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Summary

The in vivo swelling and hydration of maturing oocytes
of Atlantic halibut Hippoglossus hippoglossuswere
studied in order to characterise the osmotic mechanism
underlying oocyte hydration in oviparous marine teleosts
that spawn pelagic eggs. Sequential biopsies from two
females, spanning four hydration cycles, were examined
by osmometry, solute analysis and electrophoresis of
dissected hydrating oocytes and ovulated eggs. The
hydration cycle of the biopsied halibuts lasted 33-54h.
The majority of ovarian oocytes existed in a pre-hydrated
condition (individual wet mass approx. 3.7 mg, diameter
approx. 1.87mm, 63% HBO) with easily visible, non-
coalesced, yolk platelets. Group-synchronous batches of
the pre-hydrated oocytes increased in individual wet
mass, diameter and water content to reach the ovulated
egg stage of approximately 15mg, 3.0 mm and 90 %20,
respectively. The yolk osmolality of the hydrating oocytes
was transiently hyperosmotic to the ovarian fluid (range
305-350 mOsmottl) with a peak osmolality of about
450mOsmolt?! in oocytes of 6-8mg individual wet
mass. The transient hyperosmolality was well accounted
for by the increase in oocyte content of free amino
acids (FAAs; approx. 2300 nmoloocyte?), K* (approx.

750 nmol oocytel), CI- (approx. 900 nmol oocytel), total
ammonium (approx. 300nmoloocytel) and inorganic
phosphate (R, approx. 200 nmol oocyte?) when relating
to the increase in cellular water. The oocyte content of
Na* did not increase during the hydration phase.
Extensive proteolysis of yolk proteins, in particular a
110kDa protein, correlated with the increase in the FAA
pool, although the latter increased by approx. 20% more
than could be accounted for by the decrease in the oocyte
protein content. Both indispensable and dispensable
amino acids increased in the FAA pool, and particularly
serine, alanine, leucine, lysine, glutamine and glutamate.
Taurine content remained stable at approx.
70nmol oocytel during oocyte hydration. The results
show that final hydration of Atlantic halibut oocytes is
caused by an osmotic water uptake in which FAAs,
derived mainly from the hydrolysis of a 110kDa yolk
protein, contribute approximately 50% of the yolk
osmolality and ions (Ct, K*, P, NH4") make up the
balance.

Key words: Atlantic halibut, oocyte hydration, oocyte maturation,
proteolysis, yolk protein, free amino acid, ions, osmolality.

Introduction

The hyposmotic state of the body fluids of marine teleoseénvironment prior to spawning. The present study therefore
body fluids (Evans, 1993) is reflected in their eggs (Davenpoexamines the intra-ovarian changes that occur in maturing
et al., 1981; Riis-Vestergaard, 1982; Watanabe and Kuo, 198@1arine teleost oocytes that pre-adapt them to the hyperosmotic
Mangor-Jensen, 1987; LaFleur and Thomas, 1991). Howevearpondition of sea water in which they will be spawned.
these eggs have none of the advantages of the adultlt was noted more than a century ago (Fulton, 1898; Milroy,
osmoregulatory organs associated with homeostasis, and th898) that the oocytes of marine teleosts undergo a dramatic
typical drinking activity seems to start at, or shortly beforejncrease in water content during final maturation. The increase
hatching (Guggino, 1980; Mangor-Jensen and Adoff, 1987Avas seen to be greater in species that spawned pelagic eggs
Riis-Vestergaard 1987; Tytler et al., 1993). This is also true fofpelagophils) compared to those that spawned benthic eggs
Atlantic halibut Hippoglossus hippoglossuambryos (Tytler  (benthophils), and the higher water content of the pelagophil
and Blaxter, 1988). Thus, like other marine teleosts, the eggggs was thought to be the major reason for their flotation
of Atlantic halibut, while still protected within the maternal (Fulton, 1898; Craik and Harvey, 1987; Mellinger 1994). The
ovary, must be osmotically pre-adapted to the marinebservations of Milroy (1898) implicated inorganic ions,
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particularly Cf, as important osmolytes in the hydration within 2min. The females were then submerged and released
process, but he also argued that protein and phosphate levigighe holding tank. Biopsies were placed in Eppendorf tubes
were elevated in the mature ova. As noted by Alderdice (1988ynd transported (at 7 °C, approx. 2h) to the Department of
there is an impressive lack of investigative data relating to th8oology for dissection and analyses. All dissections were
ionic regulation of teleost oocytes. Exceptions are the studieonducted in a cold room at a temperature of 6-9°C.
of the pelagophil8/ugil cephalugWatanabe and Kuo, 1986),  Staging of the oocytes was established by size and degree
Micropogonias undulatuand Cynoscion nebulosudaFleur  of transparency (see Fig. 1). Oocytes were classified as
and Thomas, 1991) and the benthophihdulus heteroclitus oogonia, which were clear round orbs lacking yolk platelets
(Greeley et al., 1986, 1991; Wallace et al., 1992). Theand had a mean diameter of 0.21+0.08 mm; pre-hydrated
analytical studies of Craik (1982) and Craik and Harvey (1984PH) oocytes, with a mean diameter of 1.87+0.06 mm;
1986, 1987) mainly concerned the phosphate-containingydrating oocytes, which showed greater degrees of
fractions of the ovaries and mature eggs of different teleostsansparency compared to the PH oocytes, and ranged in
but they also noted increased levels bfifiKthe marine pelagic diameter from 1.88 to 2.86 mm; and ovulated eggs, which had
eggs. Using an indirect method Craik and Harvey (19873eparated from their follicular layers and were greater than
further argued that free amino acids (FAA), derived from2.86 mm in diameter.
proteolysis of yolk protein, were involved in the hydration Individual oocytes were isolated and freed from adhering
process. This was later confirmed by Thorsen and Fyhn (199tissues using fine forceps, while ovulated eggs were either
1996) and Matsubara and Koya (1997). rolled out of the biopsy, or stripped from the females. The
A series of investigations have shown the protein levelsocytes and eggs were freed for adhering fluid with lint-free
decrease in maturing oocytes of marine teleosts, especially fitter paper (Kimwipe8), and the individual wet mass
pelagophils (Wallace and Selman, 1985; McPherson et adetermined in sealed, pre-weighed 1.5ml Eppendorf
1987, 1989; Greeley et al., 1986, 1991; Norberg, 1987ubes using a Sartorius top balance (accurate to +0.1mg).
Thorsen and Fyhn, 1991, 1996; Carnevali et al., 1992, 1998amples were then immediately frozen at —80 °C, and stored
1999; Fyhn, 1993; Matsubara and Sawano, 1995; Matsubagh —30 °C until lyophilisation or extraction. Oocyte and egg
and Koya, 1997; Okumura et al., 1995; Matsubara et al., 1998ry masses were subsequently determined on a Cahn 25
1999, 2000; Finn et al., 2000; Reith et al., 2001). Similarly, ifAutomatic Electrobalance (accurate to g) after
is well documented that the newly spawned pelagophil teleostophilisation for 24 h. Water contents (% of wet mass, and
eggs contain a large pool of FAA with a profile that varies litlemg oocytel) were calculated from the difference between
between fishes of different taxa (Thorsen and Fyhn, 1991; Finmet and dry mass.
et al.,, 1991; 1995a,b, 1996, 2000; Fyhn, 1989; Fyhn et al., On the first day of sample collection, groups of stripped eggs
1999; Rgnnestad et al., 1996, 1999; Wright and Fyhn, 200lfyfom each female were also incubated at 7°C in 34.5%0 sea
The physiological significance, however, of these changes favater (0.2um filtered) for 3h (female A) and 8h (female B).
the large oocyte swelling observed in pelagophil teleosts is stillhe water-hardened eggs were rinsed for 2min in double-
not clear. In this study we examine thevivooocyte swelling distilled water (ddHO) and sampled for wet mass, dry mass
of Atlantic halibut, which is a good model because its eggs am@nd diameter measurements before being frozen and stored for
exceptionally large. We studied sequential biopsies obtainefdrther analyses, as for the oocytes.
during several maturation cycles. Oocyte and egg diameters were measured by placing
separate sub-samples of the biopsies, in FO medium (Wallace
and Selman, 1978), in order to avoid gravitational flattening
and desiccation. On the first day of sampling, approximately
Sample collection 500 oocytes from female A were measured to determine the
Two female Atlantic halibuilippoglossus hippogloss(a, size-frequency distribution, otherwise diameters were
60kg; and B, 40kg) reared at the Austevoll Aquaculturedetermined for 10-30 individual oocytes or eggs in each size
Station, were used for the study. Atlantic halibut are multiplelass with a calibrated Wild binocular microscope at 2%-50
batch spawners, releasing up to 13 portions of pelagic eggsagnification. No further analyses were performed on the sub-
while kept in captivity during their spring spawning seasorsamples in FO medium.
(Holmefjord, 1996). The females were kept in circular tanks Ovarian fluid was taken from stripped egg samples or from
(7m diameter) at 7°C and 33-35 %o salinity during the studyhe biopsies after slow centrifugation (801 min, 4°C).
period. Ovary biopsies were taken regularly after the femaledrine was collected by applying pressure to the female’s
had reached stable ovulatory rhythms (Norberg et al., 1991abdomen and catching the resulting stream of urine in 1.5ml
Over a 7 day period, the fish were biopsied through the genit&ppendorf tubes. On the last day of sampling approximately
pore using a silicon tube (i.d. 4.0mm) attached to a 10m ml blood were collected from the caudal artery of female B
syringe for negative pressure. The fish were not anaesthetisedjing a heparinised syringe. The plasma was immediately
in accordance with the guidelines for multiple batch spawnerseparated by centrifugation (500 5min, 4°C) and
at the Austevoll Aquaculture Station. Each female was raisetlansported with the biopsy at 7°C for analysis at the
out of the water on a spawning table and the biopsy completd&kpartment of Zoology.

Materials and methods
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Analytical procedures CMT10 chloride titrator (Radiometer Copenhagen) on

Osmometry triplicate sub-samples (#) of the TCA extracts using

Osmolalities of yolk, ovarian fluid, urine, plasma and se20mmolF1NaCl (dried) as standard. Blank TCA did not affect
water were determined on unfrozen samples for each day #f¢ measurements. Contents of Nad K" were determined
collection using a vapour pressure osmometer (Wescor Indy emission flame photometry (Pye Unicam, SP 192 atomic
model 5100C) calibrated between 290-1000mOsmdlkg absorption spectrometer) calibrated between Qwradl -1
using commercial standards angul8of sample applied in Na" and 0-3@umol -1 K*. Free Pcontents were determined
triplicate. For determination of yolk osmolality, oocytes ofon dilutions (1:200) of the TCA extracts using an assay kit
each size class were dissected out of the biopsies and exterti@igma Diagnostics, Cat. no. 670-C), micro-modified for the
fluid removed as described above. The pooled group of oocytégiall volumes available. Following incubation in darkness at
(5-20 collected in sealed Eppendorf tubes on ice) were théfom temperature for 2h, assays were read at a wavelength
crushed and centrifuged (140§05min, 7°C) and sub- ©Of 650nm in quadruplicate in a Pye Unicam SP8-100
samples (@) of the upper layers of yolk applied to the Spectrophotometer, calibrated between 0 andrddl - P

osmometer. (Sigma Diagnostics, Cat. no. 661-9).
FAAs were determined by reversed-phase chromatography
Solute analyses using a Gilson HPLC connected to an ASTED sample robot,

Frozen samples were extracted directly (24 h, rotated dluorimetric detection (OPA and FMOC reagents), Inertsil C3
4°C) in their original Eppendorf tubes with ice-cold 6% column (thermostatted at 30°C), and compared to external
trichloroacetic acid (TCA). The extracts were then centrifugedtandards (a mixture of 24 amino acids) every tenth sample.
(14000g, 10min, 4°C) and the supernatants used foiThe indispensable and dispensable terminology of Harper
quantitation of free amino acids (FAA), CINa’, K* and (1983) for amino acids is used.
inorganic phosphate {)P CI- content was determined using a For calculating the total amount of solute per individual
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Fig. 1. Photomicrographs of oocytes and eggs Wate-hardened
observed in biopsies taken from Atlantic halibut, €9
including a water-hardened egg following its
incubation in sea water. The inset (below) shows
three stages of hydrating oocytes in a typical biops
Oocytes are partially dissected and spread out in F
medium for clarity. Oogonia (black arrows on the'
biopsy plate), were clear, round orbs lacking yolk
platelets (mean diameter 0.21+0.08 mm). The pre
hydrated oocytes (1) appeared dark in the biops
under transmitted light due to diffraction and
scattering caused by the yolk platelets. Hydrating
oocytes (2) showed increased transparency with
increased size, as a result of yolk platelet
coalescence. The ovulated eggs (3) were fully separated from their follicular layers, and were highly transparent. Thdenattrehg

shows the newly formed perivitelline space (PVS) and blastodisc resulting from cytoplasmic streaming to the animal poléeupon wa
activation. The eggs were not fertilised.
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oocyte, the water content (mg oocy)ewas converted to units 140
of volume assuming a specific gravity of 1.0#gdnd added
to the TCA extract volume as shown in equation (1): 120
[%]
n = cf(Vrca+Vh,0) /N, 1) £ 100 _
. . Q Oogonia
where n is the amount of solute (nmoloocytg ¢ is the 8 80 f
concentration (mmot#) of the solute determined from the “é
relevant standard,is the appropriate dilution factor applied, & 60
Vrca is the volume (imul) of 6% TCA applied to the sample, § PH oocytes
Vh,0 is the calculated water volume (i) of the sample, and < 40 -
N is the number of oocytes. For estimation of the molal solut H oocytes OV eggs
concentration (mmol kg), the determined quantities of solute 0 -~ g
(nmoloocytel) were divided by the water content of the 0
oocyte (mgoocytd). 0 05 1 15 2 25 3 35

. o . Oocytediameter(mm)
Protein quantitation and electrophoresis

. . Fig. 2. Size-frequency distribution of oocytes in an ovary biopsy of
ThngCA.prempltat?s were washed onc.:e in 6% TCA, thelAtlantic halibut (=498, female A). PH oocyte, pre-hydrated
solubilised in 1.0 moH* NaOH under rotation for 24-48h at oocytes; H oocyte, group of oocytes early in hydration: OV eggs,

room temperature. Equal volumes of ddHwere then added ), iated eggs.

to give a final concentration of 0.5motl NaOH, and

solubilisation for an additional 24 h was continued prior to

protein determination. Protein content was measured without For electrophoresis of yolk proteins, lyophilised samples
the addition of surfactant using Bio-Rad’s detergentvere homogenised in ice-cold buffer (60 mmélHepes,
compatible assay kit (Cat. no. 500-0112), which is a micro150 mmolt! NaCl, 50ug mi-1 aprotinin, pH 7.5), centrifuged
modification of the Lowry technique (Lowry et al., 1951).at 1000@, 5min, 4°C, and the supernatants aspirated into
Assays were conducted in quadruplicate using bovine seruatean Eppendorf tubes. The soluble protein concentration was
albumin (BSA) as standard, and samples read at 750 nm in astimated using Bio-Rad’s detergent-compatible assay kit
Anthos Labtec HTII microplate absorption photometer. Totaldescribed above) in order to apply similar amounts of protein
protein (1goocytel) was calculated according to equationper lane. The assays, however, were confounded by increasing
(2): amounts of FAA present during hydration (see Results),
making true estimation of the soluble protein content difficult.

n=cfWaon/N, 2) Using the estimates of the soluble protein assays, samples were
whereVnaoH is the volume of sample in 0.5 motINaOH. diluted to Iugpl~! with reduced loading buffer (2.5% 2-
. A 76 47 53 437
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0§J Fig. 3. Ovulation intervals of two
@ 8 female Atlantic halibut (female
§ A, open circles; female B, closed
@] 6 circles) determined from wet
© ¢ mass (means &D.) of oocytes at
4 A ° Post-vitellogenic the time of biopsy sampling.
© ¢ coe ¢ o° Q oogytes Curves are fitted by eye, and the
ovulation intervals calculated as

theAt (h) between the appearance
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At (h) biopsies.
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Table 1.Biometric and gravimetric changes occurring during 95 -
hydration of Atlantic halibut oocytes Maturation
y y 90+ o o4 Afam
Swell 854 oS eA
Parameter PH oocyteBlY OV eggs N) factor 3 O
< 80 °
Female A = o @
Diameter (mm)  1.87+0.026 (90)  2.95+0.08 (83) % 751 8.‘
Volume {l)* 3.45+0.14 13.53+1.03 3.9 S 4ol ] A 08\30)“3
Wet mass (mg)  3.64%0.17 (53)  14.92+0.65(79) 41 R © éWHegg%
Dry mass (mg)  1.286+0.077 (12)  1.501+0.049 (7) T 651 gﬁﬁo B e O0CYtE
H20 (%) 63.7+2.23 90.1+0.64 601 ®o aQV egg
H20 (mg) 2.26+0.17 13.68+0.78 6.1 = WH egg
55 : . . . . : :
Female B
Diameter (mm)  1.88+0.062 (101)  3.03+0.03 (73) 35
Volume (l)* 3.49+0.34 14.54+0.98 4.2 .
Wet mass (mg)  3.73+0.20 (54)  15.55+0.55 (60) 4.2 E o Ak
Dry mass (mg)  1.294+0.178 (4)  1.609+0.014 (4) £ 3 b IAL i
H20 (%) 62.4+1.8 89.8+0.39 2
H20 (mg) 2.16+0.47 14.24+0.049 6.6 £ 251 é+ + +
o 5 *
Values are meanss. for individual oocytes or eggs. ‘5 *f#’
Swell factors were calculated by dividing the measured paramet: 8 2 1 %ﬁﬁ
of the ovulated eggs by that of the pre-hydrated oocytes. +¢@+
*Volumes were calculated from diameter measurements using tt
formula for an elipsoid. 15
PH oocytes, pre-hydrated oocytes; OV eggs, ovulated eggs. @ 2
IS
- > 5 ° ageee oot A um
mercaptoethanol, 0.0625motl Tris, 10% glycerol, 2% % 2 15 %090@ 05' o o N épﬂ
sodium dodecyl sulfate (SDS), 0.001% Bromophenol Blue & ~ (% o
pH 6.8) and applied to 7.5% T, 3.3% C homogeneou § 1 °

acrylamide/bis-acrylamide gels (0.75mm) using the buffe 2 4 6 s 10
system of Schagger and von Jagow (1987). The stacking ¢
consisted of 4% T, 3.3% C acrylamide/bis-acrylamide
Samples were electrophoresed in a Bio-Rad Protean Il ce¢Fig. 4. Atlantic halibut oocyte water content (% wetmass), diameter
at 95V, 50mA per gel for 80min, and the protein bandsand dry mass as a function of oocyte wet mass during final
visualised with Coomassie Brilliant Blue G-250. Formaturation (shaded area).

estimation of molecular masses, Bio-Rad precision prestaine

markers at 250, 150, 100, 75, 50, 37, 25, 15 and 10 kDa (C:

12 14 16 18
Oocytewet mass(mg)

no. 161-0372) were applied to both sides of the gel. 500,
T 4503 no
Results 2 ]

Examination of the ovary biopsies of the spawning Atlantic g 4003
halibut revealed that, for any given day, there was a quadr % ]
modal size-frequency distribution of the oocytes (Figs 1, 2) NG 350_3
where t_he majority of oocytes present were oogonia with ’—g ] GrErtem it
mean diameter of 0.21+0.08 mm. Although approximately 50( = ]
oocytes were measured, it was clear that this number wi 8 300:
subjectively insufficient to yield the true proportions. Fig. 2 ]
does, however, illustrate the typical relative distribution of the 250"
oocytes on any given day. No mid-vitellogenic oocytes wert 2 4 6 8 10 12 14 16 18
observed in the biopsies, and the next size class present wi Oocyte wet mass(mg)

the pre-hydrated oocytes (mean diameter, 1.87+0.06 Mgy 5 osmotic pressure (meanss., vertical error bars) of yolk
mean individual wet mass 3.6-3.7mg; there was no statistiCang ovarian fluid (shaded area denotes the total range of values) as a
difference between the two tested females (Studeft€st,  function of oocyte wet mass (means.e. of the pooled sample used
P>0.05). Disregarding the oogonia, pre-hydrated oocytefor osmometry, horizontal error barg)=5—20) during final oocyte
comprised the majority and were always present in thmaturation of Atlantic halibut.
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Fig. 6. Atlantic halibut individual
oocyte protein content (A), free
amino acid content }FAA) (B)
and electrophoretic protein profiles
(C), as functions of oocyte and egg
wet mass during final maturation
(shaded area). The gel in C (7.5%
homogeneous SDS-PAGE gel,
Coomassie Blue stained; molecular
mass standards indicated at left) is
organised relative to oocyte and egg
wet mass with reference to the
protein and amino acid data. The
molecular masses of the oocyte and
egg protein bands are identified to
the right of the gel. PH oocyte,
pre-hydrated oocytes; H oocyte,
hydrating oocytes; OV egg,
ovulated egg; WH egg, water-
hardened egg.
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biopsies. They had a clearly visible yolk platelet structure, bugxternal seawater osmolality of 983+22 mOsmblidr the fish
during maturation and hydration, they gradually fused antholding tank.
coalesced. SDS-PAGE of the oocytes and eggs showed four major
Depending on the time of sampling, larger oocytes wererotein bands (110, 91, 27 and 20kDa) and a minor band at
present in varying degrees of hydration. The diameter of th@kDa in the pre-hydrated oocytes ranging in individual size
ovulated eggs in the biopsies was 2.86-2.96 mm (12-13 mdyom 3.3 to 5.7mg wet mass (Fig. 6C). A band at approx.
while stripped eggs ranged between 2.97 and 3.06 m230kDa was also present in pre-hydrated oocytes. The
(13.7-15.0mg). Possibly the mechanical disturbance of thgroteolytic event that led to the reduction in intensity of the
biopsy procedure forced late-maturing oocytes out of theit10 and 27 kDa bands in particular seems to have commenced
follicular tissue. The ovulated eggs had lost all semblance afi the oocytes of 5.7mgwetmass (lane 4, Fig. 6), which
the yolk platelets and had clear hyaline yolks (Fig. 1). Plottinghowed reduced stain intensities compared to the oocytes
the mean wet masses of the oocytes and eggs against the tiofie 3.3—4.7 mgwetmass. In oocytes between 5.7 and
of sampling revealed the ovulatory interval of each femald3.1 mgwetmass the bands at 110 and 27kDa gradually
(Fig. 3). Both females showed a reduced interval during thdisappeared while the band at 91 kDa appeared to be shifted
sampling period, where female A declined from 76 h to approxdown to 89 kDa. Some minor bands at 62, 58 and 29 kDa made
43h over four cycles, and female B declined from 54 h ta transitory appearance during the swelling phase, until finally
33-36h over four cycles. This may have resulted fronthe profile of the ovulated eggs was established with a major
handling and stripping of the fish. band at 89kDa, and additional smaller bands at 66, 20, 18, 16
The ovulated eggs of female B were slightly larger tharand 8 kDa. No difference in the electrophoretic profiles of the
female A, but the degree of oocyte hydration was similar foovulated eggs and water-hardened eggs could be detected.
both females (Table 1). The calculated swell factors During the same phase of protein band shift
characterise the size increase during oocyte maturation. For tf®-13 mg oocytelwet mass), the total protein content of the
two female Atlantic halibut the swell factors for volume andoocytes in both females declined by about 25% (Fig. 6A).
wet mass are well corroborated between 3.9-4.2, but in faBemale B had higher total protein content in pre-hydrated
the total water (mg oocytd increased by a factor of 6.1-6.6. oocytes (827+28g oocytel), falling to 629+21ug oocytel in
The clearest indication that the swell factors represent oocytee ovulated eggs, as compared with 805#d.6ocytel and
hydration, rather than increased size as occurs during88+18ugoocytel, respectively, in the pre-hydrated oocytes
vitellogenesis, is the change in relative water content, whichnd ovulated eggs of female A. The total decline thus varied
increased from approximately 63% in the pre-hydratedbetween 197 and 21if oocyte? for the two females during
oocytes to 90% in the ovulated eggs. the phase of oocyte hydration. Concomitant with the
Fig. 4 shows the change in dry mass, percentage watdecline in total protein, the content of FAA increased from
content and oocyte diameter as a function of the oocyte wedw levels (280+46 nmol oocyté for both females) to a
mass. While the dry mass, wet mass, and thus the watrge pool of 2508+185nmoloocyfe (female A) and
content, refer to measurements on the same oocytes and eqf20+275nmoloocyté (female B). The phase of FAA
the diameter measurements refer to a separate group of oocyitesease coincided with the hydration phase for oocytes
and eggs (see Materials and methods). The major phase ltween 5 and 13 mgwetmass (Fig. 6B).
hydration occurred between a wet mass range of 5-13mgFig. 7A,B illustrates that both indispensable and dispensable
despite there being no change in the dry mass. The relatiF@®A were responsible for the generation of the large FAA
water content increased from approximately 63 % of wet mag®ool. All FAA increased during the swelling phase with the
in the pre-hydrated oocytes to 90% in the ovulated eggs. Nexception of the non-proteinic amino acid analogue taurine,
difference was found in dry mass, diameter or relative waterhich remained stable at 66+15 nmol oocytgemale A) and
content between the stripped ovulated eggs and water5+15nmoloocyte! (female B, Fig. 7B). Leucine, lysine and
hardened eggs of either female. This applied to water-hardengdline, among the indispensable amino acids, and alanine,
eggs from both females despite the difference in egg incubatiaerine, glutamine and glutamate, among the dispensable amino
time (3h for female A; 8 h for female B). acids, showed the largest increase during the swelling phase.
Osmotic measurements of the yolk showed it to be Typical profiles of the FAA in the pre-hydrated oocytes and
transiently hyperosmotic to the ovarian fluid, reachingovulated eggs (Fig. 8) show that taurine dominates the pool of
levels of up to 450mOsmott compared to a value of the pre-hydrated oocytes (together with the basic amino acids
307-353mOsmott determined for the ovarian fluid of both lysine and arginine), while the pool of the ovulated eggs was
females (Fig.5). This transient hyperosmolality increasedlominated by alanine, serine, leucine and lysine, followed by
quickly in the early oocytes, but then gradually declined untilvaline, glutamine and glutamate.
the yolk of the ovulated eggs was apparently isosmotic with The changes in ionic content (Fig. 9) show thata®ld K*
the ovarian fluid. Plasma osmolality of the single blood samplerere quantitatively the dominant ions in the pre-hydrated
(female B) at 334 mOsmall was comparable to the mean oocytes as well as in ovulated eggs. During the swelling phase,
urine osmolality of 325+10 mOsmofl (N=13, both females). CI- together with Pincreased strongly in oocytes of less than
These measurements were determined with respect to &mgwetmass, then remained stable untilsBbwed increased
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levels following ovulation. K, on the other hand, showed a osmolyte content occurring faster than the ensuing water influx
small, but steady increase during the swelling phase, andirdicates a limited membrane permeability, and will form the
stronger increase after ovulation. Among the OV and WH egg$asis for the hyperosmolality.
the data variability for Cland K" was especially large. The Na The yolk osmolality curve for Atlantic halibut oocytes can
content remained unchanged throughout oocyte maturatidie assessed by calculating the molal concentrations from the
with a mean value of 135+55 nmol oocytéfor both females). contents of inorganic and organic solutes (Figs 6-8) and
oocyte water content (mgoocyte from Fig. 4). The
_ _ calculations are shown graphically in Fig. 10. Data forsNH
Discussion refer to analyses of the same material, but are published
The results presented here suggest that the driving force felsewhere (Terjesen et al., 2001) (pre-hydrated oocytes,
the uptake of water by the maturing oocytes is a transiedts+5nmoloocytel; ovulated eggs, 365+10nmoledy
hyperosmolality of the yolk in relation to the blood plasma and\pplying an average osmotic coefficient of 0.9 to the solutes
ovarian fluid (Fig. 5). The osmolality of the ovulated eggs ato take account of solute—water interactions shows that the total
320-360 mOsmott is slightly lower than that determined for solute concentration of the measured osmolytes matches the
newly spawned water-hardened eggs of Atlantic halibut (Riisshape of the osmolality curve shown in Fig. 5. The match for
Vestergaard, 1982), but similar to those measured in ovulatede early oocytes and ovulated eggs is close, but yolk
eggs of Atlantic cod taken directly from the ovarian fluid
(Mangor-Jensen, 1987). The yolk osmolality of the Atlantic

halibut oocytes also agrees with the data of Watanabe al 1288 1o Maturation
Kuo (1986) for the pelagophiMugil cephalus which 1400i A
showed a peak osmolality of 421+17 mOsmblfalling to 1200i A, s
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600 - 1991; Wallace et al., 1992). The present data on Atlantic halibut

_ verify the earlier studies of marine pelagophils and, furthermore,

% 500+ our sequential studies on the individual oocytes from the

o Maturation _s ysolutes biopsies show that the movement dfiK relation to Ct occurs

% 400 in less than equimolar proportions during the major hydration

3 . . .

& 3007 phase. The Clas well as Pcontents increase quite rapidly

' during the early phase of oocyte hydration, whitéags behind,

X< 250 . . ; J o

g and increases mainly after ovulation. A similar phase-shift with
an increase of Kin relation to Ct was shown for the hydrating

E 2001 SFAA C

§ oocytes of M. cephalus(Watanabe and Kuo, 1986). This

2 1501 differential movement of Kand Cf is intriguing and requires

E further investigation. It may imply the presence of different

2 1001 ;C'_ types of ATP-powered pumps such as the P-class and V-class

2 2 —K* pumps. The former involve ATP hydrolysis and a regulatory

5 507 SN ;NH; phosphorylation to move HNa", Kt or C&*, while the latter

) Q — — Na' do not involve such phosphorylation and typically moveakd

0 . .

CI-across lysosomal and endosomal membranes (Lodish et al.,
2000). It is interesting that the increase of free phosphate occurs
early in the hydration of the Atlantic halibut oocytes,
Fig. 10. Solute concentrations (mmotkgl20) in the hydrating concomitant with an increase in free serine (see below). The
oocytes of Atlantic halibut as calculated from solute contentsiewly generatediool may also reflect an increased activity
(nmoloocytel, Figs 6, 9) and water content (mgoocytefrom  of Na'/K*-ATPase (a P-class pump), as found during oocyte
Fig. 4) as a function of oocyte and egg wet mass. The curves afgdration of M. undulatusand C. nebulosus(LaFleur and
polynomials. Qata fqr Nkt ions refer to the present oocyte material, Thomas, 1991). The increasing-@bncentration early in the
as published in Terje.sen e.t al. (200%}kolutes, sum of measured hydration phase of the Atlantic halibut oocytes (Fig. 10)
solutes; FAA, free amino acids. suggests a possible role for V-class pumps, which essentially
acidify vesicles during lysosome formation.
osmolality may have been underestimated during peak solute The destabilisation, fusion and coalescence of the yolk
generation at a wet mass of 8mgoocyteDespite this platelets (Fig. 1) during hydration of maturing marine teleost
discrepancy, Fig.10 does corroborate the transierdocytes has often been noted in the literature (Wallace and
hyperosmolality of the yolk during oocyte maturation. Selman, 1978; Oshiro and Hibiya, 1981; Selman and Wallace,
The major part of the driving force for water influx appearsl989; Kjesbu and Kryvi, 1989, 1993; Cerda et al., 1996;
to be the generation of the large FAA pool, which reaches iatsubara and Koya, 1997; Mylonas et al., 1997; Yueh and
peak concentration of 250mmol#gat a wet mass of Chang, 2000; Itano, 2000). Yolk platelet fusion has also been
8-11mgoocyte, coinciding with the period of maximal associated with acidification in the yolk vesicles of
oocyte swelling (Fig. 3). By ovulation, the FAA concentrationsinvertebrates (Mallya et al., 1992), amphibians (Fagotto and
had declined to the levels commonly found for the pelagic eggdaxfield, 1994; Yoshizaki and Yonezawa, 1998; Komazaki
of marine fish (Rgnnestad and Fyhn, 1993; Matsubara arahd Hiruma, 1999), birds (Causeret et al., 1991, 1992; Nordin
Koya, 1997; Rgnnestad et al., 1999; Finn et al., 200Qt al., 1991) and mammals (Ichimura et al., 1997; Jerala et al.,
Gunasekera and De Silva, 2000; Reith et al., 2001; Wright art®98; Turk et al., 1999), with acid hydrolysis of yolk proteins
Fyhn, 2001). Taken together, the FAAs, which occur almodbeing a common proposal (Bonnier and Baert, 1992;
exclusively in the yolk compartment of Atlantic halibut Nussenzveig et al., 1992; Sire et al., 1994; Fagotto, 1995;
(Rgnnestad et al., 1993; Finn et al., 1995a), contribute 50 % Gfarnevali et al., 1999, 2001). The disappearance of the major
the yolk osmotic pressure, while the sum of the inorganic iongrotein bands of the pre-hydrated oocytes during the
contributes the other half. This supports earlier work, arguinghaturation phase of Atlantic halibut (Fig. 6) conforms with
that neither inorganic solutes (Watanabe and Kuo, 1986@his hypothesis. Indeed, yolk proteolysis associated with
LaFleur and Thomas, 1991; Wallace et al., 1992) nor organisocyte hydration in marine teleosts seems to be a common
solutes (Greeley et al., 1986; Thorsen et al., 1993) anghenomenon (Wallace and Selman, 1985; Greeley et al., 1986;
sufficient on their own to generate the observed degree dficPherson et al., 1987, 1989; Norberg, 1987; Carnevali et al.,
oocyte hydration in the pelagic eggs of marine teleosts. 1993; Okumura et al., 1995; Matsubara and Koya, 1997
Of the inorganic solutes, €and K" have been implicated as Thorsen and Fyhn, 1996; Matsubara et al., 1995, 1999, 2000;
major contributors to the water influx in maturing oocytes ofFinn et al., 2000; Reith et al., 2001).
marine pelagophils with Nealso contributing in the hydrating It is only more recently that the appearance of the large FAA
oocytes of the marine benthophffundulus heteroclitus pool, predicted by Craik and Harvey (1984, 1987), Watanabe
(Watanabe and Kuo, 1986; Craik and Harvey, 1987; Thorsesend Kuo (1986) and Greeley et al. (1986), but confirmed by
and Fyhn, 1991; LaFleur and Thomas, 1991; Greeley et alThorsen and Fyhn (1991, 1996), Thorsen et al. (1993) and, later,

2 4 6 8 10 12 14 16 18
Oocyte we mass (mg)
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by Matsubara and Koya (1997), was thought to account for there almost equal in size (Matsubara et al., 2000; Reith et al.,
missing osmolytes that fulfilled the degree of hydration observe?001). Western immunoblots of the Atlantic halibut pre-
in ovulated eggs of pelagophils. The data for individual FAAshydrated oocyte proteins indicate that the lipovitellin light
shown in Fig. 7A,B illustrate that indispensable and dispensablghains are located in the 27 kDa band, whilefto®mponent
amino acids are equally responsible for causing the transieist the 20kDa band (Fig.6; T. Matsubara, personal
hyperosmolality of the yolk of Atlantic halibut. The non-protein communication). Staining of the phosvitins was not achieved
amino acid analogue taurine, however, is an exception. Taurindth Coomassie or silver stains (silver stains not shown) and
dominates the FAA profile in the pre-hydrated oocytestheir gel location is currently being investigated. The
contributing up to 28% (35mmolk# of the total pool, but appearance of the free phosphate pool, however, implies partial
shows no increase during hydration and becomes consideralaly full degradation of phosvitins during the hydration phase.
diluted in the ovulated egg. The role of taurine seems therefoRhosvitins are heavily phosphorylated, serine-rich derivatives
to be related to functions other than cellular swelling in Atlantiof vitellogenin (Wallace and Bergovac, 1985) and their
halibut oocytes. A high taurine content is typical for oocytes andegradation observed M. moseri(Matsubara et al., 1999)
eggs of marine benthophil fishes (Thorsen et al., 1993%hould imply a relationship between the increases of free
Rannestad et al., 1996). These fishes show considerably lggsosphate and free serine in Atlantic halibut. Based on the
hydration during oocyte final maturation, and the integrity of theoresent data (Figs 7B, 9) the appearance of frisefdster than

yolk platelet membranes remains essentially intact. In thithat of free serine during the early stages of hydration. This
respect, the antioxidant and membrane-stabilisation propertiesiofiicates that phosphatases are activated prior to hydrolases in
taurine may be more relevant (Huxtable, 1992; Nakamura et athe maturing oocytes of Atlantic halibut, but further
1993; Timbrell et al., 1995). investigation is required.

Earlier studies have demonstrated that the rise in the The differential processing of the yolk proteins during the
indispensable and dispensable amino acids during oocyieaturation of teleost oocytes has recently been attributed to the
hydration of marine pelagophils is not due to their transport frompresence of multiple forms of vitellogenin (Matsubara et al.,
an extracellular source (Thorsen and Fyhn, 1996). This implieg999, 2000; Reith et al., 2001). As discussed by Reith et al.
that the FAAs of the hydrating Atlantic halibut oocytes are(2001), multiple forms of vitellogenin have been detected in
derived from degradation of the protein bands that disappeanly a few vertebrates, and are therefore of considerable
during the maturation phase, particularly the 110 kDa protein imterest with regard to the evolution of the teleosts. It has been
the pre-hydrated oocytes (Fig. 6). Quantitatively the decline ihypothesised (Fyhn et al., 1999) that the hydrolysis of the yolk
total protein (197—217g oocyte?) is less than the increase in proteins resulting in the appearance of the FAA pool may have
the FAA pool (240-250g oocytel) when using a mean content been a key event that permitted the radiation of the teleosts in
of 103 gmot? for the polymerised amino acids. This suggestshe oceans during the Cretaceaous period. The remarkable
that proteins continue to be sequestered, but are rapidgmilarity of the FAA pool (Fig. 8) demonstrated in all pelagic
hydrolysed to FAA, up to ovulation, when the oocytes loseeggs investigated to date (Rgnnestad et al., 1999) lends weight
intimate contact with the follicular layers. The stable proteirto this hypothesis, but more comparative studies of teleost
levels but increasing FAA contents of oocytes greater thawitellogenins and the subsequent processing of oocyte and egg
10mg, and the lack of the 110kDa band in these oocytes, leipdoteins are needed.
weight to this argument. A sequestering of oocyte proteins In conclusion, these studies examined the physiological
during the maturation phase agrees with previous proposals forechanisms underlying thi@ vivo hydration of oocytes of
the pelagophilsScophthalmus maximuBleuronectes platessa Atlantic halibut, a deep-water marine teleost that spawns pelagic
Gadus thoriand Gadus morhua(Thorsen and Fyhn 1991; eggs. Sequential biopsies revealed that group-synchronous
Thorsen et al., 1993; Kjesbu et al., 1996), and for the benthophihtches of oocytes underwent a rhythmic cycle of hydration,
Fundulus heteroclitugWallace and Selman, 1985; Thorsen etsuch that the water content of the pre-hydrated oocytes increased
al., 1993). from approximately 63 % of wet mass to 90% in the ovulated

The identity of the 110kDa protein has not yet beereggs. The driving force of the oocyte hydration is a transient
confirmed, but is probably homologous to the heavy chain diyperosmolality of the yolk, which is due mainly to the
lipovitellin A found in the oocytes ofVerasper moseri liberation of FAAs by extensive hydrolysis of, predominantly, a
(Matsubara et al., 1999). Based on immunoblot studies, the4d0kDa yolk protein, but inorganic ions {CK*, B and NH™*)
authors argued that lipovitellin A is a major source of the egglso participate, with Clbeing the dominant species. Taken
FAA pool in V. moseri The small shift in the 91kDa band together, FAAs contribute 50% of the increase in yolk
to 89 (Fig.6) has also been reported for two otheosmolality, and inorganic ions make up the balance. We argue
PleuronectiformesParalichthys olivaceugMatsubara et al., that these mechanisms of oocyte hydration are responsible for
1996) andV. moser{Matsubara and Sawano, 1995; Matsubargre-adapting the pelagic eggs of teleosts to the hyperosmotic
and Koya, 1997), and this protein is likely to be homologougondition of sea water in which they will be spawned.
to the heavy chain of lipovitellin B &f. moseriMatsubara et
al., 1999). Similar changes have also been observed in GadidadVe thank Maria Sula Evjen for analytical assistance.
pelagophils, although their A and B heavy chain lipovitellinsFinancial support for this study was provided by the
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