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ABSTRACT
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Advisor:
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In early rainbow trout development, a switch from high-affinity embryonic hemoglobin
to lower-affinity adult hemoglobin occurs along with a turnover of round, embryonic
erythrocytes to oval, adult erythrocytes. The objective of my thesis was to determine how the
ontogeny of blood oxygen transport was affected by chronic hypoxia (30% of saturation) in
rainbow trout. Hemoglobin-oxygen affinity, cooperativity, and the Bohr and Root effects were
unaffected by hypoxia treatments, whereas hemoglobin content, erythrocyte counts, and
hematocrit were significantly reduced. In hypoxia, larvae had higher concentrations of
embryonic hemoglobin mRNA and embryonic erythrocytes than stage-matched normoxia-reared
larvae. Overall, these results indicate that chronic hypoxia suppresses erythrocyte development
prior to complete yolk absorption. Ultimately, this suggests that in early ontogeny rainbow trout
conform to low oxygen conditions, rather than mounting the hypoxia response observed in
oxygen-regulating adult trout.
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INTRODUCTION

Aquatic hypoxia is a natural phenomenon, where the oxygen (O2) content may be
reduced in shallow, warm bodies of water with low flow and poor circulation or with high biotic
O2 consumption (Nilsson and Ostlund-Nilsson, 2004). Adult fishes have behavioural adaptations
for hypoxia avoidance (e.g. swimming; Jones, 1952; Cameron, 1989a), plus a number of
physiological responses when escape is not possible. These involve adaptive alterations to the
ventilatory, cardiovascular, and blood O2 transport systems that optimize O2 uptake and delivery
under low O2 conditions (Gamperl and Driedzic, 2009; Perry et al., 2009; Wells, 2009).
Although many fishes, such as salmonids, choose well-oxygenated waters for reproduction
(Witzel and MacCrimmon, 1983; Geist et al., 2002), hypoxia within nesting sites may occur.
However, unlike adults, the behavioural responses of embryonic fishes are limited due to their
encapsulation within the chorion, which prevents swimming to escape low O2 waters. The study
of early ontogenetic hypoxia responses is thus particularly interesting because the potential
teratogenic effects of hypoxia can affect the survival and fitness of adult fishes (Shang and Wu,
2004; Roussel, 2007). The focus of the current study was to investigate how O2 transport in the
blood is impacted by chronic hypoxia in early life stages of the rainbow trout (Oncorhynchus
mykiss).

Blood oxygen transport
In fishes, blood-O2 transport is accomplished by the respiratory pigment, hemoglobin
(Hb; Krogh and Leitch, 1919; Black, 1940; Cameron, 1989b). Hb is a tetrameric molecule,
composed of two α-like and two β-like polypeptide chains, each containing a prosthetic group
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called a heme protein (Riggs, 1970; Brunori et al., 1973; Nikinmaa, 1990; de Souza and BonillaRedriguez, 2007). Each heme protein is bound by a ferrous iron molecule, which reversibly
binds O2 (Riggs, 1970; Cameron, 1989b). In teleosts, Hb is enclosed within nucleated
erythrocytes, which transport Hb from the gills, where it binds O2, to the tissues, where it
releases O2 (Catton, 1951).
The O2 binding properties of Hb are depicted by the O2 equilibrium curve (OEC), which
plots the fraction of Hb-bound O2 against the partial pressure of O2 (PO2; Wells, 2009). OECs are
sigmoidal in shape due to cooperativity among the four heme groups; i.e. when one heme group
binds O2, it increases the O2 affinity of the other heme groups (Bohr et al., 1904; Hill, 1910). The
extent of cooperativity is described by the Hill coefficient (nH), where an increase in nH indicates
a higher degree of cooperativity between Hb subunits (Hill, 1910; Lapennas and Reeves, 1983;
Malte and Weber, 1987; Vorger, 1987). The affinity of Hb for O2 is represented by P50 or the PO2
at which half of the total Hb is bound by O2. The P50 is increased (O2 affinity decreased) by
increases in temperature, proton concentration, inorganic ion concentration, and organic
phosphate levels (Irving et al., 1941; Grigg, 1969; Gillen and Riggs, 1971).
Decreasing pH can affect O2 affinity in fishes in two ways. The first is the Bohr effect
where protons bind to Hb and induce a conformational change that reduces the O2 affinity of Hb,
shifting the OEC to the right (Bohr et al., 1904). The Bohr effect facilitates O2 unloading at the
tissues, where pH is lowered due to accumulated lactic acid from anaerobic metabolism and
dissolved carbon dioxide from respiration (Wells, 2009). pH also affects O2 affinity via the Root
effect, which is only observed in fishes (Brittain, 1987), where low pH prevents Hb from
becoming fully O2 saturated (Root and Irving, 1941; Gillen and Riggs, 1971). This allows for
rapid O2 unloading in the gas gland of the swim bladder and in the choroid rete of the eye, which
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facilitates buoyancy and vision, respectively (Scholander and Van Dam, 1954; Pelster and
Randall, 1998).

Strategies for coping with hypoxia
Fluctuations in O2 availability are common in freshwater environments (e.g., Ingendahl,
2001; Shang and Wu, 2004). Low O2 is stressful for fishes because, like all animals, they require
O2 for oxidative phosphorylation to generate ATP, the energy source of cells (Lipton, 1999).
Hypoxic episodes can range from acute (short-term) to chronic (long-term) and from mild to
severe. A particular fishes’ hypoxia response is determined by its hypoxia tolerance as well as
the duration and level of hypoxic exposure (Nilsson and Östlund-Nilsson, 2008). Two basic
hypoxia-coping strategies have emerged: O2 regulation and O2 conformation, where fishes either
maintain or reduce O2 uptake, respectively, when confronted with low environmental O2 (Marvin
and Heath, 1968).
Previous work by Marvin and Heath (1968) found that regulating O2 consumption is
adaptive during bouts of mild or short term hypoxia. This is a strategy of O2 regulators, where O2
uptake mechanisms are enhanced during hypoxia to maintain an adequate O2 supply to the
tissues (Ultsch et al., 1981; Nilsson, 2007). However, fishes have a critical O2 tension (Pcrit),
which is unique to each species, where regulation is no longer feasible because it decreases the
O2 available for other physiological processes (Marvin and Heath, 1968; Yeager and Ultsch,
1989). At Pcrit, fishes activate anaerobic metabolism, but this strategy is unsustainable as it
rapidly depletes glucose stores and generates an accumulation of anaerobic end-products
(Hochachka and Somero, 2002). Furthermore, anaerobic metabolism yields approximately 90%
less ATP per molecule of glucose than does aerobic metabolism (for review see Brand, 2003).
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Therefore, for many fishes the more viable strategy for survival during prolonged or severe
hypoxia is O2 conformation (Marvin and Heath, 1968). Fishes conform to low O2 supplies by
depressing metabolic demands, which often impedes energy allocation to protein anabolism and
catabolism (Buc-Calderon et al., 1993; Hochachka et al., 1996). Work on isolated turtle
hepatocytes found an 88-93% reduction in the ATP demand of protein synthesis and breakdown
during anoxia (Land et al., 1993; Land and Hochachka, 1994). O2 conformation thus decreases
O2 consumption and delays the shift to anaerobic metabolism (Marvin and Heath, 1968;
Hochachka et al., 1996; Nilsson and Östlund-Nilsson, 2008).
Fish are seldom categorized as strict regulators or conformers (Cameron, 1971).
Nonetheless, species that normally encounter extended O2 shortages or are more sedentary, such
as catfish (Marvin and Heath, 1968) and sturgeon (Burggren and Randall, 1978), tend to be O2
conformers, while more active species, native to high O2 environments, like trout (Marvin and
Heath, 1968), are typically O2 regulators.

Hypoxia response of adult salmonids
Salmonids such as rainbow trout normally inhabit O2-rich waters and are relatively
hypoxia intolerant (Holeton and Randall, 1967; Olson and Fromm, 1971; Matthews and Berg,
1997). Hypoxia initiates swimming in several fish species (Jones, 1952). Exposure to various
degrees of low O2 within a water O2 gradient stimulates random swimming activity until fishes
attain more O2 rich waters (Jones, 1952; Cameron, 1989a). Acute hypoxia exposure (20 min, ~
60% of maximum water O2 saturation) produces an increase in ventilation volume (Smith and
Davie, 1981). Slightly longer bouts of low O2 also increase ventilation volume, activate
anaerobic metabolism, and provoke a bradycardia during rapid (~ 15% of O2 saturation for 1 to 3
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h; Dunn and Hochachka, 1986) and gradual hypoxia (15 – 20% of O2 saturation ≤ 1 h, Holeton
and Randall, 1967; Hughes and Saunders, 1970; Smith and Jones, 1978). As well, both acute
(~26% of O2 saturation for 2 hours) and chronic hypoxia exposure (~ 40 – 55% of O2 saturation
for 5 days) increase basal catecholamine secretion and enhance the responsiveness to cholinergic
stimulation (Tetens and Christensen, 1987; Montpetit and Perry, 1998).
In adult fishes changes are also elicited at the level of the erythrocyte to increase blood
O2 carrying capacity and Hb-O2 affinity (Nikinmaa, 1990; Wells, 2009). Hypoxia exposure
triggers a stress response in fishes, which releases catecholamines into the circulation (Randall
and Perry, 1992; Gamperl et al., 1994; Wells, 2009). Teleost fishes are unique in having betaadrenergic receptors on the erythrocyte membrane (Nikinmaa and Huestis, 1984). These
receptors bind to epinephrine and norepinephrine, which ultimately raises erythrocyte
intracellular pH, thereby increasing Hb-O2 affinity through the Bohr effect (Nikinmaa, 1983;
Nikinmaa and Huestis, 1984; Nikinmaa et al., 1987; Fievet et al., 1988; Nickerson et al., 2003).
Catecholamines binding to the erythrocyte membrane also provoke erythrocytic swelling. This
increases Hb-O2 affinity due to the dilution of erythrocyte contents and, consequentially, the
dissociation of ATP-Hb complexes (Nikinmaa, 1983; Nikinmaa and Huestis, 1984). A decrease
in ATP-Hb complexes in hypoxia, as well as reduced proportions of oxygenated to deoxygenated
Hb during low O2 conditions, have the non-specific effect of increasing erythrocytic intracellular
pH, which also encourages Hb-O2 binding (Wood and Johansen, 1972b; Jensen, 1986). Increased
levels of catecholamines during hypoxia also provoke the liberation of erythrocytes from the
spleen (Nilsson and Grove, 1974; Perry and Kinkead, 1989).
Additionally, prolonged hypoxia exposure increases hematocrit (Hct) and blood Hb
concentrations in adult fishes (Grant and Root, 1952; Soivio et al., 1980; Lai et al., 2006).
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Evidence suggests that in rainbow trout these changes occur via a hypoxia-inducible factor 1
(HIF-1)-mediated pathway (Soitamo et al., 2001). A lack of O2 stabilizes the HIF-1α protein,
which, through a cascade of events, promotes the transcription of several hypoxia-inducible
genes (Soitamo et al., 2001; Nikinmaa and Rees, 2005). Notably, in teleosts hypoxia is
associated with increased expression of erythropoietin (EPO; Chou et al, 2004), and HIF-1α
increases the expression of vascular endothelial growth factor (VEGF; Vuori et al., 2004), which
promote erythropoiesis (Semenza and Wang, 1992; Lai et al., 2006) and angiogenesis (Lee et al.,
2002), respectively. Increased levels of HIF-1α have also been associated with Hb synthesis in
Baltic salmon (Vuori et al., 2006). As well, work in human tumor cells found that HIF-1
upregulates PDK-1, which represses mitochondrial O2 consumption and increases intracellular
PO2 (Papandreou et al., 2006).

Hypoxia response in early development
Although the hypoxia response in adult O. mykiss blood has been well characterized, less
is known about earlier developmental stages. One reason may be technical, as extracting
sufficient blood volumes for analyses is difficult in very small individuals (~ 30 mg at hatch in
rainbow trout; this study). The current paper is thus the first to investigate how Hb-O2 binding is
affected by hypoxia in early life stages of the rainbow trout.
Environmental hypoxia is a common stressor for salmonids during early development. O2
may be depleted in nesting sites (redds) due to seasonally elevated water temperatures (Peterson
and Quinn, 1996), high sediment depth (Whitman and Clarke, 1982), low gravel permeability
(Rubin, 1998), high groundwater to surface water ratios (Malcolm et al., 2004), and embryo
crowding (Dhiyebi et al., in press). As well, the boundary layers created by the chorion and
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perivitelline fluid may limit O2 availability for the developing embryo (Rombough, 1988;
Ciuhandu et al., 2007; Dhiyebi et al., in press). Indeed, Ciuhandu et al. (2005) and Miller et al.
(2008) found that dissolved O2 within the perivitelline fluid is extremely low (~ 50 to 10% of O2
saturation at 15 and 29 dpf, respectively) even in normoxic water. In salmonids, chronic hypoxia
exposure delays development, significantly alters metabolic rate and cardiac development,
decreases hatching success, produces deformities, and increases mortality (Alderdice et al., 1958;
Shumway et al., 1964; Hamor and Garside, 1976; Sowden and Power, 1985; Rombough, 1988;
Ciuhandu et al., 2005; Miller et al., 2011; Sánchez et al., 2011). Therefore, identifying the early
ontogenetic hypoxia response is crucial for understanding how embryos and larvae survive low
O2 and how their subsequent development and maturation are affected by O2 deprivation.
The embryos and larvae of many species are often O2 conformers (Pelster, 1999). During
gradual hypoxia (decrease from 100 to 20% of O2 saturation over 160 min), O2 consumption in
zebrafish was reduced in early ontogeny (10 – 30 dpf) but O2 uptake was maintained in later
stages (20 – 30 dpf; Barrionuevo and Burggren, 1999). The frog, Xenopus laevis, is an O2
conformer up to Nieuwkoop Faber stage 54 – 57, where in early stages, decreasing PO2 (100 to
14% of O2 saturation) reduces O2 consumption relative to normoxic values (Hastings and
Burggren, 1995). Similarly, chicken embryos, which also rely on cutaneous respiration within
the egg (León-Velarde and Monge-C, 2004), are O2 conformers (Ar et al., 1991). During mild,
acute (50% of air saturation, 30 – 72 min) and more severe and prolonged (10% of air saturation,
4 h) hypoxia exposure, 12 to 18 day chicken embryos showed a reduced metabolism and
significantly lower O2 uptake relative to normoxic embryos (Ar et al., 1991; Tazawa et al.,
1992). Similarly, O. mykiss embryos at 29 dpf are capable of decreasing their O2 consumption by
~ 50% during acute (50% of O2 saturation, 3 h) and chronic (50% of O2 saturation, 15 days)
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hypoxia exposure (Miller et al., 2008), suggesting that rainbow trout embryos are also O2
conformers.
Much work has been done on the hypoxia response in embryonic and larval zebrafish
(Danio rerio). Zebrafish are a hypoxia-tolerant species. Embryos are capable of metabolic
depression during severe, chronic hypoxia (10% of O2 saturation for 3 weeks; van der Meer et
al., 2005). As well, in the complete absence of O2, zebrafish embryos can enter a state of torpor,
where development, movement, and the heartbeat are arrested (Padilla and Roth, 2001). Jacob et
al. (2002) and Shang and Wu (2004) found that mild (50% of O2 saturation) and severe (10% of
O2 saturation) hypoxia over a developmental series significantly increase heart rate in early D.
rerio development (up to 96 hours post fertilization, hpf), but decrease heart rate thereafter.
However, Bagatto (2005) found lower heart rates in zebrafish embryos at 2 – 12 dpf during
development in severe hypoxia (12% of O2 saturation). D. rerio show an increase in lactate
concentration relative to normoxic larvae by 30 dpf but not earlier in development (60% of O2
saturation, 0 to 100 dpf; Barrionuevo et al., 2010). Ton et al. (2003) profiled changes in the gene
expression of 4512 genes in hypoxic zebrafish embryos; notably, they observed an induction of
HIF-1α mRNA expression during hypoxia (5% of O2 saturation for 24 h) but reduced expression
of genes encoding for EPO and Hb. However, whether this is also manifested at the protein level
is unknown. Pelster and Burggren (1996) reported that Hb may not be involved in the zebrafish
embryonic hypoxia response as inhibiting Hb function did not impede aerobic processes in early
development.
The salmonid hypoxia response in early ontogenetic stages is less well established. Early
salmonid development differs from that of zebrafish. Salmonid development occurs more slowly
and in colder waters (first heart beat at 22 hpf in zebrafish (28.5°C) vs. 12 dpf in rainbow trout
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(12°C); Stainier et al., 1993; Vernier, 1969), and salmonid embryos are larger than those of
zebrafish (O. mykiss egg diameter ~ 5.6x greater than D. rerio; Serezli et al., 2010; UusiHeikkilӓ et al., 2010); they thus have a smaller surface area to volume ratio for the diffusion of
O2. Salmonids are also less hypoxia-tolerant than zebrafish (Smith and Heath, 1980; Thorpe et
al., 1984; Rees et al., 2001; Forbes et al., 2010). Therefore, one might expect Hb to play a bigger
role in the hypoxia response of O. mykiss embryos than in those of zebrafish. Studies in Baltic
salmon larvae (Salmo salar) suggest that HIF-1 activity promotes VEGF and HbA expression in
salmonid fry (Vuori et al., 2004; 2006). And work in lake trout (Salvelinus namaycush) indicates
an ontogenetic increase in HIF-1 DNA binding and HbA gene transcription between hatch and
the fry stage (Vuori et al., 2009). In larval rainbow trout at 1 day post hatch (dph), exposure to
approximately 25% of O2 saturation for 3 h provoked an increase in breathing rate and a shortterm tachycardia (Holeton, 1971). Recent data in our lab has shown that trout embryos reared in
30% of O2 saturation displayed a bradycardic response only at 22 and 29 dpf (just before
hatching; Vernier, 1969), but not in larvae (Miller et al., 2011). As well, salmonid embryos
possess a limited anaerobic capacity and as such, anaerobic metabolism may not make an
important contribution to the hypoxia response in earlier O. mykiss developmental stages
(Ninness et al., 2006).

Developmental changes in hemoglobin expression
Although very little is known about how blood-O2 transport in young salmonids responds
to hypoxia, there is a strong body of work on O. mykiss erythrocytes from Japanese researchers.
Iuchi and Yamagami (1969) discovered that two distinct Hb polymorphs are present during
rainbow trout ontogeny: embryonic Hb (HbE) and adult Hb (HbA). HbE is found in embryonic
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erythrocytes, which are round and disc-shaped, and HbA resides in adult erythrocytes, which are
large and elliptical (Iuchi, 1973b; Iuchi and Yamamoto, 1983). Embryonic erythrocytes are
produced in the intermediate cell mass and in blood islands on the yolk sac between 7 and 12
days post fertilization (O. mykiss, 15°C; Iuchi and Yamamoto, 1983). They are present in the
circulation until one day before hatching, when a turnover of embryonic for adult erythrocytes
begins. By 1 dph (15°C), erythropoiesis is initiated in the kidney and spleen, which only produce
immature adult erythrocytes that ultimately grow into mature adult erythrocytes (Iuchi and
Yamamoto, 1983). From hatch to 21 dph (15°C), embryonic erythrocytes are consequently
replaced by adult erythrocytes (Iuchi, 1973b; Yamamoto and Iuchi, 1975). Posthatching alevins
thus possess a mixture of both Hb polymorphs and as development proceeds, the proportion of
HbE decreases and that of HbA increases (Iuchi, 1973b; Iuchi and Yamamoto, 1983). Iuchi
(1973b) had previously tracked the ontogenetic turnover of embryonic for adult erythrocytes, and
Iuchi and Yamamoto (1983) associated each type of erythrocyte with its respective Hb isoform.
However, the specific ontogenetic timing of Hb isoform expression and of Hb-O2 binding
properties has yet to be examined.
Iuchi (1973a) demonstrated that at room temperature HbE in larvae at 0 – 1 dph exhibited
no Root effect and had a higher O2 affinity (low P50) and less Bohr effect than HbA. This study
also observed a higher degree of cooperativity (larger nH) in HbE compared to HbA, and found
that nH in HbE was less reduced by a decrease in pH relative to HbA. Increases in temperature are
known to elevate P50 and nH, and to lower the Bohr effect (Irving et al., 1941; Cameron, 1971;
Eddy, 1971; Weber et al., 1976; Vorger, 1985; Willford and Hill, 1986). Whether HbE is still
capable binding O2 more strongly and with greater cooperativity than HbA at lower temperatures,
more indicative of the rainbow trout’s physiological temperatures, is unknown. As well, whether
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pH affects the O2 binding, maximum O2 capacity, and cooperativity of HbE at reduced
temperatures also remains to be investigated.
Typically the presence of multiple Hb morphs is a strategy for adapting to variations in
environmental conditions (Powers, 1972; Weber et al., 1976a; Powers, 1980; Houston and
Gingras-Bedard, 1994). For instance, adult rainbow trout have several Hb isoforms, of which the
two most abundant are Hb I and Hb IV. Hb I exhibits O2 binding that is independent of pH,
while Hb IV has large Bohr and Root effects (Brunori et al., 1973; Giardina et al., 1973; Weber
et al., 1976a). Therefore multiple isoforms provide a fallback mechanism whereby O. mykiss can
maintain a normal supply of O2 to its tissues, for example, in acidic waters or during strenuous
exercise with high lactic acid production, by using Hb I for O2 uptake at low pH (Powers, 1972;
Brunori et al., 1973). A study by Marinsky et al. (1990) found that during recovery from anemia,
adult rainbow trout in hypoxia (40% of O2 saturation for 20 days) exhibited different relative
concentrations of Hb isoforms compared to fish recovering in normoxia. Similarly, HbE may be
capable of loading and delivering more O2 than HbA (Iuchi, 1973a), but this is unknown. This
difference in Hb-O2 affinity between HbE and HbA could have evolved in response to dissimilar
O2 requirements between different life stages or due to different environmental O2 levels
experienced during salmonid development. However, whether or not the presence of these
ontogenetic differences in Hb isoforms can be used as a strategy to cope with environmental
perturbations remains unclear (Burggren, 1991).
Unlike adults, salmonid embryos use cutaneous respiration for gas exchange, and
diffusion is the principal means of O2 delivery in embryos (Rombough and Ure, 1991; Wells and
Pinder, 1996; Mirkovic and Rombough, 1998). As the fish matures, there is an ontogenetic
switch to branchial respiration and convection, which contributes to 70% of total O2 uptake by
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the fry stage (yolk absorption; Rombough and Ure, 1991; Wells and Pinder, 1996). Two studies
call into question the purpose of Hb in early rainbow trout development (Rombough, 1988).
Holeton (1971) found that O. mykiss larvae at 1, 6, and 18 dph (10°C) showed little change in
breathing or heart rate when Hb was poisoned with 5% carbon monoxide. Similarly, Iuchi (1985)
demonstrated that when erythrocytes were destroyed by phenylhydrazine, rainbow trout larvae
survived until the fry stage but failed to produce adult erythrocytes. This raises the question: if
HbE is not necessary for O2 uptake, what is its purpose? Three possible roles have previously
been proposed. Pelster and Burggren (1996) suggested that HbE functions in the initial inflation
of the swim bladder via the Root effect in zebrafish. However, the absence of a Root effect in
HbE (Iuchi, 1973a) suggests that this isoform may have an alternative function in rainbow trout
embryos. Iuchi (1985) postulated that the development of stem cells for adult erythrocytes may
rely on the prior development of stem cells for larval erythrocytes. But no follow up studies have
been done. Finally, Rombough and Drader (2009) found that when zebrafish larvae (7 – 14 dpf)
gradually depleted the dissolved O2 in a closed respirometer, the residual O2 level (the amount of
O2 remaining in the respirometer that the fish was unable to consume) was higher in larvae
poisoned with carbon monoxide. They concluded that Hb assists with O2 uptake in larval
zebrafish during extreme hypoxia. It is possible that in less hypoxia-tolerant species, like O.
mykiss, HbE also contributes to O2 binding during more moderate hypoxia, but this is unknown.

Objectives and Hypotheses
The objectives of this study were to investigate the early ontogeny of fish blood
properties and the hypoxia response. Rainbow trout are an ideal organism for this study because
they can be considered a sentinel species that are more sensitive to environmental perturbations
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than many other freshwater species (Holeton and Randall, 1967; Olson and Fromm, 1971;
Matthews and Berg, 1997). O. mykiss are also a widely studied model fish species and, as such,
their normal physiological processes are well-known (Thorgaard et al., 2002), and previous work
has been conducted on the rainbow trout HbE. Furthermore, rainbow trout have a large embryo
size relative to other model species, such as zebrafish (Thorpe et al., 1984; Forbes et al., 2010),
which facilitates the collection of embryonic and larval blood samples.
Iuchi (1973a) previously investigated the Hb-O2 binding properties of HbE at unphysiological temperature of 25°C. My first goal was to quantify the O2 affinity, cooperativity,
and Bohr and Root effects of HbE at lower temperatures more representative of O. mykiss’s
normal physiological temperatures (10°C). For HbA, an increase in temperature has been shown
to raise P50 and nH, and to lower the Bohr effect (Irving et al., 1941; Cameron, 1971; Eddy, 1971;
Weber et al., 1976; Vorger, 1985; Willford and Hill, 1986). However, HbE’s response to
temperature is unknown. I hypothesized that HbE would have a temperature response similar to
HbA. This hypothesis thus predicted that at 10°C, HbE would exhibit a lower P50 and nH (higher
O2 affinity and lower cooperativity) and a greater Bohr effect than was observed previously by
Iuchi (1973a) at room temperature (25°C).
Although the developmental timing of erythrocyte turnover has been previously
investigated (Iuchi, 1973b), the ontogeny of Hb-O2 binding properties in larval stages has yet to
be investigated. During Hb turnover, larvae possess a mixture of HbE and HbA, but how this
affects Hb-O2 binding properties is unknown. Therefore, my second objective was to measure
changes in Hb-O2 affinity, cooperativity, and the Bohr and Root effects in O. mykiss over an
ontogenetic series. I hypothesized that relative HbE versus HbA isoform expression would
directly influence overall Hb-O2 binding properties, which predicted overall Hb-O2 binding
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properties to be intermediate in larval stages. Specifically, this hypothesis predicted that as the
proportion of HbE decreased and the proportion of HbA increased, that I would observe a gradual
decline in Hb-O2 affinity and cooperativity, with more pronounced Bohr and Root effects, with
development.
The early life stages of many species are O2 conformers (Pelster, 1999). Previous work
suggests that prior to hatch, rainbow trout embryos are also O2 conformers (Miller et al., 2008).
However, the hypoxia response of larval stages is poorly understood. I hypothesized that
rainbow trout larvae are O2 conformers prior to complete yolk absorption. Conforming to low O2
conditions involves a decrease in both protein anabolism and catabolism (Buc-Calderon et al.,
1993; Hochachka et al., 1996). First, this hypothesis predicted that in hypoxia, O. mykiss
embryos and larvae would have lower Hb protein and erythrocyte concentrations, which would
concomitantly reduce Hct. Second, this hypothesis predicted that in hypoxia embryos and larvae
would have a lower rate of protein catabolism than in normoxia, and thus the ontogenetic onset
of HbE turnover for HbA would be delayed. This predicts an increased proportion of HbE relative
to HbA in hypoxia-reared O. mykiss. In addition to energy conservation through metabolic
suppression, preserving HbE into later developmental stages would presumably be advantageous
during hypoxia exposure because HbE has a higher O2 affinity than HbA (Iuchi, 1973a). If
confirmed, this would be consistent with the idea that one purpose of HbE is to provide a means
of maintaining O2 uptake during low O2 conditions. If HbE is preserved into later developmental
stages and its role of is indeed to enhance O2 uptake, this predicts an elevated overall Hb-O2
affinity and cooperativity and a lower Bohr and Root effect in hypoxia- relative to normoxiareared larvae.
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METHODS
Experimental animals
Rainbow trout embryos were obtained on the day of fertilization from Rainbow Springs
Trout Farm (Thamesford, ON) and were transferred to the Hagen Aqualab (University of
Guelph, Guelph, ON). Embryos were held on a mesh-bottom insert within custom-built 4 l
treatment tanks, which were shielded from light and supplied with a continuous flow (~ 20 ml
min-1) of local well water (10ºC, 10 mg O2 l-1, pH 7.9, water hardness 411 mg l-1 as CaCO3, ion
concentrations (mmol l-1): 2.6 Ca2+, 1.5 Cl-, 1.5 Mg2+, 0.06 K+, and 1.1 Na+). Over a 14 month
period, 8 different batches of embryos were used. Each batch was derived from a separate
spawning event between 3 females and 3 males. Embryos were staged according to Vernier
(1969).

Experimental protocol
Treatment conditions
From the day of fertilization, each batch of embryos was randomly divided into four
tanks (4 l); half were supplied with normoxic water (100% of O2 saturation) and half were
subjected to chronic hypoxia (30% of O2 saturation). This level of O2 saturation has been
observed previously in salmonid redds (Coble, 1961; Peterson and Quinn, 1996; Youngson et al.,
2004) and was shown to significantly affect metabolic rate and cardiac development in
embryonic rainbow trout (Miller et al., 2008; Miller et al., 2011). Hypoxia was generated by
introducing N2 gas into a header tank (~16 l). Dissolved O2 was monitored daily in the normoxic
(98.7 ± 0.4%) and hypoxic (29.7 ± 0.5%) treatment tanks throughout the experiment (Hach
LDO101 electrode connected to Hach HQ30d meter, Hach Company, Missisauga, ON).
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Because hypoxia exposure delays salmonid development (Shumway et al., 1964; Hamor
and Garside, 1976; Ciuhandu et al., 2005; Miller et al., 2008), embryo sampling was stagematched for the two treatment groups. Embryos were sampled at Vernier Stages 27 (prehatch;
circulatory system is formed and functioning), 30 (hatch), 32 and 33 (in preliminary experiments
a large increase in P50 was observed between these stages), and 35 (near complete yolk
absorption). These sampling points allowed for an assessment of blood properties before and
after the commencement of Hb turnover from embryonic to adult isoforms, which begins 1 day
before hatch (Vernier Stage 29; Iuchi and Yamamoto, 1983). Embryo mass and length were
recorded at each stage.
Blood collection
Embryos were dechorinated and embryos and alevin were kept on ice during blood
collection to prevent blood clotting. The tail was severed with a razor blade and whole blood was
drawn by capillary action into either a 60 mm heparinized microhematocrit tube (VWR
International LLC, Mississauga, ON) or into a 5 µL unheparinized glass micropipette
(Drummond Scientific Company, Broomall, PA). Ammonium heparin was found to affect O2
dissociation curves in µL blood samples and therefore unheparinized tubes were used for O2
affinity measurements, and heparinized tubes were used to collect blood for all other
measurements.

Analyses
Blood-oxygen carrying capacity
O2 equilibrium curves were determined using a custom-built spectrophotometer (Pwee50,
La Trobe University, Melbourne, Australia) and techniques similar to those of Clark et al.
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(2009). The Pwee50 is composed of two parts: a Gas Mixer and an Analyzer. The Gas Mixer
mixes compressed O2, CO2, and N2 according to user-defined parameters. Constant, low flows of
gas mixtures from the Gas Mixer to the Analyzer are controlled by a solenoid. Gas delivered to
the Analyzer is humidified before it enters a temperature-controlled sample chamber. The sample
chamber contains light-emitting diodes (LED) at 435 and 390 nm, approximately the peak
absorptions for deoxygenated Hb (Iuchi, 1973), and the isosbestic point (i.e. the wavelength at
which absorption is independent of O2 saturation; Hoxter 1979) between oxy- and deoxy- Hb,
respectively.
Whole blood samples (~0.5 µl) were smeared between two 6 µm gas-permeable
polyethylene membranes (Glad © Go-Between Freezer Film), held taut over a ring-shaped
sample holder with a neoprene ‘O’ ring. The sample holder was placed into the sample chamber,
with the blood sample positioned between the LEDs and a spectrophotometer, which records the
sample absorbance at each wavelength. Within the sample chamber, temperatures were held at
10°C, the temperature at which the fish were reared. First, the P100 (absorbance at maximum %
O2 saturation, using PCO2 0.2 kPa, PN2 77.8 kPa, and PO2 22 kPa) and Po (absorbance at PO2 0 kPa
saturation, using PCO2 0.2 kPa and PN2 99.8 kPa) were recorded. Then the sample was flushed
with stepwise changes in O2 and N2: O2 saturation was increased by 0.5 kPa until 22 kPa was
reached and total gas pressure was balanced with decreasing levels of N2. At each O2 saturation
increment, the absorbance at 390 nm and 435 nm was recorded and used to construct an O2
saturation curve. This was repeated at PCO2 0.4 and 1.2 kPa in order to determine the extent of the
Bohr and Root shifts in Hb from each blood sample. The CO2 partial pressures chosen, 0.2, 0.4,
and 1.2 kPa, represent the arterial, venous, and post-exercise PCO2, respectively, in adult rainbow
trout (Stevens and Randall, 1967; Nikinmaa and Soivio, 1979; Currie and Tufts, 1993). Using
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these O2 saturation curves, the P50, nH, and Root effect were automatically calculated using a
manufacturer-provided Excel spreadsheet.
The extent of the Bohr shift was calculated from PCO2 0.2 to 0.4 kPa and from 0.2 to 1.2
kPa using the formula (Bohr et al., 1904):
Bohr shift = Δ log P50 / Δ pH

(1)

Due to the small volumes of each blood sample, repeated measurements were not possible.
Therefore, individual changes in P50 within the same treatment group and developmental stage
were divided by an averaged Δ pH value from stage- and treatment-matched embryos.
Whole blood pH was measured following the methods similar to those of Patrick et al
(1997) and Wood et al. (2010). Blood was extracted from 6 embryos (~ 6 µl over ~ 2 min), was
pooled in a 0.5 ml microcentrifuge tube, and was covered with parafilm. Blood samples were
sequentially equilibrated to humidified PCO2 0.2, 0.4, and 1.2 kPa (10°C) using Wöstoff gasmixing pumps (Bochum, Germany). In preliminary experiments, it was found that 5 min
incubation at each PCO2 was sufficient to allow for thorough gas mixing with the blood. Between
incubation periods, a micro pH electrode (MI-710 combination pH electrode, Microelectrodes,
Inc., Bedford, NH) was used to measure pH.
Erythrocyte measurements
Erythrocyte measurements
All microscopic measurements were made using a digital camera mounted on a light
microscope (Leica DM1000, Leica Microsystems, Inc., Concord, ON) and OpenLab software
(Improvision Incorporated, Lexington, KY). To determine erythrocyte morphology, whole blood
samples (~ 1 µl) were diluted on a glass slide in Cortland’s isotonic saline (1 µl; Wolf, 1963).
Slides were examined immediately (< 5 min). The projected surface area, height, and width of 20
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erythrocytes were measured per slide. Erythrocyte shape was quantified by calculating
erythrocyte height to width ratios (H:W). Measurements of captured images were calibrated
using a stage micrometer (Nikon Stage Micrometer A MBM11100 1mm).
To investigate the effects of epinephrine on erythrocyte swelling, blood samples were
incubated in a 3x volume of epinephrine (10-4 M; Sigma-Aldrich, St. Louis, MO) dissolved in
Cortland’s saline (Wolf, 1963) or in Cortland’s saline without epinephrine for 30 min at room
temperature. Preliminary experiments (as well as previous work: Tufts and Randall, 1989;
Nikinmaa and Huestis, 1984) revealed that this incubation time was sufficient to allow for
significant erythrocytic swelling in adult O. mykiss blood. The erythrocyte surface area was then
measured as described above.
The erythrocyte counts were determined by preparing a blood dilution (1:300) using
Cortland’s isotonic saline (Wolf, 1963). Erythrocytes were counted using a standard
hemocytometer (Strober, 1997) where every red blood cell in the counting area was tallied.
For hematocrit measurements, blood was centrifuged at maximum speed for 2 min in an
International Clinical Centrifuge (Model CL, International Equipment Co., Needham, MA). To
accurately determine hematocrit values on microliter blood samples, pictures of the
microhematocrit tubes were taken using a digital camera (Lumix® DMC-ZS3, Panasonic Canada
Inc., Mississauga, ON) and analyzed using ImageJ imaging software (U.S. National Institutes of
Health, Bethesda, MD).
Mean corpuscular volume (MCV), mean corpuscular Hb (MCH), and mean corpuscular
Hb concentration (MCHC), corresponding to the size of the erythrocytes, the amount of Hb per
erythrocyte, and the amount of Hb per unit volume, respectively (Sarma, 1990) were calculated
using the following formulae:
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Hct

MCV (fL) = RBC

count

MCH (pg/cell) = RBC

Hb
count

Hb

MCHC (g/dL) = Hct

(4)
(5)
(6)

Hb isoform expression
To determine the expression of Hb mRNA, RNA extraction, cDNA synthesis, and Realtime PCR were performed following methods similar to those of Essex-Fraser et al. (2005).
Whole rainbow trout embryos were sonicated (model VC50T, Sonics and Materials Inc.,
Danbury, CT) on ice and total RNA was extracted using TRIzol Reagent (Invitrogen Life
Technologies, Carlsbad, CA). An additional isolation step was added to remove extra insoluble
materials associated with yolk proteins. Following sonication in TRIzol, samples were
centrifuged (12,000 g, 10 min, 4°C) and the resulting supernatant was used in subsequent
analyses. Total RNA concentration and purity were determined using the ratio of absorbance at
260 nm and 280 nm (NanoDrop®ND-1000 spectrophotometer; NanoDrop Technologies, Inc.,
Wilmington, DE). Potential genomic contamination was eliminated by treating 1 µg of total
RNA with DNase I according to the manufacturer’s protocol (DNase I amplification grade,
Sigma). Samples were then reverse transcribed to cDNA using Superscript II RNaseH- reverse
transcriptase (Invitrogen) and primer, Poly-T. In each reverse transcription reaction, non-reverse
transcribed samples (no-RT controls) were included to monitor genomic contamination.
Real-time PCR was performed on cDNA products using the ABI Prism 7000 sequence
detection system (Applied Biosystems; Foster City, CA). Each PCR reaction contained 12.5 µl
2x QuantiTect SYBR Green PCR Master Mix (Qiagen, Toronto, ON), 5.5 µl RNase-free water
(Sigma-Aldrich, St. Louis, MO), 5 µl cDNA template or no-RT controls, and 1 µl each of
forward and reverse primers. PCR was performed according to the manufacturer’s protocol: 15
20

min at 95°C to activate DNA Polymerase, followed by 40 cycles of 15 s denaturation at 94°C, 30
s of annealing at 60°C, and 30 s of extension at 72°C. After the 40th cycle, a dissociation cycle
was performed from 60-90°C to insure that the amplification signal resulted from a single PCR
product. To account for differences in amplification efficiency between the different cDNA
samples, standard curves were constructed for each primer using serial dilutions of pooled cDNA
from randomly selected whole rainbow trout embryos. The relative dilution of each unknown
sample was extrapolated by linear regression of the target-specific standard curve using the
sample’s threshold cycle. To correct for differences in RNA loading and reverse transcriptase
inefficiencies, each sample was normalized to the expression level of the housekeeping gene
EF1-α, which did not significantly vary across developmental stages or with hypoxia treatment.
Samples were run in triplicate with only one target gene assayed per well. Non-reverse
transcribed RNA and water-only controls were run to ensure that reagents were not contaminated
and that no genomic DNA was being amplified.
Primer sets were designed based on the coding sequences for O. mykiss EF1-α (Aegerter
et al., 2004) and rainbow trout HbE subunits α-1, α-2, β-1, and β-2 (Maruyama et al., 1999) using
PrimerExpress 2.0 software (Applied Biosystems). Primer pairs and accession numbers are listed
in Table 1. I was unable to design primer sets specific for HbA as limited information is available
on the coding sequences of adult O. mykiss’s Hb components, and, more importantly, previous
work disagrees on the number of HbA isoforms that exist in adult rainbow trout, reporting
anywhere from 4 to 9 distinct isoforms (Binotti et al., 1971; Weber et al., 1976; Ronald and
Tsuyuki, 1971; Fago et al., 2002).
Whole blood Hb concentration was quantified by the cyanmethemoglobin method
modified for small volumes (0.5 – 2.0 µl). Blood samples were transferred to 1.5 ml centrifuge

21

Table 1. Primer set sequences used for Real-Time PCR

Target

Genbank no.

Forward primer

Reverse primer

Size (bp)

EF1-α

AF498320

AGCGCAATCAGCCTGAGAGGTA

GCTGGACAAGCTGAAGGCTGAG

160

HbE α-1

AB015448

GCCCTGGCTCTGTCTGAGAA

ATTGGCACCCTACAAAGATTGTC

74

HbE α-2

AB015449

CTTCAAGATCATCAACCACAACATC

GGGTAAAGTCGTCAGGGAACAG

64

HbE β-1

AB015450

CACTAGAGCCCCTCCACTCAGA

AACATGTGCCTCTAAACAAATGATCT

146

HbE β-2

AB015451

CTTCAAGATCATCAACCACAACATC

GGGTAAAGTCGTCAGGGAACAG

97
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tubes containing 1 µl EDTA. For each set of samples, a standard curve was made by serially
diluting Hb standard (Pointe Scientific, Inc., Canton, MI) in Cortland’s isotonic saline (Wolf,
1963); each standard dilution also contained 1 µl EDTA. Samples and standards were mixed
with 0.5 ml modified Drabkin’s reagent (Nestel and Taylor, 1997). Following incubation at room
temperature for 5 min, absorbance was measured spectrophotometrically (SpectraMax 190,
Molecular Devices, Sunnyvale, CA) at 540 nM. The concentration of each sample was
extrapolated by linear regression using the Hb standard curve, while correcting for the initial
blood volume.
Embryonic lactate concentration
Whole O. mykiss embryos were deproteinized in a 1:8 (mass:volume) solution of chilled
8% perchloric acid, sonicated for 2-3 sec on ice (model VC50T, Sonics and Materials Inc.,
Danbury, CT), and centrifuged at 15,000 x g for 10 min (4°C). Supernatant lactate concentrations
were measured enzymatically according to procedures described by Bergmeyer (1983).

Statistical analyses
Because only small blood volumes could be collected from rainbow trout embryos, it was
not possible to perform repeated measurements on each individual. As a result, averaged Hb,
Hct, and erythrocyte counts were used to calculate the RBC indices, MCV, MCH, and MCHC.
Consequently raw data were not available for these variables for statistical analyses. Therefore,
mock datasets were generated for each index using a Random Number Generator (ExcelTM,
Microsoft Corporation, Redmond, WA), which randomly generates a dataset with means, sample
sizes, and standard deviations (s.d.) identical to those calculated for each RBC index. First, s.d.
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and standard error (s.e.m.) of each index were determined using the error propagation formula
(Seiler, 1987):
Δy = y ∙

Δx1

∆x2

( x1 )2 + ( x2 )2

(7)

Here y represents the RBC index of interest and x1 and x2 denote the mean values used to
calculate y. The symbol Δ before a variable indicates that it is either the s.d. or the s.e.m. of that
variable. The s.d. and s.e.m. were calculated separately for each RBC index.
The sample sizes (n) of the mock datasets were determined using the formula (Lewis,
2010):
SD

n = ( SE )2

(8)

The s.d., n, and mean of each index were then inserted into the Random Number Generator and
mock datasets were created. Statistical analyses on these data were then performed as follows.
Three way ANOVAs were used to determine the overall effects of developmental stage,
O2 treatment, and PCO2 on pH and P50, and nH. A three way ANOVA was also used to determine
the overall effects of developmental stage, O2 treatment, and epinephrine treatment on
erythrocyte surface area. A one way repeated measures ANOVA was used to determine
statistical differences in time to reach each developmental stage among O2 treatments. Two way
ANOVAs were employed to assess the overall effects of developmental stage and O2 treatment
on the mean values of all remaining data. In the case of the Bohr and Root effects, this involved
separately analyzing the data for each CO2 level. Data for mass, Hb concentration, P50, MCV,
MCH, MCHC and HbE mRNA expression were log transformed in order to meet the
assumptions of normality and equal variance. Where significant effects were present, factors
were compared using Tukey post-hoc analyses. Statistical analyses were performed using
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SigmaPlot statistical software version 11.0 (Systat Software, Inc., San Jose, CA). All statistical
tests were performed at the 0.05 level. Estimates are reported as means ± s.e.m.
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RESULTS

O. mykiss growth and metabolism
The timeline for O. mykiss development in normoxia at 10°C is displayed in Fig. 1.
Developmental stage and O2 treatment had significant overall effects on mass (Two-way
ANOVA, stage: F4,8=507.82, P<0.001; O2 treatment: F1,44=53.03, P<0.001) and on the dpf to
reach each developmental stage (Two-way ANOVA, stage: F4,2= 130.15, P<0.001; O2 treatment:
F1,14= 98.68, P<0.001) and there was a significant interaction among factors (stage: F4,44=6.21,
P<0.001; O2 treatment: F4,14=4.58, P=0.01; Fig. 2). In normoxia-reared O. mykiss, I observed a 9
fold increase in mass between Stage 27 (24 dpf) and 35 (47 dpf). Chronic hypoxia exposure
resulted in a significant developmental delay and reduced growth, however, there was still an 8
fold increase in mass from Stage 27 (29 dpf) to 35 (62 dpf). In all except Stage 33, whole trout
mass was significantly reduced (20 – 50%) in hypoxic embryos and larvae relative to stagematched normoxic embryos and larvae (P < 0.01). Overall, development was delayed by ~15
days to reach Stage 35 in hypoxia- relative to normoxia-reared rainbow trout (P < 0.05).
Stage had a significant effect on lactate concentration (Two-way ANOVA, F4,15=26.43,
P<0.001). There was a 3 fold increase in whole trout lactate concentrations between Stage 27
and 35 (P < 0.001; Fig. 3), but there was no effect of hypoxia treatment at any developmental
stage (P = 0.2).

Oxygen carrying capacity
The shape of the O2 equilibrium curve (OEC) was altered by development and PCO2 (Fig.
4). The OEC shifted to the right as development progressed. As well, maximum blood O2
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saturation was reduced with increasing PCO2 and these reductions became more pronounced in
later developmental stages. The shape of the OEC was unaltered in hypoxia-reared embryos and
larvae relative to the normoxic group (Fig. 4).
Developmental stage and CO2 level had significant effects on P50 (Three-way ANOVA,
F4,33=142.01, P<0.001; F2,22=45.89, P<0.001, respectively) and there was a significant
interaction between these factors (F8,33=2.41, P=0.02; Fig. 5). There was a 2 fold increase in P50
between Stages 27 and 35 (P < 0.001). Changes in PCO2 from 0.2 to 0.4 kPa significantly
increased P50 at Stages 33 and 35 (P < 0.001), while changes in PCO2 from 0.2 to 1.2 kPa
significantly increased P50 at all developmental stages (P < 0.001). P50 was unaffected by
hypoxia treatment (P = 0.1, Fig. 5)
Developmental stage and CO2 level had significant effects on pH (Three-way ANOVA,
F4,35=5.77, P<0.001; F2,4=22.21, P<0.001, respectively) and there were no significant
interactions among factors. Under normoxic conditions, embryonic and larval whole blood pH
averaged between 7.6 and 7.4, but decreased with increasing PCO2 (Fig. 6A). pH was significantly
lower at Stage 27 (P = 0.01) when PCO2 was raised to 0.4 kPa and at Stages 27, 32, and 35 (P <
0.02) when PCO2 was raised to 1.2 kPa (Fig. 6A). As well, pH significantly decreased with
development at PCO2 1.2 kPa (– 4%; P = 0.004). pH was unaffected by hypoxia treatment (P =
0.07, Fig. 6B). In the hypoxic group, pH was unchanged by a PCO2 increase to 0.4 kPa (P > 0.7),
but was significantly lower at 1.2 kPa in the first three developmental stages (P < 0.02).
Changes in O2 carrying capacity with development and increasing PCO2 are displayed as
the Root and Bohr effects (Fig. 7). Developmental stage had a significant effect on maximum O2
saturation (Root effect; Two-way ANOVA, 0.2-0.4 kPa CO2: F4,12=19.49, P<0.001; 0.2-1.2 kPa
CO2: F4,12=12.77, P<0.001). From Stage 27 to 35, there was a 30% (PCO2 0.2 to 0.4 kPa, P <
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0.03; Fig. 7A) to 40% (0.2 to 1.2 kPa, P < 0.002; Fig. 7B) decrease in maximum O2 saturation.
Both O2 treatment and developmental stage had significant effects on the Bohr effect when CO2
increased from 0.2 to 0.4 kPa and there was no interaction among factors (Two-way ANOVA,
O2 treatment: F1,32=12.75, P<0.001; stage: F4,12=3.27, P=0.02). When CO2 increased from 0.2 to
1.2 kPa, only developmental stage had a significant effect on the Bohr effect (Two-way
ANOVA, F4,12=9.40, P<0.001). There was a significant increase in the Bohr effect between
Stages 27 and 35 at both PCO2 levels (0.2 to 0.4 kPa P < 0.02, Fig. 6C; 0.2 to 1.2 kPa P < 0.001,
Fig. 7D). Hypoxia treatment did not alter the Root effect at either PCO2 level (P = 0.3; Fig. 7A
and 7B) or the Bohr effect at higher PCO2 (P = 0.8; Fig. 7D). However, at 0.4 kPa, the Bohr effect
was 2 to 3 fold higher in hypoxia-reared larvae at Stages 32 (P = 0.012) and 33 (P < 0.001)
relative to normoxia-reared larvae (Fig. 7C).
Ontogenetic changes in Hb cooperativity with increasing PCO2 are represented by the Hill
coefficient (nH, Fig. 8). Developmental stage and CO2 level had significant overall effects on nH
and there was a significant interaction among O2 treatment and developmental stage (Three-way
ANOVA, stage: F4,28=30.13, P<0.001; CO2: F2,22=8.33, P<0.001; interaction: F4,28=2.97,
P=0.02). Between Stages 27 and 35 in normoxic development, there was a decrease in nH of 27%
at PCO2 0.2 kPa (P < 0.001, Fig. 8A), 37% at 0.4 kPa (P < 0.001, Fig. 8B), and 34% at 1.2 kPa (P
< 0.001, Fig. 8C). As well, I observed an 18% reduction in nH at Stage 30 when PCO2 was raised
from 0.2 to 1.2 kPa (P = 0.02). Hypoxia treatment had no effect on nH at any PCO2 level (P =
0.28).
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Blood parameters and RBC indices
Hb concentration, Hct, and erythrocyte counts varied with development (Fig. 9). O2
treatment and developmental stage had significant effects on Hb concentration (Two-way
ANOVA, O2 treatment: F1,29=177.40, P<0.001; stage: F4,5=12.27, P<0.001; Fig. 9A), Hct, where
there was a significant interaction among factors (Two-way ANOVA, O2 treatment:
F1,29=105.48, P<0.001; stage: F4,5=2.68, P=0.04; interaction: F4,29=7.80, P<0.001; Fig. 9B), and
erythrocyte counts (Two-way ANOVA, O2 treatment: F1,29=57.53, P<0.001; stage: F4,5=14.99,
P<0.001; Fig. 9C). In normoxia, whole blood Hb concentration significantly decreased at Stage
32 relative to earlier stages (P = 0.04), but recovered by Stage 35 (P < 0.001; Fig. 9A). Hct also
significantly decreased at Stage 30 (hatch; P < 0.03) and recovered by Stage 33 (P < 0.04; Fig.
9B). In contrast, erythrocyte counts significantly increased (+ 50%) between Stages 27 and 35 (P
< 0.001; Fig. 9C). In hypoxia-reared embryos and larvae, there was a profound reduction in
whole blood Hb concentration (38 – 53%), Hct (17 – 65%), and erythrocyte counts (33 – 65%)
relative to normoxia (P < 0.001; Fig. 9). Hb concentrations followed a similar ontogenetic
pattern in hypoxia relative to normoxia, but the decrease at Stage 32 was not observed (Fig. 9A).
I also observed a 1.7 fold increase in Hct between Stages 27 and 32 in hypoxia (P = 0.02), and
Hct remained stable from Stage 32 onward (P > 0.96; Fig. 9B). Erythrocyte counts in hypoxiareared O. mykiss followed a very similar developmental pattern to normoxia with a 70% increase
in erythrocyte counts from Stage 27 to 35 in hypoxia (P < 0.001; Fig. 9C).
Developmental stage had a significant effect on MCV, MCH, and MCHC (Two-way
ANOVA, F4,5=8.79, P<0.001; F4,5=15.25, P<0.001; F4,5=6.65, P<0.001, respectively; Fig. 10),
and for MCH and MCHC there was a significant interaction among developmental stage and O2
treatment (F4,29=2.96, P=0.03; F4,29=3.25, P=0.02, respectively). MCV and MCH decreased 2.5
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and 1.7 fold, respectively, between Stages 27 and 35 during normoxic development (P < 0.001;
Fig. 10A, 10B). However, MCHC showed no clear ontogenetic pattern, but increased by 45%
between Stages 33 and Stage 35 (P < 0.03; Fig. 10C). Hypoxia treatment did not significantly
alter RBC indices relative to the normoxic group (P > 0.3; Fig. 10). From Stage 27 to 35 in
hypoxia, I observed a decrease in MCV (– 67%, P < 0.001; Fig. 10A) and MCH (– 75%, P <
0.001; Fig. 10B). Additionally, MCHC significantly decreased between Stages 27 and 30 in
hypoxia-reared embryos (– 28%, P = 0.005) and there were no significant changes in later
developmental stages (P > 0.1; Fig. 10C).

Erythrocyte morphology
Fig. 11 shows representative light micrographs of erythrocytes from hypoxia- and
normoxia-reared embryos and larvae. Developmental stage and O2 treatment had significant
effects on the projected erythrocyte surface area (Two-way ANOVA, F4,17=52.41, P<0.001;
F1,44=500.19, P<0.001, respectively; Fig. 12A) and height to width ratio (H:W; Two-way
ANOVA, F4,17=27.51, P<0.001; F1,44=16.94, P<0.001, respectively; Fig. 12B) and there was a
significant interaction among factors (surface area: F4,44=6.04, P<0.001; H:W: F4,44=19.96,
P<0.001). In normoxic development, the projected surface area increased after Stage 27, was
highest at Stage 32, and decreased thereafter (P < 0.001; Fig. 12A). As well, the H:W of
erythrocytes from normoxia-reared embryos and larvae was low and stable between Stages 27
and 32 but then significantly increased (+ 12%, P < 0.001; Fig. 12B). The projected surface area
of erythrocytes from hypoxia-reared O. mykiss was greater at all developmental stages from 17%
at Stage 27 to 25% at Stage 35 relative to normoxia (P < 0.001; Fig.12A). In hypoxia,
erythrocyte surface area followed the same general pattern over development as normoxia; it was
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highest at Stage 32 relative Stages 27, 33, and 35 (P < 0.001). The H:W of erythrocytes from
hypoxia- relative to normoxia-reared larvae was significantly reduced at Stages 33 (– 7%) and 35
(– 9%; P < 0.001, Fig. 12B). As well, the pattern of developmental changes in H:W in hypoxia
were similar to normoxia, but the increase between Stages 33 and 35 was smaller (+ 3%) in
hypoxia (P < 0.001).
O2 treatment, epinephrine treatment, and developmental stage had significant effects on
the projected erythrocyte surface area and there was no significant interaction among factors
(Three-way ANOVA, O2 treatment: F1,59=102.11, P<0.001; epinephrine treatment: F1,59=8.68,
P=0.004; stage: F4,23=14.461, P<0.001; Fig. 13). Epinephrine caused erythrocytes to swell in
normoxia-reared O. mykiss, with a 25% greater projected surface area at Stage 32 (P=0.008). No
swelling was apparent at any developmental stage in hypoxia-reared rainbow trout.

Hemoglobin isoform expression
O2 treatment and developmental stage had significant effects on HbE α-1 (Two-way
ANOVA, F1,44=6.77, P=0.01; F4,17=14.42, P<0.001, respectively; Fig. 14A) and HbE β-1
expression (Two-way ANOVA, F1,44=8.60, P=0.005; F4,17=9.69, P<0.001, respectively; Fig.
14B) and there was a significant interaction among factors (α-1: F4,44=3.01, P=0.02; β-1:
F4,44=3.44, P=0.01). Only developmental stage had a significant effect on HbE α-2 expression
(Two-way ANOVA, F4,17=13.67, P<0.001; Fig. 14C). O2 treatment and developmental stage had
significant effects on HbE β-2 expression and there was no interaction among factors (Two-way
ANOVA, F1,44=4.32, P=0.04; F3,17=18.62, P<0.001, respectively; Fig. 14D). In normoxia-reared
embryos and larvae, mRNA expression of embryonic Hb isoforms was significantly higher
earlier in development (HbE α-1, Stages 27, 30, and 32; HbE β-1, Stages 27 and 30; HbE α-2,
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Stage 27; HbE β-2 Stages 30 and 32) relative to later in development (HbE α-1, HbE β-2, and HbE
α-2, Stages 33 and 35; HbE β-1, Stages 32, 33, and 35; P < 0.001; Fig. 14). In hypoxia-reared
larvae, mRNA levels of HbE β-2 at Stage 33 (P = 0.002) and of HbE α- and β-1 at Stages 33 and
35 were 3 to 6 fold greater (P < 0.01) than in the normoxic group. HbE α-2 mRNA levels were
unaffected by hypoxia treatment (P > 0.2).
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Figure 1. Timeline in days post fertilization (dpf) of early rainbow trout (Oncorhynchus mykiss)
developmental stages (Vernier, 1969) in normoxia (10°C).
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Figure 2: Changes in mass over time in rainbow trout (Oncorhynchus mykiss) embryos and
larvae reared in normoxia (100% of O2 saturation; black circles) and hypoxia (30% of O2
saturation; white circles). The symbols, ○, ◊, Δ, ×, and □, designate stages 27, 30, 32, 33, and 35,
respectively. Different letters (lowercase, normoxia; uppercase, hypoxia) indicate significant
differences in mass among developmental stages, and asterisks indicate significant differences in
mass from the normoxic group. φ indicates significant differences in time of development to a
specific stage from the normoxic group. Data are presented as means ± s.e.m. (n = 10, mass; 3,
developmental rate).

35

0.12

● ○ Stage 27
♦ ◊ Stage 30
▲ Δ Stage 32
× × Stage 33
■ □ Stage 35

0.1

e

mass (g)

0.08
D
φ
*

d

0.06
D
φ

0.04

c
b

0.02

a
B
*

A
*

0
20

25

30

C
φ
*

35

40

45

Days post fertilization

36

50

55

60

65

Figure 3: Increase in whole Oncorhynchus mykiss embryo and larvae lactate concentration as a
function of developmental stage in normoxia (100% of O2 saturation; black circles) and hypoxia
(30% of O2 saturation; white circles). Different letters (lowercase, normoxia; uppercase, hypoxia)
indicate significant differences among developmental stages. There were no significant
differences between the normoxia and hypoxia treatments. Data are presented as means ± s.e.m.
(n = 8).
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Figure 4. Hemoglobin-O2 dissociation curves in rainbow trout (Oncorhynchus mykiss) embryos
and larvae reared in normoxia (100% of O2 saturation; A, B, C) and hypoxia (30% of O2
saturation; D, E, F) with development and with PCO2 increases from 0.2 kPa (A, D), to 0.4 (B, E)
and 1.2 kPa (C, F). The symbols, ●, ◊, ■, ▲, and ○, and, designate stages 27, 30, 32, 33, and 35,
respectively.
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Figure 5: Hemoglobin-O2 affinity of blood from normoxia- (100% of O2 saturation; black
circles) and hypoxia-reared (30% of O2 saturation; white circles) rainbow trout (Oncorhynchus
mykiss) embryos and larvae over a developmental series at a PCO2 of 0.2 (A), 0.4 (B), and 1.2 kPa
(C). Within each PCO2 level, different letters indicate statistical differences in P50 among
developmental stages. + indicates a significant difference from the value at 0.2 kPa. There were
no significant differences between normoxia and hypoxia treatments. Data are presented as
means ± s.e.m. (n = 7-23).
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Figure 6: Whole blood pH of normoxia- (100% of O2 saturation; A) and hypoxia-reared (30% of
O2 saturation; B) rainbow trout (Oncorhynchus mykiss) embryos and larvae over a
developmental series following incubation at a PCO2 0.2 (black circles), 0.4 (grey circles), and 1.2
kPa (white circles) for 5 min. Within the normoxic group, different letters indicate significant
differences among developmental stages at 1.2 kPa PCO2. + indicates a significant difference from
the corresponding pH at 0.2 kPa. There were no significant differences between normoxia and
hypoxia treatments. Data are presented as means ± s.e.m. (n = 5)
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Figure 7: Bohr and Root effects in normoxia- (100% of O2 saturation; black circles) and
hypoxia-reared (30% of O2 saturation; white circles) rainbow trout (Oncorhynchus mykiss)
embryos and larvae over a developmental series and with an increase in PCO2 from 0.2 to 0.4 kPa
(A, Root effect; C, Bohr effect) and from 0.2 to 1.2 kPa (B, Root effect; D, Bohr effect). Within
each PCO2 level, different letters (lowercase, normoxia; uppercase, hypoxia) indicate significant
differences among developmental stages and asterisks indicate a significant difference from the
normoxic group. Data are presented as means ± s.e.m. (n = 5-13).
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Figure 8: Hill coefficient (nH) of hemoglobin from normoxia- (100% of O2 saturation; black
circles) and hypoxia-reared (30% of O2 saturation; white circles) rainbow trout (Oncorhynchus
mykiss) embryos and larvae over a developmental series at a PCO2 of 0.2 (A), 0.4 (B), and 1.2 kPa
(C). Within each PCO2 level, different letters indicate statistical differences in nH among
developmental stages. + indicates a significant difference from the value at 0.2 kPa. There were
no significant differences between normoxia and hypoxia treatments. Data are presented as
means ± s.e.m. (n = 7-23).
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Figure 9: Whole blood Hb protein concentration (A), hematocrit (B) and erythrocyte
concentration (C) in various developmental stages of rainbow trout (Oncorhynchus mykiss)
embryos and larvae reared in normoxia (100% of O2 saturation; black circles) or hypoxia (30%
of O2 saturation; white circles). Different letters (lowercase, normoxia; uppercase, hypoxia)
indicate significant differences among developmental stages and asterisks indicate significant
differences from the normoxic group. Data are presented as means ± s.e.m. (n = 6-10).
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Figure 10: Developmental changes in mean corpuscular volume (MCV; A), mean corpuscular
hemoglobin (MCH; B), and mean corpuscular hemoglobin concentration (MCHC; C) in
normoxia (100% of O2 saturation; black circles) and hypoxia-reared (30% of O2 saturation; white
circles) rainbow trout (Oncorhynchus mykiss) embryos and larvae. Different letters (lowercase,
normoxia; uppercase, hypoxia) indicate significant differences among developmental stages and
asterisks indicate significant differences from the normoxic group. Data are presented as means ±
s.e.m. (n = 6-9).

51

1200

A
Normoxia
Hypoxia

A
AB

1000

A

MCV (fl)

800
a

600

AB
b

b

b

400

ab

200

B

0
27
120

30

32

33

35

B
A

MCH (pg/cell)

100
80
A

60
a

ab

ab

40

ab

b
AB

20

B

B

0
27

30

32

33

35

b

12
A
ab

MCHC (g/dl)

10

ab

8

a

6

ab

AB

B
B

4
B

2
0
27

30

32

Developmental stage

52

33

35

Figure 11: Erythrocytes of rainbow trout (Oncorhynchus mykiss) reared in normoxia (A to E)
and hypoxia (F to J) at Stages 27 (A, F), 30 (B, G), 32 (C, H), 33 (D, I), and 35 (E, J).
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Figure 12: Changes in erythrocyte surface area (A) and shape (B) during rainbow trout
(Oncorhynchus mykiss) development in normoxia (100% of O2 saturation; black circles) and
hypoxia (30% of O2 saturation; white circles). Different letters (lowercase, normoxia; uppercase,
hypoxia) indicate significant differences among developmental stages and asterisks indicate
significant differences from the normoxic group. Data are presented as means ± s.e.m. (n = 9).
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Figure 13: The effects of epinephrine on erythrocyte swelling. Blood samples from normoxia
(100% of O2 saturation; black shapes) and hypoxia-reared (30% of O2 saturation; white shapes)
Oncorhynchus mykiss embryos and larvae at various developmental stages were incubated for 30
min in a 3x volume of 10-4 M epinephrine in Cortland’s solution (squares) or in Cortland’s
solution without epinephrine (circles). Different letters (lowercase, normoxia; uppercase,
hypoxia) indicate significant differences among developmental stages. Within the epinephrinetreated normoxic group, Φ indicates a significant difference from the Cortland’s-treated,
normoxic, group. Within the hypoxic group, asterisks indicate significant differences from the
Cortland’s-treated, normoxic, group. Data are presented as mean ± s.e.m. (n = 6).
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Figure 14: Developmental pattern of HbE α-1 (A), HbE β-1 (B), HbE α-2 (C), and HbE β-2 (D)
mRNA expression in whole rainbow trout (Oncorhynchus mykiss) embryos and larvae reared in
normoxia (100% of O2 saturation; black circles) or hypoxia (30% of O2 saturation; white circles).
Different letters (lowercase, normoxia; uppercase, hypoxia) indicate significant differences
among developmental stages and asterisks indicate significant differences from the normoxic
group. Data are presented as means ± s.e.m. (n = 4-9).
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DISCUSSION

I hypothesized that prior to complete yolk absorption, rainbow trout are O2 conformers.
As predicted, the Hb concentration, erythrocyte counts, and Hct were significantly reduced in
hypoxia- relative to normoxia-reared O. mykiss, suggesting a reduced metabolism and
consequentially less protein synthesis. I also predicted a delay in the ontogenetic onset of HbE
turnover for HbA during chronic hypoxia. Indeed, I observed higher concentrations of HbE
mRNA in Stage 33 and 35 larvae relative to stage-matched normoxic O. mykiss, which may be
due to a slower rate of translation, among other possibilities. I also found a predominance of the
rounder, embryonic erythrocytic shape in hypoxia-reared Stage 33 and 35 larvae, which suggests
a preservation of embryonic erythrocytes into later developmental stages during low O2
exposure. Therefore I observed hypoxia-induced plasticity in the timing of O. mykiss’s
ontogenetic events. Overall, my results suggest that O. mykiss embryos and larvae conform to
hypoxia through a general metabolic depression and that the hypoxia response of adult rainbow
trout is absent or altered prior to complete yolk absorption.

The ontogeny of rainbow trout blood properties
Iuchi (1973a) described the O2 binding properties of HbE but the measurements were
taken between 25 and 28°C, which is not representative of the rainbow trout’s normal
physiological temperatures. As well, 100 – 3000 individuals were sacrificed for the experiment.
Presumably samples were pooled due to the difficulties in extracting sufficient blood volumes
from small individuals. This would disguise the true biological variability among individuals.
However, I developed a method of efficiently extracting blood from O. mykiss embryos and
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larvae and optimized several techniques for assaying numerous hematological parameters on
microliter (0.5 – 2 µL) blood samples. This study is thus the first to outline the ontogenetic
sequence of blood-O2 binding characteristics in early O. mykiss development at 10°C using
individual blood samples.
Overall, I found a switch from characteristics indicative of HbE expression at Stage 27 to
those indicative of HbA expression by Stage 35. As expected, the O2 equilibrium curve (OEC)
shifted to the right, P50 increased, and the Hill coefficient (nH) decreased with development,
indicating an ontogenetic decrease in Hb-O2 affinity and cooperativity. This suggests a turnover
of the higher affinity and high cooperativity HbE for lower affinity and lower cooperativity HbA
between Stages 27 and 35. As well, these results are consistent with the hypothesis that overall
Hb-O2 binding properties would be intermediate in larval stages. As predicted, lowering the
temperature increased Hb-O2 affinity and reduced cooperativity relative to values reported
previously by Iuchi (1973a) at room temperature. Therefore, HbE and HbA have similar
responses to a reduced temperature.
pH and PCO2 are related because when CO2 enters the RBC, it undergoes a rapid
hydration reaction to form carbonic acid, which dissociates to form bicarbonate and protons
(Nikinmaa, 1990). Thus, as expected, increasing PCO2 significantly lowered whole blood pH,
which has been observed previously in adult rainbow trout (Eddy et al., 1977). Relative to the O2
affinity at arterial PCO2 (0.2 kPa), Hb-O2 affinity was significantly reduced in Stages 33 and 35
when PCO2 was increased to venous levels (0.4 kPa) and in all developmental stages when PCO2
was increased to hypercapnic levels (1.2 kPa), as expected from the Bohr and Root effects. I
observed a decrease in maximum blood O2 saturation (Root effect) and a Bohr effect with PCO2
increases to 0.4 and 1.2 kPa. The Bohr and Root effects were more pronounced with
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development, confirming the ontogenetic turnover of HbE for HbA. As predicted, the extent of
the Bohr effect in HbE at 10°C was greater than that reported previously by Iuchi (1973a) at
room temperature. The P50, Bohr, and Root effect values in Stage 35 larvae were comparable to
those of adult rainbow trout at 12 – 15°C (Eddy, 1971; Weber et al., 1976; Nikninmaa and
Soivio, 1979), suggesting a predominance of HbA at this stage. This substantiates the original
prediction that the Bohr and Root effects would be lowest at Stage 27 and increase with
development.
At Stage 27, Hct was nearly 50%, which is 20% greater than the optimal Hct for O2
delivery in adult rainbow trout (Wells and Weber, 1991). Elevated Hct raises blood viscosity and
impedes circulation (Rand et al., 1964). MCV data indicate that the elevated Hct is the
consequence of a greater RBC volume in prehatch embryos relative to rainbow trout adults
(Johansson-Sjöbeck and Larsson, 1979; Řehulka and Adamec, 2004). This may reflect the
difference in shape of the embryonic RBC, which is more round than the adult form (Iuchi,
1973b). As well, both the Hb concentration per RBC (MCH) and per red cell volume (MCHC)
were reduced by ~ 15 and ~ 72%, respectively, at Stage 27 relative to values observed in adult
rainbow trout (Johansson-Sjöbeck and Larsson, 1979; Boutilier et al., 1988; Řehulka and
Adamec, 2004), suggesting a dilution of the embryonic RBC contents. In adult fish, this causes a
dissociation of ATP-Hb complexes, which increases Hb-O2 affinity (Nikinmaa, 1983; Nikinmaa
and Huestis, 1984). Whether this dissociation is also employed in embryonic erythrocytes to
increase O2 affinity will require further investigation. The low Hb concentration and high blood
viscosity of prehatch embryos supports previous work showing that direct diffusion, rather than
carrier-mediated transport by Hb, may be the primary means of O2 transport during early fish
development (Holeton 1971; Iuchi, 1985; Pelster and Burggren, 1996). Prior to hatch, cutaneous
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respiration is the principal means of O2 delivery in salmonid embryos (Rombough and Ure,
1991; Wells and Pinder, 1996; Mirkovic and Rombough, 1998). Therefore direct diffusion of O2
to the tissues may be sufficient for maintaining adequate O2 delivery in these relatively small
animals before hatch.
O2 affinity and the Bohr and Root effect data suggest that lower affinity HbA is the
predominant Hb isoform at Stage 35. Indeed, HbE mRNA expression was lowest in Stage 35
larvae relative to earlier developmental stages. At this stage, MCV, the RBC volume, resembled
that of adult rainbow trout. However MCH and MCHC, the erythrocytic and whole blood Hb
contents, were ~49 and ~58% reduced relative to adult trout at Stage 35, respectively
(Johansson-Sjöbeck and Larsson, 1979; Boutilier et al., 1988; Řehulka and Adamec, 2004).
Therefore, if the Hb concentration was reduced at Stage 35 relative to adult trout and there is a
predominance of lower affinity HbA, how do O. mykiss larvae maintain adequate O2 uptake and
delivery? These results suggest that the turnover of HbE for HbA precedes the complete
dependence on HbA for gas exchange. The reduced Hb concentration observed here may be
compensated for by cutaneous respiration, and thus direct diffusion of O2 to the tissues, which
continues to contribute up to ~ 30% of total O2 uptake even at the fry stage (Rombough and Ure,
1991; Wells and Pinder, 1996).
Between Stages 27 to 35, I observed an ontogenetic turnover of round, embryonic
erythrocytes for oval, adult erythrocytes (Iuchi, 1973b). The surface area and H:W were 8.4 and
28% reduced in erythrocytes of Stage 35 embryos relative to those reported previously for adult
O. mykiss (Iuchi, 1973b; Eddy, 1977; Nash and Egginton, 1993). This is surprising, given that by
the fry stage, adult RBCs are effectively the only erythrocyte in circulation (Iuchi, 1973b). As
erythrocytic orientation was not fixed during microscopy, RBC dimensions may have been
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underestimated, which could account for the discrepancies between previous findings and those
of this study. Indeed, my measurements of adult erythrocytic surface area and H:W were also
reduced compared to previous measurements in adult O. mykiss (16 and 28%, respectively; Iuchi,
1973b; Eddy, 1977; Nash and Egginton, 1993). Therefore, it can be assumed that the adult
erythrocytic morphology predominated in Stage 35 larvae.
Although Iuchi (1973b) had previously tracked the ontogenetic turnover of embryonic
erythrocytes for adult erythrocytes, this study is the first to monitor the functional consequences
of the Hb turnover over an ontogenetic series. I found that HbE mRNA expression was highest in
Stage 27 embryos and observed a significant decrease in HbE α-1, β-1, and β-2 mRNA between
Stages 32 and 33. These changes were not associated with a decrease in overall Hb protein
concentration, implying a replacement of HbE for HbA at the protein level. Furthermore, Hb-O2
affinity significantly decreased, and the Root effect and Bohr effect (PCO2 1.2 kPa) significantly
increased at Stage 33 relative to preceding developmental stages. This indicates that Stage 33
larvae possess a predominance of HbA, which has a lower Hb-O2 affinity and greater Bohr and
Root effects (Iuchi, 1973a). As well, the erythrocyte H:W increased at Stage 33, which shows a
predominance of the oval-shaped adult erythrocyte (Iuchi, 1973b) at Stage 33 relative to earlier
ontogenetic stages. These data suggest that the consequences of the Hb turnover were manifested
between Stages 32 and 33.

Early ontogenetic strategies for coping with hypoxia
In fish embryonic and larval stages, O2 conformity appears to be the primary means of
coping with low O2 (Barrionuevo and Burggren, 1999; Pelster, 1999; Miller et al., 2008). I had
thus hypothesized that rainbow trout are O2 conformers prior to complete yolk absorption. A
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lower metabolic rate would explain the profound reduction of Hb protein concentration, Hct, and
erythrocyte counts observed in hypoxic embryos and larvae relative to the normoxic group. By
Stage 35, hypoxia-reared rainbow trout larvae failed to exhibit the higher Hb and erythrocyte
concentrations observed in adults exposed to low O2. Therefore, as predicted, larvae were not yet
exhibiting the regulatory hypoxia response of adult O. mykiss. Previous work in zebrafish
supports reduced Hb expression in hypoxia. Ton et al. (2003) found that the expression of genes
encoding for Hb and erythropoietin were lower in zebrafish embryos following hypoxia exposure
(5% of O2 saturation for 24 hours). As well, Roesner et al. (2006) observed a reduction in overall
Hb mRNA expression relative to normoxic zebrafish after exposure to ~ 40% of O2 saturation
for 48 h. In my study, HbE mRNA expression was elevated in hypoxic larvae. Due to the large
drop in Hb protein concentration, it is likely that HbA mRNA levels were reduced, but this is
unknown. As well, the erythrocytic volume (MCV) and the Hb concentration per erythrocyte
(MCH) and per blood volume (MCHC) were not significantly altered in hypoxia- relative to
normoxia-reared embryos and larvae.
In rainbow trout adults, hypoxia exposure promotes Hb and erythrocyte production
through a HIF-1α-mediated pathway (Soitamo et al., 2001; Lai et al., 2006). Previous work
confirmed the expression of HIF-1α in salmonid embryos (Soitamo et al., 2001; Vuori et al.,
2004), and revealed an ontogenetic increase in HIF-1 DNA binding and HbA gene transcription
between hatch and the fry stage in lake trout (Vuori et al., 2009). Studies on zebrafish embryos
found that although the HIF-1α pathway is functional and mediates hypoxia-induced gene
expression (Kajimura et al., 2006), an increase in HIF-1 mRNA expression is not associated with
an upregulation of the genes encoding for Hb or erythropoietin (Ton et al., 2003). This suggests
that the HIF-1 pathway is functional in early teleost development, but that the HIF-1 target genes
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may differ between embryos and adults. My results in rainbow trout support this conclusion and
show that O. mykiss embryos and larvae did not mount a cellular hypoxia response.
Instead, my results suggest two alternative possibilities: that the reduced O2 levels in
hypoxia limit O2 availability for aerobic metabolism or that there is a hypoxia-induced reduction
of protein anabolism and erythropoiesis. Protein synthesis is a major energy sink. Reeds et al.
(1985) suggested that a minimum of 5 ATP equivalents are required to create one peptide bond.
Consequently, protein production is one of the first metabolic functions to be limited by hypoxia
(Buc-Calderon et al., 1993; Land et al., 1993; Land and Hochachka, 1994; Hochachka et al.,
1996). Roesner et al. (2006) suggest that in hypoxia, it is possible for the amount of Hb to exceed
O2 availability, and thus the benefit of increasing Hb concentration in hypoxia does not always
outweigh the energetic cost of Hb production. Therefore, because this is such an energetically
expensive process, reduced O2 availability in hypoxia may prevent Hb and erythrocyte
production. Alternatively, active suppression of Hb and erythrocyte synthesis may be used by
rainbow trout embryos and larvae as an efficient energy-saving mechanism. However,
differentiating between these two possibilities was beyond the scope of my study.
These results may also reflect the dependence on direct diffusion to the tissues for gas
exchange, rather than Hb, during early O. mykiss development. Studies by Holeton (1971) and
Iuchi (1985) suggest that Hb may not be necessary for O2 consumption in early rainbow trout
development (Rombough, 1988). Therefore, reduced Hb concentrations in early ontogenetic
stages would conserve energy without seriously impeding O2 uptake. Furthermore, due to their
smaller size relative to the normoxic group, hypoxic embryos and larvae may be capable of
prolonging the use of diffusion and cutaneous respiration for gas exchange. Indeed, prolonged
hypoxia exposure (25% of O2 saturation, 38 – 47 days) slows gill development, in particular the
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proliferation of secondary lamellae (McDonald and McMahon, 1977). Therefore, the
developmental onset of branchial respiration in O. mykiss may be altered by hypoxia exposure in
early ontogeny.
I observed a developmental delay in hypoxia- relative to normoxia-reared O. mykiss. The
mass of hypoxia-reared embryos and larvae was also significantly reduced relative to stagematched normoxic fish. Similar hypoxia-induced growth and developmental delays have been
observed previously in salmonids (Alderdice et al., 1958; Shumway et al., 1964; Hamor and
Garside, 1976; Ciuhandu et al., 2005; Miller et al., 2008; Miller et al., 2011). In the current
study, lactate concentration was unaltered in hypoxia- relative to normoxia-reared embryos and
larvae, suggesting that anaerobic metabolism was not activated during hypoxic O. mykiss
development. Similar results were observed in zebrafish, where lactate concentrations were
comparable between normoxia- and hypoxia-reared larvae (< 30 dpf, 60% of O2 saturation;
Barrionuevo et al., 2010). This is also supported by Ninness et al. (2006), who found that newlyhatched (Stage 30) O. mykiss embryos possess a limited anaerobic capacity.
The surface area of erythrocytes from hypoxia-reared O. mykiss was greater at all
developmental stages. This indicates that erythrocytes may increase their surface area for gas
exchange in hypoxia. In rainbow trout adults, hypoxia stimulates the release of catecholamines,
which bind to the erythrocyte membrane and induce erythrocytic swelling, which subsequently
raises Hb-O2 affinity (Nikinmaa, 1983; Nikinmaa and Huestis, 1984; Nickerson et al., 2003).
However, MCV data suggest that this change in surface area did not result from erythrocytic
swelling in early O. mykiss development. Indeed, the erythrocyte surface area was unaltered by
epinephrine treatment in hypoxia-reared embryos and larvae. However, in normoxia, the
erythrocyte surface area increased upon epinephrine treatment, which was significant at Stages
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27 to 33. Therefore, it appears as though erythrocytes were capable of swelling in early
ontogeny, but that hypoxia-reared embryos and larvae were unable to exhibit the hypoxiainduced erythrocytic swelling observed in adults. Prolonged hypoxia may have chronically
elevated catecholamines and the hypoxic erythrocytes were maximally swollen. However,
previous work found that catecholamines returned to resting levels 1.5 h after hypoxia exposure
(~ 25% of O2 saturation for 90 min) in adult rainbow trout (Van Raaij et al., 1996). It thus seems
unlikely that catecholamines would remain elevated for several weeks. It is also possible that
chronic hypoxia exposure desensitized β-adrenergic receptors on the erythrocyte membrane to
catecholamines. Thomas et al. (1991) found that initial exposure to 48 h of hypoxia (32 – 45% of
O2 saturation) decreased subsequent adrenaline-induced H+ extrusion by erythrocytic Na+/H+
exchangers. As well, Marsh and Sweeney (1989) demonstrated that cultured cells of chick
embryos reduce the number of cell surface β-receptors during hypoxia exposure (2 h, < 1% of O2
saturation). Another possibility is that catecholamines continue to bind to erythrocytes in
hypoxia, however due to their round shape and already elevated surface area, hypoxic
erythrocytes were maximally swollen and could not swell any further.
I had originally predicted that because embryos are typically O2 conformers, they would
have a slower protein turnover, which would delay the onset of HbE turnover for HbA. This was
confirmed by observed differences in HbE mRNA expression and erythrocyte morphology
between hypoxia- and normoxia-reared O. mykiss. The mRNA expression of HbE β-2 at Stage 33
and of HbE α-1 and β-1 at Stages 33 and 35 was 3 to 6 fold higher in hypoxic rainbow trout
compared to the normoxic group. Whether similar changes in relative Hb isoform expression
occur at the protein level will require further investigation. The erythrocyte H:W was
significantly reduced in hypoxia-reared Stage 33 and 35 larvae relative to the normoxic group.

69

Therefore, both HbE mRNA and the round, embryonic erythrocytes persisted into later
ontogenetic stages during development in hypoxia. A delay in Hb turnover may be the result of
metabolic suppression to conserve energy in low O2 conditions. This could involve either a
suppression of HbE mRNA translation or an inhibition of HbE catabolism, which are both major
ATP sinks (Land and Hochachka, 1994; Hochachka et al., 1996), in order to reduce energetic
costs when O2 availability is low. This would suggest that O. mykiss are capable of
developmental plasticity in the timing of the onset of ontogenetic events. As well, the rate of
mRNA and protein catabolism may be lower in hypoxia due to the reduced O2 availability for
aerobic metabolic processes. In the latter case O. mykiss embryos and larvae are true O2
conformers, incapable of active hypoxia-coping processes.
Despite these differences in relative Hb isoform expression, I observed little variation in
Hb-O2 binding properties with hypoxia treatment. This refutes my original hypothesis that the
role of HbE is to assist with O2 uptake in hypoxia. P50, nH, and the Root effect were unaltered in
hypoxia-reared embryos and larvae relative to the normoxic group. Therefore, Hb-O2 affinity,
cooperativity, and O2 carrying capacity were unaffected by chronic hypoxia. This is surprising as
the elevated expression of HbE mRNA in hypoxia would suggest a higher O2 affinity and
cooperativity and no Root effect, which is characteristic of this Hb isoform (Iuchi, 1973a). It is
possible that the overall Hb protein concentration is so low in hypoxia that small differences in
relative isoform content had no appreciable effect on Hb-O2 binding properties. Alternatively,
other factors may have modified Hb-O2 affinity in hypoxia-reared embryos, counter-acting the
influence of HbE. For example, ATP and GTP concentrations are also known to affect Hb-O2
binding affinity in fish (Gillen and Riggs, 1971). However, the effects of hypoxia on blood ATP
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and GTP concentrations in early development could not be measured as this assay requires large
blood volumes (0.5 mL; Olsson et al., 1983).
I also observed a greater Bohr effect in Stage 32 and 33 hypoxia-reared larvae relative to
the normoxic group. This result is unexpected given that I observed no significant change in
whole blood pH or in P50 in hypoxia and that HbE displays little Bohr effect (Iuchi, 1973a). I
observed no significant change in whole blood pH in hypoxia- relative to normoxia-reared
embryos and larvae. Boutilier et al. (1988) observed similar results in rainbow trout adults, but
their work is contradicted by other studies (Holeton and Randall, 1967; Nikinmaa and Soivio,
1979; Tetens and Lykkeboe, 1981). Although the absolute whole blood pH values were not
significantly different, the changes in pH in normoxia- and hypoxia-reared larvae were
disproportionate. The pH change was 2 to 8 times smaller at Stages 33 and 32, respectively, in
hypoxia when PCO2 increased from 0.2 to 0.4 kPa. Therefore, in hypoxia-treated larvae, the same
change in O2 affinity was elicited by a smaller decrease in pH as PCO2 increased, which could
imply greater blood buffering capacity in hypoxia-reared larvae; however, this point will require
further investigation.
The Bohr effect was calculated using measured P50 and pH values and the formula
ΔlogP50/ΔpH. My study is the first to measure whole blood pH in early fish development, and
the pH observed here was lower relative to the whole blood pH of unstressed adult O. mykiss
(Janssen and Randall, 1975; Wood and Jackson, 1980; Railo et al., 1985). Hb cooperativity
decreases with pH and therefore, this likely produced the ~ 30% reduction in nH in Stage 35
larvae relative to the value in adult rainbow trout (Tetens and Lykkeboe, 1981; Vorger, 1985). It
is possible that sampling stress may have lowered blood pH (Railo et al., 1985). Although every
precaution was taken to reduce capture and sampling stress, fish were air-exposed during
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sampling (≤ 2 min) and blood was collected from severed tails. Ideally, blood should be sampled
via a gas-tight syringe in resting, cannulated fish to prevent changes in blood acid-base status
during capture (Railo et al., 1985), or blood samples should be refrigerated overnight to degrade
any catecholamines released during capture (Tetens et al., 1988; Randall and Perry, 1992; Clark
et al., 2009). However, due to the small fish mass and volume of blood, these procedures were
not possible. Indeed, at Stage 30, whole larvae lactate concentrations, which were 9 times greater
than those measured previously in newly hatched embryos (Ninness et al., 2006), attest to the
possible stress induced by the sampling methods of this study. Furthermore, blood pH is
typically measured using a gas-tight Radiometer pH system (Cameron, 1978; Janssen and
Randall, 1975), which could not be used as it requires larger blood volumes (~ 100 µl).
Therefore, following the methods of Patrick et al. (1997) and Wood et al. (2010), blood samples
were flushed with a fixed PCO2 to remove any increases in PCO2 associated with sampling.
To estimate a range of values within which the actual whole blood pH of embryonic and
larval O. mykiss should be found, I compared my Bohr effect values to a theoretical Bohr effect
calculated using my measured P50 and less acidic pH values of adult O. mykiss blood that was
stored overnight at 4°C to degrade catecholamines (Rummer, 2010; Table 2). Although the
actual Bohr effect in unstressed embryonic and larval O. mykiss has yet to be determined, the
true value most likely lies somewhere in between the measured and theoretical values reported
here. Similar to measured values, the theoretical Bohr effect became more pronounced with
development in normoxia and hypoxia. In normoxia, the theoretical Bohr effect values revealed
no consistent differences from measured values across developmental stages when PCO2 was
increased from 0.2 to 0.4 kPa. When PCO2 was increased from 0.2 to 1.2 kPa in normoxia, the
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Table 2. Comparison of the measured Bohr effects from this study and the theoretical Bohr
effects calculated using whole blood pH values from adult O. mykiss. Adult blood was collected
by caudal puncture and stored at 4°C overnight to degrade catecholamines. At PCO2 of 0.25, 0.5,
and 1%, pH values were 8.01, 7.81, and 7.69, respectively in adult trout (from Rummer, 2010).

Δ CO2 (kPa)

Treatment

Normoxia
0.2 – 0.4
(0.25 – 0.5 for
theoretical values)
Hypoxia

Normoxia
0.2 – 1.4
(0.25 – 1 for
theoretical values)
Hypoxia

Stage
27
30
32
33
35
27
30
32
33
35
27
30
32
33
35
27
30
32
33
35
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Measured Bohr
effect
0.02 ± 0.1
-0.51 ± 0.10
-0.42 ± 0.18
-0.42 ± 0.04
-0.79 ± 0.12
-0.43 ±0.12
-0.63 ± 0.18
-1.00 ± 0.20
-1.37 ± 0.31
-0.82 ± 0.14
-0.47 ± 0.13
-0.68 ± 0.14
-0.50 ± 0.10
-0.90 ± 0.15
-0.99 ± 0.14
-0.41 ± 0.14
-0.65 ± 0.11
-0.38 ± 0.07
-0.99 ± 0.04
-1.13 ± 0.12

Theoretical Bohr
effect
0.49
-0.50
-0.56
-0.13
-0.53
0.15
-0.42
-0.58
-0.25
-0.32
-0.26
-0.35
-0.42
-0.42
-0.56
-0.57
-0.53
-0.35
-0.46
-0.55

extent of the theoretical Bohr effect was reduced in all developmental stages. Overall, in hypoxia
the theoretical Bohr effect values were lower than measured hypoxic values. As no clear pattern
emerged between the normoxic and hypoxic theoretical Bohr effects, these calculated data
suggest that there is no overall change in the Bohr effect with hypoxia treatment.
Conclusions
Early ontogenetic stages showed slower protein turnover during hypoxic exposure,
suggesting that rainbow trout are O2 conformers prior to complete yolk absorption. Hb
concentrations and erythrocyte counts were not maintained at normoxic levels during low O2
treatments, and therefore the HIF-1 hypoxia response of adult rainbow trout appears to be absent
or altered in hypoxia-reared embryos and larvae. My thesis thus supports previous work
indicating that Hb is not necessarily vital for development in hypoxic water (Holeton, 1971;
Iuchi, 1985). This may reflect the dependence on direct diffusion to the tissues for gas exchange,
rather than Hb, in early O. mykiss ontogeny. I observed no change in overall Hb-O2 binding
affinity, which refutes the presumed role of HbE in O2 uptake under low O2 conditions.
Therefore, the purpose of the low affinity HbE in O. mykiss remains unclear. I also observed an
ontogenetic delay in the onset of HbE turnover for HbA and associated erythrocyte morphology in
chronic hypoxia. O. mykiss thus demonstrate developmental plasticity in the timing of the onset
of ontogenetic events.
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GENERAL DISCUSSION

The study of physiological responses to environmental stressors in early fish
development has lagged far behind that of adults. In particular, the hematological hypoxia
response in embryonic and larval fish remains poorly understood. In my thesis I investigated
how chronic hypoxia affects blood-O2 transport in O. mykiss over a developmental series.
Overall, my results show that in early ontogeny, rainbow trout exposed to low O2 suppress Hb
protein turnover and erythropoiesis, which suggests that prior to complete yolk absorption, O.
mykiss are O2 conformers though this remains to be proven by direct respirometry. Although this
study contributes to our general understanding of the hypoxia response in early rainbow trout
ontogeny, much remains to be investigated. In this section, I will discuss future experiments that
could strengthen the conclusions discussed in my thesis and expand on our current grasp of how
rainbow trout embryos and larvae cope with low O2.
In the current study, I found that rainbow trout embryos and larvae appeared to suppress
protein turnover in order to conserve energy during hypoxia. I concluded that O. mykiss are O2
conformers in early development. Future experiments could support this conclusion by directly
measuring metabolic rate and determining Pcrit over a developmental series. This could be
accomplished by measuring O2 consumption (Yeager and Ultsh, 1989; Richards, 2010). Fish
would be placed in a closed respirometry chamber and the decrease in dissolved O2
concentration over time would be measured, where Pcrit is the PO2 at which the initial rate of O2
consumption is no longer maintained (Miller et al., 2008; Zhang et al., 2010; Fu et al., 2011).
One would expect O2 consumption to decrease with ambient O2 (high Pcrit) in early development,
and for the rate of O2 consumption to be initially maintained until a breakpoint at lower PO2
(lower Pcrit) in later developmental stages, which would indicate an ontogenetic switch from O2
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conformation to regulation (Marvin and Heath, 1968; Pelster, 1999). By Stage 35, rainbow trout
larvae in my study were not yet exhibiting the regulatory hypoxia response of adult O. mykiss.
Therefore, monitoring the transition to O2 regulation would require experiments continuing into
the fry stage.
Metabolic suppression in hypoxia necessitates reduced ATP consumption to match the
limited capacity for O2-dependent ATP production when O2 levels are reduced (Richards, 2010).
The ATP-dependent processes that are least essential for survival in hypoxia will be most
affected by an overall metabolic suppression (Richards, 2010). Therefore, the reduction in Hb
protein concentration that I observed in hypoxia-reared O. mykiss speaks to the relative
unimportance of Hb for embryonic and larval survival in low O2. One question that remains is
why do rainbow trout produce the higher-affinity HbE if it is not used for O2 transport in early
ontogeny? Iuchi (1985) postulated that the development of adult erythrocytic stem cells may be
contingent on the prior production of embryonic erythrocytic stem cells, however, no follow up
studies have been done. Work in mice supports the prediction of Iuchi (1985). Previous work
found a gradual shift from the embryonic to fetal and adult globin expression in mouse cystic
embryoid bodies (an aggregate of embryonic stem cells with a cystic cavity; Doetschman et al.,
1985; Lindenbaum and Grosveld, 1990; Wiles and Keller, 1991), suggesting that adult
hematopoietic stem cells are derived from embryonic hematopoietic stem cells. Future research
could explore stem cell differentiation in fish to confirm whether the rainbow trout HbE is a byproduct of embryonic stem cells before they have maturated into the adult form.
It would also be useful to determine primer sequences specific to the isoforms of HbA.
Although the Hb system of adult O. mykiss has been extensively studied, limited information is
available regarding the differences between the HbA isoforms (Fago, 2002). Previous work has
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mainly focused on the functional properties of Hb I and Hb IV (Binotti et al., 1971; Brunori et
al., 1973; Weber et al., 1976), but much less is known about the properties of Hb II and Hb III
(Fago, 2002). The nucleotide sequences of the Hb I and Hb IV α- subunits are known (Yoshizaki
et al., 1997). However, previous studies disagree on the number of HbA isoforms that exist in O.
mykiss, reporting anywhere from 4 to 9 different types of Hb (Binotti et al., 1971; Weber et al.,
1976; Ronald and Tsuyuki, 1971; Fago et al., 2002). Therefore, optimizing primer specificity for
each individual Hb isoform may be challenging. In normoxia, I observed an ontogenetic decrease
in HbE mRNA expression but overall Hb protein concentrations remained relatively constant.
One would thus expect HbA mRNA expression to follow a reciprocal ontogenetic pattern,
increasing with development.
It would also be valuable to monitor changes in relative HbE and HbA protein expression
over an ontogenetic series in hypoxia and normoxia. I found that in hypoxia HbE mRNA levels
were elevated in larval stages and proposed that this indicated a delay in the turnover of HbE for
HbA; however, the relationship between Hb mRNA and protein expression is unknown. In a
future experiment, antibodies specific to HbE and to HbA could be designed using the methods of
Iuchi and Yamamoto (1983), who previously prepared an anti-HbA antibody. Hb protein
expression could then be detected using Western immunoblotting and protein concentration
could be determined using a Bradford assay (Martin and Grealy, 2004). Mapping changes in the
relative protein levels of each Hb isoform would confirm whether the observed increase in HbE
mRNA expression in hypoxia-reared larvae correlated with an increase in the proportion of HbE
at the protein level. Therefore, tracking HbE and HbA mRNA and protein levels over an
ontogenetic series would reveal the relatedness between Hb transcription and translation. As
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well, these experiments would allow for a more precise understanding of the developmental
timing of Hb turnover.
The long-term consequences of hypoxia exposure in early O. mykiss development are
unknown. Exposure to an environmental stressor has the potential to alter the developmental
trajectory of an organism and thus alter the adult phenotype (Burggren, 1998). A recent study by
Ho and Burggren (2012) demonstrated that adult zebrafish exposed to ~ 62% of O2 saturation for
2 to 4 weeks produced offspring with increased hypoxia tolerance. It would be interesting to
investigate whether changes acquired as embryos due to hypoxia exposure also confer hypoxia
resistance to the adult form. Previous work confirms that in adult fish prior hypoxia exposure
increases future hypoxia tolerance. Fu et al. (2011) found that in the goldfish (Carassius auratus)
Pcrit was 49% reduced, gill lamellar surface area was 71% greater, and Hb concentration was
26% higher subsequent to hypoxia acclimation (48 h at 3% of O2 saturation). Furthermore,
Gamperl et al. (2001) found that preconditioning an in situ O. mykiss heart preparation to 5 min
of anoxia prevented the myocardial damage normally observed in the heart following subsequent
anoxic exposure. Work in bird embryos suggests that incubation in hypoxia (15 - 16% O2)
stimulates angiogenesis via HIF-1 in early development (Dusseau and Hutchins, 1988; Naňka et
al., 2006). Although hypoxia does not stimulate angiogenesis in embryonic zebrafish (< 12 dpf;
Schwerte et al., 2003; Grillitsch et al., 2005), it would be interesting to see whether early
developmental hypoxia-induced changes such as these benefit the adult form.
Indeed, studies in mammals show that fetal hypoxia exposure elicits an altered adult
phenotype. However, this work suggests that early hypoxia exposure weakens the adult form by
increasing the incidence of disease in later life. Rat fetuses exposed to chronic hypoxia in utero
exhibited cardiac hypertrophy, decreased deformability and contractility of pulmonary arteries,
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aortic thickening, and tachycardia as adults, suggesting a predisposition to cardiopulmonary
diseases (Jones et al., 2004; Giussani et al., 2012). Similarly, the reduced mass and the changes
in rainbow trout blood properties that I observed may hinder subsequent O. mykiss development.
Previous work has confirmed that hypoxia affects cardiac ontogeny in fish (Shang and Wu,
2004; Miller et al., 2011). Therefore, it is also possible that chronic hypoxia in early rainbow
trout development alters cardiac and/or arterial morphology and predisposes O. mykiss to disease
in later life.
Alternatively, rainbow trout may undergo compensatory growth following chronic
hypoxia exposure. Compensatory growth has been observed previously in juvenile rainbow trout,
where the initial size and weight reductions induced by fasting were eliminated during
subsequent refeeding due to elevated growth rates (Dobson and Holmes, 1984; Nikki et al.,
2004). Likewise, if hypoxia-reared O. mykiss were reintroduced to normoxia, they may be
capable of catching up with controls so that no changes would be observed in the adult form.
Thus, the reduced mass, Hb protein and erythrocyte levels, and the changes in erythrocyte
morphology and relative HbE mRNA expression that I observed here, may recover in normoxia
and become similar to what was observed in normoxia-reared rainbow trout.
Therefore much remains unknown about the hypoxia response in early ontogeny. I
investigated the effects of chronic hypoxia on rainbow trout blood properties in early
development, and there are several areas in which future research could follow my study. Work
with embryos presents several challenges due to small embryo size and encapsulation within the
chorion. However, recent technological advances and the development of novel techniques for
working with minuscule samples should facilitate embryonic research and thus increase our
understanding of the ontogeny of the hypoxia response.

79

REFERENCES

Aegerter, S., Jalabert, B. and Bobe, J. (2004). Messenger RNA stockpile of cyclin B, insulinlike growth factor I, insulin-like growth factor II, insulin-like growth factor receptor Ib, and
p53 in the rainbow trout oocyte in relation with developmental competence. Mol. Reprod.
Dev. 67, 127-135.
Alderdice, D.F., Wickett, W.P. and Brett, J.R. (1958). Some effects of temporary exposure to
low dissolved oxygen levels on pacific salmon eggs. J. Fish. Res. Board Can. 15(2), 229250.
Ar, A., Girard, H., and Rondeau, J.L. (1991). Oxygen uptake and chorioallantoic blood flow
changes during acute hypoxia and hyperoxia in the 16 day chicken embryo. Resp. Physiol.
83, 295-312.
Bagatto, B. (2005). Ontogeny of cardiovascular control in zebrafish (Danio rerio): Effects of
developmental environment. Comp. Biochem. Physiol. A 141A, 391-400.
Barrionuevo, W.R. and Burggren, W.W. (1999). O2 consumption and heart rate in developing
zebrafish (Danio rerio): influence of temperature and ambient O2. Am. J. Physiol 276, R505R513.
Barrionuevo, W.R., Fernandes, M.N. and Rocha, O. (2010). Aerobic and anaerobic
metabolism for the zebrafish, Danio rerio, reared under normoxic and hypoxic conditions
and exposed to acute hypoxia during development. Braz. J. Biol. 70(2), 425-434.
Bergmeyer, H.U. (1983). Methods of enzymatic analysis. New York: Academic Press.
Black, E.C. (1940). The transport of oxygen by the blood of freshwater fish. Biol. Bull. 79(1),
215-229.
Binotti, I., Giovenco, S., Giardina, B., Antonini, E., Brunori, M., and Wyman, J. (1971).
Studies on the functional properties of fish hemoglobin. II. The oxygen equilibrium of the
isolated hemoglobin components from trout blood. Arch. Biochem. Biophys. 142, 274-280.
Bohr, C., Hasselbalch, K. and Krogh, A. (1904). Concerning a biologically important
relationship – the influence of the carbon dioxide content of blood on its oxygen binding.
Skand. Arch. Physiol. 16, 402.
Boutilier, R.G., Dobson, G., Hoeger, U. and Randall, D.J. (1988). Acute exposure to graded
levels of hypoxia in rainbow trout (Salmo gairdneri): metabolic and respiratory adaptations.
Resp. Physiol. 71, 69-82.
Brand, M. (2003). Approximate yield of ATP from glucose, designed by Donald Nicholson.
Biochem. Molec. Biol. Edu. 31, 2-4.
80

Brittain, T. (1987). The Root effect. Comp. Biochem. Physiol. 86B(3), 473-481.
Brunori, M., Bonaventura, J., Bonaventura, C., Giardina, B., Bossa, F. and Antonini, E.
(1973). Hemoglobins from trout: structural and functional properties. Mol. Cell. Biochem.
1(2), 189-196.
Buc-Calderon, P., Lefebvre, V. and Steenbrugge, M. (1993). Inhibition of protein synthesis in
isolated hepatocytes as an immediate response to oxygen limitation. In Surviving Hypoxia
(ed. P.W. Hochachka, P.L. Lutz, T. Sick, M. Rosenthal, G. van den Thillart), pp. 271-280.
CRC Press, Boca Raton, FL.
Burggren, W.W. (1991). Ontogeny of cardiovascular and respiratory physiology in lower
vertebrates. Annu. Rev. Physiol. 53, 107-135.
Burggren, W.W. (1998). Studying physiological development: past, present, future. Biol. Bull.
33(2), 71-84.
Burggren, W.W. and Randall, D.J. (1978). Oxygen uptake and transport during hypoxic
exposure in the sturgeon Acipenser transmontanus. Resp. Physiol. 34, 171-183.
Cameron, J.N. (1971). Oxygen dissociation characteristics of the blood of the rainbow trout,
Salmo gairdneri. Comp. Biochem. Physiol. A. 38, 699-704.
Cameron, J.N. (1978). Regulation of blood pH in teleost fish. Resp. Physiol. 33(1), 129-144.
Cameron, J.N. (1989a). Case Study: The Rainbow Trout. In The Respiratory Physiology of
Animals, pp. 209-228. New York: Oxford University Press, Inc.
Cameron, J.N. (1989b). Transport of Gases by Blood. In The Respiratory Physiology of
Animals, pp. 85-104. New York: Oxford University Press, Inc.
Catton, W.T. (1951). Blood cell formation in certain teleost fishes. Blood. 6, 39-60.
Chou, C.R., Tohari, S., Brenner, S., and Venkatesh, B. (2004). Erythropoietin gene from a
teleost fish, Fugu rubripes. Blood. 104, 1498-1503.
Ciuhandu, C.S., Stevens, E.D. and Wright, P.A. (2005). The effects of oxygen on the growth
of Oncorhynchus mykiss embryos with and without a chorion. J. Fish Biol. 67, 1544-1551.
Clark, T.D., Rummer, J.L., Sepulveda, C.A., Farrell, A.P. and Brauner, C.J. (2009).
Reduced and reversed temperature dependence of blood oxygenation in an ectothermic
scombrid fish: implication for the evolution of regional heterothermy? J. Comp. Physiol. B.
180,73-82.
Coble, D.W. (1961). Influence of water exchange and dissolved oxygen in redds on survival of
steelhead trout embryos. Trans. Am. Fish. Soc. 90, 469-474.
81

Currie, S. and Tufts, B.L. (1993). An analysis of carbon dioxide transport in arterial and
venous blood of the rainbow trout, Oncorhynchus mykiss, following exhaustive exercise.
Fish Physiol. Biochem. 12(3), 183-192.
de Souza, P.C. and Bonilla-Rodriguez, G.O. (2007). Fish hemoglobins. Braz. J. Med. Biol.
Res. 40, 769-778.
Dhiyebi, H., O’Donnell, M. and Wright, P.A. (in press). Development, the egg capsule and
crowding impact the water chemistry in the microenvironment of rainbow trout
(Oncorhynchus mykiss) embryos. J. Fish Biol.
Dobson, S.H. and Holmes, R.M. (1984). Compensatory growth in the rainbow trout, Salmo
gairdneri Richardson. J. Fish Biol. 25, 649-656.
Doetschman, T.C., Eistetter, H., Katz, M., Schmidt, W. and Kemler, R. (1985). The in vitro
development of blastocyt-derived embryonic stem cell lines: formation of visceral yolk sac,
blood islands, and myocardium. J. Embryol. Exp. Morph. 87, 27-45.
Dunn, J.F. and Hochachka, P.W. (1986). Metabolic responses of trout (Salmo gairdneri) to
acute environmental hypoxia. J. Exp. Biol. 123, 229-242.
Dusseau, J.W. and Hutchins, P.M. (1988). Hypoxia-induced angiogenesis in chick
chorioallantoic membranes: a role for adenosine. Respir. Physiol. 71(1), 33-44.
Eddy, F.B. (1971). Blood gas relationships in the rainbow trout Salmo gairdneri. J. Exp. Biol.
55, 695-711.
Eddy, F.B. (1977). Oxygen uptake by rainbow trout blood, Salmo gairdneri. J. Fish Biol. 10, 8790.
Eddy, F.B., Lomholt, J.P., Weber, R.E. and Johansen, K. (1977). Blood respiratory properties
of rainbow trout (Salmo gairdneri) kept in water of high CO2 tension. J. Exp. Biol. 67, 37-47.
Essex-Fraser, P.A., Steele, S.L., Bernier, N.J., Murray, B.W., Stevens, E.D., and Wright,
P.A. (2005). Expression of four glutamine synthetase genes in the early stages of
development of rainbow trout (Oncorhynchus mykiss) in relationship to nitrogen excretion. J.
Biol. Chem. 280(21), 20268-20273.

82

Fago, A., Forest, E., and Weber, R.E. (2002). Hemoglobin and subunit multiplicity in the
rainbow trout (Oncorhynchus mykiss) hemoglobin system. Fish Physiol. Biochem. 24, 335342.
Fievet, B., Claireaux, G., Thomas, S. and Motais, R. (1988). Adaptive respiratory responses of
trout to acute hypoxia. III. Ion movements and pH changes in the red blood cell. Respir.
Physiol. 74(1), 99-113.
Forbes, E.L., Preston, C.D. and Lokman, P.M. (2010). Zebrafish (Danio rerio) and the egg
size versus egg number trade off: effects of ration size on fecundity are not mediated by
orthologues of the Fec gene. Reprod. Fert. Develop. 22, 1015-1021.
Fu, S.-J., Brauner, C.J., Cao, Z.-D., Richards, J.G., Peng, J.-L., Dhillon, R. and Wang, Y.X. (2011). The effect of acclimation to hypoxia and sustained exercise on subsequent
hypoxia tolerance and swimming performance in goldfish (Carassius auratus). J. Exp. Biol.
214, 2080-2088.
Gamperl, A.K., Vijayan, M.M., and Boutilier, R.G. (1994). Experimental control of stress
hormone levels in fish: Techniques and applications. Rev. Fish Biol. Fisheries 4, 215-255.
Gamperl, A.K., Todgham, A.E., Parkhouse, W.S., Dill, R. and Farrel, A.P. (2001). Recovery
of trout myocardial function following anoxia: preconditioning in a non-mammalian model.
Am. J. Physiol. 281, R1755-R1763.
Gamperl, A.D. and Driedzic, W.R. (2009). Cardiovascular function and cardiac metabolism.
In, Hypoxia (ed. J.G. Richards, A.P. Farrell, and C.J. Brauner), pp. 301-360. San Diego:
Elsevier.
Geist, D.R., Hanrahan, T.P., Arntzen, E.V., McMichael, G.A., Murray, C.J., and Chien, Y.J. (2002). Physiochemical characteristics of the hyporheic zone affect redd site selection by
chum salmon and fall Chinook salmon in the Columbia River. N. Am. J. Fish. Manage.
22(4), 1077-1085.
Giardina, B., Antonini, E. and Brunori, M. (1973). Hemoglobin in fishes: structural and
functional properties of trout hemoglobins. Neth. J. Sea Res. 7, 339-344.
Gillen, R.G. and Riggs, A. (1971). The hemoglobins of a freshwater teleost Cichlasoma
cyanoguttatum: The effects of phosphorylated organic compounds upon oxygen equilibria.
Comp. Biochem. Physiol. B. 38, 585-595.

83

Giussani, D.A., Camm, E.J., Niu, Y., Richter, H.G., Blanco, C.E., Gottschalk, R., Blake,
E.Z., Horder, K.A., Thakor, A.S., Hansell, J.A., Kane, A.D., Wooding, F.B.P., Cross,
C.M. and Herrera, E.A. (2012). Developmental programming of cardiovascular
dysfunction by prenatal hypoxia and oxidative stress. PLoS ONE. 7(2), e31017.
Grant, W.S. and Root, W.S. (1952). Fundamental stimulus for erythropoiesis. Physiol. Rev. 32,
449-498.
Grigg, G.C. (1969). Temperature-induced changes in the oxygen equilibrium curve of the blood
of the brown bullhead, Ictalurus nebulosus. Comp. Biochem. Physiol. 28, 1203-1223.
Grillitsch, S., Medgyesy, N., Schwerte, T. and Pelster, B. (2005). The influence of
environmental PO2 on hemoglobin oxygen saturation in developing zebrafish Danio rerio. j.
Exp. Biol. 208(2), 309-316.
Hamor, T.J. and Garside, E.T. (1976). Developmental rates of embryos of Atlantic salmon,
Salmo salar L., in response to various levels of temperature, dissolved oxygen, and water
exchange. Can. J. Zool. 54, 1912-1917.
Hastings, D. and Burggren, W. (1995). Developmental changes in oxygen consumption
regulation in larvae of the South African clawed frog Xenopus laevis. J. Exp. Biol. 198, 24652475.
Hill, A.V. (1910). The possible effects of the aggregation of the molecules of haemoglobin on its
dissociation curves. J. Physiol. 40, i-vii.
Ho, D.H. and Burggren, W.W. (2012). Parental hypoxic exposure confers offspring hypoxia
resistance in zebrafish (Danio rerio). J. Exp. Biol. 16
Hochachka, P.W., Buck, L.T., Doll, C.J. and Land, S.C. (1996). Unifying theory of hypoxia
tolerance: molecular/metabolic defense and rescue mechanisms for surviving oxygen lack.
Proc. Natl. Acad. Sci. 93, 9493-9498.
Hochachka, P.W. and Somero, G.N. (2002). Biochemical Adaptation: Mechanism and Process
in Physiological Evolution. Oxford University Press, New York, NY.
Holeton, G.F. (1971). Respiratory and circulatory responses of rainbow trout larvae to carbon
monoxide and to hypoxia. J. Exp. Biol. 55, 683-694.
Holeton, G.F. and Randall, D.J. (1967). The effect of hypoxia upon the partial pressure of
gasses in the blood and water afferent and efferent to the gills of rainbow trout. J. Exp. Biol.
46, 317-327.

84

Houston, A.H. and Gingras-Bedard, J.H. (1994). Variable versus constant temperature
acclimation regimes: effects on hemoglobin isomorph profile in goldfish, Carassius auratus.
Fish Physiol. Biochem. 13(6), 445-450.
Hoxter, G. (1979). Suggested isosbestic wavelength calibration in clinical analyses. Clin. Chem.
25(1),143-146.
Hughes, G.M. and Saunders, R.L. (1970). Responses of the respiratory pumps to hypoxia in
the rainbow trout (Salmo gairdneri). J. Exp. Biol. 53, 529-545.
Ingendahl, D. (2001). Dissolved oxygen concentration and emergence of sea trout fry from
natural redds in tributaries of the River Rhine. J. Fish Biol.58, 325-341.
Irving, L., Black, E.C. and Safford, V. (1941). The influence of temperature upon the
combination of oxygen with the blood of trout. Biol. Bull. 80, 1-17.
Iuchi, I. (1973). Chemical and physiological properties of the larval and the adult hemoglobins
in rainbow trout, Salmo gairdnerii irideus. Comp. Biochem. Physiol. B. 44, 1087-1101.
Iuchi, I. (1973b). The post-hatching trasition of erythrocytes from larval to adult type in the
rainbow trout, Salmo gairdnerii irideus. J. Exp. Zool. 184, 383-396.
Iuchi, I. (1985). Cellular and molecular bases of the larval-adult shift of hemoglobins in fish.
Zool. Sci. 2(1), 11-23.
Iuchi, I. and Yamagami, K. (1969). Electrophoretic pattern of larval haemoglobins of the
salmonid fish, Salmo gairdnerii irideus. Comp. Biochem. Physiol. 28, 977-979.
Iuchi, I. and Yamamoto, M. (1983). Erythropoiesis in the developing rainbow trout, Salmo
gairdneri irideus: Histochemical and immunochemical detection of erythropoietic organs. J.
Exp. Zool. 226, 409-417.
Jacob, E., Drexel, M., Schwerte, T., and Pelster, B. (2002). Influence of hypoxia and of
hypoxemia on the development of cardiac activity in zebrafish larvae. Am. J. Physiol. Regul.
Integr. Comp. Physiol. 283(4), R911-R917.
Janssen, R.G. and Randall, D.J. (1975). The effects of changes in pH and PCO2 in blood and
water on breathing in rainbow trout, Salmo gairdneri. Resp. Physiol. 25, 235-245.
Jensen, F.B. (1986). Pronounced influence of Hb-O2 saturation on red cell pH in tence blood in
vivo and in vitro. J. Exp. Zool. 238(1), 119-124.

85

Johansson-Sjöbeck, M.-L. and Larsson, Å. (1979). Effects of inorganic lead on deltaaminolevulinic acid dehydratase activity and hematological variables in the rainbow trout,
Salmo gairdnerii. Arch. Environm. Contam. Toxicol. 8, 419-431.
Jones, J.E. (1952). The reactions of fish to water of low oxygen content. J. Exp. Biol. 29, 403415.
Jones, R.D., Morice, A.H. and Emery, C.J. (2004). Effects of perinatal exposure to hypoxia
upon the pulmonary circulation of the adult rat. Physiol. Res. 53, 11-17.
Kajimura, S., Aida, K. and Duan, C. (2006). Understanding hypoxia-induced gene expression
in early development: in vitro and in vivo analysis of hypoxia-inducible factor 1-regulated
zebra fish insulin-like growth factor binding protein 1 gene expression. Molec. Cell Biol.
26(3), 1142-1155.
Krogh, A. and Leitch, I. (1919). The respiratory function of the blood in fishes. J. Physiol.
52(5), 288-300.
Lai, J.C.C., Kakuta, I., Mock, H.O.L., Rummer, J.L. and Randall, D. (2006). Effects of
moderate and substantial hypoxia on erythropoietin levels in rainbow trout kidney and
spleen. J. Exp. Biol. 209, 2734-2738.
Land, S.C., Buck, L.T. and Hochachka, P.W. (1993). Response of protein synthesis to anoxia
and recovery in anoxia-tolerant hepatocytes. Am. J. Phyxiol. 265, R41-R48.
Land, S.C. and Hochachka, P.W. (1994). Protein turnover during metabolic arrest in turtle
hepatocytes: role and energy dependence of proteolysis. Am. J. Physiol. Cell Physiol. 266,
C1028-C1036.
Lapennas, G.N. and Reeves, R.B. (1983). Oxygen affinity and quilibrium curve shape in blood
of chicken embryos. Resp. Physiol. 52, 13-26.
Lee, P., Goishi, K., Davidson, A.J., Mannix, R., Zon, L., and Klagsbrun, M. (2002).
Neuropilin-1 is required for vascular development and is a mediator of VEGF-dependent
angiogenesis in zebrafish. Proc. Natl. Acad. Sci. USA. 99, 10470-10475.
León-Velarde, F. and Monge-C, C. (2004). Avian embryos in hypoxic environments. Resp.
Physiol. Neurobi. 141, 331-343.
Lewis, P.D. (2010). R and basic inferential statistical analysis. In R for Medicine and Biology
(ed. J.J. Berman), pp. 121-141. Sudbury, MA: Jones and Bartlett Publishers, LLC.

86

Lindenbaum, M.H. and Grosveld, F. (1990). An in vitro globin gene switching model based on
differentiated embryonic stem cells. Gene Dev. 4, 2075-2085.
Lipton, P. (1999). Ischemic cell death in brain neurons. Physiol. Rev. 79(4), 1432-1532.
Malcolm, I.A., Soulsby, C., Youngson, A.F. and Hannah, D.M. (2004). Spatial and temporal
variability of groundwater-surface water interactions in an upland salmon-spawning stream:
implications for egg survival. Hydrology. 2, 130-138.
Malte, H. and Weber, R.E. (1987). The effect of shape and position of the oxygen equilibrium
curve on extraction and ventilation requirement in fishes. Resp. Physiol. 70, 221-228.
Marinsky, C.A., Houston, A.H., and Murad, A. (1990). Effect of hypoxia on hemoglobin
isomorph abundances in rainbow trout, Salmo gairdneri. Can. J. Zool. 68, 884-888.
Marsh, J.D. and Sweeney, K.A. (1989). Beta-adrenergic receptor regulation during hypoxia in
intact cultured heart cells. Am. J. Physiol. 256, H275-H281.
Martin, E.D. and Grealy, M. (2004). Plakoglobin expression and localization in zebrafish
embryo development. Biochem. Soc. T. 32, 797-798.
Maruyama, K., Yasumasu, S. and Iushi, I. (1999). Characterization and expression of
embryonic globin in the rainbow trout, Oncorhynchus mykiss: intra-embryonic initiation of
erythropoiesis. Develop. Growth Differ. 41, 589-599.
Marvin, D.E. and Heath, A.G. (1968). Cardiac and respiratory responses to gradual hypoxia in
three ecologically distinct species of fresh-water fish. Comp. Biochem. Physiol. 27, 349-355.
Matthews, K.R. and Berg, N.H. (1997). Rainbow trout responses to water temperature and
dissolved oxygen stress in two southern California stream pools. J. Fish Biol. 50, 50-67.
McDonald, D.G. and McMahon, B.R. (1977). Respiratory development in Arctic char
Salvelinus alpines under conditions of normoxia and hypoxia. Can. J. Zool. 55, 1461-1467.
Miller, S.C., Reeb, S.E., Wright, P.A. and Gillis, T.E. (2008). The oxygen concentration in the
water boundary layer next to rainbow trout (Oncorhynchus mykiss) embryos is influenced by
hypoxia exposure, time, metabolic rate, and water flow. Can. J. Fish. Aquat. Sci. 65, 21702177.
Miller, S.C., Gillis, T.E., and Wright, P.A. (2011). The ontogeny of regulatory control of the
rainbow trout (Oncorhynchus mykiss) heart and how this is influenced by chronic hypoxia
exposure. J. Exp. Biol. 214, 2065-2072.

87

Mirkovic, T. and Rombough, P. (1998). The effect of body mass and temperature on the heart
rate, stroke volume, and cardiac output of larvae of the rainbow trout, Oncorhynchus mykiss.
Physiol. Zool. 71(2), 191-197.
Montpetit, C.J. and Perry, S.F. (1998). The effects of chronic hypoxia on the acute adrenergic
stress response in the rainbow trout (Oncorhynchus mykiss). Physiol. Zool. 71(4), 377-386.
Naňka, O., Valášek, P., Dvořáková, M. and Grim, M. (2006). Experimental hypoxia and
embryonic angiogenesis. Devel. Dynam. 235(3), 723-733.
Nash, G.B. and Egginton, S. (1993). Comparative rheology of human and trout red blood cells.
J. Exp. Biol. 174, 109-122.
Nestel, P. and Taylor, H. (1997). Common anemia detection tests. In Anemia Detection
Methods in Low-resource Settings: A Manual for Health Workers, pp. 25, 38-41. Program for
Appropriate Technology in Health.
Nickerson, J.G., Dugan, S.G., Drouin, G., Perry, S.F., and Moon, T.M. (2003). Activity of
the unique β-adrenergic Na+/H+ exchanger in trout erythrocytes is controlled by a novel β3AR subtype. Am. J. Physiol. 285, R562-R535.
Nikinmaa, M. (1983). Adrenergic regulation of haemoglobin oxygen affinity in rainbow trout
red cells. J. Comp. Physiol. 152, 67-72.
Nikinmaa, M. (1990). Red cell function in hypoxic water-breathers. In Vertebrate red blood
cells: adaptations of function to respiratory requirements, pp. 199-202. Springer-Verlag,
Berlin.
Nikinmaa, M. and Soivio, A. (1979). Oxygen dissociation curves and oxygen capacities of
blood of a freshwater fish, Salmo gairdneri. Ann. Zool Fennici. 16, 217-221.
Nikinmaa, M. and Huestis, W.H. (1984). Adrenergic swelling of nucleated erythrocytes:
cellular mechanisms in a bird, domestic goose, and two teleosts, striped bass and rainbow
trout. J. Exp. Biol. 113, 215-224.
Nikinmaa, M., Steffensen, J.F., Tufts, B.L. and Randall, D.J. (1987). Control of red cell
volume and pH in trout: effects of isoproterenol, transport inhibitors, and extracellular pH in
bicarbonate/carbon dioxide-buffered media. J. Exp. Zool. 242, 273-281.
Nikinmaa, M. and Rees, B.B. (2005). Oxygen-dependent gene expression in fishes. Am. J.
Physiol. Regul. Integr. Comp. Physiol. 288, R1079-1090.

88

Nikki, J. Pirhonen, J., Jobling, M. and Karjalainen, J. (2004). Compensatory growth in
juvenile rainbow trout, Oncorhynchus mykiss (Walbaum), held individually. Aquaculture 25,
285-296.
Nilsson, G.E. (2007). Gill remodeling in fish – a new fashion or an ancient secret? J. Exp. Biol.
210, 2403-2409.
Nilsson, G.E. and Östlund-Nilsson, S. (2004). Hypoxia in paradise: widespread hypoxia
tolerance in coral reef fishes. Proc. Royal Soc. London B.-Biol. Sci. 271, S30-S33.
Nilsson, G.E. and Östlund-Nilsson, S. (2008). Does size matter for hypoxia tolerance in fish?
Biol. Rev. 83, 173-189.
Nilsson, S. and Grove, D.J. (1974). Adrenergic and cholinergic innervations of the spleen of the
cod, Gadus morhua. Eur. J. Pharac. 28, 135-143.
Ninness, M.M., Stevens, E.D. and Wright, P.A. (2006). Energy expenditure during hatching in
rainbow trout (Oncorhynchus mykiss) embryos. Can. J. Fish Aquat. Sci. 63, 1405-1413.
Olson, K.R. and Fromm, P.D. (1971). Excretion of urea by two teleosts exposed to different
concentrations of ambient ammonia. Comp. Biochem. Physiol. A. 40(4), 999-1007.
Olsson, T., Gulliksson, H., Palmeborn, M., Bergstöm, K. and Thore, A. (1983).
Methodological aspercts on the firefly luciferase assay of adenine nucleotides in whole blood
and red blood cells. Scand. J. Clin. Lab. Invest. 43, 657-664.
Padilla, P.A. and Roth, M.B. (2001). Oxygen deprivation causes suspended animation in the
zebrafish embryo. Proc. Nat. Acad. Sci. USA. 98(13), 7331-7335.
Papandreou, I., Cairns, R.A., Fontana, L., Lim, A.L., and Denko, N.C. (2006). HIF-1
mediates adaptation to hypoxia by actively downregulating mitochondrial oxygen
consumption. Cell Metab. 3, 187-197.
Patrick, M.L., Pӓrt, P., Marshall, W.S. and Wood, C.M. (1997). Characterization of ion and
acid-base transport in the fresh water adapted mummichog (Fundulus heteroclitus). J. Exp.
Biol. 279, 208-219.
Pelster, B. (1999). Environmental influences on the development of the cardiac system in fish
and amphibians. Comp. Biochem. Physiol. A. 124, 407-412.

89

Pelster, B. and Burggren, W.W. (1996). Disruption of hemoglobin oxygen transport does not
impact oxygen-dependent physiological processes in developing embryos of zebra fish
(Danio rerio). Circ. Res. 79, 358-362.
Pelster, B. and Randall, D. (1998). The physiology of the Root effect. In Fish Physiology Vol.
17. (ed. S.F. Perry and B.L. Tufts), pp. 113-139. Academic Press, London.
Perry, S.F. and Kinkead, R. (1989). The role of catecholamines in regulating arterial oxygen
content during acute hypercapnic acidosis in rainbow trout (Salmo gairdneri). Respir.
Physiol. 77, 365-378.
Perry, S.F., Jonz, M.G., and Gilmour, K.M. (2009). Oxygen sensing and the hypoxic
ventilatory response. Hypoxia (ed. J.G. Richards, A.P. Farrell, and C.J. Brauner), pp. 193253. San Diego: Elsevier.
Peterson, N.P. and Quinn, T.P. (1996). Spatial and temporal variation in dissolved oxygen in
natural egg pockets of chum salmon, in Kennedy Creek, Washington. J. Fish Biol. 48, 131143.
Powers, D.A. (1972). Hemoglobin adaptation for fast and slow water habitats in sympatric
catostomid fishes. Science. 177, 360-362.
Powers, D.A. (1980). Molecular ecology of teleost fish hemoglobins: strategies for adapting to
changing environments. Amer. Zool. 20(1), 139-162.
Railo, E., Nikinmaa, M. and Soivio, A. (1985). Effects of sampling on blood parameters in the
rainbow trout, Salmo gairdneri Richardson. J. Fish Biol. 26, 725-732.
Rand, P.W., Lacombe, E., Hunt, H.E. and Austin, W.H. (1964). Viscosity of normal human
blood under normothermic and hypothermic conditions. J. Appl. Physiol. 19, 117-122.
Randall, D.J. and Perry, SF. (1992). Catecholamines. In, The cardiovascular system, fish
physiology, vol 12B (ed. W.S. Hoar, D.J. Randall, and A.P. Farrell), pp. 255-300. Academic
Press, London.
Reeds, P.J., Fuller, M.F. and Nicholson, B.A. (1985). Metabolic basis of energy expenditure
with particular reference to protein. In, Substrate and Energy Metabolism (ed. J.S. Garrow
and D. Halliday) pp. 46-57. Libbey, New York, NY.
Rees, B.B., Sudradjat, F.A. and Love, J.W. (2001). Acclimation to hypoxia increases survival
time of zebrafish, Danio rerio, during lethal hypoxia. J. Exp. Zool. 289(4), 266-272.

90

Řehulka, J. and Adamec, V. (2004). Red blood cell indices for rainbow trout (Oncorhynchus
mykiss Walbaum) reared in cage and raceway culture. Acta Vet. Brno. 73, 105-114.
Richards, J.G. (2010). Metabolic rate suppression as a mechanism for surviving environmental
challenge in fish. In Aestivation: Molecular and Physiological Aspects (ed. C.A. Navas and
J.E. Carvalho), pp. 113-139. Springer, Berlin.
Riggs, A. (1970). Properties of Fish Hemoglobins. In Fish Physiology Vol. 4. (ed. W.S. Hoar,
D.J. Randall and F.P. Conte), pp. 209-246. Academic Press, London.
Roesner, A., Hankeln, T., and Burmester, T. (2006). Hypoxia induces a complex response of
globin expression in zebrafish (Danio rerio). J. Exp. Biol. 209, 2129-2137.
Rombough, P.J. (1988). Respiratory gas exchange, aerobic metabolism, and effects of hypoxia
during early life. In, Fish Physiology Vol. 11 (ed. W.S. Hoar, D.J. Randall), pp. 59-161.
Academic Press, London.
Rombough, P.J. and Ure, D. (1991). Partitioning of oxygen uptake between cutaneous and
branchial surfaces in larval and young juvenile Chinook salmon Oncorhynchus tshawytscha.
Physiol. Zool. 64(3), 717-727.
Rombough, P.J. and Drader, H. (2009). Hemoglobin enhances oxygen uptake in larval
zebrafish (Danio rerio) but only under conditions of extreme hypoxia. J. Exp. Biol. 212, 778784.
Ronald, A.P. and Tsuyuki, H. (1971). The subunit structures and the molecular basis for the
multiple hemoglobins of two species of trout, Salmo gairdneri and S. clarki clarki. Comp.
Biochem. Physiol. 39B, 195-202.
Root, R.W. and Irving, L. (1941). The equilibrium between hemoglobin and oxygen in whole
and hemolyzed blood of the tautog, with a theory of the Haldane effect. Biol. Bull. 81(3),
307-323.
Roussel, J.-M. (2007). Carry-over effects in brown trout (Salmo trutta): hypoxia on embryos
impairs predator avoidance by alevins in experimental channels. Can. J. Fish. Aquat. Sci. 64,
786-792.
Rubin, J.-F. (1998). Survival and emergence pattern of sea trout fry in substrata of different
compositions. J. Fish Biol. 53(1), 84-92.
Rummer, J.L. (2010). A novel mechanism for enhancing tissue oxygen delivery in teleost fishes
[Ph.D. Thesis]. University of British Columbia, Vancouver, Canada.
Sánchez, R.C., Obregón, E.B., and Rauco, M.R. (2011). Vertebral column deformity and
hypoxia in Salmo salar. Int. J. Morphol. 29(4), 1291-1295.

91

Sarma, P.R. (1990). Red Cell Indices. In Clinical Methods: The History, Physical, and
Laboratory Examinations, 3rdedition (ed. H.K. Walker, W.D. Hall, J.W. Hurst), pp. 720-723.
Boston: Butterworths.
Scholander, P.F. and Van Dam, L. (1954). Secretion of gases against high pressures in the
swim bladder of deep sea fishes. I. Oxygen dissociation in blood. Biol. Bull. 107(2), 247-259.
Schwerte, T., Ūberbacher, D. and Pelster, B. (2003). Non-invasive imaging of blood cell
concentration and blood distribution in zebrafish Danio rerio incubated in hypoxic
conditions in vivo. J. Exp. Biol. 206, 1299-1307.
Seiler, F.A. (1987). Error propagation for large errors. Risk Anal. 7(4), 509-518.
Semenza, G.L. and Wang, G.L. (1992). A nuclear factor induced by hypoxia via de novo
protein-synthesis binds to the human erythropoietin gene enhancer at a site required for
transcriptional activation. Mol. Cell. Biol. 12, 5447-5454.
Serezli, R., Guzel, S. and Kocabas, M. (2010). Fecundity and egg size of three salmonid
species (Oncorhynchus mykiss, Salmo labrax, Salvelinus foninalis) cultured at the same farm
condition in North-Eastern, Turkey. J. An. Vet. Adv. 9(3), 576-580.
Shang, E.H. and Wu, R.S. (2004). Aquatic hypoxia is a teratogen and affects fish embryonic
development. Environ. Sci. Technol. 38(18), 4763-4767.
Shumway, D.L., Warren, C.E. and Doudroff, P. (1964). Influence of oxygen concentration
and water movement on the growth of steelhead trout and coho salmon embryos. Trans. Am.
Fish. Soc. 93, 342-356.

Smith, F.M. and Jones, D.R. (1978). Localization of receptors causing hypoxic bradycardia in
trout (Salmo gairdneri). Can. J. Zool. 56, 1260-1265.
Smith, F.M. and Davie, P.S. (1984). Effects of sectioning cranial nerves IX and X on the
cardiac response to hypoxia in the coho salmon, Oncorhynchus kisutch. Can. J. Zool. 62(5),
766-768.
Smith, M.J. and Heath, A.G. (1980). Responses to acute anoxia and prolonged hypoxia by
rainbow trout (Salmo gairdneri) and mirror carp (Cyprinus carpio) red and white muscle: use
of conventional and modified metabolic pathways. Comp. Biochem. Physiol. B. 66, 267-272.
Soitamo, A.J., Råberg, C.M.I., Gassmann, M., Sistonen, L., and Nikinmaa, M. (2001).
Characterization of a hypoxia-inducible factor (HIF-1α) from rainbow trout. J. Biol. Chem.
276(23), 19699-19705.
Soivio, A., Nikinmaa, M. and Westman, K. (1980). The blood oxygen binding properties of
hypoxic Salmo gairdneri. J. Comp. Physiol. 136, 83-87.
92

Sowden, T.K. and Power, G. (1985). Prediction of rainbow trout embryo survival in relation to
groundwater seepage and particle size of spawning substrates. T. Am. Fish Soc. 114, 804-812
Spicer, J.I. and Burggren, W.W. (2003). Devleopment of physiological regulatory systems:
altering the timing of crucial events. Zoology 106, 91-99.
Stainier, D.Y.R., Lee, R.K. and Fishman, M.C. (1993). Cardiovascular development in the
zebrafish 1. Myocardial fate map and heart tube formation. Development. 119, 31-40.
Stevens, D. and Randall, D.J. (1967). Changes of gas concentrations in blood and water during
moderate swimming activity in rainbow trout. J. Exp. Biol. 46, 329-337.
Strober, W. (1997). Monitoring cell growth. Curr. Protoc. Immunol. 21, A.3A.1-A.3A.2.
Tazawa, H., Hashimoto, Y., Nakazawa, S., and Whittow, G.C. (1992). Metabolic responses
of chicken embryos and hatchlings to altered O2 environments. Resp. Physiol. 88, 37-50.
Tetens, V. and Lykkeboe, G. (1981). Blood respiratory properties of rainbow trout, Salmo
gairdneri: responses to hypoxia acclimation and anoxic incubation of blood in vitro. J.
Comp. Physiol. 145B, 117-125.
Tetens, V. and Christensen, N.J. (1987). Beta-adrenergic control of blood oxygn affinity in
acutely hypoxia exposed rainbow trout. J. Comp. Physiol. B. 157, 667-675.
Tetens, V., Lykkeboe, G. and Christensen, N.J. (1988). Potency of adrenaline and
noradrenaline for β-adrenergic proton extrusion from red cells of rainbow trout, Salmo
gairdneri. J. Exp. Biol. 134, 267-280.
Thomas, S., Kinkead, R., Walsh, P.J., Wood, C.M. and Perry, S.F. (1991). Desensitization of
adrenaline-induced red blood cell H+ extrusion in vitro after chronic exposure of rainbow
trout to moderate environmental hypoxia. J. Exp. Biol. 156, 233-248.
Thorgaard, G.H., Bailey, G.S., Williams, D., Buhler, D.R., Kaattari, S.L., Ristow, S.S.,
Hansen, J.D., Winton, J.R., Bartholomew, J.L., Nagler, J.J., et al. (2002). Status and
opportunities for genomics research with rainbow trout. Comp. Biochem. Physiol. B. 133,
609-646.
Thorpe, J.E., Miles, M.S. and Keay, D.S. (1984). Developmental rate, fecundity and egg size
in Atlantic salmon, Salmo salar L. Aquaculture. 43, 289-305.

93

Ton, C., Stamatiou, D. and Liew, C.-C. (2003). Gene expression profile of zebrafish exposed
to hypoxia during development. Physiol. Genomics. 13, 97-106.
Tufts, B.L. and Randall, D.J. (1989). The functional significance of adrenergic pH regulation
in fish erythrocytes. Can. J. Zool. 67, 235-238.
Ultsch, G.R., Jackson, D.C., and Moalli, R. (1981). Metabolic oxygen conformity among
lower vertebrates: the toadfish revisited. J. Comp. Physiol. B. 142, 439-443.
Uusi-Heikkilӓ, S., Wolter, C., Meinelt, T. and Arlinghaus, R. (2010). Size-dependent
reproductive success of wild zebrafish Danio rerio in the laboratory. J. Fish Biol. 77, 552569.
van der Meer, D.L.M., van den Thillart, G.E.E.J.M., Witte, F., de Bakker, M.A.G., Besser,
J., Richardson, M.K., Spaink, H.P., Leito, J.T.D., and Bagowski, C.P. (2005). Gene
expression rofiling of the long-term adaptive response to hypoxia in the gills of adult
zebrafish. Am. J. Physiol. Regul. Integr. Comp. Physiol. 289, R1512-R1519.
Van Raaij, M.T.M., an den Thillart, G.E.E.J.M., Vianen, G.J., Pit, D.S.S., Balm, P.H.M.
and Steffens, A.B. (1996). Substrate mobilization and hormonal changes in rainbow trout
(Oncorhynchus mykiss, L.) and common carp (Cyprinus carpio, L.) during deep hypoxia and
subsequent recovery. J. Comp. Physiol. B. 166, 443-452.
Vernier, J.-M. (1969). Table chronologique du developpement embryonnaire de la truite arc-enciel, Salmo gairdneri Rich. 1836. Ann. embryol. morphogen. 2(4), 495-520.
Vorger, P. (1985). The Bohr effect of the blood in rainbow trout (Salmo gairdneri). A
comparative study with human blood, using precise oxygen equilibrium curves and the Adair
model. Comp. Biochem. Physiol. A. 82A, 915-924.
Vorger, P. (1987). Blood oxygen equilibria and theoretical models. II. A critical estimation.
Comp. Biochem. Physiol. A. 88, 915-924.
Vuori, K.A.M., Soitamo, A., Vuorinen, P.J. and Nikinmaa, M. (2004). Baltic salmon (Salmo
salar) yolk-sac fry mortality is associated with disturbances in the function of hypoxiainducible transcription factor (HIF-1α) and consecutive gene expression. Aquat. Toxicol.
68(4), 301-313.

94

Vuori, K.A.M., Koskinen, H., Krasnov, A., Koivumäki, P., Afanasyev, S., Vuorinen, P.J.,
and Nikinmaa, M. (2006). Developmental disturbances in early life stage mortality (M74)
of Baltic salmon fry as studied by changes in gene expression. BMC Genomics. 7, 56-72.
Vuori, K.A., Paavilainene, T. and Nikinmaa, M. (2009). Molecular markers of yolk sac fry
development in nine families of lake trout. J. Aquat. Anim. Health 21, 279-289.
Weber, R.E., Wood, S.C. and Lomholt, J.P. (1976). Temperature acclimation and oxygenbinding properties of blood and multiple haemoglobins of rainbow trout. J. Exp. Biol. 65,
333-345.
Wells, R.M.G. (2009). Blood-gas transport and hemoglobin function: adaptations for functional
and environmental hypoxia. In Hypoxia (ed. J.G. Richards, A.P. Farrell, and C.J. Brauner),
pp. 255-299. San Diego: Elsevier.
Wells, P.R. and Pinder, A.W. (1996). The respiratory development of atlantic salmon II.
Partitioning of oxygen uptake among gills, yolk sac and body surfaces. J. Exp. Biol. 199,
2737-2744.
Wells, R.M.G. and Weber, R.E. (1991). Is there an optimal haematocrit for rainbow trout,
Oncorhynchus mykiss (Walbaum)? An interpretation of recent data based on blood viscosity
measurements. J. Fish Biol. 38, 53-65.
Whitman, R.L. and Clark, W.J. (1982). Availability of dissolved oxygen in interstitial waters
of a sandy creek. Hydrobiologia. 92, 651-658.
Wiles, M.V. and Keller, G. (1991). Multiple hematopoietic lineages develop from embryonic
stem cells in culture. Development. 111, 259-267.
Willford, D.C. and Hill, E.P. (1986). Modest effect of temperature on the porcine oxygen
dissociation curve. Resp. Physiol. 64, 113-123.
Witzel, L.D. and McCrimmon, H.R. (1983). Redd-site selection by brook trout and brown trout
in Southwestern Ontario streams. Trans. Am. Fish. Soc. 112, 760-771.
Wolf, K. (1963). Physiological salines for fresh-water teleosts. Progr. Fish-Cult. 25, 135-140.
Wood, C.M. and Jackson, E.B. (1980). Blood acid-base regulation during environmental
hyperoxia in the rainbow trout (Salmo gairdneri). Resp. Physiol. 42, 351-372.
Wood, C.M., Bucking, C. and Grosell, M. (2010). Acid-base responses to feeding and
intestinal Cl- uptake in freshwater- and seawater-acclimated killifish, Fundulus heteroclitus,
an agastric euryhaline teleost. J. Exp. Biol. 213, 2681-2692.
Wood, S.C. and Johansen, K. (1973b). Organic hosphate metabolism in nucleated red cells:
influence of hypoxia on eel HbO2 affinity. Neth. J. Sea Res. 7, 328-338.
95

Yamamoto, M. and Iuchi, I. (1975). Electron microscopic study of erythrocytes in developing
rainbow trout, Salmo gairdnerii irideus, with particular reference to changes in the cell line.
J. Exp. Zool. 191, 407-426.
Yeager, D.P. and Ultsch, G.R. (1989). Physiological regulation and conformation: a BASIC
program for the determination of critical points. Physiol. Zool. 62(4), 888-907.
Yoshizaki, G., Takano, A., Aoki, T. and Takashima, F. (1997). Rapid communication:
nucleotide sequence of rainbow trout alpha-globin I and IV cDNA. J. Anim. Sci.75(5), 1426.
Youngson, A.F., Malcolm, I.A., Thorley, J.L., Bacon, P.J. and Soulsby, C. (2004). Longresidence groundwater effects on incubating salmonid eggs: low hyporheic oxygen impairs
embryo development. Can. J. Fish. Aquat. Sci. 61, 2278-2287.
Zhang, W., Cao, Z.D., Peng, J.L., Chen, B.J. and Fu, S.J. (2010). The effects of dissolved
oxygen level on the metabolic interaction between digestion and locomotion in juvenile
southern catfish (Siurus meridionalis Chen). Comp. Biochem. Physiol. 157A, 212-219.

96

