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ABSTRACT

In the sea urchin, some other marine invertebrates, and the frog, Xenopus, egg
activation at fertilization is accompanied by an increase in intracellular pH (pH,) resulting
from activation of a pH; regulatory transporter. As pH, regulation had not been studied in
a mammalian model, [ investigated pH, regulation in the mouse egg during meiotic
maturation and egg activation. Steady-state pH; was measured using the pH; sensitive
fluorophore SNARF-1-AM in germinal vesicle (GV) oocytes, ovulated eggs, and zygotes.
No sustained changes in pH; occurred after germinal vesicle breakdown (GVBD),
fertilization or during parthenogenetic egg activation.

HCO,/CI" exchanger activity was measured in unfertilized eggs and zygotes.
Zygotes exhibited a marked intracellular alkalinization and CI" efflux upon external CI
removal, which is indicative of active HCO,/CI" exchangers, in contrast to the very small
response observed in eggs. Furthermore, while zygotes quickly recovered from an
induced alkalosis, eggs exhibited only a slow, incomplete recovery. HCO,/CI" exchanger
activity was upregulated following in vitro fertilization (IVF) becoming maximal after 7-
9 h. Activation of HCO,/Cl" exchanger activity appeared to occur by activation of
existing, inactive exchangers upregulation of activity was unaffected by inhibition of
protein synthesis or by disruption of the Golgi apparatus or the cytoskeleton. HCO,/CI’
exchanger upregulation was also independent of PKC and cAMP-dependent pathways.
Using cycloheximide-activated eggs, HCO,/Cl exchanger activation was independent of
the repetitive Ca”"; transients.

HCO,/CI' exchanger activity, measured during the cell cycle, was robust in GV



il
eggs, becoming downregulated during meiotic maturation. Low HCO,/CI" exchanger
activity was a feature of meiotic metaphase only, as activity was not downregulated
during metaphase of the first cell cycle. HCO,/Cl" exchanger upregulation was dependent
on an intact metaphase II spindle and could be blocked by the phosphatase inhibitor
okadaic acid following Sr** activation. Finally, HCO,/Cl" exchanger activity could be
activated in unfertilized eggs by the MEK inhibitor U0126. This suggests that HCO,/CI’
exchanger activity is upregulated at fertilization in the mouse by a cell cycle-dependent

mechanism that may involve the MAPK pathway.
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I. FOLLICULAR, OOCYTE, AND EARLY EMBRYO DEVELOPMENT
Follicular development

Mammalian ovaries contain thousands of primordial follicles which represent the
lifetime supply of female gametes (Fig. 1). Primordial follicles consist of a single layer
of flattened pre-granulosa cells which surround the primordial oocyte which is arrested in
prophase of meiosis I (Fig. 2). Primordial follicles develop during the late stages of
gestation and are then progressively recruited to enter a growth phase by an unknown
signal (Eppig et al., 1996; Wandji et al., 1997). Once recruited, the activated primary
preantral follicle and oocyte undergo many changes including growth, resumption of
meiosis, and differentiation of the follicular somatic cells (Qu et al., 2000). Once primary
follicles have been recruited, their growth and development is regulated by two major
reproductive hormones produced by the anterior pituitary- follicle stimulating hormone
(FSH) and luteinizing hormone (LH) which stimulate differentiation and growth of the
follicular granulosa cells and theca cells (Wandji et al., 1997; Eppig et al., 1998).

Oocytes within preantral follicles undergo a greater than 30-fold increase in
volume which is correlated with increased protein content (Schultz and Wassarman,
1977), as essential resources required for maturation, fertilization and embryo
development are synthesized and accumulated by the oocyte (Bleil and Wassarman,
1980). FSH is required for follicular growth and formation of the antral cavity (Eppig et

al., 1996). Oocytes in early antral follicles are competent to resume meiosis and undergo



Figure 1. Ovarian Cycle. A. Schematic of the mammalian ovary with developing
Jollicles. 1. Primordial follicle. 2. Primary follicle. 3. Preantral follicle 4. Antral follicle.
5. Ovulation. 6. Cumulus-oocyte-complex. 7. Corpus luteum. B. Antral follicle. GV-
oocyte enclosed by zona pellucida and granulosa cells (cumulus cells). Follicle contains

prominant antral cavity, surrounded by granulosa and theca cells.
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Figure 2. Images of mouse oocytes. GV (germinal vesicle) and MI (metaphase I)
oocytes were obtained from PMSG primed (48 h prior to collection) CF-1 female mice.
GV oocytes were maintained in dbcAMP until fixation. Some GV oocytes were cultured
for 18 h with 50 ug/ml cycloheximide to produce oocytes arrested in MI. MII egg and
cumulus-oocyte-complex (COC) were collected from superovulated (PMSG/hCG)
female CF-1 mice. GV-germinal vesicle, MI-metaphase I, MII-metaphase II, PB-polar

body, E-egg, C-cumulus. Scale bars represent 50 pm.






germinal vesicle breakdown (GVBD; disappearance of the prophase I nuclear envelope
and nucleoli), chromosome condensation and progression into metaphase [ (MI; Fig. 2).
In most mammalian species, GVBD and progression to metaphase II (MII) normally
occurs following the preovulatory surge of gonadotropins (Eppig et al., 1996). Prior to
ovulation, gonadotropins stimulate cumulus cells to produce and secrete hyaluronic acid
which causes the cumulus cells to become loosely aggregated around the oocyte within a
mucus-like matrix. This process is called ‘mucification’ or ‘cumulus expansion’ (Eppig,

1979).

Preimplantation embryo development

The fallopian tube, or oviduct (Fig. 3), is a muscular tube into which the ovulated
egg is deposited (Fig. 2). It is the site of fertilization (Fig. 4) as well as the environment
for early embryogenesis. This period of embryo development within the oviduct is part of
preimplantation embryo development and involves a series of reductive cleavages
producing 2-cell, 4-cell, 8-cell and 16-cell embryos (Fig. 3, 4). Each daughter cell is
called a blastomere and is totipotent. At the 8-16-cell stage, depending on the species, the
embryo undergoes compaction to form a morula. The morula stage is characterized by
increased intercellular connections between adjacent blastomeres (Winkel et al., 1990).
The morula undergoes cavitation and forms a fluid-filled cavity called a blastocoel. The
embryo, now a blastocyst, has a differentiated trophectoderm (TE) layer (epithelial cells)
which will form extra-embryonic structures and an inner cell mass (ICM) which will
form the fetus (Fig. 3, 4; MacPhee et al., 2000). The blastocyst implants in the uterus,

with fetal development completed within a species-specific gestation period.



Figure 3. Preimplantation development. The female mammalian reproductive tract is
composed of the ovary, oviduct or fallopian tube, and the uterus. The unfertilized egg,
arrested in MII, is ovulated from the follicle into the oviduct. The oviduct is divided into
three major segments; fimbriae, ampulla and the isthmus. The fimbriae are specialized to
capture the ovulated egg into the oviduct. The ampulla is the site of fertilization. The
isthmus of the oviduct is the site of preimplantation development and is quite alkaline
compared to the pH of follicular or uterine fluid. Following fertilization, the 1-cell
embryo undergoes a series of reductive cleavages (2-cell, 4-cell, 8-cell), followed by
compaction to form a morula. By the morula (mor) stage, the embryo begins to enter the
uterus. The morula cavitates, forming a fluid-filled cavity surrounded by trophectoderm
(TE) cells. The blastocyst (blast) hatches out of the zona pellucida and implants in the
wall of the uterus. The trophectoderm will form extra-embryonic tissues such as the

placenta while the inner cell mass (ICM) will develop into the fetus.
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Figure 4. Images of mouse preimplantation embryos. Embryos derived from matings
of CF-1 females x BDF males, removed from oviducts as 1-cell embryos and then
cultured for up to 4 days. Shown: 1-cell (1c), 2-cell (2¢), 4-cell (4c), 8-cell (8¢c), morula
and blastocyst-stage embryos. PN-pronucleus, N-nucleus, PB-polar body, ICM-inner cell

mass, TE-trophectoderm. Scale bar represents 50 um.






Mammalian oviduct: environment for preimplantation embryo development

The oviduct is divided into three regions: fimbriae, ampulla and isthmus (Fig. 3).
The fimbriae are characterized by finger-like projections with highly ciliated epithelial
cells. The ampulla is the site of fertilization, while the isthmus may be important in the
transport of sperm, eggs and the developing embryo (Crow et al., 1994). Oviductal fluid
is a mixture of constituents from plasma and some oviduct-specific proteins (Leese,
1988). Early studies examining tubal fluid formation (Brunton and Brinster, 1971;
Brunton, 1972) demonstrated that rabbit ampullae exhibit net CI" secretion (into the
lumen) with Na” flux equivalent in both directions. Oviduct lumen K", HCO,” (Borland,
1977; 1980), CI" and Na“ levels are significantly higher than plasma, although osmolarity
is essentially the same (Dickens and Leese, 1994; Collins and Baltz, 1999).

The electrolyte composition of oviductal fluid is important to maintain osmolarity
and pH. It has been observed that tubal fluid pH is much higher than plasma (pH 7.5-8.0;
Fig. 3), as measured in several species. Maas et al (1977) measured oviduct pH in rhesus
monkey and found that during the follicular phase pH was 7.1 -7.3 while at ovulation pH
increased to 7.5 to 7.8, remaining high through the luteal phase. During the follicular
phase HCO; was 35 mM, rising to 90 mM during ovulation (Maas et al., 1977). pH of
rabbit oviducts was about 7.8-7.9 (Maas et al., 1984), while rat ampullar fluid, 10 h post-
hCG, ranged from pH 8.0 to 8.2 (Ben Yosef et al., 1996). High HCO, and K" levels in
the oviduct have been proposed to aid in the dispersal of the cumulus mass and to help

regulate sperm motility and embryo metabolism (Boatman, 1997).



I1. OOCYTE MATURATION
Acquisition of meiotic competence

Following oogenesis, oocytes are arrested in prophase I of meiosis and are
characterized by a nucleus or germinal vesicle (GV; Fig 2). The oocyte must undergo
many processes during follicular development to acquire the ability or competence to
undergo GVBD and progress through MI to produce a mature MII egg (meiotic
competence). Immature oocytes from primordial or primary follicles are meiotically
incompetent and are unable to complete GVBD (Grondahl et al., 2000). Meiotic
competence requires both nuclear and cytoplasmic maturation of the oocyte. Nuclear
maturation involves the ability to reinitiate and complete the first meiosis, including
GVBD and progression to MII (Eppig et al., 1996; Hegele-Hartung et al., 1999). Nuclear
maturation can be divided into two steps; first, the oocyte becomes competent to undergo
GVBD and to assemble an MI spindle with condensed chromosomes; later, the oocyte
acquires the ability to progress further to MII. During oocyte growth, oocytes accumulate
inactive pools of cell cycle regulatory molecules whose subsequent activation is
important for the resumption of meiosis and progression to MII. Meiotically incompetent
oocytes may lack some of these cell cycle regulators and are thus unable to reinitiate
meiosis or complete MI (de Vantery et al., 1997).

Cytoplasmic maturation includes the processes that prepare the oocyte for
fertilization, activation and preimplantation development such as synthesis and secretion
of the zona pellucida and the acquisition of sensitivity of intracellular Ca** release to
inositol trisphosphate (IP;; Eppig et al., 1996). The potential of the ovulated egg to

become fertilized and develop normally is dependent not only on meiotic/chromosomal
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events but also on the quality and maturity of the ooplasm and plasma membrane. Thus,
nuclear maturation is required for the production of a mature MII egg, while cytoplasmic
maturation is essential for fertilization and development of the new embryo (Hegele-

Hartung et al., 1999).

M-phase promoting factor (MPF)

Meiotic progression is controlled by MPF (M-phase promoting factor) which is
comprised of cyclin B1/B2 and a serine-threonine kinase - p34°* protein kinase (cdk2 or
cdc2; Fig. 5). MPF has cyclical activity which peaks at metaphase (Taieb et al., 1997).
Meiotic competence is acquired at the end of the period of cocyte growth and requires a
pool of accumulated pre-MPF (inactive cdc2 kinase and cyclin B). De novo translation of
cdc2 kinase mRNA is triggered during oocyte growth and inactive cdc2 protein is
accumulated in the oocyte. Exit from prophase I is accompanied by an increase in MPF
activity and GVBD. Activation of MPF occurs in several steps. First, cyclin B (regulatory
protein) is complexed with inactive cdc2 kinase to form pre-MPF. Cyclin B, synthesized
during oocyte growth, is not available for cdc2 kinase complexing in incompetent
oocytes, suggesting that cyclin B is compartmentalized or requires post-translational
modifications prior to complexing. cdc2 kinase, once complexed with cyclin B, is
phosphorylated on Thr-14 and Tyr-15 by wee-1 and/or Myt-1 protein kinase, which
maintain pre-MPF in an inactive state. Dephosphorylation of these residues by cdc25
phosphatase is required prior to activaiion of cdc2 kinase activity. Finally, cdc2 kinase is
phosphorylated by CAK (cdc2 activating kinase) on Thr-161 which fully activates MPF.

Thus, the acquisition of meiotic competence and activation of MPF at GVBD can be



Figure S. Activation of MPF at GVBD. Oocyte growth during meiotic maturation is
accompanied by synthesis and accumuiation of cyclin B and inactive cdc2 kinase
molecules. Activation of MPF occurs in several steps. First, cyclin B is complexed with
inactive cdc2 kinase to form pre-MPF. cdc2 kinase, once complexed with cyclin B, is
phosphorylated on Thr-14 and Tyr-15 by wee-1 and/or Myt-1 protein kinase, which
maintain pre-MPF in an inactive state. Dephosphorylation of these residues by cdc25
phosphatase is required prior to activation of cdc2 kinase activity. Finally, cdc2 kinase is
phosphorylated by CAK (cdc2 activating kinase) on Thr-161 which fully activates MPF

(de Vantery et al, 1997).
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regulated at several levels: translation of cyclin B and cdc2 kinase, inhibitory
phosphorylation by wee-1/Myt-1, dephosphorylation by cdc25 phosphatase and
activation by CAK (de Vantery et al., 1997).

In maturing mouse oocytes, cdc2 kinase activity gradually increases, reaching
maximal activity at MI. Although GVBD in vitro does not appear to require protein
synthesis, treatment of mouse oocytes with protein synthesis inhibitors results in lower
activation of cdc2 kinase activity (~20-30% maximal activity) at MI. As newly
synthesized cyclin B is immediately complexed with cdc2 kinase, this suggests that de
novo cyclin B synthesis is required for full cdc2 kinase activation during meiotic
maturation (Taieb et al., 1997).

MPF activation may also be regulated by cyclin B phosphorylation. In Xenopus
oocytes, cyclin B may be phosphorylated coincident with the appearance of cdc2 kinase
activity. Purified MPF phosphorylates cyclin B2 in vitro, suggesting that cdc2 kinase
phosphorylates cyclin B in vivo. Other candidates include mitogen-activated protein
kinase (MAPK) or its upstream activator mos (MAPKKK). cdc2 kinase activity, cdc2
kinase-cyclin B complex stability and cyclin destruction are independent of cyclin B
phosphorylation. It has been suggested that phosphorylation of cyclin B may be involved
in targeting cyclin B1 complexes to subcellular locations, such as the nucleus (Taieb et
al., 1997).

At the MI - MII transition, MPF activity decreases. In Xenopus oocytes, this loss
of MPF activity results from the destruction of up to 80% of cyclin B2. Cyclin B is
normally degraded at the onset of mitotic anaphase by a ubiquitin-dependent proteolytic

system. Coincident with cyclin B destruction, cyclin B1 and B2 synthesis is stimulated
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three- to fourfold. The subsequent reactivation of MPF is probably due to the

accumulation of new cyclins. At this transition, MPF does not decrease to the basal level
of the prophase state, but rather reaches a minimum of about 25% of its maximal activity.
This can be explained by a period when both cyclin B synthesis and destruction overlap
(Taieb et al., 1997).

Using mutant (LT/Sv) mouse oocytes that arrest in MI rather than progressing to
MII, it has been shown that decreased cyclin B degradation can produce MI arrest (Hampl
and Eppig, 1995). As inactivation of p34°**kinase is normally coupled to the
degradation of cyclin, the reduction of cyclin destruction, together with persistent cyclin
synthesis, sustains active p34““?kinase in these mutant mice. This is consistent with
regulation of MI-MII progression by cyclin degradation and synthesis. Partial
degradation of cyclin B, together with sustained cyclin B synthesis, leaves a substantial
cyclin B pool to reactivate p34“**kinase for entry into MII (Hampl and Eppig, 1995).

One purpose for the immediate reactivation of MPF during this MI-MII transition
is the suppression of S-phase. With an additional round of DNA synthesis diploid eggs
would be produced with triploid embryos resulting from fertilization. Instead,
suppression of S-phase followed by polar body emission resuits in the production of
haploid eggs. Low levels of cyclin B can trigger exit from metaphase and entry into S-
phase and hence, cyclin B is maintained at unusually high levels during the MI-MII
transition (Gross et al., 2000). Thus, upon MPF reactivation there is the immediate
formation of the MII spindle, without reformation of a nuclear envelope, chromosome
decondensation or DNA replication (Taieb et al., 1997).

The transient decrease in MPF activity at the MI/MII border corresponds
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temporally to the emission of the first polar body. This meiotic cytokinesis differs from
normal mitotic cleavages as the nuclear material, but not cytoplasm, is divided equally
between the two daughter cells. The unequal division of cytoplasm is important as the
unfertilized mouse egg will not undergo much transcription or translation until embryonic
genome activation at the 2-cell stage. The unfertilized egg will therefore rely on stored
maternal transcripts and proteins to undergo resumption of the cell cycle, fertilization and

DNA synthesis (Taieb et al., 1997).

Cytostatic factor (CSF)

Near the end of meiosis, the mature egg remains arrested in MII until fertilization
or parthenogenetic egg activation (cell cycle resumption in the absence of sperm; see
below), with chromosomes condensed and aligned on the MII spindle (Jones et al.,
1995b). During MII arrest in mouse eggs, cyclin B is continually synthesized and
degraded, with cyclin B degradation dependent on the presence of intact microtubules
(Kubiak et al., 1993; Winston et al., 1995a). Sustained cyclin B synthesis allows the
prolonged maintenance of MPF activity, which supports MII arrest and the persistence of
the MII spindle (Taieb et al., 1997).

In MII oocytes, an additional factor - cytostatic factor (CSF) - helps maintain MII
arrest (Kubiak et al., 1993). CSF activity was originally demonstrated by microinjection
of MII cytoplasm into one blastomere of a 2-cell frog embryo, which induced metaphase
arrest of the injected blastomere (Masui and Markert, 1971). Similarly, fusion studies
using mouse MII eggs and mitotic 1-cell embryos demonstrated the presence of CSF

activity in mouse eggs (Kubiak et al., 1993). Many proteins have CSF activity,
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including mos, MAPK, cdk2 and p90*** (Taieb et al., 1997; Bhatt and Ferrell, 1999;

Gross et al., 2000).

MAPK are serine/threonine kinases that become activated in mitogen-activated
and transformed cells (Fig. 6). MAPK targets include the 90 kDa ribosomal S6 kinase
(p90%5%) and specific transcription factors (Verlhac et al., 1994). The MAPK pathway
has been well examined in Xenopus oocytes during oocyte maturation. Frog oocyte
maturation is stimulated by progesterone which causes a decrease in intraoocyte cAMP
followed by protein synthesis, required for GVBD in this species. One key protein
synthesized during this period is the mos oncoprotein. Mos activates the MAPK cascade
by phosphorylating MEK 1 at Ser-218 and Ser-222. MEK is a dual specificity kinase that
activates p42 MAPK (ERK!1) and p44 MAPK (ERK2) by phosphorylating threonine and
tyrosine residues. Phosphorylation of MAPK is associated with a marked increase in its
kinase activity. Mos protein accumulates in the oocyte followed by abrupt activation of
MEK]1, p42 MAPK and the M phase regulators xPlkk1, Pix1, cdc25 and cdc2. Mos
antisense oligonucleotides inhibit mos accumulation and progesterone-induced oocyte
maturation, suggesting that mos accumulation is essential for oocyte maturation in
Xenopus. Microinjection of purified mos protein has been shown to induce cdc2
activation and GVBD indicating that mos is sufficient to trigger GVBD. Microinjection
of mos into cleaving blastomeres results in metaphase arrest, indicating that mos has CSF
activity (Ferrell, 1999).

Although the MAPK cascade is generally depicted as a linear chain of
phosphorylation-dependent events (mos—MEK1—ERK1/2) there is also regulation of

the cascade by positive feedback. Microinjection of active MEK1 or ERK1 into frog



Figure 6. Oocyte maturation. A. Schematic of MPF and MAPK activation during oocyte
maturation. MPF is activated by the complexing of cdc2 kinase with presynthesized
cyclin B1 and B2. MAPK activation requires mos synthesis, followed by activation via
MEK. B. Time-course of MPF activity and MAPK activity during oocyte maturation.
MPF and MAPK are both inactive in the GV oocyte. MPF becomes activated after a very
brief lag period following GVBD. The oocyte is now in metaphase I (MI). MAPK is
activated slowly following GVBD, becoming fully active 7-9 h later in the MI oocyte.
There is a transient decrease in MPF activity between at the end of meiosis I, coincident
with the emission of the first polar body (PB1). MPF is reactivated and the egg is arrested

in metaphase I (MIT). MAPK activity does not decrease between metaphase I and II.
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oocytes induces the accumulation of mos protein. ERK 1 stimulates mos mRNA
polyadenylation and mos translation. ERK1 inhibits mos destruction, in part by
phosphorylation of mos at Ser-3, which occurs in vitro. Because of this positive
feedback, it is possible that the progesterone signal initiating Xenopus oocyte maturation
targets mos or causes a small change in the activity of MEK1 or ERK1 that may lead to
the accumulation of mos and activation of the entire signaling cascade (Ferrell, 1999).

The MAPK cascade is activated by different pathways in somatic cells and in later
embryo development. Binding of mitogens, such as insulin or growth factors, to their
receptors results in the activation of Ras, a membrane associated GTP-binding protein.
Ras dissociates from GDP and binds GTP. Raf-1 protein, a cytosolic Ser/Thr kinase is
activated by transport to the membrane and subsequent interaction with Ras-GTP. The
translocation of Raf-1 to the membrane is thought to involve 14-3-3 protein which may
transfer or anchor Raf-1 to the membrane. Following Raf-1 activation 14-3-3 protein
dissociates. The activated Raf-1 phosphorylates serine residues of MAPKK (e.g. MEK1)
resulting in activation of MAPKK, which in turn activates MAPK as described
(Haraguchi et al., 1998). MAPKK can also be activated by MEKK1 and Tpl-2. The Raf-1
dependent pathway is conserved from yeast to vertebrates, while the mos pathway has
been shown only in oocytes (Verlhac et al., 1996).

Both the ERK1 and ERK2 forms of MAPK are present in mouse oocytes. MAPK
activity develops slowly following GVBD, remains active throughout meiotic maturation
and in MII eggs (Verlhac et al., 1994). The protein synthesis inhibitor puromycin inhibits
the activation of MAPK during oocyte maturation, but does not affect the increase in

MPF activity following GVBD. This suggests that MPF activity is not sufficient to
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activate MAPK activity in mouse oocytes and that MAPK activation is dependent on
protein synthesis (Verlhac et al., 1993). Raf-1 is present in immature mouse oocytes but
in an inactive form. As Raf-1 does not become activated until late in meiotic maturation
(MII) this suggests that mos activation of MAPK is independent of the Ras/Raf-1
pathway at GVBD. This is consistent with the fact that the synthesis of Ras, which lies
upstream of Raf-1, is not required for meiosis in mouse oocytes, but is required for
progression to the 2-cell stage. Raf-1 is, however, activated in MII arrested eggs such
that Raf-1 may play a role later in fertilization (Verlhac et al., 1996).

The kinetics of MPF and MAPK activity are different at GVBD. MPF becomes
activated coincident with GVBD, whereas MAPK activation is delayed until about 2 h
following GVBD in the mouse (Verlhac et al., 1994). Unlike in Xenopus oocytes, in
mouse oocytes mos and the MAPK pathway are not required for GVBD, MPF activation
or progression from MI to MII, since these occur normally in mos™ mice. However, mos
is required for MII arrest (Oh et al., 1998).

A MAPK target, the protein kinase p90*¥, is a downstream mediator of CSF
arrest. Constitutively active p90*** maintains CSF arrest in the absence of an active
MAPK pathway in frog oocytes (Gross et al., 1999). Depletion of p90™* from frog
oocytes removed CSF activity, which could be restored by replacement of p90*¥. This is
consistent with identification of p90** as a component of CSF (Bhatt and Ferrell, 1999).
MAPK phosphorylates p90*5* in Xenopus oocytes and in mitotic cells on multiple
Ser/Thr residues. Phosphorylation of p90*** by MAPK also increases p90*°*
autophosphorylation. Targets of p90**¥ include histone H3 kinase, c-Fos, c-Jun and

Nur77. Mouse oocyte p90** (Rsk1 and Rsk2) is phosphorylated and activated in vitro
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and in vivo by ERK1/2 (Palmer et al., 1998).

Activation of p90*** requires two phosphorylation events - a MAPK-independent
pathway, resulting in partial activation, and a MAPK-dependent pathway, which results
in full activation. p90*¥ is partially activated shortly after GVBD in mouse oocytes
independent of MAPK, followed by MAPK-dependent-p90**¥ activation, yielding full
activity. The timing of the initial activation of p90*¥ is consistent with regulation by
p34“**kinase (Kalab et al., 1996). However, the sequence of mouse p90**¥ does not
contain consensus sequences for phosphorylation by p34“*?kinase. Thus, it is possible
that an intermediary kinase, controlled by p34°*? kinase, mediates the initial activation of
p90*%¥ (Kalab et al., 1996). The loss of p90™¥ activity following egg activation is most
likely due to the concomitant loss of MAPK activity (Verlhac et al., 1994; Kalab et al,,
1996). Thus, the MAPK pathway, including upstream regulators (mos and MEK1/2) in
addition to downstream targets (p90*°), is an essential component of CSF activity (Taieb

et al., 1997; Gross et al., 2000).

Parthenogenetic activation in the absence of CSF

As discussed, mos and the MAPK pathway including p90**¥ are essential for the
maintenance of the MII arrest. This is evident in oocytes from mos™ mice. In mos™
oocytes, GVBD and MPF activation occur normally. Progression to MI and extrusion of
the first polar body also occur with no developmental delays. However, in the absence of
mos, MAPK and other pathways downstream of mos are not activated following GVBD,
and these mos™ oocytes do not arrest at MII but become parthenogenetically activated

(Colledge et al., 1994; Hashimoto et al., 1994).
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mos™ parthenogenotes display several phenotypes that have been separated into
three classes (Fig. 7). Class I includes parthenogenotes with up to two polar bodies, such
that the oocyte and polar bodies are similar to normal unfertilized eggs or 1-cell embryos
(Hirao and Eppig, 1997). Class II oocytes exhibit atypical divisions, fragmentation and
include oocytes with extremely large polar bodies (Choi et al., 1996), or oocytes that have
undergone fragmentation. This suggests atypical cytokinesis has occurred in either MI or
MII, thereby producing extremely large polar bodies and unequally-sized blastomeres
(Choi et al., 1996; Hirao and Eppig, 1997). Class III oocytes resemble normal 2-cell
embryos, with each blastomere containing a visible nucleus. Some mos™ oocytes do form
a pronucleus right after MI (Araki et al., 1996) and may divide symmetrically to produce
a 2-cell embryo, although this phenotype composes only a small percentage of mos™
parthenogenotes in vivo (Hirao and Eppig, 1997).

Developmental fates of these mos™ parthenogenotes vary between classes. Class I
parthenogenotes most likely become activated during MII and produce either a second
polar body or a pronucleus. Many oocytes, however, do not produce a pronucleus even
following extrusion of the second polar body (Hirao and Eppig, 1997). These oocytes
most likely progress to a third metaphase (MIII) instead of interphase following emission
of the second polar body. The majority of these parthenogenetically activated mos™
oocytes progress to MIII, which persists for at least 10 h. MIII is not a true metaphase as
the spindle formed is monopolar rather than bipolar. This metaphase III arrest is not due
to CSF activity (mos is absent), but probably because the metaphase spindle is monopolar
and not functional (Verlhac et al., 1996).

Following in vitro culture, about 30% of the mos™ oocytes cleaved to the 2-cell



Figure 7. Parthenogenetic classes of mouse mos”cocytes. Observations that mos™
oocytes exhibited a parthenogenetic phenotype led to the establishment of three
parthenogenetic classes by Hirao and Eppig (1997). Class I includes parthenogenotes
with pronuclei and/or two polar bodies. Class II parthenogenotes exhibit atypical
divisions and include oocytes with extremely large polar bodies, or oocytes that have
undergone fragmentation. Class III parthenogenotes resemble normal 2-cell embryos,

with each blastomere containing a visible nucleus (Hirao and Eppig, 1997).
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stage, with each blastomere containing a nucleus. The developmental potential of these
mos™ embryos in vivo and in vitro was generally limited to early cleavage stages (4-cell
stage; Colledge et al., 1994). Class III parthenogenotes exhibit normal morphology and
some (~15%) may develop to the blastocyst stage following in vitro culture. Class I and
II parthenogenotes, however, develop poorly with only about 5% blastocyst development
(Hirao and Eppig, 1997). Spontaneous parthenogenetic activation of mos™ oocytes
clearly demonstrates the role of mos in the maintenance of MII arrest. The different
phenotypes exhibited by these mos™ ococytes reflect the atypical organization of the

cytoskeleton and spindle due to the absence of mos (Verlhac et al., 1996).

Interdependence of CSF and MPF

The MAPK pathway, and hence, CSF, may also be involved in the suppression of
S-phase between MI and MII. In somatic cells, The specific ubiquitin protein ligase that
targets cyclin B for destruction in mitosis is the anaphase-promoting complex (APC).
Changes in the abundance of cyclin B have been correlated with changes of the
phosphorylation state of the APC regulatory kinase cdc27. MAPK activity appears to
maintain MII arrest by inhibition of the APC. Ordinarily, only a portion of cyclin B is
targeted for destruction by APC during exit from MI. In Xenopus oocytes, MAPK acting
via p90*s* promotes phosphorylation of the cdc27 component of the APC, thereby
inhibiting the APC-mediated degradation of cyclins. Treatment of Xenopus GV oocytes
with the MAPKK (MEK1/2) inhibitor U0126 prevents phosphorylation of cdc27
resulting in the formation of a nucleus following MI and progression into an

inappropriate S-phase. Entry into interphase, characterized by the appearance of the
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nucleus, results from increased degradation of cyclin B by the APC in the absence of
MAPK activity. U0126-treated GV oocytes can be prevented from forming an interphase
nucleus if they are injected with active p90™*¥. This suggests that the APC is under
control of the MAPK pathway. (Gross et al., 2000).

MAPK upregulates MPF by stimulation of cyclin B synthesis (Fig. 8). The
mRNA cap-binding protein elF-4E, a subunit of the initiation factor e[F-4F, is usually
rate-limiting in protein synthesis as it is complexed to the protein PHAS-1. This
inhibitory PHAS-1:elF-4E complex is observed when MAPK activity is low. When
MAPK is active, MAPK phosphorylates PHAS-1 causing it to dissociate from elF-4E,
thereby rendering eIF-4E available to initiate translation (Moos et al., 1996). MAPK may
also phosphorylate eIF-4E. In mouse oocytes MAPK and p90*** are activated together
with e[F-4E phosphorylation. Thus, MAPK regulation of MPF involves regulation of
cyclin B availability, either through elF-4E to stimulate cyclin B synthesis (Moos et al.,
1996) or via p90™¥ to inhibit cyclin B degradation (Gross et al., 2000).

MAPK may more directly regulate p34°*? kinase activity. In Xenopus oocytes, as
discussed, p34°*? /cyclin B complexes exist as preformed MPF, maintained in an inactive
form by phosphorylation on Thr-14, Tyr-15 and Thr-161 residues of p34°*? kinase.
Activation of MPF requires dephosphorylation of these residues, which appears to be
catalyzed by the phosphatase cdc25. Conversely, inhibition of the kinases which
phosphorylate these residues will also activate MPF. One such inhibitory kinase is wee-1
which phosphorylates p34°** kinase only on Tyr-15, but not Thr-14. This suggests that a
separate kinase also regulates MPF activity. The candidate for this second kinase is Myt-

1, which is a membrane-associated wee-1 homologue that can phosphorylate p34°42



Figure 8. Interdependence of CSF and MPF pathways. The MAPK cascade is
activated in somatic cells by binding of mitogens to their receptors resulting in the
activation of Ras-GDP. Ras dissociates from GDP and binds GTP. Raf-1 protein is
activated by transport to the membrane, thought to involve 14-3-3 protein, and
subsequent interaction with Ras-GTP. The activated Raf-1 phosphorylates serine residues
of MEK which in turn activates MAPK (Haraguchi et al, 1998). In contrast, in oocytes

MAPK is activated via the mos—~MEK pathway. MAPK phosphatases, MKP1 and

PACI1, dephosphorylate MAPK, thereby resulting in its inactivation. MAPK acting via
P90 has been shown to cause phosphorylation of the cdc27 component of the APC,
thereby inhibiting the APC-mediated degradation of cyclins (Gross et al, 2000). MAPK
has been shown to upregulate MPF by stimulation of cyclin B synthesis. Active MAPK
phosphorylates PHAS-1 causing it to dissociate from eIF-4E, thereby rendering elF-4E
available to initiate translation. MAPK may also phosphorylate eIF-4E. In mouse
oocytes MAPK and p90®° are activated together with eIF-4E phosphorylation. (Moos et
al, 1996). MAPK may also more directly regulate p34° kinase activity. Myt-1is a
target of MAPK -activated p90™** which phosphorylates the C-terminal regulatory domain
of Myt-1 and downregulates the inhibitory activity of Myt-1 on p34°** kinase/cyclin B
complexes in vitro (Palmer et al, 1998). In Xenopus oocytes, the N-terminal domain of
cdc25 can be phosphorylated by the polo-like kinase, Plx1. Plx1, which may be regulated

by MAPK, has been shown to activate cdc25 in vitro (Gavin et al, 1999).
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kinase on both Tyr-15 and Thr-14. Myt-1 may become phosphorylated during Xenopus
oocyte maturation and p90*S¥ is associated with Myt-1 in mature oocytes. While cdc25
activity increases during mitosis (increased dephosphorylation of these inhibitory
residues), wee-1 and Myt-1 activity decreases (decreased phosphorylation of these
residues) resulting in a decrease in MPF activity. Myt-1 is a target of MAPK-activated
p90"5* which phosphorylates the C-terminal regulatory domain of Myt-1 and
downregulates the inhibitory activity of Myt-1 on p34°*? kinase/cyclin B complexes in
vitro (Palmer et al., 1998).

In Xenopus oocytes, the N-terminal domain of cdc25 can be phosphorylated by
the polo-like kinase, PIx1. Plx1 phosphorylation can activate cdc25 in vitro, suggesting
that Plx1 may be one of the triggering kinases responsible for the phosphorylation and
activation of cdc25 at the onset of M-phase (Gavin et al., 1999). Plx1 may also be
activated by a MAPK-dependent pathway. In mos-injected Xenopus oocytes MAPK
(p42™*') activation is followed by the partial phosphorylation and activation of Pix1.
The MAPK-dependent phosphorylation of Pix1 is inhibited by cycloheximide indicating
that protein synthesis is required (Gavin et al., 1999). Thus, MAPK-dependent activation

of PIx1 in Xenopus may be important for MPF activation at the onset of M-phase.

Control of meiotic maturation

Two main hypotheses have been proposed to explain the regulation of mammalian
oocyte maturation. The first proposed that termination or reduction in interceilular
coupling between the oocyte and cumulus cells, which would result from the withdrawal

of cumulus cell cytoplasmic processes, ends cocyte maturation inhibition by physically
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interrupting the flow of a meiosis-inhibiting factor to the oocyte. The model also
proposed that cAMP, originating in the granulosa/cumulus cells, enters the oocyte via gap
junctions and regulates maturation. The loss of the cytoplasmic processes and associated
gap junctions would prevent the transfer of cAMP, and intraoocyte cAMP levels would
thereby decrease due tc an oocyte cAMP phosphodiesterase. The decrease of
intracellular cAMP below a critical level would somehow trigger resumption of meiosis.
The second hypothesis suggested that a quantitative or qualitative change in the signal
communicated from the cumulus cells to the oocyte, but not a termination of the
intercellular coupling between the cells, triggers oocyte maturation. This was based upon
the observation that follicular fluid contains a putative low-molecular-weight polypeptide
inhibitor called ‘oocyte maturation inhibitor’ (OMI) that reversibly inhibits maturation of
cumulus cell-enclosed oocytes, but does not inhibit maturation of denuded oocytes. It has
been proposed that the inhibitor’s action is terminated by action of gonadotropins on the
granulosa cells (Eppig, 1982; Schultz et al., 1983a).

The first hypothesis was studied by examining the degree of cumulus expansion
in mouse oocytes retrieved at various times following hCG. GVBD occurs within about
3 h following hCG, which preceded cumulus expansion and mucification. Retraction of
the cytoplasmic processes did not occur until about 9 h following hCG. Intercellular
coupling between cumulus cells and oocytes was also measured at various times
following hCG. Intercellular coupling was determined by measuring uptake of
[*H]uridine and [*H]choline in cumulus-intact oocyte complexes and denuded oocytes.
Both cumulus cells and oocytes could take up these radiolabelled compounds. Increased

uptake by cumulus-oocyte complexes would indicate that oocytes were coupled to
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cumulus cells via gap junctions. Indeed, oocytes, denuded of cumulus cells subsequent to
radioactive uptake, exhibited significantly higher uptake compared to oocytes denuded of
cumulus cells prior to radioactive uptake. This suggests that compounds similar in size to
cAMP could be transferred between the oocyte and its cumulus mass. However,
intercellular coupling decreased significantly approximately 3-4 h post-hCG (following
the onset of GVBD). Thus, uncoupling of the cumulus processes from the oocyte, both
physically and electrochemically, cannot be the normal physiological trigger of GVBD as
this uncoupling occurs several hours following GVBD (Eppig, 1982).

Mammalian oocytes in antral follicles spontaneously resume meiosis in culture if
released from their follicles. Meiotic arrest is maintained, however, if the oocytes are
handled in the presence of permeable analogues of cAMP or inhibitors of cyclic
nucleotide phosphodiesterase (PDE). These observations led to the proposal that cAMP
is involved in the regulation of meiotic maturation and arrest in mammalian oocytes via
the activity of a cAMP-dependent protein kinase (PKA; Fig. 9). This model proposed
that a phosphoprotein (XP), a substrate of PKA, maintains meiotic arrest. A decrease in
PKA activity, caused by a decrease in intracellular cAMP concentration would, due to
phosphoprotein phosphatase activity, result in a net dephosphorylation of XP. The
dephosphorylated protein, X, would then promote resumption of meiosis (Bornslaeger et
al., 1986). A decrease in mouse oocyte cAMP does occur prior to maturation, both in
vivo and in vitro, during the time when oocytes become committed to resume meiosis
(Schultz et al., 1983b). In addition, specific oocyte phosphoproteins are
dephosphorylated during this period. This model has been supported by the evidence that

a microinjected inhibitor of PKA (PKI) induces GVBD, even under conditions which



Figure 9. Model for role of cAMP in oocyte maturation. Adapted from Schultz et al,
1983b. A. Meiotic arrest is maintained by a phosphoprotein XP, the active form of the
protein. High intra-oocyte levels of cAMP activate a cAMP-dependent protein kinase
(PKA) which phosphorylates protein X. B. Oocyte cAMP levels decrease resulting in
inactive PKA, enabling phosphatases (PP) to dephosphorylate XP, thereby producing X,
the inactive form of the protein which leads to GVBD. Low oocyte cAMP levels are
maintained by robust phosphodiesterase (PDE) activity which hydrolyzes cAMP to

S'AMP.






28

elevate oocyte cAMP levels and would normally inhibit meiotic resumption (Bornslaeger
et al., 1986). Thus, these results seems to favour the second hypothesis which proposes
that a change in the signal (CAMP) communicated from the follicle cells or follicular fluid

triggers oocyte maturation.

III. FERTILIZATION
Sperm-capacitation, acrosome reaction, zona binding and penetration

Capacitation encompasses a series of changes to the spermatozoa to render it
capable of undergoing the acrosome reaction (see below) and fertilization (Yanagamachi,
1988). Capacitation is correlated with changes in sperm plasma membrane fluidity,
intracellular ion concentrations, metabolism, and motility. HCO,’, and a macromolecule
such as albumin, are required for capacitation. Capacitation can be achieved in vitro in a
balanced salt solution containing these components and a metabolic energy source.
Albumin is believed to be responsible for the removal of cholesterol from the sperm
plasma membrane, and may account for the changes in membrane fluidity (Visconti et al.,
1995a). HCO, appears to stimulate intracellular cAMP production without
accompanying changes in pH, (Visconti et al., 1995b). This is consistent with a recent
report demonstrating that HCO," directly activates the sperm-specific soluble adenylate
cyclase (sAC) which thus increases intracellular cAMP (Chen et al., 2000).

The acrosome is a membrane-bound cap-like structure covering the anterior
portion of the sperm nucleus. Functionally, the acrosome reaction serves to release
hydrolytic enzymes to aid in the enzymatic dissolution of the zona pellucida to enable

penetration through the zona. The acrosome reaction involves multiple fusion events
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between the outer acrosomal membrane and the overlying plasma membrane, which
enables the contents of the acrosome to escape though the fenestrated membranes
(Yanagamachi, 1988).

Following capacitation, sperm must bind to the surface of the zona pellucida (Fig.
10). Sperm-egg binding in the mouse is mediated by zona glycoproteins ZP1, ZP2 and
ZP3. These zona proteins are encoded by single copy genes, expressed by the oocyte
during oogenesis and folliculogenesis. Zona pellucidae from ZP1™ cocytes are
structurally abnormal suggesting that ZP1 is an important structural component (Evans,
2000). ZP3 is the primary sperm receptor, which binds to sperm prior to the acrosome
reaction. ZP2 is the secondary sperm receptor, which binds to the sperm following the
acrosome reaction. ZP3 has both sperm-receptor and acrosome reaction-inducing
activities (Yanigamachi, 1988). Following fertilization, both ZP2 and ZP3 are modified
such that ZP3f can no longer bind or acrosome react sperm and ZP2f cannot interact with
acrosome-reacted sperm. These modifications to ZP2 and ZP3 constitute the ZP block to
polyspermy and represent an early event of egg activation (Xu et al., 1994).

Penetration through the zona pellucida is achieved by vigorous sperm tail
movement (mechanical) and enzymatic digestion of the zona pellucida. Upon penetration
of the zona, the sperm head crosses the perivitelline space, becomes attached to the
vitellus and is gradually incorporated into it (Yanagamachi, 1988). Initial contact between
sperm and egg is followed by adhesion to the egg plasma membrane. The egg plasma
membrane, like the zona pellucida, also expresses sperm receptors which are members of
the integrin family (Bronson et al., 1999; Zhu et al., 2000). Sperm surface ligands thought

to be involved in sperm-egg interactions are members of the ADAM (a disintegrin and



Figure 10. Mouse in vitro fertilization. An egg from a CF-1 female mouse is fertilized

in vitro by sperm (sp) from a CD-1 male. The visible sperm are bound to the zona

pellucida (zp). Scale bar represents 50 um.
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metalloprotease) family (Bigler et al., 2000). Five members of the ADAM family have

been identified in mouse testis; fertilin a, fertilin B (PH-30; Moore et al., 1993),
cyritestin, ADAM 4 and ADAM 5 (Yuan et al., 1997). Fertilin B and cryitestin are the
two leading candidate ligands that have been proposed to mediate sperm-egg membrane

binding and possibly fusion in the mouse (Shamsadin et al., 1999; Bigler et al., 2000).

Production of Ca**, transients

Fertilization in all species studied to date is accompanied by a large, transient
increase in intracellular Ca?* (Ca*")) in the egg (Fig. 11). In many animals, including
mammals, this is followed by a series of repetitive Ca’" transients lasting for several
hours (Kline and Kline, 1992). In the mouse, the initial increase in Ca?", is observed about
20-30 sec post-sperm attachment and spreads like a wave across the egg (Fig. 11B; Xu et
al., 1994). In the hamster, Ca*"; increases from about 0.1 uM, prior to fertilization to 0.3
uM following sperm binding (Miyazaki, 1991). The ability to sustain repetitive Ca*>"
transients for several hours is found only in mature oocytes, while immature oocytes
exhibit only a brief period of Ca*" transients with lower amplitudes upon activation
(Jones et al., 1995a).

Ca”, transients are dependent on the release of Ca’* from Ca®"; stores
(endoplasmic reticulum, ER; Xu et al., 1994). Net influx of extracellular Ca*" is required
for the continuation of the transients, as the frequency of the transients is dependent on
external Ca?* (Cheek et al., 1993; Igarashi et al., 1997). Intracellular stores are refilled

primarily by Ca**; uptake mediated by ER Ca**ATPase (Igarashi et al., 1997). Underlying



Figure 11. Ca**-dependent events at fertilization. A. At fertilization there is an increase
in Ca*", however the mechanism by which this occurs is under some debate. One theory
(illustrated here) suggests that sperm bind to receptors on the zona pellucida (ZP2 and
ZP3), thereby activating a G-protein (Miyazaki et al., 1990; Jaffe, 1990; Cheek et al.,
1993). GTP is hydrolyzed to GDP resulting in the activation of phospholipase C (PLC)
and hydrolysis of phosphoinositol (PIP,) into inositol trisphosphate (IP;) and
diacylglycerol (DAG). [P, mediates Ca’" release from intracellular stores (ER,
mitochondria) via IP, receptors. Following a Ca** wave or transient, Ca** uptake back into
intracellular stores is mediated by Ca?*-ATPase. Some Ca*" is removed from the egg by
Na'/ Ca?" exchanger or Ca?*-ATPase. The increase in Ca**; results in cortical granule
(CG) exocytosis which leads to the zona block to polyspermy. B. Calcium wave. Sperm
binding triggers localized release of Ca** from intracellular stores resulting in Ca*'-

induced-Ca**-release (CICR).
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each Ca”"; transient is the continuous influx of Ca?* through plasma membrane channels.
This continuous influx of Ca*" sets the frequency of Ca®*, transients, establishing the rate
of refilling Ca®"; stores such that subsequent transients can be initiated (McGuinness et
al., 1996).

Release of Ca®" from intracellular stores is mediated by at least two pathways, IP;-
induced-Ca®* release (IICR) and Ca**-induced-Ca?* release (CICR), mediated by the
rvandodine receptor/channel (RyR; Chini et al., 1998). Both receptors are located on
intracellular Ca** stores (e.g. ER) and induce Ca®"; release upon agonist binding. The RyR
can be activated by the endogenous nucleotide 5'-cyclic diphosphoribose (cADPR),
however, the mechanism of activation of the RyR by cADPR is poorly understood (Chini
et al.,, 1998). cADPR promotes Ca“", release in sea urchin egg homogenates and
microsomes (Galione and White, 1994). In addition to the [P, and RyR pathways, sea
urchin egg Ca”"; release at fertilization may be mediated by yet another pathway activated
by nicotinate-adenine dinucleotide phosphate (NAADP; Chini et al., 1998). [ICR
mediates Ca®", transients and waves in mammalian eggs such as mouse and hamster

(Miyazaki et al., 1992; Kline and Kline, 1994; Jones et al., 1995a).

Initiation of Ca**, transients

How the sperm induces Ca®* transients is unknown. However, there are two major
hypotheses. One hypothesis suggests that a sperm-associated molecule may interact with
a receptor coupled to a GTP binding protein or G-protein in the cocyte membrane to
activate phospholipase C (PLC). PLC hydrolysis of PIP2 to produce Ca®"; release agonist

IP, would result in Ca®"; release and the production of Ca** transients (Miyazaki, 1990;
3 i
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Jaffe, 1990; Cheek et al., 1993). While G-protein activation in hamster oocytes does
induce a series of Ca’* transients, GDP-B—S (G-protein antagonist) injection does not
inhibit sperm incorporation and poorly inhibits the production of Ca®"; transients (Cheek
et al.,, 1993). This suggests that a G-protein may not be involved at fertilization (Swann
and Whitaker, 1990). The timing of the initial Ca*"; transient also appears to preclude
transmembrane receptor-mediation of Ca®*; release as egg-sperm membrane fusion occurs
prior to the increase in Ca®*, (McCulloh and Chambers, 1992). If a transmembrane
receptor coupled to an Ca?*, releasing-signalling pathway were involved, the initial Ca®,
transient would be expected to occur upon sperm binding to the putative receptor, not
upon membrane fusion (Machaty et al., 2000).

The second hypothesis suggests that sperm-egg fusion results in a soluble sperm
factor being released into the oocyte (Dale et al., 1985; Swann, 1990). This soluble sperm
factor would be expected to act at or upstream of Ca** channel-coupled receptors
regulating Ca®"; release from Ca?*, stores (mainly ER). As discussed, the main receptors
regulating Ca”", release are the IP,R and the RyR (Tesarik, 1998). Direct evidence for a
soluble sperm factor was shown by microinjecting soluble components from sperm into
sea urchin and ascidian oocytes (Dale et al., 1999). The success of intracytoplasmic
sperm injection (ICSI) seems to confirm this hypothesis, as injection of a sperm directly
into the oocyte leads to normal embryogenesis in the absence of any normal sperm-egg
membrane interaction (Tesarik et al., 1994). The identity of the soluble sperm factor is
controversial. Perhaps the most conservative but reasonable hypothesis suggests that

there are multiple sperm factors and possibly a membrane-bound component that initiates
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Ca®, release at fertilization. Multiple sperm factors would explain the growing number of
Ca”", release pathways identified and could include Ca*', IP,, cGMP, ryanodine, cADPR,
NAADP or PLCy. Any of these molecules, or factor(s) that stimulate these pathways,

could be the soluble sperm factor (Dale et al., 1999).

Cell cycle-dependence of Ca’", transients

While the initiation of Ca®", transients appears to be triggered by soluble sperm
factor(s), the duration of Ca’"; transients may be dependent on the cell cycle. The ability
of sperm to trigger Ca’", transients is dependent on the stage of maturation of the egg as
MII oocytes (12-14 h post-maturation) but not immature MI oocytes (10 h post-
maturation) produce Ca®"; transients in response to insemination. However, MI oocytes
that failed to progress to metaphase II (extrusion of the first polar body) by 14 h post-
maturation were able to produce repetitive Ca®"; transients. This suggests that the egg’s
ability to generate continuous Ca**; transients develops late in maturation between MI and
MII (12-14 h post-maturation; Jones et al., 1995a; Cheung et al., 2000). Ca®", transients,
once initiated, last a number of hours, during which time the second polar body is
emitted. The amplitude of the transients decreases shortly before pronuclear formation
and ceases when pronuclei become visible. Ca**; transients have been observed for up to
18 h in fertilized eggs maintained in metaphase arrest by microtubule depolymerizer
colcemid (Kubiak et al., 1993; Jones et al., 1995b). Thus, Ca**; transients appear to be
regulated by the cell cycle.

Since Ca™, transients cease at pronuclear formation and can be sustained
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indefinitely if MII arrest is maintained experimentally after egg activation (Jones et al.,
1995b), this suggests that Ca’", transients may be specific to the portion of metaphase II
starting at egg activation and ending with nuclear envelope reformation (PN formation).
Metaphase in general is characterized by the activity of p34°** kinase/cyclin B. In
ascidian oocytes, MPF p34°* kinase/cyclin B activity appears to be required for Ca**,
transients. Sperm trigger two series of Ca®"; transients in MI arrested ascidian oocytes,
one of which triggers exit from MI arrest and the other terminates when the egg exits
MILI. Each series of Ca®*; transients is correlated with high MPF activity. The appearance
of Ca¥", transients correlates with elevated MPF activity which is low during the extrusion
of the first polar body, becoming increased at fertilization. The second phase of Ca‘",
transients can be prevented by addition of roscovitine, an inhibitor of p34°**
kinase/cyclin B suggesting that p34°*? kinase/cyclin B controls Ca®*, transients in
ascidian oocytes. There was no evidence, however, to suggest that p34°* kinase/cyclin
B triggered the initial Ca®*, transient (Levasseur and McDougall, 2000). Ca’*, transients
following fertilization in the mouse have also been demonstrated to be roscovitine-
sensitive (Deng and Shen, 2000). Thus, p34*? kinase/cyclin B may be required to sustain
Ca®*, transients.

Nuclei transferred from 1- and 2-cell embryos to MII eggs cause the release of
Ca”", that is sufficient to cause parthenogenetic activation. Ca®"; release and subsequent
parthenogenetic activation were only observed following nuclear envelope breakdown
(NEBD). This suggests that Ca*"-releasing ability is associated with the nucleus. A
possible mechanism for the initiation of Ca**; transients may be that the soluble sperm

factor(s) causes the release of Ca®*; and then associates with the nucleus. Altemnatively, a
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soluble sperm factor may initiate Ca®*; transients while another nuclear factor
subsequently sustains the Ca**; transients. After nuclear transfer and subsequent NEBD,
the putative nucleus-associated factor is released and stimulates Ca’*; transients and
parthenogenetic activation. Several proteins are localized in the nucleus during interphase
and become cytoplasmic after NEBD and thus may be candidates for this Ca’", transient-
inducing nuclear factor. These proteins include cdc25 and p34*“?/cyclin B. This model
would suggest that Ca’", transients could be reinitiated during NEBD of the first mitotic
cell cycle prior to cleavage to the 2-cell stage (Kono et al., 1995). There are reports that
Ca®, transients have been observed during this period in mouse (Tombes et al., 1992),
Xenopus (Kubota et al., 1993), and sea urchin embryos (Poenie et al., 1985; Whitaker and
Patel, 1990). Thus, the presence of Ca*"; transients during NEBD of embryonic mitosis is
consistent with Ca*"-releasing activity associated with a nucleus factor which becomes
cytoplasmic following NEBD (Kono et al., 1995). That a nucleus-associated protein
may have Ca®"-releasing activity is consistent with the cessation of Ca’*, transients upon
formation of pronuclei and presumably, sequestration of the nuclear factor within the

pronuclei (Jones et al., 1995b).

Cortical granule exocytosis

Cortical granules are small, spherical, membrane-limited organelles containing
hydrolytic enzymes and saccharide components located beneath the plasma membrane of
mature unfertilized eggs. The release of cortical granules, just following sperm-egg
fusion, alters the physical and chemical characteristics of the zona pellucida causing the

zona to become refractory to further sperm penetration. This is called the cortical granule
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reaction (Yanagamachi, 1988). Cortical granule exocytosis occurs 2.5-5 min after sperm
attachment to zona-free hamster eggs and 5-15 min after sperm attachment to zona-free
mouse eggs (Kline and Stewart-Savage, 1994). Cortical granule exocytosis is one of the
most Ca’"-sensitive events of egg activation. Cortical granule exocytosis occurs over a
narrow threshold range of injected free Ca** concentration (between 0.5 and 1 uM)
whereas later events, such as cell cycle resumption are not observed below 2.5 uM
injected free Ca®* (Xu et al., 1994). Activators of the protein kinase C (PKC) pathway,
such as phorbol esters and DAG, have been shown to induce cortical granule exocytosis,

suggesting that PKC may mediate cortical granule exocytosis (Ducibella and LeFevre,

1997).

Egg plasma membrane block

The egg plasma membrane also has the ability to reject excess sperm. This block
to polyspermy has been called the vitelline block or egg plasma membrane block
(Yanagamachi, 1988). In the sea urchin egg, the egg plasma membrane becomes
refractory to excess sperm within a few seconds after attachment of the first sperm to the
membrane. The fast block to polyspermy is electrical in nature (Payan et al., 1981). The
depolarization of the membrane follows sperm attachment and serves two functions: 1) it
permits entry of the fertilizing sperm and 2) it blocks entry of supernumerary sperm
(Chambers and McCulloh, 1990; Jaffe, 1990). In Xenopus, the fertilization potential is
caused by Ca*"-sensitive CI" channels (Grandin and Charbonneau, 1991a).

In hamster and human oocytes the fertilization-induced hyperpolarization is Ca*
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dependent (Gianaroli et al., 1994). The increase in Ca®"; activates a Ca*"-dependent K*
current resulting in membrane hyperpolarization (Cherr and Ducibella, 1990; Miyazaki et
al., 1992). The first hyperpolarization occurs as the sperm fuses with the egg, in contrast
to the depolarization seen in sea urchin eggs that accompanies sperm binding (Cherr and
Ducibella, 1990). In the mouse, the plasma membrane block occurs too slowly to be
electrophysiological in nature and seems to involve a permanent change of the egg
surface (Tatone et al., 1994). Thus, although the plasma membrane block differs between

species, its presence functions to exclude supernumerary sperm.

Changes in intracellular pH (pH)

Fertilization in the sea urchin is accompanied by a large increase (~0.3 pH units)
in intracellular pH (pH;; Johnson et al., 1976). This observation triggered much interest
in the study of pH; changes at fertilization to determine whether cytoplasmic
alkalinization was yet another universal event at fertilization, in addition to the increase in
Ca®",. Xenopus and some marine invertebrates also exhibit changes in pH; upon egg
maturation or fertilization, although not to the same extent as the sea urchin egg (Epel,
1988).

pH, of the unfertilized sea urchin egg is low (pH.~6.8) and becomes subsequently
increased 1 to 4 min following fertilization to pH, 7.2-7.3 (Johnson et al., 1976; Shen and
Steinhardt, 1978). This fertilization-induced increase in pH; results from the Na'-
dependent efflux of H™ (Johnson et al., 1976; Payan et al., 1981). As H" efflux was
shown to require external Na" (Chambers, 1976) and was sensitive to the Na'/H"

antiporter inhibitor amiloride (Johnson et al., 1976; Shen and Steinhardt, 1979), this
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suggested that the increase in pH, at fertilization in the sea urchin was mediated by an
amiloride-sensitive Na'/H" antiporter with a stoichiometry of 1:1 (Johnson et al., 1976;
Girard et al., 1982; Payan et al., 1983).

Na'/H" antiporter activity is present in the unfertilized egg. At fertilization, the
Na'/H" antiporter is activated resulting in the increased efflux of H™ thereby causing
cytoplasmic alkalinization (Payan et al., 1983). This suggested that the pH, set-point, or
threshold below which Na'/H™ antiporter activity is increased, was shifted in the alkaline
direction at fertilization. Activation of the Na'/H" antiporter at fertilization most likely
involved phosphorylation following a signal transduction pathway, such as PKC (Epel,
1988; Jiang et al., 1990).

To investigate the PKC pathway, phorbol esters and DAG analogs have both been
used to activate the PKC pathway in the absence of fertilization in the sea urchin egg.
Both of these agents activated Na'/H" exchanger in the absence of fertilization resulting
in Na'-dependent H" efflux. This suggested that PKC may regulate Na'/H" antiporter
activity (Swann and Whitaker, 1985). However, Na"/H" antiporter activity can also be
activated by Ca?*-calmodulin-dependent kinase (CaMKII). An inhibitor of CaMKII, W-7,
was shown to inhibit the fertilization-induced increase in pH,, suggesting that the
fertilization-dependent cytoplasmic alkalinization may be mediated by both CaMKII and
PKC-activation of Na'/H" antiporter (Shen, 1989; Shen and Buck, 1990).

The increase in pH; in the sea urchin egg is an important component of
fertilization. In the absence of sperm, egg activation results from simply raising pH, by
the addition of ammonia or other organic amines. As exposure to weak bases (ammonia,

procaine, nicotine) alkalinizes the cytoplasm independent of external Na”, this suggests
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that parthenogenetic activation by these agents is independent of Na"-coupled H' efflux
(Johnson et al., 1976, Boron et al., 1978; Winkler and Grainger, 1978).

While many processes triggered by fertilization are dependent on the increase in
Ca®*, protein synthesis can be triggered by alkalinization of the cytoplasm by ammonia or
other weak bases (Winkler and Grainger, 1978). The increased pH; seems to be the major
immediate cause of increased protein synthesis (Swann and Whitaker, 1985; Lau et al.,
1986). The rate of protein synthesis is increased by 5-30 fold beginning 5 min after
fertilization and can be manipulated by changing pH,. Lowering pH, decreases the rate of
protein synthesis while increasing pH, causes an increase in the rate of protein synthesis.
This is consistent with regulation of protein synthesis by cytoplasmic alkalinization
(Grainger et al., 1979; Winkler, 1982; Dubé et al., 1985).

Other fertilization-associated processes shown to be pH;-sensitive include
development of new K" conductance (Shen and Steinhardt, 1980), the post-fertilization
organization of actin bundles in microvilli and the microfilamentous contractile ring
responsible for the formation of cleavage furrow (Dubé et al., 1985; Epel, 1988), DNA
synthesis (Lopo and Vacquier, 1977; Whitaker and Steinhardt, 1981; Lau et al., 1986)
and the post-fertilization respiratory burst (Heinecke and Shapiro, 1990). Thus, the
fertilization-dependent activation of Na'/H" antiporter activity resulting in cytoplasmic
alkalinization in the sea urchin egg mediates many metabolic and ionic events in the

newly fertilized egg.

PH, changes in other species

Fertilization in Xenopus is accompanied by a biphasic change in pH.. First a
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transient acidification followed by a permanent increase in pH, of about 0.3 pH units. A
gradual increase in pH; occurs 5-10 min following egg activation, raising pH; from 7.4 to
7.7. This increase in pH; is permanent and is sustained through at least 10 cleavage
cycles, with small cell-cycle-dependent pH, oscillations (Webb and Nuccitelli, 1981).
Similar to sea urchin eggs, Xenopus eggs can be parthenogenetically activated by weak
bases, suggesting a role for cytoplasmic alkalinization in egg activation. However, unlike
the sea urchin egg, weak base activation releases membrane-bound Ca**; (Grandin and
Charbonneau, 1991a; Grandin and Charbonneau, 1991b).

The mechanism of cytoplasmic alkalinization in Xenopus eggs at fertilization is
not well understood. No efflux of H™ appears to occur during cytoplasmic alkalization and
it is independent of external Na“, either of which would preclude Na'/H" antiporter
activity. Intracellular sequestration of H" has been proposed to increase cytoplasmic pH;
which is consistent with the low permeability to ions exhibited by the fertilized Xenopus
egg and the lack of effect of external pH on pH, (Webb and Nuccitelli, 1981). Ca’*, may
regulate the increase in pH; at fertilization. Inhibition of Ca®"; transients at fertilization by
BAPTA or EGTA, two potent chelators of Ca**,, delayed the activation-associated
increase in pH,, suggesting that the increase in pH,; is a consequence of the Ca**; wave and
transients (Grandin and Charbonneau, 1992).

Xenopus oocyte maturation is also accompanied by an increase in pH; (~0.3 pH
unit) by a mechanism that does involve loss of H" (Cicirelli et al., 1983) and is
independent of the membrane potential (Lee and Steinhardt, 1981). Na" influx steadily
increases during maturation, beginning almost immediately after progesterone exposure,

followed by an increase in passive Ca*" influx. This suggests that Na'/H" antiporter may
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indeed regulate the increase in pH; observed during oocyte maturation in Xenopus
(Cicirelli et al., 1983). At GVBD, oocytes undergo an increase in pH, in response to
progesterone. GVBD, as discussed, can be prevented by agents which increase or
maintain high levels of intraoocyte cAMP (e.g. forskolin, methylxanthines). These same
compounds also prevent upregulation of Na'/H" antiporter activity during meiotic
maturation (Rezai and Wasserman, 1994). This may indicate that low cAMP is required
for Na'/H" antiporter upregulation or that upregulation is dependent on resumption of
meiosis. Na'/H" antiporter activity upregulation resuits from microinjection of mos,
indicating that a mos-dependent mechanism may regulate Na*/H" antiporter (Rezai et al.,
1994). Another report suggested that Raf-1 activation, independent of mos and MAPKK,
regulated the upregulation of Na"/H™ antiporter activity during oocyte maturation. High
levels of cCAMP were able to prevent the increase in pH, but were unable to block the Raf-
1-induced increase in pH,. Thus, Na*/H" antiporter activity is upregulated during meiotic
maturation of Xenopus oocytes by a mechanism involving Raf-1 and perhaps by a second
pathway which is dependent on mos (Kang et al., 1998).

An increase in pH, is an important feature of fertilization for Urechis caupo.
Urechis eggs are fertilized as primary oocytes and thus GVBD is not initiated until after
fertilization. The acid release is required for egg activation and begins 10 sec after
fertilization, increasing the pH, by 0.25-0.3 pH units. The increase in pH, occurs prior to
GVBD and is necessary for this event (Paul, 1975; Gould and Stephano, 1993). The
identity of the exchangers that mediate this acid efflux is not yet clear, but there is
substantial Na” uptake at fertilization, suggesting that some H" release may be mediated

via Na'/H" antiporter (Gould and Holland, 1984).
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Molluscan oocytes are also fertilized at prophase I. Meiotic resumption appears
dependent on both Ca’* influx and an increase in pH,. Barnea, a bivalve mollusc,
undergoes a 0.2 pH unit increase in pH,; however, artificially raising pH, alone is
ineffective to trigger maturation. Artificially lowering oocyte pH, by the addition of weak
acids does prevent GVBD, indicating some role of increased pH, at maturation (Brassard
et al., 1988; Freeman and Ridgway, 1993). In Spisula (surf clam) oocytes, also fertilized
in prophase I, an increase in pH, appears necessary for GVBD. This acid release is Na'-
dependent and is mediated by Na/H™ antiporter activity, as in the sea urchin (Dubé et al.,
198S; Dubé, 1988; Dubé and Eckberg, 1997). Parthenogenetic activation also results in
acid release, suggesting that this is a feature of egg activation (Suprenant, 1989).

Patella vulgata (limpet) oocytes are fertilized at metaphase of MI. Meiosis
reinitiation proceeds in two steps and is regulated by ionic factors. The first step, which
leads to GVBD, includes chromosome condensation and the formation of an MI spindle
and involves an increase in pH;. The second step involves the release of the oocyte from
the MI block and is dependent on an increase in Ca’",. MPF is necessarily important in
this reinitiation as it promotes GVBD, nuclear envelope disruption and chromosome
condensation. Simply raising pH; by about 0.6 units can induce GVBD and the
reinitiation of meiosis up to MI (Guerrier et al., 1986; Néant and Guerrier, 1988). During
activation, the rate of the acidification of the external medium is proportional to the rate
of GVBD indicating a correlation between pH; and maturation (Guerrier et al., 1986).
Voltage-gated Na" channels activated by sperm mediate the fertilization potential and H"
release is also voltage-sensitive (Néant and Guerrier, 1988).

The increase in pH;, has been a well documented feature of fertilization in the sea
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urchin for almost a century (Loeb, 1906; 1913), however, pH, had not been examined

during mammalian fertilization. As some events at fertilization are apparently universal,
such as the increase in Ca®*,, changes in pH; may be a feature of mammalian fertilization
as well. There was some evidence to suggest that mammalian (mouse) eggs can be
activated by a permeant weak base, methylamine, in a dose-dependent manner (Dyban
and Noniashvili, 1990), which would support this idea. However, it was also possible that
methylamine exposure induced a transient Ca®*; increase, rather than having its effect via
pH,. As upregulation of pH, regulatory transporters at egg activation appears to be a
widespread phenomenon, clearly this is an avenue of investigation which requires further

study in a mammalian model.

Egg activation

The activation of the egg, defined here as resumption of the cell cycle and
progression into interphase, is initiated by the destruction of MPF, and thus cessation of
MII arrest (Fig. 12). As discussed above, CSF is essential for the maintenance of
metaphase II arrest in mice. Loss of CSF activity does not occur until several hours
following the loss of MPF activity in interphase at the time of pronuclear formation. The
deactivation of MPF and CSF at fertilization occur after the initial increase in Ca**; and
involve CaMKII. In mouse oocytes, the respective time-courses of MPF and CSF
deactivation are similar whether the egg is activated by a series of Ca®"; transients
(fertilization) or a single Ca**; transient (as in some methods of parthenogenetic

activation, see below; Zemicka-Goetz et al., 1995). As discussed above, the destruction



Figure 12. Egg activation. A. Schematic of MPF and MAPK activation during egg
activation. The increase in Ca*"; caused by sperm binding activates the ubiquitination
pathway, thereby increasing cyclin B1/2 destruction. Loss of cyclin B1/2 leads to
inactivation of MPF. The Ca*"; threshold for cyclin destruction is lower than the threshold
for mos destruction. MAPK activity is lost very slowly resulting from a loss of mos
protein (Vincent et al., 1992). B. Time-course of MPF activity and MAPK activity during
egg activation (Verlhac et al, 1994; Moos et al, 1995). MPF and MAPK are both active in
the MII egg. MPF becomes inactivated soon after sperm (sp) binding. The egg exits
metaphase II and extrudes the second polar body (PB2). MAPK is inactivated very slowly
following egg activation, becoming significantly lower at the time of pronuclear (PN)
development (interphase). A male (large) and female (small) pronucleus forms. MAPK is

fully inactive 7-9 h following activation.
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of cyclin B, and thus the loss of MPF activity, requires an intact mitotic spindle. Thus,
agents which disrupt microtubules, such as demecolcine or nocadozole, prevent cyclin
degradation and cell cycle resumption (Winston and Maro, 1995b). Ca*" transients play
an important role in the initiation of cell cycle resumption, as increased Ca®"; results in
destruction of cyclin B and mos via CaMKII activation of the ubiquitination pathway
(Lorca et al., 1991) and the Ca’*-dependent cysteine protease calpain, respectively
(Watanabe et al., 1989). The different rates of MPF and CSF inactivation (Fig. 12) may
be dependent on their respective sensitivities to Ca™",, since cyclin B destruction occurs at
much lower Ca?"; than mos destruction (Vincent et al., 1992; Taieb et al., 1997).

Once activated, the egg undergoes a second unequal cleavage, producing the
second polar body (Fig. 4) between | and 3 h post-insemination. Following cytokinesis,
the egg is haploid and the remaining chromosomes will form the female pronucleus. The
first polar body typically degenerates during the first cell cycle, although in 60-70% of
mouse embryos, it cleaves prior to degeneration (Howlett and Bolton, 1985). Polar body
emission is accompanied by an accumulation of actin in the region of the second polar

body, as the cytoplasm ‘dimples’ just prior to emission (Gallicano et al., 1997).

Formation of male and female pronuclei

Following insemination, the emission of the second polar body signals the
completion of meiosis and entry into interphase. In mitotic cell cycles, the formation of
the nuclear envelope occurs immediately upon entry into interphase. However, pronuclear
formation following fertilization is delayed by 2-4 h after second polar body formation

(Fig. 13; Smith and Johnson, 1986). The pronuclei form at opposite poles of the egg; the



Figure 13. Timing of events at fertilization and first cell cycle in the mouse. Adapted
from Howlett and Bolton, 1985. The egg becomes activated upon loss of MPF activity
followed by emission of the second polar body (PB2) and entrance into G1 (1.5-3 h post-
insemination). The larger male pronucleus forms distal to PB2 (4-7 h). The smaller
female pronucleus forms proximal to PB2 (6-8 h). Pronuclei migrate to centre of egg (8-
10 h). The embryo enters S-phase around 13 h post-insemination at which time DNA
replication will occur. The embryo then enters metaphase around 18 h post-insemination
followed by nuclear envelope breakdown, cleavage to form a 2-cell embryo, and nuclear

reformation (G2).
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much larger male pronucleus at the point of the sperm entry and the smaller female
pronucleus near the second polar tody. The male pronucleus forms between 4 and 8 h
post-insemination while the female pronucleus forms between 5 and 9.5 h (Fig. 13). Both
pronuclei migrate to the centre of the egg by 8-10 h post-insemination (Howlett and
Bolton, 1985). The migration of the pronuclei towards the centre of the egg is mediated
by the cytoskeleton, requiring both microfilaments and microtubules (Yanagamachi,
1988).

How the formation of pronuclei is regulated is not well known, but MAPK
activity is implicated. MAPK becomes activated during meiotic maturation and remains
high in the unfertilized egg (Fig. 6). Just as MAPK is activated slowly during GVBD,
MAPK is deactivated (dephosphorylated) with a very slow time-course after egg
activation. MAP kinase is still fully active until about 2 h following the emission of the
second polar body, becoming significantly lower around the time of the formation of
pronuclei and becoming fully inactive 7-9 h following fertilization (Verlhac et al., 1994).
This loss of MAPK activity appears to be essential for the formation of the pronuclear
envelope, as experimental manipulations which maintain active MAPK prevent pronuclei
formation (Moos et al., 1996). Okadaic acid (OA), a specific inhibitor of phosphatase I
and 2A, prevents pronuclear envelope formation when added to eggs during activation.
OA treatment of fertilized mouse oocytes activates both histone H1 (MPF substrate)
kinase and MAPK activities (Schwartz and Schultz, 1991). Both H1 kinase (MPF) and
MAPK phosphorylate nuclear lamins (nuclear envelope component) in other cells (Peter
et al., 1992), and OA treatment of fertilized oocytes also results in hyperphosphorylation

of nuclear lamins (Schwartz and Schultz, 1991) which are present on the surface of the
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male and female pronuclei (Yanagamachi, 1988). This suggests that MPF and/or MAPK
are involved in the regulation of nuclear envelope assembly. In addition, expression of a
constitutively active MAPKK, MEKE, in mouse oocytes prevented the fertilization-
induced decrease in MAPK activity and also prevented development of pronuclei. MPF
activity does decrease normally, however, and emission of the second polar body occurs.
This indicates that MAPK, the only known target of MEKE, may regulate pronuclear
envelope assembly/disassembly in mouse oocytes independent of MPF (Moos et al.,

1996).

IV. PARTHENOGENETIC ACTIVATION

Parthenogenesis is the activation of unfertilized eggs in the absence of sperm. Egg
activation can include early events characteristic of fertilization (Ca**-dependent changes
to the zona pellucida and cortical granule exocytosis) as well as cell cycle resumption
(end of metaphase arrest). Parthenogenetic activation (cell cycle resumption) can be
achieved by inhibition of cyclin B synthesis or by the destruction of cyclin B; both of
which decrease MPF activity. Thus, agents that inhibit protein synthesis (cycloheximide)
or raise Ca*", and trigger the Ca*"-dependent cyclin degradation pathway (ethanol, Sr**,
A23187) induce parthenogenetic egg activation by causing a decrease in cyclin B, and
therefore a decrease in MPF activity (Moos et al., 1996). Parthenogenetic egg activation
may be followed by polar body extrusion in which haploid parthenogenotes are
generated. Conversely some eggs may retain both sets of telophase chromosomes to
generate two female pronuclei and thus form diploid parthenogenotes. Artificially

activated mouse oocytes will develop with variable success to just post-implantation, but
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have little subsequent developmental potential due to deficiencies of placental
development arising from the lack of paternal chromosomes (Johnson et al., 1990).
Some parthenogenetic agents trigger the release of Ca®"; by affecting the
properties of the plasma membrane, thereby releasing bound Ca*";. These include
electrical pulse, cold shock, heat shock, acid Tyrode's solution, hyaluronidase and
pronase (Kaufman, 1978). Aged eggs can be activated by exposure to room temperature
and are more easily activated than freshly ovulated eggs, as MPF is lower and therefore

more readily decreased to a level which permits exit from metaphase (Stice et al., 1994).

Ca’* releasing agents

A23187 is a Ca*" ionophore which causes egg activation by increasing Ca®",
concentration and thereby stimulating cyclin B destruction via a specific Ca*"; -activated
ubiquitination pathway. The destruction of cyclin B is followed by a decrease in MAPK
activity with similar time-courses for deactivation as in fertilized eggs. Activation results
in only a monotonic increase in Ca®*; (single transient), rather than multiple, repetitive
Ca®", transients, but this is sufficient for ZP2-ZP2f conversion and cortical granule
exocytosis (Moos et al., 1996). The combination of A23187 and Ca**-free solution may
act synergistically to activate eggs by increasing intracellular Ca®* and inhibiting protein
synthesis, as Ca*" and Mg?*-free medium markedly inhibits protein synthesis (Bos-
Mikich et al., 1995). [P, microinjection can parthenogenetically activate both hamster
and mouse eggs by inducing release of Ca®",. IP, causes only partial egg activation, as the
cortical granule reaction and zona modifications are induced without resulting in cell

cycle resumption or the recruitment of maternal mRNAs (Winston et al., 1991; Tatone et
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al., 1994; Xu et al., 1996). Microinjection of a single bolus of [P, induces a single Ca®",
transient, whereas fertilization produces a repetitive train of Ca’*, transients. Fertilization-
induced repetitive Ca’", transients also “reset” the basal Ca*"; concentration between
transients to a higher level. This is not observed following [P, injection. Instead,
following production of a single Ca®"; transient, Ca’"; returns to basal levels (Miyazaki et
al., 1992). This suggests that the establishment of a higher basal concentration of Ca*"; is
required for resumption of the cell cycle and recruitment of maternal mRNAs (Xu et al.,
1996). Indeed, a higher Ca®", threshold for these ‘later events’ of egg activation was
shown using step-wise increments of the Ca®* chelator BAPTA. Cortical granule
exocytosis occurs between 0.5 and 1 uM injected free Ca®*, while recruitment of
maternal mRNA is only partially stimulated at 2.5 uM, with the threshold for cell cycle
resumption well above 2.5 uM free Ca™, (Xu et al., 1996).

Eggs exposed to a brief pulse of ethanol (5-8%) are parthenogenetically activated
by an increase in Ca®*, (Fig. 14A). The majority of activated eggs develop a single
pronucleus following second polar body extrusion. With optimal activation protocols,
high proportions of single pronuclear haploids develop to the blastocyst stage. Maximum
rates of activation can be achieved following exposure to a 7% solution of ethanol in PBS
(phosphate-buffered saline) for 3-4.5 min (Kaufman, 1982). Activation is accompanied
by a monotonic increase in Ca*";, extrusion of the second polar body and formation of
pronuclei (Kono et al., 1995). Parthenogenetic egg activation by ethanol results in the
exocytosis of cortical granules and the changes to the plasma membrane to prevent

polyspermy (Tatone et al., 1994). MPF and MAPK activities are deactivated with time-



Figure 14. Parthenogenetically activated eggs. A. Eggs exposed to 7% ethanol (EtOH)
for 5 min, followed by standard KSOM culture. This activated egg is shown 7 h post-
activation. B. Eggs exposed to 10 mM SrCl for 2 h followed by standard KSOM culture.
This activated egg is shown 9 h post-activation. C. Eggs exposed to 50 pg/ml
cycloheximide (protein synthesis inhibitor) for 2 h followed by standard KSOM culture
for 9 h. D. Egg exposed to 50 uM U0126 (MEK inhibitor) for 9 h. Scale bar represents 50

pum. PN-pronucleus, PB-polar body.
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courses similar to fertilized eggs. Decreased MAPK activity occurs coincident with
pronuclear formation (Kalab et al., 1996; Verlhac et al., 1996).

Mammalian oocytes, including hamster, mouse and rat can be parthenogenetically
activated by Sr*” or Ba®". Activation rates following microinjection of 0.2 mM SrCl, or
BaCl, were not significantly different from microinjection of CaCl,. The ability of S£**
and Ba®* to parthenogenetically activate eggs was assumed to reflect their comparative
binding affinities to Ca*"-sensitive stores (Fulton and Whittingham, 1978).

Sr*” can also parthenogenetically activate eggs when introduced externally (Fig.
14B). Almost total cortical granule exocytosis follows exposure to Sr**, and egg
activation by Sr** produced nuclear development indistinguishable from activation by
sperm, producing cell cycle resumption and extrusion of the second polar body within 75
min of Sr*” exposure with low rates of aneuploidy (Fraser, 1987). Sr*" exposure produces
repetitive Ca’"; transients and thus Sr**"induced activation most closely mimics the normal
repetitive calcium transients seen at fertilization. As discussed, most parthenogenetic
agents, such as ethanol and Ca’", ionophores, produce only a single Ca*"; transient. S£**
activation is therefore considered to most closely resemble the natural activation seen
with sperm. When Sr** activated eggs were treated with cytochalasin D to suppress the
emission of the second polar body, thereby producing a diploid egg, over 80% of
activated eggs developed to the blastocyst stage. Of these diploid parthenogenotes, about
44% implanted following transfer to pseudo-pregnant mothers (Bos-Mikich et al., 1993).

Sr*" induces repetitive Ca’*; transients that, while similar to fertilization-induced
Ca”, transients, exhibit delayed onset with slightly lower spiking amplitudes (Cheek et

al., 1993). Sr** appears to induce Ca**, transients in cells such as rat hepatocytes by
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binding to the stimulatory Ca®"; site of the IP;R (Hajnéczky and Thomas, 1997). Studies

on frog skeletal muscle suggest that the relative affinity of the internal Ca*"; releasing
store appears to be Ba>” >Sr** >Ca’" (Cognard and Raymond, 1985), although Ba*" does
not support fertilization as effectively as S”** (Fraser, 1987). Thus, Sr*" is an effective
parthenogenetic agent, producing high rates of activation while closely mimicking the
natural repetitive Ca?*; transients produced by sperm via the IP;-mediated Ca®" release

pathway.

Protein synthesis inhibitors

Treatment of mouse eggs with protein synthesis inhibitors such as cycloheximide
or puromycin result in parthenogenetic egg activation (Fig. 14C). Activation is induced
with concentrations of cycloheximide that inhibit protein synthesis by more than 70%.
Pronﬁclear formation occurs when protein synthesis is almost totally inhibited.
Cycloheximide-activated eggs are capable of development to the blastocyst stage
(Siracusa et al., 1978), although eggs exposed to continuous cycloheximide treatment do
not progress further than the pronuclear stage due to the requirement for protein synthesis
in DNA replication. Thus, activated eggs must be removed from cycloheximide to allow
further development. Within 5 h of cycloheximide treatment, cyclin B1 and histone H1
(MPF substrate) kinase activity decrease to levels similar to fertilized eggs. The time-
course of the decrease in histone H1 kinase (MPF) activity is slower than in fertilized
eggs (i.e. activated by sperm). However, the decrease in MAPK activity occurs within a
time frame similar to that in fertilized eggs (7-10 h). Cycloheximide treatment does not

induce the post-fertilization, Ca*"-dependent conversion of ZP2 to ZP2,, suggesting that
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cycloheximide does not cause changes in Ca**;. Indeed, Fura-2 measurements of Ca’"; in
cycloheximide-activated eggs have confirmed that no change in Ca®*; or Ca**, transients
accompany cycloheximide-induced egg activation. Instead, Ca’’, remains at the basal
level characteristic of unfertilized eggs even though polar body emission and pronuclear

formation occur (Moos et al., 1996).

Activation by weak bases

As discussed, weak bases such as ammonia or the local anaesthetic procaine,
results in parthenogenetic activation of sea urchin (Lopo and Vacquier, 1977), Xenopus
(Grandin and Charbonneau, 1991), and some marine invertebrate eggs. In these species,
an increase in pH; is a characteristic event of meiotic maturation or fertilization. There is
one report which suggests that mcuse eggs can be activated by application of
methylamine, a weak base, in a dose-dependent manner (Dyban and Noniashvili, 1990).
However, an increase in Ca*"; or inhibition of protein synthesis caused by methylamine

can not be excluded as the underlying cause for activation rather than increased pH..

V. PREIMPLANTATION DEVELOPMENT
First cell cycle

Early development in embryos of most species is controlled by the maternal
genome with the sequential activation and utilization of components synthesized and
stored during oocyte maturation. In the mouse embryo, this period of maternal control
extends from ovulation to the early 2-cell stage (18-22 h; Bolton et al., 1984). In the

mouse, the use of in vitro fertilization (IVF) enables the production of a population of
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embryos with a high degree of developmental homogeneity- one of the many advantages
of IVF. Following formation of the pronuclei, the embryo enters S-phase and begins
DNA replication (Fig. 13). S phase in mouse embryos lasts about 7 h, with DNA
replication commencing between 10 and 12 h post-insemination. Both pronuclei appear
to enter S phase at the same time. [VF-produced mouse embryos cleave fairly
synchronously beginning about 18 h post-insemination, in contrast to in vivo produced
embryos which are more asynchronous, presumably due to variation in the timing of
sperm-egg interaction in vivo. Cytokinesis or cleavage to the 2-cell stage occurs in most

mouse embryos within about 3 h (Howlett and Boiton, 1985).

Zygotic gene activation (ZGA)

During meiotic maturation, ovulation, fertilization and formation of pronuclei, the
egg is supported by maternal mRNA and proteins. In the mouse, maternally-derived
proteins and maternal genes are sufficient to direct only the first cell cycle (Bolton et al.,
1984), although in other species, such as Xenopus, maternally-derived products control
several cell cycles (Taieb et al., 1997). Thus, the newly-fertilized egg is transcriptionally
inactive with no new mRNA synthesis required to complete fertilization. Zygotic gene
activation (ZGA), the transition from reliance on stored maternal mRNA to transcription
of the embryonic genome, is absolutely essential for continued development (Bellier et
al., 1997). In the mouse, maternal mRNAs, as well as rRNA and tRNA, are progressively
degraded during oocyte maturation. ZGA is necessary in order to replace transcripts
common to both the oocyte and early embryo, as well as to create new transcripts that are

unique to the developing embryo (Schuitz and Worrad, 1995).
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The transition from matemnal to embryonic control was found to occur during the
2-cell stage in the mouse. In mice, ZGA is independent of cytokinesis or DNA synthesis
and involves a two step process. A minor ZGA phase is initiated at the late 1-cell stage
(G2 phase) and is the first a-amanitin- (inhibitor of transcription by RNA polymerase II)
sensitive event (Bolton et al., 1984). This minor ZGA is accompanied by the synthesis of
a restricted set of proteins at the early 2-cell stage (G1/S phase) and includes the 70 kDa
heat-shock proteins (Bensaude et al., 1983), the transcription-requiring complexes (TRCs;
Conover et al., 1991), the U2afbp-rs splicing factor (Latham et al., 1995) and the
translation initiation factor e[F-4C (Davis et al., 1996). At the late 2-cell stage (G2 phase)
there is a second a-amanitin-sensitive event, the major ZGA, which includes a sharp
increase in transcription and an increase in translational activity. ZGA, including the
translation of proteins directed by the new embryonic genome, is essential for continued

development (Bolton et al., 1984; Bellier et al., 1997).

Cleavage and compaction

Preimplantation development following formation of pronuclei, cleavage and
ZGA continues with the embryo blastomeres cleaving, relatively synchronously, to 4-
cells, 8-cells and 16-cells (Fig. 4). Unlike somatic mitotic cycles, these mitotic cycles
involve reductive cleavages, such that each daughter cell or new blastomere is half the
volume of the original parent cell. At the 8-16 cell stage (depending on species), a
phenomenon known as “compaction” occurs. Compaction in mouse embryos occurs at

the 8-cell stage, at which time embryo changes from a loose collection of blastomeres to a
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tightly packed cluster of cells called a morula. Compaction represents the first evidence
of cell polarity as microfilaments (Johnson and Maro, 1984), microtubules (Ducibella et
al., 1977; Houliston et al., 1987, Houliston and Maro, 1989), mitochondria (Ducibella et
al., 1977; Batten et al., 1987), endosomes (Fleming et al., 1986) and clatherin vesicles
(Maro et al., 1985) become unequally distributed. In addition to the polarization of
cytoskeletal proteins, compaction also involves the formation of gap junctions and apical
tight junctions (Ducibella et al., 1975). There is polarization of the outer surface as well
as the inner collection of cells, with an accumulation of microvilli over the apical region
(Johnson and Maro, 1984; Maro et al., 1985). The polarization results in two distinct
populations of cells, large outer cells and small inner cells. (Ohsugi et al., 1993).

Compaction in the mouse embryo is mediated by the cell adhesion molecule E-
cadherin (also known as uvomorulin; Vestweber et al., 1987). The distribution of E-
cadherin is fairly uniform in early cleavage stages, with increased concentration between
blastomeres of mouse 4-cell embryos (Shirayoshi et al., 1983; Johnson et al., 1986).
Other molecules involved in compaction include a-catenin and B-catenin, which link E-
cadherin to the actin cytoskeleton thereby promoting interblasomere adhesion (Pauken
and Capco, 1999).

PKC has been implicated in compaction of mouse embryos as PKC activators
stimulate premature compaction of 2-cell, 4-cell and 8-cell embryos and sphingosine, a
PKC inhibitor, inhibits compaction (Winkel et al., 1990). PKC becomes colocalized with
cell adhesion molecules E-cadherin and B-catenin during compaction suggesting that

PKC may regulate cell-cell adhesion (Bloom et al., 1989; Pauken and Capco, 1999).
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Blastocyst formation

Following compaction, the embryo undergoes “cavitation” resulting in the
formation of the characteristic “blastocoel” (fluid-filled cavity), and thus becomes a
blastocyst (Fig. 4). The blastocyst features a trophectoderm layer of epithelial cells
which encloses the blastocoel and the inner cell mass (ICM). The trophectoderm arises de
novo from the previously unspecialized blastomeres which were on the outside of the
compacted morula and is the part of the embryo that initiates uterine contact and
implantation (MacPhee et al., 2000). The trophectoderm also gives rise to extra-
embryonic membranes while the ICM consists of pluripotent cells which develop into the
embryo and eventually the fetus (Brison and Schultz, 1998).

Fluid transport into the blastocoel is mediated by the net uptake of Na" and CI,
energized by the basolateral Na“,K"-ATPase located in the trophectoderm layer. In the
mouse, apical Na’ entry is mediated by Na“/H" antiporter activity and possibly an
amiloride-sensitive Na" channel (Manejwala et al., 1989). CI” transport into the blastocoel
may be mediated by apical Cl' channels, with efflux mediated by HCO,/Cl" exchanger
(Zhao et al., 1997). This transport is driven by the activity of Na",K"-ATPase, present in
all stages of preimplantation embryo development (Watson et al., 1990). Total Na",K'-
ATPase increases about twofold during preimplantation development particularly
following morula development, at which time Na*, K -ATPase is targeted to basolateral

membranes (Van Winkle and Campione, 1991).
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VI. pH, REGULATION

pH, affects many cellular processes including membrane transport, ion
conductances, gap junctions and intracellular communication and therefore must be
regulated within a narrow range for cell survival. Most mammalian cells maintain a pH,
of about 7.2, which is maintained by pH, regulatory transporters (Fig. 15). Natural
biological membranes display a greater permeability to H* than to any other ion (Putnam,
1988). pH, regulation is necessary to maintain pH; within a narrow range by mediating the
electrochemically-driven movement of acid/base equivalents across the membrane.
Metabolism contributes to intracellular acid load by the intracellular production of CO,
and its conversion to carbonic acid as well as the metabolic production of other weak
acids (e.g. lactate). Maintenance of pH; is carried out by a number of different
mechanisms, most involving transmembrane ion transporters. In addition to pH
regulation, these transporters often function in the maintenance of ionic gradients,
electrolyte balance and cell volume (Fliegel and Frohlich, 1993).

Membrane transporters are synthesized in the ER and move through the Golgi to
the plasma membrane. Some pH, regulatory transporters are functional before exit from
the ER which suggests that the activity of some transporters may regulate the milieu of
the ER lumen. Membrane proteins are targeted to the ER membrane by signal sequences
composed of the first transmembrane segment in the mature protein in many transporters.
These signal sequences may then be removed in the ER as seen with Na"/Ca** and Na'/H"
exchangers which undergo cotranslational cleavage of these N-terminal signal sequences
in the ER (Reithmeier, 1994).

In order for a transmembrane protein to function as a pH, regulatory transporter,



Figure 15. pH, regulation. A. Major pH, regulatory transporters. Acidosis. Na'-
dependent HCO,/CI" exchanger, Na'/H™ antiporter and Na” -HCO;’ cotransporter
(stoichiometry varies). Alkalosis. Na'-HCO; cotransporter and HCO,/Cl" exchanger. B.
Dependence on pH; for activities of three pH; regulatory transporter (Na'/H" antiporter,
Na”, HCO,/CI' exchanger and HCO,/CI" exchanger). Na'/H" antiporter has high activity
at low pH; and functions to regulate intracellular acidosis. HCO,/CI" exchanger has high
activity at high pH, and functions to mediate alkalosis. Na", HCO,/CI" exchanger

regulates intracellular acidosis but is active primarily at resting pH,.
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the protein must consume energy to translocate acid/base equivalents across the
membrane. This transport may be active transport that requires ATP (e.g. H'-ATPase) or
secondary active transport that is driven by the electrochemical gradient of a co- or
counter-transported ion (e.g. Na’/H" antiporter or HCO,/CIl" exchanger). Transport of
acid/base equivalents may occur across a wide range of pH; (AE1- HCO,/Cl" exchanger
isoform) or may demonstrate a steep pH, dependence with high transport rates only
within a specific pH, range (NHE1- Na'/H" antiporter isoform). Transporters which
exhibit pH, dependent kinetics are activated at a threshold pH; called the “pH, set-point”.
pH; transporters that alleviate intracellular acidosis, for example, are activated only when
pH,; falls below the set-point. When pH, is returmed to steady-state and is at or above the
pH; set-point, the activity of the transporter becomes negligible. At least two major pH;
regulatory transporter families exist; Na'/H™ antiporters and HCO, -dependent
transporters which include Na*/HCO," cotransporters, K'/HCO; cotransporters, Na’-
HCO,”/CI' exchangers and HCO,/CI' exchangers. While Na"/H" antiporters primarily
regulate perturbations in the acid range, some HCO, -dependent transporters regulate
alkalosis (HCO,/Cl" exchangers), some regulate acidosis (Na*- HCO,/Cl" exchangers)
and some regulate both acidosis or alkalosis depending on their expression in a particular
tissue, the ion gradients present, membrane potential and the resulting stoichiometry of
exchange (Na'/HCO," cotransporters, K’/HCO, cotransporters). In addition to the
alleviation of perturbations in acid-base balance many pH; transporters also regulate cell

volume and intracellular ion concentration (Boron, 1986; Romero et al., 1997).



Na*/H" antiporter

The Na'/H" antiporter mediates the electroneutral exchange of extracellular Na”
for intracellular H' to increase pH;. Na'/H" antiporters are encoded by members of the
NHE gene family (NHE1-6; Orlowski and Grinstein, 1997). NHE1 expression is
ubiquitous. In epithelial cells, it is generally localized to the basolateral membrane
(Coupaye-Gerard et al., 1996). NHE2 has been detected in intestine (Dujeda et al., 1996),
kidney (Soleimani et al., 1994; Sun et al., 1997; Bookstein et al., 1997) and apical
membranes of epithelial cells (Counillon and Pouyssegur, 2000). NHES3 is highly
expressed in the kidney (proximal tubule, thin and thick limbs of the loop of Henle;
Soleimani et al., 1994) and intestine (jejunum, ileum, colon and rectum; Dujeda et al.,
1996) where it is specifically targeted to the apical membrane (Noel et al., 1996;
Hoogerwerf et al., 1996). NHE4 mRNA has been detected in the stomach, intestine,
kidney and hippocampus (Bookstein et al., 1997). NHES has been detected
predominantly in brain, but also in testis, spleen and skeletal muscle (Klanke et al., 1995).
NHES6 has a wide tissue distribution and is also expressed in mitochondria (Counillon and
Pouyssegur, 2000).

NHE] knockout mice have no apparent defects in acid-base homeostatic balance
or in their kidney or intestine function. Instead, these mice exhibit defects in brain
function, as the brain is highly sensitive to changes in pH; (Cox et al., 1997; Bell et al.,
1999). NHE2 knockout mice exhibit no detectable changes in intestine function, though
the gastric mucosa is modified resulting in deficient acid secretion in the stomach. NHE3
knockout mice exhibit a decrease in blood pressure, and are mildly acidotic. As NHE3 is

important for intestinal and kidney sodium absorption, these knockout experiments
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demonstrate that NHE3 mediates the majority of such absorption in the kidney and

intestine (Schultheis et al., 1998; Counillon and Pouyssegur, 2000).

Structure

Na'/H" antiporters are integral membrane proteins with a hydrophobic N-terminal
region that spans the membrane 10-12 times. The central region of the transmembrane
domain (226-281, human NHE1) is quite hydrophobic but contains several negatively
charged residues. The C-terminus, however, is hydrophilic and is localized in the
cytoplasm for NHE1. Part of the C-terminus in the NHE3 isoform may be exposed
extracellularly as is the glycosylated loop between the transmembrane segments 1 and 2
in NHE1 and 2. The transmembrane domain exhibits between 45-65% amino acid
sequence identity between isoforms with only 25-35% identity for the cytoplasmic
domains (Counillon and Pouyssegur, 2000). The membrane-spanning regions M6 and M7
are highly conserved with 95% identity, suggesting that this region participates in
transport of Na” and H" (Orlowski and Grinstein, 1997).

Na'/H" antiporter isoforms range in length between 717-835 amino acids. Less is
known about the tertiary or quaterary structure of the antiporters, although evidence
suggests they exist in the membrane as homodimers (Fliegel et al., 1993; Fafournoux et
al., 1994; Orlowski and Grinstein, 1997). Dimerization appears to occur selectively
between two identical isoforms because coexpression of NHE1 and NHE3 does not
produce heterodimers (Counillon and Pouyssegur, 2000). The monomeric protein is
glycosylated, with a molecular mass of 110 kDa. Human NHE1 has three consensus sites

for glycosylation while NHE3 and NHE4 have between three and five, depending on the
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species (Fliegel and Frohlich, 1993; Counillon and Pouyssegur, 2000).

Inhibitors

At physiological pH,, amiloride exists primarily as a protonated (95%)
monovalent cation and acts as a competitive inhibitor of Na™ transport by NHE1 (K 1-
100uM; Aronson et al., 1982; Benos et al., 1982). Inhibition of the antiporter by
amiloride is immediate in onset and is rapidly reversed upon removal of amiloride
(Grinstein and Foskett, 1990). Inhibition of NHE by amiloride derivatives, cimetidine,
and HOEG694 is reduced by high external Na", suggesting that these compounds bind near
the external Na" transport site (Aronson, 1985; Counillon et al., 1993; Orlowski and
Grinstein, 1997). While amiloride is widely used as an inhibitor of Na'/H" antiporter
activity, other compounds have been developed which have 10-100-fold higher K, values
for NHE1 than amiloride itself. These inhibitors are alkyl-5-N-substituted derivatives of
amiloride such as 5-N-dimethyl amiloride or 5-N-ethyl isopropyl amiloride (EIPA).
While highly specific for NHE1, these amiloride derivatives interact poorly with other
isoforms, which are often referred to as ‘amiloride-resistant’ Na'/H" antiporters (Vigne et
al., 1984; L’ Allemain et al., 1984). Other compounds which inhibit Na'/H" antiporter
activity include cimetidine, clonidine and harmaline (Yu et al., 1993; Ramamoorthy et al.,
1991). The NHE isoforms vary in their sensitivity to amiloride and amiloride derivatives,
generally following the order NHE1 > NHE2 >> NHE3 > NHE4 (Orlowski, 1993;
Bookstein et al., 1996; Counillon et al., 1993; Orlowski and Kandasamy, 1996).

Inhibitors of NHE all possess either an imidazoline (amiloride) or guanidinium
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(HOE694) moiety and are thus, structurally similar (Orlowski and Grinstein, 1997).

Transport Models

Under physiological conditions the antiporter mediates the electroneutral
exchange of one extracellular Na" for one intracellular H*. For NHE1-3 isoforms, the
binding site for extracellular Na" cannot be distinguished from the Na" transport site and
the saturation of transport can be described by Michaelis-Menten kinetics, such that the
rate of Na'/H™ exchange demonstrates a hyperbolic dependence on the external Na”
concentration. Similar transport kinetics have been observed for NHE1-3. Thus, the
simplest transport model suggests that Na" binds to a unique external site and is then
translocated. In contrast to NHE1-3, NHE4 exhibits a sigmoidal dependence on external
Na’, although the functional significance of this is unknown. For most isoforms, K, for
external Na" is about 3 times below the physiological extracellular Na™ concentration,
which suggests that Na'/H" antiporter activity operates close to saturation with respect to
external Na" and that modest variations in external Na” have no effect on the transport
rate of the antiporter (Orlowski and Grinstein, 1997; Counillon and Pouyssegur, 2000).
The external cation site, which normally binds Na®*, can also transport H" and Li",
indicating that this site is not exclusively selective for Na" (Paris and Pouyssegur, 1983;

Aronson et al., 1982).

Regulation by pH
The activity of Na'/H" antiporter is determined by the pH; set-point. When the pH,

falls below the pH set-point, the modifier or sensor becomes protonated, thereby
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enhancing the rate of transport. Similarly, deprotonation of this site at pH; above the set-
point lowers the rate of transport, resulting in only basal activity at resting pH; (Grinstein
et al., 1990). Activation of NHE1-3 is extremely sensitive to low pH,. At physiological
pH,, NHE1 and 2 are essentially inactive but become rapidly activated when pH decreases
below the set-point of the exchanger (Paris and Pcuyssegur, 1983; Aronson et al., 1982).
NHES3 exhibits a lower affinity for intracellular H" and is therefore active at resting pH;
(Wakabayashi et al., 1995).

NHE1-3 transport is allosterically affected by proton binding to a cytoplasmic
sensor which modifies the sensor’s affinity for additional proton binding. Activation of
Na'/H" antiporter results from an increased affinity of the antiporter for intracellular H" at
this allosteric modifier site. The proton sensor is believed to be distinct from the Na"/H"
transport sites (Aronson et al., 1982). The construction of deletion mutants containing
different portions of either the Na'/H" antiporter cytoplasmic domain or transmembrane
domain was used to map the location of the proton sensor and functional transport
domain. Deletion of the complete cytoplasmic domain preserved 25% of the transport
activity indicating that the N-terminal transmembrane domain is sufficient for both
insertion of the antiporter into the plasma membrane and for amiloride-sensitive ion
transport. Deletion of the cytoplasmic domain shifted the sensitivity of Na’/H" antiporter
activity to intracellular H" to an acidic range such that the truncated antiporter was
inactive above pH, 6.6. However, the pH, dependence of the antiporter was still preserved
indicating that the H" modifier site is located within the N-terminal transmembrane
domain. As the cytoplasmic domain controlled the pH; sensitivity of the antiporter, this

suggests that the C-terminal cytoplasmic domain regulates the set-point value
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(Wakabayashi et al., 1992).

The Na'/H" antiporter proton sensor may be a single or cluster of histidine
residues. In Escherichia coli (E. coli) His-226 is involved in the pH, sensitivity of NhaA
(NhaA and NhaB are two E. coli Na'/H™ antiporter isoforms). None of the eight
histidines in NhaA are required for Na'/H" transport, as shown by site-directed
mutagenesis. However, substitution of His-226 with either positively or negatively
charged amino acids revealed charge-dependent shifts in pH; sensitivity. This suggests
that at position 226 of NhaA, charge and/or H binding affect the pH sensitivity of Na”/H"
antiporter (Rimon et al., 1995).

Na'/H" antiporter activity is also affected by externa! pH (pH,). In the pH, range
6.0-8.5, external H" interacts with Na'/H™ antiporter at a single site with a pK, 7.3-7.5.
This site is the external transport site, where H", Na", Li", NH,"” and amiloride all compete
for binding. The sequence of binding affinities for the external transport site of the renal
Na'/H" antiporter is H">> amiloride >> Li" > NH," > Na" >> K", Rb", Cs’, choline. This
suggests that low pH, would inhibit Na'/H" exchange, as the antiporter possesses a
greater affinity for external H" than external Na". Inhibition of Na" uptake by low pH, has
been shown in renal microvillus membrane vesicles. Additionally, Na'/Na" exchange was
also inhibited by low pH,, suggesting that external H" competes for the external Na”

transport site, thereby inhibiting exchange (Aronson et al., 1982).

Regulation of pH, set-point
Na'/H" antiporter activity is driven by chemical gradients for Na" and H" and does

not directly consume metabolic energy. However, ATP is required for optimal Na"/H"
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antiporter activity. ATP depletion decreases activity of NHE1-3 by reducing the affinity

of the antiporter for intracellular H" (Orlowski and Grinstein, 1997). The set-point of the
antiporter can be shifted down by ATP-depletion but shifted up by growth factors or
osmotic cell shrinkage (Grinstein et al., 1990). ATP depletion has been proposed to
trigger dephosphorylation of NHE]1 at critical sites, followed by conformational changes
that segregate spatially and functionally, the cytoplasmic domain from the proton sensor
(Wakabayashi et al., 1992).

Regulation of NHE transporters is mediated by a wide variety of pathways and
signals including tyrosine kinases, Ser/Thr kinases PKC and PKA, increases in Ca*";,
changes in cell volume (Fleigel and Frohlich, 1993) and p160 ROCK, a Rho effector
associated with the assembly of stress fibers and focal adhesions (Sahai et al., 1998).
Consensus sequences for PKA, PKC, CaMKII (Kemp and Pearson, 1990), MAPK and
p34°2 kinase are present in both the N-terminal and C-terminal regions of the Na'/H"
antiporter (Pelech and Sanghera, 1992). NHE2-4 contain CaMKII phosphorylation sites
while NHE2, 3 and BNHE (a cAMP-dependent isoform found in trout erythrocytes)
contain sites for PKA and PKC phosphorylation. NHE1 is phosphorylated following
growth factor, phorbol ester or phosphatase inhibitor treatment (Sardet et al., 1990; Sardet
et al., 1991) while NHE3 is phosphorylated following elevation of intracellular cAMP
(Orlowski and Grinstein, 1997). Thus, phosphorylation of the Na'/H" antiporter may
increase the affinity of the transporter for intracellular H". One model suggests that the
cytoplasmic tail cooperates with the central pH; sensor to decrease the pH, set-point.

These intracellular signals are transduced by the cytoplasmic tail resulting in Na'/H"
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antiporter activation and intracellular alkalinization (Wakabayashi et al., 1992; Bertrand

et al., 1994).

NHE activity is activated by heteromeric, smail GTP-binding proteins (GTPases
Gog» Gaiz» Gaiz)- Gy activates Na'/H” antiporter activity through a PKC-dependent
pathway (Dhanasekaran et al., 1994). Constitutively active G,,,, shown to stimulate the
Jun kinase and JNK cascades, activates NHE1 through a Cdc42- and MEK1-dependent
mechanism. Two members of the Rho subfamily of GTPases, Racl and cdc42 may
regulate MEK 1, though probably not directly. G,,, also stimulates NHE1 through a
RhoA-dependent pathway that is independent of MEK 1. These findings indicate a new
target for Rho-like proteins: the regulation of Na*/H" antiporter and pH, (Hooley et al.,
1996).

MAPK may regulate Na'/H" antiporter activity. Treatment with phorbol esters and
AVP activates both MAPK and Na'/H" antiporter in human platelets with a similar time-
frame and concentration dependence (Aharonovitz and Granot, 1996). p45 MAPK
activation of Na'/H" antiporter activity in Xenopus oocytes occurs through the p39mos,
Raf-1 kinase pathway (Rezai et al., 1994). In addition, long term expression of c-Ras
stimulates Na'/H" antiporter activity in fibroblasts (Kaplan and Boron, 1994). AVP
stimulates the phosphorylation and activation of p42/44 MAPK and Na'/H" antiporter
activity through a signal transduction pathway that is independent of PKC. MAPK
activation is proposed to be indirect and may involve phosphorylation of a regulatory
protein. Interaction between Na'/H" antiporter and a regulatory protein could induce the
exchanger to undergo a conformational change, thereby altering transport kinetics and

pH, sensitivity (Aharonovitz and Granot, 1996).
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Inhibition of p42/44 MAPK by expression of a dominant negative form of p44

MAPK, expression of the MAPK phosphatase MKP-1, or by inhibition of MEK1 by
PD098059, reduced NHE! activation by 50-60% (Bianchini et al., 1997). p42/p44
MAPK, signaling through p90**¥ phosphorylates NHE1 Ser-703 in vitro. Ser-703 is a
major site for serum activation. Thus, the MEK1-ERK1/2-p90*¥ pathway is involved in
serum-stimulated phosphorylation of NHE1 (Takahashi et al., 1999).

Although Na'/H" antiporter is phosphorylated by many different stimuli, direct
phosphorylation alone does not appear to regulate the transporter as deletion of the distal
cytoplasmic tail containing Ser-703 and other major phosphorylation sites did not
completely abolish growth factor activation of Na'/H™ antiporter activity. The residual
activation (~50%) was sensitive to the MEK inhibitor PD098059, suggesting that other
molecules activated by the MAPK pathway, such as p90*, may regulate Na'/H"
antiporter activity (Bianchini et al., 1997). Thus, regulation of Na"/H" antiporter activity
may involve multiple signaling pathways which phosphorylate regulatory accessory
proteins, such as Hsp70 (heat shock protein 70; Silva et al., 1995) and CHP (calcineurin
B homolog protein; Lin et al., 1996; Counillon and Pouyssegur, 2000), that interact with
the Na'/H" antiporter, thereby causing changes in activity (Orlowski and Grinstein, 1997;

Counillon and Pouyssegur, 2000).

Summary
Na'/H" antiporter activity is important for pH, regulation, ion homeostasis, and
cell volume regulation. It has nearly ubiquitous expression. Na'/H" antiporter activity is

regulated by many signaling pathways including PKA, PKC, MAPK and many more. The
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upregulation of Na'/H" antiporter activity at fertilization in the sea urchin and oocyte
maturation in Xenopus are major developmental events, resulting in increased pH;
regulation throughout subsequent embryogenesis. Whether upregulation of Na"/H"

antiporter activity at fertilization is restricted to these few species is unknown.

HCO;/Cr exchanger

HCO,/CI exchangers, or “anion exchangers”, mediate the electroneutral
exchange of extracellular Cl for intracellular HCO,” which decreases pH, and thereby
alleviates intracellular alkalosis (Alper, 1994). HCO,/CI" exchangers are inhibited by
disulfonic stilbene derivatives such as DIDS and SITS (Boron, 1986). HCO,/CI’
exchangers function in concert with other transport systems to regulate pH;, cell volume
and CI; (Alper, 1991). HCO,/CI exchangers are encoded by members of the AE (anion
exchanger) gene family, of which there are three members: AE1, AE2 and AE3 (Alper,
1994). All of these AE genes have been cloned in mouse (Alper, 1991). AE1 expression
appears to be restricted to erythrocytes (Kopito and Lodish, 1985), a truncated from of the
polypeptide in the kidney (Kudrycki and Shull, 1989; Brosius et al., 1989) and an AE1-
like protein in cardiac myocytes (Puceat et al., 1995). AE2 is largely thought to be a
housekeeping gene, with ubiquitous expression at least at the level of mRNA (Alper et
al., 1988; Kudrycki et al., 1990; Jiang et al., 1994) while AE3 is found in excitable
tissues, brain (Kudrycki et al., 1990; Kopito et al., 1989; Yannoukakos et al., 1994), heart
(Yannoukakos et al., 1994; Linn et al., 1992), and retina (Sterling and Casey, 1999). AE-
3 exists as at least two alternate transcripts, one in the neurons and glia in the brain

(Kudrycki et al., 1990; Kopito et al., 1989; Yannoukakos et al., 1994) as well as in the
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stomach and heart, and a second shorter transcript restricted to the heart (Yannoukakos et
al.,, 1994).

A major function of non-erythrocyte HCO,/Cl" exchangers is the regulation of
pH,; in the alkaline range. A graded stimulation of exchanger activity occurs as pH,
increases above the pH; set-point, so that large increases in pH, are vigorously opposed.
As pH; returns to the set-point value HCO,/CI" exchange activity falls to zero (Nord et
al., 1988; Olsnes et al., 1986; Kurtz and Golchini, 1987; Lee et al., 1991).

AEL1 has several sub-isoforms; AEle is found in erythroid cells (Kopito and
Lodish, 1985) and two isoforms are found in the kidney; AE1k!l and AE1k2 (Kudrycki
and Shull, 1989; Brosius et al., 1989; Kudrycki and Shull, 1993; Kollert-Jons et al., 1993;
Wang et al., 1996). In the kidney, AE1 encodes a polypeptide otherwise identical to AEle
but lacking 79 amino acid residues at the extreme N-terminus. AE1 gene is expressed as
an abundant ~100 kDa integral plasma membrane glycoprotein (AEle) in erythrocytes
where it mediates the dual function of HCO,/Cl" exchanger and cytoskeleton anchor (Lee
et al,, 1991). AEl- deficient cattle and mice are mildly acidotic, and this acidosis
becomes more severe during exertion or dietary acid load. In addition to acidosis, these
animals also suffer from chronic hemolytic anemia resulting from premature erythrocyte
destruction due to the loss of AE1 as a structural component (see below; Jarolim et al.,
1998; Van Winkle, 1999).

It is speculated that AE2 and AE3 have arisen from a common gene which had
earlier diverged from AE1. Thus, AE2 and AE3 share more structural and functional
homology compared to AE1. A number of sub-isoforms of AE2 have been described for

the rat, mouse and human; AE2a is widely distributed, AE2b is expressed primarily in the
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stomach and AE2c] and AE2c2 seem to be expressed exclusively in the stomach. There
are two isoforms of AE3, AE3b is expressed in brain while AE3c is expressed in heart
(see above; Yannoukakos et al., 1994; Wang et al., 1996; Van Winkle, 1999). Size
variations in AE2 mRNA seems to be due to differences at the 5' ends and may be related
to the use of alternative promoters that encode protein variants which differ in their N-
terminal sequences. This is consistent with earlier studies which revealed multiple
mRNAss for each of the three AE genes (Wang et al., 1996).

AE?2 expression in the tissues specialized for transport such as the kidney or GI
tract reflects the importance of base regulation in these systems. AE2 can be expressed
apically or basolaterally in epithelial cells found in the ileum, stomach, colon and kidney
(Dudeja et al., 1999). In the stomach, AE2 is expressed at high levels on the basolateral
membrane of gastric parietal cells where it presumably mediates HCO,/Cl” exchanger
activity during acid secretion across the apical membrane. In small intestine, AE2 is
localized on the apical membranes of both villus and crypt enterocytes in ileum,
consistent with a role in both NaCl absorption and HCO, secretion (Wang et al., 1996).

Heart and retina both contain an extensive network of electrically coupled cells
with gap junctional conductances that are extremely sensitive to changes in pH;. A small
change in pH, (0.2-0.3 unit decrease) results in 50% decrease in junctional conductance in
the retina and 30-80% decrease in junctional conductance in the heart, with gap junctions
composed of connexin 45 being the most severely affected (Sterling and Casey, 1999).
The regulation of pH, in these tissues is performed by AE3, found in excitable tissues

such as brain, heart, and retina (Sterling and Casey, 1999).
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Structure

AEIl is an integral membrane protein with two structural domains, each with
independent functions. The N-terminal cytoplasmic domain attaches the spectrin-actin
cytoskeleton to the plasma membrane via its binding interactions with ankyrin, protein
4.1 and 4.2, while the C-terminal transmembrane domain mediates a HCO,/Cl" exchanger
that increases by 5-fold the total CO, carrying capacity of blood (Alper, 1991). This C-
terminal domain is composed of 14 transmembrane a-helices with intervening
intracellular and extracellular loops of varying sizes (Van Winkle, 1999).

Human erythrocytes roughly contain 10° AE1 proteins assembled into 4 x 10°
intramembrane particles comprised primarily of dimers as well as a smaller number of
higher oligomers. AE1 exists as a dimer in the membrane such that the presence of two
binding sites allows ankyrin to interact with four AE1 proteins simultaneously as AE1
(dimer) is present at a 4-5 fold higher concentration than ankyrin (Michaely and Bennett,
1995a). Ankyrin interacts not only with AE1, but also with AE2 and AE3, voltage-gated
Na" channels, 205 kDa brain glycoprotein, o subunit of Na” K*- ATPase in kidney, 85
kDa GTP binding glycoprotein and 116 kDa CD44-like protein in endothelial cells (Luna
and Hitt, 1992). Mutations or reductions in ankyrin which disrupt the linkage with AE1
decouple the structural support of the spectrin skeleton from the membrane and result in
hemolytic spherocytosis and anemia (Michaely and Bennett, 1995b).

AE2 and AE3 share little sequence similarity to AE1 at the N-terminal domain,
which is significantly longer (~320 amino acids) in AE2/3 compared to AE1 (~60 amino

acids). The N-terminal domain, as described for AE1, is associated with specific protein
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molecules in the membrane, cytoskeleton and cytosol, whereas the C-terminal domain
forms the pathway for anion transport (Zhang et al., 1996; Van Winkle, 1999). The C-
terminal domain, however, shares about 80% identity between AE1 and AE2/3 and is
therefore far more conserved than the N-terminal domain. The transmembrane domains
of AE2 and AE3, consisting of about 530 C-terminal amino acids, are sufficient to
mediate anion exchange, as was demonstrated by the removal of the N-terminus resulting
in normal transport function mediated by the remaining intact C-terminal portion. This
suggests that the N-terminus is not directly involved in transport. However, this does not
preclude a regulatory role as the N-terminus appears to coordinate anion transport with
cellular metabolism and structure (Lee et al., 1991).

The polypeptide products of AE2 and AE3 genes are proposed to act as major
membrane anchors for the spectrin/ankyrin/actin cytoskeleton, analogous to band 3
(Zhang et al., 1996). There is much debate as to whether AE2 and AE3 participate in the
spectrin/ankyrin binding of the cytoskeleton. No significant binding has been observed
between ANK 1 (erythrocyte-specific isoform of ankyrin) and either AE2 or AE3 (Ding et
al., 1991). In contrast, it has been suggested that AE3 binds ankyrin in Muller cells such
that ankyrin association would contribute to polarized distribution of AE3 (Kobayashi et

al., 1994).

Inhibitors
One important characteristic of all three AE isoforms is their sensitivity to
disulfonic stilbenes. These agents (e.g. DIDS, SITS) can reversibly block the exchanger

by competing with extracellular anions for the external binding site (non-covalent
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binding) or can irreversibly block the exchanger by covalently binding to conserved
lysine residues (Sekler et al., 1995a). DIDS inhibits AE1, expressed in erythrocytes, with
a K, of 0.04 uM (Fudner et al., 1978). Stilbene sensitivities for AE2 range from 142 uM
(IC,, for H,DIDS) in transfected HEK293 cells (Lee et al., 1991), 1-10 uM (K for DIDS)
in K562 cells (Law et al., 1983; Demuth et al., 1986), and 4 uM (K for stilbene
disulfonate compound DNDS) in reconstituted proteoliposomes (Sekler et al., 1995a).
AE3 in HEK293 cells has an IC,, for DIDS of 0.42 uM (Lee et al., 1991). The difference
in affinity for DIDS between AE isoforms suggests differences in the stilbene disulfonate
binding sites between AE1, 2 and 3. Alternatively the difference in the DIDS affinity may
arise from different densities of the exchangers in various expression systems or the
complex nature of covalent and noncovalent binding of DIDS (Sekler et al., 1995a).

Stilbenes act by binding to lysines in a conserved, lysine-rich portion of AE
proteins (Alper et al., 1991). Modification of the lysine-rich site by stilbene disulfonate
and other lysine- specific reagents inhibits transport activity. However, site directed
mutagenesis of this stilbene disulfonate covalent binding site fails to alter the ion affinity
or the rate of ion transport. This suggests that this lysine-rich site is not directly involved
in the transport process (Sekler et al., 1995b). At higher concentrations and over extended
incubations DIDS binds covalently to one of two highly conserved lysines (539 or 542 on
human AE1) irreversibly blocking the transporter. Both of these lysines are conserved in
AE2 and AE3 from all species studied, which is consistent with observation of

irreversible inhibition of nonerythroid anion exchange by stilbene isothiocyanates (Lee et

al., 1991).
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Transport models

AE]1 activity (HCO,/CI exchange) is relatively unresponsive to changes in pH;
(Lee et al., 1991; Sterling and Casey, 1999). AEIl displays a broad pH vs activity profile
for Cl'/monovalent anion exchange. This has an important physiological basis as the
erythrocyte is exposed to both CO, and acid-generating tissue and thus, anion exchange
must remain constant under both alkaline and acid conditions (Zhang et al., 1996). AE1
can, however, be titrated by pH, to function either as a monovalent anion exchanger or a
divalent anion/proton cotransporter. Protonation of a site (pKa ~6) on AE1
simultaneously inhibits monovalent anion exchange and activates the transport of
divalent anions (Lee et al., 1991). The transport of the divalent anions such as sulfate
occurs at a much slower rate (100-1000 times slower) than CI". Sulfate transport is
steeply pH;-dependent which may indicate a requirement for cotransport of a proton and
sulfate which preserves the monovalent nature of transport (Sekler et al., 1995a).

Anion translocation can be explained by a 'ping-pong’ kinetic model in which
anion translocation in one direction is temporally distinct from, but dependent upon anion
translocation in the opposing direction. This tight substrate coupling ensures that the
flow of one substrate is driven by the electrochemical potential of the other, thus HCO,
/CI' exchangers can be used by cells to establish Cl" gradients at the expense of pH.. It has
been proposed that protonation of the key AE1 carboxyl groups alters the net charge in
the binding pocket, thereby neutralizing the extra charge on the bound sulfate and hence
facilitating carrier reorientation. This suggests that steric as well as electrostatic

interactions at this position contribute to sulfate transport (Sekler et al., 1995b).
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Regulation by pH,

AE2 and AE3 are regulated by changes in pH;. HCO,/CI exchanger activity in
cells, for example renal mesangial cells (Boyarsky et al., 1988ab), gastric parietal cells
(Wenzl and Machen, 1989) and Vero cells (Olsnes et al., 1986; Olsnes et al., 1987), is
very dependent on pH,. Inhibition of HCO,/Cl exchange occurs as pH, is decreased
below 7.0-7.1 (Lee et al., 1991). Alkaline pH; activates AE2 in HEK293 cells with the
pH, set-point well above the range of resting pH,, such that AE2 activation was
measurable only during CI restoration. This would seem to indicate that AE2 in these
cells does not contribute to the maintenance of resting pH; (Lee et al., 1991). AE2
transfection produced HCO,/Cl" exchange with pH; sensitivity dependent on the
transfected cell type. AE2 activity, overexpressed in Sf9 cells, was insensitive to changes
in pH; up to pH; 7.5 (He et al., 1993), whereas mouse AE2, overexpressed in Xenopus
oocytes, exhibited the full range of activity when pH, and pH, were changed
simultaneously (Humphreys et al., 1994). The pH; set-point of AE2 overexpressed in
Xenopus oocytes was (7.1-7.2) and consistent with a role for AE2 in the regulation of
resting pH; (Jiang et al., 1994). The variable set-points obtained following AE2
overexpression suggest that transfection of AE2 does not result in the same pH,
dependence as native expression. Nonerythroid cells, which express endogenous AE2
and/or AE3, exhibit a steep pH, dependence with pH, set-points within the range of
resting pH,. This suggests that AE2 and AE3 contribute not only to cellular defense
against intracellular alkaline loads, but also in some tissues to the maintenance of resting
pH, (Alper, 1994; Ganz et al., 1989) and CI" (Vaughn-Jones, 1986).

The transmembrane domains of AE1 and AE2 are 65% identical in amino acid
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sequence while overlapping regions of N-terminal cytoplasmic domain are only 33%
identical. This would seem to suggest a role for the N-terminal domain in the regulation
of exchanger. However, the model for the Na/H" antiporter suggests that the regulatory
pH sensor of NHE! appears to be in cytoplasmic loop within the transmembrane domain
with a modulatory region in the cytoplasmic domain (Wakabayashi et al., 1992). Thus,
the HCO,/CI exchanger pH; sensor may be similarly localized to one of the cytoplasmic
loops within the transmembrane domain. To investigate the location of the pH, sensor,
Zhang and colleagues constructed chimeric and truncated AE exchangers in Xenopus
oocytes and measured CI transport across wide range of pH,. Wild-type (WT) AE2
exhibited a steep pH; dependence with maximal activity at alkaline pH,. Substitution of
the AE2 membrane domain with the AE1 membrane domain produced AE activity
similar to WT-AE1 with a broad pH dependence. In contrast, substitution of the
cytoplasmic domain of AE2 by AE1 produced a steep pH versus activity curve, similar to
WT AE2. This suggests that a pH sensor resides within the transmembrane region of
AE2. Similar experiments showed that the N-terminal cytoplasmic region contains a
modifier site, located between amino acids 100 and 510, that is required to enhance the
H* sensitivity of the AE2 proton sensor (Zhang et al., 1996). The transport capacity of
the HCO,/CI" exchanger seems to be dependent on the C-terminal transmembrane
domain, as truncated mutants of each isoform (AE1; Grinstein et al., 1978; AE2; Lindsey
et al., 1990; AE3; Kopito et al., 1989) lacking the N-terminus still possess active HCO;’
/CI transport. This would suggest that the N-terminal and C-terminal domains are
functionally independent. However, as the chimeric construct experiments have shown,

the N-terminus may play a role in modifying the pH, sensitivity of the exchanger (Zhang
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et al., 1996). Preliminary evidence had also suggested that a proton sensor resides within
the N-terminal cytoplasmic domain. A cluster of four histidine residues, located within
the extreme N-terminus of the cytoplasmic domain, may be present in pH; sensitive
exchangers AE2 and AE3 but absent from AE1 (Sekler et al., 1996). Unfortunately, this
study, which identified the histidine cluster as well as an interaction between the N-
terminal and C-terminal domains which regulated exchanger activity in response to
changes in pH,, has since been retracted (Cell. 1997. 90:6). The N-terminal regions of
AE2a, AE2b and AE3b do contain clusters of histidine and glutamine residues (Van
Winkle, 1999). There is, however, some supporting evidence from the literature that may
indicate a role for histidine as a pH, sensor. Histidine is the only naturally occurring
amino acid with a side chain pK, near neutral (pK, in solution = 6.0; Sekler et al., 1996).
Histidine residues participate in coupling pH to the activity of the bacterial Na"/H"
antiporter (Rimon et al., 1995), a voltage-dependent mitochondria pore (Petronilli et al.,
1994), and the external pH sensor of inward rectifier K* channels (Coulter et al., 1995).
Another amino acid, a conserved glutamate residue, predicted to be located near
the cytoplasmic interface of transmembrane helix 8 (Tang et al., 1998), may play a key
role in ion selectivity, pH, dependence and kinetics of anion transport. This glutamate
residue is conserved in all AE isoforms (mouse AE1-Glu-699; AE2-Glu-1007; AE3 Glu-
998, human AE1 Glu 681) sequenced to date (Sekler et al., 1995b). Chemical
mutagenesis of human AE1 Glu-681 abolishes the pH dependence of sulfate transport and
eliminated H" flux normally associated with sulfate transport. These studies led to the
hypothesis that Glu-681 acts as a switch such that protonation of Glu-681 can switch AE1

between monovalent and divalent anion transport (Jennings and Smith, 1992; Sekler et
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al., 1995b).

Regulation of pH, set-point

AE2 and AE3 HCO,/CI exchangers are activated by elevated pH, and inactivated
by lowered pH;. Each cell type displays a charactenistic profile of maximal activity,
hormone responsiveness and pH; set-point (Alper et al., 1991). The pH, set-point can be a
major locus of regulation by hormones and growth factors which can stimulate the
hydrolysis of phospholipids and other signaling factors (e.g. cAMP, Ca’*; Moolenaar et
al., 1983; Frelin et al., 1983; Vigne et al., 1984; Paris and Pouyssegur, 1984). In
mesangial cells; arginine vasopressin (AVP) activates Na'/H" antiporter, Na"-dependent
HCO,/CI exchanger and HCO,/CI exchanger in parallel by shifting the pH; set-point of
each of these exchangers in concert (Ganz et al., 1989). Similarly, AVP and phorbol
esters activate Na'/H" antiporter activity in A7r5 (rat aortic smooth muscle cell line)
cells. AVP mobilizes Ca®"; stores in A7rS cells. AVP may also stimulate hydrolysis of
PIP2 to produce DAG as the effects of AVP on pH, in A7rS5 cells can be mimicked by
phorbol esters. This suggests that AVP regulation of pH; may be transduced by PKC
(Vigne et al., 1988). HCO,/CI" exchanger activity in other cell types may also be
regulated by a Ca**.-dependent pathway such as PKC. In an osteoblast cell line
extracellular Ca** entry activates HCO,/CI exchanger activity (Green et al., 1990).
Serum, which contains growth factors, strongly activates CI'/CI self exchange and HCO,
/CI" exchange while inhibiting Na'-dependent HCO,/CI exchange. Both effects appear
to be mediated by PKC (Tonnessen et al., 1990).

In other cell types, a cAMP-dependent pathway regulates HCO,/Cl" exchanger
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activity. cAMP either stimulates (Schuster and Stokes, 1987) or inhibits anion exchange
(Vigne et al., 1988). The unique N-terminus of AE2a contains a potential
phosphorylation site for PKA at Ser-10 (Wang et al., 1996). This site is not present in
AE2b, suggesting that transport activity of AE2a but not AE2b may be regulatedin a
cAMP-dependent manner (Van Winkle, 1999). Increasing intracellular cAMP levels in
AT7r5 cells using B-adrenergic receptor agonist isoproterenol, 8-Br-cAMP or forskolin
inhibits HCO,/Cl" exchanger activity (Vigne et al., 1988). cAMP is reported to inhibit
NaCl uptake across Necturus gallbladder epithelium due to inhibition of Na*/H"
antiporter (Reuss and Petersen, 1985) and HCO,/CI exchanger (Reuss, 1987). Thus,
increased production of HCO; could lead to stimulation of a cAMP-dependent pathway,
through activation of the sAC, which could regulate HCO,/ClI" exchanger activity (Chen
et al., 2000).

Purinergic receptor activation activates HCO,/CI” exchanger activity in cardiac
cells (Puceat et al., 1991), osteoclasts (Yu and Ferrier, 1995) and probably in neurons (De
Souza et al., 1995). Exogenous ATP addition induces activation of tyrosine kinases Src
and Fyn resulting in association of both Fyn and FAK (focal adhesion kinase) with AE1.
The model for purinergic activation of AE1 exchange suggests that ATP induced
phosphorylation of FAK provides a docking site for Fyn through SH2 and SH3 domains.
FAK then recruits Fyn where it phosphorylates AE1 (Puceat et al., 1995; 1998).

It is unknown whether changes in HCO,/Cl" exchanger activity result from direct
phosphorylation of the exchanger or involve the phosphorylation of a regulatory

molecule. AE isoforms contain consensus sequences for casein kinase II (CKII), PKA,
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PKC and protein tyrosine kinase (Yannoukakos et al., 1994). This suggests that

phosphorylation of the exchanger by a protein kinase could regulate HCO,/Cl" exchanger

activity, although this has yet to be shown directly (Alper et al., 1991; 1994).

Summary

HCO,7/CI exchanger activity is essential for the regulation of pH; against
intracellular alkalosis in mammalian cells. HCO,/Cl" exchanger activity exhibits
characteristic stilbene sensitivity and dependence on both Cl" and HCO, (Alper, 1991).
AEl is important as a cytoskeleton anchor as well as for HCO,/Cl" exchanger (Lee et al.,
1991). AE2 and AE3 exhibit a steep pH, dependence, such that HCO,/CI" exchange
becomes activated above a pH, threshold or set-point. Below the pH; set-point, the
exchange is inactive. Endogenously expressed AE2 and AE3 may contribute to the
maintenance of resting pH, and C1" homeostasis (Alper et al., 1991; 1994). The pH, set-
point may be regulated by protein kinase phosphorylation with numerous different

signaling pathways implicated.

Na™- HCO;/Cr exchanger

The Na'- HCO,/CI" exchanger is believed to alleviate intracellular acidosis, is
Na’-dependent, DIDS-sensitive and imports HCO;™ in exchange for Na" and CI' thereby
increasing pH,. Na"- HCO,/CI transporter regulates pH; in invertebrate cells and activity
has been demonstrated in the basolateral membrane of the Necturus proximal tubule
(Boron, 1986). Recently, Romero et al (2000) have cloned and characterized a Na'-

HCO,/CI' transporter- NDAE1- from Drosophila. When expressed in Xenopus oocytes,
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this membrane protein mediates the transport of CI', Na*, H" and HCO;™ but is not strictly
dependent on HCO;” (Romero et al., 2000). NDAE1 mediates Na'- HCO,/CI" exchanger
activity characterized in neurons (Russell and Boron, 1976; Thomas, 1977; Schwiening
and Boron, 1994), kidney (Guggino et al., 1983; Ganz et al., 1989), and fibroblasts
(Kaplan and Boron, 1994; Romero et al., 2000).

A Na’- HCO,/CI transporter has been cloned from human brain- NDCBEL1.
NDCBEI!1 encodes 1044 amino acids, is 34% identical to mammalian AE2 and 47%
identical to NDAE1. NDCBE]! is expressed in the brain and testis, with weaker
expression in the kidney and ovary. NDCBEI1 expressed in Xenopus oocytes is
electroneutral, HCO, -dependent and DIDS-sensitive (Grichtchenko et al., 2000). A Na'-
HCO,/CI transporter has also been cloned from the insulin-secreting cell line MIN6
cDNA library and has been designated NCBE. The NCBE protein consists of 1088 amino
acids having 74, 72, and 55% amino acid identity to the human skeletal muscle, rat
smooth muscle, and human kidney Na"- HCO, cotransporter, respectively. NCBE protein
expressed in Xenopus oocytes and HEK293 cells transports extracellular Na” and HCO;

into cells in exchange for intracellular Cl" and H", thus raising the pH, (Wang et al, 2000).

VIIL. pH, REGULATION IN MAMMALIAN PREIMPLANTATION EMBRYOS
Na'/H" antiporter

Although upregulation of Na'/H" antiporter activity at fertilization in the sea
urchin and Xenopus is a major event at fertilization, detection of Na'/H" antiporter
activity in mammalian embryos has not been consistent. Hamster 2-cell embryos are able

to successfully develop to the blastocyst stage when cultured at acidic external pH,
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however, blastocyst development is significantly reduced in the presence of EIPA (an
amiloride derivative; Lane et al., 1998). This suggests that mammalian embryos possess
transporters capable of alleviating intracellular acidosis, thereby enabling development
even at acidic pH. Na'/H" antiporter activity has been demonstrated in hamster (Lane et
al., 1998) and Quackenbush strain mouse 2-cell embryos (Gibb et al., 1997), but was not
originally detected in mouse CF-1 strain 2-cell embryos (Baltz et al., 1991a; Baltz et al.,
1990). In hamster and in Quackenbush 2-cell embryos, the Na'/H" antiporter was
involved in the recovery from induced intracellular acidosis (Gibb et al., 1997; Lane et
al., 1998). In CF-1 mouse embryos, however, recovery to baseline pH, after intracellular
acidification did not occur (Baltz et al., 1990). Further investigation of Na"/H" antiporter
activity in several mouse strains has revealed Na”/H" antiporter activity that is
appropriately Na'-dependent and inhibited by amiloride. The level of Na"/H"™ antiporter
activity, however, varies considerably among different strains of mice, being very low in
CF-1 strain embryos, and high in Balb/c embryos (Steeves, C.L., Lane, M., Bavister,
B.D,, Phillips, K.P., and Baltz, J.M., unpublished).

NHE-1 mRNA expression has been demonstrated in mouse eggs and in all stages
of mouse embryo development, and immunohistochemistry of mouse blastocysts has
shown NHE-1 protein localization to the blastocoel membrane (Barr et al., 1998). NHE-3,
whose mRNA has only been detected in unfertilized mouse eggs, immunolocalizes to the
outer surface of the blastocyst (Barr et al., 1998). Thus, pH, is regulated by Na'/H"
antiporter in hamster embryos (Lane et al., 1998), and to varying extent in mouse
embryos, depending on the strain of mouse (Gibb et al., 1997;Steeves, C.L., Lane, M.,
Bavister, B.D., Phillips, K.P., and Baltz, J.M., unpublished).
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HCO;/CI exchanger
Regulation against alkalosis has been well-examined in mouse (Baltz et al.,
1991b; Zhao et al., 1995; Zhao and Baltz, 1996; Zhao et al., 1997) and hamster (Lane et
al., 1999b) preimplantation embryos from the mid-1-cell stage onwards. HCO,/Cl
exchanger activity was first described in mouse 2-cell embryos, and was shown to
mediate recovery from induced intracellular alkalosis. Recovery was shown to be HCO;’
and Cl'-dependent and was inhibited by DIDS (Baltz et al., 1991b). HCO,/Cl" exchanger
activity is highest at the 1-cell (zygote) and 2-cell stages and decreases by the morula and
blastocyst stages when the embryo enters the uterus (Zhao and Baltz, 1996). HCO,/CI’
exchanger activity is required for maintenance of normal pH; in the embryo and for
recovery from intracellular alkalosis, and embryo development will not occur in the
absence of functional exchangers when external pH is near that of oviductal fluid (Zhao
et al., 1995). The pH; set-points for HCO,/Cl” exchanger activity in mouse embryos were
7.20, 7.20, 7.16 and 7.07 for 1-cell, 2-cell, morula and blastocyst, respectively (Zhao et
al., 1995). HCO,/CI" exchanger activity in preimplantation mouse embryos displayed
characteristic inhibition by DIDS, with IC,, of 4, 17 and 22 uM at 1-cell, 2-cell and
blastocyst stages, respectively (Zhao and Baltz, 1996).
Resting pH, of 2-cell mouse embryos cultured under alkaline conditions (0.8%

CO, ~pH 7.8) in the presence of DIDS (i.e. no functional HCO,/CI" exchanger activity)
rose to pH; 7.57 which was much higher than the pH, of 7.24 in embryos cultured under
the same conditions without DIDS (Zhao et al., 1995). Resting 2-cell embryo pH, was
also higher when embryos were cultured under standard culture conditions (5% CO, ~pH
7.35) in the presence of DIDS (pH, 7.29) compared to embryos cultured in the absence of
DIDS (7.10; Zhao et al., 1995).
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Using RT-PCR, AE mRNA expression was determined in mouse preimplantation
embryos. AE1 mRNA was not detected in any embryo stage, while AE2 mRNA was
expressed throughout embryo development, with the greatest amount at the 1-cell stage
and blastocyst. AE3 was present from the 2-cell stage through to blastocyst stage and
only weakly detected in a minority of 1-cell embryo samples. Thus, AE2 is both
maternally and embryonically derived as it is present in the 1-cell embryo, whereas AE3
would seem to be a product of the embryonic genome only as it appears only after ZGA
at the 2-cell stage (Zhao et al., 1995).

At the blastocyst stage, where there is little exchanger activity detectable in the
outer (apical) trophectoderm, AE2 protein is localized to the inner (basolateral)
membrane (Zhao et al., 1997), where it may function in CI" and fluid transport to the
blastocoel cavity (Brison and Leese, 1993; Zhao et al., 1997).

Since mammalian fertilization and early embryo development occurs within the
alkaline environment of the oviduct, expression and function of HCO,/Cl" exchangers is
vital for preimplantation embryo development. How HCO,/CI" exchanger activity is

regulated in the unfertilized mammalian egg remained to be determined.

VIII. OBJECTIVE AND SPECIFIC AIMS

Mammalian gametes and embryos are highly sensitive such that even small
deviations in pH, osmolarity or other characteristics of their environment prove
detrimental to successful fertilization, development and implantation. Mammalian
preimplantation embryos exhibit robust pH; regulation, particularly against alkalosis,
mediated by HCO,/CI" exchangers (Zhao et al., 1995; Zhao and Baltz, 1996; Zhao et al.,

1997; Lane et al., 1998). pH, is an important mediator of events at fertilization in the sea
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urchin, Xenopus and many marine invertebrates, and an increase in pH, is a characteristic
feature of oocyte maturation or egg activation, depending on the species. As very few
studies had examined pH, regulation in the unfertilized mammalian egg, the focus of this
project was to determine how the unfertilized egg regulates pH, against alkalosis and
whether changes in pH; or the activity of pH, regulatory transporters are a conserved

feature of fertilization.

OBJECTIVE: The objective of this project is to study pH, regulation in the
unfertilized mouse egg and early zygote to determine whether changes in pH, or pH,

regulation accompany egg activation in the mammal.

Specific Aim #1: Determine whether a pH, change accompanies mouse meiotic
maturation or egg activation.

An increase in pH; is an important feature of egg activation in the sea urchin
(Johnson et al., 1976), egg maturation and fertilization in Xenopus (Webb and Nuccitelli,
1981), and meiotic maturation and fertilization in several marine invertebrates. A
preliminary report of pH, of unfertilized mouse eggs had indicated it was about 7.2
(House, 1994), within the range of mammalian somatic cells and at a level which should
be permissive for cellular metabolism and DNA synthesis (Roos and Boron, 1981), in
contrast to the low pH, of unfertilized sea urchin eggs (~6.8; Johnson et al., 1976). This is
also about the same as pH; measured for cleavage stage mouse embryos (Zhao et al.,
1995). Thus, I hypothesize that an increase in pH, is not a feature of mammalian egg

activation.
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Specific Aim #2: Determine how unfertilized mouse eggs regulate pH, against
intracellular alkalosis

HCO,/CI" exchanger activity is the principal mechanism employed by
mammalian cells to alleviate intracellular alkalosis (Alper, 1991). HCO,/Cl exchanger
activity is the major pH;-regulatory mechanism in mouse embryos and is present
throughout embryo development, with highest activity found at the 1-ce!l and 2-cell
stages. AE2 mRNA is expressed throughout mouse preimplantation embryo
development, particularly at the 1- to 2-cell stage. If mammalian fertilization shares
similar features with the sea urchin and Xenopus, egg activation may be accompanied by
the net upregulation of pH, regulatory transporters, such that unfertilized eggs have very
low pH; regulatory capacity. As Na'/H" antiporter and HCO,/CI" exchanger regulate pH,
in opposite directions (alkaline versus acid, respectively), upregulation of both
transporters could result in no net change in pH; but a greatly increased capacity to
control pH,.

Physiologically, ovulation of an unfertilized egg into an alkaline oviduct with low
HCO,/CI exchanger activity is difficult to understand. However, the microenvironment
of the cumulus mass may afford the egg protection as it has been shown to persist until
about 20 h post-fertilization (Roblero et, 1989). Alternatively, a pH, increase induced by
the alkaline oviductal environment could contribute to optimal development. /
hypothesize that HCO;/Cl exchanger activity contributes to pH, regulation in the
unfertilized mouse egg, but that pH, regulation becomes greatly enhanced as a

consequence of fertilization.
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Specific Aim #3: Determine the mechanism of upregulation of HCO;/Cl exchanger
activity following egg activation

As discussed, HCO,/CI exchanger activity is regulated by several intracellular
signaling pathways and may involve phosphorylation of the exchanger or a regulatory
protein (Alper, 1991; Alper, 1994). AE isoforms possess consensus sequences for casein
kinase II (CKII), PKA, PKC and protein tyrosine kinase (Yannoukakos et al., 1994),
which supports regulation by different protein kinase pathways, dependent on the tissue
type and the isoform expressed. Candidate pathways that may upregulate of HCO,/CI’
exchanger activity at fertilization include PKC, PKA, Ca’" and cell-cycle dependent
kinases. cAMP and PKA are involved in the maintenance of GV arrest in mouse oocytes
(Schultz et al., 1983b). Changes in intracocyte cAMP could provide the necessary trigger
for upregulation of HCO,/Cl exchanger activity. Similarly, an increase in Ca*"; is a major
event at fertilization, which leads to the activation of many Ca**-dependent pathways
including PKC, Ca*"/calmodulin and others. Thus, a Ca**-dependent pathway may
regulate HCO,/CI" exchanger activity. Finally, as egg activation involves the resumption
of the cell cycle following a prolonged metaphase arrest, upregulation of HCO,/CI’
exchanger could be cell cycle dependent and may involve one of the many cell-cycle
regulatory molecules active in eggs such as cdc2 kinase or the MAPK pathway. As HCO;
/CT exchanger activity has been shown to be modulated by protein kinase activity in
mammalian cells (Moolenaar et al., 1983; Frelin et al., 1983; Vigne et al., 1984; Paris
and Pouyssegur, 1984; Ganz et al., 1989), I hypothesize that enhanced HCO;/Cl
exchanger activity following fertilization may be regulated by one of the signaling

pathways central to fertilization.



93
MATERIALS AND METHODS

I. CHEMICALS AND SOLUTIONS

Chemicals

All components of media (embryo culture or cell culture grade) as well as
amiloride, brefeldin A, cytochalasin D, cycloheximide, demecolcine, digitonin,
hyaluronidase, pregnant mare's serum gonadotropin (PMSG), human chorionic
gonadotropin (hCG), formaldehyde, Triton X-100, EGTA (ethylene glycol-bis[f-
aminoethyl ether]-N,N,N’ ,N’,-teraacetic acid), 3-isobutyl-1-methylxanthine (IBMX),
dibutyrl adenosine 3-5-cyclic monophosphate (dbcAMP), forskolin, phorbol 12-
myristate 13-acetate (PMA), D-erythro-sphingosine, mineral oil, okadaic acid (OA) and
nigericin were obtained from Sigma (St. Louis, MO). DIDS, H,DIDS, valinomycin,
A23187 (4-Bromo-A23187), SNARF-1-AM (carboxyseminaphthorhodafluor-1-
acetoxymethyl ester), MQAE (N-(6-methoxyquinolyl)acetoethyl ester), Fura-2-AM (5-
oxazolecarboxylic acid, 2-(6-(bis(2-((acetyloxy)methoxy)-2-oxoethyl)amino)-5-(2-(2-
(bis(2-((acetyloxy)methoxy)-2-oxoethyl)amino)-Smethyiphenoxy)ethoxy)-2-
bensofuranyl)-, (acetyloxy)methyl ester) and rhodamine phalioidin were obtained from
Molecular Probes (Eugene, OR). N-[2-((p-Bromocinnamyl)amino)ethyl]-5-
isoquinolinesulfonamide, HC1 (H-89), phorbol-12,13-didecanoate (PDD) and U0126
were obtained from Calbiochem (La Jolla, CA). Absolute ethanol was obtained from
Corby Distilleries Ltd, (Corbyville, ON) and methanol from Analar (BDH; Toronto,
ON). Solvents used for stock solutions for chemicals were as follows: cycloheximide,

dbcAMP: water; cytochalasin D, demecolcine, nigericin: ethanol; brefeldin A: methanol;
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valinomycin, H-89, PMA, PDD, sphingosine, forskolin, IBMX, A23187, rhodamine
phalloidin, BAPTA-AM, DIDS, H,DIDS, Fura-2-AM, OA, U0126 and SNARF-1-AM:
DMSO. Stock concentrations were as indicated below. All stock solutions were stored at

-20°C.

List of pharmaceutical agents

A23187: Ca*" ionophore

amiloride (AMIL): Na'/H™ antiporter inhibitor

BAPTA-AM: Ca*" chelator

brefeldin A: disrupts Golgi apparatus

cycloheximide: protein synthesis inhibitor

cytochalasin D: disrupts F-actin filaments

dbcAMP (dibutyrl cAMP): membrane permeant cAMP analogue
demecolcine (deme): microtubule depolymerizer; maintains metaphase arrest
DIDS: anion exchange inhibitor; inhibits Cl° channels; HCO,/CIl" exchanger
digitonin: used to permeabilize cell membrane

ethanol: used to parthenogenetically activate eggs

forskolin: adenylate cyclase inhibitor

Fura-2-AM: Ca®"-sensitive fluorophore

H-89: PKA inhibitor

H,DIDS: anion exchange inhibitor, not fluorescent under UV illumination
hCG (human chorionic gonadotropin): used to trigger ovulation in mice

hyaluronidase: enzyme used to disperse cumulus cells
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IBMX (3-isobutyl-1-methylxanthine): phosphodiesterase inhibitor
KSOM: standard mouse embryo culture medium
MQAE: halide (CI')-sensitive fluorophore
nigericin: H/K™ exchanger; used for pHi; calibration
OA (okadaic acid): protein phosphatase (PP1 and PP2A) inhibitor
PDD (phorbol-12,13-didecanoate): phorbol ester
PMA (phorbol 12-myristate 13-acetate): phorbol ester
PMSG (pregnant mares’ serum gondadotropin): used to stimulate follicle development
rhodamine phalloidin: fluorophore used to detect F-actin
SNARF-1-AM: pH-sensitive fluorophore
sphingosine: PKC inhibitor
Sr**: divalent cation used to parthenogenetically activate eggs
U0126: MEK1/2 inhibitor

valinomycin: K" ionophore; used for pH; calibration

Solutions
A. Egg/embryo handling media and culture media

KSOM (K" supplemented Simplex Optimized Medium) embryo culture medium
(Lawitts and Biggers, 1993) contains (in mM except as noted) 95 NaCl, 2.5 KCl, 0.35
KH,PO,, 0.2 MgSO,, 10 sodium lactate, 0.2 glucose, 0.2 sodium pyruvate, 25 NaHCO,,
1.7 CaCl,, 1.0 glutamine, 0.01 tetrasodium EDTA, 0.03 streptomycin SO,, 0.16 K
penicillin G and 1.0 mg/ml bovine serum albumin (BSA) (all from Sigma, embryo

culture tested or tissue culture tested grades), and is equilibrated with 5% CO,/air (pH
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7.35). Hepes-KSOM medium, wherein 21 mM of the NaHCO, in KSOM is replaced by

equimolar Hepes (pH adjusted with NaOH to 7.4 at 37°C) was used for obtaining and

handling the embryos.

B. Media for sperm capacitation and in vitro fertilization (IVF)
A modified KSOM was used for sperm capacitation and in vitro fertilization
(IVF) in which glucose was increased to 5.56 mM and 30 mg/ml fatty acid free-BSA was

used in place of BSA (Summers et al., 1995).

C. PBS and 7% ethanol-PBS
Phosphate-buffered saline (PBS), pH 7.2, (Hogan et al., 1986) contained (in mM)
137 NaCl, 2.7 KCl, 8.1 Na,HPO,, 1.5 KH,PO,. Absolute ethyl alcohol was used as a 7%

(v/v) solution in PBS for parthenogenetic activation (Hogan et al., 1986).

D. Media for SP*"-mediated parthenogenetic activation of eggs
Ca®'-free KSOM was prepared identically to KSOM (see above) but 1.7 mM
CaCl, was omitted. 10 mM SrCl, (prepared as 1 M stock and stored at 4°C) was added

just prior to S”**-induced egg activation, described below.

E. Media for pH, measurements
Media used for pH; measurements were based on KSOM mouse embryo culture
medium (Lawitts and Biggers, 1993). Modified KSOM contained (in mM) 104 NaCl, 2.5

KCl, 0.35 KH,PO,, 0.2 MgSO,, 1 Na" lactate, 0.2 glucose, 0.2 Na" pyruvate, 25
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NaHCO;, 1.7 CaCl,, 1 glutamine, 0.01 tetrasodium EDTA, 0.03 streptomycin SO, and

0.16 K penicillin G. Media were equilibrated with 5% CO,/air except where noted.
Modified Hepes-KSOM, used for egg/embryo handling and to produce HCO;™-free
solutions, was produced by replacing 21 mM (of 25 mM) NaHCO, (modified KSOM
recipe above) with equimolar Hepes (pH adjusted to 7.4 with NaOH or KOH, as
appropriate). For CI free solutions, all Cl salts were replaced with corresponding
gluconate or SO, salts. For Na'-free (< 1 mM) solutions, NaCl was replaced with
equimolar choline CI', and Na* pyruvate, Na" lactate and NaHCO, were replaced by K*
pyruvate, lactic acid and choline HCOj;, respectively. Hepes-KSOM was modified to
produce HCO, -free medium by replacing NaHCO, with equimolar NaCl. NH,"-KSOM
contained 35 mM NH,Cl with either 12 mM or 25 mM NaHCO,; (as specified) and NaCl
reduced accordingly. OCI' NH,"-KSOM was produced by replacement of NH,Cl by
equimolar NH,SO, and all other CI" salts replaced with corresponding gluconate salts.
pH, calibration solutions used for nigericin/high K" calibration of pH; (see below)
contained (in mM): 25 NaCl, 100 KCl, 20.8 Hepes and 75 sucrose (pH adjusted to 6.9,

7.3, 7.6 and 7.9 with NaOH; Thomas et al., 1979).

II. ANIMALS, AND GAMETE AND EMBRYO MANIPULATIONS
Animals

Oocytes were collected from superovulated (see below) female CF1 mice (age 5-6
weeks). Superovulated females were housed singly with stud BDF males (age 8-30

weeks) overnight for the production of embryos. For IVF, sperm were obtained from
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male CD-1 mice (age 12-15 weeks). Mice were obtained from Charles River, Canada.

All experimental protocols involving animals were approved by the Animal Care

Committee of the Ottawa Hospital-Civic Site.

Superovulation

Pregnant mare’s serum gonadotropin (PMSG), also called equine chorionic
gonadotropin (eCG), was used to mimic follicle-stimulating hormone (FSH) for the
production of supemnumerary follicles. Human chorionic gonadotropin (hCG) was used to
mimic luteinizing hormone (LH) to induce oocyte maturation and ovulation. Animals
(both males and females) were maintained on a 12 h light (7:00 am-7:00 pm): 12 h dark
cycle (7:00 pm-7:00 am). S [U PMSG was injected intraperitoneally (i.p.) at 4:00 pm and
5 IU hCG was injected i.p. 47.5 h later at 3:30 pm. Ovulation was estimated to occur
between 10 and 13 h following hCG injection (1:30-4:30 am) and was confirmed by egg
collection during this time period. Endogenous LH is released in response to PMSG 15-
20 h after the midpoint of the second dark period following injection of PMSG (5:00-
10:00 pm). As hCG administration (at 3:30 pm) preceded the release of endogenous LH,
egg/embryo yield could be maximized with ovulation and fertilization more precisely

timed (Hogan et al., 1986).

Egg and zygote collection
To obtain zygotes, females were housed with BDF males, as described above,
immediately following administration of hCG. Unfertilized eggs (Fig. 2-MII) were

collected 13.5-16 h post-hCG while zygotes (Fig. 4-1c) were collected either 15-17 h



99

(‘am-zygotes’) or 20-24 h post-hCG, as specified. Cumulus masses (Fig. 2) were released
into 300 pg/ml hyaluronidase in Hepes-KSOM for 6-8 min until the eggs/zygotes could
be removed from cumulus cells. Eggs were then used immediately for pH;

measurements, used for IVF, or cultured, as specified. Zygotes were used immediately for

pH; measurements or cultured, as specified.

Germinal vesicle (GV) oocyte collection

Female mice were primed with PMSG 45-47 h prior to collection of GV oocytes.
At the time of collection, ovaries were removed and mechanically homogenized using a
razor blade. Homogenized tissue was transferred to Hepes-KSOM containing 300 uM
dbcAMP to prevent GVBD (Cho et al., 1974). GV oocytes were easily identified by the
presence of an intact germinal vesicle and no polar body (Fig. 2-GV). GV oocytes were
continuously maintained in medium containing dbcAMP (unless otherwise stated) prior

to pH; measurements.

Microdrop culture

Embryos were cultured according to standard techniques. Briefly, droplets of
culture media (~ 50 pul) were placed in 35 mm tissue culture dishes (Falcon #3001, Fisher,
Pittsburgh, PA) and overlaid with KSOM-washed mineral oil. Culture media and oil
were preequilibrated in an incubator with 5% CO,/air at 37°C and 100% humidity
ovemight prior to preparation of culture dishes. Embryos were placed into the drops

using a mouth-operated flame-drawn glass pipette, and the dishes returned to the
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incubator. This technique routinely produces 80-100% blastocysts from the culture of in
vivo-produced 1-cell mouse embryos (CF1¢2 x BDFd") by 120 h post-hCG in our

laboratory (Fig. 4).

Sperm collection and in vitro fertilization (IVF)

CD-1 males were killed by cervical dislocation. Neat epididymal fluid containing
sperm was removed from vas deferens and cauda epididymides and placed into
Eppendorf tubes containing 1 ml modified KSOM (5.56 mM glucose, 30 mg/ml fatty-
acid free BSA). Sperm were allowed to swim up into the medium and capacitate for 1 h at
37°C, 5% CO,. Unmated female CF-1 mice were killed by cervical dislocation 13.5 h
post-hCG, oviducts removed and cumulus masses released into Hepes-KSOM. Each
cumulus mass was transferred to a separate 25 pul microdrop of modified KSOM (see
above) under preequilibrated oil (37°C, 5% CO,). At 14.5 h post-hCG, 500 pl of sperm
suspension from each Eppendorf tube was removed and all were combined in a separate
clean tube. 75 pl of this medium, containing motile, capacitated sperm, was added to each
microdrop containing cumulus masses for a final concentration of approximately 1
million sperm/ml. Eggs and sperm were then co-incubated for 1 h. At 15.5 h post-hCG,
eggs were washed free of remaining cumulus cells and unbound sperm (Fig. 10) by
pipetting eggs sequentially through at least three microdrops of KSOM under oil. Eggs

were then cultured for 1 to 26 h as described above.

Parthenogenetic activation

A. Ethanol: Unfertilized eggs were collected and denuded of cumulus cells as described
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above. Eggs were then washed in Hepes-KSOM and transferred to 7% ethanol in PBS at

room temperature for S min. Following the exposure to ethanol, eggs were washed in
Hepes-KSOM and then transferred to pre-equilibrated (37°C, 5% CO,) microdrops of
KSOM under oil (Fig. 14A). Control eggs were exposed to PBS without ethanol for 5

min and otherwise treated identically.

B. Sr**: Unfertilized eggs were collected and denuded of cumulus cells, as described
above. Eggs were then washed in Hepes-KSOM and transferred to 10 mM SrCl, in Ca®'-
free KSOM and cultured for 2 h (37°C, 5% CO,). Eggs were then transferred to pre-

equilibrated (37°C, 5% CO,) microdrops of KSOM (Fig. 14B).

C. Cycloheximide: Unfertilized eggs were collected and denuded of cumulus cells, as
described above. Eggs were washed in Hepes-KSOM and transferred to 50 pg/mi
cycloheximide in KSOM and cultured for 2 h (37°C, 5% CO,). Eggs were then

transferred to pre-equilibrated (37°C, 5% CO,) microdrops of KSOM (Fig. 14C).

Fertilization and egg activation assessment

Oocyte and embryo morphology and development were assessed using a Nikon
dissecting microscope Generally, fertilization was confirmed by various morphological
indices such as the appearance of pronuclei, emission of the second polar body, and
slightly granular, dark cytoplasm, all of which were used to assess successful fertilization

or egg activation when possible. AM-zygotes (15-17 h post-hCG) were scored as
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fertilized if at least 1 pronucleus, 1 polar body, and darker cytoplasm could be detected.
Zygotes (20-24 h post-hCG) were assessed as fertilized if 2 pronuclei could be detected
(Fig. 4-1c). Eggs fertilized in vitro (IVF) were sampled at various time points following
sperm-egg incubation from the pool of eggs fertilized each day. Fertilization could be
confirmed in some eggs as early as 3-4 h post-sperm egg incubation by the appearance of
2 pronuclei, although these embryos made up a small percentage of the total pool.
Pronuclei were clearly visible in most fertilized eggs starting from 4.5 h post-sperm egg
incubation. Parthenogenotes with clearly visible pronuclei (either one or two) were

considered activated (Fig. 14).

ITII. FLUORESCENT IMAGING

The development of ion-sensitive fluorophores has been invaluable for the
measurement of concentrations of inorganic ions (e.g. Ca**, H", CI') inside intact, living
cells. The fluorescent properties of ion-sensitive fluorophores are affected by the relevant
ion, usually by ion binding. The effect of ion binding can be either to decrease (or
increase) fluorescence intensity, or instead to shift the spectrum of the fluorescence. By
quantitative measurement of the fluorescence arising from these fluorophores, it is
possible to determine either the absolute ion concentration or relative changes in ion
concentration (Baltz and Phillips, 1999).

Fluorescence is the result of a three-step process which occurs in certain
molecules (generally polyaromatic hydrocarbons or heterocycles) called fluorophores

(Fig. 16). Fluorescence begins with excitation illumination (which in practice is usually



Figure 16. Principles of fluorescence. Adapted from Haugland, 1996. Molecules of the
fluorophore exist at ground state (S,). Upon excitation illumination (EX), energy is
absorbed (®), increasing the energy state (S’,). The molecules exist in this excited state
during which time some absorbed energy is lost as heat or light or by collisional
quenching (@), dropping to energy state S,. The remaining absorbed energy is released
as fluorescence emission (@), returning the energy state back to ground (S,). Because
energy is lost during the excited state, the amount of energy absorbed is always greater
than that emitted. Thus, EM is always less than EX, such that fluorescence has a longer

wavelength than the excitation illumination (Haugland, 1996).
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provided by an incandescent lamp or laser) which is absorbed by the fluorophore.
Absorption of excitation photons drives the fluorophore to a higher energy state (S,—
S,"). This excited state of the fluorophore exists very briefly (1-10 nsec) during which
time some of the absorbed energy is dissipated usually as heat or by direct energy transfer
to other molecules. This results in a transition to a longer-lived excited state (S,) which is
termed the meta-stable state. The fluorophore persists in the meta-stable state for a
relatively long period, thus producing a population of fluorophores in which a significant
proportion resides in S,. Finally, the fluorophore drops back to the ground state (S,),
resulting in emission of a photon. The energy of the emitted photons is always less than
the energy of the photons originally absorbed because of energy lost during transition to
the second excited state (S,' — S,). Thus, emission fluorescence has a longer wavelength,
correlating to the lower energy emitted. Fluorophores can be excited and will emit
repeatedly until the fluorophore is irreversibly damaged during the excited state
(photobleaching; Haugland, 1996).

Fluorescent indicators that show an excitation or emission spectral shift upon ion
binding are particularly valuable for intracellular ion measurements (Fig. 17A). For these
probes, fluorescence at different wavelengths is affected differently by ion binding, while
in contrast, changes in fluorophore concentration, pathlength (ie. cell thickness), or other
non-specific effects will have equal effects at all wavelengths. The advantage of such
fluorophores is that the ratio of fluorescence intensities at two chosen wavelengths with
different dependencies on ion concentration is almost independent of other parameters
such as fluorophore concentration, cell geometry, or excitation intensity. Such

fluorophores which exhibit a spectral shift upon interacting with an ion are termed



Figure 17. Ratiometric fluorescence imaging. Adapted from Haugland, 1996. A. The
advantage of ratiometric fluorophores is that the ratio of fluoroscence intensities at two
chosen wavelengths with different dependencies on ion concentration is almost
independent of other parameters such as fluorophore concentration, cell geometry, or
excitation intensity (Haugland, 1996). For example, an ion-selective fluorophore may
produce an intensity increase in response to ion binding (A1). Alternatively, the ion-
selective fluorophore may be quenched (intensity decreased; A3). Finally, fluorescence
measured at an isosbestic point (A2) is independent of ion concentration. Thus, either A1/

A3 or A1/A2 fluorescence intensity ratios will correct for some artifactual variations such
as photobleaching or fluorophore leakage from cells. B. AM loading. Several
fluorophores are available as acetoxymethyl (AM) ester derivatives. Shown is a Ca*" -
sensitive fluorophore- Fura-2-AM. In the AM form, the fluorophore is membrane
permeable, but is not sensitive to its target ion (Ca®"). Once inside the cell, the AM group
is cleaved by intracellular esterases producing acetic acid and formaldehyde. The cleaved

form of the fluorophore (Fura-2) is membrane impermeant but sensitive to Ca’" ions

(Haugland, 1996).
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“ratiometric” fluorophores (Baltz and Phillips, 1999). For example, an ion-selective
fluorophore may produce an intensity increase in response to ion binding (A1).
Alternatively, the ion-selective fluorophore may be quenched (intensity decreased; A3).
Finally, fluorescence measured at the isosbestic point (A2) is independent of ion
concentration. Thus, either A1/ A3 or A1/A2 fluorescence intensity ratios will correct for
some artifactual variations such as photobleaching or fluorophore leakage from cells.
SNARF-1-AM (Fig. 18), is a ratiometric, pH-sensitive fluorophore, which is calibrated
using A1/A2 fluorescence intensity ratio (640 nm- pH sensitive, intensity increases upon
increases in pH (A1); 600 nm -isosbestic point, pH insensitive, intensity independent of
pH-A2; Haugland, 1996).

The carboxylate groups of indicators for Ca** (e.g. Fura-2-AM; Fig. 19) and other
cations and the phenolic hydroxyl groups of pH indicators (SNARF-1-AM) are
derivatized as acetoxymethyl or acetate esters, respectively, rendering the indicator
membrane permeable and non-fluorescent (Fig. 17B). Once inside the cell, these AM-
derivatives are hydrolyzed by intracellular esterases, releasing the ion-sensitive,
polyanionic fluorescent indicator. Potential problems with AM loading include the
production of potentially toxic byproducts (formaldehyde and acetic acid) as well as
compartmentalization in various intracellular organelles, since AM-derivatized probes
may become compartmentalized in any membrane-bound structure within the cell
(Haugland, 1996).

Cl'-sensitive fluorophores, unlike the fluorescent indicators described above, do

not bind Cl. Instead, fluorescence is quenched by CI" in a non-radiative transfer of



Figure 18. SNARF-1 fluorescence. A. SNARF-1-AM, a pH; sensitive fluorophore, was
used to measure egg and embryo pH;. SNARF-1 flurorescence is excited at 535 nm and
emission detected at two wavelengths; 640 nm (pH; sensitive) and 600 nm (pH;
insensitive). Ratiometric analysis (I,/1¢) is calibrated to pH;, where / represents
intensity at the wavelength indicated by the subscript. B. Adapted from Haugland, 1996.
Fluorescence emission spectrum for SNARF-1, excited at 534 nm. Fluorescence emission
is maximal around 640 nm and increases with increased pH. The isosbestic point or
emission wavelength independent of pH, is 600 nm. This isosbestic emission wavelength
is used in ratiometric imaging (Haugland, 1996). C. An example of a SNARF-1

calibration curve (example shown is from Sr*~ activated eggs; see text for details).
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Figure 19. Fura-2 fluorescence. A. Fura-2-AM, a Ca*"-sensitive fluorophore is used to
measure Ca’", in activated eggs. Fura-2 is excited at two wavelengths, with the
corresponding emission intensities detected at 510 nm. The first excitation wavelength
(350 nm) is Ca*"-sensitive while the second wavelength (380 nm) is Ca’"; -insensitive.
The ratio [,,/1,, is calibrated to Ca®",. B. Adapted from Haugland, 1996. Fluorescence
excitation spectrum for Fura-2, emission detected at 510 nm. Fluorescence intensity
increases with increased Ca®", concentration and is maximal at excitation 350 nm. The
isosbestic point is approximately 360-370 nm, wherein Fura-2 fluorescence is

independent of Ca*", (Haugland, 1996).
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energy between the fluorophore in its excited state and the CI" ion. Thus, as CI’
concentration increases, fluorescence decreases and vice versa. Because these indicators,
such as MQAE (Fig. 20), are Cl'-sensitive due to quenching, these indicators are not
ratiometric and only exhibit a change in fluorescence intensity in the presence of ClI” but
no spectral shift. Cl"-sensitive indicators are not currently available in an AM form and
thus higher loading concentrations are required as loading relies on diffusion across the
plasma membrane of the relatively non-permeant fluorophore, or a process such as

pinocytosis (Baltz and Phillips, 1999).

Loading eggs and embryos with intracellular fluorescent ion probes

A. SNARF-1: Eggs/embryos were transferred to Hepes-KSOM containing 5.0 uM
SNARF-1-AM and incubated at 37°C for a period of 30 min (House, 1994; Zhao et al.,
1995). SNARF-1-loaded eggs/embryos were washed with Hepes-KSOM. The excitation
wavelength used for SNARF-1 was 565 nm with emission detected at two wavelengths-

640 nm and 600 nm, as described (Fig. 18).

B. Fura-2: Eggs or zygotes were transferred to Hepes-KSOM containing 2.0 uM Fura-2-
AM and incubated at 37°C for a period of 30 min. Fura-2-loaded eggs or zygotes were
then washed with Hepes-KSOM. Dual excitation wavelengths were used - 380 nm and

350 nm with emission detected at 510 nm (Fig. 19; Haugland, 1996; Séguin et al., 1997).

C. MQAE: Eggs or zygotes were transferred to Hepes-KSOM containing 20 mM MQAE



Figure 20. MQAE fluorescence. A. MQAE, a Cl'-sensitive fluorophore, is used to detect
changes in CI;, in eggs and zygotes. As MQAE is not available in AM form, much higher
external concentrations are required for sufficient fluorophore loading, which is
accomplished through passive diffusion of MQAE across the membrane. Fluorescence is
excited at 365 nm and emission is detected at 460 nm. Fluorescence intensitity is
inversely proportional to CI', as MQAE is quenched by increasing Cl'. B. Adapted from
Haugland, 1996. Fluorescence emission spectrum for MQAE, excited at 350 nm.
Fluorescence intensity decreases with increased CI'; concentration with maximal emission

detected at wavelength 450-460 nm (Haugland, 1996).
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and incubated at 37°C for a period of 30 min (Haugland, 1996; Zhao et al., 1997).

MQAE-loaded eggs or zygotes were washed with Hepes-KSOM. The excitation

wavelength used for MQAE was 365 nm with emission detected at 460 nm (Fig. 20).

Intracellular pH, Ca’” and Cl measurements

The methods used in pH; measurements (Fig. 18) have been described in detail
previously (Baltz et al., 1990; Zhao et al., 1995). Briefly, each experiment consisted of a
group of 5-15 randomly chosen eggs/embryos with pH; (or Ca*"; or CI concentration)
measured simultaneously. Eggs/embryos were maintained at 37°C (£ 0.5°C) ina
temperature-controlled chamber (Biophysica, Baltimore, MD) that was modified to allow
solution changes and control of the atmosphere. Fluorescence was excited by a Xenon
arc lamp (Litemore, USA) with excitation wavelengths specific for each fluorophore as
described above. Fluoresence was detected using an intensified CCD (charge-coupled
device) camera with output to an image storage and quantification system (Inovision,
Durham, NC). Intensified CCD cameras are useful for fluorescent image detection as they
are capable of detecting very low light levels and have a linear response to intensity. The
advantage of quantitative fluorescent imaging (compared to other methods of
fluorescence detection such as photomultiplier tube-based detectors) is that spatial
information is retained, and a large number of cells (eggs/embryos) can be imaged at
once, thereby increasing the speed of data collection. The disadvantages include increased
costs and typically higher emission intensities required (and hence higher fluorophore
concentrations and/or excitation intensities) needed for imaging (Baltz and Phillips,

1999).
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Intracellular pH calibration (SNARF-1)

Emission ratio (I,y/I,) Was calibrated to pH using calibration solutions
containing 10 pg/ml nigericin and 5 pg/ml valinomycin with 100 mM K". The presence
of nigericin, a K'/H" exchanger, results in the equilibration of both K™ and H™ across the
cell membrane. Thus, when [K*]=[K"], (“i” and “o” represent intracellular and
extracellular, respectively) pH, will have the same value of the extenal medium. To
collapse the K* gradient, external solutions with high K* concentrations (100 mM) that
approximate the intracellular K™ concentration were used. The K"-selective ionophore
valinomycin was included to ensure the K* gradient was completely collapsed (Thomas et
al., 1979; Baltz et al., 1990). Four different pH calibration solutions were used for each
calibration (approximately 6.9, 7.3, 7.6, 7.9). pH, was essentially linearly related to ratio
in this range. Calibration curves were indistinguishable for GV oocytes, unfertilized eggs

and zygotes (Fig. 18C).

Intracellular Ca** measurements (Fura-2)

For intracellular Ca®** measurements, Fura-2-loaded eggs and zygotes were excited
using dual excitation wavelengths of 380 nm and 350 nm with emission intensity
measured at 510 nm (Fig. 19; Phillips and Baltz, 1999). Intracellular Ca** was calibrated
according to the methods of Grynkiewicz et al. (1985). Basically, measurements of the
fluorescent intensitites (I) and ratios (R) in the presence of fully-saturating levels of Ca®*
(R_,.) and in nominally Ca**-free conditions (R,,;,) were obtained using Ca*"-free KSOM

(2 mM EGTA and 5 pM A23187) and saturated Ca?* KSOM (100 uM Ca® and 5 uM
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A23187). EGTA is a Ca** chelator while A23187 is a Ca** ionophore. The Ca*

equilibrium binding equation formulated in terms of fluorescence is used to determine the
concentration of Ca®*; such that [Ca®"] = K, B (R-R,;,)/R,.-R) and R = [, /I, K,is the
dissociation constant for Ca®*. It is common practice to assume, rather than measure, a
value for K. The K, value for Fura-2 commonly used is 0.224 uM, which was
determined at 37°C in a buffer solution and appears in the report of the original synthesis
of Fura-2 (Grynkiewicz et al., 1985). B is the intensity in Ca**-free conditions divided by
the intensity in saturating Ca’", both taken at the excitation wavelength which least

excites the Ca?* bound form (380 nm; Baltz and Phillips, 1999).

Intracellular CI measurements (MQAE)

For intracellular CI' measurements, MQAE-loaded eggs and zygotes were excited
at 365 nm and emission intensity measured at 460 nm (Fig. 20). Since CI" quenches
MQAE fluorescence, emission intensity decreases with increasing CI" concentration
(Verkman 1990). MQAE intensity was normalized to the average baseline intensity
(points 2 through 7- total of 5 min). During measurements, eggs or Zygotes were

maintained at 37°C.

Steady-state pH, measurements of eggs/embryos in culture
Once loaded with the dye, eggs/embryos were transferred to drops of KSOM
under mineral oil in culture dishes (pre-equilibrated at 37°C, 5% CO,) and maintained at

5% CO,, 37°C for 30 min. Covered culture dishes were then removed from the
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incubator and the pH; measured immediately. For measurements in nominally HCO,-
free Hepes-KSOM, SNARF-1-loaded eggs/embryos were transferred to pre-equilibrated
(37°C/ air) drops of HCO,-free Hepes-KSOM under mineral oil for 30 min with pH;

measured immediately thereafter.

pH, measurements during parthenogenetic activation with ethanol

To measure pH, during parthenogenetic activation, eggs were placed in a
temperature-controlled chamber in BSA-free, low lactate Hepes-KSOM. The solution
was then changed to the experimental medium (i.e. KSOM or HCO;-free Hepes-KSOM)
for 10-15 min to establish a baseline pH;. The eggs were then activated by 7% ethanol in
PBS for 5 min at room temperature, after which the chamber was flushed with the
experimental medium (i.e. KSOM or HCO,-free Hepes-KSOM). Exposure to PBS

alone, without ethanol, for 5 min at room temperature was used as a control.

Cl removal assay for HCO,/CI exchange activity

One method to detect HCO,/Cl" exchanger activity is to abruptly expose cellsto a
CI'-free solution (Fig. 21A). The removal of external Cl' causes the HCO,/CI" exchanger
to run in reverse as the CI” gradient is reversed and intracellular CI exits the cell via the
exchanger. This results in the influx of external HCO,” which increases pH;. Thus, HCO,"
/Cl exchanger activity is revealed as an intracellular alkalinization upon external CI
removal (Nord et al., 1988; Boyarski et al., 1988b).

HCO, /CI' exchanger activity can also be detected by measuring changes in CI;

upon CI' removal. Intracellular alkalinization upon CI" removal is accompanied by Cl'



Figure 21. Assays for HCO,/CI exchanger activity. A. CI removal assay. Depicted is
the HCO,/Cl" exchanger (right) shown operating in reverse after external Cl” has been
removed with HCO;™ influx coupled to CI" efflux, both of which are inhibited by anion
exchange inhibitor DIDS. Using the CI removai assay, HCO,/Cl" exchanger activity can
be detected as an intracellular alkalinization (top left) which results from HCOj;™ influx, or
as a decrease in intracelllular CI" (bottom left). B. Recovery from intracellular alkalosis.
Intracellular alkalosis can be induced by exposure to a NH,Cl-containing solution. Upon
introduction of NH,Cl, NH, (a weak base) rapidly enters the egg/embryo resulting in a
very rapid intracellular alkalinization. This is followed by the slower entry of NH,™ (weak
acid) which is characterized by slight recovery (acidification) of pH;. A regulated
recovery of pH, back to approximately resting pH; can be mediated by HCO,/CI’
exchanger activity. HCO,/CI” exchanger (right) is depicted in its physiological
orientation, corresponding to high external Cl resulting in CI" influx coupled to HCO;’
efflux. The export of HCO, lowers pH,. Recovery from alkalosis via HCO,/CI’

exchanger should be CI'-dependent and inhibitable by DIDS.
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efflux. CI" efflux is mediated by several CI” pathways including CI" channels and the

HCO; /CI' exchanger. Thus, CI efflux upon CI removal can also be used as to reveal
HCO, /CI' exchanger activity, although results must be interpreted with caution because
of the presence of other Cl” pathways (Olsnes et al., 1986; Vigne et al., 1988).

The CI removal assay was used to assess HCO,/Cl” exchanger activity in eggs
and embryos. Once loaded with the appropriate fluorophore (SNARF-1 or MQAE),
eggs/zygotes were placed in a temperature-controlled chamber in BSA-free, low lactate
Hepes-KSOM. The solution was then changed to BSA-free, low lactate, KSOM for 10
min to establish a baseline. The solution was then changed to CI'-free, low lactate KSOM
for 20 min. The initial rate of intracellular alkalinization or change in MQAE intensity
was determined using linear regression on the pH; or MQAE intensity measurements
obtained within the first 5 min following CI" removal (SigmaPlot, Jandel Scientific, San
Rafael, CA).

To ensure that the brief period in CI free medium was not detrimental to embryos,
embryos were exposed to a mock CI' removal with embryos maintained in watchglasses
in a volume of 1 ml. In vivo-produced zygotes (CF1 x BDF) were denuded of cumulus
cells and incubated in KSOM for 12 min, followed by 20 min in 0CI"' KSOM at

C0,/37°C. This was followed by standard culture in KSOM with development assessed.

Recovery from induced alkaline load
Another method to detect HCO,/Cl" exchanger activity involves the induction of
intracellular alkalosis using a permeant weak base such as NH;, (Fig. 21B). A recovery

from the increase in pH;, back to steady-state pH; can be mediated by HCO,/CI" exchange.
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The dependence of the recovery on HCO,/CI" exchange can be revealed using an
inhibitor such as DIDS or by the effect of the absence of external Cl” on any recovery
mediated by HCO; /Cl” exchange (Nord et al., 1988).

Once loaded with SNARF-1, eggs/zygotes were transferred to the chamber
containing Hepes-KSOM. The solution was immediately changed to CI'-free, low-lactate
KSOM for 20 min to produce an initial intracellular alkalinization (see above). This was
followed by 35 mM NH,Cl, 12 mM HCO, KSOM for 20 min to further alkalinize the
eggs/embryos. This ‘step-wise’ approach to produce an intracellular alkalinization was
important for two reasons. First, unloading the eggs/embryos of CI’; upon CI" removal
would maximize the inward gradient for CI', and thus, maximize the rate of HCO, /CI’
exchanger activity upon exposure of NH,CI-KSOM. Secondly, exposure to NH,Cl-
KSOM alone did not always produce sufficient intracellular alkalinization which would
have made detection of any HCO," /Cl" exchanger activity present difficuit.

To determine whether recovery of pH, from induced alkalosis was mediated by
HCO," /CI" exchanger activity, intracellular alkalosis was induced by NH,Cl1-KSOM
containing 500 uM DIDS. Similarly, to determine whether the recovery from alkalosis
was Cl'-dependent, intracellular alkalosis was induced by 0CI'-NH,"-KSOM. Inhibition
of recovery of pH, following either condition would be consistent with the presence of
HCOj; /CI” exchanger activity.

The rate of recovery was determined by fitting the recovery by non-linear
regression (SigmaPlot) to a single exponential of the form pH;= be™*+c; where a,b,c are
constants of the fit and ¢ represents time from maximal alkalinization upon NH,CI-KSOM

exposure. The first derivative (dpH/dt)= pH,'=-a(pH,-c), was used to calculate the rate of
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recovery as a function of pH,. Calculated recovery rates which were negative were

assumed to be zero.

Effect of changes in external pH

Zygotes, fertilized in vivo, were obtained 3-5 h post-fertilization (‘‘am-zygotes™)
and cultured at either alkaline or acid external pH for 24 h to the 2-cell stage. External pH
was varied by either changing the concentration of HCO;™ in the media (at constant 5%
CO,) or by changing ambient CO, (at constant [HCO,]=25 mM). External pH was
determined under these different conditions (ie.changes to [HCO;] or % CO,) using the
Henderson-Hasselbach equation and confirmed using pH indicators. HCO, concentration
was varied to produce changes in external pH such that 10, 25 or 79 mM HCO;" at 5%
CO, corresponded to pH 6.9, 7.3 and 7.8, respectively. Similarly, external pH was altered
by changing the ambient CO, (ie. 2.5 or 12.5% CO, at 25 mM HCOj; corresponding to

pH 7.6 and 6.9, respectively).

Detection of Ca’*, transients
A. Ca¥, transients in eggs fertilized in vitro

Ca®, transients were measured in some groups of eggs immediately following
sperm-egg incubation. For these, newly-fertilized eggs were loaded with Fura-2 as
described above. Fura-2-loaded eggs were then loaded into a temperature controlled

chamber and Ca?"; measured for 20-60 min in KSOM. Ca®'; was calibrated as described.
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B. Suppression of Ca**; transients by BAPTA-AM

Immediately following IVF, newly-fertilized eggs were cultured in KSOM in the
presence of 20 uM BAPTA-AM (or DMSO vehicle) for 30 min. Eggs were washed free
of BAPTA-AM and cultured for 7-9 h whereupon zygotes (with 2 pronuclei) were
removed for assessment of HCO,/Cl" exchange using the CI" removal assay with
SNAREF-1. Similarly, in vitro fertilized eggs were incubated with BAPTA-AM (30 min)
beginning 2.5, 4.5 or 6.5 h post-IVF, followed by culture and subsequent assessment of

HCO;/CI" exchange using the CI removal assay 7-9 h post-IVF.

C. Ca”; transients in Sr** -activated eggs

Unfertilized eggs, denuded of cumulus as described, were first loaded with Fura-
2-AM and then transferred to a temperature-controlled chamber in Hepes-KSOM. Ca®";
measurements were obtained in Ca**-free modified KSOM containing 10 mM SrCl,. For
some experiments eggs were exposed briefly (5 min) to the Ca®"-free, S?** KSOM which

was then replaced by low-lactate, BSA-free KSOM for an additional 25 min.

D. Ca®", changes in cycloheximide-activated eggs

Unfertilized eggs, denuded of cumulus as described, were first loaded with Fura-
2-AM and then transferred to a temperature-controlled chamber in Hepes-KSOM. Ca*",
measurements were obtained in low-lactate, BSA-free KSOM containing 50 pg/ml

cycloheximide.
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IV.RT-PCR
Isolation of mRNA and preparation of cDNA from eggs and zygotes.

For RNA isolation, eggs and zygotes were obtained as described above, and
washed eight times through clean microdrops of Hepes-KSOM. The eggs/zygotes were
placed in a ninth drop with micrococcal nuclease (0.006 uM units/ml; Sigma) for 15 min
at 37°C, which eliminated false positive signals which otherwise arose from mRNA in
the wash medium. Since micrococcal nuclease is Ca**-dependent, it was only active in
this step, as subsequent steps were Ca?*-free, and proteins were subsequently removed
from the sample. Groups of 30, 10 or 5 eggs/zygotes were then placed into 300 pl of
lysis buffer (0.5% SDS in TE buffer with 0.02 ug of Escherichia coli IRNA, Sigma).

The samples were phenol-extracted (to remove proteins), and the nucleic acids in the
aqueous phase were ethanol-precipitated, pelleted, washed with 70% ethanol, dried on a
vacuum concentrator (Savant Speed-Vac #SC110), and resuspended in 6 ul DEPC-treated
water containing 1 ul/100 ul RNase inhibitor. The mRNA from the eggs/zygotes was
then reverse transcribed in 20 pl total volume using the Promega RT Kit with oligo (dT)

primer.

Polymerase chain reaction (PCR) detection of anion exchanger mRNA in eggs and
zygotes.

To detect cDNAs reverse transcribed from anion exchanger mRNAs in egg and
zygotes, 30 cycles of PCR were performed. Primers were designed for AE2 (Oligo 4.1,

National Biosciences, Plymouth, MN) and synthesized (Beckman Oligo 1000). Since
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these primers were designed to span an intron in the AE2 gene, any contaminating DNA
would yield a larger PCR product than mRNA. The source of the mouse anion exchanger
cDNA sequences used for AE2 was Alper et al., 1988. The PCR primer sequences were
(shown 5' to 3"): AE2 §': GTC AAA AAG GTT CGG ACC AT; AE2 3'": TGC CTC TGG ACA GCA
GCT AC. The Perkin Elmer Cetus PCR kit with 7ag DNA polymerase was used with 1 ul
egg/embryo cDNA (equivalent to 2.5 eggs/zygotes) in 20 ul total volume. The
temperature cycle was 93°C (1 min), 55°C (1 min), and 72°C (3 min; or 13 min at end),
controlled by a PTC-100 thermocycler (MJ Research, Watertown, MA). For increased
specificity and increased sensitivity in detecting the small amounts of mMRNA produced
by a few eggs/zygotes, a “semi-nested”” PCR protocol was used in which the products of
the 30-cycle PCR were diluted 100-fold, and then a second, 20-cycle round of PCR was
performed using the same 5' primer, and a 3' primer internal to the first one (AE2 3'
internal: CAC TGG CTC TGC CTC ATT AG.). PCR products were visualized using ethidium
bromide-stained agarose gels (4%). The predicted product size arising from AE2 mRNA
for the semi-nested PCR (5', 3' internal pair) was 210 bp. This 210 bp PCR product has
previously been shown, in mouse embryos from the 1-cell through blastocyst stages, to
represent mouse AE2. Restriction digests of the PCR product using RSA1 yielded
fragments of the exact sizes expected for mouse AE2 (146 and 64 bp) at each stage of
embryo development assessed (1-cell, 2-cell, morula, blastocyst; Zhao et al., 1995). In
addition, Southern blot analysis using an AE2-specific probe confirmed the identity of the
210 bp product as AE2 (S.L. Alper and J.M. Baltz, unpublished). Thus, the appearance

of a 210 bp product is taken here to indicate the presence of AE2 mRNA.
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V. PHARMACOLOGICAL MANIPULATIONS PRIOR TO

DETECTION OF HCO,/CI EXCHANGER ACTIVITY

Disruption of protein synthesis, Golgi apparatus and cytoskeleton

Immediately following [VF, newly fertilized eggs were cultured in regular KSOM
with either 50 ug/ml cycloheximide (inhibits protein synthesis; DeSousa et al., 1993), §
ng/mli brefeldin A (disrupts Golgi apparatus; Fujiwara et al., 1998; Ivessa et al., 1995), 10
M cytochalasin D (disrupts actin filaments; Schatten et al., 1989) or 0.1/1.0 pg/ml
demecolcine (disrupts microtubules; Gordon et al., 1989; Schatten et al., 1989) for 7-9 h,
whereupon zygotes with 2 pronuclei were removed from culture and assayed using the CI’
removal assay (see above). In all cases the vehicle for the drug was used as a control (eg.

control for brefeldin A was regular KSOM + 0.1% methanol).

Inhibition/activation of PKC and PKA

Immediately following IVF, newly fertilized eggs were cultured in regular KSOM
with either 10 uM sphingosine (inhibits PKC; Hannun et al., 1986) or 5 puM H-89
(inhibits PKA; Rose-Hellekant and Bavister, 1996) for 7-9 h whereupon zygotes with 2
pronuclei were removed from culture and assayed using the Cl" removal assay (see
above). Sphingosine prevents compaction of 8-cell mouse embryos (Winkel et al., 1990)
and thus, efficacy of sphingosine was confirmed here by culturing 6-8-cell mouse
embryos with 10 uM sphingosine (vehicle control) and compaction assessed 8 h later.

Unfertilized eggs were cultured in 0.3 mM dbcAMP (stimulates PKA), 0.2 mM

IBMX (inhibits phosphodiesterase (PDE), thereby preventing intracellular hydrolysis of
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cAMP) and 0.1 mM forskolin (activates adenylate cyclase) for 3-6 h. The net effect of

this combination (dbcAMP + IBMX + forskolin) would be to increase intra-oocyte
cAMP and thus, upregulate cAMP-dependent pathways such as PKA activation (Schultz
et al., 1983b). Following 3-6 h of dbcAMP/ IBMX/forskolin culture, eggs were assessed
for HCO,/CI" exchanger activity by the CI" removal assay. Control eggs were cultured
with the vehicles for these agents (water, DMSO, DMSO) and otherwise treated
similarly.

Unfertilized eggs were cultured in 100 nM PDD or PMA or 3-6 h. PDD and
PMA, both phorbol esters, activate PKC in mouse embryos (Winkel et al., 1990; Ohsugi
et al., 1993). Following PDD or PMA culture, eggs were assessed for HCO, /CI’
exchanger activity by the Cl' removal assay. Control eggs were cultured with the vehicles

for these agents (both DMSO) and otherwise treated similarly.

Metaphase arrest using demecolcine

Unfertilized eggs denuded of cumulus cells were pretreated for 1 h with 1 pg/ml
demecolcine (depolymerizes microtubules, maintains metaphase arrest), activated, and
continuously cultured with demecolcine. Eggs were either activated using Sr*" (2 h) or
were treated with the MEK inhibitor U0126 (8 h; see below). In both cases, pretreatment
with demecolcine prevented pronuclear development.

To arrest embryos in the first mitotic metaphase, Sr*"-activated eggs were
cultured with demecolcine at 8 h post-activation for an additional 8 h. At this time,

vehicle control embryos had undergone cleavage to the 2-cell stage, while demecolcine-
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embryos remained at the 1-cell stage in metaphase.

Okadaic acid

Unfertilized eggs, denuded of cumulus cells, were exposed to 2.5 uM okadaic
acid (OA), an inhibitor of protein phosphatases PP1A and PP2A, either prior to S©**
activation, coincident with activation, or at various times following activation. Treatment
of fertilized eggs with OA prevents dephosphorylation of MAPK and prevent pronuclear
formation (Moos et al., 1995). OA was introduced at t=-15 min, t=0 h,t=1.5hand t=3 h
following Sr** activation, and remained present thereafter.

In another protocol, S”*"-activated zygotes, 8 h post-activation, and 2-cell
embryos, 24 h post-activation, were cultured with OA for an additional 8 h followed by
HCO,/CI' exchanger assay. The timing of pronuclear envelope formation/breakdown was

determined where stated by visual inspection using a dissection microscope.

MAP kinase kinase (MEK-1 and MEK-2) inhibitor U0126

Unfertilized eggs, denuded of cumulus cells, were cultured with 5, 10 or 50 uM
U0126, a specific inhibitor of MEK, for 8-9 h. U0126 is a noncompetive inhibitor of
MEK1/2 (Favata et al., 1998) and prevents activation of downstream targets of MEK
such as ERK1/2 and p90*¥ in Xenopus oocytes (Gross et al., 2000). As U0126 was
observed to parthenogenetically activate eggs (see Results), the time-course of second
polar body emission, pronucleus formation and cleavage were determined. For some

experiments, pretreatment with demecolcine followed by culture with both demecolcine
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and U0126 (see above) was performed. Control eggs were cultured with U0126 vehicle

DMSO and otherwise treated identically.

VI. CONFOCAL IMAGING

To confirm disruption of cytoskeleton, am-zygotes were collected 15-17 h post-
hCG and cultured with either 10 uM cytochalasin D or 1.0 pg/ml demecolcine for 2 h at
37°C, 5% CO,. In each case, paired controls were cultured simultaneously with vehicle
as described above. Following culture, zygotes were fixed and stained using the
following protocols. F-actin: Zygotes were fixed in 3.7% formaldehyde, extracted in
0.2% Triton X-100 (all in PBS) and stained in 6.6 puM rhodamine phalloidin in PBS + §
mg/ml BSA at 37°C for 30 min. Control zygotes were exposed to the vehicle for
rhodamine phalloidin (DMSO) and were otherwise treated similarly. Microtubules:
Zygotes were denuded of zona pellucidae using 0.75 mg/ml pronase in Hepes-KSOM for
10 min at 37°C, followed by formaldehyde fix and Triton extraction as described. Fixed
zygotes were immunolabelled with primary antibody 5A6, anti-mouse-a-tubulin
(courtesy of Dr. Dave Brown, University of Ottawa, Ottawa, ON), diluted 1/1000 in PBS
+ 5 mg/ml BSA. Zygotes were incubated with primary antibody for 45 min at 37°C,
washed in PBS and immunolabelled with secondary antibody Cy3™-conjugated affinity
purified goat anti-mouse IgG (Jackson ImmunoResearch Laboratories, Inc). Zygotes were
incubated with the secondary antibody, diluted 1/100 in PBS + 5 mg/ml BSA, for 45 min
at 37°C. Following fixing and staining, zygotes were mounted in PBS:glycerol (1:1) and

examined using the confocal microscope within 24 h. For the negative control the
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primary antibody was omitted and zygotes were labelled with secondary antibody only.
Confocal images were collected using an Olympus 1X70 inverted microscope
(PlanApo oil immersion lens 60x; NA 1.4) equipped with a BioRad MRC-1024 confocal
laser scanning unit. The fluorescent excitation was produced by a Krypton-Argon laser.
For rhodamine phalloidin and Cy3 fluorescence, the excitation used was 488 + 568 nm

with emission at 585 nm. 1-3 um sections (z-series) were collected for representative

zygotes with equatorial sections compared between control and treatment groups.

VII. STATISTICS

For pH,, Ca®", and MQAE intensity measurements, each experimental replicate
consisted of a pool of 5-15 eggs/embryos. Raw ratio values were averaged and
appropriate calibrations performed on these averaged ratio values. For these protocols the
mean of the experimental replicates were compared between treatment groups. Standard
error of the mean (s.e.m.) was used to represent variation within this pool of experimental
replicates.

To determine whether three or more treatment groups were statistically different,
ANOVA (analysis of variance) was performed. Bartlett’s test for homogeneity of
variance was first used to determine whether variances within each treatment group were
significantly different from variances within other treatment groups. A parametric
ANOVA was then performed unless a significant difference in variance between different
treatment groups was found, in which case a non-parametric ANOVA (nANOVA) was

performed. If treatment groups were significantly different by the appropriate ANOVA,
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post-hoc tests were performed to compare treatment groups. Tukey-Kramer's Multiple
Comparisons Test was used for parametric data and Dunn’s test was used for non-
parametric data.

For two groups of data, an F-test was performed to test for equality of variances
prior to selecting a t-test for analysis. Statistical comparisons of two groups of data were
made using Student’s t-test or Welch’s alternate t-test for equal or unequal variances,
respectively.

For experiments designed to assess viability or development (ie. embryo culture),
development was expressed as a proportion of the total number of embryos cultured in
each experimental replicate. Developmental frequencies were expressed as the average
proportion for each experimental replicate. For experiments with only two variables (e.g.
treatment vs. outcome) statistically significance was calculated using Chi-Square test or
Fisher’s Exact Test. For experiments with several variables (treatment vs. outcome 1 vs.
outcome 2....vs. outcome “n’””) individual proportions from each experimental replicate
were arcsin transformed and analyzed using ANOVA as described above.

Linear regression was used to determine the initial rate of alkalinization upon CI’
removal and to determine the rate of pH; change when recovery from acidosis was
inhibited. Non-linear regression, using the appropriate exponential curves as specified,
was used to determine the rates of recovery from alkalosis and acidosis.

In all cases, p<0.05 was considered significant. Descriptive statistics were
obtained using SigmaPlot (Jandel Scientific, San Rafael, CA). Throughout, “n” indicates
the total number of eggs or embryos. Statistical comparisons were done using InStat

(GraphPad Instat, San Diego, CA).
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VIIIL. EGG/EMBRYO IMAGES

GV oocytes, obtained as described, were cultured in 50 pg/ml cycloheximide for
18 h to produce MI-arrested oocytes. Some GV oocytes were cultured in standard
KSOM culture for 18 h to produce MII eggs. Ovulated eggs were activated, as described,
with 7% ethanol, 50 pg/ml cycloheximide, 10 mM Sr** or 50 uM U0126 and cultured for
9-10 h. Eggs were fertilized in vitro (CF1 x CD1), as described and cultured for4 h. 1-
cell embryos (CF1 x BDF) were cultured for up to 120 h to produce 4-cell, 8-cell, morula
and blastocyst embryos. Eggs and embryos were washed in PBS (4°C) followed by 30
min incubation in 3% paraformaldehyde-PBS on ice. Eggs and embryos were then
washed in cold PBS and mounted on slides. Images were obtained using a Zeiss
AxioPhot microscope with Phase-contrast optics and Northern Eclipse (Empix Imaging
Inc.; Mississauga, ON) image analysis software. Egg and embryo images were obtained
using 40x Nikon PlanApo objective. Cumulus mass image was obtained using a 20x Plan

objective.
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RESULTS

I. FLUOROPHORES
Assessment of intracellular fluorophore sequestration

To show that the majority of the SNARF-1 was localized to the cytoplasm,
SNARF-1-loaded oocytes and zygotes were exposed to 20 uM digitonin, which acts
specifically to permeabilize the plasma membrane (House, 1994). SNARF-1-loaded
oocytes and zygotes were loaded in the chamber in BSA-free Hepes-KSOM and baseline
fluorescence intensity was monitored for 10 min followed by digitonin exposure. The
mean residual intensity remaining after digitonin exposure was (expressed as percentage
of intensity before digitonin addition), GV oocytes: 5% (range: 1-9%; n=10), eggs: 6%
(range: 3-15%; n=21) and zygotes: 4% (range: 3-5%; n=13), thereby indicating that the
great majority (around 95%) of SNARF-1 is not sequestered nor compartmentalized in

mouse GV oocytes, eggs or zygotes.

Effect of fluorophores on oocyte viability

To determine whether the fluorescent probes used here (SNARF-1, MQAE and
Fura-2) were cytotoxic, [VF was performed on fluorophore-loaded eggs and the effects of
fluorophore-loading and illumination excitation on fertilization and cleavage rates
assessed 24 h post-IVF. IVF of SNARF-1-loaded eggs was used to determine the effect
of AM hydrolysis alone on cleavage rates. Control eggs were subjected to mock-loading
(incubation in Hepes-KSOM for 30 min) and otherwise treated identically to fluorophore-

loaded eggs. There was no significant difference between the rate of cleavage to the 2-
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cell stage in SNARF-1-loaded eggs (69% of SNARF-1-loaded eggs) versus control eggs

(67%; p=0.93, Chi-square test).

To determine whether fluorophore-loading in combination with excitation
illumination was detrimental to egg and embryo viability, eggs were loaded with each of
the two AM fluorophores used here - SNARF-1 and Fura-2 - and exposed to appropriate
excitation illumination followed by IVF. There was no significant difference between
the rates of cleavage to the 2-cell stage in eggs loaded with these AM fluorophores
versus their respective controls (SNARF-1-loaded eggs: 63%, n=35, N=3; SNARF-1
control: 78%, n=32, N=3, p=0.19; Fura-2-loaded eggs: 43%, n=54, N=5; Fura-2 control
56%, n=45, N=5, p=0.23; Fisher's Exact Test). Thus, exposure to fluorophore and
excitation illumination used to measure pH, and Ca®", was not inherently toxic, but
permitted IVF and continued development to at least the 2-cell stage.

To determine whether MQAE was cytotoxic, eggs were loaded with MQAE and
exposed to an excitation wavelength of 365 nm. Following light exposure, MQAE-
loaded eggs and controls were immediately used for IVF and assessed 24 h post-IVF.
15% MQAE-loaded eggs cleaved to the 2-cell stage which was significantly different
from control eggs (60%; p<0.0001; Fisher's Exact Test). MQAE, without excitation
illumination, significantly decreased pronuclear development at 6-8 h post-IVF (6%);
control (64%; p<0.0001; Fisher's Exact Test). However, by 24 h post-IVF, 62% of
embryos had developed to the 2 pronuclei stage, demonstrating that most MQAE-loaded
eggs had been fertilized in vitro, although at a significantly lower rate compared to
control (83%; p=0.017; Fisher's Exact Test). Cleavage of these fertilized eggs was also

significantly reduced, as only 17% MQAE-loaded eggs cleaved to the 2-cell stage,
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compared to control (62%; p<0.0001; Fisher's Exact Test).

MOQAE has been used successfully to study specific CI transport during
blastocoel formation in mouse blastocysts. Blastocysts expand normally in medium
containing 20 mM MQAE, indicating low toxicity over the 4-6 h of incubation (Zhao et
al., 1997).

The observation that MQAE slowed pronuclear development and inhibited
cleavage indicated toxic effects. However, the ability of MQAE-loaded eggs to be
fertilized (pronuclei developed, although slowly) and MQAE-loaded blastocysts to
expand normally indicated that short-term experiments are possible. Thus, only a limited
set of short-term experiments were performed with MQAE. For further details on
fluorophore toxicity in eggs and embryos, see Phillips et al., 1998; Baltz and Phillips,

1999.

II. pH, CHANGES AT EGG ACTIVATION
No pH, change accompanies parthenogenetic activation

To determine whether a change in pH, accompanies egg activation, pH; was
measured during parthenogenetic activation by ethanol (Fig. 14A) in SNARF-1 loaded
eggs. The rate of parthenogenetic activation using ethanol was first determined in
culture. Egg activation following ethanol treatment was 64% (n=250, N=11) which was
significantly higher than control eggs exposed to PBS without ethanol (9% activation;
n=219, N=11; p<0.05; Chi-Square test). As pH, measurements of ethanol-activated eggs

necessitated fluorophore loading prior to ethanol exposure, egg activation was also
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assessed in SNARF-1-loaded eggs. In SNARF-1-loaded eggs, ethanol activation was

reduced to 45% (n=269, N=14; compared to 64% in eggs without SNARF-1, above)
which was significantly higher than control SNARF-1-loaded eggs, exposed to PBS
without ethanol (9%, n=215, N=14; p<0.05; Chi-Square test). Thus, about half the eggs
exposed to ethanol during pH; measurements would have been activated.

A representative example of pH, measurements obtained during the course of
parthenogenetic activation by ethanol is shown in Figure 22A. Clearly, no change in pH;
is evident in this example following activation. To analyze the data quantitatively, pH;
measurements just prior to ethanol/PBS exposure (baseline measurements in HCO,/CO,-
buffered medium at 37°C, 5% CO,) were subtracted from pH; measurements 13 min
post-incubation (A pH;; again in HCO,/CO,-buffered medium at 37°C, 5% CO,). The
mean (+s.e.m.) A pH; resulting from ethanol exposure was 0.06 + 0.01 (n=85, N=7),
while the mean A pH, following exposure to PBS, alone (no ethanol), was identical: 0.06
+ 0.01 (n=71, N=6). Therefore, there was no significant difference between the A pH;
resulting from ethanol activation and control exposure to PBS alone (p=0.76, Student's t-
test). Because only about half of SNARF-1-loaded eggs were fully activated by ethanol
(i.e. developed pronuclei, see above), eggs were analyzed individually for changes in pH;
following ethanol exposure. No pH, change occurred in individual eggs within an
experimental replicate following ethanol exposure (data not shown), which was similar to

the analysis for pooled eggs within an experimental replicate described above.

pH, varies little among GV oocytes, unfertilized eggs, and zygotes

pH; of GV oocytes, eggs, and zygotes was compared using ratiometric image



Figure 22. No change in pH, accompanies egg activation in the mouse. Adapted from
Phillips and Baltz, 1996. A. Example of pH; duning parthenogenetic activation in HCO;
/CO,-buffered medium (37°C, 5% CO, ; ethanol: n=11; PBS: n=12). The mean pH; (=
SD) of SNARF-1-loaded eggs was measured in a HCO,/CO,-buffered KSOM to

establish a baseline pH;,, followed by a PBS solution (+ 7% ethanol) for 5 min for

parthenogenetic activation, or control PBS exposure ( ) followed by KSOM. No pH;
change due to ethanol activation was observed. B. Resting pH; of GV oocytes, eggs and
zygotes measured in CO,/HCO, buffered KSOM in microdrop cultures. Mean pH; was
6.96 = 0.004 (= SEM) for GV- oocytes, 7.00 £ 0.01 for unfertilized eggs, and 7.02 £ 0.01
for zygotes. C. Example of pH; during parthenogenetic activation in nominally HCO;'-

free, Hepes-KSOM (ethanol: n=8, PBS: n=6). pH, measurements (+ SD) of SNARF-1-

loaded eggs were obtained in HCO;" -free, Hepes-KSOM to establish a baseline pH,

followed by PBS solution (+ 7% ethanol) for S min ( ) followed by Hepes-KSOM.
No pH; change due to ethanol activation was observed. D. Resting pH; measurements of
GV oocytes, eggs and fertilized zygotes measured in nominaily HCOj;™ -free, Hepes-
KSOM. Mean pHi; in the nominal absence of HCO, was 7.18 £ 0.01 (xs.e.m.) for GV
oocytes, 7.18 = 0.10 for unfertilized eggs and 7.10 + 0.10 for zygotes. n/M](N) where n
represents the total number of eggs/zygotes, M represents number of dishes and N

represents the number of experiments. Groups designated with different letters were

statistically significant, Fisher’s Exact Chi-square; p<0.05.
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analysis of SNARF-1 loaded eggs/zygotes in microdrop cultures under essentially
identical conditions (Fig. 22B). The mean pH, was 6.96 + 0.004 (+ s.e.m.) in GV
oocytes (n=139, M=12, N=7), 7.00 + 0.01 in unfertilized eggs (n=71, M=7, N=2) and
7.02 + 0.01 in zygotes (n=91, M=10, N=2). There were no significant differences
between GV oocytes and eggs nor between eggs and zygotes (p>0.05). However, there
was a significant difference between GV oocytes and zygotes (ANOVA, Tukey's
Multiple Comparisons Test; p<0.05). Because pH, measurements of GV oocytes were
made in the presence of dbcAMP, we confirmed that dbcAMP, per se, had no effect on

pH,: removing external dbcAMP caused no change in pH; (data not shown).

No pH,change accompanies parthenogenetic activation in HCO; -free medium

pH, during parthenogenetic activation by ethanol was also measured in HCO; -free
Hepes-KSOM (Fig. 22C). The mean A pH, ( s.e.m.) resulting from exposure to ethanol
was 0.10 £ 0.01 (n=47, N=4), as was the mean A pH; following PBS exposure: 0.10 +
0.02 (n=58, N=4), and thus, there was no significant difference in A pH, between ethanol

and PBS exposure (p=0.92, Student's t-test).

pH, varies little among GV oocytes, unfertilized eggs, and zygotes in HCOj; -free medium
pH, of oocytes and zygotes was measured in HCO;’ -free microdrop cultures (Fig.
22D). This might reveal an activation of any Na'/H" antiporter present in the egg, even if
such an increase was normally masked by an opposing increase in HCO,/Cl" exchanger
activity in the presence of HCO, (Ganz et al., 1989). The mean pH; (+ s.e.m.) in the

absence of added HCO, or CO, was 7.18 + 0.01 for GV oocytes (n=114, M=12, N=9),



135
7.18 £ 0.10 for eggs, (n=180, M=14, N=5) and 7.10 + 0.10 for zygotes (n=120, M=11,

N=5). There was no change after GVBD; the mean pH, of GV oocytes and eggs was
identical. The decrease (0.08) between the mean pH, of eggs and zygotes was statistically

significant (p<0.001; ANOVA, Tukey's Multiple Comparisons Test).

Summary of initial studies on oocyte pH, during mammalian fertilization

These initial measurements of oocyte pH, following fertilization showed that
mouse fertilization is not accompanied by a sustained change in pH,. Measurement of
oocyte pH, during ethanol activation similarly showed that egg activation is not
accompanied by transient changes in pH;,. Moreover, the elimination of HCO;/CO, in the
external medium revealed only a small change in oocyte pH, at fertilization (0.08 pH
units). Thus, mouse fertilization is not accompanied by changes in pH,, although this
does not preclude an upregulation in opposing pH, regulatory transporters (ie. Na'/H"
antiporter and HCO,/CI" exchanger), such that no net change in pH, occurs. HCO,/CI'
exchanger activity was subsequently measured in mouse eggs to determine whether

exchanger activity was upregulated at fertilization.

1. HCO,/Cr EXCHANGER ACTIVITY IN UNFERTILIZED EGGS
Effect of external Cl removal on pH, and Cl, in unfertilized eggs and zygotes

HCO,/CI" exchanger activity can be detected as an intracellular alkalinization
upon removal of external CI" (Fig. 21A). CI removal reverses the direction of the HCO;"
/CI" exchanger, if present, which causes an intracellular alkalinization. To confirm that

short-term external CI" removal (30 min) was not detrimental to embryos, 1-cell embryos
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were subjected to external Cl” removal followed by ClI replacement (KSOM) and embryo

culture. Following short-term external Cl" removal, 100% of embryos cleaved to 2-cells
within 24 h, with 74% development to morula by 72 h post-hCG, though blastocyst
development was low (22%) at 96 h post-hCG (n=38; N=3). Thus, the CI" removal
protocol used here was not detrimental to embryos for the short-term experiments
described herein.

The rates of intracellular alkalinization upon Cl" removal were measured in
unfertilized eggs and zygotes (Fig. 23). The mean initial rate of intracellular
alkalinization was about 4-fold lower in eggs (0.013 + 0.003) than in zygotes 8-12 h post-
fertilization (0.052 + 0.004; p<0.001; ANOVA; Tukey-Kramer Multiple Comparisons
Test). Furthermore, the maximal pH, reached after CI' removal was generally higher in
zygotes (Fig. 23C) than in eggs (Fig. 23B).

HCO,/CI" exchanger activity can be inhibited by DIDS. DIDS (500 uM) had no
significant effect on the rate of intracellular alkalinization in eggs (0.006 + 0.002 vs.
0.013 without DIDS; p>0.05), but in contrast there was a significant reduction in the
alkalinization rate in zygotes in the presence of DIDS (0.001 £ 0.001 vs. 0.052 without
DIDS; p<0.001; ANOVA, Tukey-Kramer Multiple Comparisons Test among eggs,
zygotes (£ DIDS) and am-zygotes, see below).

The reversal of HCO,/CI" exchanger activity upon CI removal (Fig. 21A) is also
accompanied by CI" efflux. CI efflux was estimated by the increase in MQAE intensity
upon external Cl removal (Fig. 24). The mean (+ s.e.m.) rate of increase in MQAE

intensity upon CI” removal was significantly lower in eggs (0.032 + 0.004 U/min) than



Figure 23. HCO,/CI" exchanger activity measured by intracellular alkalinization in
eggs and zygotes upon CI' removal Adapted from Phillips and Baltz, 1999. A. Initial
rates of intracellular alkalinization (mean + s.e.m.) after external Cl' removal in eggs and
zygotes (8-12 h post-fertilization) in the absence or presence of 500 uM DIDS. Numbers
above bars: n(N) where n represents the total number of eggs/zygotes and N represents
the number of experiments. B, C. Representative traces of pH; vs time during removal of
external CI' (110 mM to 0 mM) for eggs (B) and zygotes (C) in the presence (®) or

absence of DIDS (0).
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Figure 24. CI efflux upon external CI' removal measured by changes in MQAE
intensity. Adapted from Phillips and Baltz, 1999. Shown is the mean initial rate of
change of MQAE intensity upon CI’ removal (+ s.e.m.; open bars) which was
significantly lower in unfertilized eggs than zygotes 8-12 h post-fertilization (*: p<0.05).
20 uM H,DIDS (solid bars) greatly reduced the rate of increase in MQAE intensity in
both eggs and zygotes. Representative traces of MQAE intensity in eggs (©) and zygotes
(®) vs time during CI" removal (at 12 min) are shown in the inset. Numbers above bars as

in Fig. 23.
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zygotes (0.054 + 0.009 U/min; p=0.037; Welch's t-test). The increase in MQAE intensity

during CI' removal was almost completely inhibited by 20 uM H,DIDS in both eggs

(0.008 + 0.002 U/min; Welch’s t-test) and zygotes (0.006 £ 0.001U/min; Welch’s t-test).

Recovery from intracellular alkalosis in unfertilized eggs and zygotes

Intracellular alkalosis can be induced by exposure to NH,Cl-containing solution
(Fig. 21B). Short-term exposure to NH,Cl is not detrimental to embryo development with
93% 1-cell embryos developing to the morula stage (n=44, N=4), although fewer (48%)
developed to the blastocyst stage (Steeves, C.L., Lane, M., Bavister, B., Phillips, K.P,,
and Baltz, J.M., unpublished). Thus, as long-term embryo development was essentially
normal (at least to the morula stage), there should be no deleterious short-term effects
associated with exposure to NH Cl.

The rate of pH, recovery from an alkaline load induced by exposure to 35 mM
NH,Cl was compared in eggs and zygotes (Fig. 25). The mean rate of recovery (+ s.e.m.),
measured at pH, 7.4, was 0.012 £ 0.004 in unfertilized eggs (Fig. 25A) which was
significantly lower than the recovery rate in zygotes (Fig. 25B; 0.054 + 0.005; p<0.001;
ANOVA; Tukey-Kramer Multiple Comparisons Test). In the absence of external Cl" or
the presence of DIDS, any HCO,/CI" exchanger activity should be inhibited. In the
absence of external CI', the mean rate of recovery of pH; in zygotes was significantly
inhibited (0.003 + 0.003 vs. 0.054 with CI’; p<0.001; ANOVA) in contrast to the mean
rate of recovery of pH, in eggs which was unaffected by the absence of external CI’
(0.005 + 0.003 vs. 0.012 with CI'; p>0.05; ANOVA; Tukey-Kramer Multiple

Comparisons Test). Similarly, the rate of recovery in zygotes was inhibited by the



Figure 25. Recovery from induced alkaline load. Adapted from Phillips and Baltz,
1999. The mean rate of recovery (+ s.e.m.) from NH,ClI- induced alkaline load was
calculated from exponential fits to recovery data as described in the text for every 0.1 pH
unit between 7.1 and 7.6. A. Recovery rates in eggs. B. Recovery rates in zygotes 8-12 h
post-fertilization. The dashed line is fit to the linear portion of the data and used to
estimate the set-point pH; (see text). C,D. Representative traces of pH; showing initial CI
unloading (0 CI') and subsequent NH,"-induced alkaline loading (NH,") are shown for
eggs and zygotes (D) in the presence () or absence (®) of external CI" during recovery.

Numbers in legends as in Fig. 23.



140

0.10
A. -@~ control; 120(9)
0084 -QO O0Ck47(5)
-~ DIDS; 54(5) eggs
0.06 -
. 0.04 -
£
E 0.02 -
S
- 0.00 -
- 7.1 7.2 7.3 7.4 7.5 7.6
© Intracellular pH
€ o.10
- B. =@~ controi; 105(8)
g 0084 .O o0CI 88(5)
0 4 = DIDS; 22(2)
& 0.06 zygotes
0.04 -
0.02 - i . /é
0.00 - z - } -
7.1 7.2 7.3 7.4 7.5 7.6
Intracellular pH
8.0 -FC- eggs 8.0 ~ D. %zygotes
T 7.8 - 7.8 -
o oclf
| ™
8 76 - 7.6 -
3
S 7.4+ 7.4 < M
| >
£ 724 ﬁm 7.2 - "
7.0 o c'- NH‘Q 7.0 "--a'ao_— ‘0
1 ¥ | ] | | ] |} |} | |
0 10 20 30 40 0 10 20 30 40

Time (min)



141

presence of DIDS (0.002 + 0.002 vs. 0.054 without DIDS; p<0.001) whereas DIDS had
no significant effect on the rate of recovery in eggs (0.013 + 0.003 vs. 0.012 without
DIDS; p>0.05; ANOVA).

In some of the recoveries, amiloride (1 mM) was included to determine whether
any Na'/H" antiporter activity present might be slowing recovery by opposing
acidification. No effect of amiloride was seen in either eggs or zygotes (data not shown,
p>0.05; ANOVA; Tukey's Multiple Comparisons Test) and so the data were pooled with

control recoveries in the absence of amiloride.

IV. UPREGULATION OF HCO,/CI EXCHANGE AFTER EGG ACTIVATION
Effect of external pH on upregulation of HCO;/Cl exchanger activity

HCO,/Cl exchanger activity was next measured by the Cl' removal assay in
zygotes fertilized in vivo and collected 3-5 h post-fertilization (15-17 h post-hCG). These
‘am-zygotes’ were found to have a significantly lower rate of HCO,/CI" exchanger
activity (0.023 = 0.007 pHU/min; + s.e.m.; n=81; N=7) than zygotes collected 8-12 h
post-fertilization (20-24 h post-hCG; 0.052 + 0.004 pHU/min; p<0.001; ANOVA; Tukey-
Kramer Multiple Comparisons Test) indicating that fertilized eggs within the first few
hours after fertilization lacked the robust HCO,/CIl" exchanger activity exhibited by
zygotes 8-12 h following fertilization.

In contrast to am-zygotes, zygotes obtained 8-12 h following fertilization spend a
longer period in the oviduct, which is thought to be alkaline. To determine whether
differences in external pH could induce increased HCO,/CI" exchanger activity, am-

zygotes which were collected 3-5 h post-in vivo fertilization (15-17 h post-hCG) were
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cultured at either alkaline or acid external pH to the 2-cell stage (Fig. 26). As zygotes

collected shortly following fertilization demonstrate sub-maximal rates of HCO,/CI’
exchanger activity, modifications to culture (i.e. changes to [HCO;] or %CO,) from this
point would reveal any effect of external pH on the upregulation of HCO,/CI” exchanger
activity. For example, any suppression of upregulation should yield reduced rates of
activity in the resulting 2-cell embryos. External pH was varied by either changing the
concentration of HCO;™ in the media (at constant 5% CO,) or by changing ambient CO,
(at constant [HCO,]=25 mM). External pH was determined under these different
conditions (ie. changes to [HCO;'] or % CO,) using the Henderson-Hasselbach equation
and confirmed using pH indicators. Thus, in one set of experiments am-zygotes were
cultured in varying concentrations of HCO; (ie. 10, 25 or 79 mM, at 5% CO,
corresponding to pH 6.9, 7.3 and 7.8, respectively) to the 2-cell stage. After 24 h, the 2-
cell embryos were removed from culture and HCO,/Cl" exchanger activity assessed by
the Cl' removal assay as described (pH of media during assay was 7.3 for all groups).
There was no significant difference in the mean rates of alkalinization among the
alkaline-cultured group (79 mM HCOj), or the acid-cultured group (10 mM HCOy), and
the control group (25 mM HCO;’; p>0.05; Kruskal-Wallis nANOVA Test; Dunn’s
Muitiple Comparisons Test), although there was a significant reduction of HCO,/CI’
exchanger activity in the alkaline group compared to the acid group (p<0.05). Similarly,
there was no significant difference in the alkalinization rates when external pH (culture)
was altered by changing the ambient CO, (ie. 2.5 or 12.5% CO,; p>0.05; Kruskai-Wallis
nANOVA Test; Dunn’s Multiple Comparisons Test) with standard KSOM (25 mM

HCO;y’) corresponding to pH 7.6 and 6.9, respectively.



Figure 26. Effect of external pH on the development of HCO,/CI' exchange. Zygotes
fertilized in vivo were obtained 3-5 L post-fertilization and cultured in varying
concentrations of HCO;™ (ie. 10, 25 or 79 mM, at 5% CO, corresponding to pH 6.9, 7.3
and 7.8, respectively) for 24 h at which point 2-cell embryos were removed from culture
and HCO,/CI" exchanger activity assessed by Cl" removal (standard assay, pH of media
7.3). Similarly, external pH was altered by changing the ambient CO, (ie. 2.5 or 12.5%
CO, at 25 mM HCO, corresponding to pH 7.6 and 6.9, respectively). Different letters
indicate statistical significance (Kruskal-Wallis nANOVA Test; Dunn’s Multiple

Comparisons Test). Numbers above bars as in Fig. 23.
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Timing of appearance of HCO,;/Cl exchanger activity following fertilization

Zygotes clearly exhibited greater HCO,/CI" exchanger activity than unfertilized
eggs. This is supported by the higher rates of intracellular alkalinization (Fig. 23) and
change in MQAE intensity (Fig. 24) upon Cl removal and the faster rate of recovery of
pH, from induced alkalosis in zygotes compared to eggs (Fig. 25). As HCO;/CI’
exchanger activity increased from 3-5 h post-fertilization (am-zygotes) to 8-12 h post-
fertilization (zygotes), HCO,/Cl exchanger activity appeared to be gradually upregulated
within about 8-12 h of fertilization. However, the use of in vivo fertilized eggs precluded
a more precise determination of the timing of appearance of HCO,/CI" exchanger activity
following egg activation.

As the timing of fertilization in vivo was uncertain, in vitro fertilization (IVF)
with a restricted (1 h) sperm-egg incubation was used to more precisely determine the
timing of the onset of HCO,/Cl" exchange activity following fertilization (Fig. 27A).
Using this fertilization protocol (1 h sperm-egg incubation) the average incidence of egg
activation was 74% (n=460; N=27), assessed by pronuclear development 5-6 h post-
sperm-egg incubation. Emission of the second polar body was completed in the majority
of eggs between 1-2 h post-sperm-egg incubation with pronuclear development
completed between 3-4 h post-sperm-egg incubation (Fig. 27C). Fertilization was also
confirmed by measuring Ca®"; transients in a cohort of Fura-2-loaded eggs, 45 min
following sperm-egg incubation (Fig. 27B).

Intracellular alkalinization upon CI removal was used as an index of HCO,/CI’
exchanger activity. HCO,;/Cl" exchanger activity increased gradually over the first 7-9 h
following the end of sperm-egg incubation, reaching maximal activity at about 9 h post-



Figure 27. Development of HCO,/CI’ exchanger activity after IVF. Adapted from
Phillips and Baltz, 1999. A. HCO,/CI exchanger activity was measured by the CI’
removal assay at various times after a 1 h sperm-egg incubation (zygotes) or an identical
1 h incubation without sperm (eggs). Mean rates of intracellular alkalinization (+ s.e.m.)
upon CI" removal are given for [VF eggs cultured for 1 -27 h post-sperm egg incubation
(® 16-43 h post-hCG) and for unfertilized eggs (© 15-23 h post-hCG). The rates in the
presence of 500 uM DIDS are also shown for zygotes (B) and eggs ((J). B. Example of
Ca®; transients measured in Fura-2 loaded eggs (n=4), 45 min post-sperm-egg
incubation. C. Time-course of emission of the second polar body (PB2) and pronuclear
development (PN) following IVF (n=98, N=8). Development is normalized to total
number of eggs activated for comparison between different activation protocols. Numbers

above points as in Fig. 23.
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fertilization. This rate of activity remained high through to the 2-cell stage, which is
consistent with previous measurements showing similar HCO,/Cl" exchanger activity
between zygotes and 2-cell embryos fertilized in vivo (Zhao et al., 1995). In contrast,
when unfertilized eggs were maintained under the same in vitro conditions, the very low
HCO,/CI' exchanger activity did not greatly increase from 5 h post-ovulation (17 h post-
hCG or approximately 2 h after the end of sperm-egg incubation would have occurred for
eggs undergoing IVF) up to 13 h (25 h post-hCG), by which time fertilized eggs
(approximately 10 h after the end of sperm-egg incubation) had developed maximal

HCO,/CI" exchanger activity.

Upregulation of HCO,/Cl exchange activity in ethanol-activated eggs

To determine whether increased HCO,/Cl" exchanger activity was dependent
upon the male genome or other factors introduced by the sperm, eggs were
parthenogenetically activated using ethanol (Fig. 14A; Fig. 28A). Egg activation (judged
by timing of formation of pronuclei and second polar body) was delayed following
ethanol exposure compared with [VF, and thus HCO,/CI" exchanger activity was not
assessed until 15 h post-ethanol exposure. Alkalinization rates upon Cl" removal were
increased significantly by 15 h post-parthenogenetic activation (0.033 + 0.006) compared
to unactivated controls (0.017 + 0.005; p<0.001; ANOVA, Tukey-Kramer Multiple
Comparisons Test). There was a further significant increase in the rate of intracellular
alkalinization at 25 h post-activation compared to the rate at 15 h (p<0.001; ANOVA;
Tukey-Kramer Multiple Comparisons Test), which was consistent with the time-course of

HCO,/CI" exchanger activity obtained following IVF, allowing for the developmental



Figure 28. Parthenogenetic activation using ethanol. Adapted from Phillips and Baltz,
1999. A. Mean rates of intracellular alkalinization (+ s.e.m.) upon Cl removal are shown
for eggs parthenogenetically activated with 7% ethanol/PBS (®) and control eggs (O;
exposed only to PBS). B. Example of a single Ca®, transient, measured in Fura-2 loaded
eggs (n=10), produced upon 5 min exposure to 7% ethanol in PBS (——). Numbers as in

Fig. 23.
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delay in parthenogenotes. The rates for unactivated eggs assessed at 15 h did not increase
(p>0.05; ANOVA) and were consistent with rates obtained for unfertilized eggs not
exposed to PBS. Unfertilized eggs could not be assessed at 25 h, as unactivated eggs had

degenerated by this time.

HCO,/Crl exchanger mRNA in unfertilized eggs

Unfertilized eggs were examined by RT-PCR for expression of AE2 mRNA, shown
previously to be the sole known AE isoform expressed in zygotes (Zhao et al., 1995). AE2
was detected in both unfertilized eggs and zygotes (Fig. 29). The comparable intensities of
the PCR products obtained from eggs and zygotes, as well as the similarly decreased
intensity when only 5 eggs or zygotes instead of 10 or 30 were used for the reverse
transcription, indicated that there was qualitatively similar levels of expression in eggs and
zygotes. Expression of AE2 mRNA in the unfertilized egg is consistent with the suggestion
that AE2 mRNA is a maternally-derived product in the zygote (Zhao et al., 1995).

Effect of inhibition of protein synthesis and protein transport on HCO;/CI exchanger
upregulation

To determine whether the time-dependent upregulation of HCO,/CI” exchanger
activity was dependent on protein synthesis, in vitro fertilized eggs were cultured for 7-9
h in the continuous presence of cycloheximide (50 pg/ml) beginning immediately
following removal of sperm (Fig. 30A). At the end of the 7-9 h incubation, HCO,/CI’
exchanger activity was assessed in zygotes with 2 pronuclei using the Cl' removal assay.
There was no significant difference between the mean rates of alkalinization in control

(0.078 + 0.008 pHU/min) versus cycloheximide-treated zygotes (0.067 + 0.005 pHU/min



Figure 29. RT-PCR detection of AE2 mRNA expression. Adapted from Phillips and
Balrz, 1999. Total RNA from 30, 10 or 5 (as marked) eggs or zygotes was reverse
transcribed (RT), and 1/20 of the total cDNA from each RT used for PCR. The lane
marked B is a sample of the final drop in which zygotes were washed, treated identically
to egg/embryo samples (ie. RNA isolation, RT-PCR). Expected size of PCR product is
210 bp, marked at right of gel. Unmarked lane is ¢px174 Hind III digest marker (sizes

shown on left).
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Figure 30. Effect of inhibitors of protein synthesis and protein trafficking on the
upregulation of intracellular alkalinization upon CI' removal. Eggs were fertilized
by IVF and then cultured with an inhibitor immediately upon removal from sperm (16 h
post-hCQG) for 7-8 h. HCO,/Cl" exchanger activity was measured by alkalinization upon
chloride removal at 7-8 h (shown as mean + s.e.m.). A. 50 ug/ml cycloheximide: protein
synthesis inhibitor. B. 5§ pg/ml brefeldin A: disrupts Golgi apparatus. C. 10 uM
cytochalasin D: disrupts actin filaments. D. 0.1/1.0 ug/ml (pooled data) demecolicine:
disrupts microtubules. None of the inhibitors had a significant effect assessed relative to

their paired control (vehicle only; Student's t-test). Numbers above bars as in Fig. 23.
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+ s.e.m., p=0.15; Student's t-test).

Drugs targeting the Golgi apparatus (brefeldin A; Fig. 30B), actin filaments
(cytochalasin D; Fig. 30C) or microtubules (demecolcine; Fig. 30D) were investigated to
determine whether the upregulation of HCO,/Cl" exchanger activity following
fertilization was dependent on intracellular protein transport or an intact cytoskeleton. In
each case, the mean rates of alkalinization were not significantly different between the
group with the inhibitor and its respective control (p>0.05; Student’s t-test). Note that for
demecolcine two concentrations were tested: 0.1 and 1.0 pg/ml. As the groups were not
significantly different (p=0.11), the data were pooled. To demonstrate that these agents
were effectively targeting the cytoskeleton, confocal microscopy was performed
following treatment with either cytochalasin D or demecolcine (Fig. 31). Demecolcine
disruption of microtubules was further confirmed by demonstrating that cleavage to the 2-
cell stage, a process dependent on intact microtubules (due to the requirement for
microtubules in the mitotic spindle), was prevented (0%; n=23; N=2) following
demecolcine treatment compared to embryos treated with vehicle (ethanol; 93% cleaved;

n=22; N=2).

Role of PKA and PKC in HCO,/Cl exchanger upregulation

To determine whether the upregulation of HCO,/CI" exchanger activity was
dependent on PKA activity, intracellular cAMP (cAMP,) was raised in unfertilized eggs
by exposure to 0.1 mM forskolin, 0.3 mM dbcAMP and 0.2 mM IBMX for 3-6 h in
culture (Fig. 32A). dbcAMP (0.3 mM) alone sufficiently raises cCAMP; as demonstrated

by dbcAMP inhibition of GVBD (Fig. 38B). Other studies have shown, both by direct



Figure 31. Confocal imaging of zygotes following treatments designed to disrupt the
cytoskeleton. Representative zygotes collected 19 h post-hCG were cultured with
cytochalasin D (10 uM) or demecolcine (1 pg/mL) for 2 h and then fixed and stained for
confocal microscopy. In all cases control zygotes were cultured with vehicle only. A-C.
Zygotes were stained with 6.6 uM rhodamine phalloidin. A. negative control, no stain. B.
control. C. cytochalasin D exposure. D-F. Zygotes immunolabelled with anti-a-tubulin
(1/1000 dilution; primary) and Cy3 goat-anti-mouse (1/100 dilution; secondary). D.
negative control, secondary antibody exposure only. E. control. F. demecolcine exposure.
Differences in relative size resulted from compression during slide preparation. Bar

represents 20 um. PN-pronucleus; pb- polar body, zp- zona pellucida, sp- spindle.



152

negative control

negative control a-tubulin (Ab SA6), control 1 ng/mi demecoicine



Figure 32. HCO,/CI exchanger activity following activation/inhibition of

PKA/PKC. PKA. A. Unfertilized eggs were exposed to 0.1 mM forskolin, 0.3 mM

dbcAMP and 0.2 mM IBMX (| cAMP) or vehicle (control) for 3-6 h followed by CI

removal assay. B. Immediately following IVF, zygotes were exposed to 5 uM H-89
(PKA inhibitor) for 7-9 h followed by CI" removal assay. PKC. C. Unfertilized eggs were
exposed to 100 nM PDD or PMA (phorbol esters) or vehicle (control) for 3-6 h followed
by CI removal assay. D. IVF eggs were exposed to 10 uM sphingosine for 7-9 h
followed by CI" removal assay. In all cases, there was no significant difference between

appropriate control and treatment. Numbers above bars as in Fig. 23.
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measurements of cAMP, and by inhibition of GVBD, that similar concentrations of
IBMX and forskolin increase cAMP, (Schultz et al., 1983ab; Bornslaeger et al., 1994;
Bornslaeger et al., 1996). HCO,/Cl" exchange was not stimulated by increased cAMP; in
unfertilized eggs, as the mean rates (s.e.m.) of intracellular alkalinization upon CI
removal were not significantly different between eggs in which cAMP,; was increased
(0.014 £ 0.006) versus control (0.012 + 0.009; p=0.26; Student’s t-test). To determine
whether upregulation of HCO,/Cl” exchange following IVF was dependent on PKA
activation, in vitro fertilized eggs were cultured with H-89 (5 uM; PKA inhibitor),
immediately following sperm-egg incubation, for 7-9 h (Fig. 32B). HCO,/Cl" exchange
in zygotes with 2 pronuclei was then assessed using the Cl' removal assay. There was no
significant difference between the mean rates of alkalinization in control (0.090 + 0.005
pHU/min) and H-89 (0.090 £ 0.011 pHU/min; + s.e.m., p=0.96; Student's t-test).

A possible role for PKC in HCO,/CI" exchanger upregulation was examined by
exposing unfertilized eggs to phorbol esters (Fig. 32A). Eggs were cultured with 100 nM
PDD or PMA for 3-6 h in culture, followed by the C!" removal assay. Similar phorbol
ester treatment has been demonstrated to partiaily upregulate Na'/H" antiporter activity in
hamster eggs (Lane et al., 1998). HCO,/CI" exchange was, however, not stimulated in
unfertilized eggs by phorbol ester treatment, as the rates of intracellular alkalinization
were not significantly different between eggs exposed to PDD (0.029 + 0.012), PMA
(0.016 % 0.005) or control (0.027 + 0.004 ; p=0.37; ANOVA). To determine whether
upregulation of HCO,/CI" exchange following IVF was dependent on PKC activation, in
vitro fertilized eggs were cultured with sphingosine (10 puM; PKC inhibitor), immediately

following sperm-egg incubation, for 7-9 h (Fig. 32D). HCO,/Cl" exchange was then
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assessed in zygotes with 2 pronuclei using the CI' removal assay. Sphingosine-treatment
had no significant effect on the mean rates of alkalinization upon CI" removal (0.059 +
0.015 pHU/min) compared to vehicle (0.073 £+ 0.009 pHU/min; Student's t-test; p=0.28).
Sphingosine inhibits compaction in 8-cell embryos by inhibition of PKC activity (Winkel
et al., 1990). To confirm that 10 uM sphingosine effectively inhibited PKC activity under
our conditions, 8-cell embryos were cultured with 10 uM sphingosine and compaction
assessed after 8 h or 24 h. Sphingosine treatment significantly reduced compaction
assessed after 8 h (10%; n=24; N=3; vehicle: 100%; n=16; N=3; Fisher’s Exact test,
p<0.0001) and 24 h (sphingosine: 32%, n=62; N=6; vehicle: 98%; n=54; N=6; Fisher’s

Exact test, p<0.0001).

Role of Ca*" transients following fertilization

To determine whether upregulation of HCO;/Cl” exchange required the Ca®™
transients which follow fertilization, newly-fertilized eggs (by IVF) were loaded with the
Ca®" chelator BAPTA (Fig. 33). Using the Ca*"-sensitive fluorophore, Fura-2, to measure
intracellular Ca?*, robust Ca®* transients were seen in fertilized eggs (Fig. 33C). In
fertilized eggs loaded with BAPTA, however, the Ca®* transients were completely
suppressed (Fig. 33D). HCO,/Cl exchange was assessed in fertilized eggs with or
without BAPTA by the CI' removal assay at 7-9 h post-sperm-egg incubation (Fig. 33A).
Development of HCO,/CI" exchange at 7-9 h post-fertilization was significantly inhibited
in fertilized eggs which had been loaded with BAPTA immediately after fertilization
compared to fertilized eggs exposed to vehicle only (Fig. 33A; p=0.01; Student’s t-test).

In contrast, loading with BAPTA 6-8 h post-sperm-egg incubation had no significant



Figure 33. Effect of BAPTA-inhibition of early Ca®* transients on HCO,/CI
exchanger activity. Adapted from Phillips and Baltz, 1999. A. Dependence of HCO,/Cl’
exchanger activity on early Ca®* transients. [VF eggs were exposed to 20 uM BAPTA (@)
or vehicle (control, ©) for 30 min at 0, 2.5, 4.5 or 6.5 h post-sperm egg incubation,
followed by standard culture and CI' removal assay at 7-8 h post-sperm egg incubation.
Mean rates of intracellular alkalinization (+ s.e.m.) are shown. B. The timing of
development of the second polar body (PB2) and pronuclei (PN) were not different when
eggs were exposed to BAPTA (®; n=22, N=3) or vehicle (control, 0; n=15, N=2) for 30
min immediately following sperm-egg incubation (1 h). Development is normalized to
total number of eggs activated for comparison between different activation protocois. C.
D. Example of Ca®", transients measured in Fura-2 loaded eggs treated with vehicle (C,
n=7) or BAPTA (D, n= 6) immediately following I[VF. Numbers above points as in Fig.
23.
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effect on the rate of intracellular alkalinization (p=0.69, Student’s t-test) measured soon
after BAPTA loading. To ensure that BAPTA exposure was not detrimental to embryo
development, emission of the second polar body and pronuclear development was
assessed following IVF/BAPTA exposure in BAPTA and vehicle-treated eggs (Fig. 33B).
BAPTA exposure immediately following sperm-egg incubation had no effect on the
timing of emission of the second polar body or the development of pronuclei. Similarly,
the average incidence of egg activation following early BAPTA exposure (t=0 h) was
60% (n=122; N=11), comparable to activation in the vehicle group (65%; n=75; N=7).
Since HCO,/CI" exchanger measurements were made within 3-4 h of PN development
this suggests that the effect of BAPTA seemed to be due to its suppression of Ca™,

transients and not due to a general deleterious effect on eggs.

Development of HCO;/Cl exchanger activity in SP*-activated eggs

To further examine the mechanism of upregulation of HCO,/Cl" exchanger
activity, eggs were parthenogenetically activated by exposure to 10 mM SrCl, (Fig. 14B).
As discussed (Introduction), exposure to S”*” causes Ca’", release and exit from
metaphase. HCO,/Cl" exchanger activity was assessed using the C1' removal assay at
various time points following Sr** activation (Fig. 34A). In addition, the timing of second
polar body extrusion and pronuclear development following Sr** activation was
determined (Fig. 34C). Sr** exposure resulted in 89% activation (pronuclear
development) within 5 h (n=90, N=6). The timing of pronuclear development was similar
to that of IVF eggs (Fig. 26C). HCO,/CI" exchanger activity developed gradually
following Sr**- activation (Fig. 34A) with the same timing as the development of HCO;

/CY" exchanger activity following IVF (Fig. 26A). Sr**-activation produced repetitive Ca*"



Figure 34. Parthenogenetic activation using Sr**. A .Eggs were activated by 2 h
exposure to S”** followed by KSOM culture. HCO,/CI" exchanger activity was assessed
at 3, 4.5, 7 and 9 h following introduction of Sr*". Level of HCO,/CI' exchanger activity
(measured by CI' removal assay) in eggs represented by dotted line (see Fig. 27A). B.
Example of Ca®", transients measured in Fura-2 loaded eggs (n=5) exposed to 10 mM
Sr**. C. Time-course of emission of second polar body (PB2; n=65, N=6) and pronuclear
development (PN; n=155, N=11). Development is normalized to total number of eggs
activated for comparison between different activation protocols. Numbers above points

as in Fig. 23.
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transients similar in frequency to transients produced following IVF (Fig. 26B), although
with a much smaller amplitude (Fig. 34B). HCO;/CI" exchanger activity in both IVF
eggs and SrCl, activated eggs developed as pronuclei were formed. To determine the
developmental potential of Sr** activation, activated eggs were cultured for up to 120 h.
96% Sr*" activated eggs developed to the 2-cell stage (24 h post activation; n= 90, N=6),
58% developed to morula (72 h post activation; n=60, N=4) and 14% formed blastocysts
(120 h post activation n=45, N=3), indicating that almost all eggs were activated and able
to at least cleave to the 2-cell stage. Decreased ability to form blastocysts is common for

parthenogenotes (Kaufman, 1978; Kaufman, 1982; Johnson et al., 1990).

Upregulation of HCO,/CI exchanger activity following a single Ca’", transient
HCO,/CI' exchanger activity developed very slowly following ethanol activation
(Fig. 28A). Ethanol activation, unlike IVF, is accompanied by only a single, large Ca*,
transient (Fig. 28B). To determine whether upregulation of HCO,/Cl” exchanger activity
is augmented by the presence of repetitive Ca*"; transients (IVF- Fig. 27B; Sr*'- Fig. 34B)
rather than a single Ca®", transient (ethanol- Fig. 28B), SP** activation was used. Sr*’-
activated eggs produce Ca*’, transients, and the removal of Sr** stops these oscillations
immediately, enabling manipulation of the duration of these transients. To further define
any role of Ca*"; transients, a 5 min pulse of SrCl, (10 mM) was applied, which produced
only a single, large Ca’", transient coincident with Sr** exposure (Fig. 35B). This brief
Sr** exposure was sufficient to activate eggs in culture (100% activation as determined by
pronuclear development and emission of the second polar body, data not shown) within

6 h. These eggs developed HCO,/Cl" exchanger activity (Fig. 35A), measured 7-9 h



Figure 35. Parthenogenetic activation using Sr** pulse. To determine whether a single
Ca’ transient was sufficient to induce HCO,/Cl" exchanger activity, eggs were exposed
to a brief (5 min) pulse of 10 mM Sr*". A. Following Sr*” pulse, eggs were cultured for 7-
9 h and assessed for HCO,/Cl exchanger activity using the CI" removal assay. Shown is
the mean rate of intracellular alkalinization (= s.e.m.). Level of HCO,/CI" exchanger
activity (measured by Cl removal assay) in eggs represented by dotted line (Fig. 27A)
and in Sr** activated (2 h protocol) eggs at 7-9 h post-activation represented by dashed
line (Fig. 34A). B. Example of a single Ca”", transient, measured in Fura-2 loaded eggs
(n=13), produced following a 5 min exposure to 10 mM S’ (——), which was

immediately replaced by KSOM. Numbers above bar as in Fig. 23.
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following a Sr** pulse and a single Ca’" transient. The mean rate of intracellular
alkalinization (% s.e.m.) was 0.050 + 0.02 pHU/min (n=69; N=5), which was not quite as

high as the activity which developed after a 2 h Sr** exposure.

Development of HCO;/Cl exchanger activity in cycloheximide-activated eggs

The results of a § min SP*” exposure indicated that a single Ca’"; transient was
sufficient to induce upregulation of HCO,/CI" exchanger activity, consistent with the
upregulation by ethanol. I thus wished to determine whether even a single Ca**, transient
was required for upregulation of HCO;/CI' exchanger activity. To investigate this, eggs
were activated by exposure to cycloheximide (Fig. 14C), a protein synthesis inhibitor. As
discussed (Introduction), cycloheximide can activate eggs by disrupting the normal
continuous synthesis of cyclins by the MII-arrested egg. This results in the loss of MPF
activity and exit from metaphase. Cycloheximide-induced egg activation occurs without
changes in Ca*"; (Moos et al., 1996).

Eggs were exposed to 50 ug/ml cycloheximide for 2 h, which resulted in 68%
activation (n=109, N=8; pronuclear development) with similar timing of pronuclear
development (Fig. 36C) compared to IVF (Fig. 27C). Measurements using Fura-2
confirmed that there were no Ca®"; transients (Fig. 36B). Cycloheximide-activated eggs
did, however, develop HCO,/CI" exchanger activity (Fig. 36A) with a mean rate of
intracellular alkalinization (% s.e.m.) 0of 0.070 = 0.009 pHU/min (n=24; N=3)at 7-9 h

post-egg activation even in the absence of Ca’", transients.



Figure 36. Parthenogenetic activtion using protein synthesis inhibitor
cycloheximide. A. HCO,/Cl" exchanger activity was assessed in eggs activated by 2 h
exposure to cycloheximide followed by 7-9 h KSOM culture. Shown is mean rate of
intracellular alkalinization (+ s.e.m.) upon CI' removal. Level of HCO,/CI" exchanger
activity (measured by Cl removal assay) in eggs represented by dotted line (Fig. 27A)
and in Sr*" activated eggs represented by dashed line (Fig. 34A). B. Example of Ca”",
measured in Fura-2 loaded eggs (n=11) upon exposure to 50 ug/ml cycloheximide. C.
Time-course of pronuclear development following cycloheximide exposure.
Development is normalized to total number of eggs activated for comparison between

different activation protocols. Numbers as in Fig. 23.
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Low HCO,/Cl exchanger activity is not a general feature of metaphase

As unfertilized eggs, arrested in metaphase II, have very low HCO,/CI” exchanger
activity, it is possible that low HCO,/CI" exchanger activity is a feature of any metaphase,
at least during early development. HCO,/Cl exchanger activity was therefore measured
in metaphase at the end of the first cell cycle (first mitosis) - just prior to the first
cytokinesis (cleavage to the 2-cell stage). Using the Sr**-activation protocol, HCO;/Cl'
exchanger activity was measured before, during and after pronuclear envelope breakdown
and cleavage. There was no decrease in HCO,/CIl" exchanger activity associated with this
period in the cell cycle (Fig. 37A,B), indicating that once the exchanger is activated it
remains active through the metaphase at the end of the first cell cycle.

One difference between MII eggs and metaphase embryos is the duration of
metaphase. Unfertilized eggs are arrested in metaphase for at least several hours (by
maintenance of high MPF and CSF) while mitotic metaphase is brief and there is no
arrest. Thus, any metaphase-induced downregulation may require a longer period in
metaphase than occurs between the 1- and 2-cell stages. To test this hypothesis, Sr*-
produced zygotes (12 h post-activation) were cultured in the presence of the microtubule
depolymerizing agent demecolcine (1 ug/ml) for 8 h. Demecolcine disrupts microtubules
and prevents exit from metaphase, and thus demecolcine treatment arrested zygotes in
metaphase at the end of the first cell cycle. Metaphase arrest using demecolcine could be
maintained for at least as long as the MII arrest in unfertilized eggs. After 8 h in
metaphase arrest, HCO,/CI' exchanger activity was measured by the CI' removal assay.

The extended demecolcine-induced metaphase arrest of Sr**-activated embryos in first



Figure 37. HCO,/CI' exchanger activity during metaphase of first mitotis. To
determine whether low HCO,/CI" exchanger activity is a feature of mitotic metaphase,
exchanger activity was measured throughout metaphase of the first cell cycle. A. Mean
rates of intracellular alkalization (+ s.e.m.) upon CI removal. B. Timing of nuclear
envelope breakdown (NEBD) and cytokinesis (cleavage to 2-cell stage; n=60, N=3). C.
As eggs are arrested in metaphase II for several hours, the effects of a prolonged
metaphase arrest were examined in Sr**-derived 1-cell embryos using demecolcine. 1-cell
embryos (12 h post-activation) were cultured in 1 ng/ml demecolcine (vehicle control)
for 6-8 h, and HCO,/Cl" exchanger assessed using the CI' removal assay. Shown are the
mean rates of alkalinization (+ s.e.m) upon CI" removal, which were not significantly
different (Student’s t-test; p>0.05). Note that at the time of CI' removal the vehicle group
had progressed to the 2-cell stage, while the demecolcine-treated group remained arrested

at the 1-cell stage. Numbers above points/bars as in Fig. 23.
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mitotic metaphase did not, however, reduce HCO,/CI exchanger activity (Fig. 37C;

p=0.42; Student’s t-test).

V. HCO,/CI' EXCHANGER ACTIVITY IN GV OOCYTES AND DURING
MEIOTIC MATURATION
HCO;/CIl exchanger activity is downregulated during meiotic maturation in vitro

The HCO,/CI" exchanger could either be quiescent throughout oocyte maturation,
or its activity could alternatively be downregulated prior to MII arrest. To investigate the
status of HCO,/CI" exchanger activity prior to MII arrest, HCO,/CI" exchanger activity
was measured using the Cl removal assay in GV oocytes and during meiotic maturation.
GV oocytes were obtained and maintained in GV arrest where appropriate with 0.3 mM
dbcAMP or allowed to mature in vitro through MI to MII (Fig. 38B). The rate of
alkalinization upon CI' removal in freshly-obtained GV oocytes in the presence of
dbcAMP indicated significant HCO,/Cl" exchanger activity (Fig. 38A; 0.077 £ 0.006;
n=22; N=4) which was appropriately DIDS sensitive (data not shown). HCO,/CI’
exchanger activity in GV eggs was at a level comparable to that seen in zygotes obtained
8-12 h post-fertilization (Fig. 23A).

Separate groups of GV oocytes were cultured in the absence of dbcAMP to
determine the timing of GVBD and to produce in vitro-matured MI and MII eggs (Fig.
38B). HCO,/CI" exchanger activity in GV oocytes immediately prior to GVBD, in the
absence of dbcAMP, was significantly higher (mean + s.e.m.; 0.064 + 0.008; n=54; N=6)
than exchanger activity exhibited by in vitro matured MII eggs (0.028 + 0.005; n=56;

N=6; Student’s t-test; p=0.003) and comparable to activity in GV oocytes in the presence



Figure 38. HCO,/CI exchanger activity is downregulated during meiotic
maturation. A. The mean rate of intracellular alkalization (x s.e.m) upon CI removal
was measured in GV oocytes, maintained in prophase I arrest by 0.3 mM dbcAMP,
immediately following retrieval or at various time points up to 16 h (cultured in dbcAMP,
®). Some GV oocytes were maintained in culture in the absence of dbcAMP for
maturation in vitro. GV (l), MI (€) or MII (O) oocytes were removed from culture and
the mean rates of intracellular alkalization (+ s.e.m) measured at various time points up to
16 h. B. Time-course of GVBD and emission of the first polar body (MI-MII transition)
in GV (W), MI (@) or MII (O) oocytes matured in vitro and in GV oocytes cultured in

dbcAMP (@). Numbers at points as in Fig. 23.
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of dbcAMP (above). HCO,/CI" exchanger activity of in vitro-matured MII eggs was very
similar to that of in vivo-matured ovulated eggs, indicating that HCO;/Cl exchanger
activity is similarly downregulated at some point after GVBD both in vivo and in vitro.
To determine the time-course of this downregulation, HCO;/Cl" exchanger activity was
measured in oocytes matured in vitro following removal of GV oocytes from dbcAMP
(Fig. 38A). GVBD was complete within 2.5-3 h following removal from dbcAMP,
yielding MI eggs with no germinal vesicle and no polar body (Fig. 2-MI). Cytokinesis
began at 11-12 h following removal from dbcAMP and was completed at 17-18 h,
yielding MII eggs with one polar body (Fig. 2-MII). In contrast, GV oocytes cultured in
the continued presence of dbcAMP remained arrested at the GV stage for up to 20 h (Fig.
2-GV). HCO;/CI' exchanger activity was high in GV oocytes and early MI eggs, with
activity decreasing between 6-8 h following removal from dbcAMP. HCO,/CI" exchanger
activity then remained low in late MI eggs and MII eggs. Oocytes cultured in the
presence of dbcAMP and thus arrested at the GV stage, maintained high HCO,/CI

exchanger activity for up to 16.5 h following culture (Fig. 38A).

VI. UPREGULATION OF HCO,/CI EXCHANGER S CELL CYCLE -
DEPENDENT AND MAY INVOLVE MAPK
Disruption of the metaphase II spindle prevents upregulation of HCO,;/Cl exchanger
activity following Sr**-induced egg activation

To disrupt resumption of the cell cycle upon egg activation, eggs were pretreated
with 1 ug/ml demecolcine for 1 h prior to S”**-activation (Fig. 39). Eggs were activated

and maintained in culture in the presence of demecolcine for up to 7-9 h and timing of



Figure 39. HCO,/CI' exchanger activity following egg activation with or without
disruption of the MII spindle. To determine whether an intact spindle was required for
Sr*" to trigger HCO,/CI' exchanger upregulation, eggs were pretreated for 1 h with
demecolcine or vehicle, followed by exposure to S”** for 2 h (demecolcine or vehicle
present) and then cultured in demecolcine or vehicle for an additional 7-9 h, whereupon
HCO,/CI exchanger activity was assessed using the CI removal assay. A. Mean rates of
intracellular alkalization ( % s.e.m) in vehicle (Sr*") and demecolcine groups (Sr** +
deme). B. Average rates of second polar body extrusion (PB2) and pronuclear

development (PN). Numbers above bars/points as in Fig. 23.
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pronuclear development was assessed (Fig. 39B). As discussed, demecolcine disrupts

microtubules, thereby dismantling the metaphase II spindle. Exit from metaphase is
dependent on an intact spindle (Verlhac et al., 1993; Moos et al., 1996). Caz'i transients
occurred normally in demecolcine-treated eggs upon Sr*”- activation (assessed with Fura-
2; data not shown). However, pronuclear development was completely inhibited by
demecolcine treatment (Fig. 39B). HCO,/CI" exchanger activity was measured using the
CI removal assay 7-9 h post Sr*" activation (Fig. 39A). Demecolcine significantly
inhibited the upregulation of HCO,/CI" exchanger activity (0.023 = 0.005) compared to
control (0.13 = 0.02; Student’s t-test, p=0.004), maintaining it at a level comparable to

that in unfertilized eggs.

Okadaic acid treatment prevents upregulation of HCO;/Cl exchanger activity

Eggs were cultured with okadaic acid (OA), an inhibitor of protein phosphatases
PP1 and PP2A (Cohen et al., 1990), and previously shown to maintain high MAPK
activity in fertilized eggs (Schwartz and Schultz, 1991; Moos et al., 1996). OA (2.5 uM)
was added at various times either before, during, or following Sr*” activation and
remained present throughout the culture period. OA inhibits pronuclear development or
cause precocious pronuclear envelope breakdown (NEBD) in mouse zygotes following
fertilization (Schultz et al., 1991; Moos et al., 1996). Thus, the presence of pronuclei was
assessed throughout the culture period. For most experiments, HCO,/Cl” exchanger
activity was assessed 7-9 h post-Sr*~ activation. When OA was introduced 15 min prior to
or coincident with Sr*~ activation (t=0 h), pronuclear development was completely
inhibited compared to vehicle controls (Fig. 40B). When OA was introduced following

Sr** activation (1.5 h, 3 h, 8 h) pronuclei formed but premature nuclear envelope



Figure 40. HCO,/CI exchanger activity following okadaic acid (OA) treatment.
Eggs were activated with SP** and exposed to 2.5 uM OA (vehicle control) at various
times (-15 min, 0, 1.5, 3, 8 or 24 h) post-Sr** introduction. When OA was introduced up
to 3 h post-Sr** activation, eggs were cultured up to 7-9 h post-activation and HCO,/CI
exchanger activity assessed. When OA was introduced at 8 h (mature 1-cell embryo) or
24 h (2-cell embryo), embryos were cultured for an additional 8 h in the presence of OA
followed by assessment of HCO,/CI" exchanger using the Cl" removal assay. A. Mean
rates of intracellular alkalinization (+ s.e.m). B. Average rates of pronuclear/nuclear

formation and breakdown with OA added at t=0. Numbers above bars as in Fig. 23.
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breakdown (NEBD) then occurred. OA significantly inhibited the development of

HCO,/CI" exchanger activity when added 15 min before activation (Fig. 40A; OA: 0.019
+ 0.0007; n=58, N=6; control: 0.071 + 0.009; n=60, N=6; Student’s t-test; p=0.0002),
coincident with Sr**-activation (t=0 h; OA: 0.035 + 0.007; n=58, N=S; control: 0.085 +
0.017; n=65, N=5; Student’s t-test; p=0.029), 1.5 h post-activation (OA: 0.036 + 0.003;
n=45, N=4; control: 0.093 + 0.005; n=48, N=4; Student’s t-test; p=0.00007) and 3 h post-
activation (0.035 £ 0.007; n=76, N=7; control 0.080 £+ 0.010; n=66, N=7; Student’s t-test;
p=0.003). OA was introduced in these experiments during the period of development of
HCO,/CI" exchanger activity. OA treatment, at least in part, acts to prevent the
upregulation of HCO,/CI” exchanger activity.

To determine whether OA treatment could inhibit fully active HCO,/CI
exchanger activity, OA was introduced 8 h following Sr**-activation. Sr*"-produced
zygotes were treated with OA for 4 h followed by assessment of HCO;/C1" exchanger
activity by the Cl' removal assay. However, HCO,/Cl" exchanger activity was not
significantly reduced by a 4 h OA treatment in mature Sr**-produced zygotes (OA: 0.077
+0.011, n=107, N=9; control: 0.10 = 0.015; n=104, N=9; Student’s t-test; p=0.16; not
shown). It was possible that the brief 4 h OA treatment was insufficient to inhibit the
fully active HCO,/Cl" exchanger, present 8 h post-Sr**-activation. The experiment was
repeated again, this time with OA exposure extended from 4 h to 8 h. The extended OA
exposure (8 h OA treatment) was sufficient to significantly downregulate HCO,/CI’
exchanger activity in zygotes (OA: 0.015 + 0.0016; n=34, N=4; control: 0.060 £ 0.0014,
n=33, N=4; Student’s t-test; p<10%; Fig. 40A).

To investigate further whether fully active HCO,/Cl" exchange is refractory to
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downregulation by OA, eggs were activated by Sr*" and cultured for 24 h (to the 2-cell
stage) whereupon OA was introduced for an additional 8 h. Nuclear envelope breakdown
(NEBD) was observed in OA-treated embryos but not control (vehicle-treated) embryos.
OA treatment significantly decreased HCO,/Cl” exchanger activity in 2-cell embryos
(Fig. 40A; OA: 0.029 £ 0.005; n=39, N=5; control: 0.13 £ 0.017; n=51, N=5; Student’s t-

test; p=0.00035).

MEK inhibitor U0126 parthenogenetically activates unfertilized eggs

Eggs were cultured in the presence of the MEK inhibitor U0126 (50 uM) for up to
9 h (Fig. 41). A much higher proportion of unfertilized MII eggs treated with U0126
were parthenogenetically activated (71%; n=167; N=14) compared to vehicle-treated eggs
(11%; n=178; N=16; Fisher’s Exact test, p<0.0001; Fig. 41 A). Parthenogenotes were
classified at 7-9 h following UQ126 treatment on the basis of morphology and assigned to
one of three classes (Fig. 7) which were first used by Hirao and Eppig (1997) to classify
parthenogenotes derived from mos™ oocytes. Class I included activated eggs that
exhibited second polar body emission or pronuclear development, Class II included
activated eggs that exhibited abnormal cleavage or fragmentation and Class III included
activated eggs that immediately cleaved to the 2-cell stage. U0126 treatment produced all
three types, but primarily Class I parthenogenotes (58%; Fig. 14D) compared to Class II
(4%) or Class III (8%) parthenogenotes (Fig. 41 A). The timing of PB2 emission and PN
development in Class I parthenogenotes (Fig. 41B) was similar to that in oocytes
following IVF (Fig. 27C) or in S”** activated eggs (Fig. 34C). Developmental potential of

these UO126-activated eggs was limited to precocious cleavage during the first 12 h



Figure 41. Parthenogenetic activation by the MEK inhibitor U0126. Unfertilized eggs
were treated with 50 uM U0126 (n=167, N=14) or vehicle (control; n=178, N=16) for up
to 9 h. A. Average incidence of parthenogenesis measured at 7-9 h following U0126 or
vehicle (control) exposure. For parthenogenetic activation following U0126 treatment,
parthenogenotes were assigned to one of three parthenogenetic classes (Class I, II or III,
inset) established by Hirao and Eppig (1997; see Fig. 7). **** represents statistical
significance, p<0.0001; Fisher’s Exact Test). B. Shown is average seond polar body
(PB2) emission and pronuclear development (PN) in U0126- () or vehicle-treated

eggs (JO). Numbers above bars as in Fig. 23.
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following UQ126 exposure followed by degeneration after 24-36 h (data not shown).

U0126 treatment of unfertilized eggs activates HCO;/Cl exchanger activity
UO0126-treated eggs (see above) were assessed for HCO,/Cl" exchanger activity
using the Cl removal assay at 7-9 h following U0126 exposure (Fig. 42). HCO,/CI
exchanger activity was significantly higher in U0126-activated eggs (0.072 = 0.0053)
compared to vehicle treated eggs (0.027 £ 0.0004; Student’s t-test; p=0.00014), reaching

a level similar to that seen in IVF- or Sr*"-activated eggs.

U0126 may stimulate activation of HCO;/Cl exchanger activity in unfertilized eggs,
independent of cell cycle resumption

To attempt to separate the effects of cell cycle resumption from MEK/MAPK
inhibition on HCO,/Cl" exchanger activity, eggs were pretreated with demecolcine
followed by U0126 activation in the continued presence of demecolcine forupto 11 h
(“deme + U0126”; Fig. 43). Some eggs were pretreated with the vehicle for demecolcine
(ethanol) followed by continued culture with both U0126 and the vehicle for demecolcine
(“U0126"). A second control group was pretreated with the vehicle for demecolcine
followed by continued culture with the vehicles for both demecolcine (ethanol) and
U0126 (DMSO; “control”). Parthenogenetic activation was assessed as described above
in all three groups for up to 9 h. Total parthenogenetic activation by U0126 following a
1 h vehicle pretreatment (ethanol) was reduced (37%; n=226; N=21) compared to U0126-
treated eggs with no pretreatment (71%, see above). However, even with these

experimental manipulations, parthenogenetic activation following U0126 treatment was



Figure 42. Activation of HCO,/CI’ exchanger activity by the MEK inhibitor

U0126. Unfertilized eggs were exposed to the MEK inhibitor U0126 (50 uM) or vehicle
for 7-10 h followed by measurement of HCO,/Cl" exchanger by Cl" removal assay.
Shown are mean rates of intracellular alkalinization (£ s.e.m). ****; p<0.0001; Student’s
t-test. Level of HCO,/Cl” exchanger activity (measured by Cl removal assay) in eggs
represented by dotted line (Fig. 27A) and in SP*" activated eggs represented by dashed

line (Fig. 34A). Numbers above bars as in Fig. 23.
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Figure 43. Parthenogenetic activation following disruption of the MII spindle
combined with U0126 treatment. Average incidence of parthenogenesis in eggs treated
with demecolcine or vehicle for 1 h, followed by demecolcine + U0126 treament (DEME
+ U0126; n=150, N=14), vehicle treatment (CONTROL; n=77, N=8) or vehicle + U0126
treatment (U0126; n=226; N=21) for 7-9 h. Total parthenogenetic activation was
significantly lower in the DEME + U0126 and CONTROL groups compared to the
U0126 group (p<0.05 nonparametric ANOVA; Dunn’s Multiple Comparisons Test). For
parthenogenetic activation in the U0126 group, parthenogenotes were assigned to one of
three parthenogenetic classes (Class I, II or III, inset) established by Hirao and Eppig

(1997, see Fig. 7).
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significantly higher than in demecolcine-treated eggs (3%; n=150; N=14; p<0.001) or
vehicle-treated eggs (8%; n=77; N=8; nANOVA; Dunn’s Multiple Comparisons Test;
p<0.05). Following vehicle pretreatment, U0126-treated eggs exhibited a higher
proportion of Class II (16%) and Class III parthenogenotes (35%) than U0126-treated
eggs without pretreatment (see above; Class II: 6%, Class III: 12% of total activated).
The additional manipulations (i.e., even vehicle pretreatment) required to arrest eggs in
metaphase prior to U0126 exposure reduced the incidence of total parthenogenetic
activation and the proportion of Class [ parthenogenotes (U0126 with vehicle
pretreatment: 49% of total activated) compared to the previous experiments, wherein eggs
were treated with U0126 alone (82% Class I parthenogenotes of total activated)
immediately after isolation from the female reproductive tract.

Because U0126-treated eggs without these additional manipulations exhibited
very high HCO,/Cl" exchanger activity (Fig. 42) and corresponding high rates of
parthenogenetic activation (71%), parthenogenetic activation was used as a bioassay for
the efficacy of U0126 in a given experiment. Thus, only experiments where the U0126
group parthenogenetically activated to at least 50% (total activation) at 8 h post-U0126
exposure were used for measurement of HCO,/CI" exchanger activity (Fig. 44). For each
experiment demecolcine + UQ126 treatments were performed in parallel to U0126
treatment, and HCO,/Cl" exchanger activity measurements performed only if
parthenogenetic activation in the U0126 group exceeded 50%. For these experiments,
HCO,/CI' exchanger activity was measured in all embryos within each group (deme + -
U0126, U0126, control) by the CI' removal assay with no preselection for activation. In

addition, HCO,/Cl" exchanger activity was measured in these paired groups (deme +



Figure 44. HCO,/CI exchanger activity following disruption of the MII spindle
combined with U0126 treatment. Eggs were pretreated with demecolcine or vehicle for
1 h, followed by culture with demecolcine + U0126, vehicle + U0126 or vehicle + vehicle
(CONTROL) for 7-9 h. Only groups with at least 50% activation were used for HCO;’
/CI" exchanger activity measurements (see text for details). Vehicle-pretreated, U0126
activated (n=96, N=10) and demecolcine-pretreated, U0126 activated (n=90, N=10)
groups were treated as paired experiments (®) such that HCO,/Cl" exchanger activity
(measured by the CI" removal assay) for each experiment was correlated. A linear
regression was fitted to the data (solid line) with 95% confidence intervals shown as
dashed lines. HCO,/Cl" exchanger activity for each experiment in the CONTROL

treatment group is also shown (0; n=49, N=6).
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U0126 vs. U0126) simultaneously. In contrast to the previous set of experiments (see
above) where demecolcine inhibited HCO,/Cl exchanger upregulation in Sr** activated
eggs, demecolcine did not inhibit the development of HCO,/Cl” exchanger activity in
U0126-treated eggs. HCO,/CI" exchanger activity in paired demecolcine + U0126-treated
and U0126-treated eggs was positively correlated (0.99). The mean rate of intracellular
alkalinization upon CI" removal was 0.038 + 0.008 (n=90; N=10) in demecolcine +
UO0126-treated eggs, 0.055 + 0.008 (n=96; N=10) in U0126-treated eggs and 0.016 +

0.001 (n=49; N=6) in vehicle-treated eggs.
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DISCUSSION

L. Very little change in pH, accompanies GVBD or egg activation in the mouse

Studies of sea urchin fertilization identified two major events at fertilization; an
increase in Ca®"; and an increase in pH;. A transient increase in Ca®", has thus far proven
to be a universal feature of fertilization (Yanagamachi, 1988). In several species
examined, GVBD or fertilization is accompanied by a pH, increase (sea urchin, Johnson
et al.,, 1976; Xenopus, Webb and Nuccitelli, 1981; Urechis caupo, Paul, 1975; bivalves,
Brassard et al., 1988; limpets, Dubé et al., 1985; Guerrier et al., 1986). The phenomenon
of a pH; increase upon cell activation is also seen in somatic cells (e.g. fibroblasts;
Mendoza, 1988), where it can also follow a transient increase in Ca*";. While the role of
Cal'i at fertilization in mammals had been well examined (Whitaker and Irvine, 1984;
Swann and Whitaker, 1986; Swann and Whitaker, 1990; Miyazzki, 1991), it was not
known whether mammalian fertilization was accompanied by changes in pH.. Thus, a
role for pH, or changes in pH, regulatory mechanisms had not been investigated in any
mammalian model and indeed, in only one vertebrate, the frog.

pH; was measured here in mouse eggs during parthenogenetic activation, and
before and after in vivo fertilization. No change in pH; accompanied parthenogenetic
activation, suggesting that egg activation did not involve immediate changes in pH, (Fig.
22A). Similarly, in the nominal absence of HCO,/CQO, no change in pH, accompanied
parthenogenetic egg activation (Fig. 22C). While I was investigating pH, changes during
mammalian parthenogenetic egg activation, there was a report that showed that no change

in pH; accompanied in vitro fertilization of mouse eggs (Kline and Zagray, 1994). As pH;
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did not change during fertilization (Kline and Zagray, 1994; 1995) or parthenogenetic
activation (Fig. 22A), this suggested that mouse eggs do not exhibit an increase in pH, in
the period immediately following sperm-egg fusion, unlike in sea urchin eggs where a
pH, increase occurs within a few minutes.

It was possible, however, that any increase in pH; following fertilization in
mammals followed a slower time-course compared to animals which exhibit a more rapid
progression of egg activation and embryo development (e.g. sea urchin, Xenopus). This
would not have been detected by the technique used by Kline and Zagray, which
addressed the possibility of an increase relatively soon after fertilization, or by my
investigation of parthenogenetic activation, which spanned a similarly short period.
Steady-state pH, of unfertilized eggs was therefore compared to that of zygotes
approximately 6 h after in vivo fertilization. Measurement of steady-state pH; of zygotes
fertilized in vivo also precludes the possibility that artificially activating the egg through
techniques such as ethanol-induced parthenogenetic activation may act through a separate
pathway that does not include a pH; change. However, no difference in pH, was found
between unfertilized and fertilized eggs (Fig. 22B).

In the absence of external HCO,/CO,, there was a significantly lower pH, (<0.1
pH unit) in zygotes compared to eggs (Fig. 22D). This small change is probably not
physiologically relevant, since HCO,/CO, is present in the female reproductive tract.
Thus, unlike in marine invertebrates and Xenopus, fertilization in the mouse (Kline and
Zagray, 1994; Phillips and Baltz, 1996) is not accompanied by an increase in pH,. A lack
of change in pH, at fertilization has since been confirmed in the rat (Ben-Yosef et al.,

1996) and human (Dale et al., 1998). In the pig oocyte, however, a small pH; increase
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(0.1-0.2 pH) has recently been reported to accompany parthenogenetic activation by
ethanol or A23187 and a larger pH, increase was found upon thimerosol exposure
(Ruddock et al., 2000). However, each method of parthenogenetic activation appears to
act via a different pH,-perturbing pathway (Ruddock et al., 2000), making it unlikely that
these pH, increases are normal physiological responses to egg activation.

It was also possible that mammalian oocytes resembled those of the limpet-
Patella vulgata, in which an increase in pH, accompanies the release from prophase I
(GVBD), rather than at fertilization, which occurs in metaphase I in this species (Dubé et
al., 1985). Therefore, [ measured steady-state pH; in GV oocytes (Fig. 22B). There was
no significant difference between the pH; of GV oocytes and ovulated eggs, indicating
that there is no sustained increase in pH, in mouse eggs following GVBD. Similarly, pH,
of GV oocytes and unfertilized eggs was identical in the absence of HCO,/CO, (Fig.
22D). Indeed, pH; remains virtually unchanged from the GV oocyte through
preimplantation embryo development: pH; of the embryo from the 1-cell through
blastocyst stages is approximately the same as that of the egg (Zhao et al., 1995). pH; of
human oocytes is also not different in GV oocytes compared to MII oocytes (Dale et al.,
1998; Phillips et al., 2000; see Appendix). Rat GV oocytes, however, exhibit
significantly lower pH; (by 0.2 units) compared to unfertilized rat eggs (Ben-Yosef et al.,
1995). The conflicts between these reports may be due to species variation between mice

and rats or due to the conditions used for each study, but this has not been investigated.

II. HCO,/CT exchanger activity appears following fertilization

An increase in the fertilized egg’s ability to regulate pH,, rather than a net change
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in pH;, may be a more important consequence of mammalian fertilization. Opposing pH,
regulatory systems (e.g. Na"/H"™ antiporter and HCO,/CI" exchanger, Fig. 15),
simultaneously activated at fertilization, would not necessarily result in a net change in
pH, but would provide more robust pH, regulation. Such an activation without a net
change in pH, is observed following vasopressin activation of renal mesangial cells, in
which both HCO,/CI" exchanger and Na'/H" antiporter become activated (Ganz et al.,
1989). As HCO,/CI exchanger activity exists in all preimplantation mouse embryos (1-
cell through blastocyst; Baltz et al., 1991; Zhao et al., 1995), I investigated whether
HCO,/CI" exchanger activity was present in unfertilized mouse eggs and whether HCO;
/CI" exchanger activity increased as a consequence of fertilization.

HCO,/CI" exchanger activity was first investigated in unfertilized eggs and
zygotes by the Cl" removal assay during which changes in pH; or CI" were detected using
fluorescent imaging. Removal of external CI" causes any HCO,/Cl" exchanger present to
run in reverse, resulting in CI" efflux coupled to HCO;™ influx. The influx of HCO; thus
produces a marked intracellular alkalinization only if active HCO,/CI" exchangers are
present (Nord et al., 1988). It has been shown that such alkalinization upon CI removal
in mouse embryos is due solely to HCO,/Cl" exchanger activity (Baltz et al., 1991; Zhao
et al., 1995).

Zygotes, obtained 8-12 h following fertilization in vivo exhibited a large
intracellular alkalinization upon removal of external C1" that was appropriately DIDS-
sensitive, indicating the presence of HCO,/Cl exchanger activity (Fig. 23A, C).
However, unfertilized eggs exhibited a very small intracellular alkalinization upon

removal of external CI" (Fig. 23A, B). Furthermore, this small alkalinization was not
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inhibitable by 500 uM DIDS, which is sufficient to completely inhibit HCO,/CI

exchanger activity (Lee et al., 1991; Humphreys et al., 1994; Zhao and Baltz, 1996).
Therefore, significant HCO,/CI" exchanger activity is absent from the unfertilized egg but
is maximally activated in pronuclear-stage zygotes obtained several hours following
fertilization.

Upon removal of external CI, intracellular CI" will exit the cell via available anion
transport pathways. In mouse eggs and zygotes, Cl” efflux pathways potentially include at
least HCO,/Cl" exchangers and CI" channels, the latter shown to be present in both eggs
and zygotes by patch-clamp electrophysiological recording (Kolajova and Baltz, 1999;
and unpublished). Thus, total CI" efflux upon Cl removal would be expected to occur via
several routes. Total CI” efflux in eggs and zygotes was detected by monitoring changes
in the intensity of the Cl'-sensitive fluorophore, MQAE. In measuring total Cl" efflux, I
initially assumed that the proportion of Cl'-efflux via Cl channels would be essentially
the same between eggs and zygotes, but that the robust HCO;/Cl" exchanger activity
exhibited by zygotes would contribute more significantly to the total rate of CI" efflux in
zygotes, thereby resulting in a much faster rate of Cl” efflux in zygotes compared to eggs.
As expected, the total rate of CI efflux, measured by decreased MQAE intensity,
occurred at a greater rate in zygotes than in eggs (about 2-fold faster after subtracting the
small H,DIDS-resistant component; Fig. 24-inset). This is consistent with a stable
component of Cl” efflux via CI" channels which remains unchanged after fertilization, and
an additional pathway appearing after fertilization which could represent the appearance
of HCO;/CI" exchanger activity.

Unfortunately, CI” efflux measured by MQAE could not be attributed specifically
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to HCO,/CI” exchanger activity or Cl" channels. Attempts to isolate HCO,/CI'-dependent
Clefflux included the use of the nominally specific ClI" channel inhibitor [AA-94, but it
also was found to inhibit HCO,/CI activity measured by alkalinization upon CI removal.
Cl' measurements in the absence of HCO;" were unsuccessful, as MQAE fluorescence
was unstable in the absence of HCO," for unknown reasons (not shown). **CI
measurements were also attempted, but the specific activity of the isotope was too low
(data not shown).

[ found that MQAE, the fluorophore used to detect CI', was somewhat toxic in
eggs and embryos. MQAE, necessarily loaded at high concentrations, slows pronuclear
development following IVF and reduces subsequent cleavage (Phillips et al., 1998).
However, short-term CI efflux, measured here with MQAE, was appropriately sensitive
to H,DIDS and [AA-94, indicating that specific Cl transporters were functioning. In
addition, mouse blastocysts expand normally in the presence of 20 mM MQAE,
indicating minimal short-term toxicity (Zhao et al., 1997). Thus, the increased rate of
total CI efflux coupled with high rates of intracellular alkalinization in zygotes compared
to eggs is consistent with the appearance of HCO,/ClI” exchanger activity after
fertilization, but a component due to increased CI" channel activity cannot be ruled out.
As the sole CI' channel detected electrophysiologically in eggs and zygotes is activated
only upon cell swelling (Kolajova and Baltz, 1999) this would seem to preclude
fertilization-induced activation of CI" channels, as eggs and embryos assessed here were
not swelled.

Unfertilized eggs also lacked the ability to specifically regulate pH, against

intracellular alkalosis in the pH; range examined (7.1 - 7.5; Fig. 25A). Recovery from
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intracellular alkalosis produced by exposure to NH,": NH, was slow and incomplete in
eggs (Fig. 25C), while it occurred quickly in zygotes (Fig. 25D). The absence of external
Cr, required for HCO,/Cl'exchanger-mediated recovery from alkalosis, had no effect on
the rate of recovery in eggs (Fig. 25A) in contrast to the marked inhibition of recovery in
zygotes (Fig. 25B). Similarly, the HCO;/CI' exchanger inhibitor DIDS had no effect on
the recovery in eggs but significantly reduced recovery in zygotes.

Taken together, these data indicate that unfertilized eggs lack significant HCO;
/Cl'exchanger activity while zygotes demonstrate specific pH; regulatory activity that is
appropriately DIDS-sensitive, Cl'-dependent, and with a defined pH, set-point (7.1).
HCO,/Cl" exchanger activity in unfertilized eggs was consistently low in both freshly
ovulated eggs and in eggs cultured for up to 9 h (Fig. 27A). Characterization of this very
low activity as specific HCO,/Cl" exchange was difficult and at times beyond the
sensitivity of these measurements. Eggs cultured for 8 h exhibited a small DIDS-
sensitive intracellular alkalinization upon CI removal, but DIDS inhibition was not
significant for freshly ovulated eggs. As zygotes and early cleavage stage embryos have
the highest HCO,/CI" exchanger activity in the preimplantation period (Zhao et al., 1995;
Zhao and Baltz, 1996), robust HCO,/CI" exchanger activity and the ability to regulate pH,
against alkalosis must develop following fertilization in the mouse.

Upregulation of Na'/H™ antiporter activity at fertilization is responsible for the
increase in pH, in sea urchin eggs (Swann and Whitaker, 1985), and thus activation of pH;
regulatory mechanisms may be a general feature of fertilization, similar to the universal
increase in Ca™,. Following my initial finding that HCO,/CI" exchanger activity was

upregulated following fertilization in the mouse in the absence of a net change in pH,,
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Na'/H" antiporter activity was examined in hamster oocytes before and after egg
activation by another laboratory in collaboration with our laboratory (M. Lane, B.D.
Bavister and J.M. Baltz). Na'/H" antiporter activity was similarly found to be upregulated
in hamster eggs following egg activation with no apparent change in pH; (Lane et al.,
1999a). Hamster embryos, in contrast to mouse embryos, exhibit robust Na'/H"
antiporter activity with a set-point of pH, 7.14 which contributes to the maintenance of
steady-state pH;. The development of embryos, cultured under acidic conditions when
Na'/H" antiporter activity has been specifically inhibited, is significantly compromised,
suggesting that Na"/H" antiporter activity is important for embryo survival during
intracellular acidosis (Lane et al., 1998). Na"/H™ antiporter activity in mice is variable
and strain-dependent (Baltz et al., 1991; Gibb et al., 1997, C.L., Steeves, M. Lane, B.D.
Bavister, K.P. Phillips and J.M. Baltz, unpublished). Recently, robust HCO,/CI
exchanger activity has also been reported for hamster embryos, which becomes similarly
upregulated in hamster eggs at fertilization (Lane et al., 1999b). Thus, mammalian
embryos do appear to upregulate pH, regulatory mechanisms at fertilization which are
then sustained through preimplantation development, although no net change in steady-
state pH; apparently occurs. Because marine invertebrates lack pH;, regulatory
mechanisms to decrease pH, (e.g. HCO,/CI" exchanger; Alper, 1991; 1994), upregulation
of pH; regulation at fertilization (e.g. Na'/H" antiporter activity) results in a net increase

in pH; in these species.
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III. HCO,/CT exchanger upregulation is not dependent on changes in intracellular or
extracellular pH

Rapid regulation of HCO,/Cl" exchange occurs by a shift in the pH; set-point
(Alper, 1991, 1994). The pH, set-point of HCO,/Cl" exchange in mouse embryos does not
vary significantly throughout the preimplantation period (set-point pH; 7.0-7.2; Zhao and
Baltz, 1996) and is comparable to the values for activated exchangers in other cells (Alper
etal., 1991; 1994). Itis conceivable that the pH, set-point in unfertilized eggs is much
higher than in zygotes, and that the appearance of activity which follows fertilization is a
consequence of a shift of the pH, set-point to a lower pH,. If a shift in pH, set-point were
to explain the results obtained here, the set-point in eggs would have to be above about
7.5, since the intracellular alkalinization experiments achieved elevated pH, to at least this
level without revealing any HCO,/CI" exchange-mediated recovery (Fig. 25A, C).
Increased steady-state pH; in unfertilized eggs would be consistent with a higher pH; set-
point for HCO,/CI" exchanger activity. However, as previously discussed, steady-state
pH; in the presence of HCO,/CO, is not significantly different between eggs and zygotes
(Fig. 22B). Moreover, comparisons of steady-state pH; immediately prior to
measurements of HCO,/CI" exchanger activity revealed no significant difference between
eggs and zygotes. Furthermore, as unfertilized eggs are unable to regulate pH, between
pH; 7.1-7.5, as demonstrated by the lack of significant HCO,/CI" exchanger activity in
this pH, range, this suggests that HCO,/Cl'exchange plays no role in the regulation of
steady-state pH, in unfertilized eggs (Fig. 25A), while HCO,/CI exchanger activity
contributes significantly to the maintenance of steady-state pH, in zygotes (Fig. 25B). It

is therefore unlikely that HCO,/Cl" exchanger upregulation at fertilization is regulated by
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changes in steady-state pH..

Upregulation of HCO,/CI” exchanger activity at fertilization may be due to
changes in external pH (pH,) such as exposure to alkaline oviductal fluid which could in
turn affect pH,. Exposure to alkaline pH, might be expected to stimulate HCO,/CI’
exchanger activity whereas acid pH, might be inhibitory. To investigate the role of pH,
during culture, am-zygotes, 3-5 h post-fertilization (low HCO;/CI activity), were
cultured in acidic or alkaline pH, by altering [HCO,’] or ambient CO, with HCO,/CI’
exchanger activity assessed at the 2-cell stage (Fig. 26). Neither acid nor alkaline
conditions affected upregulation of HCO,/CI" exchanger activity, indicating that pH,

alone does not seem to play a role in regulation of the exchanger.

IV. HCO;/Crl exchanger activity develops gradually following egg activation

In vivo-fertilized zygotes exhibited higher HCO,/CI exchanger activity when
they were removed from the oviduct and measurements were made at 8-12 h post-
fertilization than at 3-5 h post-fertilization. This implied that the development of activity
might occur relatively slowly after fertilization. Following IVF, used to more precisely
time fertilization, HCO,/CI" exchanger activity developed slowly, requiring more than 7
h to reach the maximal level (Fig. 27A). In contrast, unfertilized eggs, under the same
culture conditions, showed little or no increase in HCO;/Cl” exchanger activity, even if
they were cultured for up to 9 h. Thus, it appears that the development of HCO,/CI’
exchanger activity occurs via a mechanism which requires a significant amount of time.
From the timing (Fig. 27A), it is evident that HCO,/CI exchanger activity is gradually

activated during the G1 phase of the first cell cycle, and maximal activity is reached prior
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to the first round of DNA synthesis, which begins several hours after pronuclear
development is complete (Fig. 13; Bolton and Howlett, 1986).

To further examine the development of HCO,/Cl” exchanger activity, eggs were
parthenogenetically activated by ethanol exposure and HCO,/CI" exchanger activity
measured using the CI removal assay. Activation of eggs (assessed by pronuclear
development) was delayed compared to IVF eggs, with HCO,/Cl" exchanger activity
becoming upregulated between 15 and 25 h following activation (Fig. 28). HCO,/CI’
exchanger upregulation also followed parthenogenetic activation by Sr*” exposure (Fig.
34A) or by exposure to the protein synthesis inhibitor cycloheximide (Fig. 36A),
although the timing of HCO,/CIl" exchanger upregulation and egg activation appeared to
be similar to IVF rather than the delayed activation observed following ethanol
activation. The development of HCO,/Cl" exchanger activity in parthenogenetically-
activated eggs is significant as it indicates that HCO,”/CI" exchanger activity is
independent of sperm factors or the male genome, and is therefore under maternal

control.

V. Egg activation appears to activate pre-existing HCO,;/Cl exchangers

HCO,/CI exchanger upregulation following fertilization could result from
synthesis of new HCO,/CI" exchangers. Alternatively, posttransiational modifications to
presynthesized exchangers, or transport of these exchangers to the plasma membrane,
may be required for upregulation. To investigate these scenarios, two approaches were
used. First, RT-PCR was used to examine the presence of AE2 mRNA in unfertilized

eggs. Although the presence of AE2 mRNA would not necessarily indicate protein
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expression, together with the functional studies, AE2 mRNA expression would be highly

indicative of the presence of AE2 exchangers. Previous studies of HCO,/Cl" exchange
activity in preimplantation mouse embryos have indicated that the principle exchanger
responsible for pH, regulation in the alkaline range is encoded by AE2 in zygotes and
early cleavage state embryos (Zhao et al., 1995). The expression of AE2 mRNA in
unfertilized eggs (Fig. 29) in addition to the pattern of mRNA expression in
preimplantation embryos (AE3 expressed from 2-cell stage through blastocyst) suggests
that AE2 message is expressed by both the maternal and embryonic genomes while AE3
may to be a product of the embryonic genome only (expressed post-zygotic gene
activation; Telford et al., 1990; Zhao et al., 1995). The presence of AE2 mRNA in the
unfertilized egg is consistent with the presence of inactive AE2 protein. Alternatively, it
is possible that the AE2 mRNA detected in unfertilized eggs was translated upon
fertilization, thereby resulting in upregulation of HCO,/CI" exchanger activity.

The second approach involved the use of standard pharmacological agents to
disrupt protein synthesis, the Golgi apparatus, and the cytoskeleton in newly-fertilized
eggs (Fig. 30). IVF-eggs were exposed to each of the agents following the end of the 1 h
sperm-egg incubation and cultured for 7-9 h. HCO,/CI" exchanger activity was then
assessed using the Cl” removal assay. The development of HCO,/CI" exchanger activity
following IVF was not inhibited by cycloheximide (Fig. 30A) at concentrations
previously shown to inhibit protein synthesis in zygotes (Siracusa et al., 1978; De Sousa
et al., 1993). Furthermore, trafficking of proteins from the Golgi to the plasma membrane
was not required for upregulation, since neither brefeldin A (Fig. 30B), which disrupts the

Golgi (Fujiwara et al., 1998; Invessa et al., 1995), nor demecolcine (Fig. 30D), which
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disrupts microtubule-based vesicle transport from the Golgi, had any effect (Gordon et
al., 1989; Schatten et al., 1989). In addition, cytochalasin D was without effect (Fig.
30C), eliminating any mechanism dependent on actin-based transport or an intact
cytoskeleton (Schatten et al., 1989). Thus, HCO,/Cl exchanger proteins, which mediate
robust HCO,/CI" exchanger activity in the zygote, are likely to be present in the plasma
membranes of unfertilized eggs in an inactive form and become activated following

fertilization.

VI. HCO;/Cl exchanger activity is independent of PKA or PKC

HCO,/CI" exchangers, present in the plasma membrane in an inactive form, could
be activated following fertilization by an intracellular signalling pathway. The activity of
pH, regulatory mechanisms, including HCO,/CI" exchange, is regulated by complex
stimuli and signalling pathways often involving phosphorylation-dependent events
(Olsnes et al., 1986; Ganz et al., 1989; Jiang et al., 1994; Orlowski and Grinstein, 1997).
Many pH, regulatory systems are modulated by phosphorylation (Orlowski and Grinstein,
1997; Alper, 1991). Studies have demonstrated that HCO,/CI" exchange in Vero cells,
for example, is regulated by both cAMP-dependent protein kinase (PKA) and protein
kinase C (PKC). Other exchangers, such as the Na/H" antiporter, are modified by PKC
activation (Vigne et al., 1988). Both PKA and PKC are proposed to play significant roles
during meiotic maturation and fertilization. PKA, for example, has been suggested to be
involved in the maintenance of meiotic arrest prior to GVBD in mouse oocytes (Schultz
et al., 1983b; Bornslaeger et al., 1986). PKC is proposed to play a role in cortical granule

exocytosis, ZP2 to ZP2f modification (Raz et al., 1998), and events in later embryo
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development such as compaction (Bloom, 1989). PKC is also involved in the
upregulation of Na’/H" antiporter activity in the sea urchin at fertilization (Swann and
Whitaker, 1985; Shen and Buck, 1990).

Neither PKA or PKC activation alone, however, seems sufficient to stimulate
significant HCO,/Cl" exchanger activity in eggs (Fig. 32A, C). In addition, inhibition of
PKA (Fig. 32B) or PKC (Fig. 32D) immediately following IVF does not prevent the
upregulation of activity 7-9 h post-IVF. These results seem to preclude a role for either
PKA or PKC regulation of HCO,/Cl" exchanger activity at fertilization. This is in
contrast to the apparent PKC regulation of Na'/H" antiporter upregulation at egg
activation in the hamster (Lane et al, 1999a). Na'/H" antiporter activity develops
gradually following hamster egg activation, similar to HCO,/Cl" exchanger upregulation
in the mouse. Na'/H" antiporter upregulation occurs following parthenogenetic activation
and is independent of protein synthesis and protein trafficking, similar to HCO,/CI’
exchanger upregulation in the mouse. However, Na"/H™ antiporter activity appears to be
activated by a PKC-dependent mechanism as upregulation was significantly inhibited by
sphingosine. Na’/H™ antiporter activity was also partially induced in unfertilized hamster
eggs by prolonged phorbol ester treatment (Lane et al., 1999a). This is consistent with
regulation of Na'/H™ antiporter by PKC in sea urchin eggs at fertilization (Lau et al.,
1986; Ciapa et al., 1989) and in somatic cells (Counillon and Poussegur, 2000).
Regulation of HCO;/CI" exchanger activity following fertilization in the mouse, however,

does not appear to involve a PKA or PKC-dependent pathway.
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VIL Role of Ca’* transients in upregulation of HCO,/Cl exchanger activity

At fertilization in the sea urchin, the earliest ionic event is a transient increase in
intracellular Ca** which occurs within seconds of sperm-egg contact and triggers
activation of the egg (Mazia, 1937). This Ca’" increase appears to be a universal feature
of fertilization, conserved not only in all animals examined to date including mammals
(Miyazaki et al., 1992; Kline and Kline, 1994), but apparently in plants as well (Digonnet
et al., 1997). Chelation of intracellular Ca®> using BAPTA inhibits many Ca*"-dependent
events at egg activation in the mouse. At concentrations greater than 5 uM, intracellular
BAPTA introduced prior to IVF inhibits Ca** transients, cortical granule exocytosis and
resumption of meiosis following A23187 or Sr** activation of eggs (Kline and Kline,
1992). Lower concentrations (s1 ptM BAPTA) inhibit second polar body formation
(Kline and Kline, 1992). Elimination of Ca*", transients (Fig. 33D) by BAPTA loading
of eggs immediately following a 1 h sperm-egg incubation caused an almost 50%
reduction in the rate of intracellular alkalinization upon CI removal at 7-9 h after
fertilization (Fig. 33A). These results indicated that Ca®", transients may be required for
HCO,/CI' exchange upregulation, that other types of Ca’" signaling may be involved, or
that a permissive levels of Ca** must be maintained to support upregulation. Similarly,
HCO,/CI" exchanger upregulation in eggs loaded with BAPTA 2.5 h post-sperm-egg
incubation was significantly reduced. In contrast, when zygotes with fully developed
HCO;7/CI' exchanger activity were loaded with BAPTA (4.5 h and 6.5 h post-IVF) HCO,
/CI" exchanger upregulation was not significantly affected, showing that chelation of Ca™",

did not affect already existent HCO,/Cl' exchanger activity. These experiments revealed
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a critical window, prior to formation of pronuclei, during which the upregulation of
HCO,/CI' exchanger activity appears to be sensitive to chelation of Ca**,. This window
was consistent with the timing of Ca*, transients, which have been shown to persist until
pronuclear formation (Jones et al., 1995b).

To further examine the possible dependence of HCO,/Cl" exchanger activity on
Ca™"; transients, eggs were parthenogenetically activated by exposure to 10 mM SrCL,.
Unlike other methods of parthenogenetic activation, S©*" activation induces repetitive
Ca®", transients which persist as long as external Sr*" is present (Cheek et al., 1993; Bos-
Mikich et al., 1995). Sr*", a divalent cation, substitutes for Ca®"; by binding to the
stimulatory Ca*", binding site of the IP,R at intracellular stores, resulting in the release of
Ca*" from the stores. In rat hepatocytes, Ca®"; oscillations occur in response to IP, and are
sustained in the presence of either external Ca®” or SP*” (Hajnoczky and Thomas, 1997).

In Sr*"-activated eggs, HCO,/Cl exchanger activity gradually increased around
the time of pronuclear formation (Fig. 34A,C), becoming fully active 7-9 h post-
activation, similar to IVF eggs (Fig. 26A). S activation did produce repetitive Ca’",
transients (Fig. 34B). Although Sr**-produced Ca®"; transients were smaller in amplitude,
the frequency was similar compared to transients produced following IVF (Fig. 27B). As
the frequency and magnitude of Ca**; transients produced even following IVF is reported
to be somewhat variable (Kline and Kline, 1994; Jones et al., 1995b), the low amplitude
of the Sr*"-produced Ca®", transients was still nevertheless sufficient to induce rates of
egg activation (89%) comparable to [VF (74%).

To further investigate the role of Ca*"; transients in the upregulation of HCO,/CI

exchanger activity, SP** activation was used to produce a single Ca*"; transient. Exposure
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to a brief SP** pulse (5 min) generated a single, large Ca®"; transient (Fig. 35B). Eggs
activated by a single S”** pulse developed HCO,/Cl" exchanger activity (Fig. 35) with
the same timing as IVF and Sr*"-activated eggs (i.e. 7-9 h). Eggs activated by ethanol
also produce a single increase in Ca®"; (Fig. 28B; Kono et al., 1995; Winston et al.,
1995b) and subsequently develop HCO,/Cl" exchanger activity. Thus, as a single Ca*";
transient is sufficient to upregulate HCO,/CI" exchanger activity, this would seem to
suggest that repetitive Ca”"; transients are not required during exchanger upregulation.

Cycloheximide, a protein synthesis inhibitor, activates eggs by preventing the
continuous synthesis of new cyclins resulting in the loss of MPF activity and exit from
metaphase. This activation produces pronuclear eggs without inducing any changes in
Caz*i (Moos et al., 1996). Cycloheximide activation was therefore used to determine if
any Ca’", transients were required for upregulation of HCO,/Cl' exchanger activity. In
cycloheximide-activated eggs, pronuclear development occurred with a similar time
course as [VF and Sr*” activated eggs. No changes in Ca?"; were observed when Fura-2
measurements were obtained during cycloheximide activation (Fig. 36). HCO;/CI’
exchanger activity did, however, fully develop within the same time-frame as I[VF and
Sr*" activated eggs. This appears to preclude any required role for Ca’"; transients in the
development of HCO,/CIl" exchanger activity at egg activation.

Chelation of Ca*"; using BAPTA prevents resumption of the cell cycle in
parthenogenetically activated eggs, as inactivation of MPF requires a certain threshold
increase in Ca®",. The first Ca®’, transient induced by fertilization of mouse eggs has an
average amplitude of 300 nM, which is sufficient to cause resumption of the cell cycle

and entry into interphase (Winston et al., 1995b). The 1 h sperm-egg incubation used here
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was sufficient to produce fertilized eggs and the initiation of Ca**, transients. Thus,
loading fertilized eggs with BAPTA immediately following this 1 h sperm-egg
incubation would not have prevented this initial Ca®"; transient and subsequent
resumption of the cell cycle, as shown by the development of pronuclei following
BAPTA loading (Fig. 33B).

Why BAPTA, loaded either immediately or 2.5 h following the 1 h sperm-egg
incubation, significantly inhibited the subsequent upregulation of HCO,/CIl" exchanger
activity is puzzling. As HCO,/Cl" exchanger activity is consistently upregulated
following activation protocols that either produce repetitive Ca®"; transients (IVF, Sr*"),
single Ca®, transients (Sr*" pulse, ethanol) or no Ca*", transients (cycloheximide), this
would seem to suggest that it is cell cycle resumption and not the appearance of Ca*,
transients that triggers HCO,/CI" exchanger upregulation. However, eggs loaded with
BAPTA immediately following sperm-egg incubation did become activated, as shown by
pronuclear development, yet developed only partial HCO;/CIl" exchanger activity.
Cytotoxic effects of BAPTA are unlikely, as evidenced by the normal extrusion of the
second polar body and pronuclear development. The possibility that the timing of
BAPTA addition was sufficient to only block the initiation of the ‘late events’ of
fertilization would also be precluded by the development of pronuclei. Mouse 2-cell
embryos, exposed to BAPTA, develop to the blastocyst stage, although development is
significantly lower than control embryos (Emerson et al., 2000). Chelation of Ca*"; would
certainly impair long term development of mouse embryos but the normal development
of pronuclei and second polar body only a few hours prior to measurement of HCO,/CI'

exchanger activity would appear to preclude acute cytotoxicity. As HCO,/Cl' exchanger



198
activity was measured only at one time-point (7-9 h post-sperm-egg incubation), it is
possible that the BAPTA merely delayed full activation of HCO,/Cl' exchanger such
that measurements of exchanger activity obtained much later may have revealed full
upregulation. Alternatively, inhibition of upregulation of HCO,/Cl” exchanger activity
following early BAPTA exposure may have been due to chelation of Ca*"; and general
inhibition of all Ca*"-dependent pathways or Ca**-dependent enzymes rather than specific
inhibition of the repetitive Ca*"; transients. This result does, however, indicate that Ca*"-
dependent signalling of some type other than the repetitive Ca”"; transients may be

involved in upregulation of HCO,/CI" exchanger activity.

VIII. HCO;/Cl exchanger upregulation is dependent on cell cycle resumption

As egg activation was sufficient to produce robust HCO,/Cl" exchanger activity
regardless of the method used (ethanol, Sr**, cycloheximide, U0126) this suggests that
exchanger upregulation always occur after the unfertilized egg re-enters the cell cycle.
Low HCO,/CI' exchanger activity could be feature of meiotic metaphase during oocyte
maturation with upregulation triggered by the release from meiotic arrest. Following
GVBD, oocytes are in either MI or MII for several hours, characterized by high MPF
activity, except during the brief MI-MII transition. Exit from MII at fertilization or egg
activation is accompanied by a decrease in MPF activity through increased destruction of
cyclin B (Verlhac et al., 1993). Degradation of cyclin B is dependent on an intact spindle
(Kubiak et al., 1993) and thus disruption of the metaphase II spindle by microtubule
depolymerizing agents prior to egg activation prevents cell cycle resumption (Winston et

al., 1995b). Here, pretreatment of eggs with demecolcine (depolymerizes microtubules)
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followed by Sr*" activation significantly inhibited egg activation (Fig. 37A).
Pretreatment with demecolcine is necessary since the spindle must be disrupted before
Sr**-activation in order to maintain metaphase II arrest. Demecolcine pretreatment
completely inhibited development of pronuclei and the second polar body, indicating that
metaphase arrest was sustained by demecolcine exposure. Maintenance of metaphase
arrest using demecolcine significantly inhibited the upregulation of HCO,/Cl" exchanger
activity in these Sr** activated embryos (Fig. 37B). This suggests that HCO,/CI
exchanger upregulation is dependent on exit from metaphase II. It also further rules out
Ca”", transients as sufficient for upregulation, since Ca’"; transients were induced by Sr*

even though the eggs remained arrested in MII in the presence of demecolcine.

IX. HCO,/CT exchanger activity is downregulated during meiotic maturation

As HCO,/CI' exchanger upregulation occurred upon exit from metaphase II, |
decided to examine HCO;/Cl' exchanger activity during meiotic maturation- prior to
metaphase [I. As oocytes following GVBD remain arrested in metaphase for several
hours (MI or MII) prior to fertilization, HCO,/Cl" exchanger activity was measured in
GV oocytes and during meiotic maturation to determine whether low HCO,/CI’
exchanger activity was a general feature of meiotic metaphase (Fig. 38A). GV oocytes,
arrested in prophase I, exhibited very high levels of HCO,/Cl" exchanger activity, similar
to in vivo-produced zygotes. This was surprising, given the low HCO,/Cl" exchanger
activity present in MII eggs. However, the discrepancy was resolved when I found that
HCO,/CI' exchanger activity gradually decreased following GVBD with a very slow

time course (Fig. 38B) that was similar to the timing of upregulation of HCO,/CI’
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exchanger activity at fertilization (Fig. 27A). HCO,/Cl" exchanger activity had decreased
to basal levels by 9-10 h following GVBD (MI eggs) and remained low during the MI-
MII transition and in metaphase II eggs. This explained the low activity observed in in
vivo produced, ovulated MII eggs. As HCO,/Cl" exchanger activity decreased upon
entry into metaphase I, this seems to indicate that HCO,/Cl" exchanger activity is cell
cycle dependent and that low HCO,/Cl" exchanger activity may be a feature of meiotic
metaphase.

To investigate the possibility that low HCO,/Cl" exchanger activity was a feature
of metaphase in general, exchanger activity was measured during metaphase of the first
cell cycle following S©*~ activation. HCO,/Cl" exchanger activity, however, remained
high during metaphase and cytokinesis of the first mitotic cell cycle in SP*"activated eggs
(Fig. 39A, B). As oocytes remain arrested in metaphase (MI or MII) for several hours
following GVBD, an extended duration of metaphase arrest may be required for low
HCO,/Cl" exchanger activity. Sr*"-produced zygotes were maintained in an extended
metaphase arrest using demecolcine (Fig. 39C). Prolonged mitotic metaphase arrest,
however, was still not sufficient to downregulate or inhibit fully active HCO,/CI’
exchanger activity, suggesting that low HCO,/Cl" exchanger activity is a feature of
meiotic metaphase only.

As HCO,/CI" exchanger activity decreases to basal levels during meiotic
metaphase but remains high during mitotic metaphase, regulation of exchanger activity
seems a feature of meiotic metaphase. During meiosis, but not mitosis, HCO;/CI’
exchanger activity appears to be cell cycle-dependent with high exchanger activity

present in the prophase-arrested GV oocyte, decreasing and remaining low during meiotic
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metaphase, and then increasing again after release from metaphase and remaining high
thereafter independent of subsequent cell cycle transitions.

In identifying potential regulatory pathways which might participate in
downregulation of HCO,/Cl" exchanger activity in meiotic metaphase and subsequent
upregulation after progression into zygotic interphase, one clear candidate is MPF. As
MPF is inactive in both GV oocytes and zygotes, which both exhibit high HCO,/CI’
exchanger activity (Fig. 38A, Fig. 23A), this suggests that low MPF activity might be
required for robust HCO,/Cl" exchanger activity. However, the MI-MII transition during
meiotic maturation is associated with high HCO,/CI" exchanger activity (Fig. 38A)
during a period when MPF activity decreases (Verlhac et al., 1994) indicating that a brief
drop in MPF activity does not induce HCO,/CI" exchanger activity at this time.
Similarly, metaphase of the first mitosis (prior to cleavage to the 2-cell stage) is
characterized by high MPF activity, but HCO,/CI" exchanger activity remains high in
metaphase 1-cell embryos (Fig. 39). Thus, an increase in MPF activity alone is not
sufficient to downregulate HCO,/Cl" exchanger activity.

An alternative candidate for a regulatory pathway involved in upregulation of
HCO,/CI’ exchanger may be the activation of mos#MEK—ERK1/2. ERK1/2 activity is
low in GV oocytes, becomes gradually activated during meiotic maturation, and is then
subsequently inactivated following fertilization (Fig. 45; Verlhac et al., 1993; Moos et al.,
1995). Importantly, ERK1/2 appears to be maintained in an inactive state during
metaphase of the first cell cycle in the mouse (between 1-cell and 2-cell stages)
distinguishing mitotic and meiotic metaphase (Haraguchi et al., 1998).

From my measurements of HCO,/CI" exchanger activity and reports of ERK1/2



Figure 45. Appearance of MAPK activity is inversely correlated with HCO,/CI'
exchanger activity. Timing of MAPK activity taken from Verlhac et al., 1993; Moos et
al., 1995, Haraguchi et al., 1998. MAPK activity is upregulated very slowly following
GVBD, remains high in metaphase I and II and subsequently becomes downregulated
with a very slow time-course following egg activation, remaining low through metaphase
of the first cell cycle. HCO,/CI" exchanger activity is downregulated very slowly
following GVBD (Fig. 38A), becoming gradually activated upon egg activation (Fig.
27A, Fig. 34A). HCO,/Cl exchanger activity remains high during metaphase of the first
cell cycle and in 2-cell embryos (Fig. 37A). Thus, the timing of MAPK inactivation
following egg activation correlates with the appearance of pronuclei (Moos et al., 1995),
cessation of Ca®*, transients (Jones et al., 1995b) and upregulation of HCO,/CI

exchanger activity.
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activity in the literature (Verlhac et al., 1993; Moos et al., 1995; Haraguchi et al., 1998),

there is a strong inverse correlation between ERK1/2 activity and HCO,/Cl" exchanger
activity during meiotic maturation, fertilization, and through the first cell cycle (Fig. 45)
consistent with the hypothesis that HCO,/Cl" exchanger activity may be inhibited by

active ERK1/2 in oocytes and early embryos.

X. Okadaic acid prevents upregulation of HCO,/Cl exchanger activity following Sr’*
activation

OA was used because previous work has shown that this protein phosphatase
inhibitor modulates MAPK activity in mouse zygotes (see below). There are essentially
four types of protein phosphatases; PP1 (ATP-Mg*"-dependent), PP2A (polycation
stimulated), PP2B (Ca’"-calmodulin dependent) and PP2C (Mg”"-dependent; Cohen et al.,
1990). OA has been demonstrated to be a specific inhibitor of PP1 and PP2A (IC,, ~0.1
and 10 nM, respectively) with less specificity for PP2B (IC,, ~ 5 uM) and little effect on
PP2C (Cohen et al., 1990; Schwartz and Schultz, 1991). Protein phosphatases 1 and 2A
are present following GVBD and regulate ERK1/2 activation during maturation
(Zemicka-Goetz et al., 1997).

OA was introduced at various times following Sr*” activation to determine
whether protein phosphatases PP1 and PP2A were involved in upregulation or
maintenance of HCO;/Cl" exchanger activity. When OA was introduced prior to,
coincident with or following Sr*" activation, HCO,/CI' exchanger upregulation was

inhibited (Fig. 40A). This suggests that that HCO,/CI" exchanger upregulation may
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require dephosphorylation of a regulatory component, such as MAPK, another regulatory
protein, or possibly the exchanger itself.

OA inhibits protein synthesis in rat oocytes, with almost total inhibition after 3 h
of exposure (Zernicka-Goetz et al., 1997). For all experiments (Fig. 40A), total OA
exposure was between 3 and 8 h, which would therefore have inhibited protein synthesis
(Zemnicka-Goetz et al., 1997). However, specific inhibition of protein synthesis (by
cycloheximide) does not inhibit upregulation of HCO,/Cl" exchanger activity (Fig. 30A),
suggesting that OA-induced downregulation of exchanger activity is most likely not due
to any effects on protein synthesis.

Treatment of mouse eggs with OA prior to fertilization maintains high ERK1/2
activity and to prevent the formation of pronuclei after egg activation (Moos et al., 1995),
whiles OA addition subsequent to fertilization and the decrease in MAPK activity leads
to the reactivation of ERK1/2 and precocious NEBD (Schwartz and Schultz, 1991).
Thus, one important consequence of OA treatment is the activation of ERK1/2. ERK1/2
inactivation is necessary for the formation of the pronuclear envelope (Moos et al., 1995;
Moos et al., 1996), and thus inhibition of pronuclear development or precocious NEBD
following OA exposure can be used as a bioassay for active ERK1/2. Here, pronuclear
development was completely inhibited and precocious NEBD occurred depending on the
timing of OA addition (Fig. 42B), which is consistent with OA activation of ERK1/2
(Moos et al., 1995). Thus, the inhibition of HCO,/Cl" exchanger upregulation following
OA exposure is consistent with a regulatory role for the MAPK pathway.

OA addition to zygotes 8 h post-insemination restores ERK1/2 activity to levels

similar to those in unfertilized eggs within 4 h of OA addition (Moos et al., 1995).
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However, when OA was added to zygotes 8 h post-Sr** activation, HCO,/Cl exchanger
activity was not downregulated by a 4 h OA exposure (see Results) but was significantly
reduced by an 8 h OA exposure (Fig. 40A). In both cases, NEBD was completed within
4 h of OA treatment, which suggests that ERK1/2 was fully reactivated by 4 h. As OA
exposure between 4 and 8 h was required to downregulate HCO,/CI" exchanger activity,
much longer than the time reported to reactivate ERK1/2 (Moos et al., 1995), this
suggests that HCO,/Cl" exchanger downregulation is not directly and quickly inhibited
by ERK1/2 activity. However this does not preclude regulation by a signaling pathway
downstream of ERK1/2. Interestingly, fully-active HCO,/CI" exchanger activity in
zygotes and 2-cell embryos was significantly downregulated by OA treatment and
accompanied by precocious NEBD (Fig. 40A). This suggests that fully-active HCO,/CI
exchanger activity is not refractory to modulation following the initial activation of
exchanger activity at fertilization. This also suggests that both upregulation of HCO,/Cl'
exchanger activity following egg activation and maintenance of HCO,/Cl" exchanger
activity in 1-cell and 2-cell embryos are regulated by the same OA-sensitive pathway,

which may be MAPK.

XI. HCO,/CT exchanger is activated by the MEK inhibitor U0126 in unfertilized eggs
HCO,/CI" exchanger activity, fully active in zygotes and 2-cell embryos, is
downregulated by OA exposure, conditions which hyperphosphorylate ERK1/2 in mouse
eggs following fertilization (Moos et al., 1995). Unfertilized eggs have high ERK1/2
activity (Verlhac et al., 1993) and very low HCO,/Cl' exchanger activity (Fig. 23). To

determine whether HCO;/CI" exchanger activity could be induced prior to fertilization or
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egg activation solely by a decrease in ERK 1/2 activity, unfertilized eggs were cultured
with the MEK inhibitor U0126.

UO0126 is a noncompetitive inhibitor (K; ~ 41-109 nM) of MEK 1/2 with binding
sites distinct from ATP and ERK. U0126 is considered a specific inhibitor of MEK and
is able to bind and inhibit active MEK at concentrations which do not inhibit PKC, Raf or
ERK1/2 (Favata et al., 1998; Hoffert et al., 2000).

HCO,/Cl" exchanger activity was significantly upregulated in unfertilized eggs
following treatment with the MEK inhibitor U0126 (Fig. 42). Pronuclear development
and emission of the second polar occurred following UQ126 treatment of unfertilized eggs
with similar timing to IVF and Sr*~ activated eggs. However, U0126 exposure also
resulted in parthenogenetic egg activation (Fig. 14D; 41 A) and thus it could not be
concluded that deactivation of MAPK alone is sufficient for HCO,/Cl" exchanger
upregulation. The phenomenon of parthenogenetic egg activation upon disruption of the
MAPK pathway has been described previously in mos™ oocytes. These oocytes undergo
GVBD and emission of the first polar body normally but do not arrest in metaphase 1.
This indicates that while the mos—#MEK—+*MAPK pathway is not required for GVBD or
the MI-MII transition, it is required for maintenance of the metaphase II arrest (Colledge
et al., 1994; Hashimoto et al., 1994). Similarly, injection of double-stranded RNA
designed to ‘knock-out’ mos function in mouse oocytes also resuited in parthenogenetic
activation with precocious cleavage observed (Wianny and Zemicka-Goetz, 2000).
Parthenogenetic activation has been observed following U0126 treatment of Urechis
oocytes. U0126 did not affect the timing of GVBD but did produce abnormally large

polar bodies followed immediately by entry into interphase and formation of pronuclei
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(Gould and Stephano, 1999). However, parthenogenetic activation by U0126 is a likely
consequence of disruption to the MAPK pathway, and hence, loss of CSF activity, in
unfertilized eggs.

Although HCO,/CI exchanger activity appears to be inversely correlated with
MAPK activity, the possibility that some event, dependent on egg activation and
temporally correlated with ERK1/2 inactivation, may be responsible for exchanger
activation cannot be precluded. As ERK1/2 is the only known target of MEK1/2, U0126
activation of HCO,/CI" exchanger activity in unfertilized eggs is consistent with
regulation by ERK1/2. However, the parthenogenetic activation of eggs by U0126
precluded ERK1/2 activity from being assessed separately from egg activation using this
drug. Thus, I attempted to find conditions where eggs could be maintained in MII arrest
in the presence of U0126.

In an attempt to separate the effects of egg activation from perturbations to the
MAPK pathway, cell cycle resumption was prevented by demecolcine in U0126-treated
eggs. Parthenogenetic activation was observed in the control group but the incidence of
parthenogenesis was greatly reduced compared to the previous experiments. One
difference here was that control eggs had been pretreated with the vehicle for
demecolcine (ethanol) for 1 h followed by U0126 treatment for up to 9 h. Pretreatment
with demecolcine is necessary since the spindle must already be disrupted before egg
activation, or the egg will exit from MII arrest. Therefore demecolcine must be added
prior to addition of the parthenogenetic agent, in this case U0126. In addition to
decreased incidence of parthenogenesis, U0126 treatment after a pretreatment period

produced different proportions of the classes of parthenogenotes (Fig. 43). Hirao and
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Eppig described three classes of parthenogenotes obtained from mos™ mice (Hirao and
Eppig, 1997; Fig. 7). This classification system was used here to describe the morphology
exhibited by different U0126 parthenogenotes. U0126 treatment with no preincubation
period produced primarily Class I parthenogenotes and a high incidence of
parthenogenesis (Fig. 41A). However, U0126 treatment after experimental manipulations
produced a lower incidence of parthenogenesis but a higher proportion of Class IT and
Class III parthenogenotes (Fig. 43). Why the incidence of parthenogenesis decreased
following vehicle exposure is unknown. Preliminary attempts to determine the effect of
vehicle exposure time has revealed that the incidence of parthenogenesis decreases with
increased vehicle exposure time (data not shown). However, the vehicle (ethanol) was
not itself the cause since this same protocol, using a 1 h vehicle (ethanol) pretreatment,
was used with SP*” activation (Fig. 37B) without decreased incidence of parthenogenesis
or loss of HCO,/Cl" exchanger activity. It may be that the target of U0126, the MEK
pathway, is particularly sensitive and labile, such that a period of in vitro culture reduces
the ability of U0126 to act as a parthenogenetic agent. This remains to be investigated.

U0126 treatment of freshly-ovulated eggs resulted in both parthenogenetic
activation and HCO,/Cl" exchanger upregulation (Fig. 41, 42). This suggested that
parthenogenetic activation was correlated with HCO,/CI' exchanger upregulation. As
U0126 treatment after a period in culture greatly reduced the incidence of
parthenogenesis, only groups with at least 50% activation were selected for measurement
of HCO;/CI' exchanger activity. Treatment groups were paired, such that demecolcine
and vehicle/U0126 groups were measured simulitaneously. Following demecolcine

treatment, parthenogenetic activation in U0126-treated eggs was not observed, indicating
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that cell cycle resumption had been successfully inhibited in the presence of U0126 (Fig.
43). These demecolcine-treated eggs did, however, upregulate HCO,/C1" exchanger
activity in the same proportion as the paired U0126-activated eggs (Fig. 44). This is in
contrast to demecolcine treatment of S”*” activated eggs (Fig. 37), which significantly
inhibited the upregulation of HCO,/CI" exchanger activity. Disruption of the metaphase II
spindle prior to egg activation maintains MPF activity but does not prevent the decrease
in MAPK activity associated with egg activation (Moos et al., 1996). So, in the presence
of demecolcine, U0126-treated eggs would be identically arrested in MII except that with
U0126 MEK and MAPK activities would be low, while with S** they would be high.
Thus, U0126-treatment appears to activate HCO,/CI" exchanger in unfertilized eggs by
disruption of the MAPK pathway and not by activation of the cell cycle.

I propose that the MAPK pathway regulates HCO,/Cl" exchanger activity during
fertilization. Once fertilization occurs and ERK1/2 is deactivated, the regulatory ‘brake’
for HCO,/CI" exchanger activity is removed, such that high HCO,/Cl exchanger activity
is present in early embryo development. There is evidence to support MAPK regulation
of pH; transporters. In renal epithelial cells, Na™-HCO;  cotransporter (NBC1) activity is
upregulated in response to acute CO, elevation. This activation is dependent on Src
activation of ERK1/2 (Ras — Raf — MEK1/2 — ERK1/2). ERK1/2 activity mediates
growth factor and arginine vasopressin activation of Na'/H" antiporter activity (NHE1;
Ruiz et al., 1999). During meiotic maturation Xenopus oocytes upregulate Na'/H"
antiporter activity via a Raf-1-dependent mechanism (Kang et al., 1998). Previous studies
of pH; regulation in Xenopus oocytes have shown that microinjection of c-mos also

upregulates Na'/H™ antiporter activity, suggesting that MAPK may be involved in pH;
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regulation in Xenopus (Rezai et al., 1994). Thus, there are several examples of MAPK
regulation of pH, transporters, although if MAPK is involved in regulating HCO,/CI'
exchanger activity during fertilization in the mouse, it would be the first instance wherein

inactivation of MAPK resuited in activation of a pH, regulatory transporter.

CONCLUSION

My investigation of pH, during egg activation in the mouse has produced several
key findings. First, an increase in pH, is not a feature of mammalian egg activation or
meiotic maturation. This is significant, as an increase in pH, during meiotic maturation
and/or fertilization has been described for several species (e.g. sea urchin, Xenopus,
molluscs, limpets, Urechis) and plays an important role in the development of the embryo
in thes:e species. In the sea urchin (Swann and Whitaker, 1985) and Xenopus (Rezai et al.,
1994), pH, increases following activation of the Na/H™ antiporter.

Although no net change in pH; accompanies mouse egg activation, at least one
pH,; regulatory transporter, HCO,/CI" exchanger, is upregulated following fertilization
and egg activation. This is my second key finding. HCO,/Cl" exchanger activity is very
low in unfertilized eggs, HCO,/Cl" exchanger activation becomes activated gradually,
becoming maximal by 7-9 h post-egg activation. HCO,/Cl" exchanger activity remains
high from the 1-cell stage to the 2-cell stage, consistent with previous measurements of
embryo HCO;/CI" exchanger activity (Zhao et al., 1995). The presence of AE2 mRNA in
the unfertilized egg is consistent with AE2 being the sole isoform expressed by zygotes

and 2-cell embryos (Zhao et al., 1995) as little new transcription occurs until zygotic gene
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activation (Telford et al., 1990). HCO,/CI exchanger upregulation is independent of
protein synthesis, posttranslational modifications, or transport to the plasma membrane.
Exchanger upregulation is also independent of Ca*, transients, or cAMP, PKA and PKC
signalling pathways.

As HCO,/CI" exchanger upregulation was independent of sperm, parthenogenetic
activation using ethanol, Sr**, or cycloheximide was used successfully to further examine
HCO,/CI" exchange. Sr* activation proved to be an excellent model for fertilization as
Sr** exposure produces repetitive Ca’" transients and high rates of activation. The timing
of the first cell cycle (second polar body formation, pronuclear development, NEBD,
cytokinesis) following Sr** activation has been clearly determined here, such that the
kinetics of these developmental events can be compared to other mechanisms of
activation, including IVF. These detailed time-courses had not been reported for Sr©**
activation thus far.

Upregulation of HCO;/CI" exchanger activity was dependent on an intact MII
spindle, as pretreatment with demecolcine prior to Sr*" activation significantly inhibited
HCO,/CI' exchanger activity. This suggests that HCO,/Cl" exchanger upregulation
depends upon entry into the cell cycle.

My third key finding is that HCO,/Cl" exchanger activity is very high in GV
oocytes, becoming subsequently downregulated during meiotic maturation with low
activity in the unfertilized egg. Downregulation of HCO,/Cl" exchanger activity during
meiotic maturation requires approximately the same period of time (7-9 h) required to
upregulate HCO,/CI" exchanger activity following egg activation. Although HCO,/CI

exchanger activity is low during meiotic metaphase (MI and MII), HCO,”/CI" exchanger
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activity remains high during metaphase of the first mitosis. Thus, a cell cycle-dependent
mechanism, specific to meiotic metaphase, appears to regulate HCO,/CI" exchanger
activity.

The MAPK pathway becomes activated following GVBD, remains high through
the MI-MII transition, and maintains metaphase II arrest in the unfertilized egg (Verlhac
et al., 1993; Colledge et al., 1994; Hashimoto et al., 1994). Following egg activation,
ERK1/2 becomes inactivated very slowly, becoming significantly reduced at pronuclear
formation and fully inactivated by 7-9 h following fertilization (Moos et al., 1995). A
signalling pathway normally upstream of ERK1/2 which includes Raf-1, is activated
during metaphase of the first mitosis. However, ERK1/2 remains inactive during mitotic
metaphase in the mouse zygote (Haraguchi et al., 1998). Thus, ERK1/2 activity is
inversely correlated with HCO,/Cl" exchanger activity in prophase-arrested GV oocytes
through to metaphase of the first mitosis (Fig. 49). Several experiments described here
provide some evidence to support ERK1/2 regulation of HCO,/CI" exchanger activity.
First, OA treatment of Sr*~ activated eggs and embryos downregulates HCO,/CI’
exchanger activity. The inhibition of pronuclear development and precocious NEBD is
consistent with previous reports wherein OA has been used to hyperphosphorylate
ERK1/2 in mouse eggs (Moos et al., 1995; Moos et al., 1996). Second, the MEK
inhibitor U0126 activated HCO,/Cl" exchanger activity in unfertilized eggs in a manner
possibly independent of cell cycle resumption. As disruption of the MAPK pathway in
unfertilized eggs releases the egg from metaphase II arrest, parthenogenetic activation
upon U0126 treatment and the specific morphology exhibited by these U0126

parthenogenotes was consistent with parthenogenetic activation in mos™ oocytes
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(Colledge et al., 1994; Hashimoto et al., 1994, Hirao and Eppig, 1997).

In conclusion, while no net change in pH, accompanies egg activation in the
mouse, there is activation of pH, regulation which enhances the pH; regulatory capacity of
the embryo. Activation of both pH, regulatory transporters that correct both alkalosis
(HCO;/CI' exchanger) and acidosis (Na'/H" antiporter - hamster, Lane et al., 1999a) may
be a general feature of mammalian fertilization. As changes in cell cycle in the oocyte
and developing embryo are often accompanied by changes in environment, it may be
physiologically advantageous for pH; regulation to be controlled by a cell cycle-
dependent pathway, such as the MAPK pathway. The GV oocyte, for example, exhibits
robust HCO,/CI" exchanger activity and resides in the ovarian follicle until it is recruited
for maturation and ovulation, whereas the unfertilized egg is ovulated with its
surrounding cumulus mass into the alkaline oviduct where fertilization occurs.

Why would HCO,/CI" exchanger activity be downregulated prior to ovulation?
Perhaps the absence of HCO,/Cl” exchanger activity in the unfertilized egg combined
with the lifespan of the cumulus mass provide a fertilization window. The cumulus mass
is sustained for 15-20 h in the mouse oviduct (Roblero et al., 1989). The cumulus mass,
while present, provides a protective microenvironment for the oocyte such that the
alkalinity of the oviduct may not be detrimental to the oocyte. The cumulus mass is
important for capacitation and acts to positively select the ‘best’ sperm (Boatman, 1987).
In the absence of the cumulus, denuded oocytes would be more susceptible to alkalosis.
Oocytes ovulated in scant cumulus masses may have decreased developmental potential
and thus, would be subject to degeneration upon prolonged exposure to the oviduct.

Oocytes that are not fertilized may be prone to parthenogenetic activation as a natural
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result of aging. Again, the absence of both HCO,/CI" exchanger activity and a protective
cumulus mass would increase the rate of degeneration among such oocytes. The
development of HCO,/CI” exchanger activity in the fertilized egg occurs coincides with

the loss of the cumulus mass, which supports this hypothesis.

FUTURE DIRECTIONS

As there are currently no pharmacological agents available which specifically
inhibit ERK1/2, the MAPK pathway has been examined here by inhibition of MEK1/2,
the kinase directly upstream of ERK1/2. This introduces variability as to the efficiency
and efficacy of the agents in question and the nature of the effects on ERK1/2. Now that a
potential pathway has been identified that may regulate HCO,/Cl" exchanger activity,
several experiments would logically follow. The state of ERK1/2 activity would be
confirmed following OA, U0126, and Sr*"-treatment. This is currently ongoing in our
laboratory. Constitutively-active MEK (Moos et al., 1996b) could be expressed (by
microinjecting mRNA) in mouse 1-cell and 2-cell embryos to determine the effects of
maintaining high MEK/MAPK activity on the HCO,/Cl" exchanger. If active MEK
downregulates HCO,/CI" exchanger activity, as in the unfertilized egg, HCO,/CI’
exchanger activity should be similarly downregulated in the 1-cell and 2-cell embryo
(consistent with the effect of OA).

The mechanism of HCO,/CI" exchanger downregulation during meiotic
maturation is another avenue of investigation. As MAPK becomes gradually activated

during metaphase I, coincident with the downregulation of HCO,/Cl" exchanger activity,
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it is possible that MAPK activity also regulates HCO;/CI" exchanger activity during this
period of development. My preliminary attempts to determine whether HCO,/CI’
exchanger activity downregulation was U0126-sensitive, and therefore required MAPK
activation, were complicated by the partial inhibition of GVBD by U0126. As GVBD is
independent of the mos—#MEK—MAPK pathway in both mos™ oocytes (Colledge et al.,
1994; Hashimoto et al., 1994) and following U0126 treatment of Urechis oocytes (Gould
and Stephano, 1999), it is possible that inhibition of GVBD by U0126 may have been due
to UO126 cytotoxicity rather than reflecting a requirement for MAPK in GVBD in the
mouse. Further study of HCO,/CI" exchanger activity downregulation during meiotic
maturation is required.

Na/H" antiporter activity should also be examined in mouse oocytes to determine
whether activity is upregulated in this species as it is in the hamster (Lane et al., 1999a).
Although Na'/H™ antiporter activity was shown to be regulated by PKC in the hamster
(Lane et al., 1999a), it may be possible that PKC acts on the Na'/H" antiporter
downstream of the MAPK pathway. It would be interesting to investigate whether both
alkaline and acid pH, regulatory transporters are regulated by the same pathway.

Finally, the serendipitous discovery made here that U0126 parthenogenetically
activates mouse eggs producing similar parthenogenetic phenotypes as mos™ oocytes is
interesting. Particularly interesting is the question of why a short period of culture prior to
U0126 addition reduces the incidence of parthenogenesis while increasing the proportion
of Class II and Class III parthenogenotes, which could be related to the status of ERK1/2

during the culture period.
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pPH, regulation in human preimplantation embryos.

The study of pH; regulation in human preimplantation embryos was undertaken to
complement the larger investigation of pH; regulation in mouse eggs and embryos,
discussed in the body of the Thesis. Because of the limitations of human embryo
research, which preclude obtaining high numbers of stage-specific human eggs and
embryos, the premise of this investigation was simple; [ wanted to determine whether
human eggs and embryos regulated pH, by the same mechanisms described for other
mammalian embryos (ie. mouse, hamster, rat). Rather than discuss these results in the
body of the Thesis, my study of pH, regulation in human embryos is appended here to
avoid species confusion (human vs. mouse) and to better emphasize the importance of
this smaller project. When this project was first undertaken little was known about how
human embryos regulate pH;; a subject that has important clinical implications for the

field of human reproductive technology.

I. INTRODUCTION

Intracellular pH (pH,) regulation is an important component of mammalian cell
homeostasis. There are three major pH;-regulatory mechanisms in mammals: HCO,/Cl’
exchanger, which alleviates alkalosis, and Na"/H" antiporter and Na",HCO,/CI’
exchanger, both of which alleviate acidosis. pH, regulation has been well-examined in

some mammalian embryos, such as those of mouse (Zhao et al., 1995; Phillips and Baltz,
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1999) and hamster (Lane et al., 1998, 1999a,1999b), but little is known about the

mechanisms of pH, regulation in the human preimplantation embryo. Using methods
which have been successfully employed in mouse and hamster embryos to reveal the
identity and active ranges of pH;-regulatory mechanisms present, pH, regulation was

examined in human embryos.

II. MATERIALS AND METHODS

L. Patients

Immature and mature eggs and cleavage-stage embryos, excess to requirements
for standard in vitro fertilization (IVF) or intracytoplasmic sperm injection (ICSI)
protocols at the Human IVF Clinic, Ottawa Hospital, were obtained for research with
written patient consent. Use of human eggs and embryos for research was approved by
the Ottawa Hospital Research Ethics Board. Treatment of patients for infertility,
including superovulatory protocols, oocyte retrievals and embryo transfers, were carried
out by the medical staff of the Human IVF Clinic. Laboratory manipulations of gametes
and embryos were performed by the laboratory staff (embryologists) of the Human [VF
Clinic. I have been on staff part-time at the Human IVF Clinic as an embryologist and
was therefore an active participant in the clinical laboratory procedures outlined below,

with the exception of ICSI.

II. Ovarian stimulation, egg retrieval

Patients were stimulated to produce supernumerary follicles using standard



218

ovarian stimulation protocols which included downregulation of endogenous
gonadotropin production by suppressing GnRH production using a GnRH analogue
(Lupron; Abbott Pharmaceuticals, Montreal, QC). This was followed by ovarian
stimulation with hMG (Humegon; Organon Canada; Scarborough, ON) or recFSH
(recombinant FSH, Puregon; Organon Canada) with dose adjusted according to follicular
response and serum estradiol (E, ) levels (Rattanachaiyanont et al., 1999). Egg retrieval
or “oocyte pick-up” (OPU) was performed 36 h following intramuscular administration
of 10,000 IU human chorionic gonadotropin (hCG-Pregnyl®, Organon Canada). This is
conceptually similar to the superovulation protocol described for mice in the main body
of the Thesis, with hMG or recFSH playing the role of PMSG, and hCG using in both
cases. However, in humans the endogenous gonadotropin pathway must be first

suppressed as well, necessitating the use of GnRH analogue for downregulation.

III, Fertilization
A. IVF: Each cumulus-enclosed egg was inseminated with 0.125 million/ml motile
sperm following standard sperm washing procedures. 17-19 h post-insemination, eggs

were stripped of cumulus cells and assessed for the presence of pronuclei.

B. ICSI: For ICSI, eggs were stripped of cumulus cells using 80 [U/ml hyaluronidase
(Type VIII-Bovine Testes; H-3757, Sigma, St. Louis, MO) in Hepes-buffered “Human
Tubal Fluid” medium (a simple, artificial culture medium like KSOM) with 0.5 % bovine
serum albumin added (HTF-BSA) (HTF; Meditech 1st Canada Inc, Montreal, QC) 2-4 h

post-egg retrieval and assessed as immature if there was a germinal vesicle or no polar
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body (metaphase I- MI), or mature (metaphase II- MII) if there was no germinal vesicle
and one polar body. Only MII eggs were used for ICSI. ICSI was performed on an
inverted microscope at 400x magnification using Hoffman Modulation Contrast optics. 1-
2 pul washed sperm were placed in Hepes-buffered HTF-BSA containing 10%
polyvinylpyrrolidone (PVP K-90; Irvine Scientific, Santa Ana, CA) and injected using
standard techniques. Following injection, each egg was cultured individually in a 20 ul
drop of HTF-BSA covered with paraffin oil at 37°C, 5% 0O,/5% CO,/90% N, for about

17-19 h. Embryos were then assessed for the presence of pronuclei.

IV. Embryo development

Embryos were maintained in culture for 2-4 days post-IVF/ICSI during which
time embryo cleavage was assessed. Embryos were graded from !-5 (Rattanachaiyanont
et al., 1999) according to the quality of blastomeres and the presence of fragmentation,

with 5 indicating the best-quality embryos.

V. Human eggs and embryos used for this research

Some immature eggs and mature eggs (MII) were released for research (within 24
h of OPU) without having been exposed to sperm. One immature egg (MI) matured to
MII after several hours in culture after release for research as assessed by the appearance
of the first polar body. In total, 4 GV eggs, 9 MI eggs and 9 MII eggs (including the MI-
MII egg) were released for research and available for this study.

96 embryos used for this study were obtained following IVF while 126 embryos

were obtained following ICSI. Pronuclei (PN) detected in embryos donated for research
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included (assessed 17-19 h post-IVF/ICSI): OPN, 26 embryos; 1PN, 43 embryos; 2PN,

120 embryos; 3 PN, 23 embryos; 4 PN, 1 embryo. Embryos used for this study included
11 Grade 1; 53 Grade 2; 122 Grade 3; 21 Grade 4; and 6 Grade 5 embryos. Eggs were not

rated.

VI. pH, measurements
For detailed protocols describing solutions, pH; measurements, CI" removal assay
and the induction of intracellular alkaline load, please see Materials and Methods in the

body of the Thesis.

Recovery from induced acid load

To determine whether embryos were able to recover from a decrease in pH,,
intracellular acidosis was induced using a pulse of the permeant weak base NH,Cl
followed by (Zhao and Baltz, 1996). H™ + NH, is in equilibrium NH," such that upon
initial exposure to NH,Cl, the more permeable NH, enters the egg/embryo rapidly,
resulting in an intracellular alkalinization (Fig. 46). This is followed by the slower entry
of the much less permeable NH," which continues throughout the period when NH,Cl is
present. The abrupt removal of external NH,Cl, upon replacement by KSOM, results in
the rapid exit of the permeable species, NH, from the cytoplasm. Not only does all the
NH, which entered exit, but all the NH;” which had entered gives up a H™ as the
equilibrium shifts, and also exits as NH,. This leaves behind the H" which had been
carried in by NH,", causing an intracellular acidification (Boron and DeWeer, 1976; Roos

and Boron, 1981). Upon acidification of the cytoplasm, any pH, regulatory transporters



Figure 46. Recovery from induced acidosis. A. Intracellular acidosis can be induced by
brief exposure (10 min) to NH,CI'-containing solution followed by removal of NH,Cl
(KSOM). At the start of the NH,Cl pulse, NH, (a weak base) rapidly enters the
egg/embryo resulting in a very fast intracellular alkalinization. This is followed by the
slower entry of NH," (weak acid) which is reflected by a gradual acidification of pH;. At
the end of the pulse, upon removal of NH,Cl, NH, rapidly exits the egg/embryo leaving
behind trapped H™ which had entered as NH,". This results in rapid intracellular
acidification. B. Na'/H" antiporter depicted schematically. Na" influx is coupled to H"
efflux. Na'/H™ antiporter is inhibited by the absence of external Na™ and by amiloride and

its derivatives.
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present, such as Na'/H™ antiporter or Na"™-HCO,”/Cl" exchanger, could mediate recovery of
pH, from the induced acidosis.

Steady-state pH; measurements were obtained in KSOM for 10 min at the onset of
each experiment. Following steady-state pH; measurements, the solution was changed to
NH,CI-KSOM (25 mM HCOy’) for 10 min followed by replacement of NH,Cl by KSOM
or Na"-free KSOM for 15 min. As the rate of recovery from intracellular acidosis by
either mechanism should be enhanced by Na™ unloading, some embryos were acid-loaded
by NH,Cl pulse, and then the medium switched to Na"-free KSOM for 15 min followed
by Na’ reintroduction (KSOM). These experiments were referred to as ‘Na”
replacements’. For some experiments, following the Na'-free period, embryos were
exposed to KSOM containing either 1| mM amiloride, 500 uM DIDS, 50 uM EIPA, or
Na’-free KSOM again for an additional 15 min. For some Na -replacement experiments,
HCO;™ in all solutions was replaced by Hepes as described for Hepes-KSOM (see
Materials and Methods, body of the Thesis). The inclusion of the Na’/H™ antiporter
inhibitor amiloride, or Na"-HCO,/CI” exchanger inhibitor DIDS, or the exclusion of
HCO, was intended to help determine the identity of any acidosis-alleviating

mechanisms present in the human cleavage stage embryo.

III. RESULTS

Steady-state pH, in human eggs and embryos.
Steady-state pH; was measured in KSOM (5%CO,, 37°C) in eggs (GV, MI and

MII) and cleavage-stage embryos (2-8 cell). pH, ranged from about 6.9 to 7.55 among
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different eggs and embryos with no significant difference between stages (p>0.05;
nANOVA) or fertilization protocol (ICSI vs. IVF; Welch’s t-test; p>0.05). Embryo
morphology rating generally had no effect on pH,, aithough pH, of embryos rated 2 or 3
was significantly lower than pH, of embryos rated 5, likely due to variation and small
sample size in the latter group (nANOVA; p<0.05). Mean pH; (+ s.e.m.) were as
follows: GV oocytes: 7.04 + 0.07 (n=4), MI eggs: 7.03 + 0.04 (n=9); MII eggs: 6.98 +

0.02 (n=9) and cleavage-stage embryos: 7.12 £ 0.008 (n=199).

Recovery from intracellular alkalosis in human embryos

Cleavage-stage embryos were alkalinized by exposure to NH,Cl to assess whether
embryos could recover from intracellular alkalosis (Fig. 47A). Recovery rates were
determined by fitting a single exponential to the recovery by non-linear regression for
every 0.1 pH, increment between pH, 7.1 and 7.7 (Fig. 47C). There was no significant
difference in recovery rates between stages of embryo development (compared at pH, 7.6;
p>0.05; nANOVA), and thus, the recovery rates for cleavage-stage embryos were pooled
(n=15; Fig. 47A). When embryos (n=8) were alkalinized in the absence of external CI’
(Fig. 47B,C) recovery from alkalosis was significantly inhibited (p=0.001, Welch’s t-

test).

Assessment of HCO,/CIl exchanger activity in human embryos by CI removal assay
Cleavage-stage embryos exhibited rapid intracellular alkalinization upon CI'
removal (Fig. 48A,B). There was no significant difference in rate of alkalinization

between cleavage stages, morphology rating, or fertilization protocol (p>0.05;



Figure 47. Recovery from intracellular alkaline load in human embryos. Adapted
Jfrom Phillips et al., 2000. A, B. Representative traces of cleavage-stage embryo pH,
measured in KSOM (0) followed by recovery from NH, -induced alkaline load in the
presence (A: (J) and absence (B: l) of external CI'. C. Mean rate of recovery (+ s.e.m.)
from NH, -induced alkaline load was calculated from exponential fits to recovery data as
described in the text for every 0.1 pH unit between 7.1 and 7.7 for cleavage-stage
embryos (2- 8-cell) in the presence ({J) or absence (M) of external CI'. *** indicates

statistical significance (p<0.0001; Welch’s t-test). Numbers as in Fig. 23.



intracellular pH

Alkalosis Recovery Rate

224

o 7.8 1
A. 4 cell B. ‘ 4 cell
()
NH,':NH .
7.6 - of 7.6 - NH,":NH,
B ocCl
 »]
7.4 - o 7.4 -
7.2 - D x 7.2
© © B
v | | L ] ) ) |} 7'0 | ) |} | LB | § v L]
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Time (min) Time (min)
0.10
C. n=15
0.08 = normal CI'
£ 0.06 -
E
>
L 0.04 -
0.02 -
0.00 - $

7.0 7.1 7.2 7.3 7.4 7.5 7.6 7.7
Intracellular pH



Figure 48. HCO,/CI' exchanger activity measured by intracellular alkalinization in
human embryos upon CI' removal. Adapted from Phillips et al., 2000. A, B.
Representative traces of embryo pH; measured in KSOM (®) followed by two
consecutive Cl" removals (©) with the second in the presence (@) or absence (©) of
DIDS. C. Mean rates of intracellular alkalinization (+ s.e.m.) upon initial (1*) CI
removal and subsequent (2™) CI" removal in the absence or presence of 500 uM DIDS.
*** indicates statistical significance (p<0.001; paired Student’s t-test). Numbers as in

Fig. 23.
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nANOVA). The mean rate (+ s.e.m.) of intracellular alkalinization for pooled cleavage-
stage embryos was 0.053 + 0.008 (n=32). For some embryos, a second CI" removal was
performed in which CI” was replaced following the first CI' removal and then removed
again (Fig. 48A,B). There was no significant difference between the initial rate of
intracellular alkalinization (first CI' removal) and the rate upon the second Cl removal
(Fig. 48A,C; Paired Student’s t-test, p>0.05; n=6). However, there was a significant
inhibition of the rate of intracellular alkalinization when the anion transport inhibitor
DIDS was present during the second C!" removal (Fig. 48B,C; Paired Student’s t-test;

p=0.0016; n=9).

Recovery from intracellular acidosis in human embryos

Recovery from induced acidosis was measured for 15 min following an NH,Cl
pulse. For some experiments, embryos were maintained in Na“-free solution following
an NH,Cl pulse and then Na™ was replaced for an additional 15 min (Fig. 49). Recovery
rates from induced acidosis were determined by non-linear regression for every 0.1 pH,
unit increment spanning the pH, range from the initial acidification pH; to the final pH;
value measured at the end of 15 min. This pH; range was specific for each embryoas
there was considerable variation between embryos in the initial acidification pH; and the
final pH, value. Cleavage-stage, morphology rating and fertilization protocol had no
significant effect on the initial rate of recovery from acidosis (p>0.05; nANOVA); thus
the data were pooled. Comparing the rates of recovery from acidosis within the same
pH; range, there was no significant difference between recoveries following acidification

directly into Na“-containing solutions or the recoveries acidified first in the absence of
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external Na’, followed by Na" replacement (p>0.05; linear regression). Thus, the rates
obtained from the two protocols were pooled for analysis of rate as a function of pH..
Rates obtained by linear regression (i.e., when recovery was inhibited and there was thus
very little change in pH, during 15 min period) are reported at the initial acidification pH,
to the nearest 0.1 pHU (e.g. the amiloride point in Fig. 49B and all 0 Na™ points).

Embryos recovered from induced acidosis in the absence of external HCO, (Fig.
49A, B). The absence of external Na” completely abolished this recovery (Fig. 49A, B;
p<0.0001; nANOVA; Welch’s t-test). Amiloride also significantly inhibited the recovery
(Fig. 49A, B; p<0.0001; nANOVA). This Na'-dependent, HCO, -independent recovery
dropped to non-specific levels at pH; 6.8, indicating activity only below this pH, (Fig.
49B; p>0.05; Welch's t-test).

Embryos also recovered from acidosis in the presence of external HCO;™ (Fig.
49A, C). Recovery from acidosis in the pH; range 6.5-6.9 was significantly inhibited by
the absence of external Na“ (Fig. 49A, C; p<0.0001; nANOVA). However, neither
inhibition of Na“/H" antiporter by amiloride (1 mM) nor the presence of the anion
transport inhibitor DIDS (500 uM) significantly reduced the recovery rate (Fig. 49A,C;
p>0.05; nANOVA). As recovery from acidosis in the presence of HCO; was inhibited by
the absence of external Na™ at pH, 6.9 but not at pH, 7.1 (Fig. 49C), this suggests that the
set-point for this HCO, -dependent transporter is between pH, 6.9 and 7.1. As cleavage-
stage embryos recovered to approximately pH; 7.0 following recovery of acidosis in the

presence of HCO,, this is consistent with a set-point of pH, 7.0. (Fig. 49A).
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PH, regulation in human eggs

HCO,/CI’ exchanger activity and recovery from acidosis were only assessed in
the few eggs available to us, and thus no statistical tests were performed. HCO,/CI’
exchanger activity in eggs was assessed by the Cl” removal assay (Fig. 50A). The mean
rate of intracellular alkalinization during CI' removal (+ s.e.m.) was 0.075 + 0.025
pHU/min in GV oocytes (n=2), 0.028 + 0.010 pHU/min for MI eggs (n=3), and 0.017 +
0.002 pHU/min in MII eggs (n=5) which appear similar to the rates observed in cleavage-
stage embryos although there is a trend towards a decrease in activity from GV to MII.
For MI eggs, a second Cl" removal was performed in which CI” was replaced following
the first Cl" removal (Fig. 50C). Results suggest that the initial rate of intracellular
alkalinization (0.028 pHU/min) was reduced when the anion transport inhibitor DIDS
was present during the second CI" removal (0.003 + 0.001 pHU/min).

Intracellular acidosis was induced in MI and MII eggs by a pulse of NH,;"-KSOM,
followed by a 15 min period in Na’-free KSOM, with any recovery from acidosis
measured during subsequent Na™ replacement (Fig. S0B, D). The mean rates (+ s.e.m.) of
recovery from acidosis were as follows: MI eggs: 0.006 + 0.002 pHU/min; ONa™: 0.004 +
0.003 pHU/min (n=4) and MII eggs: 0.028 + 0.013 pHU/min and ONa™: 0.003 + 0.002
pHU/min (n=4). These recovery rates from acidosis appear to suggest only non-specific
activity in MI eggs, and possibly a low Na -dependent activity in MII eggs compared to

embryos.



Figure 50. pH, regulation in human eggs. Adapted from Phillips et al., 2000. A. Mean
rates of intracellular alkalinization (+ s.e.m.) upon single Cl" removal or upon CI" removal
followed by a second Cl" removal in the presence of 500 uM DIDS (MI eggs; n=3). B. MI
and MII eggs were first acidified in the absence of external Na™ followed by replacement
of Na". C. Representative trace of pH; measured in KSOM (@) followed by two
consecutive Cl removals in the absence (0) and then presence (A) of DIDS. D.
Representative trace of pH; during recovery from intracellular acid load in the presence of
external HCO,/CO, (KSOM (0) followed by NH,CI-KSOM (e), ONa'-KSOM (@) and

KSOM (©)). Numbers above bars as in Fig. 23.
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IV. DISCUSSION

During this investigation, Dale et al (1998) published results indicating that
human preimplantation embryos, at all stages from zygote to blastocyst, have the ability
to recover from an intracellular alkalosis induced by increased external pH. In contrast,
they could not detect any recovery from mild acidosis induced by decreased external pH
in human embryos until the blastocyst stage. Thus, they concluded that preimplantation
human embryos lack mechanisms needed for recovery from intracellular acidosis until
the blastocyst stage, but possess a mechanism such as HCO,/Cl" exchanger for alleviating
alkalosis throughout preimplantation development. My investigation into pH, regulation
of human embryos has provided a more comprehensive examination of pH, regulation
using standard manipulations to perturb pH, over a broader range. I have found that
human preimplantation embryos, like mouse (Zhao et al; 1996, Phillips and Baltz, 1999)
and hamster (Lane et al., 1999b) embryos, appear to alleviate intracellular alkalosis by
HCO,/CI" exchanger activity (Fig. 47). Recovery of human cleavage-stage embryos from
NH, -induced alkalosis depended on the presence of external Cl', as expected for
mediation by HCO,/CI” exchange. HCO,/CI" exchanger activity was also evidenced
upon external CI removal, whereupon an intracellular alkalinization occurred which was
inhibited by the HCO,/CI" exchanger inhibitor DIDS (Fig. 48).

I also found that human cleavage-stage embryos rapidly recovered from acidosis
(Fig. 49). Recovery from acidosis, induced by NH,Cl pulse in the absence of external
HCO, and CO,, was Na"-dependent and completely inhibited by the presence of the

Na'/H" antiporter inhibitor amiloride. This suggests that Na'/H" antiporter activity is
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present in the human cleavage-stage embryo. Such regulation by Na”/H" antiporter
activity in human embryos is consistent with the presence of Na’/H" antiporter activity in
hamster (Lane et al., 1998) and mouse embryos of various strains (Gibb et al., 1997; C.L.
Steeves, M. Lane, B.D. Bavister, K.P. Phillips, and J.M. Baltz, unpublished).

To determine whether any HCO; -dependent mechanisms mediating recovery
from acidosis were also present in cleavage-stage embryos, recoveries from acidosis were
measured in the presence of external HCO,” with CO, present (Fig. 49A,C). In the
presence of HCO,/CQO,, human embryos exhibited a rapid, Na"-dependent recovery from
acidosis to a slightly higher pH; (about 6.9-7.0) than in the absence of external
HCO,/CO, where pH; recovered to only about 6.8 (Fig. 49A, B). This suggests that a
second, Na'-dependent mechanism, which requires HCO;’, contributes to the alleviation
of acidosis in human cleavage-stage embryos. The presence of a second system is also
suggested by the inability of amiloride to significantly inhibit recovery from acidosis in
the presence of external HCO;/CO,, in contrast to the complete inhibition seen in
HCO,;7/CO,-free medium. Such Na™ and HCO, -dependent, but amiloride-insensitive,
recovery would seem to implicate Na“, HCO,/CI" exchanger activity. No component of
the recovery in the presence of HCO,/CO, could be detected which was DIDS-sensitive,
although DIDS would be expected to partially inhibit recovery by eliminating the
contribution of Na”", HCO,/Cl" exchange, leaving only Na"/H" antiporter activity. Itis
possible, however, that the variability in recovery rates seen with human embryos
precluded detection of such partial inhibition just as partial inhibition by amiloride in the
presence of HCO,/CQO, was not observed.

These data indicate that human cleavage-stage embryos have the ability to
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effectively maintain pH; within a range between about 7.0 to 7.3. The embryo’s HCO;
/CY exchanger appears to be activated when pH, rises above about 7.2-7.3 (Fig. 49C),
which therefore prevents pH, from increasing beyond this level. I also found that, in the
presence of HCO,/CO,, there appear to be two mechanisms which will prevent pH; from
becoming too low. Na”/H" antiporter activity becomes activated below a threshold of
about 6.8 (Fig. 49B), while a second HCO; -dependent mechanism which may be a Na'-
HCO,/CI exchanger, is activated below 7.0 (Fig. 49C). Together, these would
effectively maintain pH; above 7.0. The hypothesis that pH, is maintained within a range
of 7.0-7.3 by the concerted activities of these mechanisms is consistent with the baseline
pH, of about 7.1 measured for cleavage-stage human embryos under the conditions used
here.

In the absence of HCO,/CO,, my data indicate that human embryos would be less
able to regulate pH;. Since defense against alkalosis by HCO,/Cl” exchanger requires
intracellular HCOy', alkalosis could not be opposed in media without HCO,/CO, where
there would be little intracellular HCO,". Acidosis would still be opposed, but only below
about 6.8 where the Na'/H™ antiporter is active (Fig. 49B); the second HCO, -dependent
mechanism which maintains pH; above 7.0 (Fig. 49C) would be inactive since it appears
to require external HCOj;". This has implications for the handling of human embryos in
vitro, which are routinely manipulated in Hepes-buffered media at atmospheric CO, in
vitro. This would be predicted to impair the ability of embryos to maintain pH,, and thus,
media containing HCO,/CO, is preferable.

Dale et al (1998) found that the baseline pH, of human eggs and zygotes was

about 7.4 in HCO,/CO,-buffered medium. This value for eggs is different from the 7.0-
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7.1 which we found here; the reason for this discrepancy is unknown. They probed the
ability of cleavage-stage embryos to recover from an alkalosis produced by exposing
them to pH 8.0 medium (Medium 199) buffered with Hepes at atmospheric CO,.
Although the low CO,, and hence intracellular HCO;', might be expected to reduce HCO,
/CI" exchanger activity, the amount of intracellular HCO,™ remaining under their
conditions (apparently embryos were assessed soon after removal from CO,-buffered
medium) was sufficient to permit HCO;/CIl" exchanger activity. Using this method,
recovery from alkalosis was detected at every stage of embryo development, which is
consistent with my findings. In contrast, Dale et al (1998) did not detect an ability in
human cleavage-stage embryos to recover from acidosis until the blastocyst stage, using a
protocol in which pH, was reduced to about 7.0 by decreasing external pH to the same
level, again in Hepes-buffered medium at atmospheric CO,. This is also consistent with
my findings, which indicated that the Na™/H™ antiporter in human embryos, although it
would be active under their conditions, is quiescent in the absence of HCO;™ until pH;
falls below 6.8 and thus would not have been detected with their protocol. The HCO, -
dependent mechanism described here, however, should have been revealed in
preimplantation embryos following intracellular acidification to pH; 7.0, as the I was able
to detect Na“-dependent, HCO, - recovery of pH, up to pH; 7.2. The use of Hepes-
buffered medium at atmospheric CO, may not have contained sufficient levels of HCO;
to support the Na'- and HCO, -dependent transporter revealed here. No measurements
were performed here on later stage human embryos (morulae and blastocysts) since none
were available at the time this study was done, and thus I can only speculate that a change

in transport kinetics occurs after blastocyst formation, allowing HCO; -independent
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recovery from mild acidosis in blastocysts.

pH; regulation was also examined in a few available human eggs. pH, of GV, MI
and MII eggs was not significantly different from cleavage-stage embryos, with pH;
ranging from 7.0-7.1. All egg stages examined exhibited intracellular alkalinization upon
CI' removal, similar to cleavage-stage embryos although the rate appeared to decreased
from GV to MII (Fig. S0A). The rate of alkalinization in MI eggs appeared to be
reduced by DIDS, which suggests that HCO;/CI" exchanger activity is also present in
eggs. This is in contrast to the recent finding that HCO,/Cl" exchanger activity in the
mouse and hamster is activated upon egg activation or fertilization, with eggs (MII)
having very low or barely detectable HCO,/CI” exchanger activity (Phillips and Baltz,
1999; Lane et al., 1999b). However, the data are consistent with the finding by Dale et al
(1998) that fresh MII eggs recovered from alkalosis and that recovery was inhibited by
DIDS. In contrast, recovery from induced acidosis, measured in the presence of external
HCOy', was barely detectable in MI eggs and did not appear to be Na"-dependent (Fig.
50B). MII eggs exhibited low rates of recovery from acidosis that appeared Na’-
dependent (Fig. 50D), although the recovery appeared to be much slower compared to the
rates measured in cleavage-stage embryos. This is consistent with the recent finding that
Na’/H" antiporter activity is low in unfertilized hamster eggs (MII) and is subsequently
activated upon fertilization (Lane et al., 1999a). Thus, it appears that although human
eggs may regulate pH, against alkalosis, they lack robust pH, regulation in the acid range.

Robust pH, regulation may be particularly important for the developing cleavage-
stage embryo, as the fallopian tube has been reported to be quite alkaline in several

mammalian species (thesus: pH 7.7; Maas et al., 1977, rabbit: pH 7.9; Maas et al., 1987;
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rat: 8.0-8.2; Ben-Yosef et al; 1996; mouse: pH 7.7; Y. Zhao, P.J-P Chauvet and J.M.

Baltz, unpublished). Acid-alleviating systems may also be required by the growing
embryo during this period of development to correct perturbations in pH, due to increased
metabolism and the production of intracellular protons resulting from processes such as
ATP hydrolysis. I have demonstrated that human cleavage-stage embryos correct
deviations in steady-state pH; by HCO,/CI" exchanger activity, Na"/H" antiporter activity
and a Na’", HCO,-dependent system which together maintain embryo pH, between 7.0-
7.3. Thus, cleavage-stage human embryos possess the ability to maintain pH, within a

narrow physiological range, but this ability requires the presence of HCO, and CO,.
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