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ABSTRACT 

This study investigated the regulation ofNa\ Ca2+, and cr during development in 

embryonic rainbow trout (Oncorhynchus mykiss). Because there is a close relationship 

between pH regulation and ion uptake mechanisms in adult teleosts, pH, pC02, and NH/ 

levels in unstirred layers (USLs) adjacent to whole eggs and dechorionated embryos were 

determined using double-barrel ion-selective microelectrodes (ISMEs). 

Whole eggs accumulated Na+, Ca2+ and cr during the last 20 days of embryonic 

development, suggesting an ionoregulatory ability prior to hatching. 

Na+ uptake by whole eggs was linearly related to external [Na+], suggesting that 

Na+ crosses the chorion by diffusion. The uptake by dechorionated embryos was 

saturable, indicating the presence ofactive transport or facilitated diffusion mechanisms on 

the surface ofembryos prior to hatching. 

Ca2+ uptake by whole eggs and dechorionated embryos was saturable, suggesting 

that specific pathways or binding sites are present in the chorion, and that active transport 

or facilitated diffusion mechanisms are present at the surface of embryos. The much 

higher Jmax for whole eggs than dechorionated embryos suggests a role of the perivitelline 

fluid (pvf) or chorion in ion uptake. Jmax was lower in dechorionated embryos than in 

hatchlings suggesting that Ca2+ uptake mechanisms may not be fully developed in 

dechorionated embryos. 
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Low pH and high [NR.+] were measured in the USLs adjacent to whole eggs and 

dechorionated embryos, relative to the bulk water. A high Pc02 measured adjacent to the 

gills suggests that C02 excretion was the primary source of USL acidification. pH was 

lower in the USL adjacent to the gills and trunk than in the USL adjacent to the yolk sac. 

[NR.+] was highest adjacent to the gills and trunk than adjacent to the yolk sac. 

There was no change in the extent of USL acidification or in [NR.+] over the last 

half of embryonic development. After hatching, however, there was a significant increase 

in [NR.+] adjacent to the gills, which was not accompanied by a change in USL pH. It is 

possible that a change in permeability of the transporting surfaces (i.e. gills, trunk, yolk 

sac) occurs after hatching. 
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CHAPTER 1: GENERAL INTRODUCTION 

Ion Regulation 

Challenges ofFreshwater Fish 

Freshwater fish are hyperosmotic relative to the external water and thus have the 

tendency to gain water across their gills and lose salts across their gills and kidneys. 

Freshwater teleosts, such as salmonids, have evolved compensatory ionoregulatory and 

excretory mechanisms. To maintain water balance, copious amounts of dilute urine are 

excreted. Solute content is maintained by taking food into the gut and actively taking up 

ions across specialized cells in the gills (Schmidt-Neilsen, 1994). Ion and osmoregulatory 

processes in adult teleosts thus require a fully developed gut, branchial, and renal complex. 

Although faced with the same challenges, embryonic teleosts such as rainbow trout 

(Oncorhynchus mykiss) do not completely develop these systems until after hatching. 

Yet, there is evidence that ion regulation occurs in embryonic and larval salmonids. For 

example, Shen and Leatherland (1978) measured significant accumulations ofNa+ and K+ 

in rainbow trout embryos. Similarly, Misiaszek (1996) found significant accumulations of 

Na+, Ca2+, and cr in larval rainbow trout. Also, a few studies have shown that embryos 

and larvae are capable of maintaining ionic homeostasis under conditions which normally 

disrupt ion balance. In particular, salmonid embryos and larvae maintained constant levels 

of ions during exposure to deionized water, 13% sea water (Shen and Leatherland, 1978) 
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and low levels of toxic trace metals such as aluminum and cadmium (Rombough and 

Garside, 1984; Wood eta/., 1990). Of all the early life stage studies, very few have been 

concerned with the development of ionoregulatory mechanisms prior to hatching. 

Morphology ofSalmonid Eggs 

Typical salmonid eggs consist of a developing embryo and its associated yolk sac 

(Figure 1.1). In freshly fertilized eggs, the yolk sac contains 76.9% of whole egg protein, 

92.2% of whole egg lipid, and 2% of whole egg carbohydrate (Heming and Buddington, 

1988). Protein catabolism from the yolk sac is the primary source of energy for 

endogenously feeding embryos and larvae (Kamler, 1992; Heming and Buddington, 1988; 

Wright eta/., 1995; Rahaman-Norohna et al., 1996). 

Surrounding the embryo and yolk sac is a tough, but elastic acellular outer shell 

called the chorion or zona radiata. It has been argued that the chorion is permeable to 

small inorganic ions such as Ir, Na+, Ca2
\ K+, and cr, and compounds such as water, and 

NH3, but is relatively impermeable to substances of higher molecular weight (Eddy, 1974; 

Peterson and Martin-Robichaud, 1987, 1992; Rahaman-Norohna et al., 1996). 

Between the chorion and embryo is a perivitelline space which is formed minutes 

after exposure ofan unfertilized egg to water (Eddy, 1974). It is believed that as eggs are 

shed into freshwater, the ionic and osmotic shock triggers the separation of the vitelline 

membrane from the chorion. Concurrently, macromolecules and ions are released from 

the yolk into the perivitelline space, forming the colloidal perivitelline fluid (pvf) (Eddy, 
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Figure 1.1: A typical salmonid egg. 
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1974; Alderdice, 1988). The composition of the pvf in Atlantic salmon eggs is 58% 

water, 25% protein, 12% lipid, and 1.7% carbohydrates (Eddy, 1974; Alderdice, 1988). 

The pvf and chorion function to protect the developing embryo from mechanical 

shock and abrasion (Alderdice, 1988) 

Contribution ofChorion and PVF to Ion Regulation 

The embryo is exposed directly to conditions m the pvf, rather than the 

surrounding water. It has been suggested that the chorion has ion exchange properties 

and that the permeability is higher for It, K+, and cr, than for Na+ and Ca2+ (Peterson and 

Martin-Robichaud, 1987). This would create a pvf 'environment' which has a different 

ionic composition than that of the surrounding water. In addition, Kugel and Peterson 

(1989) found that the pvf showed a significant buffer capacity when exposed to water of 

various pH. They suggested that the perivitelline colloids act as the primary buffer 

substance. The ability to act as a buffer, especially at low external pH, allows the pvf to 

protect the developing embryo from drastic changes in water pH. 

At normal external and internal pH, the pvf is predominantly acidic and negatively 

charged and there is a tendency for it to accumulate cations in excess of the external 

concentration (Eddy and Talbot, 1985; Alderdice, 1988; Kugel and Peterson, 1989; 

Shephard, 1987). These anionic charges are likely produced by the weak acid groups on 

the pvf macromolecules (Shephard, 1987). 
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Eddy and Talbot (1985) removed the chorions from salmon eggs and found a 

dramatic increase in loss of Na+ from the embryo. In addition, Shen and Leatherland 

(1978) found that rainbow trout eggs reared in 13% sea water developed normally, but 

when they began to hatch, many of the embryos died. 

More recently, however, Ayson eta/. (1994) investigated the role of the chorion 

and pvf in ion and osmoregulation in embryonic teleosts. They found that if tilapia 

(Oreochromis mossambicus) eggs reared in freshwater are dechorionated and placed in 

sea water, the embryos survive. This suggests that, in spite of the possible contribution of 

the pvf and chorion to ion transfer across the egg, the regulatory capacity is not 

completely dependent on egg shell permeability or pvf composition. Rather, the embryo 

itself must possess some mechanism for maintaining ionic homeostasis. 

Contribution ofEmbryo to Ion Regulation 

Prior to the development of a complete renal complex, gut and branchial 

epithelium, the cutaneous surfaces (i.e. body and yolk sac) of developing embryos are the 

probable sites of ion regulation. There have been very few studies on the development of 

ion regulation at the surface of salmonid embryos. Most evidence points to the presence 

of specialized mitochondria-rich cells (MRCs), also known as chloride cells, which 

actively transport ions across epithelial surfaces. These cells are responsible for much of 

the ion regulation in adult teleosts (Karnaky, 1986; Avella et a/, 1987; Perry, 1992; 

Zadunaiski, 1988). 
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Freshwater chloride cells characteristically have a shallow apical crypt which faces 

the surrounding water, and an extensive tubular vesicular system which develops from the 

basolateral membrane (Alderdice, 1988; Zadunaiski, 1984). These cells also contain 

numerous mitochondria which provide the energy necessary to actively transport ions 

against the concentration gradient between the body fluids and external water (Alderdice, 

1988). Tight junctions at the epithelial surface join adjacent chloride cells. 

Although the basic morphology of chloride cells has been described, relatively little 

is known about the development of these cells or their role in embryonic teleosts. MR.Cs 

have been found in embryos and larvae of ayu, carp, flounder (Hwang and Hirano, 1985; 

Hwang, 1989), tilapia (Li et al., 1995; Ayson et al., 1994; Hwang et al., 1994), and 

rainbow trout (Shen and Leatherland, 1978; Misiaszek, 1996). These cells may be located 

in the pectoral fin, yolk sac, pericardia!, tail, or branchial regions of embryos and larvae 

(Shen and Leatherland, 1978; Hwang, 1989; Ayson et al., 1994; Li et al., 1995; 

Misiaszek, 1996). 

A few studies have shown that changes in MRC morphology occur when embryos 

and larvae are placed in water of various salinities. Hwang and Hirano (1985) and Ayson 

( 1994), for example, determined that when larval ayu and tilapia were reared in freshwater 

and transferred to sea water, MR.Cs developed characteristics of sea water MRCs. 

Although this phenomenon has been investigated in only a few species, it is likely that 

chloride cells contribute to the ionoregulatory ability of embryonic and larval fish. 
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Respiration and Metabolism in Embryonic Salmonids 

Relatively little is known about respiratory gas exchange and metabolism during 

early life stages in teleosts. In rainbow trout, there appears to be a 50% increase in 

oxygen consumption after fertilization, and a further 4-fold increase by the end of epiboly 

(Boulekebache, 1981 ). Rombough ( 1988) suggests that fertilization, gastrulation, 

formation of embryonic circulation, and hatching are the events during embryonic 

development most likely to alter the rate of metabolic oxygen consumption. There is 

controversy, however, about the extent of changes in metabolic rate prior to hatching. 

Some studies report increases in metabolic rate over the last stages of development, while 

others report decreases or no change in metabolic rate (Rombough, 1988). 

Regardless, the passing of respiratory gases (i.e. <h and C(h) and metabolic 

products (i.e. NH~) across epithelia can be described using a cascade model 

(Rombough, 1988). This model suggests that materials pass through a series of 

resistances, each of which is associated with a specific process or structure (i.e. pvf, 

chorion, boundary layer). The overall resistance ofthe system is the sum of the individual 

resistances and under steady-state conditions, the overall flow through the system is the 

flow through any one of the structures (Rombough, 1988). Although there is little 

information about respiration in embryonic teleosts, this model can be used to identify and 

describe the major resistances during development. 
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Contribution ofChorion and PVF to Respiratory and Metabolic Gas Exchange 

The chorion was originally thought to be the major barrier to diffusive gas 

exchange during embryonic development. With the recent use of microelectrode 

techniques, it has been shown clearly that the pvf has a much greater resistance to gas 

exchange than does the chorion (Rombough, 1988). Therefore, the rate of oxygen 

consumption, carbon dioxide excretion and metabolic waste excretion are affected 

considerably by the properties of pvf and chorion, since these layers act as barriers for 

exchange of materials between embryos and the environment. 

Contribution ofGills and Cutaneous Surfaces to Gas Exchange 

The gills are a major site of respiratory gas and metabolic product transfer in adult 

teleosts (Rombough, 1988). Prior to hatching, however, gills may not be fully developed. 

Gill development appears to differ with different freshwater species. For example, it has 

been shown that gill arches and filaments are completely developed by hatching in rainbow 

trout (Salmo gairdneri) (Morgan, 1974). In newly hatched Arctic char, however, 

filaments are unevenly distributed among the four gill arches and secondary lamellae are 

not developed (McDonald and McMahon, 1977). Recently, Wells and Pinder (1996) 

determined that gills are poorly developed in newly hatched Atlantic salmon. Only a few 

ofthe fish sampled (2 out of 6) had lamellae that could be measured. 

Whether or not gills are fully developed prior to hatching, it is clear that the 

cutaneous surface, not the branchial surface, is largely responsible for the majority of 
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respiratory gas exchange (Wells and Pinder, 1996; Rombough, 1988; Rombough, 1998; 

Rombough and Ure, 1991). The morphological potential for gas exchange across skin and 

gills is determined by surface area and blood-water barrier thickness according to Fick's 

law of diffusion: 

Gas Exchange= (AID)*K*APgas 

where A is the surface area, Dis the thickness of the water-blood barrier, K is Krogh's 

diffusion coefficient and APgas is the difference in partial pressures of the gas between the 

blood and respired water (Wells and Pinder, 1996). 

Rombough and Ure (1991) and Wells and Pinder (1996) determined that shortly 

after hatch, approximately 80% ofall oxygen consumed by larval Chinook and Atlantic 

salmon was taken up across the skin. The skin can be partitioned into the yolk sac and 

body surface. It is expected that due to its vascularization, large surface area, and thin 

epithelium compared to the body surface, the yolk sac would be the predominant gas 

exchange surface in embryonic and larval salmonids. Wells and Pinder ( 1996) showed, 

however, that of the total oxygen uptake across larval surfaces, the yolk sac was 

responsible for only 33%, whereas the developing tissue (body) was responsible for the 

remainder. Similar studies for C02 excretion have not been done. 

Unsti"ed Layers 

There is evidence that unstirred layers (USLs ), or boundary layers, may have an 

effect on respiratory gas exchange in aquatic organisms (Rombough, 1998; Pinder and 
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Feder, 1996; Rombough, 1988). USLs are semistagnant regions ofwater adjacent to an 

organism where oxygen is depleted and metabolic wastes are accumulated (Rombough, 

1988). They expose an organism directly to a microenvironment which does not have the 

same composition as the external medium (i.e. lower Po2, higher Pc02 and concentration of 

metabolic wastes such as NH31NliJ} (Randall and Wright, 1989). 

In adult rainbow trout, it has been determined that the USL adjacent to the gills is 

acid relative to the bulk water (Wilson et al., 1994). This acidification is attributed to the 

hydration of excreted C02 and/or direct Ir transport. As C02 is excreted across the gills, 

it becomes hydrated to form HC03- and Ir, the latter ofwhich acidifies the water adjacent 

to the gills (Wilson et al., 1994; Randall and Wright, 1989). The hydration reaction is 

catalysed by carbonic anhydrase found in the mucous layer around the gills (Misiaszek, 

1996). There is some evidence for the presence of an acid USL adjacent to rainbow trout 

eggs (Rahaman-Norohna et al., 1996) and larvae (Misiaszek, 1996). but the exact 

mechanism ofits formation is unclear. 

C02 (from respiration) and NH3 (from catabolism of yolk sac proteins) are the 

major metabolic end products in adult and embryonic teleosts (Randall and Wright, 1989, 

Rahaman-Norohna eta/., 1996; Wright, 1995; Wright et al, 1995). There is very little 

information in the literature on sites or extent of C02 excretion or on the transport and 

distribution ofNHJNH/ within fish eggs. It is clear, however, that ammonia movement 

across most biological membranes is primarily by NH3 diffusion down the partial pressure 

gradient (Rahaman-Norohna eta/., 1996; Wright, 1995; Randall and Wright, 1989). If 
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NH3 is excreted into an acid compartment (such as the acid USL adjacent to the gills of 

adult fish, or chorions of eggs), it becomes protonated to form NH/. This promotes 

further excretion ofNH3. The relationship between NH3 excretion, [NIL+] and pH of the 

USL adjacent to embryos has not been investigated. 

Organization and Objectives 

It is the purpose of this study to investigate the development of ion regulation and 

USL acidification in embryonic rainbow trout (Oncorhynchus mykiss). In addition, the 

possible roles of the chorion and pvf in these processes will be addressed. Chapter 2 will 

investigate the amount and distribution of water and electrolytes in whole eggs from 

fertilization to hatch. In addition, it will describe patterns of Na+, Ca2+, and Cr 

accumulation in whole eggs, and characteristics ofNa+ and Ca2+ uptake in whole eggs and 

dechorionated embryos. Chapter 3 will investigate properties of USL adjacent to eggs 

and dechorionated embryos; the measurement of parameters such as pH, [NH..+] and Pc02 

in the USL at various locations around eggs and dechorionated embryos will provide 

insight into the sites of production and extent of excretion of these materials. Finally, 

chapter 4 will summarize the major arguments from chapters 2 and 3, suggest applications 

of techniques demonstrated in this study, and recommend areas of future research. 
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CHAPTER 2: ION CONTENT AND TRANSPORT 

IN EMBRYONIC RAINBOW TROUT 


INTRODUCTION 


There is relatively little information in the literature on the development of ion 

regulation in early life stages of freshwater fish, especially in the period before hatching. 

Basic information, such as characteristics of water and electrolyte content and distribution 

within eggs, is lacking. 

The ability ofeggs and embyros to accumulate, redistribute, and lose Na+, has been 

demonstrated by only a few studies (i.e. Rudy and Potts, 1969~ Shen and Leatherland, 

1977; Eddy and Talbot, 1985; Shephard and McWilliams, 1993; McWtlliams, 1993). 

Most of these papers investigated the nature of Na + uptake at a single developmental 

stage, and not the patterns of whole egg uptake, distribution, and accumulation 

throughout development. 

Studies of Ca2+ balance in embryonic teleosts have included very few species and 

have been concerned primarily with morphological changes of chloride cells (MRC), or 

with changes in pvf [Ca2+] associated with changes in external calcium concentration 

(Hwang eta/., 1994; Shephard, 1987). The basic properties of Ca+ balance in embryos 

have not been investigated for rainbow trout; there is a lack of evidence for whole egg 

Ca2+ content, distribution, uptake and loss. Similarly, properties ofwhole egg cr content 

and distribution have not been determined. 
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It is the purpose of this chapter to determine some of the basic properties of whole 

egg ion and water content during embryonic development of rainbow trout 

(Oncorhynchus mykiss). In particular, patterns of accumulation and distribution ofNa+, 

Ca2+, and cr are investigated using whole eggs and dechorionated embryos at various 

stages of embryonic development. In addition, radiotracer studies are used to determine 

the extent and possible mechanism of Na+ and Ca2+ exchange across surfaces of whole 

eggs and dechorionated embryos. The potential roles of pvf and chorion will also be 

discussed. 
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MATERIALS AND METHODS 

Experimental Animals 

Rainbow trout eggs were obtained either freshly fertilized or 'eyed-up' (Table 2.1) 

from Rainbow Springs Trout Farm in Thamesford, Ontario. All egg lots were held in 500 

mL square containers with a constant flow of aerated, dechlorinated Hamilton tap water 

([Na+]= 0.6 mmol r1
; [Cr]= 0.7 mmol r1

; [HC03"]= 1.9 mmol r1
; pH 7.9), chilled to 7°C ± 

1°C throughout all experimental periods. The containers were covered to maintain low 

light levels and dead eggs, indicated by their whitish opaque colour, were removed daily. 

Dechorionating Embryos 

Some of the experiments required removal of the chorion, or egg shell, from 0. 

mykiss embryos in order to provide direct access to the developing embryos. 

Dechorionating by dissection was not possible until the eye pigmentation stage had begun. 

Using a dissecting microscope (16x magnification), a 0.25mm slit was made in the chorion 

with a sharp 18- or 25- gauge syringe needle. The incision was made in the chorion close 

to the head of the embryo where the perivitelline space was most evident. It was much 

more difficult to dechorionate younger eggs (early eye pigmentation stage) than older eggs 

because the yolk sac was more delicate and the perivitelline space was less accessible. As 

a result, it was necessary to make very small and shallow incisions at this stage. 
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Table 2.1: 	 Key developmental stages in embryonic rainbow trout maintained at 

7 ± l°C in Hamilton tap water ([Na+]= 0.6mmol r1 ~ 

[Cr]= 0.7mmol l" 1 ~ [HC03]= 1.9mmol r\ pH 7.9). 
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Days Post Fertilization Event 

0 Fertilization 

14 Embryo seen through chorion without 
aid ofmicroscope 

21-28 Eye pigmentation 

45-55 Hatching 
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Once the small incision was made, one pair of sharp forceps was used to grip a cut 

edge of chorion, while another pair was used to make small tears in the egg shell. The 

yolk sac was easily ruptured if the cut edge of the chorion either contacted or compressed 

the yolk sac. As a result, only small strips of chorion were removed at a time until the 

embryos could free themselves from the remaining egg shell. In older eggs (fully eyed, 

near hatch), ruptures in the yolk sac occured less frequently. At this stage, 

dechorionations were accomplished with greater ease by tearing relatively large strips of 

chorion from the egg. 

Whole Egg Water Content 

Every 3-4 days, from the day after fertilization to the day of hatch, 5 eggs were 

sampled at random from holding containers for determination of whole egg wet weight, 

dry weight and water content. To determine wet weight, each egg was blotted dry on 

paper towel to remove surface moisture and weighed on a tared balance in a l.Sml 

centrifuge tube. Weighed eggs were stored in a freezer for subsequent dry weight 

measurements. 

Dry weight was determined after the frozen eggs were placed in a 60°C oven for 

48 hours and cooled in a dessicator. Eggs were weighed individually and whole body 

water content was calculated using the following equation: 
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Water Content= 100* ((Wet Weight- Dry Weight)/Wet Weight) 

where water content was expressed as % wet weight and all weights were expressed as 

mg. 

Whole Egg Ion Content 

At 3-4 day intervals, 5 eggs were sampled at random for whole body Na+, Ca2+, 

and cr. Each egg was blotted dry, weighed, placed in a 1.5 ml centrifuge tube, and 

digested in 500J..1llN H2S04. Samples were stored for later analysis. 

Distribution of Na+, Ca2
\ and Cr Within Whole Eggs 

The distributions of Na+, Ca2 
+, and cr within developing eggs were determined 

using a single egg lot. Every 4 days from 28 days after fertilization to hatching, 15-20 

eggs were selected at random and divided between 3 treatments. In the first treatment, 5 

eggs were blotted dry, weighed, and digested in 500J..1l lN H2S04. In the second 

treatment, 5 eggs were blotted dry, weighed, and dechorionated in H20dd . The whole 

embryo was then blotted dry, weighed and digested in 500J..1l lN H2S04. In the third 

treatment, 5 eggs were blotted dry, weighed and dechorionated as above. The whole 

embryos and yolk sacs were weighed individually and the yolk sacs were carefully 

removed from the embryo using two pairs of fine forceps. The yolk sacs were discarded 

and the remaining tissue was blotted dry, weighed and digested in 500~ IN H2S04. 
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Samples were discarded if there was excessive blood loss and/or yolk leakage. The fluid 

was precipitated with ethanol and removed with forceps. Digested samples were stored 

for subsequent ion analysis. 

Analytical Methods 

Digested samples were mixed in centrifuge tubes with a clean spatula, vortexed 

and centrifuged (1500 x g, Fisher Scientific) for 5 minutes. Prior to measurement ofNa+ 

concentration, 60lJ.l of the supernatant from each centrifuged sample was diluted in 1.5 m1 

H20dd· For Ca2+, 50lJ.l of the supernatant was diluted in 5 m1 H20dd and 100 lJ.]. 10% 

LaCh. cr analysis did not require sample dilution. Na+ and Ca2+ concentrations were 

determined using a Varian AA-1275 Series atomic absorbance spectrophotometer and cr 

samples were analyzed using a model CM 10 chloride titrator (Radiometer-Copenhagen). 

Na+ Uptake Kinetics 

Na + uptake kinetics were measured in whole eggs and dechorionated embryos to 

determine whether aNa+ transport mechanism exists in rainbow trout prior to hatch. At 

various stages of late embryonic development, 5 whole eggs and 5 dechorionated embryos 

were exposed for 3 hours to one of 6 concentrations of Na+ (ranging from 0.05 to 2.5 

mmol r1 NaCl in 1.0 mmol 1"1 CaCh, pH adjusted to 7.9 with KOH). Embryos were 

dechorionated 30-60 minutes prior to each experiment, and were maintained at 'fc in 

subdued light until they were placed in the aerated experimental media. Eggs and 
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dechorionated embryos were rinsed in deionized water before each experiment to remove 

surface bound ions. ~a+ was added to each solution in concentrations ranging from 0.09 

~Cilml to 4.5 ~Ci/ml. 

Water samples were taken at the start and end of the experiment, to determine 

specific activity and Na+ concentration of the radiolabelled media. 

At the end of the exposure period, animals were rinsed in deionized water to 

remove surface bound 2"Na+, weighed on a tared balance and placed in individual 

scintillation vials. The samples were counted in a Minaxi auto gamma 5000 series gamma 

counter (Canberra- Packard Canada, Ltd.). 

Ca2 
+ Uptake Kinetics 

As for Na+, Ca2 
+ uptake kinetics were measured in whole eggs and dechorionated 

embryos to determine the extent of Ca2+ accumulation in rainbow trout prior to hatch. 

Groups of 5 eggs and 5 dechorionated embryos were exposed to one of 6 bathing 

solutions containing 0.65 mmol 1"1 NaCl and concentrations of Ca2+ ranging from 0.005 

mmol 1"1 to 1.25 mmol r1 CaCh (pH adjusted to 7.0 with NaOH). Each solution was 

radiolabelled with 45Ca2+ concentrations ranging from 0.0017 ~Cilml to 0.43 ~Ci!ml. 

Water samples were taken at the start and end of the exposure period to determine 

specific activity and [Ca2+] of the experimental solutions. Animals were rinsed in 

deionized water prior to being placed in the experimental media. At the end of the 3 hour 

exposure, each animal was rinsed briefly in a 10 mM EDT A solution to remove surface 
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bound 45Ca2+, weighed on a tared balance, and placed in individual scintillation vials with 

lml of tissue solublizer (Soluene- 350, Packard- Canberra Canada, Ltd.). The vials were 

placed in a 60°C oven overnight to accelerate tissue digestion. 

45Ca2+ activity was determined by adding 10 ml of a liquid scintillation fluor 

(Hionic-Fluor, Packard- Canberra Canada, Ltd.) to both water and animal samples. The 

vials were shaken and placed in a beta-counter (1217 RackBeta liquid scintillation counter, 

LKB W allac, Fisher Scientific). 

Na+ Effiux 

At 32 days post fertilization, eggs were selected at random for determination of 

Na + efllux. Twenty eggs and 20 dechorionated embryos were placed in aerated solutions 

of 2.5 mmol r1 NaCl in 1.0 mmol r1 CaCh (pH 7.9) with 4.5J!Cilml ~a+ for 3 hours. 

Eggs were dechorionated 30 minutes prior to the experiment and any showing damage 

were discarded. Water samples were taken at the start and end of the experiment to 

determine specific activity and Na + concentration of the medium. After 3 hours, each egg 

and embryo was rinsed briefly in deionized water to remove surface bound Na+, then 

placed in a volume of non-radiolabelled Hamilton tap water. At several time intervals (30 

min, 1 h, 2h, 4h), 5 eggs and 5 embryos were removed and counted as above (Na+ uptake 

kinetics). 
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Ca2
+ Effiux 

Methods were similar to those for the Na+ efllux experiment, but the eggs and 

embryos were loaded in a solution of 1.25 mmol r1 CaCh in 0.65 mmol r1 NaCl (pH 7.4) 

with 0.43 J.l.Ci/ml 45Ca2+ for 3 hours. After the 3 hour exposure, each egg and embryo was 

rinsed briefly in 10 mmol r1 EDT A and placed in non-radio labelled Hamilton tap water. 

Animals were sampled at the same intervals as described above, and were rinsed again in 

10 mmol r1 EDT A prior to being weighed and placed in individual scintillation vials with 1 

mL tissue solublizer (Soluene- 350, Packard- Canberra Canada, Ltd.). Tissue and water 

samples were digested and counted as described for Ca2
+ uptake kinetics. 

Data Analysis for Na+ and Ca2+ Kinetics 

Na+ and Ca2+ influx and efllux rates OinloutNa+ and Jinlout~ were determined based 

on the accumulation or loss of radioactivity in the whole egg and dechorionated embryo 

using the equation: 

Ji.= (CPM)/(SA*W*t) 

where CPM was the counts per minute per egg or dechorionated embryo, SA was the 

specific activity of the water ( cpm/nEq), W was the wet weight of the egg or 

dechorionated embryo (g), and t was the duration of exposure to radiolabelled media 

(hours). 
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Kinetic parameters, Jmax and Km were determined in SAS JMP using the following 

equation: 

Jin =Jmn* [ion]/ (K.n + [ion]) 

where Jin was the Na+ or Ca2+ uptake rate and [ion] was the external concentration ofNa+ 

or Ca2 
+. 

Statistical Analysis 

Differences between two means were compared using student t-tests. Differences 

between more than two means were analysed using either 1-way or 2-way analysis of 

variance (ANOVA). Tukey and least standard difference (LSD) post-hoc tests were then 

performed to determine significance between variables. Differences were judged to be 

significant ifp<O.OS. 

http:ifp<O.OS
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RESULTS 

Whole Egg Water Content and Distribution of Wet Weight 

Although there were significant differences in wet and dry weights of eggs 

between lots (t-test, p< 0.05), water content remained the same (Table 2.2). Amongst the 

first 4 lots sampled, the average wet and dry weight was 55.6 and 19.7 mg, respectively. 

Mean dry weight was 35.6% wet weight, and mean water content was 64.4%. 

There was not a significant variation in water content within each egg lot as a 

function of age (ANOV A, p>0.05). There were, however, changes in the distribution of 

wet mass within each egg during embryonic development (Figure 2.1). Tissue mass 

(embryo minus yolk sac) increased significantly from 9.43% to 13.02% of the total 

embryo wet mass between day 40 and day 52 (ANOV A, p< 0.05). However, whole 

embryo, pvf and chorion contribution to whole egg weight did not change over the same 

period (ANOV A, p<0.05). At 40 days after fertilization, the whole embryo contained 

86.7% of the whole egg wet mass, while the perivitelline fluid and chorion together 

contained 13.3%. There were no significant changes in these values or in the yolk sac 

mass between day 40 and 52 (ANOVA, p> 0.05). 
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Table 2.2: 	 Summary of whole egg wet weight, dry weight, and % water 

content during embryonic development in different egg lots. 

Means ± SE, n-values reported in table. 
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Group Wet Weight (mg) Dry Weight (mg) % Water Content n 
±SE ±SE ±SE 

1 49.59 ± 0.93 17.29 ± 0.26 64.83 ± 0.5 53 
2 70.42 ± 1.23 25.44 ± 0.59 63.89 ± 0.51 19 
3 60.64 ± 2.63 22.07 ± 1.07 63.73 ± 0.49 24 
4 49.47±1.17 16.93 ± 0.37 65.66 ± 0.61 14 
5 93.47 ± 0.60 20 
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Figure 2.1: Distribution ofwet weight in eggs over the last 12 days of 

embryonic development. Eggs from group 5 in table 2.2. 

Means ± SE, n=S. 
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Whole Egg Ion Content 

Electrolyte content increased linearly with dry weight (Figure 2.2). Total Ca2+ 

ranged from 1.43 ±0.040 to 1.60 ±0.14 ~q/egg; cr from 0.88 ±0.041 to 1.37 J.lEq/egg; 

Na+ from 0.86 ± 0.050 to 1.07 ± 0.070 ~q/egg. Whole egg electrolyte content was 

measured on 4 separate egg lots and results from all lots were pooled to detennine overall 

trends. In general, whole eggs contained more Ca2+ and cr than Na+. However, for the 

last 10 days of development, eggs had equal amounts of Na+ and cr (Figure 2.3) 

(ANOVA, p>O.OS). 

Although Na+, Ca2+, and cr contents remained constant at the beginning of 

embryonic development, eggs in some lots accumulated these electrolytes near the end of 

embryonic development (i.e. between 0 and 20 days before hatch). The net accumulation 

over the last 20 days of embryonic development was best described by the following 

exponential relationship: 

[ion]= aebt 

where [ion] was whole egg ion content (~q/egg), t was the age (days), b was an 

accumulation rate(% day"1
) and a was a constant. 

All4 lots showed accumulation ofNa+ (Table 2.3). Changes in Ca2+ and cr were 

variable; different lots gained, lost, or showed no change in the levels of these ions. 
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Figure 2.2: Relationship between whole body Na+, Ca2+, and cr content 

(uEq/egg) and dry weight (mg) during embryonic development. Y­

Intercept is near zero (-1.18 to 0.57) for each plot. Means± SE; n= 6. 

A. Na+ relationship described by equation y = 0.0688x- 0.3681, 

R2 = 0.332. 

B. Ca2+ relationship described by equation y = 0.047x + 0.5734, 

R2 = 0.437. 

c. cr relationship described by equation y = 0.124- 1.182, 

R2 = 0.778 
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Figure 2.3: Relationship between whole egg Na+, Ca2+, and cr content 

(J.!Eq*egi1 
) and age from fertilization to hatch in 4 egg lots. 

Means± SE, n=20 for day 0-20 before hatch; n=S for day 21-50 

before hatch. 
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Table 2.3: Whole egg Na+, Ca2+, and cr accumulation rate(% day "1) over the 

last 20 days of embryonic development in 4 egg lots. R2 determined for fit 

to the function [ion ]=aebt. Lot 1 was raised from fertilization to hatch. 

Lots 2, 3, and 4 were raised from day 12-16 after fertilization to hatch. 
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Egg Na+ Accumulation Ca2+ Accumulation Cr Accumulation 
Lot Rate (%day-1

) Rate (%day-1
) Rate (%day-1

) 

±SE ±SE ±SE 
Rl Rl RlRate Rate Rate 

1 1.9 ± 0.2 0.70 0.4 ± 0.1 0.12 -0.8 ±0.2 0.18 

2 2.6 ± 0.1 0.88 0.4 ± 0.1 0.54 2.7 ±0.2 0.75 

3 4.2 ± 0.3 0.96 -0.8±0.1 0.55 -0.2 ± 0.1 0.002 

4 2.0 ± 0.1 0.61 1.5 ± 0.1 0.99 1.6 ± 0.1 0.95 



37 

Distribution of Na+, Ca2+, and Cr in Whole Egg 

A single egg lot was used to determine electrolyte distribution within whole eggs. 

At 32 days post fertilization, 72% of whole egg Na+ was concentrated in the embryo, 

whereas only 28 % was in the chorion and perivitelline fluid. The amount of Na+ in the 

embryo increased significantly to 92% of whole egg Na+ by 52 days post fertilization, 

leaving only 8% in the chorion and perivitelline fluid (Figure 2.4) (t-test, p<O.OS). For the 

last 12 days of embryonic development, 59.1 ± 9.4% of the whole egg Na+ was located 

within the yolk sac. Although yolk sac Na+ content did not change, the tissue Na+ content 

(embryo minus yolk sac) increased 46.8% over this period (t-test, p<0.05). 

The distribution of Cr within the egg also changed between day 40 and 52 (Figure 

2.5). Although there were no changes in whole embryo cr, the distribution ofcr between 

the yolk sac and tissue changed; between day 40 and 52; the contribution of yolk sac to 

whole egg Cl" decreased significantly from 54.2 ± 3.4% to 38.8 ± 2.1% (t-test, p<0.05), 

while contribution of tissue increased significantly from 43.2 ± 2.2 to 54.1 ± 2.4% (t-test, 

p<0.05). 

The distribution of Ca2 
+ did not change significantly over the last 12 days of 

embryonic development (Figure 2.6). The embryo contained 96.86 ± 1.9% of whole egg 

Ca2+ at day 40 and 93.36 ± 3.68% at day 52. Approximately 35% of the whole embryo 

Ca2
+ was found in the tissue, while 65% was in the yolk sac. This distribution did not 

change between day 40 and day 52. Together, the pvf and chorion contained 3.14% and 

6.64% ofwhole egg Ca2
+ at day 40 and 52, respectively. 



38 

Figure 2.4: Distribution ofNa+ between whole egg, embryo, yolk sac, and 

tissue over the last 12 days of embryonic development. 

Means± SD, n=S. 
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Figure 2.5: Distribution ofcr between whole egg, embryo, yolk sac, and tissue 

over the last 12 days ofembryonic development. Means ± SE, n=5. 
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Figure 2.6: Distribution ofCa2 
+ between whole egg, embryo, yolk sac, and 

tissue during the last 12 days of embryonic development. 

Means± SD, n = 5. 
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Na+ Uptake Kinetics 

In both whole eggs and dechorionated embryos JinNa+ (nEq g"1h"1
) varied with 

external [Na+]. In whole eggs, JinNa+ was linearly related to external [Na+] (day 31: 

y=O.lx+5.6; R2=0.9; day 45: y=O.lx+4.9; R2=0.9) (Figure 2.7 A). There was no evidence 

of saturation. By contrast, in dechorionated embryos, JinNa+ was not related linearly to 

external [Na+] (Figure 2.7 B). Jmax decreased 2.2-fold and Km decreased 5.5-fold between 

day 31 and day 45 (Table 2.4) 

Ca2 
+ Uptake Kinetics 

The Ca2+ uptake rate increased non-linearly with increasing external [Ca21 (Figure 

2.8). Jmax and Km were both higher in whole eggs than in dechorionated embryos. Overall, 

Jmax was 51.24- fold higher and Km was 2.42- fold higher in whole eggs than m 

dechorionated embryos (Table 2.5). 

Jmax decreased 2.46- fold between day 28 and 42 in whole eggs and increased 1.3 

fold in dechorionated embryos. 

In whole eggs, Km decreased 1.22- fold between day 28 and day 42. In 

dechorionated embryos, Km dropped 2.48- fold between day 28 and 35, then increased 34­

fold over the next 7 days. 
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Figure 2.7: 	 The relationship between the Na+ uptake rate (nEq.i'h-1
) and the 

external Na+ concentration (J..Lmol.r1
) in A. whole eggs and B. 

dechorionated embryos at various stages ofembryonic 

development. Means ± SE, n=S; temperature: 8°C. 
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Table 2.4: Summary ofKm and Jmax for 2"Na+ uptake kinetics in embryos over 

the last 14 days of embryonic development. Means± SE, n=S. 



48 

Embryo Age 
(days after fertilization) 

Day31 1.84 ± 0.05 0.27 ±0.36 


Day45 0.33 ± 0.13 0.12 ± 0.01 
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Figure 2.8: 	 The relationship between the Ca2 
+ uptake rate (nEq.g"1h-1

) and the 

external Ca2 
+ concentration (J.t.mol.r1

) in A. whole eggs and B. 

dechorionated embryos at various stages of embryonic 

development.Means± SE, n=S~ temperature: 8°C. 

http:J.t.mol.r1


50 

A. Egg 

800 

0 500 1000 1500 2000 2500 

B. Dechorionated Embryo 
25 T 

700 

i- ..... 
";' 600.:: 
« 

";' 
500~ 

« 
0" 

400~ 
c-+ 300 ...... 

[,.; 

200= ~ 

100 

0 

-
I 

... 
20:::: «... 

·~ « 15 
0" 
~ c 

10 -+ 

I
.... 
01 

""= ~ 

•0 

0 500 1000 1500 2000 2500 

Externai{Ca] (J.tEq*r1) 


I
i a Day 28 X Day 35 A Day 42/

, 




51 

Table 2.5: 	 Summary ofKm and lmax for 45Ca2
+ uptake kinetics in eggs and 

dechorionated embryos over the last 21 days of embryonic 

development. Means ± SE, n=S. 
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Egg! Embryo Age Km (mEq*r1
) ± SE Jmax (nEq*g-1*h-1

) ± SE 
(days after fertilization) 

Day 28- Egg 0.35 ± 0.026 0.63 ± 0.026 

Day 28- Embryo 0.027 ± 0.047 0.0049 ± 0.002 

Day 35- Egg 0.35 ±0.11 0.72 ±0.068 

Day 3 5- Embryo 0.011 ±0.015 0.012 ±0.0022 

Day42- Egg 0.29 ±0.084 0.29 ± 0.023 

Day 42- Embryo 0.37 ± 0.12 0.016 ± 0.001 
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Na + Efflux in Whole Eggs and Dechorionated Embryos 

Over the first 30 minutes of exposure to non- radiolabelled tap water, eggs lost 

73.8% of their radioactivity, while dechorionated embryos lost 69. 8%. After this period, 

further loss was negligible. The specific activity of the loading media was 141.2 and 

147.5cpm/nEq for eggs and embryos, respectively. 

The amount of exchangeable Na + during the 3 hour loading period was calculated 

using the following equations: 

Amount 24Na + = cpm I SA 

% Exchangeable Na + = 100* (Amount 24Na+I Whole Egg or Embryo Na+ Content) 

where amount 24Na+ was the amount ofradiolabelled Na+ in the egg or embryo in nEq; 

cpm was the counts per minute per egg or embryo at the end of the 3 hour loading period 

in cpm; SA was the specific activity of the loading solution in cpm/ nEq;% exchangeable 

Na+ was the% of whole egg or embryo Na+ exchanged with environment in the loading 

period; whole egg Na+ content was the amount of Na+ measured in whole eggs and 

embryos in nEq. 

4.7% and 3.4% of whole egg and dechorionated embryo Na+, respectively, was 

exchangeable in 3 hours. 
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Ca+ Efflux in Whole Eggs and Dechorionated Embryos 

Over the first 30 minutes of exposure to non- radiolabelled tap water, eggs lost 

97.55% of their radioactivity, while dechorionated embryos lost 36.0%. After 30 minutes, 

neither the eggs nor the embryos lost significant amounts of 45Ca2 
+. The specific activity 

ofthe loading media was 259.81 and 294.74 cpm/nEq for eggs and embryos, respectively. 

Using the equations above and the whole egg and embryo Ca2 
+ content, it was 

found that eggs exchanged 5. 72% of their whole egg Ca2 
+ in 3 hours. However, 

dechorionated embryos exchanged only 0.12% of their whole body Ca2 
+ over the same 

period. 
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DISCUSSION 

Whole Egg Water Content 

The results show that whole egg water content, wet weight, and dry weight do not 

change from the time of fertilization to the time of hatch (Table 2.2). Whole eggs had a 

water content of 64.4% whole egg wet weight throughout embryonic development. 

Kamler (1992) argued that when freshly spawned 0. mykiss eggs are shed into fresh 

water, they absorb approximately 27% of their initial water volume in 30 minutes. She 

suggested that after termination of swelling, there is no further change in water content 

until after hatch. In addition, Kamler (1992) suggested that although whole egg weight is 

influenced by environmental factors such as 0 2 availability, it is determined primarily by 

genetic factors. 

The present water content findings are similar to those of previous studies. 0. 

mykiss eggs were found to have a water content between 55.6 and 65.0% whole egg wet 

weight (Kamler, 1992). Similarly, Atlantic salmon eggs (Salmo salar) had a water content 

of67.21% (Eddy and Talbot, 1985). Also, Salmo gairdneri had water content of65.5% 

in distilled water, 63.6% in 11% sea water and 63.9% in 13% sea water (Shen and 

Leatherland, 1977). 

Throughout embryonic development, the yolk sac comprised the greatest 

proportion of whole egg wet weight (Figure 2.2). Although this tissue has a low water 

content (only 52.96% water, compared to the embryonic tissue which is approximately 
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87.29% water- Eddy and Talbot, 1985), it is the largest energy source for embryos and 

larvae prior to exogenous feeding. This yolk sac is utilized by the embryos and larvae 

until it is exhausted at approximately 250dd, when exogenous feeding begins (Misiaszek, 

1996). 

Growth in a developing embryo is characterized by an increase in body size over a 

short period of time (Kamler, 1992). In the present experiment it was determined that 

over the last 12 days of development there was a 1.9-fold increase in wet weight in 

embryonic tissue (yolk sac removed). One day prior to hatch, yolk sac-free embryos 

comprised 13.02% of whole egg wet weight. This agrees well with a previous study in 

which yolk sac-free Atlantic salmon embryos were found to comprise 14.7% of the whole 

egg wet weight (Eddy and Talbot, 1985). During this time, the embryo is elaborating 

tissue and developing major organ systems (Blaxter, 1969). 

Whole Egg Ion Content and Distribution 

Until just prior to hatching, Na + was the least abundant electrolyte of those studied 

in whole rainbow trout eggs (Figure 2.3). Its linear relationship with dry weight (Figure 

2.2) suggests that whole egg ion content is determined largely by genetic factors and 

maternal contribution (Misiaszek, 1996). Despite the low inital levels of Na+, significant 

rates of accumulation were recorded over the last 20 days of embryonic development in all 

lots tested. This suggests that whole eggs are capable of regulating their Na + levels and 

that they may posess a mechanism for taking up Na+ from the environment prior to 

hatching. 
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There was also evidence that embryos are capable of taking up Na+ from the yolk 

sac, pvf, or both during embryonic development. Figure 2.4 suggests that both whole 

embryos and yolk sac-free embryos show a significant increase in Na + content over the last 

12 days of embryonic development. The lack of a change in yolk sac Na- content over the 

same period suggests that the embryo may be gaining Na+ from the pvf. 

The results of the present study are similar to those of other studies. This study is 

unique, however, in that it has combined changes in ion content with changes in ion 

distribution in 0. mykiss throughout much of embryonic development. Despite the 

inherent differences in experimental methods between studies, results of other experiments 

can be compared to the present study. For example, it has been shown in both Salmo 

salar and Salmo gairdneri that Na+ content increases through embryonic development 

(Rudy and Potts, 1969; Shen and Leatherland, 1977). Similarly, the distribution ofNa+ 

found in eggs of0. mykiss in the present study was very similar to that found by Eddy and 

Talbot (1985) in eggs of Atlantic salmon (In 0. mykiss, 93.1% whole egg Na+ was in 

whole embryo and 6% was in pvf and chorion; In Atlantic salmon, 93.6% whole egg Na+ 

was in whole embryo and 10.6% was in pvfand chorion). 

Ca2+ was the most abundant electrolyte of those studied (Figure 2.3). As was the 

case with Na+, the amount of whole egg Ca2+ was linearly related to dry weight (Figure 

2.2), suggesting maternal contribution to initial egg electrolyte level. The possibility of net 

Ca2+ accumulation in eggs was not clear in the present investigation. Although significant 

accumulation was found in 2 ofthe 4 lots sampled, the remaining lots showed a net loss or 

no change in Ca2+ content (Table 2.3). The lack of clear evidence for Ca2+ accumulation 
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does not necessarily mean that eggs are not capable of regulating it prior to hatch. It may 

suggest that if Ca2 
+ transport mechanisms exist in eggs and embryos, they may either be 

underdeveloped or not used for ion regulation at this stage 

Perhaps embryos do not require high levels of the ion until after hatching, when 

Ca2
+ is used for skeletal ossification and bone mineralization (Steingraeber and Gingerich, 

1991). Since neither the distribution within eggs nor the content of Ca2 
+ within whole 

embryos, yolk sac-free embryos and pvf change during the last 12 days of embryonic 

development (Figure 2.6), it is possible that the embryo and yolk sac contain all the 

required Ca2 
+ upon fertilization. 

It is also possible that if maternal contribution of Ca2
+ is insufficient to meet the 

demands of the developing embryo, exogenous supplies of Ca2 
+ may be taken up by the 

embryo. This may explain why two ofthe four lots sampled showed a net accumulation of 

Ca2+, while the other two lots showed no change. To provide evidence for this, it would 

be necessary to alter the maternal [Ca21 so as to determine the effects of low maternal 

contribution to ion levels. 

Although evidence for Ca2 
+ regulation in embryonic and larval teleosts is very 

limited, it is clear for some species that until sometime after hatching, embryos and larvae 

utilize the Ca2 
+ stores within their yolk sacs until a critical yolk sac weight is acheived 

(Hwang et a/., 1994; Misiaszek, 1996; Peterson and Martinrobichaud, 1986). In the 

current study, yolk sacs represent the largest source ofCa2 
+ within the egg. 

cr is less abundant than Ca2 
+ but more abundant than Na+ in whole eggs at the 

beginning of embryonic development (Figure 2.3). However, by the end of embryonic 
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development, eggs have virtually equal amounts ofNa+ and cr. Maternal contribution to 

initial whole egg ion content was also evident by the linear relationship between cr 

content and dry weight (Figure 2.2). As was the case with Ca2+, the results of the present 

study are not clear as to whether or not a significant accumulation of cr occurs in eggs 

prior to hatching. Accumulation rates were only significant in half of the lots measured 

(Table 2.3). Again, it is possible that if maternal contribution of cr is not sufficient, 

embryos may take up the anion from the pvf or environment. These findings do not 

discount the possibility ofcr regulation by eggs. 

Interestingly, there was a significant increase in cr content in the embryonic tissue 

over the last 12 days of development (Figure 2.5). At the same time, yolk sac cr levels 

dropped significantly. This may suggest that even if eggs are not gaining net amounts of 

cr, the developing embryo is capable of taking up cr, possibly from the yolk sac. 

Na+ Uptake Kinetics 

In whole eggs, the rate of 2'Na+ uptake was linearly related to external [Na +] 

(Figure 2. 7). This suggests that Na+ enters the egg via diffusion across the chorion into 

the pvf. However, in dechorionated embryos, there was a non-linear relationship between 

external concentration ofNa+ and the rate of Na+ uptake (JinNa+). Na+ uptake displayed 

typical Michaelis-Mentin kinetics. Up to a certain point (Jmax}, Na+ uptake by the animal 

was dependent on the external concentration of the ion. Beyond that point, further 

increases in external concentration had no effect on Na+ uptake. The evidence for 

saturable Na + uptake in dechorionated embryos suggests that there may be selective 
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transporting cells at the surface of the embryo. There is evidence for the presence of 

specific ion transporting cells in the yolk sac, pericardia!, cutaneous, and branchial 

epithelia of freshwater teleosts prior to hatching (Li et al., 1995; Ayson et al. 1994; 

Hwang eta/., 1994; Alderdice, 1988; Hwang and Hirano, 1985). The saturable nature of 

2~a+ uptake by dechorionated embryos does not necessarily mean that active uptake is 

occurring; facillitated diffusion is also saturable and it does not require energy. 

Jmax is related to the affinity of a transport carrier or selective channel (Km). A high 

Km indicates a low affinity of the carrier or channel for the ion (McWilliams and Shephard, 

1989). The results of this study showed that Km decreased in dechorionated embryos 

between day 31 and 45 (Table 2.4). This suggests that the embryo has ion transporting 

cells which increase their affinity for Na + just prior to hatching. These ion transporting 

cells are possibly chloride cells, as described previously for numerous teleost species 

(Misiaszek, 1996; Shen and Leatherland, 1977; Alderdice, 1988; Hwang, 1989; Kaneko et 

al., 1995; Hwang et al., 1994; Ayson et al., 1994, 1995). 

First day rainbow trout hatchlings were shown to have a very low Km for Na+ 

(Misiaszek, 1996). This agrees well with results of the present experiment. Misaszek 

(1996) argued that since there is such early evidence of transporting cells, it is possible 

that they play a role other than ion balance. She argued that they may play a role in acid­

base regulation, perhaps by Na+!'I-r exchange. This may also be the case with embryos, 

although further investigations must be done before it can be proven. 

The magnitude of Jmax depends on the transporting surface area, the number ofNa+ 

transporting cells, the number ofNa+ channels in the transporting cells, or any combination 
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of the three (Misaszek, 1996). The fact that the dechorionated embryos are capable of 

taking up radiolabelled Na+ suggests that the surface of the embryo contains the 

appropriate transporting cells prior to hatching. 

Jmax decreased in dechorionated embryos between day 31 and 45 (Table 2.4). This 

was not expected, since the gill and cutaneous surfaces elaborate prior to hatch, providing 

a larger surface area across which ions may be transported (Rombough, 1988, Morgan, 

1974; Wells and Pinder, 1996). Rombough (1988, 1991) argued that the cutaneous 

surfaces of embryonic and larval teleosts such as rainbow trout have a large surface area 

and thus act as the primary respiratory and ion exchange surface before the gills develop. 

However, it is possible that the ability to take up ions, such as Na+, is temporarily hindered 

shortly before hatching because of the activity and energy required by the embryo to free 

itself from the chorion. 

The Na+ efflux experiment performed in the present study showed that losses of 

ion occurred in both whole eggs and dechorionated embryos. In both cases, losses were 

rapid in the first 30 minutes, then were very slow for the remainder of the experiment. In 

a similar experiment with Atlantic Salmon, Eddy and Talbot (1985) argued that although 

eggs and dechorionated embryos lose Na + very rapidly within the first few minutes of the 

experiment, they lose Na + very slowly after that. They suggested that even after 13 days, 

each egg only exchanged 190/o of its whole egg Na+. 

In the 3 hour loading period, the amount of exchangeable Na + was found to be 

4.7% and 3.4% of whole egg and embryo Na+, respectively. The similarity of Na+ 

exchangeabilities suggests that prior to hatching, rainbow trout embryos are capable of 



62 

taking ions from the environment, whether it be pvf or external water. The slightly lower 

Na+ exchangeability in dechorionated embryos may show that transport mechanisms are 

not fully developed until after hatching. The fact that whole eggs exchange 4. 7% of their 

whole egg Na+ content in 3 hours is interesting because this study has also shown that 7% 

of whole egg Na+ was found in the pvf and chorion at 52 days post fertilization (figure 

2.4). The fact that exchangeable Na+ nearly equals pvf and chorion Na+ content suggests 

that the Na+ that is being exchanged is from the pvf, chorion, or both. These findings are 

similar to those ofEddy and Talbot (1985) and Rudy and Potts (1969) which showed that 

accessible Na+ space (contains readily exchangeable Na) in Atlantic Salmon was similar to 

the volume ofpvfand chorion. 

Ca1 
+ Uptake Kinetics 

Ca2+ uptake by whole eggs and dechorionated embryos also showed saturable 

Michaelis-Mentin kinetics (Figure 2.8). Km and Jmax were much greater in whole eggs than 

in dechorionated embryos (Table 2.5). 

Km was much higher in whole eggs than in dechorionated embryos. In addition, 

Km decreased in both eggs and embryos over the last 14 days of embryonic development. 

This reflects a much higher affinity of transporters or channels on the surface of the 

embryo than those on the chorion and also a higher affinity of the transporting mechanism 

as hatching approaches. Since the chorion is an acellular material, it is unlikely that special 

transporting cells would be present. It is likely, however, that ion channels or pores cover 

the surface ofthe chorion (Peterson and Martinrobichuad, 1986, 1993). 
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The large increase in Km in dechorionated embryos between day 35 and 42 

indicates a drop in transporter affinity for Ca2 
+ over this period. This may be due to 

activities and processes associated with hatching which would interfere with ion uptake. 

Dechorionated embryos do not appear to take up large amounts of Ca.,. (low Jmax, 

Table 2.5) prior to hatching. This is in accordance with data for rainbow trout hatchlings, 

which showed that until approximately 200dd after hatching, larvae do not take up 

significant amounts of Ca2 
+ from the environment. They utilize only Ca2 

+ stored within 

their yolk sacs (Misiaszek, 1996). The Jmax decreased in whole eggs as development 

proceeded, suggesting that as hatching approached, the chorion may have been damaged 

by the hatching enzyme (Steingraeber and Gingerich, 1991). This would allow some of 

the pvf to leak out of the egg, thereby causing a loss of ions and possibly a disruption of 

the permeability characteristics ofthe chorion. 

In whole eggs and dechorionated embryos, respectively, 5.72% and 0.12% of 

whole egg and embryo Ca2 
+ was exchangeable. The pvf and chorion contain 

approximately 5% of whole egg Ca2 
+ (Figure 2.6}, suggesting that the Ca2 

+ that is being 

exchanged is from the pvf or chorion or both. The very low amount of exchangeable Ca2 
+ 

in dechorionated embryos supports the suggestion that prior to exogenous feeding, 

embryos and larvae do not take Ca + from the environment. 

Conclusions 

• 	 Wet weight and water content of whole eggs do not change throughout embryonic 

development. 
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• 	 Accumulation ofNa+, Ca2
\ and cr was measured in whole eggs, suggesting an ability 

of embryos to ionoregulate. 

• 	 Redistribution ofNa+ and cr occurs between the yolk sac and body tissue. There are 

no changes in Ca2+ distribution prior to hatching. 

• 	 Na+ uptake by whole eggs is non-saturable, suggesting that diffusion of Na+ occurs 

across the chorion into the pvf 

• 	 Na+ uptake in dechorionated embryos is saturable, suggesting an active uptake or 

facilitated diffusion mechanism at the surface ofembryos. 

• 	 Ca2+ uptake by whole eggs and dechorionated embryos is saturable, suggesting an 

active uptake or faciliated diffusion mechanism at the surface of the embryo. 

• 	 Very low Ca2+ uptake rates in dechorionated embryos suggest that the Ca2+ uptake 

mechanism is not fully developed until after hatching. 
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CHAPTER 3: UNSTIRRED LAYERS AND LOCALIZATION OF ION ACTIVITY 

IN EMBRYONIC RAINBOW TROUT 

INTRODUCTION 

Eggs and embryos of salmonids, such as rainbow trout (0. mykiss) are 

metabolically active prior to hatching (Rombough, 1988; Boulekebache, 1981 ). This 

means that embryos are taking up 02 and are presumably excreting C02 and NHJNl14+ 

(Rombough, 1998; Rombough, 1988; Rombough and Ure, 1991; Wright et al, 1995; 

Rahaman-Norohna et al, 1996). These materials are taken up from and excreted into the 

unstirred layer (USL) of water adjacent to the animal. An unstirred layer is a region of 

semistagnant water adjacent to an organism where oxygen is depleted and metabolic 

wastes accumulate (Rombough, 1988). 

In adult teleosts, rates of C02 excretion are I 0 times those of NH3 excretion and 

many more times those ofir excretion (Randall and Wright, 1989). As C02 is excreted it 

combines with water to form HC03- and Ir, the latter of which acidifies the water 

adjacent to the gills (Randall and Wright, 1989). The reaction is catalysed by carbonic 

anhydrase which is found in mucous at the surface of the gills. Protons from this reaction 

combine with excreted NH3 to form ~+ (Randall and Wright, 1989). 

NH3 excretion is primarily via NH3movement down its PNH3 gradient (Randall and 

Wright, 1989; Wright, 1995). The pK of the protonation of NH3 to ~+ is 

approximately 9.5 (Randall and Wright, 1989). As a result, in most aquatic environments, 
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the majority ofthe NH3 excreted will form NH/, and thus will maintain a favorable PNH3 

gradient between body fluids and the environment. 

Very few studies have investigated the extent of USL acidification around teleost 

eggs and how this is related to NH3/NH/ excretion (Rahaman-Norohna et al., 1996). The 

sites of production of NH3~+ are unknown, as are the locations of excretion. In 

addition, the extent of C02 excretion has never been measured adjacent to embryos. 

Conventional methods of determining the extent of excretion of products such as 

NH3, N&+, and C02 are not particularly useful for use in embryonic teleosts. Not only 

are they not sensitive enough to measure the small changes in ion concentration, but they 

are also not able to provide information on the specific location of excretion of these 

materials at the surface ofembryos. 

Ion selective microelectrodes (ISMEs) provide a relatively simple method of 

measuring small changes in concentration ofions such as W and N&+ in the USL of small 

organisms and tissues (Ammann, 1986; Rahaman-Norohna et al, 1996; Collier and 

O'Donnell, 1997; Misiaszek, 1996). Measuring concentration differences at various 

locations adjacent to an organism provides an indication of specific sites of ion excretion. 

If there are no differences in ion concentration measured at various locations adjacent to 

an organism, it is likely that all body surfaces contribute equally to the excretion of those 

!ODS. 

Recently, ISMEs have been used to determine the extent of oxygen uptake across 

various epithelia of Atlantic salmon larvae (Rombough, 1998). In addition, an ISME 

method for the simultaneous measurement of pH and Pcoz has been described for use in 



67 

tissue preparations (Voipio and Ballanyi, 1997; Bomsztyk and Calalb, 1986). This method 

has never been attempted for live, whole animal preparations. 

It is the purpose of this chapter to determine if acidification and ~+ and C02 

accumulation occurs at the surface of rainbow trout eggs and embryos. Using ISMEs, 

[If'], ~+], and Pc02 are measured at various locations adjacent to eggs and 

dechorionated embryos and at various stages of embryonic development. The possible 

roles of pvf and chorion in the excretion of these materials will also be discussed. 
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MATERIALS AND METHODS 

Experimental Animals 

Rainbow trout eggs were obtained and maintained as descnbed in Chapter 2. 

Ion-Selective Microelectrodes and Data Acquisition 

Ion selective microelectrodes (ISME) were used to measure pH and specific ion 

concentrations at various locations around rainbow trout eggs and embryos. ISMEs were 

made from double-barrel non-:filamented glass capillary tubes (World Precision Instruments 

Inc.) following a method similar to that described by O'Donnell (1992). The glass was 

silanized to help prevent the experimental water from entering the tip and displacing the 

hydrophobic ionophore cocktail. Prior to silanization, the glass was soaked in concentrated 

nitric acid for 5 minutes, rinsed briefly in H20dd and dried on a heating plate in a fume hood. 

Each ISME was placed in a vertical micropipette puller (Narishige), pulled to a tip diameter of 

<11lffi and placed on a heating plate at 200°C. Dimethyldichlorosilane or 

trimethyldimethylsilylamine (approximately 2ml) (Sigma) was placed in a petri dish which was 

inverted over the ISMEs on a heating plate for 10 minutes. Electrodes were placed in a 

dessicator until use. In all experiments, reference electrodes were unsilanized filamented 1mm 

single-barrel glass capillary tubes (World Precision Instruments Inc.) filled with 3M KCl. 

Each barrel of the electrode was connected to a pH/ion amplifier (Model 2000, A-M 

Systems) using AgCh coated silver wire. The signal was fed through an analog to digital 
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converter (1L1 DMA Interface, Axon Instruments), then displayed and recorded on a PC­

based data acquisition system (AXOTAPE, Axon Instruments, Burlingame, California). 

Localization of NB/ and pH Differences 

Double-barrel ISMEs were used for simultaneous measurement of [NI-l.j and pH 

around eggs and dechorionated embryos at various stages of late embryonic and early larval 

development. The tips of the electrodes were broken slightly (<20~) to reduce electrode 

resistance and noise. 

The tip and shank of one barrel was filled with a pH ionophore cocktail based on the 

neutral carrier tridodecylamine (W ionophore cocktail B, 95293 Fluka). The remainder of the 

barrel was back:61led with a solution containing 1OOJJM NaCl and 1OOJJM sodium citrate, pH 

6.0. 

The tip and shank of the other barrel was injected with an NH/ ionophore containing 

7.5% nonactin, 2.5% monactin, 1% sodium tetraphenylborate, and sgo/o nitrophenyloctylether 

(Fluka). The remainder ofthe barrel was back:61led with a solution of500 mmolll NILCI. 

The pH barrel was calibrated using 2 solutions similar in ionic strength to the 

experimental bath water. The solutions were titrated with NaOH or HCl until they differed by 

1 pH unit. A pH macroelectrode, calibrated with standard solutions of pH 4 and 7, was used 

to monitor the pH ofthe calibration solutions for each experiment. 

The NH/ barrel was calibrated with 3 solutions containing I, 10, and IOOJ.Ullol/l 

Nl4Cl in bath water (pH was adjusted to 8.0 with IN NaOH). Due to significant levels of 
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ammonia (approximately 5-lOj..t.mol/1) in the water used to make the calibration solutions and 

bath water, it was necessary to remove the ammonia from the water by passing H20dd through 

Dowex-50 ion exchange resin (Sigma, 50X8-W). Dowex-50 was subsequently removed by 

vacuum filtration. Bath water was made by adding l.Ommol/1 NaCl, 0.5mmol/l CaCh, and 

0.5mmol/l Na2C~ to the ammonia-free water and adjusting pH to 8.0 with NaOH. 

Thirty minutes prior to each experiment, eggs were chosen at random from their 

holding containers. Half of the eggs were dechorionated and all animals were maintained in 

7'C dechlorinated tap water in subdued light until use. Embryos were exposed briefly to 

0.06g!L MS222 in bath water (pH 8.0), which induced light anaesthesia for approximately 30 

minutes. It was necessary to anaesthetize the dechorionated embryos prior to each experiment 

because excessive movements ofembryos damaged the electrodes. Whole eggs did not require 

anaesthetic. Immediately before each experiment, anaesthetized animals were rinsed briefly in 

bath water to remove surface-bound MS222. Each egg and embryo was placed in a bath 

water-filled petri dish containing a layer ofSylgard. Small pins were embedded in the Sylgard 

to confine the dechorionated embryos to a small area for the duration ofthe experiment. 

For each measurement, an ISME was placed 10-20!lffi away from the surface of eggs 

and dechorionated embryos. A dissecting microscope (16-40x magnification) was used to 

observe the position of the electrode and a micromanipulator was used to move the electrode 

to appropriate positions. Measurements were made at locations around the chorion, gills, yolk 

sac and trunk (i.e. developing embryo excluding yolk sac) (Figure 3.1). Preliminary 

measurements made at different locations around whole eggs showed that there were no 

differences in pH or [NH/] between these sites. As a result, subsequent measurements were 
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Figure 3.1: Locations ofNH/ and pH measurements around the dechorionated 

embryo using ISMEs. Pc02 was measured only at the surface of the 

gills. 
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made at a single location adjacent to the eggs. After each measurement, a bulk water 

measurement was taken greater than 1 em from the specimen. In all cases, potentials were 

measured relative to a reference electrode filled with 3M KCl which was positioned greater 

than 1 em away from the eggs and embryos. 

At the end of each experiment, all animals were monitored to ensure complete 

recovery. Results from embryos which failed to recover from anaesthesia were discarded. 

The pH of the bath water and of the USL next to the surface of eggs and 

dechorionated embryos was detennined using the following equation: 

pH= p&at- (AmV/S) 

Where, 	 pllaJ= pH from one ofthe caltbration solutions 
AmV= difference between calibration pH reading and bath water or USL pH 
reading (mV) 
S= slope ofpH electrode for a 1 pH unit change 

The ammonium concentration ofthe bath water and ofthe water next to the surface ofthe egg 

or dechorionated embryo (in ~was calculated using the following equation: 

[NR/]= [Nil.icat*1O"(AmV/S) 

Where, 	 [Nil.icat= concentration of ammonium from an NH/ calibration solution 
(~ 
AmV= difference (in mV) recorded when the electrode was moved between 
the calibration solution and the bulk water or USL 
S= slope ofthe~+ electrode for a 10- fold change in [NH.1 (mV) 
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pH and Pcoz Around Whole Eggs and Dechorionated Embryos 

A modified ISME technique was used for simultaneous measurements of pH and P002 

in the USL of dechorionated embryos. As described by Bomsztyk and Caialb (1986), Voipio 

and Kaila (1993), and Voipio and Ballanyi ( 1997), this method has a significantly faster 

response than previous Pc02 microelectrodes. A double-barrel ISME was used in which one 

barrel was sensitive to Pc02 and both barrels were sensitive to pH. P002 was then calculated by 

subtraction. 

Silanized double-barrel capillary glass was pulled to a tip diameter of<1J.Un and broken 

back to a diameter of4-1 OJ.Ull. One barre~ to become C(h sensitive, was first backfilled up to 

the shank with a solution containing 150mM NaCI and 1 mglml carbonic anhydrase (Sigma). 

NaOH was added to yield a pH higher than 9.0. 

The filling solution for the Ir- selective barrel was 1 00~ NaCI and I00~ Na 

citrate, pH 6.0. Pressure was applied by syringe to force out air in the shank and tip. The tip 

was then immersed in a liquid membrane solution (H+ ionophore cocktail 1, 1-37772 Sigma). 

Care was taken to ensure the ionophore cocktail was saturated with 1 000/o C<h prior to use. If 

the cocktail was not C<h saturated, the electrode did not respond to changes in external P002. 

Slight suction was applied by syringe to the pH barrel (i.e. the barrel containing NaCl 

and Na citrate), so as to take up a column of ionophore cocktail about 300 J.1lll in length. A 

brief pulse of weak suction was then used to take up a very short column (~0 J.Un) of the 

http:of<1J.Un
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ionophore into the tip of the other barrel containing NaCl and carbonic anhydrase. This barrel 

will thus be sensitive to changes in both pH and Pem. 

Pc02 was calculated as the difference in the signals ofthe two barrels: 

Pcor pH- (Pcoz + pH) 

where Pcoz equals the change in potential in the Poo2 barrel after subtraction; pH equals the 

change in potential from the pH barre~ (Pcoz +pH) equals the gross change in potential in the 

Pem/ pH sensitive barrel prior to subtraction ofthe pH potential. 

The signal was calculated in this way (i.e. inverted) so that increases in external Pcm 

result in a positive-going change in electrode potential. C(h diffuses across the short column 

ofionophore cocktail, is hydrated to produce It and HC(h- by the action ofcarbonic 

anhydrase, and acidifies the backfill solution in the inner interface ofthe cocktail. Electrode 

potential thus shifts negative (i.e. the same direction as when the external pH is made more 

basic). In effect, an increase in Pem drives the electrode response negative and subtraction is 

done as above so that an increase in Pem moves the potential in the same direction as an 

increase in (It]. 

Electrodes were calibrated using step changes in Pcm (at constant solution pH) and 

changes in solution pH (at constant P em). The pH electrode was calibrated with two samples 

of bath water (dechlorinated Hamilton tap water with 3mmolll NaCl, titrated to pH 8.9 with 

IN NaOH) differing by 1 pH unit. The Pcm barrel was calibrated with bath water equilibrated 

with either 2% or 9"/o C<h (balance (h). Taking into consideration water vapour pressure at 
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20°C, the corresponding Pc02 values were 14.8 and 66.8mmHg, respectively. Bicarbonate was 

added to each Pe02 calibration solution to maintain solution pH. Bicarbonate levels in the 2% 

and go1o C02 solutions, calculated using the Henderson- Hasslebalch equation, were 

10.7mmolll (0.9g/l) and 48.8mmol/l (4.1g/l), respectively. The calibrations were done at the 

same temperature as the experiments (7- 12°C). 

After the electrodes were assembled and calibrated, measurements of pH and PC02 

were made at the surface of the gills in dechorionated embryos. Electrodes were positioned 

with a micromanipulator and were observed with a 16-40x dissecting microscope. The 

electrode was placed 10-20J..t.m from the surface of the embryo. The reference electrode (3M 

KCl) was placed greater than 1cm away from the surface ofthe animals. 

The c~ cahbration solutions had less than a ten-fold difference between them (14.8 

and 66.8 mmHg). A corrected slope corresponding to the change in potential for a 10-fold 

change in Pe02 was therefore determined using the following equation: 

Where, S= corrected slope representing a 1 0-fold change in PC02 
At= change in mV between two calibration solutions 
Pcoz (1)= highest calibration Pc02 
Pcoz<z>= lowest calibration Pe02 

The unknown PC~was then calculated using the following equation: 
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Pc02 (bath water or USL)= Pcolcal*lO"(A~S) 

Where, Pc02 ca1= one calibration value for C{h (mmHg) 
Ar= the change in mV between one Pcm calibration solution and experimental (bath 
water or USL) measurement. 

Statistical Analysis 

Differences between 2 means were compared using student t-tests. Differences 

between more than 2 means (i.e. changes in pH different ages or in pH differences at different 

sites) were analysed using either one-way or two-way analysis ofvariance (ANOVA). Tukey 

and least standard difference (LSD) post-hoc tests were then performed to determine 

significance between variables. Differences were judged to be significant ifp< 0.05. 
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RESULTS 

pH Around Egg and Dechorionated Embryo 

At all ages, the pH of the unstirred layer (USL) around eggs was more acid than 

the bulk water (t-test, p<O.OS) (Figure 3.2). The mean pH of the USL around whole eggs 

ranged from 0.20 ± 0.01 to 0.60 ± 0.05 units acid relative to the bulk water between 15 

and 42 days after fertilization. This represents a range of [H+] between 2.6 ± 4.2nmol/l 

and 68.7 ± 6.9nmol/l. There was a significant increase in acidity of whole egg USL 

between day 30 and 38 (ANOV A, p<O.OS), followed by a significant decline between day 

38 and 42 (ANOVA, p<O.OS). 

pH in the USL of dechorionated embryos was also acid relative to the bulk water 

at all ages (t-test, p<O.OS) (Figure 3.3). Acidification was greater around the gills (0.41 ± 

0.05 to 0.81 ± 0.06 units acid relative to bath water) and trunk surface (0.48 ± 0.11 to 

0.72 ± 0.05 units) than around the yolk sac (0.29 ± 0.94 to 0.67 ± 0.25 units) from 25 to 

51 days after fertilization (ANOV A, p<O.OS). 

In the USL around both the gills and yolk sac, there was a small but significant 

drop in acidification between day 25 and 35 (gills change from 0.81 to 0.41; yolk sac 

changes from 0.47 to 0.29 units acid relative to bulk water). This was followed by a 

significant increase in acidification around gills between day 38 and 42 (0.41 to 0.63 units 

acid relative to bath water) (ANOVA, p<O.OS). The USL adjacent to the trunk surfaces 
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Figure 3.2: 	 Changes in acidification of the unstirred layer around whole eggs at 

different stages of embryonic development, relative to bath water. 

Arrow indicates day of hatching. Bath pH is 7.9. 

Means± SE, n=4-5. 
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Figure 3.3: 	 Changes in acidity with respect to bath water measured at various 

locations around dechorionated embryos at various stages of late 

embryonic and early larval development. Arrow indicates day of 

hatching. A. Gills, B. Trunk, C. Yolk Sac. Bath pH was 7.9. 

Means± SE, n=4-5. 
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did not change dramatically between day 25 and 42 and the USL adjacent to all body 

surfaces did not change significantly between day 42 and 43 (day of hatching). 

pH/ Pcoz Microelectrodes 

The use of double- barrel pHI Pc02 electrodes has not been previously documented 

in whole live animal preparations. Manufacturing the electrodes was relatively simple and 

approximately 60% of all electrodes made were functional. Prior to each experiment it 

was necessary to immerse the electrode tip for 30 minutes in a solution of bath water 

equilibrated with 9% C02 (the highest Pc02 standard). A single working electrode had an 

average lifetime of 6-8 hours. Close contact with the mucous layer around the surface of 

the embryo often damaged the electrode, especially if the embryo moved excessively. In 

addition, the short column of ionophore cocktail was easily displaced from the tip if the 

electrode was moved frequently between calibration solutions. Ideal column stability was 

acheived if electrode tips were not too long or broken and if transfer of the electrode 

between solutions was minimized. 

Functioning electrodes were characterized by very small changes in the signal from 

the Pc02 barrel during pH changes and very small changes in the pH signal during Pc02 

changes (Figure 3.4). It took approximately 5-10 seconds for the Pc02 barrel to respond 

to changes in C02 tensions and signal equilibration was acheived in 1-2 minutes. It was 

difficult to ensure that pH of the Pco2 calibration solutions was equal. As a result, the pH 

barrel often responded to changes in P co2 because of the difference in pH between them. 

No correction factor was required for the Pc02 response in these cases because the signal 
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Figure 3.4: Sample chart recordings for pHIPco2microelectrode calibrations 

A. pH calibration: signal from pH barrel with pH change (0.8 pH 


units). 


B. pH calibration: signal from Pco2 barrel with pH change. 


*C. Pco2 calibration: signal from pH barrel with Pco2 change 


(2% to 9% C02). 


*D. Pco2 calibration: signal from Pco2 barrel with Pco2 change. 


* It is difficult to ensure that the Pco2 calibration solutions have the same pH. As a 

result, chart recordings show a response from the pH barrel during Pco2 

calibrations (Panel C). This does not interfere with the recordings from the Pco2 

barrel, since the P co2signal is subtracted from the pH signal before it is recorded. 

Also the chart recordings show that the P co2 signal is not affected by changes in 

solution pH (Panel B). 

Signals go offscale as a result of the creation of an open circuit when electrodes 

are moved between solutions. 
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recorded from the Pc02 barrel is subtracted from the pH signal. In addition, the lack of a 

response by the Pcoz barrel to changes in pH confirms that the electrode was working 

properly (Figure 3.4). 

It is also important to notice that as electrodes were moved between calibration 

and experimental solutions, the electrodes were exposed to the air briefly, thus creating an 

open circuit. As a result, the signals went offscale. 

Signals from the Pcoz barrel were not symmetrical; that is, electrodes were quick 

to respond when moved from low to high Pc02, but were slow to recover when moved 

from the high to low Pcoz. It is likely that the diffusion time ofCOz and IT (which trigger 

the electrode response) into the ionophore cocktail and backfill solution was faster than 

the diffusion time of these materials out of the cocktail and backfill solutions. 

pH and Pc02 Adjacent to the Surface ofDechorionated Embryos 

The USL around the gills was found to be significantly more acidic than the bath 

water throughout embryonic development. pH of the USL was 7.7 ± 0.1, while pH of the 

bath water was 8.9 ± 0.1 (n=14). The extent of USL acidification using this technique 

was greater than the extent ofUSL acidification using the pli/NI-4+ technique because the 

pH of the bath water used in the latter technique was 7. 9. 

Pcoz was higher in the USL adjacent to the embryo than in the bulk water; the Pco2 

of the USL and bulk water was 10.78 ± 2.6mmHg and 3.98 ± 0.7 respectively (n= 14). 

HC03 concentrations were calculated from the Henderson- Hasslebalch equation: 
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where [HCOJ-] was bicarbonate concentration in mmol/l; pH was the pH of the USL or 

bath water; pK was the equilibrium constant for conversion of C02 to HC03 at a given 

temperature and salinity; a was the solubility coefficient of C02 at a given temperature 

and salinity (mmol*L"1mmHg-1
); Pcoz was partial pressure of C02 in torr or mmHg. 

[HC03-] was 157.5 ± 38.4 mmol/1 and 37.2 ± 7.5 mmol/l in the bulk water and the USL, 

respectively. 

[NH/] Adjacent to Eggs and Dechorionated Embryos 

The unstirred layer around whole eggs had a significantly higher [NH/] than the 

bulk water. The average bulk water~+] was 1.92lJ.molll, while the range of egg USL 

[NH/] was 5.0 ± 1.6 to 20.2 ± 2.2lJ.mol/l (t-test, p<O.S) (Figure 3.5). There was a 

significant increase in [NH.+] between day 28 and 32 (from 7.2 to 21.2lJ.ffiol/l) followed by 

a decrease between day 38 and 42 (ANOVA, p<0.05). 

There was also a significantly higher f:NH41 around the surface of the 

dechorionated embryo than in the bulk water between day 25 and 51 (t-test, p<O.OS) 

(Figure 3.6). [NH/] ranged from 13.5 ± 3.5 to 68.0 ± 16.4lJ.mol/l next to the gills, 11.2 ± 

1.4 to 39.6 ± 5.9lJ.mol/l next to the trunk, and 7.8 ± 4.5 to 23.7 ± 4.5lJ.mol/l next to the 

yolk sac. ~+] of the USL adjacent to the gills was slightly but significantly higher than 
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Figure 3.5: 	 NH..+ concentration in the USL around whole eggs at different 

stages of embryonic development. Arrow indicates day of hatching. 

Average bulk water l.NH41=l.9lJ.mol/l. Means± SE, n=4-5. 
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that around the trunk and was considerably higher than the USL adjacent to the yolk sac 

(ANOVA, p<0.05). There was also a significantly higher [NH/] around the trunk surface 

than around the yolk sac (ANOV A, p<0.05). 

USL [NR.+] adjacent to all sites changed little between day 25 and 42. At day 43 

(day of hatch), there was not a significant change in [NR.+] at any of the sites measured 

(ANOVA, p<0.05). However, [NR.+] in the USL adjacent to the gills increased 

significantly from 22.2 to 59.3J..1.mol/l between the day of hatch on day 43 and 51 

(ANOVA, p<0.05). There were no significant differences seen in [NR.1 around the trunk 

or yolk sac surfaces from day 25 to day 51 (ANOVA, p<O.OS). 
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Figure 3.6: 	 Changes in NH4+ concentration with respect to bulk water 

measured at various locations around dechorionated embryos at 

various stages oflate embryonic and early larval development. 

Arrow indicates day ofhatching. A. Gills, B. Trunk, C. Yolk Sac. 

Average bulk water [NH/]= 1.9J..Lmol/l. Means± SE, n=4-5. 
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DISCUSSION 

pH in Unstirred Layer (USL) Adjacent to Eggs and Embryos 

Contributing Factors to USL acidification 

The results show that whole eggs and dechorionated embryos develop an acid 

unstirred layer relative to the bulk water (Figure 3.2, 3.3). It is expected that since C02 

excretion rates are considerably higher than those ofNH3 or W, Pc02 of the USL adjacent 

to the surface of dechorionated embryos would be the primary determinant ofUSL pH. 

The contribution ofPc02 to pH ofUSLs can be determined by measuring the buffer 

capacity of the USL. However, in live embryos, buffer capacity of the USL would be 

quite difficult to determine, since it would require equilibrating the USL with two 

solutions of known Pc02 and measuring pH of the USL at each Pc02. Exposing live 

embryos to gas mixtures with different Pc02 would drastically affect the 'normal' 

physiology of the animals. 

Although it is likely that the buffer capacity ofUSLs adjacent to eggs and embryos 

is quite different from that of the surrounding water, a comparison of the changes in pH, 

Pc02, and [HC03-] measured at the surface of dechorionated embryos, with the buffer 

capacity of normal water may be useful. For example, figure 3.7 compares the pH, Pc02, 

and [HC03-] in the USL with the buffer capacity of typical seawater (Booth eta/., 1984). 

This comparison reveals that based on a seawater buffer capacity, approximately 40% of 
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Figure 3.7: 	 A comparison of pH, Pc02, and [HC03"] in the USL adjacent to gills 

ofdechorionated embryos to seawater buffer curve (from Booth et 

a/., 1984). Means± SE, n=l4. 
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USL acidification adjacent to dechorionated embryos is due to C02 excretion, while 60% 

is due to other acid sources. This is likely a great underestimation of the contribution of 

C02 to USL acidification. Since typical freshwater likely has a buffer capacity which is 

considerably lower than that of seawater, it is probable that C02 excretion contributes 

much more to USL acidification than this analysis suggests. 

In addition, in the present experiment, bulk water was titrated to pH 8. 9 for the 

purpose ofmeasuring larger pH differences at the surface of embryos. It is possible that a 

bulk water pH of 8.9 creates a non-equilibrium situation for the embryos in which 

'normal' ion and acid-base balance cannot be acheived. It is important to extend this 

experiment to include embryos bathed in solution ofphysiological pH. 

Despite the problems of using bathwater with such a high pH, the results show 

clearly that double-barrel ISMEs for pHIPc02 measurements can be a useful and important 

tool for determining the effect of C02 excretion on pH changes in unstirred layers of live 

animal tissue. 

pH Localization 

Data collected in this study between day 25 and day 51 after fertilization showed 

that USL acidification occurred at all sites at all days (Figure 3.2, 3.3). It is likely that 

USL acidification occurs prior to this, since metabolic rate and presumably C02 

production increase rapidly after fertilization (Boulekebache, 1981 ). The results of the 

present experiment agree with those ofRahaman- Norohna et a/.(1996) which found that 

an acid USL (0.32 pH units acid relative to the bulk water) exists around 40 day- old 0. 
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mykiss eggs. This, they argued, was similar to the acidification found in the USL adjacent 

to adult rainbow trout gills. 

It was found that the USL around the gills and trunk (cutaneous surface not 

including the yolk sac) was more acidic than the USL around the yolk sac (Figure 3.3). 

Assuming that C02 excretion contributes largely to the pH of USL, the trunk and gills 

must play a greater role in respiratory gas exchange than the yolk sac. Recently it has 

been shown that although cutaneous surfaces (body and yolk sac) contribute to greater 

than 70% of respiratory gas exchange prior to hatching, the yolk sac plays a minor role in 

whole body gas exchange in rainbow trout and Atlantic salmon (Rombough, 1998; Wells 

and Pinder, 1996). Wells and Pinder (1996) and Rombough (1998) argued that although 

the yolk sac has a large surface area and an elaborate circulatory system, it is responsible 

for less than 3 5% of total 02 uptake. Despite the minimal contribution by the yolk sac to 

USL acidification, it is clear that the gills play a major role in USL acidification. This 

suggests that the gills are capable of functioning to some degree prior to hatching. 

It is noteworthy that the USL around the chorion is less acidic than the USL 

adjacent to the embryo. Measurements of pH in the USL adjacent to eggs were made at a 

greater distance from the cellular source of C02 and W excretion than those made at the 

surface of dechorionated embryos. As a result, it was expected that the concentrations of 

C02 and W would be lower at the surface of the eggs. Although the dechorionated 

embryos were anaesthetized, it is likely that their metabolic rates were high enough to 

excrete significant amounts of metabolic waste products into the USL. Unanesthetized 
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embryos enclosed in their chorions would produce greater amounts of metabolic waste 

products in a given time than anaesthetized embryos, but the concentration of these 

products would still be higher in the USL adjacent to the embryo than in the USL adjacent 

to the egg. 

pH Changes Through Late Embryonic and Early Larval Development 

The extent ofUSL acidification adjacent to dechorionated embryos did not change 

significantly between day 25 and day 51 (Figure 3.3). Patterns of USL acidification 

adjacent to eggs were more pronounced than those adjacent to the embryo prior to 

hatching (day 43). Again, these differences may be attributed partly to the use of 

anaesthesia in dechorionated embryos. These embryos moved and ventilated much less 

than the embryos within their chorions. Given that USL acidification is due primarily to 

C02 excretion, an inhibition of ventilation and activity would likely result in less dramatic 

changes in pH of the USL around the dechorionated embryos. Also, pH measurements 

were made only at 3 sites around embryos. It is possible that ifmeasurements were made 

at more sites, the dramatic changes in pH adjacent to the whole egg would be accounted 

for at the surface ofthe embryo. The changes that occur at the surface of the egg may be 

an average or sum of the changes occurring at all sites adjacent to the embryo. 

Finally,inherent variability between animals sampled may have contributed to the lack of 

similarity in pH patterns in the USL adjacent to whole eggs and dechorionated embryos. 

The data from dechorionated embryos and first day hatchlings from the present 

investigation can be compared to those found previously in rainbow trout hatchlings 



99 

(Misiaszek, 1996). In recent hatchlings, Misiaszek ( 1996) determined that pH at the 

surface of the gills, trunk, and yolk sac was acid relative to the bulk water. The same 

study also showed a large peak in acidity at the surface of first- day hatchlings. This peak, 

Misiaszek ( 1996) argued, was due to a transient increase in metabolic oxygen 

consumption resulting from the repayment of an oxygen debt associated with hatching. 

The present experiment did not show a similar peak in acidity. It is not likely that 02 

supplies are limited to the developing embryos within hours or days of hatching, since 02 

permeability of the chorion is relatively high (Peterson and Martin-Robichaud, 1986). In 

addition, small holes can be seen within the chorion a few days prior to hatching, probably 

as a result of the activity of the hatching enzyme. This would further break down any 02 

diffusion barriers across the chorion. 

[NR&1 in USL of Eggs and Dechorionated Embryos 

Contributing Factors to [Nllt1 in USL 

At least 3 factors will influence [NIL.+] in USL adjacent to eggs and embryos. 

Firstly, protein catabolism from the yolk sac is the major source of energy for developing 

teleost embryos (Kamler, 1992). As a result, NH3 production is likely to occur in eggs at 

a very early age (Kamler, 1992). Since NH3 is very toxic to organisms, eggs and embryos 

must possess an ability to excrete it into the pvf, environment, or both (Wright, 1995; 

Rahaman- Norohna et a/., 1996). NH3 production and excretion may vary within eggs 

(i.e. different sites of embryos may produce and excrete NH3 more than others). 
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Secondly, pH of the USL adjacent to organisms will affect the amount of NH3 

excreted and the amount of NH3 that will be converted to Nil.+. The conversion of NH3 

to Nil.+ has a pK of9.5 (Randall and Wright, 1989; Wright, 1995; Rahaman-Norohna et 

a/., 1996). As a result, most of the NH3 excreted from typical rainbow trout tissues into 

typical freshwater will be converted to ~+ in the USL, since most tissues and freshwater 

have a pH less than 9.5. PNID will tend to be higher in more alkaline tissue 'compartments' 

and NH3 will tend to diffuse into more acidic compartments such as the yolk or pvf 

(Rahaman- Norohna eta/., 1996). The conversion ofNH3to Nil.+ in the USL maintains a 

PNID gradient favouring NH3 excretion. 

Finally, permeability ofbody and egg tissues to NH3 or Nil.+ will affect [NH.+] in 

the USL. Although it has been suggested that NIL.+ electrochemical gradients play a role 

in ammonia transfer across cell membranes, the extent of NliJ+ permeability across 

embryonic and chorionic tissues is unclear (Rahaman- Norohna eta/., 1996; Wright eta/., 

1988). Nonetheless, two sites with similar USL pH may have different [NH.+] by virtue of 

different permeabilities to NH3 or Nil.+. 

Localization of [NH/] in USL 

The results of this investigation showed that USL of eggs and dechorionated 

embryos had a relatively high concentration of NIL.+ compared to the bath water (Figure 

3.5, 3.6), suggesting an ability of embryos to excrete considerable quantities ofNH3 prior 

to hatching. It is important to point out that this investigation did not include the 

measurement of NH3 excretion rates. Determining excretion rates would have required 
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the measurement of 2 concentrations of N'R.+ at 2 locations away from the eggs and 

embryos (based on Fick's Law). However, in the present study only single point 

measurements were made and no flux calculations were performed. Nonetheless, this 

method provides a qualitative indication of the extent of NH3 excretion (by measuring 

N'R.+ concentration) throughout the end of embryonic and the start oflarval development, 

assuming constant USL pH on each sampling day. It also provides evidence for the ability 

ofNH3and/or N'R.+to cross the chorion. 

The USL around whole eggs was shown to have a low [NIL-] relative to the 

surfaces of dechorionated embryos. Since measurements made at the USL adjacent to the 

chorion were further away from the source of NH3 excretion than those made at the USL 

adjacent to the embryo, a lower [NR.j may have been expected. Whether embryos were 

anaesthetized or not, it was expected that a constant production and excretion of NH3 

and/or N'R.+by embryos would result in a higher concentration of tbe molecule in the 

USL adjacent to the source ofexcretion than in the USL adjacent to the chorion. It is also 

possible that as NH3 is excreted from the animal it combines with W in the pvf (an acid 

compartment) and gets 'trapped' as N'R.+, a relatively impermeable molecule (Rahaman­

Norohna et al., 1996; Wright et al., 1988). This would aid in the explanation of the low 

lNH4+] measured in the egg USL. 

The results showed only a slightly higher concentration of NIL- in the USL near 

the gills than in the USL near the trunk, relative to bath water prior to hatching (Figure 

3 .6). This provides further evidence for the importance ofcutaneous surfaces in metabolic 
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gas exchange in embryonic teleosts. In larval and adult rainbow trout, it has been shown 

that the gills are the predominant source of ammonia excretion (Misiaszek, 1996~ Wright, 

1995~ Wright et al. 1995). 

The USL adjacent to the yolk sac had a NR. + concentration that was less than half 

that found around the gills and trunk. Since the yolk sac contains a very high NR. + 

concentration (3000J..Lmol/L) it was expected that the PNH4+ gradient would be favourable 

for NR. + excretion (Rahaman- Norohna et al., 1996). The relatively low [NR.+] measured 

adjacent to the yolk sac reflects the impermeability of the yolk sac to NR.+. As NH3 is 

excreted from the body into the yolk sac, which has been shown to be an acid 

compartment, it combines with IT to form Nil.+. NR. + is a relatively large molecule and 

it gets 'trapped' in the yolk sac (Rahaman- Norohna et al., 1996). 

[NH/] Changes Through Late Embryonic and Early Larval Development 

Despite the similarity between gills and trunk prior to hatching (between day 25 

and 42), there was a significant increase in [NR.+] adjacent to the gills immediately after 

hatching (after day 43) (Figure 3.6). These changes in NR.+ were not accompanied by 

changes in pH. In addition, changes in [Nil.+] that occurred adjacent to gills were not 

accompanied by changes at the trunk or yolk sac. This suggests that the permeability of 

gill tissue to NH3 and/or NR. + increases after hatching. It has been shown that 02 

permeability of yolk sac and trunk surfaces decreases steadily as yolk sac absorption 

occurs, since the skin on these surfaces thickens after hatching (Rombough, 1998~ Wells 
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and Pinder, 1996a,b). This likely influences permeability of the yolk sac and trunk to 

other materials such as NH3 and NliJ+,and possibly affects gill permeability. 

These results agree with those of Misiaszek ( 1996), which determined that 

although ~+] adjacent to the gills increased dramatically after hatching, ~+] 

adjacent to other body surfaces did not change after hatching. The change in ~+] 

adjacent to the gills may be associated with the development and elaboration of gill tissue 

which may allow for an increase in NHJNII4+ permeability (Misiaskek, 1996; Morgan, 

1974). 

From day 28 to hatching, there seemed to be no dramatic changes in ~+] 

adjacent to the embryo (Figure 3.6). This is consistent with the finding that NH3 excretion 

rates do not change significantly in rainbow trout embryos over this same period (Wright 

et a/., 1995). Since protein catabolism is the primary source of energy for developing 

embryos (Kamler, 1992), the lack of a change in either [NH/] or NH3 excretion rate by 

the embryo within 2 weeks of hatching suggests that metabolic rate remains relatively 

constant during this period (Wright eta/., 1995). Rombough (1988) argued that changes 

in metabolic rate during embryonic development are not clear; some studies show a large 

change, while others show a small, gradual change. Still others suggest that there may be 

a slight decline in metabolic rate prior to hatching (Rombough, 1988). 

Conclusions 

• USL acidification occurs adjacent to whole eggs and dechorionated embryos. 
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• 	 Pco2 is higher in the USL adjacent to the gills than in the bulk water and likely 

accounts for most of the USL acidification. 

• 	 Gills and trunk contribute more to USL acidification than yolk sac, pointing to the 

importance of these surfaces prior to hatching. 

• 	 Gills are the primary site of NH3/N&+ excretion prior to hatching. There is likely an 

increase in gill permeability to these molecules as the gills develop after hatching. 

• 	 Low concentrations of ~+ in the USL adjacent to yolk sac and chorion suggest a 

role of 'acid trapping' in NH3 and/or NH.+ excretion across the yolk sac and pvf 
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CHAPTER 4: GENERAL DISCUSSION 

Ion Balance 

This study has demonstrated influxes, effluxes, and redistribution of ions by eggs 

and embryos of rainbow trout prior to hatching. Accumulation of the major cations and 

anions, Ca2
\ Na+, and cr, by whole eggs and embryos suggests that embryos posses the 

required mechanisms for ion regulation and possibly for ion uptake from the environment. 

Although exchange of Ca2+, cr, and Na+ is believed to occur across mitochondria rich 

cells in the yolk sac, trunk, pericardia} region and primary gill lamellae (Li et al., 1995; 

Ayson et al., 1994; Hwang et al., 1994; Alderdice, 1988; Hwang and Hirano, 1985), there 

is a lack of quantitative evidence for this in the literature. Because of the differences in 

Na+ and Ca2+ by dechorionated embryos (Table 2.4, 2.5) and developing larvae 

(Misiaszek, 1996), it is possible that the mechanism for Na+ regulation is different from 

that for Ca2+ regulation and that these mechanisms develop at different stages of 

development. 

The results also suggest that not all body surfaces contribute equally to ion 

regulation prior to hatching. Developing embryos and larvae may take these ions up from 

different locations (i.e. Na+ may be taken up primarily from pvf or environment, while Ca2+ 

may be taken up primarily from the yolk sac) and some tissues may contribute more than 

others to ion regulation (i.e. gills, body, yolk sac). 
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A profitable area for future research will be the analysis of sites and mechanisms of 

Ca2+, It, Na+ and cr fluxes in isolated embryos (Somieski and Nagel, 1998; Smith eta/., 

1994; Kuhtreiber and Jaffe, 1990). The self-referencing ion probe and the vibrating 

current density probe techniques are useful because they have very low noise and resolve 

very small signals (i.e. self-referencing ISMEs can resolve J..lV changes whereas static 

ISMEs can resolve only mV changes). Whereas the vibrating current density probe 

measures the current produced by ion fluxes in the USL adjacent to cells, the self­

referencing ion selective probe measures the activity of specific ions (Somieski and Nagel, 

1998; Smith eta/., 1994). Recently, the former technique has been used to show that cr 

movement across frog epithelia is via paracellular pathways between MRCs (Somieski and 

Nagel, 1998). Both techniques may be of great use in determining the extent and 

mechanisms of ion fluxes in embryonic teleost tissues. For example, the role of MRCs in 

the exchange of ions across the yolk sac, branchial, and cutaneous surfaces can be 

investigated using these techniques. 

Metabolic Gas Exchange and USL Acidification 

This study has also shown that sites of exchange of It, NH,+, and C02 can be 

determined by ISME analysis of the USL of developing eggs and embryos. This non­

invasive technique has a fine spatial resolution (<100J..lm). This technique has shown that 

not all body surfaces contribute equally to metabolic gas exchange and waste excretion. 

The gills are a predominant site of C02 and NH3/NlL+ exchange. The trunk surface also 

http:100J..lm
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plays an important role in the exchange of these materials, whereas the yolk sac plays a 

minor role. This suggests that although the gills are not fully developed until hatching, 

they are clearly capable of ion and gas exchange prior to hatching. It also provides further 

evidence for the role of cutaneous surfaces in embryonic and larval respiration and 

metabolism. Investigating the possibility of changes in permeability of gills, trunk, and 

yolk sac surfaces to NH3, NH/, and other ions, due to thickening of skin after the 'eyed' 

stage would be useful. 

Furthermore, it is important to determine the specific location of NHJNR.+ 

production and the extent and mechanism of NH/ excretion in embryonic rainbow trout. 

Although it is believed that NH4+ is relatively impermeable across yolk sac epithelia 

(Rahaman-Norohna et a/., 1996), there have been few, if any, studies measuring the 

permeability ofgill and trunk surfaces to ~+. 

Acidification of USL was determined to be significant at all ages and locations 

measured adjacent to eggs and dechorionated embryos. This, and the fact that significant 

concentrations of NR.+ were measured at the surface of eggs and embryos, suggests that 

embryos are capable of catabolizing proteins from the yolk sac and producing C02 via 

aerobic metabolism. 

It is not known whether sites of C02 and NH31Nll.+ excretion correspond to sites 

of ion exchange and whether these processes are linked. Rahaman-Norohna eta/. (1996) 

found that increasing external [Na 1 resulted in increased NH3 excretion rates but that 

exposure to low external [Na+] had no effect on ammonia excretion rates. They have also 

found that a low pH corresponds to high NH3 excretion rate by virtue of a large PNID 
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gradient across the body and egg surfaces. It is possible that changes in external ion 

concentrations (Na+, Ca2+, and Cr) have an effect on external pH by interfering with W 

exchange across embryonic epithelia, which in tum affects NH3 excretion. 

The present study compliments recent work by Rombough (1998) on the 

localization of P02 in embryonic teleosts, Misiaszek (1996) on the development of ion 

regulation in larval rainbow trout, and Rahaman-Norohna eta/. (1996) on the localization 

of W (C02) and NRt+ excretion in rainbow trout eggs. All of these studies have shown 

that measuring concentrations and fluxes of materials at the surface of eggs, embryos, and 

larvae provides useful information on the development of various body tissues and 

processes. Methods such as those used in this study can potentially be used to study 

transcutaneous fluxes and concentrations of any substance consumed or excreted across 

embryonic and larval teleost surfaces. 

Advantages of Dechorionating Embryos 

Techniques for the dechorionation of embryos are relatively simple and were 

invaluable for most of the experiments in this study. It was found that embryos removed 

from their chorions were viable; dechorionated embryos survived in excess of 2 weeks in 

small volumes of saline or dechlorinated tap water at 4°C. This observation raises 

questions concerning the functional significance of the pvf and chorion. Although 

research on chorions has revealed information on permeability characteristics (Peterson 

and Martin-Robichaud, 1993, 1986), it is not known how important the chorion and pvf 

are for ion regulation, acid-base balance and long-term survival of embryos. It is possible 
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that although the pvf and chorion provide protection from mechanical damage during 

embryonic development, these compartments are not essential for maintaining ionic and 

acid-base homeostasis after the 'eyed' stage. 

Although it may be argued that removing the chorion from embryos early in 

development creates an artificial situation for the embryos, dechorionating embryos 

provides direct access to the developing tissues. For example, dechorionation of embryos 

allows direct access to developing gills, and questions pertaining to gill structure prior to 

hatching can be addressed using TEM and SEM techniques. In addition, removal of the 

chorion from embryos will allow for the study of cardiac function, blood gas composition, 

tissue enzyme activity, and aerobic capacity in embryos. Use of dechorionated embryos 

will permit a more direct investigation of the effects of pollutants such as cadmium, 

copper, zinc, and silver, on ion regulation, metabolism and development in early life 

stages. In addition, techniques such as patch clamping and ion probe analysis can be 

applied directly to the live tissues of dechorionated embryos and will provide a clearer 

indication of the ability of embryos to establish and maintain ionic homeostasis. 
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