric assay measured at 650 nm on a plate

spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale, CA).

Series 3: Determining the role of glomerular filtration during recovery from hypercapnia

In a third experimental series, hagfish were allowed to acclimate to the containers
overnight and were then anaesthetized (as above), weighed, and injected with **C-inulin
(Perkin Elmer as "*C-inulin:(250 pCiin 1 mL; 2.1 mCi g™) as a plasma space marker in
order to calculate glomerular filtration rate (GFR) (Munger et al., 1991). Hagfish were
injected with 0.12 pCi g™ of *C-inulin animal weight administered as 0.06 nCi '*C pL™
hagfish saline (500 mmol L NaCl). Hagfish were then placed into individual flux
containers so that "*C-inulin activity was allowed to equilibrate in the plasma for 6 h.
Preliminary experiments (Chapter 7) determined that plasma concentrations were fully
mixed and stable in the 6 — 12 h post-injection period. Following the 6 h mixing period,
hagfish were anaesthetized (as above) and a 100 pL blood sample drawn (as above) at 6 h
post-radiolabeled inulin injection. GFR was measured in 2 h time-spans before exposure,
before recovery and in 2 h blocks throughout 10 h recovery. Blood was also sampled at
the conclusion of the hypercapnia exposure and at the conclusion of the recovery period.
To begin each measurement period, 2 water samples (4 mL — weighed precisely on a fine

balance) were collected from the flux container (T;) and each flux was terminated after 2
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h by withdrawing final water samples (T;). Flux containers were weighed at the end of

the flux period to determine the flux volume (minus the weight of the fish).

Plasma was separated via centrifugation (as above) and plasma was separated into
two 30 pL aliquots (measured on a fine balance) in 20 mL scintillation vials. ACS
scintillation fluid (Fisher chemical) was added to plasma samples (4 mL scintillation
fluid) and water samples (10 mL scintillation fluid) both of which were mixed and later

analyzed for **C radioactivity using a Beckman LS-6000.

Series 4: Determining the role of carbonic anhydrase during recovery

To examine the involvement of carbonic anhydrase in recovery from hypercapnia-
induced hypercarbia, hagfish were sampled and exposed to hypercapnia as in Series 1
(above). However, following the conclusion of hypercapnia exposure, but prior to pre-
recovery blood sampling, hagfish were injected with acetazolamide (40 mg kg™;
administered as 0.016 mg pL™ in hagfish saline). Blood sampling and analysis for pH

and TCO, occurred (as above) every 2 h.

Calculations

H' flux Uﬁ;) was calculated as:

+ + + +
gt (epofinal_epoinitiaI) (caaninal_conHinitial)
= CexpV | —

1 1
Net conB ’ conv)l ) ; ’ H (1)

expﬁ

where /2. is the net proton flux, expHfinar A0 gxpHipiiq; are the net H' content in the

experimental samples (umol), o Hfiq; a0d (o Hipiia are the net H' content in the
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control samples (umol), ,,,,f and ,,p are the determined buffering capacities of the
experimental water and the control water, ,,,,V and .,V 1s the volume of experimental

and control water (L), m 1s the animal mass (kg), and 4 1s the duration of the flux period.

Ammonia flux (Jamm) Was calculated as:

1 1
]Amm = ([TAmm]initiaI - [Tdmm]final ) V) ) ; T (2)

At

where [Tamm] is the initial or final concentration of ammonia in the water (umol L), 7is

the flux volume (L) and other notations correspond as above.

Glomerular filtration rate was calculated based on '*C excretion rate using the

following equation:

GFR = [(CPM,%,,, — CPM;%,,,) - — - =]V - SA (3)
where CPM2,,__and CPM_* . correspond to average final and initial CPM in water

samples based on duplicate samples, and SA refers to specific activity and all other
notations are as listed above. Note for the pre-exposure period, SA was determined by the
radioactivity in only the pre-exposure blood sample, while the SA in the pre-recovery
period was determined by the pre-recovery period blood sample. For all other

measurement periods throughout recovery, SA was determined as:

volume | volume
T2 ! T,
cp Mp!asma cp Mp!asma

SA = - 4)
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Plasma [HCOs'] and [CI'] values throughout exposure and recovery were
converted to changes in whole-animal solutes (either HCOs™ and CI') assuming

equilibration of each across the whole animal using the following equation
A Whole-animal ion = ([ion Jr, — lion]r, )-m (5)

where [ion], and [ion], refer to measured final and initial [HCOs'] and [CT].

dHCO; =
Rate of [HCOs] loss (Tm) was calculated as:

1

= = [([HCO3]y, — [HCOz]r,) -m] - — - — (6)

dHCO; =
dt - At

Statistics

All data are presented are given as mean + s.e.m. Differences from pre-exposure
(control) values were tested using repeated-measured one-way ANOVA followed by
Holm-Sidak post-hoc test. For acetazolamide experiments, differences were measured
using repeated-measured two-way ANOVA followed by Holm-Sidak post-hoc test for
comparison to control values or Fisher’s LSD test for comparison between groups. For

- 1
dHCO;-— . ) ) ) : )
- ™ with and without acetazolamide, differences across time periods were measured

using repeated-measured two-way ANOVA followed by Tukey’s multiple comparisons
test. Statistical significance was inferred when p < 0.05. All statistical analyses were

completed using GraphPad Prism 6.0 (GraphPad Software, San Diego, USA).
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Results

Recovery of blood and plasma acid/base homeostasis following hypercapnia-induced

hypercarbia

Following 48 h of hypercapnia (4% CO,) exposure, hagfish blood pH (7.84 + 0.04
pH units) was not significantly different from pre-exposure levels (7.95 + 0.04 pH units;
Figure 3.2A) indicating near complete blood pH compensation. In the post-hypercapnic
recovery period, blood pH was significantly elevated throughout the first 10 h, peaking at
4 h recovery (8.66 + 0.03 pH units) and returning to levels not significantly different to

pre-exposure levels by 12 h recovery (blood pH < 8.133 + 0.06 pH units from 12 — 24 h).

Compensation from hypercapnia exposure was accomplished by a substantial
increase in plasma TCO, reaching 66.96 + 5.08 mmol TCO, L compared to pre-
exposure control levels (4.91 + 0.32 mmol L™'; Figure 3.2B). Post-hypercapnic alkalosis
was accompanied with steady reductions in TCO, over the first 10 h of recovery,
reaching concentrations not significantly different compared to pre-hypercarbic levels
within 8 h (13.56 + 3.19 mmol CO, L™) and remaining unchanged for the remainder of

the 24 h recovery period (range = 5.01 — 8.35 mmol CO, L™).
Calculation of plasma [HCOs'] and P, in pre-exposed hagfish yielded a plasma

[HCO;] of 4.84 + 0.31 mmol HCO; L™ and P¢p,0f 1.24 +0.02 Torr (Figure 3.1C).

Following 48 h exposure to 4% CO,, these same animals displayed significant elevations

in both [HCO57] (65.83 = 2.11 mmol HCO; L) and P¢o,(22.00 +2.08 Torr) as a result
of hypercapnia exposure. In the post-hypercapnic recovery period, plasma P, was

rapidly restored to control tensions (< 2 h) after initiation of post-hypercapnia recovery
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(2.61 £0.41 Torr) and remained stable throughout the duration of the recovery period
while plasma [HCOs;'| declined to control concentrations over the next 8 h of recovery

and stabilized thereafter (Figure 3.2C).

Effect of hypercapnia-induced hypercarbia on plasma solutes

Plasma [CI] was significantly diminished in hagfish (392.2 + 2.3 mmol L™)
following 48 h hypercapnia exposure compared to pre-exposure levels (448.5 £+ 3.1 mmol
L'; Figure 3.3B). Over the course of the post-hypercapnia recovery, plasma [C1] steadily
recovered to levels not significantly different to pre-exposure levels within 8 h of
recovery (438.5 +4.2 mmol L™). Comparing change in plasma HCO;  content to change
in plasma CI content (Figure 3.3B) demonstrates a clear trend that as plasma HCOs’
returns to control levels, so too does plasma CI” in approximately equimolar amounts. No

statistical differences between the two metrics were observed at any time-point.

Hagfish H /HCO3 and ammonia excretion during recovery from hypercapnia-induced

hypercarbia

During pre-exposure conditions, basal H™ excretion rate was 50.8 + 175.8 pequiv
H'kg! h'' (Figure 3.4A), while at 48 h of 4% CO, hypercapnia (46 — 48 h exposure), H*
excretion was slightly, but not significantly increased to 369.4 + 177.8 pequiv H kg b,
perhaps indicating that compensation was not quite complete. Within the first two hours
of recovery from hypercapnia exposure, hagfish net H /HCO; equivalent excretion was
minor and not different from pre-exposure levels (7.7 + 160.2 pequiv HCO5 kg™ h').
However, in the 2 — 4 h time period, the rate of net H+/HCO;™ excretion increased ~200

fold compare to control rates (2327 + 880, 2092 + 426 and 2320 + 401 pequiv HCO; kg™
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h'atzr=2-4,4—6and 6 — 8 h) before declining steadily to levels not significantly

different to pre-hypercapnia exposure levels by 10 h.

Pre-exposed hagfish excreted ammonia at a rate of 30.6 + 9.9 pmol kg h!
(Figure 3.4B). Ammonia excretion did not significantly differ from pre-exposure levels
throughout the duration of the experiment; however, rates were ~2-fold higher in the final
2 h of exposure (55.7 + 12.5 pmol kg™ h™) and ~2.5-fold higher in the first 2 h of

recovery (75.6 £ 9.92 pmol kg’ h').

Glomerular filtration patterns during recovery from hypercapnia-induced hypercarbia

In pre-exposed animals, GFR averaged 1.08 + 0.36 mL kg™ h™ (Figure 3.5).
Despite the variability in the measure throughout the duration of the experiment, GFR
was significantly elevated (4.19 + 0.56 mL kg™ h") in the 2 - 4 h recovery period and
appeared equally elevated, albeit non-significantly (p > 0.15) atthe 0-2and4-6h

recovery periods (3.88 + 0.76 and 4.21+ 1.14 mL kg™ h'', respectively).

Effect of carbonic anhydrase inhibition on hypercarbia recovery

Acetazolamide (40 mg kg ™) was injected into the caudal sinus of hypercapnia
exposed hagfish immediately following the 0 h recovery blood sample and immediately
prior to allowing hagfish to recover in normocapnic seawater. While hagfish that were to
be acetazolamide-injected did have a slight blood acidosis (7.66 + 0.05 pH units; Figure
3.6A) following hypercapnia exposure ( = 0 h) compared to pre-exposure levels (7.99 +
0.01 pH units), no significant differences were observed between the control and
acetazolamide-injected animals either prior to (7.95 + 0.04 vs. 7.99 + 0.01 pH units) or

following 48 h exposure (7.84 £ 0.04 vs. 7.66 + 0.04 pH units). Compared to control
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animals, blood pH in acetazolamide-injected animals remained significantly more
acidotic at the 2 h (8.48 + 0.05 vs. 8.03 = 0.08 pH units), 4 h (8.66 = 0.03 vs. 8.17 £ 0.08
pH units) and 6 h (8.59 = 0.06 vs. 8.28 = 0.06 pH units) recovery time-points. However,
only at the 4 and 6 h recovery times was blood pH significantly alkalotic compared to
pre-exposure control values. For the remainder of recovery (8, 10 h), blood pH remained
elevated in both control and acetazolamide-injected animals compared to pre-exposure

values; however, did not differ between control and injected animals.

Prior to hypercapnia exposure, blood P, averaged 1.24 +0.22 and 0.63 + 0.04
Torr while plasma [HCOs] averaged 4.84 + 0.31 and 2.84 + 0.17 mmol HCO5™ L™ in pre-
exposed control hagfish and hagfish to be injected with acetazolamide, respectively
(Figure 3.6B.C). Blood P,,and plasma [HCOs'] were significantly elevated in both
control hagfish (22.00 + 2.08 Torr and 65.83 + 2.11 mmol HCOs™ L) and hagfish to be
injected with acetazolamide (30.11 + 2.19 Torr and 57.58 + 5.10 mmol HCO; L™)
following hypercapnia exposure compared to pre-exposure values (Figure 3.6B,C).
Injection of acetazolamide impaired recovery of plasma P, during the first 4 h of
recovery wherein plasma P, remained significantly elevated (9.60 +1.06 and 5.71 +
1.14 Torr and at 7= 2 and 4 h respectively) in acetazolamide-injected hagfish compared
to both pairwise controls (2.61 = 0.41 and 1.05 + 0.18 Torr and at 2 and 4 h recovery
respectively) and pre-exposure control values. At 6, 8 and 10 h recovery, plasma [HCOj57]
was significantly elevated in acetazolamide-injected animals (32.60 + 3.29, 22.76 +2.70
and 17.48 + 2.11 mmol HCO;™ L) compared to pair-wise control animals (23.54 + 2.91,

13.54 +3.18 and 8.31 + 1.62 mmol HCOs L") and at 10 h recovery, plasma [HCO5]
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only remained elevated in acetazolamide-injected hagfish compared to pre-exposure

levels.

Following exposure to hypercapnia, hagfish plasma [HCO;'] decreased at a rate of
4470 pmol + 675 pmol kg™ h over the first 2 h of recovery (Figure 3.7). Interestingly,
hagfish demonstrated a delay in increasing capacity for HCOs loss, significantly
increasing rate of HCO;™ loss during the 4 — 6 h recovery period to 9761 = 1528 pmol kg
'h!, suggesting time is required to upregulate HCO5™ excretion mechanisms following
hypercapnia. In the remainder of the recovery period, rates of HCOs" loss decreased
(5057 + 451 and 2574 + 934 pmol kg™’ h' at the 6 — 8 and 8 — 10 h recovery periods

respectively) as plasma [HCOs'] returned to control values (Figure 3.2C).

By comparison, rate of HCOs™ loss in acetazolamide-injected animals remained
unchanging throughout the entirety of the recovery period ranging between 2372 — 5130

umol kg™ b (Figure 3.7).
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Discussion

This study is the first to characterize the mechanistic aspects of hypercapnia
recovery strategies in any fish species. Previously, Baker et al. (2015) reported that when
exposed to hypercapnia (30 torr or 4% CO,), hagfish rapidly accumulate HCO5 to offset
the acidosis, attaining the highest measured plasma [HCOs'] in any vertebrate to date
(~55 mmol L™ and ~80 mmol L™ by 24 and 48 h, respectively). This rise in plasma
[HCOs'] was also associated with equimolar decreases in plasma [C1], which is
supported by results from the current study. This equimolar exchange may suggest that
CI'/HCOs™ exchange 1s the dominant mechanism used to directly elevate plasma HCO;™ to
compensate for the hypercapnia-induced acidosis. However, an alternative mechanism to
increase plasma HCO;' is to utilize the high P¢o, gradients to convert CO, to HCO5®
(either CA- dependent or CA-independent) with the resultant H™ and CI” being excreted
into the environment. Indeed, at the conclusion of hypercapnia (current study), and when
hagfish are branchially exposed to hypercapnia (Chapter 4, unpublished results), net H"

equivalent excretion 1s observed from the whole animal.

Few other examples exist of this degree of compensation, the closest likely being
the channel catfish (Zetalurus punctatus; ~50 mmol HCOs™ L™ after exposure to
progressive hypercapnia; 60 torr) and the blue crab (Callinectes sapidu;, ~40 mmol HCO;5
L following progressive hypercapnia; 50 torr) (Cameron and Iwama, 1987). However,
for each of these organisms, no differences in plasma [CI] were detected, likely due to
their inability to measure differences against high plasma [C1] levels (Cameron and
Iwama, 1987). When exposed to ~24 Torr CO; (~3.16% CO,) for 96 h, white sturgeon

(Acipenser transmontanus) experienced elevations in plasma [HCOs] to 21.2 mmol
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HCO;5 L™ (Crocker and Cech, 1998). However, in the three species listed above, HCO5"
accumulation did not effectively compensate the blood acidosis experienced by the

organisms (Cameron and Iwama, 1987; Crocker and Cech, 1998).

My results suggest that as impressive as it is for the hagfish to mount the
incredible hypercarbia load within 48 h, still more impressive is the fact that the hagfish

can recover to basal levels within 8 h and the associated alkalosis is also corrected for

within ~10 h. Substantial rates in whole-animal HCOs™ loss (%) were noted

throughout recovery, peaking at ~10,000 pmol kg™ h™ within the 4 — 6 h recovery time-
frame (Figure 3.7). By comparison, white sturgeon experienced plasma HCOs loss at a
rate of ~570 pmol kg™ h™' from hypercapnia-induced hypercarbia over a period of 24 h,
based on utilizing equation 6 and their reported values (Crocker and Cech, 1998).

Crocker and Cech, measured only a single recovery time-point at 24 h and considerably
less time may have been taken to recover plasma [HCO5] to control values. Even if full

dHCO; =

recovery was realized rapidly within the unlikely window of 2 h of recovery, —=

would still only be ~6800 pmol kg! h'; again highlighting that hagfish are still

champions of acid/base regulation (Crocker and Cech, 1998).

Possible routes for reducing HCOs™ in the plasma include tissue/red blood cell
accumulation, direct excretion, diffusion into the surrounding seawater, metabolic
consumption, glomerular filtration and production of alkaline urine, and CA-mediated
conversion of HCOs5™ to CO; at the gill membrane. Given the lack of HCOs™ permeability
in hagfish red blood cells (Peters et al., 2000), and the lack of changes in epaxial muscle

intracellular pH during recovery from base injection (6000 pequiv kg™ as NaHCOs;
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Clifford et al., 2014), muscle tissue or red blood cell accumulation can likely be ruled
out. Diffusion mto seawater can also likely be ruled out given that repeated NaHCO;
injections (6000 pequiv kg™ as NaHCOs) had diminished blood pH and plasma TCO,
effects, suggesting that HCO3™ excretion was actively regulated (Tresguerres et al.,
2007a). Metabolic consumption of HCOs™ can be accomplished by the OUC (ornithine
urea cycle) -mediated conversion of NH;. However, given that only minor increases in
Jamm Were observed in the current study, and considering hagfish lack a complete
complement of OUC enzymes (Braun and Perry, 2010; Read, 1975), metabolic

consumption can also be ruled out.

I also investigated the potential for renal HCO;™ loss as a mechanism using GFR
as a surrogate, assuming no concentrative ability of the hagfish kidney as has been
previously demonstrated for Atlantic hagfish (Alt et al., 1981). I did measure statistically
significant increases in GFR within the 2 — 4 h recovery period, alongside arguably
biologically significant increases at the 0 — 2 and 4 — 6 h recovery periods. However, the
fact that all fish lack the ability to resorb fluid and cannot concentrate HCO;™ in their
urine (Alt et al., 1981), means that these increases can only account for less than 5% of
the realized restorations in plasma HCO;™ (Table 3.1). This, combined with the low
urinary flow rates previously described in Atlantic hagfish (Morris, 1965) suggests that

the contribution of the kidneys to overall HCO;™ excretion is nominal.

I hypothesized that following hypercapnia exposure, TCO, recovery would be
characterized by rapid passive CO; loss from the hagfish due to the considerable internal

vs. external P¢p, gradients. Secondarily, I hypothesized that the largest component of the

remaining TCO; load would be secondarily excreted via CI/HCOs™ mediated exchange,
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since the rapid diminishment of the P, gradients reduces loss by passive CO, diffusion.

In the present study, during recovery TCO, declined rapidly recovering within 6 — 8 h

while sustaining an impressive ~0.7 pH unit alkalosis. Blood P, re-equilibrated rapidly
within 2 h while plasma HCOs™ declined more-or-less steadily throughout the first 8 h of
recovery. HCO;™ flux remained negligible within the first two hours but was significantly

elevated between 2 and 8 h of recovery.

At first glance, these data support my hypothesis for the possible route of TCO,

recovery. Plasma P, rapidly equilibrates over the first 2 h; however, the remaining

TCO; load (pre-dominantly speciated as HCO5) is excreted via an epithelial HCOs5
excretion mechanism that must be up-regulated or activated. However, the continual
alkalization of blood pH (Figure 3.2A) 1s not explained by this mechanism and suggests
that TCO, recovery continues to be mediated via a gaseous CO, loss from the animal.

More importantly, following the 2 h recovery period there was a significant and sustained
increase in ]ﬁff 3 to ~2330 nequiv HCO; kg h', lasting until 8 h recovery (Figure

3.4A). This metric is a measure of direct HCO5" flux, likely mediated via a CBE.

However, total % based on plasma HCO;™ exceeded ﬁff J by ~3 — 4-fold over the

same recovery periods peaking at >10,000 pmol kg™ h™' (see Figure 3.7), strongly

suggesting another mechanism for TCO, recovery was at play.

Based on the alkalization of the blood during recovery and these incongruences

dHCO.

3,
dt

between jﬁf:) * and , I hypothesized that the secondary mechanism for TCO, loss

may be CA-mediated conversion of HCO;™ to CO, (as CA-independent conversion occurs

at low rates — see Figure 3.1). Therefore the next series of experiments were designed to
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investigate this possibility by using the CA inhibitor acetazolamide to partition relative

contributions of CA and CBE related mechanisms to HCOj5™ loss.

If this hypothesis were correct, as blood circulates and enters the gills, gaseous
CO, diffuses across the gill epithelia, maintaining a driving gradient to convert residual
plasma HCOj;™ to gaseous CO, which also diffuses across the gill epithelia. This rapid
conversion between HCOs™ and CO; at the gills is mediated by CA activity.
Acetazolamide inhibits CA activity, impairing the normally rapid turnover. Following
injection of acetazolamide, blood P¢¢,did not recover to pre-exposure levels until 6 h
recovery. While gaseous CO, is still able to permeate across the gill epithelia, the
conversion of HCOs5™ to CO, happens at a much lower rate and diffusion of CO, is
perfusion-limited. This elevation in blood P, suppressed the normal post-recovery
alkalosis (Figure 3.6A), and late in recovery (6 — 10 h) reduced the rate of CA-mediated

dHCOT- = . . . :
—= (Figure 3.7), explaining the delayed release of HCOs™ until later time periods.

This response clearly suggests that CA-mediated HCO;™ to CO, conversion followed by

passive CO,; flux 1s the dominant mechanism for reduction in plasma [HCOs] in a

hypercapnia compensated hagfish. Based on plasma dH:): m data, this CA-mediated

mechanism must be either up-regulated or activated, as peak rates were observed at the 4

— 6 h recovery period.

Despite the stated importance of the CA-mediated TCO, loss, direct CI/HCO;5
flux still contributes to net loss. When comparing plasma [HCOs'] and [CI'] data, this
suggests an equimolar exchange with the two solutes. This secondary recovery

mechanism could possibly be mediated by an anion exchanger (SLC4 family of
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transporters) or a CBE (SLC26 family of transporters). What is apparent is that the
mechanism is up-regulated/activated, taking at least ~2 h of recovery to occur as
hypothesized by Tresguerres et al. (2007). In their study, repeated HCO5™ injections
caused increases in V-H-ATPase (VHA) abundance in whole gill and gill membrane
fractions suggesting insertion into the (likely basolateral) membrane during hypercarbia
to allow resorption of H' into the blood was necessary to aid in HCO;™ excretion.
Unfortunately antibodies for these transporters and CA are not available at this time.
However, qPCR analysis could be done following identification of potential transporters
and CA 1soforms in available hagfish transcriptomes and this is the subject of future

investigations.

Whether these same mechanisms are responsible for recovery from infusion
induced hypercarbia during NaHCOj; infusion (e.g. Tresguerres et al., 2007) or other
experiment manipulations 1s unknown and warrants further investigation. Furthermore,
the cellular localization of the CA responsible could either be intracellular or exofacial on
the membrane of mitochondrion-rich cells. Acetazolamide 1s a permeable mhibitor, able
to inhibit both CA types. A potential future direction would be to use an impermeant
extracellular CA inhibitor (e.g. benzolamide; Perry et al., 1999) to identify the

localization of the CA responsible for mediating recovery.

For the hagfish to have the ability to rapidly adjust plasma HCOs" levels, there
should be an ecological relevance to such an adaptation. It is unlikely for hagfish to ever
experience Pgo, tension levels used in the current, or previous studies (Baker et al., 2015)
in nature. However, a possible scenario where hagfish experience mild hypercapnia

tensions is during feeding (Evans, 1984). As active scavengers, hagfish consume
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decaying flesh from carrion that falls to the ocean floor (Martini, 1998) whereby they
may enter into large mammalian carrion (e.g.whale and other large carcasses; Smith and
Baco, 2003) that while alive have CO, tensions of ~5% CO,. Moreover, hagfish
potentially reside inside these carcasses for considerable periods of time and this carrion
would also be consumed by micro-organisms, which in turn would be producing
considerable amounts of CO,, thus presenting hypercapnic conditions to the hagfish.
Given the recent advances describing cutaneous uptake of amino acids (Glover et al.,
2011) and phosphate (Schultz et al., 2014), and my previous study demonstrating that
base excretion 1s mediated by cutaneous means (Clifford et al., 2014), future research
efforts should focus on identifying if cutaneous base excretion also occurs during

hypercapnia-induced hypercarbia.

Conclusions

My results show that following extended hypercapnia (4% CO,) exposure, the
resultant compensatory plasma [HCO5| load, which takes 24 — 48 h to mount (Baker et
al., 2015), 1s rapidly offloaded within 6 — 8 hrs. While considerable increases in both
Juco; and GFR are observed throughout recovery (>2 h), neither of these increases can
account for the observed rates of whole-animal HCO;™ loss from the hagfish (Figure 3.4,7
and Table 3.1). Instead, restoration of plasma TCO, and [HCOs] from hypercapnia-
induced hypercarbia is likely facilitated in a multi-staged manner, initially relying on
passive CO, diffusion, and later relying primarily on CA-mediated conversion of HCOs5”
to CO, which is passively diffused across epithelia and, after 2 — 4 h of recovery, up-

regulation of CBE mediated HCOs™ loss.
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Tables

Table 3.1 Calculation of relative contribution of GFR to net HCO; flux.

The volume of plasma filtered was based on measured GFR from Figure 3.5. Rate of
HCOs filtration was calculated as the plasma volume filtered in 2 h multiplied by the
net HCOs™ loss observed during the same time period and then converted into a rate.

GFR-specific contribution to HCOs™ flux was calculated as the percent of net HCOs’

filtration (umol kg™* h™) compared to ]ﬁjf 3 (umol kg! h") at the same time period.

Time period (h)
0-2 2—4 4-6 6-8 §-10
GFR mL kg' b 3.88 420 421 2.89 2.68
Plasma filtered in 2 h mL kg'1 7.77 8.40 8.41 5.78 5.37
A[HCO;]in2h mmol L™ 11.5 10.8 20.0 10.0 5.2
Net HCO; filteredin2 h pmol kg'1 89.2 90.7 168.2 57.8 28.0
Rate of HCOj filtration pmol kg'1 n' 44.6 454 84.1 28.9 14.0
Rate of Jgcos nmol kg™ b 77 23273 2092.0 23196 11314
GFR-specific
contribution to HCO; % 100 1.95 4.02 1.25 1.24
Flux

99



Figures
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Figure 3.1 Prospective routes for TCO; (Total CO; content) loss in hagfish.
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TCO; is comprised of the partial pressure of CO, (Pgo,) and HCOs™ in a biological

system. Uncatalyzed hydration of CO, occurs rapidly (K; = 3.5 x 10? s™) while
dehydration is rate limiting; occurring more slowly by ~3 orders of magnitude (K,= 20
s Edsall, 1968). In the presence of catalytic carbonic anhydrase (CA), conversion
between CO, and HCOs™ occurs at a near instantaneous rate (Henry and Heming, 1998).
Gaseous CO, can be lost across epithelia passively or converted to HCOs', while HCOs5”
loss can either be mediated via glomerular filtration or transported across epithelia via

transporters. HCOs™ can also be converted to gaseous CO, via CA mediated conversion.

101



As.a- * *
* S
8.6 I
— T,
8.4+
i -
< 821
8
0 g0
7.8
7.6
Control 0 2 4 6 8 10 12 16 20 24
Recovery time (h)
B 80+
1 *
701 -
60+ *
] T
o *
0 ~ 501
P - L
e O -
eg X
w E b
]
T = 30 *
. N
201
101 - -
0'-'- T T T T T T T T T T
Control 0 2 4 6 8 10 12 16 20 24
Recovery time (h)
C

=
n

Plasma [HCO,"]
(mmol L)
(1501)

Zood ewseld

Figure 3.2 Blood and plasma acid/base parameters.
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Blood and plasma acid/base parameters of hagfish prior to (Control; closed bar) and
during 48 h recovery (open bars) from exposure to 4% CO, in normocapnic seawater.
Blood pH (A) and plasma TCO, (B) were measured prior to exposure and throughout the
48 h recovery in normocapnic seawater. (C) Calculated blood pH/plasma HCOs™ diagram
depicting the acid/base status of hagfish blood following 48 h exposure to 4% CO, and
during recovery in normocapnic seawater. The dotted line represents the non-bicarbonate
buffering capacity as determined by Wells et al. (1986). Data are presented as mean +
s.em. n = 6. Bars with an asterisk (*) are significantly different compared to control
values; p < 0.05, one-way repeated measures ANOVA with Holm-Sidak post-hoc
analysis. In (C), asterisk (*) depicts blood Pgp, while star (x) depicts differences m

plasma [HCOs], compared to control values. For blood pH differences see Figure 2A.
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Figure 3.3 Plasma ion concentrations during recovery.
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Plasma 1on concentrations of hagfish exposed to 4% CO, for 48 h and during 10 h
recovery. (A) Plamsa [Cl'] was measured prior to (Control; closed bar) and immediately
following exposure (0) and throughout the 24 h recovery in normocapnic seawater. (B)
Changes in total plasma HCOs loss in relation to changes in total plasma CI gain. Data
are presented as mean + s.e.m. » = 6. In (A) bars with an asterisk (*) are significantly
different to control values; p < 0.05, one-way repeated measures ANOVA with Holm-

Sidak post-hoc analysis. No differences were observed in (B).
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Figure 3.4 H/HCO; and ammonia flux during recovery.
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(A) Net outward H" (positive values) or HCO;™ (negative values) equivalent flux and (B)
Jamm from hagfish prior to 4% hypercapnia exposure (Control; closed bar), prior to
recovery (-2 — 0 h) and during recovery (open bars) in normocapnic seawater. Data are
presented as mean + s.e.m. » = 6. Data with an asterisk (*) are significantly different
compared to control values; p < 0.05, one-way repeated measures ANOVA with Holm-

Sidak correction.
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Figure 3.5 Glomerular filtration rate during recovery.
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Glomerular filtration rate in hagfish measured prior to exposure (48 h) to 4% CO,
(Control; closed bar), prior to recovery (-2 — 0 h) and during recovery (open bars) in
normocapnic seawater. Data are presented as mean + s.e.m. » = 6. Data with an asterisk
(*) are significantly different compared to control values; p < 0.05, one-way repeated

measures ANOVA with Holm-Sidak correction.
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Figure 3.6 Effect of acetazolamide on blood and plasma acid/base parameters.
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Blood and plasma acid/base parameters in hagfish exposed to 4% CO, for 48 h prior to
being injected with carbonic anhydrase inhibitor (40 mg kg ') acetazolamide (closed bars)
or receiving no injection (Control; previously reported in figure 3.2), and then allowed to
recover in normocapnic water. Measured blood pH (A) and plasma TCO, (not shown)
were measured prior to exposure and throughout the 48 h recovery in normocapnic
seawater and converted mnto blood P, (B) and plasma [HCO;] (C). Data are presented
as mean + s.e.m. n = 6. Bars with a star (x) are significantly different compared to pre-
exposure control values; p < 0.05, two-way repeated measures ANOVA with Holm-Sidak
post-hoc test. Significant differences between control and acetazolamide values are
signified with a horizontal bar and asterisk (_* ); p < 0.05, two-way repeated measures

ANOVA with Fisher’s LSD post-hoc test.
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dHCOF = ) _ .
Calculated —— % or rate of HCOs' loss in hagfish exposed to 4% CO, for 48 h prior to

injection with carbonic anhydrase inhibitor (40 mg kg') acetazolamide (grey squares) or
receiving no injection (control; black circles), then allowed to recover in normocapnic
water. Values sharing the same letter within a group are not significantly different;
p < 0.05, two-way repeated measures ANOVA with Tukey’s post-hoc test. Values
between groups with an asterisks (*) are significantly different; p < 0.05, two-way

repeated measures ANOVA with Fisher’s LSD post-hoc test.
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Chapter 4: Extrabranchial recovery strategies from

hypercapnia-induced hypercarbia in Pacific hagfish
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Introduction

The scavenging hagfish feeds by burrowing into decaying carrion and consuming
soft tissue (Strahan, 1963). This feeding lifestyle likely presents several physiological
challenges to the scavenger. During land-based mammalian decomposition, micro-
organisms feeding on carcasses yield considerable amounts of ammonia (Carter et al.,
2007), and CO, (Carter et al., 2007; Putman, 1978) presenting severe acid/base
challenges to the scavenger (Clifford et al., 2014; Clifford et al., 2015a; Clifford et al.,

2015b).

While numerous studies exist on hagfish acid/base regulation following acid/base
stress, all previous studies have used supra-physiological stresses [e.g. 4% Pc,, (partial
pressure of CO,) exposure (Baker et al., 2015; Chapter 2), injection of 3000 pequiv kg™
H,SO, (McDonald et al., 1991), injection of 6000 pmol kg™ HCI or NaHCO; (Clifford et
al., 2014; Parks et al., 2007b; Tresguerres et al., 2007a)], to characterize the physiological
responses to such challenges. Furthermore, past research efforts on hagfish acid/base and
ammonia physiology have primarily focused on gill (branchial) mechanisms of regulation
(Clifford et al., 2015a; Edwards et al., 2001; Edwards et al., 2015; McDonald et al., 1991;
Parks et al., 2007b; Tresguerres et al., 2007a) while extrabranchial mechanisms are
generally overlooked. Partial burrowing into carrion by the hagfish (Strahan, 1963)
leaves the branchial region of the animal directly exposed to the putrefied environment
while the tail-region remains distal to the carcass thereby providing an excretory route for
anteriorly-acquired acid/base constituents. Indeed, the capillary vasculature in the
subepidermal skin of the hagfish is extensive (Hans and Tabencka, 1938;

Lametschwandtner et al., 1989) and the simplistic body plan of the hagfish provides a
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high epidermal surface area to volume ratio. Thus the skin represents a considerable
epithelial tissue that may contribute to overall homeostasis. Furthermore, recent studies
have begun to highlight the involvement of hagfish skin in the acquisition of trace metals
(Glover et al., 2015), nutrients such as amino acids and phosphate (Glover et al., 2011;

Schultz et al., 2014) and in acid/base balance (Clifford et al., 2014).

Recently, Baker et al. (2015) demonstrated then when exposed to extreme levels
of hypercapnia (6.6% CO,), hagfish were able to tolerate long exposures by mounting a
compensatory HCOs loading response to offset the acidosis. However, the mechanism(s)

by which this response is mediated are unknown.

An elevation m environmental Pgp, will result in CO, entering down partial
pressure gradients, leading to an acidosis within the organism. HCO5;™ compensation
occurs then by one of two mechanisms (or perhaps both). One possibility is for hagfish to
directly exchange available plasma CI for environmental HCOs". Under this scenario,
exchange of Cl" and HCOs™ would be directed via a chloride bicarbonate exchanger
(CBE). A secondary route for mounting the noted elevation in plasma HCO;™ in response
to the induced acidosis is for the animal to rapidly hydrate the CO, into H™ and HCOs’,
with secondary excretion of H' into the environment across epithelia either by VHA
(Vacuolar H-ATPase) or NHE (Na"/H" Exchanger) -mediated mechanisms, thereby
correcting plasma pH. Thermodynamically, secondary excretion of H™ must be associated
with an equimolar loss of CI" through a CI" channel. In either scenario, gain of HCO5  is
either directly or indirectly exchanged for CI (Baker et al., 2015; Cameron and Iwama,

1987; Goss and Wood, 1990a,b; 1991).
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The primary goal of this study was to characterize if lower, environmentally

realistic Py, tensions induce similar extrabranchial pH recovery strategies in hagfish as

higher tensions do. Furthermore, I aimed to directly compare these results to my previous
study (Chapter 2) where hagfish were directly injected with NaHCOs (Clifford et al.,
2014) and the posterior skin was proposed to play a significant (perhaps dominant) role in
overall base excretion. A final goal was to describe how hagfish respond to localized

hypercapnia exposure with respect to how the HCO;™ compensation response is mounted.

In this study, Pacific hagfish (Eptatretus stoutii) were exposed to mild
hypercapnia (0.6% CO,) for 72 h to simulate a low-level hypercapnic environment
similar to that which the organism may experience naturally. Using custom designed
separating chambers, I then allowed hagfish to recover in normocapnic water for 4 h
thereby allowing me to determine anterior (branchial + cutaneous) and posterior
(cutaneous only) contributions to net acid/base equivalent flux. Based on results from
Clifford et al. (2014), I hypothesized that hagfish will excrete resultant hypercarbia loads
via posteriorly (i.e. extrabranchially) -mediated mechanisms. In a second series of
experiments, utilizing the separating chambers, hagfish were exposed to either anteriorly-
or posteriorly-localized hypercapnia to determine the effects of localized hypercapnia (as
might be experienced during partial burrowing) on the animal’s response. I predicted that
when exposed to either anteriorly- or posteriorly-localized hypercapnia, hagfish will
mount hypercarbia responses similarly in each condition and that net acid excretion (or

base absorption) would be observed over the course of the exposure period.

117



Materials and methods

Experimental animals and holding

Pacific hagfish (Eptatretus stoutii) were captured from Trevor channel,
Vancouver Island, BC, Canada via a bottom-dwelling trap baited with rotting
hake. Hagfish were transferred to Bamfield Marine Sciences Centre and housed in
aerated, darkened 20 m’ tanks receiving flow-through seawater. Hagfish were fed bi-
weekly with rotting fish during captivity and fasted at least for one week prior to
experimentation. All animals were used under the licenses of Department of Fisheries
and Oceans Canada collection permit XR 192 2014 and University of Alberta Animal

Care protocol number AUP0001126

Chemicals

Unless noted, all other chemical compounds, reagents and enzymes were supplied

by Sigma-Aldrich Chemical Company (St. Louis, MO).

Experimental protocol

Series 1: Partitioning of hypercarbic recovery following chronic 0.6% hypercapnia

Hagfish (N=28; 103.92 + 481 g; mean + s.e.m.) were anaesthetized in seawater
with 0.5 g L™ tricaine methanesulfonate (TMS; Syndel Laboratories Ltd., Vancouver,
British Columbia, Canada) neutralized with 0.15 g NaOH. This dose of TMS was
sufficient to keep the animal sedated for ~5 minutes and allowed for rapid recovery from

blood sampling and insertion into separating chambers (see below). Fish were then held
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vertically causing pooling of blood in the caudal subcutaneous sinus within 20 seconds. A
200 pl control (pre-exposure) blood sample was then drawn from the sinus with a 21G
needle and 1 mL disposable syringe that was rinsed with heparinized hagfish saline (50 U
mL™" heparin in 0.5 mol L™ NaCl). Blood samples were immediately analyzed (see
below) and hagfish were transferred into individual 5 L containers with tight-fitting lids
receiving seawater aerated with either air (Normoxia) or 0.6% CO, 1n air (Hypercapnia)
equilibrated water from a 40 L header tank. Normoxia and hypercapnia levels were
further maintained within individual containers via direct aeration with either air or
hypercapnic 0.6% CO, in air. Hypercapnic Pgo, levels were achieved via utilization of a
dual-supply precision gas blender (FM4333/FM4336 Matheson, Basking Ridge, New

Jersey) recetving 20% CO, in air (Praxair) and normoxic air.

Hagfish were exposed to either normoxic or hypercapnic conditions for 72 h after
which time animals were anaesthetized and blood sampled (as above) then quickly
blotted dry and weighed. To determine cutaneous acid/base flux without the potential for
additional acid or base equivalents coming from the cloacal compartment, the cloaca was
sealed by first blotting the cloacal region of the animal dry with Kim wipe and then
applying instant cyanoacrylate glue to seal the cloaca shut, allowing the glue to air dry for
~15 seconds. A nitrile rubber bandage (2.0cm X 1.0 cm) was then affixed to the cloacal
region using cyanoacrylate. This technique has been previously validated (Clifford et al;

2014).

Hagfish were placed into divided chambers that isolated the posterior body region
from the anterior region (see Clifford et al., 2014 for apparatus and protocol details).

Seawater was then added to the anterior compartment only, and partitioning-seal efficacy
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checked by monitoring for water appearance in the posterior compartment. Seawater was
then added to the posterior compartment and a lid secured. The chamber was placed in a
wet table receiving flowing seawater for temperature control (10 “C). Two 25 mL water
samples were collected for H determination following placement of hagfish into the
chamber and following the 4 h recovery period. After final sample collection, the patency
of the seal was visually inspected, the hagfish removed from the apparatus, and
anaesthetized and sampled (as above). Only those preparations that demonstrated no

leakage were used for calculations of flux.

Series 2: Physiological responses to localized hypercapnia

The effects of localized hypercapnia (0.6% CO,) exposure in anterior vs. posterior
body regions were determined by aerating each region individually to hypercapnia with
the opposite region receiving aeration with normocapnic air. For control animals both
anterior and posterior chambers were aerated with normocapnic air. To supply sufficient
aeration, the perimeter of the chambers was lined with perforated airline tubing. First,
hagfish were sampled for blood and placed in the divided chambers, sampled, then sealed
(as above). After 4 h of exposure to the listed treatments, final water samples were taken

and the animals removed and immediately blood sampled.

Blood sample analysis

Blood pH was measured immediately using a thermojacketed Orion ROSS Micro
pH electrode (Fisher Scientific, Ottawa, ON). Blood samples were then centrifuged

(12,000 g for 2 min) to obtain plasma which was then analyzed for total CO, (TCO,)
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using a Corning 965 carbon dioxide analyzer (Ciba Corning Diagnostic, Halstead, Essex,

UK).

Measured values of blood pH and TCO, were used to calculate [HCOs'] and

P¢o,at 10°C by the Henderson-Hasselbalch equation, using the general formulas derived

by Heisler and cited in Boutilier et al. (1984) using the solubility of CO, (Weiss, 1974)
and the dissociation constant of carbonic acid as a function of pH, temperature, and ionic

strength for seawater as a surrogate for hagfish plasma (Mehrbach, 1973).

Proton fluxes

Net H' fluxes (J g £%) from anterior and posterior regions of hagfish were measured
using techniques modified from (Heisler and Weitz, 1976) and described by Clifford et
al. (2014). Briefly, water samples (25 mL) were removed from both the anterior and
posterior chambers at /=0 and r=4 h recovery and placed in a water bath held at 10 "C
and the samples were bubbled with 20% CO, Water pH was measured using a
thermojacketed Orion ROSS Micro pH electrode until a stable reading was obtained (drift
< 0.002 pH units/10 sec for 1 min). pH readings were converted into pequivalents H" and
differences between =0 h and =4 h were calculated. As the presence of the hagfish may
change the buffering capacity of the experimental water, calculated H" differentials were
corrected by measuring the buffering capacity of the seawater. The buffering capacity of
seawater from both the anterior and posterior compartments was determined at /=4 /# over
the pH range observed during the course of the flux period. To determine buffering
capacity, changes in pH were measured following the addition of known amounts of

0.1066 N HCI or 0.1 N NaOH to a separate 25 mL water sample. Buffering capacity was
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calculated as the slope from the linear regression of pequivalent acid change per

uequivalent acid/base added.

All corrected H' differentials were compared to differentials calculated in control
chambers containing no fish and with buffering capacity determined at /=0 /. Thus, H"
flux produced by the animal could be calculated. H™ flux was calculated as (corrected

experimental H" differential — corrected control H' differential)/weight of organism/time.

Thus, net H' flux produced by the animal could be calculated according to the

following equation:
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where ] g ¢ is the net proton flux H} o and . HY oo, are the total proton concentration

> exp
in the experimental samples, conH} 1 a0d conH i are the total proton concentrations in
the control samples, ., and .,,p are the determined buffering capacities of the

experimental water and the control water, m is the mass of the hagfish and 1 is the total

flux time.

Statistical analysis

All data are presented are given as mean =+ s.e.m. Differences between groups
were tested using one-way analysis of variance followed by Holm-Sidak post-hoc tests

with pre-planned comparisons. Statistical significance was inferred when p < 0.05. All
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statistical analyses were completed using GraphPad Prism 6.0 (GraphPad Software, San

Diego, USA).
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Results

Blood and plasma responses during recovery from 72 h hypercapnia

Prior to exposure to hypercapnia (0.6% CO,), hagfish blood pH averaged 7.98 +
0.03 pH units (Figure 4.1A). Blood pH in paired unexposed hagfish prior to being fitted
into the separating chamber apparatus did not significantly differ from pre-exposure
values (7.97 = 0.05 pH units), while in animals exposed to 0.6% CO, for 72 h, there was
a marked blood alkalosis (8.31 +0.03 pH units). During the ensuing 4 h post-exposure
recovery period, blood pH in both control fish and hypercapnia-exposed fish was
significantly reduced (7.81+ 0.02 and 8.04 + 0.04 pH units respectively) compared to

their respective 0 h (paired) blood pH.

Plasma TCO, values in control animals did not significantly differ from pre-
exposure levels (8.56 + 0.79 mmol CO, L™) either prior to (5.38 + 0.87 mmol CO, L") or
after (7.13 = 1.18 mmol CO, L™) the 4 h recovery period (Figure 4.2B). In contrast,
animals pre-exposed to 0.6% CO, for 72 h demonstrated significantly increased plasma
TCO, levels (40.23 + 1.52 mmol CO, L"), which recovered by ~50% (23.1 + 2.1 mmol
CO, L) after only 4 h of post-exposure recovery, towards pre-exposure values (Figure

42B)

Calculation of plasma [HCOs'] and P, 1n pre-exposed animals revealed a plasma
[HCO;] of 8.46 + 0.79 mmol HCO; L and P¢o,010.24 +0.02 kPa (Figure 4.1C), which

did not significantly differ from control animals (5.32 + 0.87 mmol HCO; L™ and 0.15 +
0.02 kPa, respectively) prior to insertion into separating chambers. An elevation in

P¢o,was noted in control animals following the 4 h recovery period 0.34 + 0.07 kPa that
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differed only from initial but not pre-exposure P¢q, values. Following exposure to 0.6%
CO, for 72 h, hagfish displayed a substantial elevation in both plasma P¢,,(0.45 +0.03
kPa) and [HCO;] (40.06 + 1.53 mmol HCO; L™). Plasma [HCO5 ] recovered by nearly

50% towards control values (22.87 + 2.14 mmol HCO;™ L™) following 4 h of post-

exposure recovery (Figure 4.1C)

No significant differences in plasma [CI'] were detected between exposure and
recovery (Figure 4.2A), likely due to high variability in response. However, a linear
regression analysis of APlasma [CI] vs. APlasma [HCOj5'] displayed a clear linear trend
between the two metrics with a slope of -0.5568. The calculated slope for the line of best
fit did not significantly differ from a slope of -1.0 (Linear regression analysis; F 24 =

2.392, p = 0.1350; Figure 4.2B).

Partitioning of H' flux during recovery

Hagfish held under control (normocapnic exposure) conditions excreted minimal
net H" flux from both the anterior (Figure 3A; 72.8 + 96.1 pequiv H kg’ h') and
posterior (Figure 3B; 128.8 + 167.2 pequiv H kg™ h™) regions during the 4 h recovery
period. However, after 72 h of hypercapnia, post-hypercapnic exposed hypercarbic fish
excreted significant amounts of base equivalents from both anterior (-258.1 + 36.0
nequiv H kg h''; negative outward H' flux is equivalent to positive outward base flux)

and posterior (-177.4 + 42.2 pequiv H kg h™) segments.
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Acid/base effects of localized hypercapnia.

Prior to exposure, hagfish blood pH averaged 7.82 + 0.02 pH units (Figure 4.4a).
Separation of these animals into the three treatment groups showed that all groups likely
displayed a mild acidosis (control: 7.65 + 0.04 pH units) due to the dividing chamber.
Nevertheless, while anteriorly-exposed (7.69 + 0.03 pH units) had the same blood pH as
non-hypercapnic control hagfish, posteriorly-exposed (7.33 + 0.05 pH units) displayed a
significant acidosis. Interestingly, plasma TCO, and [HCOs'] in pre-exposed animals
(4.88 + 0.23 mmol CO, L™ and 4.80 + 0.23 mmol HCOs L™ respectively) differed only
from anteriorly-exposed animals (8.51 + 0.35 mmol CO, L™ and 8.31 + 1.97 mmol
HCO;5 L™ respectively; Figure 4.4B,C). Furthermore, hagfish that were anteriorly-
exposed to hypercapnia displayed an ~2-fold increase in plasma [HCO;] (8.31 £1.97
mmol HCO;™ L™) compared to post-exposure control animals (4.26 + 1.53 mmol HCO5’
L™?); the acidosis displayed by posteriorly-exposed animals appeared uncompensated
(4.71 + 0.57 mmol HCO5™ L™"). Hagfish exposed to hypercapnia both anteriorly and
posteriorly had significantly elevated plasma Pgp,levels (0.52 = 0.10 and 0.72 + 0.09 kPa
respectively) compared to control levels (0.30 + 0.03 kPa) that approximated the

expected 0.6% hypercapnia target (Figure 4.4C).

Partitioning of H' flux during localized hypercapnia

Non-exposed hagfish receiving aeration with normocapnic air in both anterior and
posterior compartments excreted small amounts of base equivalents (-64.3 + 8.3 pequiv
H' kg’ h! anteriorly and -81.5 + 29.6 pequiv H" kg™ h™* posteriorly; Figure 4.5). During

anteriorly-applied 0.6% hypercapnia, hagfish excreted substantial quantities of acid
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equivalents (565.5 + 252.9 pequiv H kg™ h") anteriorly while posterior excretion
remained unchanged (-69.2 + 39.8 pequiv H" kg h'"). During posteriorly-applied
hypercapnia, both anterior (16.4 + 73.2 pequiv H kg™ h™") and posterior (-202.7 + 59.1
nequiv H kg h'') excretion rates were not significantly different compared to control

rates.
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Discussion

Hagfish are extraordinary adept at overcoming acid/base challenges administered
in a variety of different methods including acid and base infusion (McDonald et al., 1991;
Parks et al., 2007b; Tresguerres et al., 2007a) and exposure to hypercapnia (Baker et al.,
2015). Tolerance to acid/base stress is likely associated with the feeding lifestyle of the
hagfish whereby they partially burrow into the flesh and soft tissues of decaying
organisms (Evans, 1984; Martini, 1998 Strahan, 1963). The data in this chapter supports
conclusions from Chapter 3 demonstrating that in addition to the hagfish being adept at
compensating acid/base status during hypercapnia exposure (Baker et al., 2015), they can
also readily offload large quantities of plasma TCO, /HCOs  rapidly following egress

from hypercapnic sources.

In the current study, following 72 h of mild hypercapnia (0.6% CO,), hagfish
experienced substantial hypercarbia loads up to ~40 mmol HCO5” L™ which were reduced

by roughly 20 mmol HCO; L™ or ~50% recovered to control values within 4 h recovery

in separating chambers (Figure 4.1). Comparing rates of HCOs" loss or % (see

Chapter 3 for calculation) based on plasma data in the current study, hagfish were able to
reduce plasma HCO5 at a rate of ~4300 umol kg™ h™* over the 0-4 hour recovery period,
in direct agreement with the rates reported in the similar recovery time period in Chapter

3.

During recovery, anterior + posterior measurements of H/HCO;™ equivalent flux
can be summed and total to ~435 pequiv HCOs kg™ h™'. By comparison, in the first 4

hours of recovery following 48 h exposure to 4% CO,, (Chapter 3), hagfish had a delay in
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direct base excretion in the first 0 — 2 h post-hypercapnia recovery period where
negligible H/HCO5™ equivalent flux was noted. However, in that study, in the 2 — 4 h
post-hypercapnic period, hagfish mounted a base excretory response of ~2200 pequiv

HCO;5 kg’ h! (Chapter 3).

I proposed that this increase in base excretion was mediated by both an up-
regulation/activation of CI/HCOs" transporters and a co-incident up-regulation of CA-
mediated TCO, loss as suggested by previous CA inhibitor studies (Chapter 3). While
increases in GFR were noted in the past study, I did rule out that the flux of HCOs™ was
not mediated by an alteration in kidney function since hagfish produce urine at low rates
(Morris, 1965) and their rudimentary kidney is not capable of fluid reabsorption, thereby
lacking the ability to concentrate HCOs ™ in their urine (Alt et al., 1981). Future
experimentation will be required to identify the molecular components responsible for the

noted increase in flux rate (Chapter 3).

Comparing APlasma [CI] vs. APlasma [HCOs] values demonstrated a clear linear
trend with respect to the two measured metrics. Similar 1:1 ratiometric patterns in CI’
/HCO5™ exchange have been noted in other studies involving acid base challenges (Baker
et al., 2015; Cameron, 1978; Goss and Wood, 1990a,b;1991). This suggests that a CI
/HCOs" transport mechanism is responsible for recovery of blood pH from either acidosis
or alkalosis during exposure when plasma HCOs" stores are built-up and during recovery
when plasma [HCOs'] is subsequently offloaded and supports conclusions made in
Chapter 3. Thus the transporter(s) involved during exposure and recovery is/are most
likely from the SLC26 family (CI/HCO;™ exchanger; CBE) or the SLC4 related family

members (AE family of transporters) which are CI" linked HCOs" transport proteins
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(Alper, 2006; Alper and Sharma, 2013). In the Goss lab hagfish Illumina transcriptomes,
I have identified several SLC26 and SLC4 homologues, and future research will focus on
obtaining full-length transcripts for these hagfish CBE and AE transporters followed by
full phylogenetic analysis to successfully identify true molecular 1dentity. qPCR analysis
will also be used to ascertain potential involvement of various SLC26 and SLC4 isoforms

during exposure to and recovery from hypercapnia.

Interestingly, in my previous study looking at branchial and extrabranchial
recovery from infused blood alkalosis (Chapter 2; Clifford et al., 2014), hagfish utilized
only posterior (skin) mechanisms to offload the resultant hypercarbia load in the 4 h
recovery period immediately following injection. When infused with acid, acid excretion
was observed in the anterior compartment. Based on this, I proposed that hagfish
mitochondrion rich cells (MRCs), of which hagfish are proposed to possess only one type
(Tresguerres et al., 2006a), are exclusively acid secreting with base excretion occurring
via extrabranchial means. In the current study where hypercarbia was achieved via
hypercapnia exposure, hagfish utilized both anterior (gills + skin) and posterior (skin
only) mechanisms for base excretion. Thus, the results of the current study thus require a
reconsideration of the capabilities of hagfish MRCs as it appears that branchial base
excreting mechanisms must be up-regulated or activated to allow function. The single
type of hagfish MRCs was originally identified by co-localization of NHE (Na"/H"
Exchanger), NKA (Na"-K'-ATPase) and VHA. Future co-localization studies should
include CBE and NBC localization following different types of hypercarbic stress in

order to determine the physiology of hagfish MRCs.
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Possible explanations for differences in up-regulation/activation of HCOj5
equivalent excretion include method of acid/base challenge administration (hypercapnia
vs. infusion), degree of hypercarbia or length of acid/base disturbance. Considering
metabolic alkalization via infusion yielded hypercarbia without the signal of high

environmental Pgo, as in the current chapter, perhaps a CO, signal is necessary in order

to stimulate the gills for base excretion. Results in Chapter 3 suggest that that CI/HCO5
transporting mechanisms (e.g. SLC26-like) must be up-regulated or activated, and that
this only occurs at least 2 h after egress from hypercapnia. In the present study, it appears
as though base excretion mechanisms in both the anterior and posterior segments of the
hagfish are ‘ready to go’ within 4 h of recovery. One hypothesis for these different
responses is perhaps the environmental CO, may be to act as a signal, up-regulating
acid/base related transporters. Tresguerres et al. (2007) did note an increase in some
transporter abundance (e.g. gill VHA) but only following repeated (4 times over 18 h)
infusion with 6000 pmol kg NaHCOs. Studies involving measuring CI/HCO;"
transporter expression and abundance are needed to resolve this discrepancy in response.
Localized hypercapnia experiments in the current study further support this theory
suggesting that CO, sensing may be responsible for mounting compensatory responses

during hypercapnia (see below).

The infusion protocol used previously (Chapter 2; Clifford et al., 2014) should
yield a TCO, load of ~22 mmol L™ based on Tresguerres et al. (2007) while in the
current study TCO, loads were nearly double that. Perhaps the lower hypercarbia induced
by infusion (Chapter 2; Clifford et al., 2014), was so readily handled by posterior

mechanisms that involvement of the gill region was not necessary while the higher TCO,
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loads in the current study necessitated involvement of branchial mechanisms to facilitate

Tecovery.

Finally, the noted differences between the results of this study and the previous
short-term study may also be due to the length/persistence of the acid/base challenge.
This study used a chronic hypercapnia to induce an acid/base disturbance while the
infusion protocol induced an acute hypercarbia followed by immediate recovery. To
determine which of the explanations are responsible for these differences, Western blot or
qPCR analysis will need to be conducted on gill tissue following acute and chronic

hypercapnia exposure/ alkaline infusion.

The goal of series 2 experiments was to evaluate how hagfish respond to localized
hypercapnia; a situation that may be observed during feeding bouts while burrowing into
carcasses (Heisler and Weitz, 1976; Strahan, 1963). Furthermore, I wished to elucidate
the mechanism by which hagfish mount metabolic compensation during hypercapnia
exposure. When either anteriorly- or posteriorly-exposed to 0.6% hypercapnia, hagfish do
experience a respiratory acidosis (Figure 4.4). Hagfish anteriorly-exposed to hypercapnia
responded as hypothesized, excreting considerable net amount of acid equivalents in the
anterior chamber while also mounting a compensatory HCOj;™ response in their plasma. It
1s important to remember that net acid equivalent excretion also can be accomplished by
base equivalent absorption and these cannot be separated experimentally. For example,
there is no difference to the animal if they absorb HCO;™ by a CBE-mediated mechanism

or directly excrete H' via an NHE or VHA.

One of the more interesting and novel findings in this study is that only animals

which were anteriorly-exposed appear to compensate for this acidosis by raising plasma
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[HCO;] levels and further excrete H™ equivalents anteriorly. Despite experiencing a
prominent respiratory acidosis (Figure 4.4C), posteriorly-exposed hagfish displayed no
metabolic HCOs;™ compensation or acid excretion patterns. These results may suggest an
anteriorly-mediated CO; sensor, rather than a proximal blood pH-mediated sensor, is
responsible for activating bicarbonate compensation. This intriguing finding requires
further careful experimentation to rule out mixing effects (e.g. accounting for low
circulatory rate in hagfishes; Forster et al. 2011) and this will form the subject of my
future research. The identity of a CO, sensor will be investigated by using known HCOs-
sensor (soluble adenylyl cyclase; sAC) inhibitors (i.e. KH7 or 4CE) to elucidate the

potential pH/CO, sensing mechanism(s) in hagfish.

The observation that hagfish that were posteriorly-exposed to hypercapnia also
experienced an acidosis 1s also interesting. In Chapter 8, I demonstrate that hagfish are
incapable of utilizing their skin as a means for oxygen uptake; however, here I show that
CO; can diffuse in to the animal across the skin. Given the physical constraint proposed
against cutaneous O, diffusion (i.e. epidermal layer 1s too thick to allow for O, diffusion
(Malte and Lomholt, 1998; See Chapeter 8), how can CO, diffuse across this same
tissue? CO, transport has been demonstrated to be facilitated by Rh glycoproteins
(SLCA42 transporter family). Using ammonia-CO, competition experiments with Rh-
knockdown zebrafish, Rh proteins have been demonstrated to facilitate transport of not
only ammonia (Hung et al., 2007; Nakada et al., 2007; Nawata et al., 2007; Tsui et al.,
2009), but also CO, (Perry et al., 2010) In Chapter 6, I demonstrate that hagfish
demonstrate Rhcg-like (the purported ammonia transporter) immunoreactivity in their

epidermal tissue. Another candidate for facilitated CO, diffusion is AQP1 (Endeward et
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al., 2006; Musa-Aziz et al., 2009). Further investigation will be needed in order to

inform about the mechanism of cutaneous CO, exchange.

Conclusions

In summary, in this chapter, I have provided evidence demonstrating that hagfish
utilize both gill and skin mechanisms to recover from hypercapnia-induced hypercarbia
loads. Furthermore it appears as though the proposed single MRC type in hagfish is
capable of both acid and base excretion, provided the appropriate stimulus 1s provided.
Finally, I provide preliminary evidence that hagfish utilize an anteriorly-mediated sensor

to respond to hypercapnia-induced acid/base disturbances.
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Figure 4.1 Blood and plasma acid/base parameters following exposure to and
recovery from 0.6% hypercapnia.
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Blood and plasma acid/base parameters of hagfish exposed to hypercapnia (0.6% CO;;
Post-HC Exposure; Grey bars) or normocapnia (Post-NC Exposure; Black bars) for 72 h
with recovery allowed for 4 h in separating chambers. Blood pH (A) and plasma [TCO,]
(B) were measured prior to exposure (Pre-exposure; Open bars) and before (0 h) and after
(4 h) recovery in normocapnic seawater. (C) Calculated blood pH/plasma HCO;™ diagram
depicting the blood acid/base status of hagfish exposed for 72 h to either hypercapnia
(0.6% CO,; HC Exposed; Dotted line) or normocapnia (NC Exposed; solid line). The
dotted line represents the non-bicarbonate buffering capacity as determined by Wells et
al. (1986). Data are presented as mean + s.e.m. (n). Differences between points sharing
the same letter are not statistically significant. In (C) plasma [HCOs'] data sharing the

same letter are not statistically different. For blood pH differences see Figure 4.1A.
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Figure 4.2 Plasma [CI] following exposure to and recovery from 0.6% hypercapnia.
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Plasma [CI] of hagfish exposed to hypercapnia (0.6% CO,; Post-HC Exposure; Grey
bars) or normocapnia (Post-NC Exposure; Black bars) for 72 h with recovery allowed for
4 h in separating chambers. (A) Plamsa [Cl'] were measured prior to exposure (pre-
exposure; Open bars) and immediately following exposure (0 h) and after (4 h) recovery
in normocapnic seawater. (B) Linear regression analysis of Aplasma [HCOs'] vs. Aplasma
[CT']. Imitial values were calculated as the difference between pre-exposure and 7 = 0
values, while final points were calculated as the difference between =0 and =4 h
recovery values. ). Data are presented as mean + s.e.m. (n). Bars sharing the same letter
are not statistically significant. Dotted lines represent 95% confidence intervals for the

line of best fit (solid). Dotted line shows a line of slope =-1.0.
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Figure 4.3 Net H/HCO5™ during recovery from 0.6% hypercapnia.
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Net outward H' (positive values) or HCO;™ (negative values) flux from the anterior (A)
and posterior (B) portions of hagfish fitted into separating chambers. Hagfish were
treated as described i Figure 4.1. Following removal from exposure, acid/base
equivalent efflux was determined in anterior and posterior compartments of separating
chamber. Data are presented as mean + s.e.m. (n). Bars sharing the same letter are not

statistically significant.
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Blood pH (A) and plasma TCO, (B) were measured prior to exposure (Pre-exposure;
Open bars) and after localized anterior (light grey bars) or posterior (Dark grey bars)
exposure to 0.6% P¢o, or symmetrical (non-localized) aeration with normocapnic air
(Control; black bars) in separating chambers. (C) Calculated blood pH / plasma HCOs5
diagram demonstrating the acid/base status of hagfish blood in control, anterior- and
posterior-exposed hagfish. The dotted line represents the non-bicarbonate buffering
capacity as determined by Wells et al. (1986). Data are presented as mean + s.e.m. (»).
Plasma [HCO;] data sharing the same letter are not significantly different. For

differences in pH see Figure 4.4A.
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Net outward anterior (A) and posterior (B) H' (positive values) or HCOs (negative
values) flux in hagfish during exposure to 0.6% hypercapnia localized to the anterior
(light grey bars) or posterior (dark grey bars) region or symmetrical aeration with
normocapnic air (Control; black bars) in separating chambers. Data are presented as

mean + s.e.m (). Bars sharing the same letter are not statistically different.
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SECTION II:

NITROGEN EXCRETION
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Chapter 5: High ammonia tolerance and active NH," excretion

by the Pacific hagfish (Eptatretus stoutii)

A version of this chapter has been published.
Clifford, A.M., Goss, G.G. and Wilkie, M.P. (2015). Comparative Biochemistry and

Physiology, Part A 182, 64—74. Reproduced with permission of the co-authors of the

manuscript.
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Introduction

It has been long known that internal accumulations of ammonia in vertebrates
leads to ammonia toxicity which is characterized by over-excitation of the nervous
system due to N-methyl-D-aspartate overactivation, the generation of reactive oxygen
species, apoptosis or necrosis of neurons and glial cells in the brain, ATP depletion, and
potentially fatal encephalopathy caused by ionic disturbances and increases in brain water
content (see Ip et al., 2001b; Felipo and Butterworth, 2002; Ip et al., 2001a; Walsh et al.,
2007 for reviews). In mammals, ammonia toxicity can arise from liver damage which
results in a failure to convert ammonia to less toxic urea via the ornithine urea cycle
(Felipo and Butterworth, 2002). However, for fish living in aquatic environments, there is
no need to convert ammonia to urea because the high water solubility and diffusability of
ammonia allows it to be readily excreted across the gills in most aquatic environments
(see Wright, 1995; Wilkie, 1997 for comprehensive reviews). For this reason, the major
nitrogenous waste product in most teleost fishes is ammonia while urea predominates in
marine elasmobranchs and coelacanths, which retain urea as an osmolyte in seawater
(Ballantyne, 2001; Griffith, 1991). However, some teleosts either live in or are transiently
exposed to environments that do not favour ammonia excretion such as the Lake Magadi
tilapia (Oreocrhomis alcalicus graham) which lives in highly alkaline (~pH 10) water
(Randall and Wright, 1989), and certain air breathing fishes including the lungfishes
(Janssens and Cohen, 1968; Smith, 1930; Wood et al., 2005b). Strategies for
detoxification include increases in glutamine production to detoxify ammonia as
employed by the swamp eel Monopterus albus (Ip et al., 2010), ammonia volatilization as

used by mangrove killifish (Krypfolebias marmoratus) during air exposure (Frick and
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Wright, 2002), and even active NH, transport , as proposed for the mudskipper
(Periophthalmodon schlosseri) and the climbing perch (4nabas testudineus) during
exposure to air or exposure to high environmental ammonia (Randall et al., 1999; Wilson
et al., 2000). The swamp eel and weatherloach (Misgurnus anguillacaudatus) are also
able to withstand millimolar increases in plasma ammonia (Chew et al., 2001; Tsui et al.,
2002:; Ip et al., 2004). While a wealth of knowledge on ammonia excretion by teleosts
and elasmobranchs has been generated in the last 20 years (see Wethrauch et al. 2009 for
review), relatively little 1s known about how nitrogenous wastes are excreted by the
agnathan fishes, as represented by the lampreys (Petromyzontidae) and the hagfishes
(Myxinidae), which are the earliest extant representatives of the vertebrate lineage
(Bardack, 1991). A better understanding of how these jawless fishes handle and excrete
nitrogenous wastes should provide valuable insight into the patterns of nitrogenous waste
production and excretion and how they evolved in the vertebrates (Weihrauch et al.,

2009).

As opportunistic scavengers, hagfishes are amongst the first marine organisms to
begin devouring “food drops”, defined as carrion that sink to the ocean floor from the
upper depths or water surface (Collins et al., 1999). Carrion may simply be fish,
including by-catch from commercial fishing (Collins et al., 1999), or extremely large
marine mammals (Smith and Baco, 2003). As the hagfish devour the carrion they may

burrow into the decomposing carcass via orifices in the body, or beneath the operculum

in the case of fishes (Collins et al., 1999).

In terrestrial environments, the early stages of decomposition mainly involves the

breakdown of cells and tissues by anaerobic bacteria, leading to the generation of
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“putrefactive gases” such as hydrogen sulfide and ammonia, which can lead to the
deposition of very high concentrations of nitrogen compounds in the surrounding
environment including (NH;"),SO4, which can exceed 525 pg g (~29 mmol L™; Carter
et al., 2007). There is little data on the biochemical process of putrefaction in aquatic
environments, but since many of the anaerobic bacteria involved in the putrefactive
process arise from the gut (Carter et al., 2007), it seems reasonable to assume that
decomposing fish or marine mammal carcasses would generate large amounts of
ammonia. Thus, high ammonia tolerance is likely a pre-requisite for the scavenging life-
style of hagfishes, which are also likely to encounter hypoxic and acidic conditions due to
the generation of lactic acid and propionic acid in the early stages of decomposition, and
perhaps high concentrations of CO, in later stages (Carter et al., 2007). Indeed, the ability
of the hagfish to withstand and recover from acidic, hypoxic and hypercapnic conditions
has been reported in recent years (Clifford et al., 2014; Cox et al., 2011; Tresguerres et
al., 2007a, Parks et al., 2007b). However, less is known about hagfish nitrogenous waste
metabolism and excretion. The main nitrogenous waste product for hagfishes is
ammonia, with little reliance on urea excretion under routine conditions (Walsh et al.,
2001). Hagfish can also withstand short-term exposure to high environmental ammonia
(HEA; Braun and Perry, 2010), but the underlying mechanisms of their ammonia
tolerance have not yet been identified. Immunohistochemical evidence suggests that the
Pacific hagfish (Eptatretus stoutii) relies on Rhesus glycoprotein mediated-ammonia
excretion under such conditions (Braun and Perry, 2010), but it is not known if the
hagfish can withstand longer periods of HEA, or how acid/base balance, and ammonia

balance are maintained under such extreme conditions.
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In the present study, Pacific hagfish were exposed to nominal total ammonia
concentrations (Tamm equals the sum of NH; + NH,") of 20 mmol L' for 48 hto
determine how HEA affected blood Tamm and other nitrogenous waste product
concentrations (urea, glutamine). In addition, measurements were made to quantify how
HEA influenced acid/base balance, to describe how ammonia and urea excretion (Jamm,
Jurea) patterns across the body surface were affected by HEA, and to determine how these
processes take place. I hypothesized that the Pacific hagfish would be able to tolerate
long-term HEA exposure by converting it to less toxic urea and/or glutamine, and that the
animals would be able to prevent ammonia from reaching toxic concentrations by
excreting ammonia against large inwardly directed NH;3 and/or NH," electrochemical

gradients, as previously suggested by Braun and Perry (2010).
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Materials and methods

Experimental animals and holding

Pacific hagfish (Eptatretus stoutii, N=24; average mass = 118 + 10 g, range 65 —
270 g) were captured using bottom-dwelling traps, baited with strips of Pacific hake
(Merluccius productus), from Trevor Channel, off the southwest coast of Vancouver
Island, BC, Canada. Traps were checked daily and captured hagfish were transported to
the Bamfield Marine Sciences Centre where they were housed in aerated, darkened 20 m’®
tanks continuously receiving seawater. The hagfish were used for experiments within 3
weeks, and were fed bi-weekly with strips of hake, but fasted for at least one week prior
to experimentation. All animals were collected with Department of Fisheries and Oceans
Canada authorization (scientific collection permit no. XR-214-2011), and experiments
were approved by the Bamfield Marine Science Centre Animal Care Committee
(protocol number BMSC RS-11-26) and followed Canadian Council of Animal Care

guidelines.

Experimental protocol

Exposure to high environmental ammonia

One day prior to experiments, Pacific hagfish (N=18) were transferred to 10 L
buckets receiving continuously flowing seawater. The next morning, they were exposed
to a nominal NH,Cl concentration of 20 mmol L in 5 L of aerated seawater, and held

under static conditions for 24 — 48 h. Representative water samples (15 mL) were
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collected daily to verify that the water total ammonia concentrations (T amm = [NH3] +

[NH,"]) matched target values.

Quantification of ammonia and urea excretion rates

Rates of ammonia excretion (Jamm) and urea excretion (Jug.) were measured in a
sub-set of animals (#»=6) under control (seawater only) conditions (mean [Tamm] =2.2 +
1.0 pmol L™ (SD); n = 6 measurements), during exposure to HEA (mean [Tapm] =21.6 +
2.0 mmol L™'; # = 72), and during a post-ammonia exposure recovery period in nominally
ammonia-free sea water (mean [Tamm] = 6.3 = 2.2_pmol L™; n=12). Under control
conditions, water flow to the buckets was cut-off and the water volume lowered to
exactly 1.0 L. The very low basal Jamm and Ju., rates of Pacific hagfish, determined in
preliminary experiments (see Discussion), necessitated the low water volume used to
measure control excretion rates. Water samples (15 mL) were then collected at the
beginning of the measurement period (0 h) and after 4 h, and then frozen at -20°C, until
analyzed for water Tamnm and urea concentration. During the 48 h HEA exposure, water
volume was adjusted to 3.0 L, and water samples (15 mL) were collected every 4 h, over
three 8 h flux intervals (0 —8 h, 8 — 16 h, 16 — 24 h) and one 12 h flux interval (36 — 48
h). Following each flux interval, 2/3 of the water in the 3.0 L bucket was replaced with
fresh, aerated seawater containing a nominal concentration of 20 mmol L NH,CL. All

water samples were frozen at -20°C until analyzed.

Following the 48 h HEA exposure, the animals were allowed to recover in
nominally ammonia-free seawater for 24 h. Due to the rapid accumulation of water Tamnm

that was anticipated, the flux measurement periods were of shorter duration than during
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HEA (1 — 4 h rather than 8 h), and the volume of water in the buckets was adjusted to 5.0
L mstead of 3.0 L to prevent increases in Tany, that could subsequently impair Jamm.
Accordingly, post-HEA Jamy, and Jue, were measured from0—1h,1—-2h,and2—4h,
at which point the water in the buckets was replaced with nominally ammonia-free
seawater and another flux initiated from 4 to 8 h. Water flow was then re-established to
the containers for 12 h, followed by a final Jaum and Jy,., measurement period from 20 —
24 h. Immediately following this final flux measurement period, the animals were

anaesthetized, and blood and gill samples collected, as described below.

Blood sample analysis and terminal sampling

Blood samples (~200 pL) were collected from the fish allowed to recover from
HEA (n = 6; see above) and from separate sub-sets of hagfish (» =10-12) under control
conditions (no ammonia), and after 4 h, 12 h, 24 h and/or 48 h of HEA exposure. At each
blood sample period, the hagfish were anaesthetized with 1 g L™ tricaine
methanesulfonate (TMS; Syndel Laboratories Ltd., Nanaimo, British Columbia, Canada),
buffered with 2 g L™ sodium bicarbonate. After approximately 5 minutes, the
anaesthetized fish was suspended by the head causing pooling of blood in the caudal
subcutaneous sinus from which the blood sample was collected using a heparinized 21G
needle and 1 mL disposable syringe. A similar blood sampling protocol was found to
have minimal effect on the blood acid/base status of Pacific hagfish (Parks et al., 2007;
Tresguerres et al., 2007). During sampling, animals were handled for less than 1 minute
to minimize any potential repeated handling stress and all animals typically recovered

from sampling and anesthesia within 5 — 10 minutes.
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Following sampling, a sub-sample of blood (25 — 50 puL) was transferred to glass
(borosilicate) hematocrit tubes, and centrifuged at 5000 x g followed by measurement of
hematocrit. The remaining blood was transferred into a 1.5 mL micro-centrifuge tube and
placed in a water bath at 10 "C. Blood pH was then measured immediately using a
thermojacketed Orion ROSS Micro pH electrode (Fisher Scientific, Ottawa, ON), which
was directly immersed in the sample. Following pH determination, the blood sample was
centrifuged in a microcentrifuge (12,000 x g for 2 min; Eppendorf, Model 5140C,
Hamburg, Germany), and an aliquot of plasma drawn-off and analyzed for total CO,
(Tcoz) using a Corning 965 carbon dioxide analyzer (Ciba Corning Diagnostic, Halstead,
Essex, UK). Another aliquot (25 pL) of the plasma was then acidified with 8% perchloric
acid (PCA; 2 parts plasma to 1 parts PCA) for later analysis of [lactate]. The remaining
(unacidified) plasma was then flash-frozen in liquid N, for later determination of plasma

ammonia, urea, and glutamine concentration.

Gill tissue was also collected and snap-frozen in liquid N, from control animals
not exposed to HEA (n =6), and from those exposed to HEA for 24 h (N=6) and 48 h

(N=6), and from the animals that had recovered for 24 h in ammonia-free water (n =6).

Analytical techniques

Unless noted, all chemical compounds, reagents and enzymes were supplied by
Sigma-Aldrich Chemical Company (St. Louis, MO). Concentrations of water ammonia
and urea, and plasma ammonia, glutamine and urea were determined
spectrophotometrically using well-established techniques and a 96 well micro-well plate

spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale, CA). Briefly, water
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ammonia concentration was determined colorimetrically using the salicylate-hypochlorite
assay at 650 nm (Verdouw et al., 1978). Control water samples were undiluted, but
samples collected during HEA were diluted 200-fold in deionized (ammonia-free) water
to ensure that water ammonia concentrations were within the linear dynamic range of the
assay (10-200 pmol L™Y). Plasma Ta . concentration was quantified enzymatically using
a commercial kit (Sigma-Aldrich Procedure A001; glutamate dehydrogenase) at 340 nm,
after diluting samples 2 — 4 fold in deionized water. Water and plasma urea
concentrations were quantified colorimetrically using diacetylmonoxime at 540 nm
(Crocker, 1967). Plasma glutamine was quantified using glutamine synthetase and ferric
chloride at 540 nm (Mecke, 1985). Plasma lactate concentrations was determined

enzymatically (lactate dehydrogenase), with samples read at 340 nm (Bergmeyer, 1983).

Electrophoresis and Western blot analysis

Frozen gill samples were pulverized and large chunks (~100 mg) were transferred
to a centrifuge tube containing 1:10 w/v of ice-cold homogenization buffer (250 mmol L
!'sucrose, 1 mmol L™ EDTA, 30 mmol L™ Tris, 100 mg/mL containing protease inhibitor
[cOmplete, Mini; Roche, Basal, Switzerland; 1 tablet:10 mL buffer). Samples were then
homogenized on ice using a hand-held motorized mortar and pestle (Gerresheimer
Kimble Kontes LLC, Dusseldorf, Germany) for 45 seconds. Homogenates were then
centrifuged at 3000 x g for ten minutes at 4 “C and the supernatant drawn off. A
subsample of the supernatant was assayed for protein determination via the BCA
technique (Pierce, Rockford, IL, USA). Processed gill samples were diluted with 3X

Laemmli buffer (Laemmli, 1970) and 15 pg of total protein was separated in a 10% SDS-
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PAGE mini-gel. Protein was transferred for 1 h at 110V in a wet transfer cell (Bio-Rad

Laboratories Inc., Hercules, CA, USA) to a nitrocellulose membrane.

Protein transfer was confirmed by soaking membranes in Ponsceau S staining
solution (0.1% (w/v) Ponceau S in 1% (v/v) acetic acid). Following transfer confirmation,
membranes were washed (2 min in distilled water followed by 3 X 1 min in 0.5 M Tris-
Buffered Saline [TBS; pH=8.0] containing 0.1% Triton X-100 [TBST]) and then blocked
(5% skim milk powder in TBST) on a shaking carousel overnight at 4 °C. Membranes
were then washed (3x15 min in TBS and then 3x15 min in TBST) before incubation in
blocking buffer containing 1° antibody (1:2500 rabbit anti-hagfish Rchg - Generously
donated by S. Edwards or 1:5000 rabbit anti-Beta-actin - Sigma Aldrich) for 1 h at room
temperature. Membranes were then washed again (3x15 min in TBS and then 3x15 min
in TBST) then incubated with 2° antibody (1:20,000 goat anti-rabbit HRP; Santa Cruz

Biotechnologies Inc., Dallas, TX, USA).

Labeled protein bands were detected via enhanced chemiluminescent (ECL;
Pierce; SuperSignal West Pico Chemiluminescent Substrate; Rockford, II, USA) and
bands were compared to protein size marker (Fermentas Life Sciences, Pittsburgh, PA,

USA).

Films were digitized on a computer scanner and densitometry was conducted

using Imagel (http://imagej.nih.gov/ij/). Films of blots were normalized using an

identical sample loaded on each gel and samples were normalized against the endogenous

loading control beta-actin.

156



Calculations and statistics

Measured values of blood pH and plasma total CO, were used to calculate the

plasma [HCOs7] and /i, at 10°C by re-arrangement of the Henderson-Hasselbalch
equation, with values for the solubility co-efficient of CO, (aCO,) and the apparent

dissociation constant of carbonic acid (pk’,,;,) calculated as functions of pH, salinity and

temperature as described in Boutilier et al. (1984).

The cumulative metabolic acid-load (AH",;,) added to the blood of hagfish was

calculated as described by McDonald et al. (1991):

AH*m = ([HCO3 ]; - [HCO3]¢) - B(pHi - pH) (1)

where AH', is expressed in mmol L'l, 1 and f refer to the concentrations of HCO; and
pH measured in the plasma and blood of the hagfish at the beginning and end of a
measurement period. The buffer capacity of hagfish blood [B = - 4.77 mmol L™ pH unit™
(Slykes)] was derived from average measurements of hematocrit (Hct) in control animals
using the relationship described by (Wells et al., 1986) for New Zealand hagfish

(Eptatretus cirrhatus) with the following formula:

B =-0.0675-Hct? + 0.94-Hct + 2.70 2)

The speciation of ammonia was also based on re-arrangement of the Henderson-

Hasselbalch equation (Wright and Wood, 1985) as outlined below:
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[NH4*] = Tamm/(1 + antilog (pH - pka)) 3)

[NH3] = Tamm - [NH4*] €]

where pH is the respective measured water pH or blood pH, and pK, is the appropriate
apparent dissociation constant for Tamm calculated from nomograms as a function of
salinity, the measured temperature and pH 1n plasma and water, respectively (Cameron
and Heisler, 1983).

The partial pressure of NH; (Pyy, ) of plasma and water was then determined from

the calculated NHj; concentration, using the solubility of co-efficient for NH; (aINH3) in

seawater at 10°C provided by Boutilier et al. (1984) using the following equation:

PNH3 = [NH3]/ aNH3 (5)

where Pyy, is expressed is expressed in mPa (For conversion to pTorr, multiply by 7.501
uTorr/mPa). The plasma and water Py, were then used to calculate the plasma-water

NH; diffusion gradient (APyy, ):

APyy, = Plasma Pyy, - Water Pyy, (6)

where a positive APyy, indicates an outwardly directed NH; partial pressure diffusion

gradient.
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The Nernst equilibrium potential for NH," (E,,+) between the plasma and the
NH]}

water was then calculated using the appropriate gas constant (R), Faraday’s constant, and
valence of NH," at the appropriate temperature (10°C = 283°K) using the following

formula:

Enyp = 56.110g ([NH+Jsw /[NHs*]p) (7)

where [NH; " ]sw and [NH,4 Jp are the respective concentrations of NH," in seawater and

plasma.

The ammonia excretion (Jamm) and urea excretion (Ju.,) rates were expressed in
umol kg’ h! based on differences in the respective concentrations of Tamm and urea
measured over 1 — 12 h (as appropriate) intervals when water flow was cut-off to the
containers holding each individual hagfish, after correcting for the water volume of the
container, time and the mass of the animal (e.g. Wilkie and Wood, 1991; Wright and

Wood, 1985).

All data were expressed as the mean + 1 standard error of the mean (s.e.m.)
unless otherwise noted, and analyzed using one-way ANOVA. Where data were not
normally distributed and/or had unequal standard deviations, a Kruskal-Wallis non-
parametric ANOVA was used. Where significant variation was observed, a Holm-Sidak
pair-wise post-hoc test was used to identify significant differences amongst the different
treatment groups. The limit of statistical significance was at the p < 0.05 level. All
statistical analyses were performed using GraphPad Prism version 6.0 for MacOSX,

GraphPad Software, San Diego California USA, www.graphpad.com.
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Results

Ammonia tolerance of Pacific hagfish

The measured concentration of Tamm to which Pacific hagfish were exposed
averaged 21.7 + 0.25 mmol L, which was approximately 8.5% greater than the target
concentration of 20 mmol L'. Nevertheless, the hagfish readily survived exposure to
HEA, with no mortality observed. Exposure to HEA did however, lead to a reversal of
Jamm and a net-uptake of ammonia in the first 12 — 16 h of exposure, along with related

acid/base disturbances.

Effects of high external ammonia exposure on Jymm and Jyreq

Under control conditions, routine rates of Janm, averaged -50 pmol kg’ h!
(negative values denote net excretion of ammonia) but during the first 8 h of exposure to
HEA, Jamm Was directed inward at a rate of 8,170 umol kg™ h™'. The rate of ammonia
uptake by the hagfish dropped by approximately 50% over the next 8 h, averaging
approximately 3,880 pmol kg h™' (Figure 5.1A). By 16 — 24 h, however, the fish had
reversed the process with a net ammonia excretion of approximately -6,260 pmol kg™ h™*
noted. The last 12 — 13 h of HEA exposure were characterized by 90% lower Jamnmn,, that
remained outwardly directed averaging approximately -600 pmol kg™ h™ (Figure 5.1A).
The post-exposure period was characterized by a marked stimulation of Jau, compared
to the pre-exposure control measurements, fluctuating around -2,000 to -3,000 pmol kg™
h! during the first 6 h of recovery (Figure 5.1A). By 24 h of recovery, however, Jam, Was

not significantly different from control rates (Figure 5.1A).
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Despite the inhibition of Jany, over the first 16 h of HEA exposure, Jy.. did not
significantly change from control rates of -1.4 pmol N kg™ h™ over the 48 h exposure
period (Figure 5.1B). However, Jy,., increase by 2 — 3 fold during the first 4 h of the post-
ammonia exposure recovery period. Thereafter, Ju., was not significantly different from

the pre-exposure control measurements (Figure 5.1B).

Accumulation of nitrogenous wastes in the plasma

The plasma Taum in hagfish prior to HEA-exposure averaged 39.2 pmol L™, but
increased more than 50-fold to 2,163 pmol L™ after 4 h of exposure to HEA (Figure
5.2A). Plasma Tamm peaked near 5,450 pmol L™ after 24 h, before stabilizing at
approximately 5,000 pmol L™ after 48 h of HEA exposure (Figure 5.2A). Upon
reintroduction into control seawater, plasma ammonia concentrations dropped
precipitously as the fish unloaded the accumulated ammonia, stabilizing near 80 pmol L™
after 24 h, which was not significantly different from pre-exposure control values (Figure
5.2A). Neither plasma urea or glutamine concentrations significantly increased during the
48 h HEA exposure period. Nor were there any changes in the plasma urea or glutamine

concentrations during the post-exposure recovery period (Figure 5.2B, C).

Changes in the APyy, gradient and the Nernst Potential for NH," across the hagfish

body surface during HEA

Under control conditions, APy, was approximately 1.33 mPa (~10 ptorr;

positive), and outwardly directed from the plasma to salt water. Following exposure to
HEA, however, the gradient was reversed (negative) and more than two orders of

magnitude higher, at approximately 600 mPa (~4,500 pTorr) after 4 h (Figure 5.3A).
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There was no significant change in the APy gradient for the remainder of the exposure

period, despite the measured increases in plasma Tan, that were observed over the first
24 h of HEA exposure. Immediately following the return of the animals to ammonia-free
water, a large outward APy, gradient was re-established, at approximately 173 mPa
(~1,300 pTor; Figure 5.3A). However, the continual unloading of ammonia by the

hagfish over the ensuing 24 h of recovery resulted in a substantial decrease in the APy,

gradient to values near controls, but still outwardly directed (Figure 5.3A).

Under control conditions E, + was approximately —18 mV, but it was reversed,
as indicated by a switch in the polarization and magnitude, to approximately +60 mV
after the fish were exposed to HEA (Figure 5.3B). The E, ;r gradually declined over the
first day of HEA exposure before stabilizing at approximately +38 mV after 24 h, at
which time E + was still inwardly directed (Figure 5.3B). The return of the hagfish to
ammonia-free seawater was characterized by an immediate switch in the size and

polarization of E +to approximately -160 mV. By 24 h of recovery, E ui had returned

to values that were comparable to control (pre-ammonia exposure) measurements (Figure

53B).

Effect of HEA on acid/base balance

Blood pH in control animals prior to HEA exposure was approximately pH 7.91,
but following 4 h of HEA exposure, rose significantly to a value of pH 8.11 (Figure
5.4A). By 12 h of HEA exposure, however, blood pH was no longer significantly
different from control values, and continued to be regulated downwards until 48 h at

which time blood pH was approximately 7.80 (Figure 5.4A). Recovery in nominally
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ammonia-free seawater for 24 h resulted in significant reduction in blood pH to
approximately pH 7.56, which was significantly lower than the pre-HEA exposure

control values (Figure 5.4A).

The alkalosis experienced by the hagfish was mainly due to the gain of metabolic
base (metabolic base load), as revealed by a AH",,, of -7.5 mmol L™ after only 4 h at HEA
(Figure 5.4B). Thereafter, the metabolic base load was gradually eliminated as AH ",
shifted towards zero. Following 24 h of recovery in nominally ammonia-free seawater,
the hagfish experienced a significant metabolic acid load of +5.0 mmol L™, suggesting
that the nitial metabolic base-load was offset by the simultaneous production of
metabolic acid (Figure 5.4B). The absence of any changes in blood lactate (Figure 5.4C)
indicated that the source of the counterbalancing metabolic acid was not likely lactic acid

production.

Further analysis of blood acid/base status using a pH-bicarbonate (Davenport)
diagram revealed more about the nature of the acid/base disturbances experienced by the
hagfish during HEA (Figure 5.5). Under control conditions, hagfish had a plasma
[HCO;] of approximately 8.0 mmol L™, and a corresponding plasma Pcp, 0 0.24 kPa
(~1.8 Torr). The increase in blood pH that was observed after the initial period of HEA
exposure was due solely to a rapid pure metabolic alkalosis characterized by a two-fold
rise in plasma [HCO;] to 13 mmol L™, but plasma P¢o,remained unchanged. By 12 h,
plasma HCOs;™ had returned to and remained near pre-exposure values despite the
continued presence of HEA (Figure 5.5). After 24 h recovery in nominally ammonia-free

seawater, a pure metabolic acidosis was observed characterized by a 75% lower plasma
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HCO5™ concentration relative to control measurements yet again, no changes in £, were

noted (Figure 5.5).

Rheg abundance in gill following HEA exposure and after ammonia-free recovery

Both a-hagfish Rheg antibody and a-beta actin recognized a single band at the
predicted size of ~50 kDa and ~37 kDa respectively. Following densitometry analysis
(Figure 5.6), no differences in Rhcg abundance in any of the exposure or recovery groups

were noted.
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Discussion

Pacific hagfish exhibit high tolerance to ammonia

The present study unequivocally supports earlier suggestions that the Pacific
hagfish 1s ammonia-tolerant (Braun and Perry, 2010; Bucking et al., 2011). This tolerance
1s likely due to an ability to decrease the permeability of the gills to NHs, and likely
involves the use of an as of yet undefined secondary active transport mechanism to
excrete NH, " against its electrochemical gradient. High neural tolerance to ammonia may
also be important, but measurements of brain ammonia and glutamine concentration,

water content and other biochemical indices will be needed to test this hypothesis.

Hagfish plasma ammonia concentrations peaked at 5,450 pmol L' after 24 h
exposure to a measured Ta., concentration of 21.7 mmol L™, and remained near 5,000
umol L™ for the remainder of the 48 h HEA period (Figure 5.1). Moreover, all fish
survived the ammonia challenge, and were able to restore homeostasis following their re-
introduction into nominally ammonia-free seawater, with only a metabolic acidosis
persisting through the 24 h recovery period (see below). To my knowledge, these are
amongst the highest plasma Tan., concentrations ever reported in any organism following
exposure to HEA. Previously, Braun and Perry (2010) reported that the plasma T amm
concentration approached 3500 pmol L™ in Pacific hagfish following exposure to 100
mmol L Tawem, but did not extend their exposure period beyond 9 h. Burrow-dwelling,
larval sea lampreys (Petromyzon marinus), which belong to the only other group of
extant agnathans readily survived up to 5 d when exposed to 2 mmol L™ T, resulting

in plasma Tamm concentrations near 2,100 pmol L™ (Wilkie et al., 1999).
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In contrast to the Pacific hagfish, the plasma Tanm concentrations in the goldfish
(Carassius auratus) reached approximately 1,300 pmol L™ following 5 d exposure to 5
mmol L™ ammonia in fresh water (Wilkie et al., 2011). Less ammonia tolerant teleosts
such as the common carp (Cyprinus carpio) and the rainbow trout (Oncorhynchus
mykiss) experienced respective plasma Taum levels of 1,400 pmol L™ and 2,200 pmol L™
during exposure to 1 mmol L™ Ty, in fresh water (Sinha et al., 2013). Amongst the
fishes with the highest reported tolerances to ammonia are the air-breathing amphibious
fishes, found predominately in tropical regions. For instance, the oriental weatherloach is
able to withstand plasma Taue concentrations near 5,000 pmol L™ during air exposure
(Chew et al., 2001), and 4,400 pmol L™ following 48 h exposure to 30 mmol L™ Tapm
(Tsui et al., 2002). Plasma T s concentrations peak near 2,300 pmol L™ in the air-
breathing walking Indian catfish (Heferopneustes fossillis) during exposure to 25 mmol
L Tamm over 7 days, but it should be noted that these fish possess a full complement of
ornithine-urea enzymes, which enables them to convert the ammonia to less toxic urea,
which can either be excreted or stored by the animals until conditions are more
favourable or the animals are re-introduced into water (Saha and Ratha, 2007). The
amphibious swamp eel (Monopterus albus) can withstand T amnm concentrations of 75
mmol L for 6 d, with plasma Tam, concentrations approaching 3,500 pmol L™ (Ip et al.,
2010). While the swamp eel could encounter ammonia concentrations approaching 90
mmol L in the waters of fertilized rice fields (Ip et al., 2004), few other fish species
would ever naturally encounter Ta, concentrations greater than several mmol L™ in
aquatic environments. The hagfish, however, could be one exception given its propensity

to scavenge on and within dead and dying marine organisms (Collins et al., 1999; Smith
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and Baco, 2003), which would likely generate large amounts of putrefactive gases such

as NH; due to decomposition by anaerobic bacteria (Carter et al., 2007).

Based on evidence in the current study, it was apparent that hagfish do not
convert ammonia loads to less toxic end-products of nitrogen metabolism such as urea,
which did not significantly increase in the plasma during HEA exposure. Nor did Jy,e,
significantly change in response to HEA, but there was a slight stimulation during
recovery from HEA. Some ammonia tolerant fishes including the Lake Magadi tilapia,
the gulf toadfish (Opsanus beta) and climbing catfish use the ornithine-urea cycle to
detoxify ammonia (Mommsen and Walsh, 1989; Randall and Wright, 1989; Saha and
Ratha, 2007). At least in the Magadi tilapia and the gulf toadfish, the excretion of urea is
promoted by facilitated urea transport proteins found mainly in the gills (Walsh and
Smith, 2001; Walsh et al., 2003) but there 1s emerging evidence that other fishes
including the Pacific hagfish also use urea transport proteins (Braun and Perry, 2010).
Although the Pacific hagfish did not produce physiologically relevant amounts of urea in
the present study, immunohistochemical analysis suggests that they use facilitated urea
excretion (Braun and Perry, 2010). Rather than de novo urea synthesis, it is more likely
that such urea arises from ingested urea and/or the hydrolysis of dietary arginine. Indeed,
parasitic sea lampreys excrete large quantities of urea due to the ingestion of urea from
elasmobranchs, as well as through the hydrolysis of arginine ingested from teleost fishes

(Wilkie et al., 2004; Wilkie et al., 2006).

Ammonia loaded hagfish furthermore did not demonstrate generalized conversion
of ammonia to glutamine, at least in the blood/plasma circulation. Glutamine arises from

a glutamine synthetase (GS) mediated reaction between ammonia and glutamate in many
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tissues (e.g. liver, brain, muscle, intestine). As a neutral amino acid, glutamine is less
toxic than ammonia, but the reaction is ATP dependent, which may explain why this
strategy appears to be restricted to a few species of ammonia tolerant, air breathing fishes
such as the four-eyed sleeper (Bostrichythis sinensis), marble goby (Oxyeleotris
marmoratus) and the aforementioned weatherloach, swamp eel and walking Indian
catfishes, which use glutamine synthetase (GS) in the liver, muscle, brain and other
organs to convert ammonia to glutamine (Chew et al., 2001; Ip et al., 2001b; Jow et al.,
1999; Saha and Ratha, 2007). Presumably, any conversion of ammonia to glutamine in
organs such as the liver or muscle would have been reflected by an increase in the plasma
glutamine concentrations of hagfish (e.g. Ip et al., 2001b; Levi et al., 1974; Tay et al.,
2003). This does not rule out a potential role for ammonia detoxification via glutamine
formation in the brain, in which glutamine increases markedly in response to HEA
exposure (e.g. Ip et al., 2001b; Sanderson et al., 2010; Sinha et al., 2013; Tay et al., 2003;
Veauvy et al., 2005; Wilkie et al., 2011) and following feeding (Wicks and Randall,

2002).

Ammonia enters hagfish via passive NH; diffusion

The reversal of the Py, gradient and corresponding metabolic alkalosis that was
observed strongly suggests that ammonia mainly entered the hagfish via NH; diffusion,
most likely facilitated via the Rhcg-b glycoprotein recently localized to the apical regions
of the Pacific hagfish pavement cells (Braun and Perry, 2010). In fact, the molar
equivalents of metabolic base that accumulated in the blood (7.5 mmol L™; Figure 5.4B)
exceeded the observed total plasma ammonia load (2.1 mmol L™; Figure 5.2A) by

approximately 5 mmol L.
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Because Rh glycoproteins act as facilitated NH; transporters (Hung et al., 2007;
Nakada et al., 2007; Nawata et al., 2007; Tsui et al., 2009), movements of NH3 through

the Rheg channel would be dependent upon the direction of the APy, gradient (Wright

and Wood, 2009), providing a route for the apical, inward diffusion of NH;. Efforts by
Braun and Perry (2010) to localize Rhbg, which normally has a basolateral location in the
lamellar pavement cells of teleosts (Wright and Wood, 2009), suggested localization in
blood vessels of the lamellar and filamental epithelium of the hagfish. Thus, it remains
unclear how the NH; entered the blood of the hagfish from the cytoplasm of the gill or
skin epithelial cells, but NH; diffusion via an Rh-like protein, which has not yet been

identified, remains likely.

The likelihood of ionic NH," entering down its electrochemical gradient seems
unlikely given the low cationic permeability of the hagfish body surface (Evans, 1984).
This conclusion was based on several observations including a relatively low, slightly
negative transepithelial potential (TEP) across the hagfish body surface and the absence
of any appreciable change in TEP (3 mV) when the fish were transferred to Na'-free
seawater (Evans, 1984). In marine teleosts, the gills are somewhat leaky to Na™ to
facilitate its outward diffusion via the paracellular pathways between accessory cells and
1onocytes (mitochondrion rich cells; Evans et al., 2005). Clearly, the maintenance of very
high internal Na* concentrations and a lack of drinking compared to marine teleosts
precludes a need to excrete Na™ in such a manner. This would also eliminate a potential
paracellular route favoring NH," uptake, despite the high likelihood of a massive

inwardly directed electrochemical gradients that would favor such movement.
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Ammonia uptake is limited by decreased NH; diffusing capacity

A notable observation was that despite massive inwardly directed Py, gradients,

plasma ammonia concentrations stabilized during HEA exposure. The stabilization of
plasma T anm Was likely the consequence of a stimulation of an outwardly directed Jamm
flux mechanism in combination with a possible decrease in the permeability of the gills
and body surface to NH3/NH,". Reductions in the branchial permeability could arise from
an increase in the diffusion distance (L) across the gill, or a decrease in the abundance of
Rheg in the apical epithelium of the gill ionocytes, where this protein is localized (Braun
and Perry, 2010). Reductions in branchial blood-water diffusion distance have been
reported to occur in rainbow trout to facilitate ammonia excretion during exposure to

alkaline (pH 9.5) water (Laurent et al., 2000).

Given the likely importance of Rhcg for facilitating NH; diffusion, another
distinct possibility is that there was a reduction in Rhcgl abundance in the gills and/or
skin during HEA. This would have lowered branchial NH; permeability and restricted
NH; entry down its APy, gradient. However, no changes in Rheg protein abundance in
gills during exposure to or recovery from HEA were observed, nor was the precise
localization of Rheg in the gills of hagfish established in the present study. Future studies
using high resolution immunohistochemistry could be used to determine if the Rheg is
distributed in the apical membrane, and therefore functional, or re-packaged in

cytoplasmic vesicles in a non-functional state during HEA exposure in the hagfish.
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Ammonia deficit and ammonia excretion at HEA

The first 16 h of HEA exposure resulted in a massive uptake of Tamnm by the
hagfish. The magnitude of this disturbance was quantified by calculating the ammonia
load experienced by the hagfish, which is the difference between the predicted ammonia
excretion rate minus the observed ammonia flux, multiplied by time (Table 5.1). Over the
first 16 h of HEA exposure, the hagfish accumulated approximately 85 mmol Tap kg™
body mass. However, more than 80% of this accumulated ammonia load was cleared by
the fish over the ensuing 32 h (Table 5.1), at which time plasma T, concentrations
stabilized and Jam,m Was once again directed outward (excretion). During recovery in
ammonia-free water, the remainder of the ammonia load, approximately 16 mmol Tamnm

kg body mass, was “washed-out” (Table 5.1) as the favorable APyy, gradient was

restored, leading to a near complete offloading of plasma and muscle ammonia stores.

Consistent with other studies, only a small proportion of the ammonia load
incurred by the hagfish during HEA exposure was retained in the extracellular fluid (sum
of the plasma plus the interstitial fluid). The plasma and blood volume of the hagfish is
approximately twice as large as in other vertebrates, which likely gives it reserve oxygen
carrying capacity under hypoxic conditions (Forster et al., 2001). Not surprisingly, this
greater plasma volume is accompanied by a higher extracellular fluid volume (ECFV
~0.338 L kg body mass; Forster et al., 2001). Despite their greater ECFV however, the
present findings suggest that only a small proportion of the whole body ammonia load
was stored in this compartment. For instance, after 24 h the plasma Ta,, concentration
was approximately 5.45 mmol L™, which equates to an ECF Tau, load of 1.84 mmol kg™

(assuming an ECFV of 0.338 L kg™ body mass). At roughly the same time (16 h), when
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the whole body ammonia burden was approximately 85 mmol kg (see above), the
difference between the whole body ammonia load and the ECF ammonia load was
approximately 83.2 mmol kg™'. This extra ammonia would therefore had to have been
stored in the intracellular fluid (ICF) spaces of the body. Theoretically, this deduction is
commensurate with previous studies that have shown that the majority of ammonia is
shunted to the ICF, the muscle in particular, under conditions that lead to internal
ammonia accumulation (e.g. Wang et al., 1994; Wang et al., 1996; Wilkie and Wood,
1995; Wright and Wood, 1988). Because the distribution of ammonia between the muscle
ICF and the ECF is mainly determined by the NH," electrochemical gradient, the
concentration of ammonia 1s 20-30 times greater in the ICF of the muscle (Wang et al.,
1996; Wright and Wood, 1988). Given the persistence of the large inwardly directed

APyy, and Eyp, ;r gradients during HEA, how then did the hagfish excrete ammonia

during HEA exposure? Braun and Perry (2010) speculated that the resumption of Jampm
could be explained by Rhcg-mediated NH; diffusion and acid-trapping of NH; which

would maintain an outwardly directed Py, gradient between the plasma and gill
boundary layers. However, they did not measure water or plasma Py, . My results

suggest that passive NH; excretion can be ruled-out because the sheer magnitude of the
inwardly directed Py, gradients would be far too large to be overcome by simply
trapping NH; as NH4". Unlike in fresh water fishes, it is questionable whether there could
be NH; movement through the Rheg followed by VHA- (Vacuolar H-ATPase) or NHE-
mediated H' trapping in gill boundary layers in seawater fish (Wright and Wood, 2009).

Seawater generally has a higher buffering capacity (total alkalinity of approximately
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2100-2300 pmol L™) than fresh water (Lerman and Stumm, 1989; Millero et al., 1998),

which could also preclude ammonia excretion in such a manner (Wilkie, 2002).

The possibility of NH4" diffusion via paracellular pathways in hagfish seems even
less likely, given the low cationic permeability of the hagfish body surface (Evans, 1984)

and the persistent, positive E + they faced in the present study. It should be noted that

the true electrochemical gradient for ammonia movements across the gills is the
difference between the transepithelial potential (TEP) and the Nernst potential. Because
the fish used in the present study were not fitted with surgically-implanted catheters, it
was not possible to measure TEP across the body surface of the animals for an exact
determination of the NH," electrochemical gradient. Nevertheless, the provided
measurements of the Nernst potential are likely indicative of a large inwardly directed
electrochemical gradient for NH4" because of the relatively low TEP across the hagfish
body surface (-3 mV; Evans, 1984). Indeed, the measured Nernst potential for NH;" of
+40 to +60 mV across the body surface would oppose any significant outward NH,"
movement (excretion), unless it were countered by an increase in TEP across the gills
that was greater than these values. Such an increase seems highly unlikely given that little
change in TEP was observed when hagfish were transferred from sea water to Na'-free
sea water (Evans, 1984). Wood and Nawata (2011) reported that TEP increased by
approximately +15 mV in rainbow trout exposed to 1 mmol L™ HEA in fresh water,
which they argued attenuated the inwardly directed electrochemical gradient favoring
ammonia loading. It was also notable that they observed no change in TEP in trout

exposed to HEA in sea water.
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The most likely route of NH," diffusion in marine teleosts would be via “leaky”
paracellular routes (Wilkie, 2002) through which Na™ passes following its excretion by
basolateral Na/K'-ATPase pumps (Edwards and Marshall, 2013). Because hagfish are
1sosmotic to seawater, however, there is simply no need for them to use such pathways to
unload Na" to the water as is common in most marine fishes (Edwards and Marshall,
2013). Indeed, the ionocytes of hagfish are intercalated between adjacent pavement cells,
to which they are joined by deep intercellular (“tight’) junctions, which is further
suggestive that the gills of these isosmotic vertebrates have low cationic permeability
(Bartels, 1988). Such an arrangement would not only preclude Na" movements via these

pathways, but also NH,4" excretion.

The possibility that increases in renal Jan,,, contributed to the stabilization of
plasma Tanm and the restoration of overall Jau,, cannot be discounted. But the very low
urinary flow rates (UFR) of hagfish (Morris, 1965) suggest that the contribution of the
kidneys to overall Jam, under control or HEA conditions would be minimal. Moreover,
the kidneys appear to be mainly involved in the excretion of divalents (Mg>"; SO4*;
Ca’"), with little or no water re-absorption taking place (Alt et al., 1981; Munz and

McFarland, 1964).

Another possible route of ammonia excretion is the skin. Glover et al. (2011)
reported that hagfish are capable of transporting amino acids across the gills and skin,
which suits the hagfishes’ propensity to burrow into decaying flesh of carrion, which is
rich in nutrients. Given that the skin can act as a route of amino acid uptake, it seems
logical that it could also act as a waste excretion route. Recent evidence has suggested

that hagfish are indeed capable of skin Jau,y, rates that are 10 — 30% of total Janm, (Clifford
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et al., 2014); however, the role of the skin in recovery from HEA remains to be

determined.

The most likely explanation to explain the restoration Ja,, by Pacific hagfish at
HEA is that they used secondary active transport to excrete NH;" via apical Na'/NH,"
(H") exchange via the NHE. Although J., was unaffected when Evans (1984)
transferred hagfish to Na'-free seawater, this treatment should not have been expected to

eliminate Jamm because outward Py, diffusion gradients would still have been

maintained, which would have promoted NH; excretion. In the present study, the outward

Pypy, gradient was eliminated (reversed), which would have forced the hagfish to mcrease

their reliance on Na'/NH," exchange. The presence of basolateral NKA in the hagfish
1onocytes (Choe et al., 2002; Edwards et al., 2001; Tresguerres et al., 2006a) would likely
have been more than sufficient to maintain the low cytoplasmic Na" concentrations
needed to drive inward Na” movement via the NHE1, NHE2 or NHE3, each of which has
been described in Atlantic and/or Pacific hagfishes (Choe et al., 2002; Edwards et al.,

2001; Tresguerres et al., 2006a).

Taken together, my results suggest that Ja, in the Pacific hagfish is likely a
combination of Na”/NH," exchange and passive NH; diffusion via the Rh glycoprotein
metabolon (Wright and Wood, 2009). Such an arrangement would provide the hagfish
with a flexible means to unload ammonia, depending upon the local conditions and/or
their internal ammonia load (e.g. following feeding). I therefore propose that the
contribution of apical Na'/NH, " exchange would normally be of secondary importance
because it would be more energetically expensive than passive NH3 diffusion, due to its

dependency on NKA-mediated Na” export from the cytoplasm of ionocytes. However,
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the secondary active transport of NH, " would take on added importance when the fish
were trying to maintain nitrogen or pH homeostasis when exposed to high levels of
environmental ammonia or when trying to correct acid/base disturbances (e.g. Clifford et
al., 2014; Edwards et al., 2001; McDonald et al., 1991; Tresguerres et al., 2007a). Further
studies using radiolabelled Na* (e.g. **Na"), pharmacological approaches, or Na'-free

seawater could be used to further test such hypotheses.

Mechanisms of acid/base regulation in hagfish during HEA exposure

The pronounced alkalosis observed over 0 — 4 h was solely metabolic in nature,
with a relatively stable P, (Figure 5.5). Its origin was clearly the result of the high rates
of NH; uptake observed, which would have led to the metabolic acid consumption (acid
deficit = base load) through the conversion of NH; to NH, " as ammonia entered the fish.
The stepwise correction of the alkalosis was likely due to a counterbalancing increase in
the addition of metabolic acid to the blood. This conclusion is borne-out by the
pronounced metabolic acidosis that resulted following the return of the hagfish to
nominally ammonia-free water (Figure 5.4). In rainbow trout and Lahontan cutthroat
trout (Oncorhynchus clarki henshawi), metabolic and respiratory alkalosis arising from
exposure to alkaline (pH 9.5 — 10.0) water are offset by the generation of metabolic acid
arising from increased lactate production (Wilkie and Wood, 1991; Wilkie and Wood,
1995; Wilkie et al., 1993). However, there was no evidence of such a counterbalancing
lactacidosis in the Pacific hagfish exposed to HEA. While the resting lactate levels were
very low in hagfish, likely a reflection of their low basal metabolic rates and

correspondingly low rates of glycolytic flux, they are capable of generating large
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amounts of lactate and AH',, under hypoxic/anoxic conditions (Cox et al., 2011), and

following strenuous exercise (Davison et al., 1990).

More likely, the metabolic base load was corrected through a combination of
apical anion exchange (e.g. CI/HCOs™ exchange) on the 1onocytes, accompanied by
increased H' extrusion to the plasma via a basolateral VHA. Such an arrangement was
proposed to help correct blood pH in hagfish experiencing metabolic alkalosis following
repeated NaHCOjs injection, where immunohistochemical analysis revealed that there was
an increase in basolateral VHA abundance (Tresguerres et al., 2007a). Unfortunately,
there is presently no direct evidence of the anion exchange in the hagfish gill. Earlier
work by Evans (1984) and McDonald et al. (1991), and more recently Clifford et al.
(2014) clearly indicates that hagfish are capable of rapidly modulating acid and base
equivalent excretion to correct metabolic acid/base disturbances. Learning more about the
underlying mechanisms of acid/base regulation in these ancient craniates could shed
considerable light on this subject, and how and when ion and acid/base regulatory

strategies first appeared in the vertebrate lineage.
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Tables

Table 5.1 Ammonia budget of Pacific hagfish exposed to high external ammonia
(HEA; nominal [Taum] ~20 mmol L'l) and following recovery in nominally

ammonia-free water for 24 h.

Duration Duration Dura‘[ion1
1Y) (umol ko™ )
Predicted (non-exposed) 048 -2.,395
Observed (during HEA) 0-8 +51,223
8-16 +34,156
1624 —25,107
24-35 —38,400
3548 —8.212
Gross ammonia load (at 48 h HEA) +13,670
Net ammonia balance (Observed — Predicted) +16,055
Wash-out (Recovery) 0—8 —16,215

Note: Positive values denote net accumulation of ammonia due to ammonia uptake

(gain), and negative values denote net ammonia excretion (loss) over each time period.

Ammonia load calculations based on the ammonia excretion rates (umol kg™ h™") depicted

in Figure 5.1A multiplied by the duration of each measurement period (h). Period of

ammonia washout was determined following re-introduction of fish into nominally

ammonia-free water following 48 h of HEA exposure.
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Figure 5.1 Nitrogen excretion patterns during and following HEA exposure.
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Changes 1n the (A) ammonia excretion rate (Jamm) and (B) urea excretion rate (Jyre,) of
Pacific hagfish during exposure to high external ammonia (HEA; nominal Tamnm = 20
mmol L) and following recovery in nominally ammonia-free seawater following 48 h
exposure to HEA. Data presented as the mean + 1 s.em.; » = 6 under during each

measurement period. Bars sharing letters are not significantly different (p < 0.05).
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Figure 5.2 Plasma concentrations of nitrogen-based compounds during and

following HEA exposure.
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Changes 1n (A) total ammonia (Tamm), (B) urea-N, and (C) glutamine concentration in the
plasma of Pacific hagfish exposed to high external ammonia (HEA: nominal
concentration = 20 mmol L™) for 48 h, and after re-introduction into nominally ammonia-
free, full strength seawater. Data presented as the mean = 1 s.em.; » = 10 — 12 under
control (nominally ammonia-free) conditions, and after 4 h, 12 h and 24 h of HEA, and »
= 6 after 48 of HEA and following the 24 h recovery period in nominally ammonia-free

water. Bars sharing letters are not significantly different (» < 0.05).
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Figure 5.3 Calculated AP yy and E J\”,).Ivalues during and following HEA exposure.



Effect of high environmental ammonia (HEA: nominal T gpe,= 20 mmol L™) exposure on
the (A) APyy, and (B) Nernst Equilibrium for NH," (ENH;") in Pacific hagfish during
exposure to high external ammonia (HEA; nominal Ta .., concentration of 20 mmol L),
and following recovery in nominally ammonia-free seawater for 24 h. Asterisks denote
significant differences (p < 0.05) from control values. A positive APyy, denotes an
outwardly directed, blood-to-water Py, gradient, and negative E NEF denotes outwardly
directed NH4" gradient. » = 10 — 12 under control (nominally ammonia-free) conditions,
and after 4 h, 12 h and 24 h of HEA, and » = 6 after 48 of HEA and following the 24 h
recovery period in nominally ammonia-free water. Bars sharing letters are not

significantly different (p < 0.05).
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Figure 5.4 Blood pH and plasma lactate values during and following HEA exposure.
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Changes in (A) sinus blood pH, (B) metabolic acid load (AH',), and (C) lactate
concentration in the plasma of Pacific hagfish exposed to high external ammonia (HEA;
nominal concentration = 20 mmol L™) for 48 h, and after re-introduction into nominally
ammonia-free, full strength seawater. Data presented as the mean + 1 s.e.m.; n= 10— 12
under control (nominally ammonia-free) conditions, and after 4 h, 12 h, 24 h and 48 h of
HEA exposure, and n = 6 after following the 24 h recovery period in nominally
ammonia-free water. Bars sharing a common letter denote mean values that are not
significantly different from one another (p < 0.05). Note that a negative AH,, is

indicative of a negative metabolic acid deficit (equals base load).
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Figure 5.5 Blood and plasma acid/base status during and following HEA exposure.
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Blood pH/[HCOs'] diagram, or Davenport diagram (Davenport, 1974) depicting the acid—
base status of the blood of hagfish during exposure to high external ammonia (HEA;
nominal concentration = 20 mmol L™) for 48 h and after re-introduction into nominally
ammonia-free, full strength seawater. Data presented as the mean + 1 s.e.m.; » = 10 under
control (nominally ammonia-free) conditions, and after 4 h, 12 h, 24 h and 48 h of HEA,
and »n = 6 after following the 24 h recovery period in nominally ammonia-free water. The
solid straight line i1s the non-bicarbonate buffer line determined by Wells et al. (1986).
Asterisks denote significant (p < 0.05) differences in [HCOs5']. Bars sharing letters are not
significantly different (p < 0.05) with respect to plasma [HCOs']. No differences were

observed in Py, . For differences in blood pH please see Figure 5.4A.
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Figure 5.6 Western blot analysis of hagfish gill Rhcg abundance
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Relative abundance of Rheg in hagfish gill following exposure to high external ammonia
(HEA; nominal concentration = 20 mmol L?) for 48 h and after re-introduction into

nominally ammonia-free, full strength seawater. » = 6 for all groups except recovery

group where n =35.
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Chapter 6: Flexible ammonia handling strategies using the
skin and gill contribute to the high ammonia tolerance of the

Pacific hagfish
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Introduction

Hagfishes are distributed throughout the world’s oceans, and along with the
lampreys, are one of two families of extant jawless fishes that diverged from the
vertebrate lineage approximately 500 million years ago (Bardack, 1991). Hagfishes are
also well-known scavengers, feeding on carrion that falls to the ocean bottom (Martini,
1998). Such food drops may include marine mammals (Smith and Baco, 2003) and more
commonly, fishes, including commercial by-catch (Collins et al., 1999). Adaptations for
this mode of feeding include a protrusible dental plate capable of burrowing into and
tearing flesh from carrion (Clark and Summers, 2007), high tolerance to anoxic and
hypoxic conditions (Cox et al., 2011), and the ability to acquire amino acids (Glover et
al., 2011) and phosphate (Schultz et al., 2014) across the skin and gill epithelia, in
addition to the intestine (For review see Clifford et al., 2015b). My recent work suggests
that high tolerance to ammonia is also strongly related to the scavenging lifestyle of
hagfishes, which may routinely encounter extremely high concentrations of ammonia
while burrowing into the decomposing carcasses of fishes and large marine mammals
(Clifford et al., 2015b; Clifford et al., 2015a). While few, if any, studies have
demonstrated that decomposing carcasses of marine animals generate ammonia, forensic
studies on terrestrial mammals have demonstrated that the putrefactive processes
occurring during decomposition generate millimolar concentrations of ammonia and

other waste products such as methane and hydrogen sulfide (Carter et al., 2007).

In most teleost fishes, ammonia toxicity arises when plasma ammonia
concentrations exceed 1 mmol L™, leading to gill damage, metabolic disturbances, and

disruption of the central nervous system as characterized by pronounced swelling of the
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brain (Wilkie et al., 2015), hyperexcitability, coma, and eventually death (see Smart,
1976, Ip et al., 2001b, Walsh et al., 2007 for reviews). A number of tropical fishes
however, including the weatherloach (Misgurnus anguilla caudatus; Chew et al., 2001;
Tsui et al., 2002), mudskipper (Periophthalmodon schlosseri; Ip et al., 2004), and
snakehead (Channa asiatica; Chew et al., 2003) can withstand exposure to ammonia
concentrations ranging up to 100 mmol L. The Pacific hagfish (Eptatretus stoutii) too is
highly ammonia tolerant, readily surviving 48 h exposure to 20 mmol L™ total ammonia
(T Amm), Which results in plasma ammonia concentrations of 5700 pmol L™, the highest
amounts reported in any chordate. It is also able to excrete ammonia against large,
inwardly directed gradients during HEA exposure through active excretion (Clifford et

al., 2015a).

The overarching goal of the present study was to investigate the relative roles of
the gill and skin of Pacific hagfish in ammonia uptake and excretion during and following
exposure to HEA. In the teleost gill, Rhcg (Rhesus glycoprotein type c) acts as a
facilitated ammonia transporter (SLC 42 transporter family) (Wright and Wood, 2009)
and has been recently localized to the gill and skin of Atlantic hagfish (Myxine glutinosa;
Edwards et al., 2015), Similarly, the Pacific hagfish gill also expresses Rhbg and Rhecg
(Braun and Perry, 2010). The presence of Rhcg in both gill and skin of hagfishes suggests
that it likely plays an important role in modulating Ja .., via the gills, but perhaps also the

skin.

In the present study, the sites of ammonia flux (Jamm) before, during and
following exposure to HEA (20 mmol L) were determined in Pacific hagfish using

divided chambers. Isolated skin flux studies, Western blotting and immunohistochemistry
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where then used to characterize and localize Rh glycoproteins to determine if the skin

facilitates Jamnm 1n these ancient, highly ammonia-tolerant fishes.
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Materials and methods

Experimental animals and holding

Pacific hagfish (E. stoutii; N = 78; average mass = 139.03 g; range = 95.85 —
199.45 g) were captured from Trevor channel near Bamfield, BC, Canada and held at
Bamfield Marine Sciences Centre (BMSC) as previously described (Clifford et al., 2014).
Hagfish were fasted for one week prior to experimentation to minimize the effects of
postprandial nitrogenous waste production and excretion, and defecation on experiments.
All animals were used under licenses of the Department of Fisheries and Oceans Canada
(permit # XR-223 2013; XR-192 2014) and approved animal care protocol from BMSC

(RS-13-24) and University of Alberta (00001126).

Chemicals

All chemicals, reagents and enzymes were purchased from Sigma-Aldrich

Chemical Company (St. Louis, MO), unless otherwise noted.

Experimental protocols

Series 1: Sites of ammonia excretion following exposure HEA

Hagfish were transferred to 10 L, darkened buckets receiving continuously
flowing seawater for overnight acclimation. The following morning, hagfish were
removed, anaesthetized (0.5 g L™ tricaine methanesulfonate [TMS; Syndel Laboratories
Ltd., Nanaimo, British Columbia, Canada] neutralized with NaOH (0.15 g L") and a pre-

exposure blood sample (200 puL) was drawn from the subcutaneous sinus using a
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heparinized 21G needle for blood and plasma acid/base/ammonia analysis. Following
blood sampling, hagfish were exposed to HEA (nominal [NH4C1] =20 mmol L'})in 5.0 L
aerated seawater for 48 h. Simultaneous control (no HEA) animals were held in the same
manner. After 48 h, both the control and HEA-exposed hagfish were anaesthetized,
weighed and blood collected as described above with the puncture wound sealed using

cyanoacrylate glue and a small square (~4 mm?) of nitrile rubber.

To evaluate the potential contribution of the cloaca to ammonia excretion, the
cloaca was sealed in a subset of experimental animals (» = 8) with a rubber bandage and
cyanoacrylate glue. No differences were detected in ammonia efflux in the posterior
compartment in animals with or without this seal, so this practice was discontinued for

remaining experiments.

Immediately following blood sample collection, hagfish were placed into divided
chambers that isolated the posterior body region from the anterior region containing the
gill pores (see Clifford et al., 2014 for apparatus and protocol details). Nominally
ammonia-free seawater was then added to the anterior compartment only, and seal
efficacy checked by monitoring water appearance in the posterior compartment.
Ammonia-free seawater was then added to the posterior compartment and a lid secured.
The chamber was placed in a wet table receiving flowing seawater for temperature
control (10 “C). Water samples (1 mL) for ammonia quantification were collected and
immediately frozen following placement of hagfish into the chamber and following the 4
h recovery period. After final sample collection, the patency of the seal was visually
inspected, the hagfish removed from the apparatus, killed by TMS overdose (5 g L' TMS

neutralized with 1.5 g L™ NaOH), and a final blood sample collected (as above).
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Series 2: Variation in the routes of ammonia excretion following HEA

The effects of localized HEA exposure in anterior vs. posterior body regions were
determined by exposing each region individually to HEA and measuring ammonia flux in
the other compartment. Hagfish were sampled for blood and placed in the divided
chambers, followed by addition of sufficient NH4Cl stock solution (1 M prepared in
autoclaved seawater) to either the anterior or posterior compartment to yield a [ Tamm] of
20 mmol L'. Water samples were taken immediately in the opposing compartment, and
again after 4 h. The animals were then removed and blood samples collected for pH and

T Amm Measurement.

To rule out artifacts, the separating chamber apparatus was leak-tested by
measuring Mg’ flux as a proxy for leakage. Hagfish were fitted into the chambers (as
above), and artificial seawater (ASW; in mmol L™ NaCl, 415; KCI, 10.2; Na,SO4, 28;
CaCl,, 10; [pH = 8.0]) containing 50 mmol L™ MgCl, was added to the anterior
compartment, and ASW containing 75 mmol L™ CsH;4CINO (choline chloride) to the
posterior compartment for osmotic balancing. An additional group of hagfish were also
placed into undivided chambers filled with Mg**-free seawater containing 75 mmol L
CsH;4CINO to determine endogenously derived branchial, cutaneous and cloacal Mg2+
flux into the Mg**-free solution. All solutions were osmotically balanced with mannitol
(+1.0 mOsm kg'; VAPRO® vapor pressure osmometer, model 5520; Wescor Inc, Logan,
Utah, USA). No detectable movement of Mg”* from the anterior-to-posterior chamber
over 4 h was observed, which ruled out any leakage between compartments (Mg

detection limit of 0.5 pmol L™; 1 = 6).
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Series 3: The skin as a route of ammonia excretion

Measurements of skin Jan,, Were conducted using the approach described by
Glover et al. (2011). Hagfish were held in ammonia-free seawater or exposed to HEA (20
mmol L™ NH,CI) for 48 h, then killed by TMS overdose (as above). The skin dorsal to
slime glands running the length of the body from the ~5™ branchiopore to the tail was
removed, and 5 skin patches bisected by the dorsal midline (~3 cm X ~3 cm) were
prepared. Samples of skin were also fixed for immunohistochemistry (see below). Skin
patches were maintained in aerated saline (in mmol L' NaCl, 474; KCl, 8: MgCl, 9:;
MgSO,, 3; NaH,POy4, 2.06; NaHCOs, 5; HEPES, 20; glucose, 5; [pH = 7.8]) and used
within 1 h of excision. Each individual patch was placed over the top of the flux vial, and
secured in place with the serosal (basal) side of the skin facing outward. The inverted
chamber was then placed in a small plastic bottle (serosal bath) containing 20 mL of
hagfish saline. The inner chamber of the vial served as the mucosal bath and was
comprised of filtered, autoclaved seawater containing different [Tamm] (0.05, 0.1, 0.5,
1.0, 5.0 mmol L™). Serosal and mucosal solutions were independently mixed using a
pipette and continual aeration provided throughout the flux period. Mucosal water
samples (1 mL) were drawn at the beginning and end of each flux measurement period
(0, 2 h). Water samples were then acidified with 1 pL of 1 N HCI to prevent NH;

volatilization and stored at -20° C.

In a second set of experiments, the ammonia excreting capacity of the skin was
determined along the length of the hagfish. Six patches of skin (-3 cm X ~3 cm) were
excised as above at regular intervals along the longitudinal axis of the body and tested for

differences in Jamm.
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Series 4. Determination of cutaneous Rhcg abundance along the length of the animal

Hagfish that were naive to experimental HEA were terminally anaesthetized (as
above). Animals were then weighed and total animal length was recorded. Skin was
excised at three locations at measured lengths from the anterior of the animal. Excised
skin was immediately transferred to a 2 mL eppendorf tube containing RNAlater.

Samples were then stored at -20 “C until protein expression analysis could be determined.

Series 5: Role of Rh glycoproteins in ammonia excretion by Pacific hagfish

Multi-species alignments for Rh glycoprotein were constructed (15 Rhbg and 13

Rheg homologues; Table 5.1) using MUSCLE (ebi.ac.uk/Tools/msa/muscle/) and an

HMM (Hidden Markov Model) profile for each isoform was determined using HMMER3
(v3.0; Janelia Farm; hmmer janelia.org). With these profiles, HMMER searches were
conducted through a translated hagfish gill/slime gland Illumina transcriptome and results
were BLAST analyzed on NCBI to verify Rh family homology. Searches resulted in a
full-length sequence for EsRhcg (Eptatretus stoutii Rheg; including 5° and 3°
untranslated regions [UTRs]) and two partial sequences for EsRh-like (Eptatretus

stoutii Rh-like; sequence 1 containing 5’ UTR and sequence 2 containing 3’UTR). Using
this sequence information, PCR primers were constructed based off of the UTRs (Table

5.2) to confirm full-length coding sequence (CDS) via cloning (see below).
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Analytical methods

Blood sample analysis

Immediately following blood collection, blood pH was measured using a
thermojacketed (10 “C) Orion ROSS Micro pH electrode (Fisher Scientific, Ottawa, ON).
The blood samples were then centrifuged (12,000 g for 30 seconds), and the plasma
stored at -80 “C for Tamm analysis. Plasma Tau.m concentration was quantified

enzymatically using a commercial kit (Sigma-Aldrich Procedure A001) at 340 nm.

Water chemistry

Water ammonia concentrations were determined colorimetrically using the
salicylate-hypochlorite assay at 650 nm (Verdouw et al., 1978), with a microplate
spectrophotometer (Spectramax 190, Molecular Devices, Sunnyvale, CA) as previously
described (Clifford et al., 2015a). Samples for Mg** quantification (Series 2) were
analyzed using an atomic absorption spectrophotometer (Thermo Scientific model iICE

3300).

Molecular determination of EsRhcg and EsRh-like transcripts

Total RNA was obtained from the hagfish gill (~100 mg) using TRIzol extraction.
DNase I (Ambion/Life Technologies, Carlsbad, CA, USA) treated RNA was used to
synthesize cDNA using RevertAid H-minus M-MuLV reverse transcriptase
(Fermentas/Thermo Scientific, Pittsburgh, PA, USA). PCR reactions targeting full-length
CDS were conducted using Phusion DNA polymerase (Thermo Scientific, Pittsburgh,

PA, USA) with species-specific primers (Table 6.2) for 35 cycles. Amplicons were
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analyzed by gel electrophoresis, imaged using Alpha Imager 2200, and gel purified using
QIAquick Gel Extraction Kit (Cat. #28704). Products were cloned into E.coli (dh5-a)
using the CloneJet PCR cloning kit (Thermo scientific, Pittsburgh, PA, USA). Plasmid

DNA was i1solated and sequenced.

Phylogenetic sequence analysis of cloned EsRhcg and EsRh-like transcripts

An alignment of the sequenced hagfish Rh glycoprotein homologues against Rh
homologues from other species was conducted using MUSCLE (Edgar, 2004) in
SeaView (Galtier et al., 1996; Gouy et al., 2010) for MacOS. The resulting alignment
was then refined using GBlocks (Castresana, 2000) to subtract gaps and residues of
low/noisy homology with parameters selected to allow for more relaxed stringency
(Talavera and Castresana, 2007). Phylogenetic analysis was conducted on the
Cyberinfrastructure for Phylogenetic Research (CIPRES) Science Gateway servers
(Miller et al., 2010) using RAXML version 8.0.9 (Stamatakis, 2014) utilising the LG
evolutionary model (Le and Gascuel, 2008). Branch support was estimated by bootstrap
with 300 replications (auto cutoff set at 1000 bootstraps). For phylogenetic analysis, base
frequencies were model-determined and the proportion of invariable sites was determined
using the GTRGAMMA model. A total of 85 protein sequences from the Rh glycoprotein
family were collected from different species (including hagfish EsRhcg and EsRh-like

protein sequences) and used in the analysis.

Histology and immunohistochemical detection of Rhcg in skin tissue

Skin from non-HEA exposed hagfish (Series 3 experiments) was placed in

fixative (4% paraformaldehyde in 10 mmol L™ phosphate-buffered saline, pH 7.4) for 24
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h at 4°C, rinsed (3X) in PBS then paraffin processed. Tissue sections were then processed
for immunohistochemistry using Atlantic hagfish Myxine glutinosa Rheg antibody
(hRhcg; Edwards et al., 2015) and visualized using a Zeiss LSM510 Confocal

Microscope.

Negative staining controls for ZRhcg were processed in the absence of primary
antibody and using pre-absorbed antibody incubations. In pre-absorbed controls, #ZRhcg
was diluted to 1.25 pg mL™ in blocking solution containing 2.5 pg mL™ of #Rhcg
antigen. The antibody and peptide mixture was incubated at RT for 30 min before
addition to tissue sections. Routine heamatoxylin and eosin staining was used for

structural reference, using methods described by Weinrauch et al. (2015).

Electrophoresis and Western blot analysis

Skin samples stored in RN Alater were pulverized under liquid nitrogen then
transferred (~100 mg) to a centrifuge tube containing 1:10 w/v of ice-cold
homogenization buffer (250 mmol L sucrose, 1 mmol L' EDTA, 30 mmol L. Tris, 100
mg/mL PMSF, and 5 mg mL" protease inhibitor cocktail). Samples were then
homogenized on ice using a hand-held motorized mortar and pestle (Gerresheimer
Kimble Kontes LLC, Dusseldorf, Germany) for 45 seconds. Homogenates were then
centrifuged at 3000 x g for ten minutes at 4 “C and the supernatant drawn off. A
subsample of the supernatant was assayed for protein determination via the BCA

(bicinchoninic) technique (Thermo Scientific, Rockford, IL, USA).

Processed gill samples were diluted with 3X Laemmli buffer (Laemmli, 1970)

and 25 ng of total protein was loaded in Criterion-TGX 20% acrylamide gels (Bio-Rad,
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Hercules, CA) and separated by SDS-PAGE (sodium dodecyl sulfate, polyacrylamide gel

electrophoresis).

Protein was transferred to a nitrocellulose membrane (Millipore, Billerica, MA).
Protein transfer was confirmed by soaking membranes in Ponsceau S staining solution
(0.1% (w/v) Ponceau S in 1% (v/v) acetic acid). Membranes were washed (2 min in
distilled water followed by 3 x 1min in 0.5 M Tris-Buffered Saline [TBS; pH=8.0]
containing 0.2% Tween-20 [TBST]) and then blocked in 5% blotto (5% skim milk

powder in TBST) on a shaking carousel overnight at 4 “C.

Membranes were then washed (3x15 min in TBS and then 3 x 15 min in TBST)
before overnight incubation in blocking buffer containing 1° antibody (1:5000 rabbit anti-
hRchg) at room temperature. Membranes were then washed 3 times (15 min in TBST)
then incubated with 2° antibody (1:10,000 goat anti-rabbit HRP; Santa Cruz
Biotechnologies Inc., Dallas, TX, USA) and Precision Protein StrepTactin-HRP
conjugate (Bio-Rad) in TBST at room temperature for 1 h. Membranes were washed 3
times (15 min) in TBST followed by a final wash in TBS. Labeled protein bands were
detected via enhanced chemiluminescence (ECL; Pierce; SuperSignal West Pico
Chemiluminescent Substrate; Rockford, II, USA). Visualization was done using Bio-Rad
Chemidoc system with densitometry analysis completed using image analysis software
(B1o-Rad). Standardization for protein concentration was quantified on the basis of 25 g

of total protein loaded into each well.
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Calculations and statistical analysis

Jamm calculations were based on the Ta,., accumulation in the water in either the

anterior and/or posterior compartments using the following equation:

€y,

1 1
]Amm = ([TAmm]initiaI - [Tﬂmm]final ) V) ) ; . ;

where [Tamm] is the initial or final concentration of ammonia in the water (umol L™); Vis

the volume of water (mL); m 1s the animal mass (g) and Az the duration of the flux period.

Jamm across excised hagfish skin was determined by measuring ammonia
appearance in the mucosal bath of the miniature flux chambers using the following

equation:

gfr:::l = ([TAmm]initiaI - [Tdmm]final ) V) ) ﬁ .= (2)

At
where S4 is the measured mucosal surface area of hagfish skin exposed to seawater

(cm?), and other notations are as stated above.

All data are presented as the mean + s.e.m. Differences between groups with
respect to plasma Tan, and blood pH were tested using one-way analysis of variance
followed by Sidak’s multiple comparison post-hoc tests with pre-planned comparisons.
Differences in Jam,m, for the divided chamber studies and measurement of Ja,, across
sections of skin (skin from HEA vs. non-HEA hagfish) were compared using Student’s t-
test. Linear regression tested for differences in skin Ja.., along the hagfish length.

Differences in 7ZRhcg abundance along the length of the skin was tested using one-way

204



ANOVA followed by Holm-Sidak multiple comparision post-hoc test. The fiducial limit
of statistical significance was p < 0.05. All statistical analyses were completed using

GraphPad Prism 6.0 (GraphPad Software, San Diego, USA).
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Results

Series 1: Sites of Jymm following HEA exposure

Plasma Tamm averaged 554.8 + 38.0 pmol L™ in Pacific hagfish prior to HEA
exposure and remained unchanged in parallel non-HEA exposed hagfish following the 48
h exposure (614.2 + 116.9 pmol L") and 4 h recovery period (603.2 + 69.1 pmol L';
Figure 6.1A). The group exposed to 20 mmol L' HEA for 48 h exhibited no mortalities
during either exposure or recovery and had significant plasma Ty, accumulation
(3751.2+ 111.8 pmol L) after 48 h. Following 4 h of recovery in ammonia-free water,

plasma Tamm Was reduced to 2820.2 + 213.4 umol L™ (Figure 6.1A).

Prior to HEA exposure, blood pH was 7.92 + 0.02 (Figure 6.1A), and not
significantly different from animals held in ammonia-free seawater. Following 48 h HEA
exposure, blood pH was unchanged compared to the parallel controls in ammonia-free
seawater (pH 7.95 + 0.06). However, following 4 h recovery in ammonia-free seawater,
there was a significant 0.4 unit drop in blood pH to pH 7.63 + 0.05 in HEA exposed

hagfish (Figure 6.1B).

When control hagfish, not exposed to ammonia, were placed in divided chambers,
routine Jamm averaged 40.0 +25.9 pmol kg™ h™ (Figure 6.2A) in the anterior
compartment and 4.9 + 1.4 pmol kg h! in the posterior compartment (Figure 6.2B),
totaling ~45 pmol kg™ h™ for the whole animal. However, anterior Ja g, in the ammonia-
loaded animals increased approximately 15-fold (590.7 + 91.5 pmol kg™* h''; Figure
6.2A). Excretion in the posterior compartment however, increased nearly 26-fold to 129.1

+ 14.3 pmol kg™ h'! representing approximately 20% of combined J 4., from anterior
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and posterior compartment (~720 pmol kg™ h™') in HEA-exposed animals compared to

approximately 11% in the non-exposed controls (Figure 6.2B).

Series 2: Variation in the routes of Jymm following HEA

Exposure of the anterior region of the hagfish to HEA for 4 h resulted in a plasma
T amm load of 1273.6 + 106.4 pmol L™, which was not significantly greater than the
concentrations measured in control (no HEA) animals (603.2 + 69.1 umol L™; Figure
6.3A). Notably, when the posterior end of the hagfish was exposed to HEA, animals
experienced a substantial accumulation in plasma Tamg (3081.7 £ 368.3 pmol L)
suggesting that the posterior zones of the body were more permeable to external

ammonia than the anterior region (Figure 6.3A).

Control animals, not exposed to HEA, had an average blood pH of 7.77 £ 0.06
(Figure 6.3B) in agreement with previous experiments. While no differences in blood pH
were observed following 4 h exposure of the anterior body to HEA (7.80 = 0.05 pH
units), exposure of the posterior body regions to HEA resulted in a significant acidosis

characterized by drop in blood pH to 7.56 + 0.08 (Figure 6.3B).

When the route of HEA exposure was via either the anterior or posterior chamber,
Jamm Was measured in the opposing HEA-free compartment. When HEA exposure was
via the anterior compartment, posterior Jamm averaged 121.7 + 40.9 pmol kg™ h', which
was 5-fold greater than rates in control animals (Figure 6.4A). When the route of HEA
was via the posterior compartment, Jamm averaged 151.7 = 49.8 pmol kg™ h™' in the

anterior compartment, ~4-fold greater than measured in controls (Figure 6.4B).
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Series 3: Ammonia flux across excised skin tissue

To further investigate the skin's role in ammonia handling, skin sections were
excised from the dorsal region of hagfish pre-exposed to HEA (20 mmol L) or control
animals held in ammonia-free seawater for 48 h. In both cases Ja,m Was concentration-
dependent over the range of serosal Tamm concentrations tested (Figure 6.5A). However,
Jamm across the skin excised from HEA-exposed animals was up to 8-fold greater at a
serosal [Tamm] of 0.05 mmol L™ and 1.3-fold greater at a serosal [Tamm] of 5 mmol L™

(Figure 6.5B).

The skin contribution to Jamm, also appeared to be greater in posterior relative to
anterior body regions, with Jau, Increasing linearly in skin sections sampled sequentially
from anterior to posterior (R’= 0.88) with a slope of 0.1307 + 0.024 ([nmol cm™ h']/ [%

distance from snout]; F; 4 = 30.30, p=0.00531; Figure 6.5C).

Series 4. Determination of cutaneous Rhcg abundance along the length of the animal

Skin tissue excised sequentially from anterior to posterior was distributed on a
percentage distance from snout basis (Anterior: 27.58 + 0.9 %; Middle: 57.21 £ 1.40 %;
Posterior: 84.19 + 1.08 %). Western blot analysis on skin tissue using #ZRhcg antibody
(Edwards et al., 2015) yielded a single immunoreactive protein band at ~50 kDa (Figure
6.6a). Rhcg abundance was variable across the length of the skin and was statistically
greater in skin sections excised from the middle on the animal compared to sections from
the anterior of the animal. Arguably, there was also greater abundance of Rheg in the

posterior region compared to the anterior region; however, this was not statistically
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significant. No significant differences were observed between the middle and posterior

sections.

Series 5: Detection and distribution of Rhcg in cutaneous tissue

Using an Illumina transcriptomes for combined gill/slime gland, a full-length
sequence for EsRhcg and a partial EsRh-like was isolated. Using species-specific primers
based off transcripomic data, full-length amplicons were amplified using PCR.
Sequencing following subsequent cloning identified a 1386 bp ORF (open reading frame)
encoding a 462 amino acid residue protein for EsRhcg sequence and a 1443 bp ORF
encoding a 481 amino acid protein for EsRh-like sequence. These sequences share high
homology (>98% at amino acid level) with previously identified homologues from
Atlantic hagfish (Edwards et al., 2015). Maximum-likelihood phylogenetic analysis of
these sequences against subfamilies of the Rh glycoprotein family demonstrated that the
cloned EsRheg and EsRh-like are members of the Rh glycoprotein family (Figure 6.7).
Full-length sequences for cloned Epratretus Stoutii Rhceg and Rh-like sequences are

found on the NCBI database (accession numbers KT943755, KT943754 respectively).

H&E staining highlighted the cellular composition of the capillary-rich (Cp)
dermis (d), as well as the prominent mucous cells (MC) in the basal aspect of the
epidermis (E; Figure 6.8A). Immunohistochemical analysis, using #Rhcg antibody
(Edwards et al., 2015), demonstrated that #/Rhcg immunoreactivity was localized to the
basal aspect of the skin epidermis (Figure 6.8B). Peptide competition eliminated this

staining in the basal aspect (Figure 6.8B inset). The Pacific hagfish EsRhcg sequence
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exhibited 90% (18/20 a.a.) similarity with antigenic peptide sequence used to create

hRhcg antibody (Table 6.3).
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Discussion

Overview

Previous reports have demonstrated the impressive ammonia handling capabilities
of hagfish in relation to tolerance of exposure, tolerance of uptake and excretory capacity
(Braun and Perry, 2010; Clifford et al., 2015a; Edwards et al., 2015; Evans, 1984;
McDonald et al., 1991). The goal of this study was to extend these observations by: 1)
identifying in vivo if hagfish can utilize cutaneous excretion to counteract HEA-induced
ammonemia 2) determining if ammonia handling is altered in response to internal and
external ammonia loads and 3) determining if hagfish possess the necessary ammonia
transporters in cutaneous tissue. The findings presented herein clearly demonstrate that
hagfish have the capacity to differentially handle ammonia by modulating Ja.., across the
gills and skin. These findings confirm previous observations that hagfish routinely
excrete nitrogenous wastes from skin at rates 10-30% of whole animal rates (Clifford et
al., 2014), and reaffirm the extraordinarily high tolerance of the hagfish both to HEA and
high plasma T, (Braun and Perry, 2010; Clifford et al., 2015a). Furthermore, following
ammonia loading via HEA exposure, Jamn, increased across both gill (~15-fold) and skin
(~26-fold) epithelial tissue in comparison to routine rates in the whole animals. These
findings are supported by my skin flux studies, which demonstrate that following HEA
exposure, ammonia transport rates across excised skin tissue increases along the length of
the animal from anterior to posterior. Moreover, based on the serosal Tamm concentration,
greater fold-changes were observed at lower, and likely more environmentally relevant,
Tamm concentrations. Finally, two Pacific hagfish Rh orthologs were identified and, using

immunohistohemistry, I demonstrate Rheg localization in the epidermal area near the
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basement membrane, thus providing a mechanistic route for ammonia transfer across the

skin.

Cutaneous adaptations to adverse feeding conditions

Hagfish partially burrow into carrion and feed on the soft tissues of the decaying
carcass (Martini, 1998). This feeding behaviour immerses the branchial region in an area
likely containing high amounts of putrefactive products (see Introduction) leaving the
posterior region of the animal exposed to seawater where the gradients of these
substances are diminished and likely favour excretion, provided that the transport
mechanisms are present. Interestingly, anterior HEA exposure resulted in lower
accumulations of ammonia in the blood compared to an equivalent HEA exposure in the
posterior region. I hypothesize that this may be an adaptation to reduce ammonia loading
during feeding bouts where the anterior region of the animal is in closer proximity to the

decaying carcass.

A recent study on Atlantic hagfish (Myxine glutinosa) demonstrated that Rhcg
was present in the gills, a common site for ammonia excretion, but also in skin (Edwards
et al., 2015). The presence of a dermal capillary network in hagfish skin is also postulated
to be an important site of gas exchange (Potter et al., 1995). It may be that the dermal
capillary network in of Pacific hagfish skin is used to facilitate ammonia excretion
provided ammonia gradients are outwardly directed. Immunohistochemistry has
demonstrated that Pacific hagfish express the Rheg protein in the basal region of the skin
epidermis; thus providing a route by which ammonia can be transported across the skin.

The Rhcg staining is most prominent in close proximity to the dermal/epidermal interface
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and immediately adjacent to the dermal capillary network. I propose that Rh proteins
provide an increased directional permeability facilitating ammonia transport across the

skin to the environment.

The results of increasing skin permeability from the anterior to posterior regions
of the hagfish (Figure 6.3C) also support this adaptive hypothesis. Presumably while
feeding, more posterior regions of hagfish skin have more favourable excretory gradients
due to the diminishment of putrefactive products including ammonia in the adjacent
water more distal to the carrion. These results also demonstrate that pre-exposure to HEA
causes significant increases in cutaneous permeability presumably as a mechanism to
increase excretion in the posterior (cutaneous) regions. Unfortunately, reliable protein
extracts were unable to be obtained from frozen skin tissue from HEA and control fish.
Updated collection methods with RNAlater however, did yield successful protein
extractions from skin tissues taken along the length of control animals. There does appear
to be differences in Rhcg expression across the length of the animal with lower
expression from anterior tissue and higher expression in skin excised from the middle and
the posterior sections of the animal. Thus, expression analysis of Rheg does provide some
support for the increased flux along the length of the animal. Future research should
examine how cutaneous Rhecg expression is modulated during HEA exposure and

recovery.
Regional differences in Jymm following HEA exposure

During recovery, both the gill and skin contributed to Jan., in the anterior
compartment, while cutaneous and cloacal (intestinal and renal combined) constituents

contributed to Jamm, 1n the posterior compartment. Preliminary experiments revealed that
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a cloacal seal did not impact Jau, 1n the posterior chamber in either control or HEA
exposed animals, demonstrating that cloacal efflux does not play a prominent role in
Jamm. Given the low urine flow-rate of the hagfish (227 ul kg™ h™'; Morris, 1965), the
urine would have to be concentrated to >800 mmol L to account for the measured Ja .
This would be ~2 orders of magnitude greater than the hagfish plasma Tanm following
HEA exposure. Given that hagfish do not ionoregulate (Currie and Edwards, 2010), have
rudimentary kidneys without a multiplying loop of Henle (Weinrauch et al., 2015) and
have a urine composition similar to plasma (Alt et al., 1981), it is unlikely that hagfish
concentrate ammonia within their urine as a means of excretion. Thus posterior flux rates

are interpreted as being primarily cutaneous.

When in the divided chambers, ~40% of the hagfish skin was in the anterior
compartment whilst ~60% was in the posterior compartment. I have previously reported
that basal cutaneous ammonia excretion rates in hagfish are in the range of 10-30% of
whole animal rates (Clifford et al., 2014) corroborating with results in the present study
(~18% of routine rates and ~30% following exposure to HEA). Cutaneous ammonia
excretion has been observed in several fish species including dab (Limanda limanda;
Sayer and Davenport, 1987), rainbow trout (Oncorhynchus mykiss, Zimmer et al., 2014)
and the mangrove killifish (Kryprolebias marmoratus; Frick and Wright, 2002). In trout,
cutaneous ammonia excretion accounted for 4.5% of total Janm under routine conditions
and mildly increased to 5.7% following HEA exposure (12 h; 2 mmol L'; Zimmer et al.,
2014)) while in the dab, cutaneous ammonia excretion accounted for 47% under routine
conditions; however, the effect of ammonia loading via HEA exposure has yet to be

determined (Sayer and Davenport, 1987).
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Acid/base response during exposure, recovery and localized exposure.

The acidosis observed following 4 h recovery in ammonia-free seawater agrees
with previous studies (Clifford et al., 2015a) and is the result of a compensatory
metabolic acid load associated with NH; excretion. However, a perplexing ~0.2 pH unit
acidosis was observed associated only with posteriorly-applied HEA and not anteriorly-
applied HEA. While posterior entry of NH, " would account for this result, the entry of
ammonia as NH," seems unlikely given the relatively low cationic permeability of the
hagfish body surface (Evans, 1984). One possibility 1s that there is a differential response

to anteriorly-vs. posteriorly-applied HEA and this bears further investigation.

Ammonia permeability in the branchial region

Interestingly, localized ammonia exposures demonstrated anterior (i.e. branchial)
HEA exposure does not result in an equal rate of increase in plasma Tamm_ as does
equivalent posterior HEA exposure. This hysteresis in response to localized HEA not
only suggests that ammonia loading via cutaneous means may be a major route of
ammonia uptake in hagfish, but also that the anterior regions (gills and/or anterior skin)
possess the ability to reduce ammonia uptake when exposed to HEA, even in the face of
massive inwardly-directed ammonia gradients. In contrast, the rise in plasma ammonia
when the route of exposure is via the posterior chamber indicates that hagfish are unable
to limit posterior cutaneous ammonia uptake, at least acutely. Reduced plasma Tamnm
loading during localized HEA exposure provides further evidence that hagfish have
adapted novel ammonia handling strategies to overcome the challenges associated with

feeding on putrefying carrion.
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While the mechanisms behind this hysteresis are unknown, changes in gill
ammonia permeability due to changes in #Rhcg abundance can be ruled out. Western
blots of gill tissue demonstrated that prolonged exposure of hagfish to identical ammonia
concentrations were not accompanied by changes of branchial #ZRhcg protein abundance

(Clifford et al., 2015a).

In the absence of any changes in Rhcg abundance, it may be that the hagfish were
able to restrict ammonia uptake by either alteration of other Rh protein expression and
function, alteration in Rheg function, or perhaps by reducing branchial ventilation rate
and/or flow. Further investigation is warranted in these aspects to identify the underlying
mechanism responsible for this remarkable ability to essentially ‘block” ammonia uptake.
This study demonstrates that hagfish have the capacity to spatially regulate ammonia
excretion across multiple epithelia and that there exists a capacity to adjust ammonia

permeability in response to localized environmental ammonia.

Conclusions

This study is the first to demonstrate localized ammonia transport with increased
ammonia permeability occurring more posteriorly. HEA-induced plasma ammonia
loading results in a higher cutaneous permeability in excised skin suggesting regulation
of ammonia permeability. These findings also demonstrate that hagfish can actively
regulate ammonia handling in response to an environmental ammonia stress; an

adaptation appropriately suited for the carrion scavenging behaviour of the hagfish.
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Table 6.1 List of Rh sequences used for HMMER search

Tables

Rh glycoprotein sequences used to construct HMM profiles for HMMER search

querying hagfish illumina transcriptomes. Sequences were acquired from NCBI GenBank

repository

Isoform Species Accession #

Rhbg Takifugu rubripes AAMA48577.1
Alcolapia grahami AFZ78445.1
Cyprinus carpio AGM46574.1
Porichthys notatus AGA93879.1
Opsanus beta AEA77168.1
Bos Taurus AAI33319.1
Rattus norvegicus AAH79365.1
Oryzias latipes NP 001098561.1
Danio rerio NP 956365.2
Takifugu rubripes AAMA48577.1
Porichthys notatus AGA93879.1
Ophiophagus hannah ETES8616.1
Xenopus tropicalis AAUR9493.1
Pan troglodytes AAX39716.1
Tetraodon nigroviridis Q3BBXS&.1

Rheg Takifugu rubripes QI8PF5.1

Danio rerio
Oncorhynchus mykiss
Oreochromis niloticus
Opsanus beta

Gallus gallus
Monodelphis domestica
Xenopus tropicalis
Sus scrofa

Anolis carolinensis
Canis lupus familiaris
Pan troglodytes
Homo sapiens

NP _001083046.1
NP 001117995.1
XP 003442301.1
AEAT7169.1

NP _001004370.1
XP 001369976.1
NP _001003661.1
NP _001038042.1
XP 003227100.1
NP 001041487.1
NP _001030600.1
NP 057405.1
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Table 6.2 List of primers used for PCR amplification.

Application Sequences
EsRheg
PCR set sense: 5’- CCTGCTGTATAACCGGTCGATATT -3’
Full CDS  antisense: 5- CCAATGGAGCTTGCACCAAATAG-3’
EsRh-like
PCR set sense: 5’-CAACTCCGAGCTTCGCAA-3’

Full CDS antisense: 5’-TGCCTGTATGTCTGCTTGTATG-3’
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Table 6.3 Comparison of hagfish Rheg antibody binding domain

Species Peptide sequence
Myxine glutinosa 5’-CYEDRAYWEVPEEEVTY-3’
Eptatretus stoutii 5’-CYEDEAYWEVPEEEVTL-3’
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Figure 6.1 Plasma [T 4] and blood pH during recovery from HEA.
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Changes in (A) plasma [Tamn]| and (B) blood pH of Pacific hagfish exposed to HEA (20
mmol L) for 48 h and following a 4 h recovery in ammonia-free, full strength seawater
within divided chambers. Control fish (open bars) were housed in ammonia-free seawater
for the exposure period. Blood was drawn immediately prior to HEA exposure (Pre-
exposure; hashed bars), following HEA exposure (0 h) and following a 4 h recovery
period (4 h). Data are presented as mean + s.e.m. (n). Bars with same letter are not
statistically different (p < 0.05) as determined by one-way ANOVA followed by Sidak’s

multiple comparisons test
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Figure 6.2 Partitioning of ammonia excretion during recovery from HEA.
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During recovery from HEA (20 mmol L™) for 48 h in divided chambers, (A) anterior and
(B) posterior net outward Jan, was measured. Data are presented as mean + s.e.m. (»).
Bars with same letter are not statistically different (p < 0.05) as determined by Student’s

two-tailed t-test
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Figure 6.3 Plasma [T s,] and blood pH during localized HEA exposure.
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Hagfish (A) plasma [Tamm] and (B) blood pH following compartmentalized HEA
exposure. Hagfish were placed into divided chambers containing either ammonia-free
seawater (no HEA; open bars) or 20 mmol L' Tauy, in either the anterior (HEA in front)
or posterior (HEA in back) 20 mmol L™ HEA chamber for 4 h (closed bars). Blood
samples were drawn immediately following exposure. Data are presented as mean +
s.e.m. (n). Bars with same letter are not statistically different (p < 0.05) as determined by

one-way ANOVA followed by Sidak’s multiple comparisons test.
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Figure 6.4 Ammonia excretion during localized HEA exposure.
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Net outward (A) anterior and (B) posterior Jam, from hagfish during acute localized HEA
exposure was determined in the compartment opposite to the HEA-containing
compartment. Data are presented as mean + s.e.m. (n). Bars with same letter are not

statistically different (p < 0.05) as determined by Student’s two-tailed t-test.
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Figure 6.5 Ammonia flux across excised skin.
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Total ammonia flux across excised skin as determined by appearance of ammonia in
mucosal medium following introduction to serosal HEA (0.05 — 10.0 mmol L in hagfish
saline). Concentration-dependent flux (A) was determined in excised skin from hagfish
either pre-exposed to HEA (20 mmol L) for 48 h (closed bars) or non-exposed controls
(open bars). Concentration dependent fold-changes (B) were calculated based on mean
Jamm rates from excised skin tissue from HEA and non-HEA exposed animals presented
in (A). Skin Jan, was measured in skin excised from serial sections along the length of
non-HEA exposed animals. The serosal side of skin sections were then exposed to 5
mmol L ammonia in hagfish saline, and the appearance of ammonia measured on the
mucosal side of the chamber. Data are presented as mean + s.e.m. in (A) and mean =+
s.e.m. (n) mn (C). Statistical differences in (A) are denoted by asterisks (*; p < 0.05) as
determined by Student’s two-tailed t-test. Solid line in (C) represents line of best fit as
determined by linear regression analysis; broken lines represent 95% confidence limits

for line of best fit.
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Figure 6.6 Cutaneous distribution of Rhcg abundance in hagfish.
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Hagfish skin was excised in sequential sections (Anterior, Middle, Posterior) from along
the length of the animal. Skin sections were distributed by percentage distance from the
snout (Anterior: 27.58 £+ 0.9 %; Middle: 57.21 + 1.40 %; Posterior: 84.19 £ 1.08 %). (A)
Representative blot from posterior skin sections. (B) Relative abundance of cutaneous
hRhcg expression from sequential skin sections. Data are presented as mean + s.e.m (»).
Bars with same letter are not statistically different (p < 0.05) as determined by one-way

ANOVA followed by Holm-Sidak multiple comparisions post-hoc test.

231



Rh-like paea WP_011111083.1]

hl 5. RhSOA p [NP_G47940.1]
V™ Rh-like Drosophila melanogaster [AAF19374.1]
- Rh-liked elegans [AAFOTEB.1]
is elegans [AAFITEES 1]

Rh-like2 C:

Rhag Ciona infestinalis [AAP42763.1]
Rhbg-like Ciona savignyl [AAY41908 1]
= Rheg Ciona intestinalis [AAP42761.1]
Rhby Ciena intestinalis [AAP42762.1]
Rhcg-like Ciama savignyl [AAYS1908.1]
Rhp2 Triakis seyllium [BAMOT2T 1]
Rh-like Tetraodon nigroviridis [AAYB1950.1]
Rhag1 Takifugu rubripes [AAMABSTS1]
Rh50-like Danio rerio [AAFE3256.1]
Rhag? Takifugu rubripes [AAMA4ESTE.1]
h30-like2 Takifugy rubripes [AAUS1655.1]

Rhp Xenopus tropicalis [AAY41904.1]

Rh-like Eptatretus stoutii [KT943754)

hbg Myxine glutinosa [ADDE3226.1]
Rh30-like Danio rerio [AAUB1655.1]

[Rhagdike Saimo salar [AARDTTE.1]

toa {'L Rh30-like3 Oncorhynchus mykiss [ABNT3108.1]
T 30-like2 Oncorfynchus mykiss [ABNTI107.1]
Rh3o [A 5.1]
Rh30-likel Takrfupu nr.bnpes [AAMA8580.2]

]?J Mus [NP_035393.1]
85 —_ Rnag Rattus norvegicus [NP_075411.2]
Rhag Canis [MF_001104238.1]

Rhag Macaca mulatta [NF_001027987.1]
® RNS0 Pongo pygmaeus [AAGO0305.1]
6 RNSO Gorilla gorila [AAGD0304.1]
% Rn50 Homa sapiens [AAFTE209.1]
* Rhag Pan rroglodytes [NP_001009033.1]
Rhag Danio rerio [NP_998010.1]
Rhag-like Takifugy rubripes [AAVZE817.1]
Rhag Gasferosteus sculeatys [ABFE06EE.1]
Rhag Oncorhynehus mykiss [ABV24962.1]
Rheg Myxine gluninesa [ADDE3335.1]
£ Rhcg Eptatretus stoutil [KT343755]
Rheg Sus serofa [ABFEIEET 1]
Rheg Canis familiaris [NP_001041487.1]
BnCG Hemo sapiens [AAHI0965.1]
isRheg Pan troglodytes [ARX3ST17.1]
Rheg Mecaca mularta [ABDT2472.1]

Rheg Oy i [AAK14652.1]
Rheg Ratius nurvcmvus [AANOTTS.1]
Ilcg Mus musculus [NP_062773.2]

Rheg Xenopus tropicalis [AAQO2E88.1]
Rhcg2a Danio reric [BAFE3TS1.1]
Rhegle Danie rerio [BAFE3TH2.1]

Rhcg Oncorhynchus mykiss [AALES454.1]
Rheg? Takifugy rubripes [AAMA85T9.1]
Rheg Oryzias latipes [BAB13346.1]

Rheg2 Kryplolobias marmoratus [ABDB2662.1]

Rheg [ABF
Rhcgla Oncorhynchus mykiss [ABDS2924.1)
hegl Danie rerie [BAFEITH0.1]
heg1b Danio rerio [AAMS0586.1]
a8 ;Ihcgl Takifugu rubripes [AAMA485TE.1]
Rheg Tetraodon nigroviridis [AAY 41907 1)
Rheg1 Kryprolebias marmoratus [ABN41463.1)
hbg-b Oncorhynchus mykiss [ABO16486.1]
‘Rhbg-a Oncorhynchus mykiss [ABO16485.1)
Rhbg Kryptolobias marmoratus [ABO18606.1)
Rhbg Oryzias latipes [AAROSETE 1]
p2 Gastorosieus aculpatus [ABFESES1.1)
bg Gasterosteus aculealus [ABFEIEE9.1]
Rhbg Tetraodon nigroviridis [AAY41906.1]
Rhbg Takifugu rubripes [AAMABSTT 1]
ﬂ'bg Takifugu rubripes [BAE96342.1)
Rhbyg Danio rerio [AAQOS52T 1]
Rhbg Xenopus tropicaiis [AAUS9493 1]

Rhbg Camis familiaris [AANTET2S.1]
‘%W-Dmculsul Canis familiaris [NP_001003047.2]
Rhbyg-precursor Sus scrofa [NP_599161.1]
Rhbg Oryetolagus cuniculus [AAK14652.1]
hbg Ratius norvegicus [AAHTIIES 1]
byg-precursor Mus musculus [NP_067350.2]
Rhbg Macaca mulatta [AALSE017.1]

. RNbg Gorilla gorilla [AAK16202.1]
Rhbg Ponge pygmaeus [AAK16204.1]
Rhbg Hylobates sp. [AAK16203.1]
_RNEG2a Homo sapiens [AANI4364 1]
'EHBGB Homeo sapiens [NP_065140.3]
hbg Pan troglodytes [AAX3ST16.1]

—
0.2

Figure 6.7 Phylogenetic analysis of 2 cloned hagfish Rh glycoprotein sequences.
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Phylogenetic analysis of 2 cloned Rh glycoprotein sequences showed phylogenetic
relationships of EsRhcg and EsRh-like peptide sequences. Analysis was completed using
RAx-ML with methods previously described on the Cyberinfrastructure for Phylogenetic
Research (CIPRES) Science Gateway servers. Branch support was estimated by bootstrap
with 300 replications with auto-cutoff threshold set to 1000. Cloned sequences are
denoted with an arrow. Numbers in square brackets are the GenBank accession numbers

of the sequences.
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Figure 6.8 Representative micrographs depicting Pacific hagfish cutaneous cellular
organization and Rhceg localization.
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H&E staining (A) highlighting the large mucous cells (MC) and clearly defined basement
membrane separating the epidermis (E) from the capillary-rich (Cp) dermis (D). Scale bar
= 20 pm. Immunohistochemistry representative confocal images showing localization of
the EsRhcg using myxinid-derived antibodies (red) to the basal aspect of the epidermis
(B). Immunoreactivity clearly observed along the length of the basement membrane of
the epidermis, extending up to surround the large mucous cells (MC). Scale bar = 20 pm.
Pre-absorbed antibody control micrograph (inset) demonstrating no evidence of Rhecg

staining. Scale bar = 20 pm.
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Chapter 7: Regulation of plasma glucose and sulfate excretion
in Pacific hagfish, Eptatretus stoutii is not mediated by 11-

deoxycortisol

A version of this chapter has been submitted:

Alexander M. Clifford, Nicolas R. Bury, Aaron G. Schultz, James D. Ede, Brendan L.
Goss and Greg G. Goss. Regulation of plasma glucose and sulfate excretion rates in
Pacific hagfish, Eptatretus stoutii is not mediated by 11-deoxycortisol. (Submitted —

General and Comparative Endocrinology: GCE-S-16-00236)
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Introduction

There has long been debate on the true phylogenetic relationship between the two
extant groups of cyclostomes, the lamprey and hagfish (Janvier, 2010). Past morphology-
based approaches suggested paraphyly with the lamprey being more closely related to the
jawed vertebrates, gnathostomes, than the hagfish (Janvier, 2010). Contrarily, current
molecular evidence provides support for monophyly with both groups forming a single
clade separating from the vertebrate lineage evolution (Heimberg et al., 2010) although,
the strength of these assumptions have recently been questioned (Thomson et al., 2014).
A monophyletic cyclostome clade would indicate that the ancestral vertebrates were more
complex than originally thought with the lamprey retaining a number of features that are
present in gnathostomes and the hagfish undergoing an unprecedented loss of vertebrate
features. Alternatively, the lamprey would have had to develop key physiological traits in
a convergent evolutionary context with the gnathostomes, but also possess the genetic
features at divergence to allow for this parallel evolution, suggesting that hagfish and

lamprey diverged early on following the emergence of the cyclostome clade around

525MYA (Near, 2009).

Two examples of physiological and endocrinological processes that have either
been lost, or appear more primitive in hagfish are ionoregulation and the hypothalamic-
pituitary axis (HPA). When comparing ionoregulatory strategies of lamprey and hagfish,
lamprey are euryhaline with blood ion concentrations similar to the rest of the vertebrate
lineage at ~'/3 seawater (Smith, 1932), while hagfish are strictly marine in their
evolutionary history (Bardack, 1991). Hagfish are particularly unique within the

vertebrates as their blood plasma is similar to seawater with respect to Na” and CI
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concentrations (Bellamy and Chester Jones, 1961). Furthermore, hagfish are stenohaline
and thus cannot regulate Na" and CI” when placed in media differing in salt composition
from seawater (Robertson, 1954; Sardella et al., 2009). Hagfish do, however, regulate the
divalent ions sulfate (SO4%), magnesium (Mg”") and calcium (Ca®"), giving support to the
hypothesis that these divalent cations were among the first 1ons to be actively regulated in
vertebrates (Bellamy and Chester Jones, 1961; Clifford et al., 2015b). It has been
proposed that the early steroids and receptors used for this mineral regulation have been

adopted for regulation of the monovalent ions (Na*, CI', K*; Sardella et al., 2009)

The emergence of the hypothalamic-pituitary axis (HPA) is specific to vertebrates
and 1s a key event in the evolution of divergent physiological processes (e.g.
reproduction, growth, metabolism, stress response and osmoregulation; Bury et al.,
2015). Current evidence suggests that hagfish possess a far less morphologically distinct
HPA compared to lamprey (Uchida et al., 2010) in that there is no apparent partitioning
of the pars distalis and pars intermedia of the pituitary gland as observed for lamprey and
all the gnathostomes (e.g. Nozaki et al., 2007). A number of the corticotropins,
melanotropins and gonadotropins that are released from the pituitary to stimulate steroid
hormones synthesis have been described in lamprey (Sower et al., 2006; Takahashi et al.,

1995) but have yet to be definitively identified in hagfishes (Uchida et al., 2010).

The HPA controls the synthesis of a number of steroid hormones that circulate the
body and bind to nuclear hormone receptors to act as ligand inducible transcription
factors, examples of which are the sex [estrogen (ER), androgen (AR) and progesterone
receptors (PR)] and adrenal hormone receptors [the two corticoid receptors (CR);

glucocorticoid (GR) and mineralocorticoid receptors (MR)] of the gnathostomes. The

239



origins of these groups of receptors can be traced back to the estrogen “like” receptor
(ERR) present in some groups of Protosomes, e.g. the molluscs and annelids (Keay and
Thornton, 2009; Keay et al., 2006). These early ERR receptors are constitutively active
and their mode of regulation remains unclear (Keay and Thornton, 2009; Keay et al.,
2006). In the cephalochordate Branchiostoma floridae, an ERR (Paris et al., 2008), ER
and steroid receptor (SR) have been reported (Bertrand et al., 2011). The SR 1s expressed
in the gonads (Callard et al., 2011) and 1s activated by estrogens (Katsu et al., 2013), and
negatively regulated by the ER (Callard et al., 2011), this suggests that the ancestral role

of the SR may be to regulate reproduction.

Whole genome duplication (WGD) events in the early vertebrate lineage has lead
to the emergence of 3 distinct hormone receptors, the CR, ER and PR, in cyclostomes
(Bridgham et al., 2006; Rossier et al., 2015). The cloning of these receptors and in vifro
assays has identified the receptors hormone binding and transactivation profiles. The CRs
of lamprey and Atlantic hagfish are promiscuous, being activated by a number of
different corticoids including cortisol, 11-deoxycorticosterone (DOC), 11-deoxycortisol
(11-DOC) and corticosterone (Bridgham et al., 2006). However, even though these in
vitro assays have proven invaluable in identifying potential mechanisms of protein
evolution at a molecular level (Bridgham et al., 2009), they do not provide information
on the actual active hormones in vivo or the evolution of their physiological role (Close et
al., 2010). For example, even though the lamprey CR 1is activated by a wide range of
corticoids in vitro, Close et al. (2010) recently identified that only 11-DOC is elevated in

the plasma of lamprey and that this hormone performs both a classical glucocorticoid
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role, controlling gluconeogenesis, and a mineralocorticoid role, regulating ion

homeostasis.

The clear divergence in ionoregulatory strategies between these two agnathan taxa
and the knowledge that steroid hormones regulate ion balance in lamprey and more
derived vertebrates provides the impetus to reevaluate steroid function in hagfish. This
study aims to identify the presence of classical corticosteroid hormone responses in the
Pacific hagfish (Eptatretus stoutii) through either in vivo perturbations (handling or
elevation of plasma sulfate via injection) or via hormonal implants followed by
monitoring of classical glucocorticoid (plasma glucose) and mineralocorticoid (gill
ATPase activity and plasma sulfate regulation) responses. Sulfate is one of the three
divalent ions that hagfish regulate (Bellamy and Chester Jones, 1961) therefore it was
hypothesized that a mineral stress may elicit a measurable hormonal response.
Specifically, I sought to characterize the effects of sulfate loading on hagfish plasma
glucose and 11-DOC levels. I also characterized recovery from sulfate loading by
examining both glomerular filtration rate and sulfate excretion rate following sulfate
plasma loading. Administration of cortisol, DOC, and corticosterone via coconut oil
implants allowed for the investigation into the potential for each of these steroids to serve
as either direct activators of the CR or precursors for the biosynthesis pathway for the CR
ligand. Plasma 11-DOC levels were measured following in vivo perturbations.
Furthermore, analysis of a hagfish transcriptome allowed me to identify the presence of

specific enzymatic elements of the corticosteroid biosynthesis pathway.
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Material and Methods

Experimental animals and holding

Pacific hagfish (Eptatretus stoutii; 65 — 227 g) were captured near Bamfield, BC,
Canada and held at Bamfield Marine Sciences Centre (BMSC) as previously described
(Clifford et al., 2015a; Schultz et al., 2014). Fish remained unfed during captivity and
were used for experimentation within 2 weeks of capture. All animals were used under
the licenses of Department of Fisheries and Ocean Canada collection permits XR 214
2007, XR 214 2010, XR 214 2011 and XR 214 2013 and Bamfield Marine Science

Centre Animal Care protocol numbers BMSC RS 10-42, RS 11-26, and RS-13-24.

Chemicals

Unless noted, reagents and enzymes were supplied by Sigma-Aldrich (St. Louis,
MO). Cortisol, 11-DOC, DOC, and corticosterone were obtained from commercial
suppliers (Stereloids, USA). Coconut oil was purchased from a local health food store.
Tricaine methanesulfonate (TMS) was obtained from Syndel laboratories (Nanaimo, BC,

Canada).

Experimental protocol

Experiment 1 - Exogenous elevation of plasma hormone concentrations

To induce elevated plasma hormone concentrations, hagfish were administered
molten coconut oil (kept at 27 “C prior to injection) impregnated with cortisol,

corticosterone or DOC at dose of 20, 100 or 200 mg kg™ Briefly, animals were lightly
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anaesthetized in seawater containing TMS (0.75 g L) buffered with 1.5 g L™ sodium
bicarbonate for 3 — 5 min. The animals were then removed from the water and were held
vertically causing pooling of blood in the caudal subcutaneous sinus within 20 sec. A 200
uL control blood sample was removed from the sinus with a heparinized 21G needle and
1 mL disposable syringe, centrifuged briefly (30 sec, 14,000g) and the plasma was
removed and rapidly frozen on liquid nitrogen (-80 “C) for later analysis. The animals
were then laid on a flat surface and steroidal implants were placed in the body cavity
approximately 3 inches caudal to the last branchial pore using a warm (27 “C) 18 g needle
and 3 mL syringe. All implant concentrations were administered at a dose equivalent to
2% of body mass. Coconut oil injections without steroid served as a control for all
experiments. Blood samples were also removed 4 and 7 days post-implantation.
Confirmation of successful placement of the implant was evaluated visually upon
termination and dissection. Plasma cortisol and glucose concentrations were measured 4
and 7-days post-implantation, whereas total gill ATPase activities were only measured 7-
days post-implantation and these results have been reported elsewhere (Bury et al., 2015).
To confirm the efficacy of the implant at achieving the desired nominal concentrations, a
commercial cortisol RIA (MP Biomedical, Orangeburg, NY) was used as a surrogate for

the efficacy of the DOC and corticosterone injections (see Figure 7.2).

Experiment 2 — Effects of handling stress on hagfish plasma glucose and 11-DOC levels

In order to determine the effects of handling stress on potential candidates of
hagfish stress hormones, hagfish were subjected to an extended handling stress. Hagfish
(n = 6) were acclimated in a darkened, aerated box with flowing ambient seawater

overnight (> 10 h) prior to any experimentation. Hagfish were then lightly anaesthetized
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(0.75 g L™ TMS) in the dark without handling to allow for control blood samples (200
uL) to be taken. Following recovery from anesthesia (~1 h), hagfish were agitated by
continual manual grasping for 30 min. They were then allowed to recover for 6, 12, 24
and 48 h and blood samples collected as described above. Blood was centrifuged and
then the plasma was snap frozen in liquid nitrogen (-80 “C) for later determination of

plasma glucose and 11-DOC concentrations.

Experiment 3 - Effect of sulfate loading

Hagfish were anaesthetized and individually weighed (range 115-192 g, n =06
for each treatment). To chronically elevate plasma SO4>, hagfish were administered a
daily load of 2 pL g™ of a stock 200 mmol L' Na,S04/300 mmol L™ NaCl solution (400
umol SO4” kg™ body mass) for 3 days. Assuming a blood volume of 18% (Forster, 1989;
McCarthy and Conte, 1966), this dose was designed to elevate plasma SO4> by a nominal
amount of ~3 mmol L™ injection™. Controls consisted of an equivalent injected volume
(2 pL g?) of 500 mmol L™ NaCl. On day 4, both sulfate-loaded and saline-loaded hagfish
were then injected with 200 pL of either 200 mmol L' Na,S0, /300 mmol L NaCl or
200 pL of 500 mmol L™ NaCl solution as appropriate. Each solution on day 4 also
contained 5 pnCi of radiolabelled sulfate (*’SO,”": Perkin Elmer as Na*>SO,” 3000 uCi
mmol ™) and 1 pCi of *H- inulin as a GFR marker (Perkin Elmer as *H-inulin: 3000 pCi
mmol™; Munger et al., 1991). Given the high specific activity (SA) of the injected
33S04* this would only amount to a nominal dose (~0.0017 mmol) of SO4* in the
control hagfish and not be expected to increase plasma [SO4>]. Hagfish were then placed
into individual flux chambers and *H-inulin and *>SO4> activity allowed to equilibrate in

the plasma for 6 h. Preliminary experiments determined that plasma concentrations were
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fully mixed and stable in the 6 — 12 h post-injection period. To start the experimental
period, blood samples were withdrawn from lightly anesthetized hagfish at 6 h post-
radiolabeled sulfate/inulin injection. To determine SA of plasma, 25 pl (0.025 mL) of
plasma was added to 4 mL of ACS scintillation fluid (Fisher chemical) and *H and *’S
radioactivity determined using a Beckman LS-6000 with appropriate energy windows
used for counting of each ion independently. The remaining plasma was then snap frozen
in liquid nitrogen (-80 “C) for later analysis of plasma sulfate, glucose and 11-DOC. The
flux chambers were weighed at the beginning and end of the flux period to determine the
flux volume (minus the weight of the fish). To begin the flux period, water samples (4
mL) were collected from the flux chamber (T,) and each flux was terminated after 2 h (8
h post injection) by withdrawing final water samples (T,). The T, and T, water samples
were mixed with 8 mL of ACS fluor and *H and *’S radioactivity measured using a
Beckman LS-6000 beta counter. At the completion of each flux period, plasma samples

were collected from the hagfish and analyzed as described above.

Analytical methods

Calculation of GFR and sulfate excretion rate

Glomerular filtration rate was calculated based on *H excretion rate using the

following equation:

GFR = [(CPM2, —CPM™*

ater e vor) * Weight™! - Time™] - Volumeg,,, - SA (1)

where SA was calculated as:
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volume = volume
cp Mgg'asma cp M:;II asma
SA = (2)

2

Sulfate excretion rate in both saline loaded (control) and sulfate-loaded animals

was calculated according to the following equation:

Jso,- = [(CPM.2,,,, — CPM,}

water water

) - Weight™1 - Time™'] - Volumeg,,,, - SA  (3)

where SA was calculated as:

pmol , pmol
CPMT!‘,ZQSTRQ I CPMTiflasma
SA = —teme 2 €]
and plasma [SO4>] (mmol mL™") was measured at 600 nm on a microplate
spectrophotometer (Spectramax 190 Molecular Devices, Sunnyvale, CA) using a

commercially available assay kit (Quantichrom Sulfate Assay Kit, DSFT-200, BioAssay

Systems, Hayward, CA).

Plasma sample analysis

Plasma glucose concentrations were measured at 340 nm using a microplate
spectrophotometer (Spectramax 190 Molecular Devices, Sunnyvale, CA) with a
hexokinase assay utilizing glucose-6-phosphate as a coupling enzyme (Bergmeyer,
1983). Plasma 11-DOC concentrations were analyzed with a commercially available RTIA

kit (11-DOC RIA, 38-DESHU-R96, Alpco Diagnostics, Salem, NH) and plasma cortisol
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concentrations were measured using a commercially available RIA (MP Biomedical,

Orangeburg, NY).

Production and analysis of hagfish transcriptome

A hagfish combined gill/slime gland transcriptome was commercially produced
by BGI (Shenzhen, China). Pacific hagfish (» = 3 for each treatment) from either no
stress, stress by acid or base injection, or stress via handling as above. For the acid and
base stress, hagfish were lightly anaesthetized in seawater containing 0.75 g L' TMS
buffered with 1.5 g L' sodium bicarbonate for 3 — 5 minutes, weighed and then held
vertically causing pooling of the blood in the caudal subcutaneous sinus. The animals
were then injected (3 mL syringe and 23g needle) with either acid saline (250 mmol L™
HCI [pH=0.60], 250 mmol L NaCl) or alkaline saline (250 mmol L" NaHCOs, 250
mmol L™ NaCl, [pH~8.43]) at a standard volume of 2.4 uL g to induce an
acid/alkaline/saline load of 6000 pmol kg'; similar to injection protocols that have been
employed in previous studies (Clifford et al., 2014; McDonald et al., 1991; Parks et al.,
2007b; Tresguerres et al., 2007a). Following a 3 h recovery period, animals were then
euthanized with an overdose of TMS (2 g L") buffered with 1.5 g L' sodium bicarbonate
and the gills and slime glands were rapidly excised and freeze-clamped in liquid nitrogen
(-80 °C, within 30 s). Total RNA was obtained from tissues (~100 mg) using a TRIzol
extraction protocol. RNA samples were then cleaned of genomic contents using DNAse I
(Ambion/Life technologies, Carlsbad, CA) after which, isolated RNA from the 24
samples (12 gill +12 slime gland) were mixed into one sample to specifications set forth
by BGI. With this combined sample, a transcriptome was generated using Illumina

technologies by BGI. Transcriptome annotation was performed by BGI via BLAST
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cross-referencing with NCBI non-redundant, Swiss-Prot, Kyoto Encyclopedia of Gene
and Genome (KEGG) and COG (Clusters of Orthologous Groups) databases. I utilized
KEGG pathway analysis provided by BGI to determine the presence of transcripts for

specific enzymes involved in steroid biosynthesis.

Statistical analysis

All data are presented as the mean + s.e.m.. Differences in plasma concentrations
of glucose, sulfate and 11-DOC were analyzed using one-way analysis of variance
(ANOVA). When significant differences were observed, differences between the means
were quantified using a Dunnet’s post-hoc test at the p < 0.05 level. When the
assumptions for ANOVA were not satisfied, a nonparametric ANOVA, followed by
Dunn’s test by ranks was used where appropriate. All statistical analyses were completed

using Prism 6 for Mac (Graphpad Software Inc, La Jolla, CA).
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Results

Identified elements of hagfish corticosteroid biosynthesis pathway

Analysis of a hagfish gill/slime gland transcriptome revealed the presence of
homologous enzymes required to transform cholesterol sulfate to progesterone including
steryl sulfatase/alcohol sulfotransferase, CYP11al, and 3b-HSD (Figure 7.1). However,
transcripts for important enzymes necessary for the synthesis of 17-OH-progesterone,
androstenedione and testosterone (CYP17), DOC (CYP21) cortisol (CYP11B1), or

estradiol (CYP19) were not found in the hagfish transcriptome.

Efficacy of steroid delivery via coconut oil implants

Cortisol implants and a cortisol RIA were used to determine the efficacy of the
coconut oil implants at delivering the nominal doses of each steroid, assuming
equivalency of release for each of the steroids from the coconut oil implant. To confirm
that the RIA could detect cortisol in the presence of hagfish plasma, Radioimmunoassays
were initially conducted using hagfish control plasma spiked with varying concentrations
of cortisol. The % recovery of cortisol from the spiked hagfish plasma was 98% and the

interassay variation was found to be < 6.9% suggesting that the RIA was effective.

Plasma cortisol concentrations were elevated in fish that received the coconut oil
implanted with cortisol, but were unaffected in those that received the sham injection or
an implant with either DOC or corticosterone (Figure 7.2). Moreover, the target
concentrations in the cortisol treated animals 4 days after injection were ~10, 100 and
150 png dL* for the nominal 20, 100 and 200 mg kg dose groups, respectively,

demonstrating that the implants were relatively effective at delivering their intended dose.
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Effects of steroidal implants

As published previously (Table 7.1, adapted from Bury et al. 2015), a significant
increase in plasma glucose levels from 0.74 + 0.17 mmol L™ (control) to 1.88 + 0.45
mmol L™ was observed in hagfish 4 days post-implantation with 200 mg kg™ DOC
(Table 7.1). There were also small but statistically significant increases at day 7 for the
20 mg kg DOC (0.70 + 0.09 mmol L™, » = 6) and 100 mg kg corticosterone (0.84 +
0.13 mmol L") implanted hagfish compared to hormone-free implanted controls (0.28 +
0.07 mmol L™ values. No changes in total gill-ATPase activity were detected 7 days post-

implantation with any of the tested hormone implants at any dosage (Table 7.1).

Effects of desliming stress on hagfish physiology

Thirty minutes of continuous handling stress induced a significant gluconeogenic
response in the hagfish. At 6 h post-handling stress, plasma glucose levels significant
increased from 0.27 + 0.16 mmol L™ (control) to 1.65 + 0.46 mmol L™ (Figure 7.3a).
Plasma glucose levels were reduced by 12 h (1.59 + 0.44 mmol L) and returned to
control levels at 24 h post-handling stress (0.96 + 0.36 mmol L™). Hagfish plasma 11-
DOC levels were also measured post-handling stress. Under control conditions, 11-DOC
concentrations were extremely low, near the detection limit for the assay (0.08 ng mL™)
and they remained unchanged from control values for the duration of the 48 h recovery

period (Figure 7.3Db).

Effects of sulfate loading on hagfish

To test for the presence of a glucogenic response as a result of divalent ion plasma

loading, hagfish were acutely injected with 2 pL g body mass of a 0.2 M Na,SO4
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solution, which was a dosage designed to elevate plasma SO4> by ~3 mmol L™ over the
resting plasma value of ~2 — 3 mmol L. However, acute elevation of plasma SO4> did
not result in any increases in plasma glucose at either 6 or 8 h post-injection (data not
shown). Therefore, to stimulate a glucogenic response, a chronic sulfate elevation
protocol was instituted where hagfish were injected with a daily load of 2 uL g™ 200
mmol L Na,SO,4 /300 mmol L' NaCl, equaling a nominal dose of 400 pmol SO,* kg
body mass. An equivalent volume of 500 mmol L™ NaCl was also injected in a group of
hagfish for 3 days and served as a paired control. On day 4, both sulfate loaded and saline
loaded hagfish were injected with the same solutions with added radiolabelled **SO4*

and *H-inulin as described in the methods to measure the sulfate excretion rate and GFR.

Plasma SO4> levels in the hagfish 4 days post-injection with NaCl did not deviate
from the pre-injected controls (4.01+ 0.47 mmol L), whereas, plasma SO, levels
significantly increased greater than two-fold in chronically (4 day) SO4*-loaded hagfish
at both 6 and 8 h post-injection (9.65 + 1.38 mmol L™ and 9.25 + 1.11 mmol L™,

respectively; Figure 7.4a).

Plasma glucose levels in NaCl-injected hagfish (control), remained stable at 6 and
8 h post-4™ injection (1.71 + 0.35 mmol L™ and 2.04 + 0.58 mmol L, respectively)
compared to control levels (1.09 + 0.19 mmol L™, Figure 7.4b). In contrast, chronic-
injection of Na,SO, resulted in a significant 3 to 5-fold increase in hagfish plasma
glucose levels at both 6 h (3.16 + 0.19 mmol L") and 8 h post-injection (5.08 + 1.12

mmol L™'; Figure 7.4b).

To mvestigate if 11-DOC played a role in the hagfish gluconeogenic stress

response, plasma 11-DOC concentrations were also measured after sulfate loading.
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Interestingly, no changes in plasma 11-DOC were detected and hagfish plasma 11-DOC
levels were approximately an order of magnitude lower than reported in Figure 7.4 and

were at or below detectable limits of the assay (Figure 7.4c).

SO,” excretion rates were calculated for both chronic NaCl and SO.> loaded
hagfish and I determined that SO4> loading resulted in a significantly greater SO,*
excretion rate (1.29 + 0.39 pmol kg™ hr'') compared to NaCl injected controls (0.29 +
0.13 pmol kg™ hr''; Figure 7.5a). To ensure that the increased SO4* excretion rate was
not associated with volume loading and a subsequent increase in GFR, *H-inulin
excretion rate was used as an indicator of GFR. Hagfish GFR was similar in chronic
NaCl injected animals (0.15 + 0.03 mL kg™ hr™") compared to the SO4* injected animals
(0.14 + 0.05 mL kg™ hr'’; Figure 7.5b) demonstrating that no changes in GFR occurred

during the SO4> loading experiments.
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Discussion

Overview

The findings presented herein demonstrate that Pacific hagfish are able to
generate both a glucocorticoid response (as demonstrated by an increased plasma glucose
following hagfish handling and mineral/SO,> loading) and a mineralocorticoid response
(as demonstrated by increased active secretion of SO4> following SO4> loading). These
responses are not mediated by either cortisol or corticosterone, as implants failed to
elevate these responses above basal values; while DOC did illicit small but statistically
significant increases in plasma glucose at both 4 days (200 mg kg") and 7 days (20 mg
kg!). However, ATPase activity remained unchanged regardless of steroidal implant
type, dose or time. 11-DOC levels remained near or below detection limits following
either exhaustive handling stress or chronic sulfate loading, suggesting 11-DOC, thought
to be the active steroid in lamprey (Close et al., 2010), 1s not active in Pacific hagfish.
While there have been numerous studies examining the steroidogenesis of the sex
steroids (e.g. Kime and Hews, 1980; Kime et al., 1980; Nozaki et al., 2007; Weisbart et
al., 1980), to my knowledge, this is the first study to demonstrate that both glucogenic
and mineralocorticoid responses are present in hagfish and to further investigate the

steroids responsible for eliciting of these physiological responses.

Validation injection and dosing techniques

Weisbart an Idler (1970), using RIA suggested that cortisol in plasma of Pacific
hagfish was near or below the detectability limit of their assay. Assaying hagfish plasma

did not yield any detectable cortisol as levels were below the limits of detection of the
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commercial RIA kit. This suggests that the cortisol is also not a candidate for hagfish
steroidal control of either mineralocorticoid or glucocorticoid responses. Injection of
cortisol did provide validation of the injection and dosing technique by a demonstrated
elevation of plasma cortisol to values close to the nominal target dose. However, since
the elevation in plasma cortisol did not increase either plasma glucose (at either 4 or 7 d
post-injection) or gill ATPase activity (at 7 d post-injection), the absence of a steroidal
role for cortisol in either response was confirmed. This lack of effect of cortisol then
allows cortisol to be used as a tracer for the efficacy of the implant protocol for other
steroids since cortisol 1s readily measured by RIA. This method demonstrated that for
cortisol, ~100 ng mL " was achieved for plasma cortisol at 4 days post-implantation for
the 100 mg kg™’ nominal group and ~150 ng mL™ for the 200 mg kg™ nominal group. I
am therefore confident that hagfish were appropriately dosed with either corticosterone or

DOC.

Transcriptomic analysis reveals details of hagfish steroid biosynthesis

Transcriptome analysis revealed the presence of mRNA transcripts corresponding
to key steroidogenic enzymes CYP11A1 and 3B-HSD necessary for the conversion of
cholesterol to progesterone. Other studies have reported the presence of the sex steroids
in the plasma of hagfish and thus, the enzymes CYP17 and 17B-HSD and CYP19 must be
present in hagfishes (Nishiyama et al., 2013). However, I was unable to identify the
enzymes necessary for the synthesis of 11-DOC (CYP21) and conversion of 11-DOC
(CYPI11B1) to cortisol, respectively. An absence of these enzymes would explain the
inability of Pacific hagfish to convert steroid precursors to cortisol even with long-term

(4 — 7 days) supraphysiological doses in the plasma.
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Idler and Burton (1976) identified “presumptive interrenal” cells in the
pronephron of the Atlantic hagfish (M. glutinosa) and presumed them analogous to the
cortisol synthesizing tissues of the teleosteii, however, the capability of synthesizing
cortisol in these tissues has never been definitely addressed and therefore the location of
primary corticosteroid tissue(s) in hagfishes remains to be determined. Supporting my
hypothesis that hagfish lack key biosynthesis enzymes is the fact that implants of 11-
dexoxycorticosterone, corticosterone or cortisol also failed to induce either an increase in
plasma glucose or total ATPase activity, common indicators of glucocorticoid or
mineralocorticoid responses (Close et al., 2010). In this study, only total ATPase activity
was able to be measured rather than Na"/K" ATPase activity due to the lack of inhibition
of hagfish Na"/K"~ ATPase by the common inhibitor ouabain. The reasons for the lack of
ouabain inhibition are unknown but similar reduced sensitivities have been observed in

the goldfish brain (Chasiotis and Kelly, 2008).

In lampreys, the other extant vertebrate in the agnathan lineage, cortisol is not
detectable in plasma and thus not considered to be a functional steroid. In lamprey, 11-
DOC has been demonstrated to be the active steroid for both mineralocorticoid and
glucocorticoid responses (Close et al., 2010). Progesterone has been demonstrated to be
present in hagfish plasma (Nishiyama et al., 2013) and it has been suggested that 11-DOC
can be produced at very low conversion efficiency by bathing hagfish follicular tissue
with pregnenolone (Hirose et al., 1975), suggesting the presence of CYP21 activity in the
ovary. But, circulatory 11-DOC concentrations (Figure 7.3b) are exceptionally low and

are arguably at levels that are unlikely to be biologically active.
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I was also able to i1dentify the presence of transcripts for enzymes necessary to
allow for conversion of cholesterol sulfate to pregnenolone (sterol sulfatase/3p-HSD, and
CYP7AL1) and progesterone (3f-HSD). However, despite extensive efforts, I was unable
to identify the necessary biosynthesis enzymes required for further conversion of
progesterone or pregnenolone to downstream steroids (CYP21a, CYP17a; see Figure
7.1). In M. glutinosa, progesterone was able to be converted to testosterone at a nominal
rate (3% conversion efficiency; Kime et al., 1980) suggesting CYP17a is present in
Myxine species, however, further conversions requiring CYP 21 did not occur. Bearing in
mind that the hagfish transcriptome were obtained from gill and slime gland tissues, it is
possible that this transcriptome does not contain transcripts for CYP21a and CYP17a
since the tissues used for transcriptome creation are not specific for glucocorticoid and
mineralocorticoid regulation. Steroidogenic tissues responsible for sex steroid
metabolism have been identified in the gonads (Nozaki and Sower, 2015) but

corticosteroidogenic tissues have not, as yet, been identified in hagfishes.

Hagfish elicit glucogenic and mineralogenic responses

Elevations in plasma glucose are indicative of a glucogenic stress response,
typically resulting from activation of GR receptors. I have demonstrated that hagfish can
indeed generate a strong glucogenic response to either handling stress or repeated SO4>
injections. Hagfish possess only single CR that has been demonstrated to bind DOC,
cortisol, 11-DOC and corticosterone by stimulating reporter activity (at 100 nmol L™) in
a heterologous expression system (Bridgeham et al, 2006). However, assuming the
measured cortisol concentrations yield similar dosing for other steroidal implants, other

plasma steroids would range from ~300 nmol L™ in the 20 mg kg™ dose to ~4500 nmol L
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! in the 200 mg kg™ dose. Since only small increases in plasma glucose were measured
following implant with 200 mg kg™! DOC or 100 mg kg™ corticosterone, even at the
highest dose, this suggests that either DOC or corticosterone are not the endogenous

glucocorticoids.

Hagfish are considered ionoconformers for plasma Na" and CI” (Smith, 1930).
However, they are capable of regulating the divalent ions Ca>*, Mg”" and SO, I elicited
an ionoregulatory challenge through injection of Na,SOj to elevate plasma [SO4>]. This
allows both the use of radiotracers (*’S) and also avoids the known physiological
impairments that would result from manipulation of either plasma Ca®** or Mg*". I
demonstrate that hagfish are clearly able to increase SO4> excretion rates in response
long-term elevations in plasma [SO4>]. This was accomplished without concomitant
increases in GFR suggesting up-regulation of active secretion mechanisms. This can be
considered evidence of an active mineralocorticoid response. Slc26al is a known SO,*
transporter in teleost fish (Katoh et al., 2006). I identified an slc26al-like homologue in
the hagfish transcriptome but was unable to demonstrate any changes in expression in
kidney tissue response to plasma SO, elevation (results not shown) so the molecular
mechanism for sulfate excretion remains to be identified. This 1s the first measurement of
whole-animal GFR in hagfishes although previous estimates of single nephron GFR have
been made (Riegel, 1978). Interestingly, GFR 1n hagfishes is relatively high (~0.150 mL
kg h', approx. % of that measured in more derived vertebrates) which agrees with a
previously measured urine flow rate of 0.227 mL kg™ h™ in M. glutinosa (Morris, 1965)

suggesting little resorpative capacity of the hagfish kidney.
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Conclusions

In summary, I show that hagfish are able to mount plasma glucogenic responses
and increased mineral excretory capacity in response to specific stimuli. However, this
study rules out cortisol, DOC, 11-deoxycortisol and corticosterone as candidate
endogenous CR ligands. The steroid responsible for eliciting these responses remains
elusive and bears further investigation. Finally, given the relatively conserved nature of
steroids in evolutionary history, understanding hagfish stress endocrinology will be
important in resolving the relationships within the agnathans (hagfishes and lampreys)

and also between the agnathans and the other clades in the vertebrate lineage.
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Table 7.1 Plasma glucose and total gill-ATPase activity

Tables

Hagfish plasma glucose concentrations (mmol L) at 4 and 7 days post-implantation and

total gill ATPase activity (umol mg protein” hr') at 7 days post-implantation with

coconut oil (control) or coconut oil infused with steroid (cortisol, DOC, or corticosterone)

at a dose of 20, 100, and 200 mg kg™ Data is reported as mean + s.e.m. (n = 6 unless

otherwise noted). Asterisk (*) denotes significant difference compared to control (p <

0.05, ANOVA).

Injected Dose

Plasma Glucose

Total gill-ATPase activity

steroid  (mgkg?) (mmol L) (nmol ADP mg protein™ h')
Day 4 Day 7 Day 7
Control - 0.74+0.17 0.28 +£0.07 10.44+1.40
20 0.93+0.16 0.51+0.12 7.87+0.81
Cortisol 100 0.64+0.10 0.64+0.08 7.81+0.79
200 0.64 +0.08 0.60+0.09 7.84+0.40
20 0.83+0.12(5) 0.70+0.09* 11.45+1.59
DOC 100 0.95+045 0.63+0.08 9.15+1.09 (5)
200 1.88+0.64* 048 £0.12 (5) 10.45+1.94(5)
20 0.52+0.08 0.64+0.12 (4) 9.70 £ 1.46 (4)
Cortico- 100 0.86+0.16 0.84+0.13* 10.64+0.79
sterone 200 0.52+0.09 0.60 +0.05 10.85 +1.56 (5)

Adapted from Bury et al. 2015
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Figure 7.1 Steroid biosynthesis pathway in hagfish.

260



Proposed steroid synthesis pathway in hagfish, Eptatretus stoutii. Next-Gen Illumina
sequencing of hagfish gill and slime gland tissues followed by KEGG analysis revealed
complete elements of the steroid biosynthesis pathways leading to pregnenolone and
progesterone. Sequence information for several other important enzymes necessary for
steroid biosynthesis (highlighted in grey) were not detected in the hagfish gill and slime

gland transcriptome.
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Figure 7.2 Effect of steroidal implants on circulating plasma cortisol levels.
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Plasma cortisol concentrations (pg dL™) measured in hagfish 4 and 7 days post-
implantation with coconut oil (control), cortisol, 11-deoxycorticosterone (DOC), and
corticosterone. Cortisol, DOC, or corticosterone were dissolved in warm coconut oil and
injected into hagfish to achieve nominal plasma concentrations of 0 (control), 20, 100 and
200 mg kg”. Measurement of cortisol at 4 and 7 days post-implantation were used to
confirm loading rates. Data is reported as mean + s.e.m. (n). Unless otherwise noted n =

6.
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Hagfish plasma glucose concentrations (mmol L™; a) and 11-deoxycortisol (11-DOC)
concentrations (ng mL'; b) pre- (control) and 6, 12, 24, and 48 h post-desliming stress.
Data i1s reported as mean + s.e.m. (n = 6). Asterisk (*) denotes significant difference

compared to control (p <0.05, ANOVA).
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Figure 7.4 Plasma [sulfate], [glucose] and [11-deoxycortisol] following repeated

mineral loading.
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Plasma sulfate concentrations (mmol L™; a), glucose concentrations (mmol L™'; b) and
11-DOC concentrations (ng mL"; ¢) in non-injected hagfish (white bars; control), and
hagfish 6 and 8 h post-injection with NaCl (grey bars) or NaCl/Na,SO, (black bars).
Hagfish were injected daily for 3 days with 0.5 M NaCl (3000 pmol kg™) or 0.5 M
Na,SO; (3000 pmol kg™) and were then injected with 0.5 M NaCl (3000 pmol kg™) or
0.5 M NaCl/Na,SO; (6000 nmol kg ') on day 4. Data is reported as mean + s.e.m. (n = 6
unless otherwise noted above bars). In (a) and (b), an asterisk (*) denotes a significant
difference between groups (p < 0.05, ANOVA), and a hash tag (#) denotes a significant
difference compared to control (»p < 0.05, ANOVA). Note, in (¢) plasma 11-DOC

concentrations were not measured in control hagfish samples.
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mineral loading.
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Sulfate excretion rates (umol kg h™) and glomerular filtration rates (mL kg™ h™) of
hagfish 8 h post-injection with 0.5 M NaCl (white bars) or 0.5 M Na,SO, (black bars).
Data is reported as mean + s.e.m. (» = 6 unless otherwise noted above bars). Different

lower case letters denotes a significant difference between groups (p < 0.05, ANOVA).
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SECTION 4:

RESPIRATION
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Chapter 8: It’s all in the gills: Evaluation of O, uptake in

Pacific hagfish refutes a major respiratory role for the skin

A version of this chapter is in press
Clifford, A. M., Zimmer, A.M. Wood, C.M. and Goss, G.G. (2016). Journal of
Experimental Biology. doi.org/10.1242/jeb.141598. Reproduced with permission of the

co-authors of the manuscript.
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Introduction

Recent studies have highlighted the importance of cutaneous transport in hagfish
for nutrient acquisition (Glover et al., 2011; Schultz et al., 2014), ammonia and base
excretion (Clifford et al., 2014), and trace metal uptake (Glover et al., 2015); however,
the role of hagfish skin in O, uptake (Mo, ) is contentious. Cutaneous respiration has been
demonstrated in the phylogenetically-related lampey (Geoftria australis) in larval form
(Potter et al., 1996), European eel (4nguilla anguilla) (Nonnotte and Kirsch, 1978) both
of which share similar body plans to the hagfish, and several species of fish such as the
inanga (Galaxias maculatus) (Urbina et al., 2012; Urbina et al., 2014), flounder
(Platichthys flesus) and sole (Solea solea) (Nonnotte and Kirsch, 1978). Steffensen et al.
(1984) proposed that hagfish ventilation can theoretically satisfy only ~20% of whole-
animal M, and that the skin is well suited for cutaneous respiration due to prominent
dermal capillary networks. Moreover, when gill apertures were sutured shut, hagfish
retained 89% of My, lending support for this hypothesis (Lesser et al., 1996). Contrarily,
Malte and Lomholt (1998) argued against the capacity for cutaneous O, uptake in the
hagfish, citing the impracticality for O, exchange across the 70-100 pum epidermal layer,
perfusion of capillaries with arterial blood of high P, (partial pressure of oxygen), and

the impact of skin boundary layers on diffusion.

Here, I used custom-designed respirometry chambers to isolate anterior
(branchial+cutaneous) and posterior (cutaneous) regions of the hagfish to partition whole-

animal M,, and ammonia excretion (/4. ). Exercise i animals typically increases M,

and /4, during post-exercise recovery; therefore exhaustive exercise was employed to
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determine the relative contribution of the gills and skin to elevations in metabolic
demand. Given that skin is proposed as the primary site for My, in hagfish (Steffensen et
al., 1984), while ] 4,,,,, 1s gill-dominant (Clifford et al., 2014; Chapter 6), I hypothesized
that exercise would yield increases primarily in cutaneous My, and branchial ],

during recovery.

Hagfish often partially burrow into decaying carcasses (Hardisty, 1979) where
conditions are hypoxic (Clifford et al., 2015b). I further hypothesized that under such
conditions, cutaneous O, exchange would become more important. Thus, hagfish were
exposed to anteriorly-localized hypoxia to examine if they can compensate for reduced
branchial O, availability by elevating cutaneous O, uptake. This represents the first direct
assessment of the cutaneous contribution to O, uptake in hagfish under resting and

metabolically challenging conditions.
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Materials and methods

Experimental animals

Pacific hagfish (Eptatretus stoutii; N =32, 86.53 +4.13 g; mean + s.e.m) were
captured near Bamfield, BC, Canada and held at Bamfield Marine Sciences Centre
(BMSC) as previously described (Clifford et al., 2014) under licenses from Department
of Fisheries and Oceans Canada (permit # XR-310 2015) and animal care protocols from

BMSC (RS-15-31) and University of Alberta (AUP00001126).

Experimental series

Series 1: Post-exercise metabolism in hagfish

Hagfish were transferred from holding tanks to 200 L wet-tables receiving
flowing seawater. Hagfish were subjected to either 25 min of exercise induced by chasing

and tail-pinching while control animals were left undisturbed for the same duration.

Following exercise or control protocols, hagfish were immediately transferred to
individual 1.5 L respirometers containing magnetic stir-bars and filled with normoxic

seawater. An initial 10 mL sample was drawn for analysis of oxygen tension (Py,) via a

Clarke electrode and total ammonia (7,,,,,) concentration using the colorimetric
salicylate-hypochlorite method (Verdouw et al., 1978). Immediately following sampling,
respirometers were sealed. After 2 h, each respirometer was stirred to ensure complete
mixing, a final water sample was drawn and analyzed as above, and respirometer volume

and hagfish weight were recorded.
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In a second protocol, hagfish were exercised as above. However, following
exercise, they were anaesthetized (MS-222; 0.5 g L neutralized with NaOH; 0.15 g L),
and fitted into separating chambers as previously described (see Clifford et al. 2014 for
apparatus details) with the separation occurring ~2 cm posterior to the last branchiopore.
Magnetic stir-bars were added to both the anterior and posterior chambers to ensure
adequate mixing. The animal’s body length in each chamber was measured. Normoxic
seawater (~500 mL) was added to both anterior and posterior chambers and initial water
samples were drawn before sealing as above. After 2 h, chambers were stirred, final
water samples taken, and anterior and posterior chamber volumes and hagfish weight

were recorded.

Series 2: Effects of hypoxia on whole-animal and partitioned metabolic rate

O, uptake was characterized during whole-animal and anteriorly-localized
hypoxia. Hagfish were transferred into 1.5 L respirometers containing hypoxic seawater

(Pp,~3.9 kPa; bubbled with 100% N gas for 20 min) and experiments were performed as

above. In a second protocol, hagfish were fitted into separating chambers as above.

Hypoxic seawater (Pp,~4.6 kPa) was added to the front compartment while the rear

compartment contained normoxic seawater. Sample collection and respirometry trials

were conducted as above.

Calculations and statistical analysis

Calculation of M,,was done as previously described (Guffey and Goss, 2014)

based on measured Py, values using the following equation:

275



— _ . V). 1
MOZ - ((Pozinitial POZ final) (1'02 V) m At (1)

where Pp,1s the initial or final O, content in the water (Torr), a,, is the solubility
constant for O, (umol O, L. Torr) derived by (Boutilier et al., 1984), ¥ is the volume of

water (L), m 1s the animal mass (g), and A7 the duration of the flux period.

Jamm Was calculated as previously described (Clifford et al., 2015a) based on the

T amm accumulation in the water using the following equation:

2

1 1
]Amm = ([TAmm]initiaI - [Tﬂmm]final ) V) ) ; . ;

where [T amm] is the initial or final concentration of ammonia in the water (umol L™).

Anterior and posterior M, rates (MS:J and M g:ﬂ) were converted to branchial

and cutaneous rates (MS:“""and Mg':t“") as follows:

cutan post Mgzﬁ ant

Moz = MOZ + Lpost L (3)
) Mgost

Mg;‘anc — Mg.;lt _ Lpazst . Jant (4)

where L%*and LP°S* are the measured body lengths (cm) in the anterior and posterior
compartments. Equation (3) and (4) were used similarly to calculate branchial and

cutaneous J 4, (J2r2mcand J54tan respectively). All data are expressed as the mean + 1
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standard error (s.e.m.). Whole-animal, and combined branchial and cutaneous rate
comparisons were made using unpaired t-tests while comparisons between anterior and
posterior rates within the same group were made using paired t-tests. The fiducial limit of

significance was p < 0.05.
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Results and discussion

Routine My, in the current study (583.4 £ 162.3 umol kg h'; Figure 8.1A) was
consistent with other reported values for E. sfoutii (Cox et al., 2011; Munz and Morris,
1965). To my knowledge, this study is the first to describe My, and J 4, in hagfish
following exercise. Excess post-exercise O, consumption (EPOC; Wood, 1991), whereby
M,, nearly doubled (1085.0 + 148.0 pmol kg h™') compared to routine rates (p = 0.03;
Figure 8.1A) and likely served to replenish phosphagen stores and oxidize lactate (Wood,
1991). Increased My, in post-exercised hagfish was accompanied by a ~4-fold increase in
Jamm (126.1 + 17.4 versus 33.2 + 6.4 pmol kg™ h™! pmol kg™ h™! under resting
conditions, p < 0.01); Figure 8.1C), a response associated with post-exercise recovery
(Wood, 1991; Wood, 2001) as a result of adenylate deamination (Dobson and

Hochachka, 1987).

Whole-animal metabolic metrics did not statistically differ from combined
partitioned rates for either control (My,= 583.3 £ 162.3 vs. 604.0 £ 107.26 pmol keg'h?,
2 =0.92; J4mm=233.2 + 6.4 vs. 39.6 + 7.8 pmol kg h'", p = 0.54) or post-exercised
(Mp,=1085.0 + 148.0 vs. 1001.6 + 139.8 pmol kg™ h™', p = 0.69) hagfish with the
exception of / 4,,,,, 1n post-exercised animals, which was slightly elevated in partitioned
experiments (199.8 + 19.7 vs. 126.1 + 17.4 pmol kg’ h™, p = 0.03). Thus, use of the
separating chambers did not interfere with normal hagfish metabolism.

In control animals, branchial M, averaged 521.7 + 123.8 pmol kg h', while

cutaneous rates were much lower (82.3 + 22.2 ymol kg™ h™', p = 0.04; Figure 8.1B).

Following exercise, the increase in O, uptake was solely a function of branchial
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exchange, nearly doubling to 935.1 + 160.8 pmol kg™ h™* (p = 0.04) comprising 92 +
3.1% (Table 8.1) of total My, and further confirming the dominant role of hagfish gills
over skin in O, uptake. Cutaneous M,,remained unchanged at 66.5 +27.5 umol kg’ h',
(p = 0.33). Interestingly, while ~30% of total resting /,,,,, 1n control hagfish was
cutaneous, post-exercise animals exhibited a 6-fold increase (p < 0.01) in branchial [ 4,,,,,,
comprising 99.3 + 0.7% of total ammonia excretion (Figure 8.1D, Table 8.1). Hagfish did
not demonstrate an important capacity for cutaneous O, uptake in either control (19 +
7.3%) or post-exercise (8.0 = 3.1%) animals in contrast to previous reports (75 — 89%:;

Lesser et al., 1996; Steffensen et al., 1984).

While feeding on decaying carrion, hagfish immerse their heads in the flesh
(Hardisty, 1979), subjecting the gills to a localized environment that 1s hypoxic,
hypercapnic and high in [Tanm] (Clifford et al., 2015b), while the tail remains outside. I

hypothesized that significant cutaneous M,, might only occur when branchial M, was
impaired. Indeed, Lesser et al. (1996) found that whole body M,  was maintained when

branchial pores of hagfish were sutured shut, and therefore concluded that hagfish must

recruit the skin to maintain My, in the absence of branchial contribution. Based on these

observations, it was predicted that anteriorly-localized hypoxia would have minimal

effects on whole-body M,,. Note that given the asymmetric conditions of this

experiment, it was inappropriate to apply a correction to cutaneous data. In response to

non-localized hypoxia, whole-body M, in hagfish decreased by 90%, as noted in
previous reports (Forster, 1990). Summing anterior and posterior M, during anteriorly-

localized hypoxia yielded a total of 87.3 + 9.8 pmol kg™ h™, not significantly different

from whole-animal M, during non-localized hypoxic exposure (54.8 + 61.4 pmol kg
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h', p = 0.67; Figure 8.2) in accord with my hypothesis. Nevertheless, during anteriorly-
localized hypoxia, posterior M,, was significantly elevated (81.8 + 6.7 pmol kg’ h")
compared to control posterior M, rates (44.0 + 11.5 pmol kg’ h'; p <0.01), thereby
accounting for ~94% of summed anterior and posterior M, in animals exposed to
anteriorly-localized hypoxia. The increase in posterior My, likely occurred due to reduced
arterial Py, augmenting the driving gradient for O, transport. Indeed, measurements in
the anterior chamber during anteriorally-localized hypoxia revealed increases in P, from

baseline hypoxia for some (3 of 6) experimental trials suggesting loss of O, across the
gills. Importantly, on an absolute basis, this posterior increase was small, so these data
clearly demonstrate that even when branchial O, acquisition is greatly impaired and

transcutaneous water-blood Py, gradients are likely optimal, the skin is not recruited to

any great extent to maintain whole-body M, at control rates contrary to previous reports

(Lesser et al., 1996).

The contrasting cutaneous O, exchange contributions presented here versus those
reported previously (Steffensen et al., 1984; Lesser et al., 1996) are likely explained by
procedural differences. For instance, Steffensen et al. (1984) concluded that over 80% of
M, occurred cutaneously in hagfish based on measuring branchial ventilation rates and
assuming that gill oxygen extraction could not account for the whole-body M,, measured
in their study. Malte and Lomholt (1998) have since argued against these findings,
claiming that these authors had underestimated gill oxygen extraction. Lesser et al.
(1996) similarly did not directly assess branchial and cutaneous M, but rather estimated

cutaneous M, by measuring M, in hagfish whose branchial pores had been sutured shut.
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However, these authors did not report any methods to check for leaks in the suturing
technique and also did not account for the phenomenon of “sneezing” (Steffensen et al.,
1984), which may allow for oxygenated water to be taken in via the nasopharyngeal duct.
The present study is the first to truly measure branchial and cutaneous My, in hagfish
using a direct method. Indeed, separating chambers have been effectively utilized
previously (Clifford et al., 2014; Urbina and Glover, 2015; Urbina et al., 2014; Urbina et
al., 2012; Zimmer and Wood, 2015; Zimmer et al., 2014) and this technique is considered
the “gold standard” for estimating branchial and cutaneous contributions to
osmorespiratory exchanges (Brauner and Rombough, 2012). Thus, contrary to previous
reports, my results clearly refute a major role of the hagfish skin in gas exchange, which
have been over-estimated. While the skin does have some other important transport
functions (Clifford et al., 2014; Glover et al., 2011; Glover et al., 2015; Schultz et al.,

2014), the gills are the dominant site for both My, and J g, -
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Table

Table 8.1 Calculation of skin-specific rates and corrected distribution of M,, and
J Amm in branchial and cutaneous components.

Measured anterior and posterior oxygen consumption (My,) and ammonia excretion
(Jamm) from series 1 experiments were converted to corrected branchial (Bran.) and
cutaneous (Cut.) rates (Figure 8.1). Rates were calculated assuming similar M,, cm™ and
Jamm ¢t and based on individual animal skin lengths (displayed above as both length in

centimeters and as % length) using equations (3) and (4). N=5.

Uncorrected rate Skin length in chamber Corrected rate
Skin length-
Anterior Posterior Anterior Posterior  specificrate Bran. Cut. s.e.m.
1,1 1,1
pmol kg h pmol kﬁ h %
cm
My, In centimeters

Control 560.0+116.1 44.0+11.5 1874=+=7.05 22.14+1507 2.0=+0.59 81.0 190 =73
Post-Exercise 966.3 £150.7 353+14.7 17.96+10.59 20.24+1252 166=0.70 920 8.0 =*3.1

Jﬂmm As %
Control 33364 6.3+2.2 41.7+1.1 49.0=14 0.30+0.12 707 293 =£6.9
Post-Exercise 199.7+23.3 0.04=28 42.1=0.7 47.4+1.0 -0.01=0.14 993 0.7 *24
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Figure 8.1 Whole-body and partitioned M,,and J 4,,,,in during post-exercise
recovery.



Whole-body (A,C), and partitioned branchial and cutaneous (B,D) My, (A,B) and J 4,nm
(C.D) of hagfish following exhaustive exercise (25 min; closed bars). Rates were
measured over 2 h. Data are presented as mean + s.e.m. (n). Asterisks (*) denote
significant differences (p < 0.05) from routine rates (open bars) in whole-body exposure

while bars sharing common letters are not significantly different (p < 0.05).
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Figure 8.2 Measured My, in hagfish exposed to either normoxia or hypoxia.
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Measured My, in hagfish exposed to either normoxia or hypoxia in non-partitioned
chambers (open bars) or normoxia and anteriorly-localized hypoxia in separating
chambers. Non-partitioned bars presented as mean + s.e.m. (»). Combined anterior (light
grey) and posterior (dark grey) bars presented as mean + s.e.m. (»). Partitioned anterior
and posterior bars presented as mean — s.e.m. Bars sharing common letters are not
statistically different (p < 0.05). Upper-case letters denote statistical differences for
whole-body/combined anterior and posterior measurements. Lower-case letters denote

statistical differences for partitioned rates
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Chapter 9: General Conclusions
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General summary

Since Homer Smith’s (1932) review contrasting the osmotic condition of hagfish
to other aquatic species, hagfish have become an exciting organismal model for
zoologists with respect to osmoregulation, ionoregulation and acid/base physiology.
Furthermore, the phylogenetic placement of hagfish at the base of the vertebrate lineage
reinforces these peculiar animals’ usefulness as a model for study on the evolution of not
just the aforementioned physiological processes, but also for the evolution of endocrine
systems, feeding and digestion and respiration. This thesis represents a substantial
contribution to each of these areas regarding the physiology of this phyletically ancient
organism and insights drawn from my thesis will serve to inform future

comparative/evolutionary physiological studies.

A common topic throughout my thesis pertains to the feeding lifestyle of the
hagfish, or rather the extreme environment hagfish encounter when feeding. For most
other aquatic vertebrates this environment would be considered physiologically
aggravating; however, hagfish are capable of surviving and thriving these noxious
conditions. In this thesis, I have provided insights on the mechanisms and adaptations,
which allow the Pacific hagfish (Eptatretus stoutii) to tolerate these stresses and describe
how post-exposure recovery is mediated. This discussion chapter serves as a general
summary of findings, where I highlight trends between chapters and point out new lines

of research.
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Acid/base regulation

Hagfish are champions in the acid/base world, capable of surviving and
recovering from extreme deviations in blood acid/base status. Such a tolerating ability
seems logical given that hagfish likely frequently experience hypercapnic conditions
while feeding. When exposed to high levels hypercapnia, hagfish offset blood acidosis by
raising plasma [HCOs" ] to the highest levels ever reported in any animal (Baker et al.,
2015). Section I of this thesis focuses on describing the physiological strategies that
hagfish employ to mitigate the effects from acid/base perturbations and further
characterize the adaptations and mechanisms employed to recover when stress 1s

removed.

Sites of acid and base excretion

In Chapter 2, I demonstrated that following acid loading with HCI, the resultant
acid load 1s excreted from the anterior section of the hagfish, likely the gills, as no other
acid equivalent flux was realized in the posterior (skin or skin + cloaca) chamber. When
recovering from acute base loading with NaHCOs; however, hagfish excrete the alkaline
load predominantly from the posterior region of the animal. Hagfish lack concentrating
abilities (Alt et al., 1981) in their rudimentary kidney, producing only low rates of urinary
flow (Morris, 1965). The low glomerular filtration rate (GFR) in hagfish which I
measured in hagfish in Chapters 3 and 7 combined with the fact that cloacal constituents
to total flux were inhibited by cloacal seals leads me to conclude that the skin of the
hagfish 1s capable of functioning in the excretion of base equivalents when necessary.

Furthermore, results from this thesis also provide evidence that hagfish utilize their skin
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to offload ammonia into the environment. Previous studies examining nutritive uptake in
hagfish via cutaneous mechanisms demonstrate uptake of amino acids L.-alanine and L-
glycine (Glover et al., 2011) and uptake of phosphate (Schultz et al., 2014). The thickness
of the epidermal tissue in relation to the dermal capillaries is too great (70-100 um thick;
Weinrauch et al., 2015; Welsch and Potter, 1998) to allow simple diffusion of these
constituents; thus molecular transporters must exist within the skin in order to facilitate
movement of these ions. The likely molecular identity of the cutaneous ammonia
excreting mechanism is discussed below; however, the identity of the transporter(s)
responsible for excretion of bicarbonate remains to be realized. Based on plasma [CI1]
data from Chapter 3 and 4, the transporter involved is likely an isoform from the SLC26
family (CI/HCOs exchanger; CBE) or the SLC4 related family members (AE family of
transporters); which are CI” linked HCOs™ transfer proteins (Alper, 2006; Alper and
Sharma, 2013). Future research should focus on identifying the molecular mechanisms

for bicarbonate transfer across the skin of hagfish.

Based on observing acid excretion only in the anterior compartments following
infusion, I had initially hypothesized that the single type of mitochondrion rich cells
(MRCs) that hagfish possess (Tresguerres et al., 2006a) were acid secreting cells only. In
all other fishes studied there are at least two or more types of MRCs with at least one
population capable of acid secretion and another capable of base secretion (Dymowska et
al., 2012; Hwang and Lee, 2007). However, my results from Chapter 4 force
reconsideration of this hypothesis, since hagfish that were hypercarbic (via hypercapnia
exposure; 72 h; 0.6% CO,) excreted base equivalents across both posterior and anterior

sections. While it 1s possible that the anterior skin was also excreting base equivalents,
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equally likely is that this anterior flux is truly representative of branchial base equivalent
efflux. To date, only NHE (Na"/H" Exchanger), NKA (Na"-K"-ATPase) and VHA
(Vacuolar H'-ATPase) have been co-localized to hagfish gill MRCs. Careful
experimentation involving base infusions/hypercapnia exposure and molecular
analysis/co-localization studies involving the CBEs and/or NBCs in the gill will allow for
definitive conclusions to be made on the base secreting ability of hagfish MRCs.
Regardless, it appears that anterior (branchial) mechanisms of base equivalent excretion
must be up-regulated or activated in order to function and this is supported by results in
Chapter 3 demonstrating that CI/HCOs;" transporting mechanisms must be up-regulated

or activated which occurs at least 2 h after egress from hypercapnia.

Modulation of base excretion mechanisms

How these branchial base excretion mechanisms are modulated is a topic of
interest and comparison of mechanisms and results between the extrabranchial infusion
and extrabranchial hypercapnia studies yield several possible explanations. One noted
difference 1s the method of stimulating/generating hypercarbia. During hypercapnia, CO,
diffuses into the hagfish across epithelia either passively or possibly facilitated by Rh-like
(Rhesus-like) glycoprotein (SLC42 transporter family) (Chapter 6; see below) or
aquaporins (AQPs) (Endeward et al., 2006; Musa-Aziz et al., 2009; Perry et al., 2010).
Upon entry into the animal, P¢o, (partial pressure of CO,) gradients are rapidly
equilibrated by CA (carbonic anhydrase) conversion into HCO; and H" whereas direct
infusion of NaHCOs causes a HCOs;™ load without a CO, signal. In the gill, SAC is
thought to work as an HCOs" sensor that when activated, generates cAMP (Cyclic AMP)

to mediate microtubule-dependent translocation of VHA. However, sAC can also
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associate with CA and other acid/base related proteins, which together can allow sAC to
act as a de facto CO, and pH sensor (Tresguerres et al., 2014). Perhaps a CO, signal is
needed in order to activate compensation and recovery pathways via sAC (soluble
adenylyl cyclase) signaling. Localized hypercapnia experiments in Chapter 4 further
suggest that CO, sensing may be responsible for mounting compensatory responses

during hypercapnia (see below).

Another explanation could be that TCO, (total CO, content)/[HCO5] thresholds
must be met in order for branchial mechanisms to be up-regulated/activated. Infusion of
NaHCO:s likely only yielded a TCO,; load of ~22 mmol based on Tresguerres et al. (2007)
while hypercapnia exposure (0.6% CO,; 72 h) generated TCO, responses approximately
double that. Thus basal cutaneous excretion mechanisms may have been sufficient to
offload the resultant hypercarbia from infusion but not from hypercapnia where TCO,

loads were greater.

Finally, the noted differences may also be due to how hypercarbia was achieved
as recovery immediately followed hypercarbia induced by acute infusions while
hypercapnia persisted for 72 h prior to recovery. Molecular analysis of gill tissue from
hagfish exposed to acute or chronic hypercapnia or repeated alkaline infusion will help

determine which of the above are responsible for differences between studies.

Mechanisms of hypercarbia recovery

The purpose of alkaline infusions in Chapter 2 was to generate hypercarbia loads
within hagfish and describe mechanisms of hypercarbia recovery. In Chapter 3, I utilized

hypercapnia (4% CO,) to mount similar compensatory plasma [HCOs;| responses, but
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with greater effect. Chapter 3 yields a considerable amount of insight regarding the
mechanisms by which hagfish rapidly restore plasma [HCOj] to basal levels upon egress
from hypercapnia. First, hagfish re-equilibrate CO, according to the partial pressure
gradients, either by passive diffusion across epithelia or perhaps via Rh-protein or AQP
facilitated diffusion (Musa-Aziz et al., 2009; Perry et al., 2010; see below). Direct CI
/HCO5™ exchange via HCOj;™ flux does not appear to occur to a measurable degree within
the first 2 h of recovery; however, between 2 — 6 h, mechanisms of HCOs™ equivalent
excretion appear to be up-regulated/activated. Despite these increases, HCO;™ equivalent
excretion cannot account for the total plasma TCO, recovery observed, nor can the
increases in GFR observed throughout recovery. Rather, a large proportion of plasma
TCO; correction is facilitated by an up-regulated CA-mediated dehydration of HCOs5”
into CO,_ which again can be lost diffusively with the mechanisms listed above. This
process leaves many avenues to be further explored and will be a focal point of my future

research program.

Insights from localized hypercapnia exposure

In Chapter 4, perhaps my most intriguing results stem from interpretation of my
localized hypercapnia (0.6% CO,; 4 h) experiments. Hagfish displayed acidosis
regardless of whether they were anteriorly- or posteriorly-exposed; however, a
compensation response was only present in anteriorly-exposed animals. Two important
realizations came be made from this: 1) This indicates that CO, can readily permeate into
the organism via both branchial and cutaneous epithelia and 2) the selective
compensation suggests that hagfish may utilize an anteriorly-mediated sensor to respond

to hypercapnia induced acid/base disturbances.
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Evidence for facilitated epithelial CO; exchange

Given results presented in Chapter 8 demonstrating that hagfish have limited
oxygen uptake across cutaneous epithelia (discussed below), it’s logical to assume that
one of the main arguments against cutaneous oxygen uptake (i.e. thick epidermal layer
between environment and dermal capillaries) should also apply for CO, exchange.
However, given the degree of blood acidification during posteriorly-localized
hypercapnia exposure, such an assumption appears false. How then is CO, able to
permeate across the skin into the blood space while O, exchange is physically impaired?
A likely explanation may be that CO, diffusion into the hagfish may be facilitated by
AQP or Rh-like glycoprotein transport. I have demonstrated that hagfish express an
Rheg-like protein in epidermal tissue of the skin (Chapter 6). Rh proteins have been
demonstrated to not only facilitate transport of ammonia (Hung et al., 2007; Nakada et
al., 2007; Nawata et al., 2007; Tsui et al., 2009), but also CO, (Endeward et al., 2006;
Musa-Aziz et al., 2009; Perry et al., 2010). Thus, it stands to reason that Rh proteins
located in the skin may also function in cutaneous exchange of CO, and this will be a
focus of my research going forward. I have not specifically investigated a role for AQP in
facilitated CO, diffusion and future research aspects could examine the involvement of

this protein family in these processes.

Evidence for CO; sensing

The difference in activating a compensatory hypercarbia-response between
hagfish exposed to hypercapnia (0.6% CO,; 4 h) either anteriorly and posteriorly provide

preliminary evidence that an anteriorly-mediated CO, sensor, rather than a proximal
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blood pH-mediated sensor, is responsible for activating bicarbonate compensation. While
speculative at this time given the limited evidence, I suggest that the molecular identity of
this sensor is sAC, a known physiological HCOs™ sensor (Rahman et al., 2013;
Tresguerres et al., 2014; Tresguerres et al., 2010). However, further validation of my
experimental protocols is required to definitively rule out mixing effects (e.g. accounting
for low circulatory rate in hagfishes; Forster et al., 2011). Following this, the identity of
the CO, sensor will be investigated using know sAC inhibitors (KH7 and/or 4CE) to

elucidate the potential pH/CO, sensing mechanism(s) in hagfish.
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Nitrogen handling

Hagfish are tolerant of high levels of internal and external ammonia
concentrations (Braun and Perry, 2010; Clifford et al., 2015a). Similar to their tolerance
to hypercapnia (see above), the ability of the hagfish to withstand high environmental
ammonia is likely adaptive to their feeding lifestyle. Microorganisms feeding on the same
carrion as hagfish will likely cause increases in water [ammonia]. This environment
would subsequently cause buildups in plasma [ammonia], which can be toxic if left
unchecked. Furthermore, the high protein diet of the hagfish (Auster and Barber, 2006;
Collins et al., 1999; Martini, 1998; Smith, 1985) results in the catabolism of ingested
amino acids which also contribute to the net nitrogen load of the fish and thus must be
excreted (Nelson et al., 2008). Prior to starting this thesis project, little was known
regarding how hagfish handle nitrogen excretion, both normally and during times of
hyperammonemia. Section II of this thesis focused on describing the physiological
strategies and adaptations hagfish possess to withstand and recover from ammonia related

perturbations.

Tolerance to HEA and hyperammonemia

In Chapter 5, I have identified and ruled out some of the obvious potential
physiological mechanisms by which ammonia tolerance feats are possible by the hagfish.
When exposed to high environmental ammonia (HEA; 20 mmol L™; 48 h) hagfish
initially gained high amounts of ammonia at high rates of uptake. Under this condition,
hagfish reached peak plasma total [ammonia] ([Tamm]; 5450 pmol L) within 24 h of

exposure, after which time plasma [Tanm] plateaued. These levels are the highest plasma
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[Tamm] reported in any organism following HEA exposure. Using plasma as a surrogate
for other tissues such as liver and muscle, it was clear that hagfish did not rely on bio-
conversion of ammonia to less toxic end-products such as urea or glutamine. However,
brain tissues were not collected in this study and there is evidence in other fishes that
brain [glutamine] increase markedly in response to HEA exposure (Ip et al., 2001b;
Sanderson et al., 2010; Sinha et al., 2013; Tay et al., 2003; Veauvy et al., 2005; Wilkie et

al., 2011) and following feeding (Wicks and Randall, 2002).

Hagfish are adapted to feed on decaying carrion

During HEA exposure, ammonia enters via passive diffusion of NH; likely
facilitated by Rhcg which have been localized to the apical regions of pacific hagfish
pavement cells (Braun and Perry, 2010) and to epidermal regions of hagfish skin tissue
(Edwards et al., 2015; Chapter 6). Interestingly, in my study where I locally exposed
hagfish to HEA either anteriorly or posteriorly (Chapter 6), hagfish that were posteriorly-
exposed experienced greater ammonemic effects than those exposed anteriorly. These
results highlight two important findings: 1) It suggests that the primary route of ammonia
loading is via cutaneous means rather than branchially and 2) stemming from this,
hagfish possess the ability to reduce ammonia uptake when branchially (but not
cutaneously, at least within 4 h) exposed to HEA, even in the face of massive inwardly-
directed ammonia gradients. As mentioned throughout the thesis, the local environment
surrounding decaying carrion would likely contain high amounts of ammonia. Given the
propensity of the hagfish to partially burrow into putrefying carrion to consume the soft
tissue (Strahan, 1963), an ability to somehow impair entry of ammonia would be highly

advantageous. During my whole animal HEA study (Chapter 5), I also noted an ability of
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the hagfish to reduce ammonia uptake as plasma [Tamm| stabilized around ~5000 pmol L

! within 24 — 48 h of exposure, despite considerable inwardly directed Pyy, and E ¥

gradients. The directional reversal of ammonia flux (inward to outward) by 16 —24 h
likely aided 1n this stabilization; however, the length of time needed to generate this
reversal cannot account for the impairment of ammonia uptake on the acute scale used in
localized exposure studies (4 h). The mechanism of this impairment remains elusive and
does not seem to be related to alterations of branchial #Rhcg abundance as no differences
in this metric were observed during HEA exposure or recovery (Chapter 5). However, it
may be that permeability 1s reduced by a reduction of #/Rhcg on the membrane by a re-
packaging into cytoplasmic vesicles. Furthermore relative abundance of other hagfish Rh

proteins was not quantified.

Alternatively, alterations in branchial ventilation rate and/or flow may account for
this reduction whereby hagfish simply ‘hold their breath’ to prevent uptake. This
possibility could be investigated utilizing previously described methods similar to those
used to look at ventilation in hagfish during hypoxia and hypercapnia (Perry et al., 2009).
One final possibility could be that hagfish reduce the permeability of the gills by
increasing the diffusion distance across the gills as has been observed previously in other
fish species (Sinha et al., 2014). Overall, these findings provide convincing evidence that
hagfish have adapted novel strategies to feed on putrefying carrion, and remain in a

feeding environment containing high Tan., for extended periods of time.
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Routes of nitrogen excretion during exposure

In Chapter 5, despite taking up an impressive 85 mmol kg within the first 16 h of
exposure, hagfish readily offloaded ~80% of this ammonia load during the remainder of
the 48 h exposure period. Again, this feat was accomplished against impressive inwardly

directed Pyy, and Eyy ;r gradients. I conclude that the most likely mechanisms by which

this occurs is via secondary active transport whereby basolateral NKA (Na"/K™~ATPase
drives an apical Na'/NH, (H") exchange via an NHE. Due to the high buffering capacity
of seawater and the large inwardly directed gradients, it is unlikely that ammonia trapping

(facilitated by a combination of Rh protein and VHA) can contribute to the restoration of

JAmm.

Interestingly, within 4 h of anteriorly-localized HEA exposure, hagfish were able
to use cutaneous mechanisms to excrete ammonia, likely through Rhcg-mediated
transport (see below). Furthermore, Western blot analysis suggests that there does appear
to be some differential abundance of Rhcg along the length of the animal, which may
explain the increase in flux rate observed along the length of hagfish in in vitro flux
studies in Chapter 6. Localized HEA exposure likely better approximates the condition of
the animal during feeding (except when hagfish fully burrow into carrion). Thus this
experiment shows that hagfish have a means to excrete ammonia during exposure
whereby the limited ammonia that does permeate into the organism in the branchial
region is passively excreted cutaneously in the posterior region, facilitated by Rh-protein.

This would then allow for longer feeding bouts with negligible buildups of ammonia.
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Routes of nitrogen excretion during recovery

Upon re-entry into nominally ammonia free seawater, hagfish rapidly offload

ammonia due to the restorations of outwardly directed Pyy, and E + gradients. Possible

routes of excretion include the aforementioned Na'/NH, (H") exchange via an NHE and
through facilitated transport mediated via Rh protein and these may work in combination

with one another.

In my studies looking at extrabranchial transport of ammonia (Chapter 2, 6, 8)
hagfish consistently demonstrated use of cutaneous tissue to excrete ammonia.
Furthermore, with the exception of post-exercised hagfish where increases in Ja,, were
only observed in the anterior chamber/branchially, the ratio of anterior to posterior

contributions (branchial to cutaneous in the case of Chapter 8) was also fairly consistent.

During either routine or post-HEA conditions, ammonia is excreted primarily (70
— 80%) via the gill with the remaining excretion (20 — 30%) occurring across the skin.
The same arguments against significant cutaneous exchange of O, and CO, across the
skin into/out of the dermal capillaries hold true for ammonia as well (1.e. thickness of
dermis). Transport across skin epithelia must be facilitated given the relatively large
distance between the dermal capillaries and the external environment. Staining of Rhcg
demonstrated that the transport was most prominently located in close proximity to the
dermal/epidermal interface and immediately adjacent to the dermal capillary network. I
propose that Rh proteins provide an increased directional permeability facilitating

ammonia transport across the skin between the animal and the environment.
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Using In situ Ussing-style protocols adapted from Glover et al. (2011) I directly
determined the ammonia flux capabilities of excised hagfish skin. Excised skin from
control hagfish demonstrated diffusional flux of ammonia over a wide range (0-20 mmol
L") of mucosal [ammonia], simulating efflux from the animal. Furthermore, excised skin
from hagfish pre-exposed to HEA had up to 4-fold higher ammonia excretion rates than
skin from control animals, suggesting that hagfish regulate ammonia flux across the skin.
Unfortunately, reliable protein extracts were unable to be obtained from frozen skin
tissue from HEA and control fish, thus the molecular basis for this increase cannot be

determined at this time.

I also demonstrated that hagfish exhibit a differentiation in flux rate along the
length of the animal as rates of ammonia flux increased significantly in skin from the
posterior portions of the hagfish. In this series of experiments, protein extracts could be
obtained and Western blot analysis revealed that, while variable, there was differentiation
of Rhcg expression along the length of the animal. Taken together, these results
demonstrate that hagfish possess, utilize and regulate mechanisms within their skin for
regulating ammonia excretion. Future efforts should attempt to characterize if hagfish

adjust Rh expression in the skin during HEA.
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Ionoregulation

As a stenohaline osmoconformer, hagfish maintain their blood osmolarity by
having a plasma composition that is quite similar to seawater. Thus, hagfish do not
regulate plasma Na" and CI (Sardella et al., 2009), similar to proto-vertebrate lineages
(e.g Ciona, Amphioxus), but distinct from lamprey (sister group within the clade) and all
other vertebrates (Robertson, 1954). While hagfish do not regulate Na” and CI, they do
actively regulate plasma concentrations of the divalent ions, Ca>*, Mg”" and SO4> to 30 —
50% of seawater levels (Bellamy and Chester Jones, 1961). The hormone(s) responsible
for regulating these divalent ions has been actively sought for many years; however, the
identity remains elusive. The corticosteroid-signaling pathway in hagfish is poorly
understood; however, strong evidence exists suggesting that hagfish only possess a single
corticosteroid receptor. Furthermore, in vitro expression studies demonstrated that this
hagfish CR can be activated by several common corticosteroids, namely cortisol, 11-
deoxycortisol (11-DOC), 11-deoxycorticosterone (DOC), corticosterone (Bridgham et al.,
2006). The primary goal of Section 3/Chapter 7 was to assess the glucocorticoid and
mineralocorticoid responses of the hagfish and identify the role, if any, of the

corticosteroids previously shown to act of hagfish CR.

In Chapter 7, I show that hagfish are indeed capable of generating both
glucocorticoid (as demonstrated by increases in plasma [glucose] following physical
handling and during mineral/SO,” loading) and mineralocorticoid responses (as
demonstrated by the increased SO, excretion capacity for hagfish that received repeated
infusions of SO4>). I also show that the above corticosteroids are largely not responsible

for mediating the noted glucocorticoid and mineralocorticoid responses. It is interesting
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that in lamprey, the sister group to hagfish, 11-DOC is thought to be the active stress
steroid while in hagfish, 11-DOC is found in biologically insignificant quantities. Thus,
the active signaling steroid remains elusive; however, my results provide some interesting

insights and avenues for future research.

The analysis of the hagfish transcriptome revealed some interesting results with
regards to steroidogenesis in hagfish. It appears that hagfish may only possess
steroidogenesis conversion enzymes that allow for synthesis from cholesterol to
pregnenalone (CYP11A1 / cholesterol momooxygenase) and further to progesterone (3p-
Hydroxy-A5-steroid dehydrogenase; or 3p-HSD). The enzymes necessary to go further
into the steroid biosynthesis pathway (i.e. steroid 21-monooxygenase / CYP21, steroid
17a monooxygenase / CYP17, and steroid 11B-monooxygenase / CYP11B1) did not
appear in my KEGG analysis. These KEGG results may explain why glucocorticoid and
mineralocorticoid responses were not observed when injected with DOC, cortisol or
corticosterone or why 11-DOC levels remained below detectable limits during handing
and mineral stresses. One caveat that must be stated however is that the hagfish
transcriptome was constructed using RNA from hagfish gill and slime gland, which are
not steroidogenic tissues. Interestingly, Bridgeham et al. (2006) did show activation of
hagfish CR with 100 nmol L™ progesterone; however, results for pregnenalone were not
reported. Furthermore, progesterone has been demonstrated to be present in hagfish
plasma (Nishiyama et al., 2013). Future research efforts should attempt to establish
whether plasma [pregnenalone] and/or [progesterone| change during similar stress tests

utilized in Chapter 7. Alternatively, steroidal implants with these steroids could also be
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used in order to test whether changes in either plasma glucose or sulfate handling occur

following loading.

Given that hagfish do not regulate plasma [Na] and [CI], but do regulate the
divalent ions Ca”*, Mg”" and SO,> there are limited options in ions to study
ionoregulation in hagfish. Use of Ca** may lead to physiological impairments as it is used
extensively in signaling. Isotopes of Mg have very short half-lives (longest half-life:
Mg, ~21 h). SO4” is tightly regulated across biological systems and *’S has a
considerable half-life of ~87 days making this divalent ion useful in the study ion
hormonal control of ionoregulation and the techniques described within Chapter 7 will

undoubtedly be useful in determining the active corticosteroid in hagfish.
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Respiration

Characteristics for what makes a tissue a ‘good’ respiratory epithelia are that it: 1)
1s thin, 2) has a high surface area, and 3) is well vascularized. On first glance, the skin of
hagfish seems poised to be excellent respiratory epithelia. The cutaneous tissue itself is
relatively thin and indeed the dermal capillaries that underlie the epidermis are extensive.
Finally the long and thin body-plan of the hagfish results in the cutaneous tissue having a
considerable amount of surface area. Previous research examining respiration in hagfish
suggests that the primary means for O, uptake 1s via cutaneous respiration. This
adaptation would likely prove advantageous for the hagfish given how it immerses it
branchial region into decaying carrion, an area that is likely to be hypoxic. These studies
however, used indirect methods to come to these conclusions; and Malte and Lombholt
(1998) suggest that cutaneous respiration is impractical, citing that the distance between
the dermal capillaries is too thick (70-100 pm; Weinrauch et al., 2015; Welsch and
Potter, 1998) and perfusion of dermal capillaries with arterial blood with a high P,,. For
studies examining the branchial and extrabranchial components of ionoregulation and
respiration, usage of separating chambers has been described as the “gold-Standard”
(Brauner and Rombough, 2012). Thus, I utilized separating chambers in an attempt to

determine the role of the skin in O, uptake.

In the final data section of my thesis, I definitively show that hagfish indeed do
not utilize cutaneous respiration as a primary means for oxygen uptake. This does not
mean that hagfish do not utilize their skin for any O, uptake. In this study, ~80% of total
respiration occurred across the gills under control conditions and following exercise,

hagfish increased their reliance on the branchial respiration to 92%. What then, should
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we make of the limited cutaneous O, uptake that was observed, and which increased
during anteriorly-applied hypoxia? Given the aforementioned physical barriers that

prevent O, from diffusing into the animal, and given that the increase in posterior M,
was not enough to supplement whole-animal M, to routine rates, I believe that the

observed cutaneous O, uptake was primarily consumed by the skin itself. Welsch and
Potter (1998) argue that the functional role of dermal capillaries is to supply the
abundance of mucous cells (Blackstad, 1963; Weinrauch et al., 2015; Chapter 6) found in
the epidermal tissue with O, as the production/secretion of mucus is energetically costly
(Feder and Burggren, 1985). Oxygen consumption by skin tissue has also been observed
in other fishes (Kirsch and Nonnotte, 1977; Nonnotte and Kirsch, 1978). When hagfish
were introduced to hypoxia anteriorly, this limited O, supply to the blood so the mucus
cells, which interface with the water aspect (Chapter 6) likely obtained the available
oxygen from the normoxic posterior compartment, thus causing the increase in O,
consumption. Regardless, while throughout this thesis and the literature the skin of
hagfish has been demonstrated to have important transport function (Clifford et al., 2014;
Glover et al., 2011; Glover et al., 2015; Schultz et al., 2014), this chapter shows that the

gills are the dominant site for M, .
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Future directions

Any great research project will end in more questions than answers and this thesis
1s no exception. Here I suggest several ideas and projects which will further the field on

hagfish physiology.

Characterization of cloned hagfish NHEs

It is known that hagfish possess at least three members of the Na”/H" exchanger
(NHE; encoded by the SLC9 gene family) family of proteins (Choe et al., 2002; Edwards
et al., 2001; Tresguerres et al., 2006a). In higher vertebrates, members from this family of
transporters differs in tissue and cellular localizations, kinetics and roles in volume
regulation, Na" absorption, cell growth and pHy/pH. (intracellular/extracellular pH)
homeostasis (Demaurex and Grinstein, 1994; Orlowski, 1997; Wakabayashi et al., 1997).
Since hagfish are not known to regulate plasma [Na'], the presence of these NHEs are
thought to be primarily for acid/base regulation (Mallatt et al., 1987). At both the mRNA
level (Edwards et al., 2001) and the protein level (Parks et al., 2007b), NHE2 been shown
to be involved with recovery from plasma acidification; however, the tissue distribution
of NHE2 and the involvement of other hagfish NHEs in pH recovery are still in question.
Furthermore, to date, no work examining the specific functional characteristics of these

transporters in hagfish has been conducted.

I spent an extensive amount of time cloning several hagfish NHES, specifically
hagfish NHE2 and NHE3. Both of these isoforms are ready to be expressed into AP1
(NHE deficient) cell lines. With these cell lines, pH; imaging techniques with the pH

sensitive dye (BCECF) can be used to characterize the kinetic properties of each of these
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transporters (e.g. Guffey et al., 2015). By measuring recovery in the presence of varying
concentrations of known Na" transporter inhibitors (Amiloride, Phenamil, HMA, MIBA,
DAPI, and Diminazen, Cariporide; all currently available in the Goss lab), the
pharmacological inhibitor profiles for each isoform can be determined which will allow
identification of 1soform specific inhibitors. Pharmacokinetic profiles for hagfish NHEs
can be compared to NHEs from other species including trout and dogfish and human.
Given the likely involvement of NHEs in acid/base handling, a kinetic/pharmacological
characterization of these isoforms with pH; imaging will provide valuable insight for use
of these inhibitors in whole-animal acid/base experiments. Furthermore, creation of

hagfish-specific NHE antibodies would be a high priority (see below).

Cloning and characterization of hagfish CI/HCOj3 transporters

In my thesis I show that hagfish utilize CI/HCO;™ exchange as a mechanism for
base excretion. Likely mechanisms for this transport are the anion exchangers (AE; SLC4
family of proteins; Alper, 2006) and chloride bicarbonate exchangers (CBE; from the
SLC26; Alper and Sharma, 2013) family of proteins. My searches of the hagfish gill and
slime gland transcriptome (available in the Goss lab) reveal several transcripts belonging
to the SLC4 and SLC26 families. Utilizing qPCR techniques and tissues taken from
hagfish during recovery from hypercarbia-induced hypercapnia, qPCR primers designed
off of transcriptomic results for CI/HCOs candidate isoforms will allow for confirmation
of which 1soforms may be differentially expressed at the RNA level, thus giving clues to
the molecular identity of the transporter responsible for CI/HCO;™ exchange. As with the
NHEs (above) full cloning and characterization of transporters could be carried out

measuring pH; (intracellular pH) recovery with CI replacement and with known CI’
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/HCOs™ nhibitors (e.g. DIDS). CBE/AE deficient cell lines do not yet exist, so for
characterization of these proteins, Xenopus oocyte heterologous expression should be
used. This will involve cloning the transporters of interest into a Xenopus expression
system (e.g. PxT7; available in the Goss lab), followed by the generation of capped RNA
(cRNA) via mMessage mMachine and subsequent injection into oocytes. These oocytes
can be used with the pH; imaging system (as above) using CI replacement and CI/HCO;"
exchange inhibitors (e.g. DIDS). Again, pharmacokinetics will reveal potential isoform
specificity (if any). After confirmation of isoform involvement, development of hagfish

specific antibodies would be a high priority (See below).

How do hagfish MRCs regulate excrete acid and base excretion?

An investigation looking at how the single hagfish MRC type (Tresguerres et al.,
2006a) changes/is remodeled during hypercapnia to modulate acid secretion and during
recovery from hypercapnia-induced hypercarbia to modulate base secretion would be
highly valuable. My results suggest that these cells may function as acid secreting cells
initially but I also show that up-regulation/activation of base secreting mechanisms is
necessary in order for the gills to excrete base as I have demonstrated that there are large
increases in rates of HCOj;™ loss from plasma within 2 — 6 h recovery. These increases are
mediated through up-regulation in both CI/HCOj;™ exchange and CA activity. The
question remains “do these single population of cells indeed control acid and base
function?” A first step will be to use qPCR to identify which isoforms of each (SLC4,
SLC26, CA) are involved (as above). Then using hagfish-specific antibodies if possible,
or heterologous antibodies, Western analysis for V-H"-ATPase, NKA, CA, CBE and/or

AE (see above), would inform about changes in abundance in whole-gill and membrane
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fraction protein expression. Immunohistochemical analysis would demonstrate cellular
localization of these transporters/enzymes. Further experimentation could also detail

changes following other types of acid/base challenges.

Is recovery from hypercapnia-induced hypercarbia via CA-mediated CO; loss common

across lineages?

To my knowledge, the finding that hagfish primarily utilize a CA-mediated
mechanism to facilitate loss of plasma HCOs following severe hypercarbia 1s a novel
finding that has not been described in any other animal. In hypercapnia studies, I have
found that recovery time-points are infrequently measured and when used, there is only a
single time-point at 24 h. I am curious to know if the primary CA-mediated mechanism
that hagfish use to restore HCOs" levels is specific to hagfish or is commonly observed
across species. The hypercapnia tolerance in hagfish is due in part to their ability to raise
plasma [HCOs" ] to levels never observed before in any other organism (Baker et al.,
2015). Other organisms demonstrated to raise plasma/hemolymph [HCO;'] to a high
degree are the blue crab (Callinectes sapidu) and the channel catfish (Ieralurus
punctatus). The question that remains 1s “are the mechanisms employed by the hagfish
for hypercarbic recovery common to other organisms that are capable of mounting
effective HCO;™ responses, or is this a general trait?”” Studies similar to those conducted
in Chapter 3 but using select model species will prove valuable in answering these
questions. Similarly, the selective use of permeable/impermeable CA inhibitors will also
identify if the CAs involved are intracellular or plasma accessible. Utilizing techniques

described above in (How do hagfish MRCs regulate excrete acid and base excretion?)
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further characterization of recovery responses will be possible across a broad selection of

organisms.

How are hagfish capable of preventing ammonia uptake during localized ammonia

exposure?

In Chapter 6, I provide evidence that hagfish are capable of preventing loading of
ammonia across the gill epithelial during localized HEA exposure. This impairment of

ammonia entry occurs despite considerable inwardly directed Py, and E NH} gradients

(Chapter 5). The question that remains is “How are hagfish capable of preventing uptake

of ammonia during HEA exposure?”’

I suggest that this ability arises from a reduction in ventilation in that hagfish
simply stop ventilating during HEA exposure. Given that hagfish are tolerant of hypoxia,
“holding their breath” would come of little consequence in a physiological sense. In
Chapter 8, I show that the gill is the primary route of oxygen uptake, ruling out
previously held notions that cutaneous uptake was the main mode of oxygen acquisition.
With this knowledge, respirometry studies with hagfish during control and HEA
conditions could be conducted using oxygen uptake as a surrogate for ventilation. If
ventilation is reduced, we would expect to see differences between hagfish during control
and HEA conditions. An alternative and preferred approach would be to utilize pressure

or flow transducers in a similar manner as (Perry et al., 2009) to capture true ventilation.
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Platitudes

Hagfishology presents exciting opportunities to study evolution, adaptation and
comparative physiology. The phyletically ancient hagfish holds many physiological
peculiarities to study. Future research efforts involving these extraordinary and beautiful
creatures should endeavor to further describe the adaptations and mechanisms they

possess to survive and thrive in their demersal and challenging conditions.
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