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Abstract Connexin43 (Cx43) forms gap junctions that

couple the granulosa cells of ovarian follicles. In Cx43

knockout mice, follicle growth is restricted as a result of

impaired granulosa cell proliferation. We have used these

mice to examine the importance of specific Cx43 phos-

phorylation sites in follicle growth. Serines at residues 255,

262, 279, and 282 are MAP kinase substrates that, when

phosphorylated, reduce junctional conductance. Mutant

forms of Cx43 were constructed with these serines replaced

with amino acids that cannot be phosphorylated. These

mutants were transduced into Cx43 knockout ovarian

somatic cells that were combined with wild-type oocytes

and grafted into immunocompromised female mice per-

mitting follicle growth in vivo. Despite residues 255 or 262

being mutated to prevent their being phosphorylated,

recombinant ovaries constructed with these mutants were

able to rescue the null phenotype, restoring complete fol-

liculogenesis. In contrast, Cx43 with serine to alanine

mutations at both residues 279 and 282 or at all four res-

idues failed to rescue folliculogenesis; the mutant mole-

cules were largely confined to intracellular sites, with few

gap junctions. Using an in vitro proliferation assay, we

confirmed a decrease in proliferation of granulosa cells

expressing the double mutant construct. These results

indicate that Cx43 phosphorylation by MAP kinase at

serines 279 and 282 occurs in granulosa cells of early

follicles and that this is involved in regulating follicle

development.

Keywords Cx43 � Folliculogenesis � Granulosa cell �
Oocyte growth � Phosphorylation � Proliferation

Connexin43 (Cx43), the most widely expressed connexin,

is differentially phosphorylated at a dozen or more serine

residues throughout its life cycle (Lampe and Lau 2004;

Solan and Lampe 2009). Protein kinase C (PKC) (Lampe

et al. 2000; Saez et al. 1997), mitogen-activated protein

kinase (MAPK) (Warn-Cramer et al. 1996), AKT (Park

et al. 2007), casein kinase 1 (CK1) (Cooper and Lampe

2002), p34cdc2 (Kanemitsu et al. 1998; Lampe et al. 1998),

SRC (Crow et al. 1990; Swenson et al. 1990) and likely

other kinases can directly phosphorylate Cx43. Kinase

activation can either effect an acute (within minutes)

reduction of channel conductance and/or open probability,

or over a somewhat longer time frame (tens of minutes to

hours) can lead to compromised Cx43 targeting/retention at

gap junctions and in some cases, altered Cx43 gene

expression. Cx43 has an unusually short half-life in cul-

tured cells and tissues (Beardslee et al. 1998; Crow et al.

1990; Laird et al. 1991; Lampe 1994; Musil et al. 1990).

Cx43 turnover appears to be highly regulated with both

MAPK- and PKC-mediated phosphorylation implicated in

keeping Cx43 hemichannels closed (Goodenough and Paul

2003) and enhancing gap junction turnover (Leithe and

Rivedal 2004).

Much of the work exploring the involvement of protein

kinases in regulating gap junction assembly and function

has come from the use of cultured cells, with little attention

to in vivo models. To explore the involvement of Cx43
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C-terminal tail phosphorylation in vivo, we have chosen

the mouse ovarian follicle. In the mouse, Cx43 is expressed

in all stages of follicle development from the primary

through the preovulatory stage where it forms gap junc-

tions connecting granulosa cells (both cumulus and mural)

with each other; another connexin, Cx37, forms gap junc-

tions coupling the cumulus granulosa cells with the

developing oocyte, thus linking the germline and somatic

components of the follicle into a functional syncytium

allowing diffusional transfer of small molecules throughout

(reviewed by Kidder and Vanderhyden 2010). Gene

knockout studies have demonstrated that Cx43 is essential

for follicle growth because in its absence, granulosa cell

proliferation is arrested or impaired, depending on strain

background (Ackert et al. 2001; Tong et al. 2006). Fur-

thermore, oocytes developing within Cx43-deficient folli-

cles fail to grow properly and do not achieve meiotic

competence (Ackert et al. 2001). This dependency of fol-

licle and oocyte growth on Cx43 provides a testing ground

for exploring the importance of C-terminal tail phosphor-

ylation in connexin function.

In the present study, we have exploited the recombinant-

reaggregated ovary technique (Eppig and Wigglesworth

2000) to evaluate the importance of specific Cx43 phos-

phorylation sites in oocyte and follicle growth. Cx43

knockout granulosa cells were transduced with wild-type

Cx43 or Cx43 in which specific serines, known to be

phosphorylated by MAP kinases, had been replaced with

alanine, to prevent phosphorylation, or aspartic acid, to

mimic phosphorylation. The transduced granulosa cells

were then aggregated with wild-type oocytes to form

recombinant ovaries that were grafted under the kidney

capsules of immunocompromised adult females to allow for

in vivo follicle growth; previous work using this technique

had confirmed the ability of transduced wild-type Cx43 to

rescue folliculogenesis when Cx43-deficient granulosa cells

were combined in grafts with wild-type oocytes (Gittens and

Kidder 2005). Using this approach, we were able to identify

serines whose phosphorylation is involved in regulating

Cx43 function in support of oocyte and follicle growth.

Materials and Methods

Ovary Collection

Ovaries lacking Cx43 were obtained from matings of het-

erozygous (Gja1?/Gja1-) C57BL/6 male and female

mice. Immunocompromised adult SCID females (CB17/

IcrPrkdcscid/IcrIcoCrl, originally obtained from Charles

River, St-Constant, QC and maintained in the barrier

facility of the Robarts Research Institute at the University

of Western Ontario) were used as graft recipients. Fetuses

were obtained from pregnant dams at day 17.5–18.5 of

gestation after CO2 anesthesia and cervical dislocation.

Fetuses were removed from the uteri and decapitated. A

tail snip was collected from each female fetus for geno-

typing. Ovaries were removed and cleaned of surrounding

tissue, then cultured on a 3-lm membrane cell culture

insert (VWR USA, Radnor, PA) for 8–10 h in Waymouth

MB 752/1 medium (Invitrogen Canada, Burlington, ON)

supplemented with 10 % fetal bovine serum and

1 9 antibiotic/antimycotic (both from Invitrogen) while

the fetuses were genotyped.

Genotyping

The polymerase chain reaction (PCR) was applied to pro-

teinase K-digested tail snips to determine the genotypes of

the fetal ovary donors. PCR was carried out utilizing two

separate reactions that shared a downstream primer

(50-ACTTTTGCCGCCTAGCTATCCC-30) specific for a

part of the Cx43 C-terminal coding region which is retained

in the null allele; see Reaume et al. (1995). To detect the

presence of the wild-type Gja1 allele, an upstream primer

(50-CCCCACTCTCACCTATGTCTCC-30) was used in

conjunction with the downstream primer whereas to detect

the null allele, an upstream primer located in the neo cassette

(50-GCTTGCCGAATATCATGGTGGA-30) was used with

the downstream primer. One microliter of the diluted

digestions were used per PCR. PCR was carried out using a

‘‘touch down’’ (65–58 �C) protocol for a total of 40 cycles.

PCR products were visualized on a 1 % agarose gel con-

taining ethidium bromide and documented using a Bio-Rad

imaging system and Quantity One software (Bio-Rad USA,

Hercules, CA).

Retroviral Vector Construction

Cloned cDNAs encoding Cx43 with C-terminal mutations

at various serine residues were constructed as described

(Solan et al. 2007). Serine-to-alanine and serine-to-aspartate

mutations were made using the GeneTailor (Invitrogen) or

In-Fusion (Clontech Laboratories, Inc. Mountain View,

CA) site-directed mutagenesis system applied to full-length

Cx43 cDNA that had been cloned into the mammalian

expression vector pIREShyg (Clonetech). The mutant

cDNAs were inserted into the AP2 retroviral vector that

contains an internal ribosomal entry site (IRES) that per-

mits independent translation of the connexin and enhanced

green fluorescent protein (EGFP; see Tong et al. 2007 for

vector design). Vector lacking connexin cDNA served as

negative control and vector encoding wild-type Cx43

served as positive control. The vector was packaged using

293 GPG packaging cells to produce active virus which

was concentrated using Amicon Ultra Centrifugal Filter
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Devices (Millipore USA, Billerica, MA) according to the

manufacturer’s protocol.

Construction of Chimeric Ovaries

Chimeric ovaries combining wild-type oocytes with Cx43-

deficient (Gja1-/-), retrovirally transduced ovarian

somatic cells were constructed essentially as described by

Gittens and Kidder (2005) with minor modifications.

Ovaries were grouped on the basis of genotype (four to six

per group), washed briefly in HBSS (Invitrogen) supple-

mented with 1 mg/ml bovine serum albumin (BSA; Sigma,

Oakville, ON), and dissociated in trypsin-EDTA (0.05 %

trypsin, 0.53 mM EDTA, Invitrogen) for 45 min (Eppig

and Wigglesworth 2000). The dissociated cells were plated

in TCM199 (Invitrogen) supplemented with 10 % fetal

bovine serum (M199-FBS) and antibiotic-antimycotic

(Invitrogen) on cell culture-treated 3.5 cm dishes (Falcon)

or glass coverslips and cultured overnight at 37 �C in 5 %

CO2/5 % O2/90 % N2. After removal of the oocytes, the

remaining somatic cells were infected for 48 h with one of

the retroviral expression vectors. To prepare reaggregated

ovaries, oocytes obtained from wild-type ovaries were

washed with M199-FBS and placed in a 15-ml conical

tube. The retrovirally transduced somatic cells were tryp-

sinized, washed with M199-FBS, and pelleted by centri-

fuging at 5009g for 5 min. The pelleted cells were then

resuspended in 500 ll M199-FBS and added to the washed

oocytes at an equal ratio (e.g., wild-type oocytes from four

ovaries were combined with the somatic cell pellet from

four Cx43-deficient ovaries) along with 7 ll/ml phyto-

hemagglutinin (0.05 %, Sigma) in a 1.5-ml tube, followed

by pelleting at 500 x g for 5 min. The pellets were carefully

dislodged from the tubes and cultured overnight on 3 lm

cell culture inserts at 37 �C in 5 % CO2 in air. The reag-

gregated ovaries were transplanted under the kidney cap-

sules of ovariectomized SCID mice (one graft per mouse)

and incubated 21–28 days as described previously (Gittens

and Kidder 2005; Tong et al. 2007).

Histology

Reaggregated ovaries were recovered from the host kid-

neys and fixed in Bouin solution, then embedded in paraffin

and sectioned at 6 lm onto Superfrost Plus slides (Fisher

Canada, Ottawa, ON). The slides were dried, deparaffi-

nized and stained with hematoxylin and eosin using a

standard protocol. Measurements of oocyte diameters were

taken using an Olympus inverted microscope and Open

Lab software (Leica Microsystems Canada, Concord, ON).

Three sections were analyzed from each of at least three

recombinant ovary grafts.

Immunolocalization of Total and pS279/282 Cx43

in Natural Ovaries

Ovaries from 3 to 4 week old female C57BL/6 mice were

placed into cryomolds containing O.C.T. (Tissue Tek), and

were frozen on an aluminum block cooled in liquid nitro-

gen. Eight- to 10-lm-thick sections were cut and left at

room temperature to dry 24–48 h before fixing. Sections

were fixed in chilled 50:50 methanol/acetone at 4 �C for

10–15 min then dried for 5 min or less. Sections were

rinsed twice with 1 9 PBS to remove excess OCT and

blocked in 1 % BSA in PBS with 5 % normal goat serum

(Sigma) for 30 min. Sections were outlined with a PAP pen

to minimize the volume of blocking buffer and antibody

needed. They were treated for 1 h at room temperature

with two primary antibodies: 1 lg/ml CT1 anti-Cx43

(Sosinsky et al. 2007) and 1:5,000 anti-phospho-S279/282

Cx43 prepared at the Fred Hutchinson Cancer Research

Center against peptide S279/282 (CAPL(pS)PM(pS)

PPGY-amide (Solan and Lampe 2008). Secondary anti-

body treatment was also carried out for 1 h at room tem-

perature using Alexafluor 488-conjugated goat anti-mouse

and Alexafluor 546-conjugated goat anti-rabbit, both from

Invitrogen. Nuclei were labeled with DAPI (300 nM,

Invitrogen). Sections were imaged using a Nikon E400

epifluorescence microscope with a Nikon DS-Qi1Mc

camera.

Immunolocalization of Total Cx43 in Recombinant

Ovaries

Grafts were recovered into TCM-FBS and follicles were

liberated using 25 gauge needles. The follicles were plated

on glass coverslips and cultured 24 to 48 h at 37 �C in

M199-FBS in 5 % CO2/5 % O2/90 % N2. The cells were

washed with PBS, fixed with 4 % paraformaldehyde (PFA)

for 20 min then blocked in PBS containing 5 % BSA

(PBS-BSA) for 1 h at room temperature before immu-

nolabeling with Cx43 primary antibody (Sigma cat. no.

C6219; 1/5,000 in PBS-BSA) overnight at 4 �C. Excess

primary antibody was removed by washing three times

with PBS-BSA before the secondary (goat anti-rabbit

Alexafluor 488, 1/1,000, Invitrogen) was added for 1 h at

room temperature. Secondary antibody was removed by

washing three times in PBS-BSA, then the nuclei were

labelled with Hoechst 33342 (1 lg/ml in PBS) for 8 min at

room temperature. A final PBS wash was performed before

the coverslips were mounted on slides with Airvol. The

cells were imaged using a Zeiss LSM 510 META confocal

microscope and ZEN imaging software (Carl Zeiss Canada,

Toronto, ON).
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Cell Proliferation Assay

Cx43-deficient ovarian somatic cells, devoid of oocytes,

were plated directly onto 13 mm Thermanox plastic cov-

erslips (VWR Canada, Mississauga, ON). The Click-iT

EdU Imaging Kit (Invitrogen) was used to measure cell

proliferation. After 48-h viral vector infection, cells were

cultured with 10 lM EdU (5-ethynyl-20-deoxyuridine) for

12 h then fixed in 4 % PFA for 20 min. The fixative was

washed off using PBS containing 3 % BSA (PBS-BSA)

and then the cells were incubated for 20 min with 0.5 %

Triton X-100, washed once with PBS-BSA and incubated

30 min with the Click-iT reaction cocktail followed by

washing with PBS-BSA. Nuclei were labelled using the

Hoechst dye provided in the kit and according to the

manufacturer’s protocol. The coverslips were mounted

onto slides using Airvol and documented using a fluores-

cence photomicroscope (Leica Microsystems Canada,

Concord, ON). The ratio of EdU positive cells to total cells

was determined by counting five fields per coverslip and

each experiment was conducted three times.

Statistical Analyses

Statistical analysis of follicle stage distributions was per-

formed using a chi-square test and analysis of oocyte size

and granulosa cell proliferation rate data was conducted by

one way ANOVA followed by Tukey’s post test using

GraphPad Prism software (La Jolla, CA). Results were

considered significant if P \ 0.05.

Results

Specific Serines in the C-terminal Tail of Cx43 Are

Phosphorylated during Follicle Growth

Cx43 phosphorylated at serines 279/282 is located pri-

marily at perinuclear sites in small primary and secondary

follicles (top left and bottom right, respectively, of

Fig. 1a), overlapping to some extent with total Cx43

(arrowheads). In larger follicles (Fig. 1c), there is increased

expression of total Cx43 in plaque-like structures at cell

borders (arrows) but reduced expression of Cx43 phos-

phorylated at serines 279/282, some of which continues to

exhibit perinuclear colocalization with Cx43 (arrowhead).

This difference in level and localization of Cx43 phos-

phorylated at serines 279/282 in different follicle stages is

clearer when its immunostaining is shown alone (Fig. 1b,

d). We conclude that the relative level of Cx43 phos-

phorylated at serines 279 and 282 is higher in earlier fol-

licle stages where there are fewer gap junctions.

Mutation of Phosphorylation Sites S279 and S282

Abrogates the Ability of Cx43 to Rescue

Folliculogenesis in Cx43-deficient Ovaries

To confirm that the recombinant reaggregated ovary sys-

tem can be used to identify follicle growth differences in

the presence or absence of Cx43, reaggregated ovaries

were constructed with wild-type oocytes combined with

Cx43-deficient somatic cells that had been transduced with

either wild-type Cx43 or the empty vector control con-

struct. These were transplanted under the kidney capsules

of ovariectomized immunodeficient adult females and

allowed to develop for 21–25 days. Ovaries containing

Cx43-deficient somatic cells transduced with wild-type

Cx43 produced follicles representing all stages of devel-

opment, from primary to late antral (Fig. 2a, Table 1)

demonstrating the ability of the transduced connexin to

rescue the Cx43-deficient follicles from growth arrest.

Conversely, in ovaries made with Cx43-deficient somatic

cells transduced with the empty vector control, only pri-

mary stage follicles were observed (Fig. 2b). To confirm

that the rescue of folliculogenesis after transduction with

wild-type Cx43 did not result from contamination with

wild-type granulosa cells, follicles were recovered from the

grafts and immunostained for Cx43. Follicles derived from

Cx43-transduced somatic cells (Fig. 2c) showed typical

punctate immunostaining between granulosa cells whereas

follicles derived from empty vector-transduced somatic

cells did not show any Cx43 immunofluorescence

(Fig. 2d). These results confirmed the validity of the

recombinant-reaggregated ovary system for testing the

ability of phosphorylation site mutants to support oocyte

and follicle growth.

The first mutant phosphorylation site construct tested

contained all four MAPK sites in the C-terminal tail (S255,

S262, S279, and S282) mutated from serine to alanine.

When this construct was used to transduce Cx43-deficient

somatic cells for recombinant ovary construction, the

resulting follicles were restricted to a single layer of

granulosa cells, similar to the results seen in the empty

vector controls (Fig. 3a, Table 1). Likewise, mutating both

serine 279 and serine 282 to alanine resulted in the majority

of follicles remaining restricted to the primary stage with

only a few reaching the two layer early secondary stage

(Fig. 3b, Table 1). We then tested individual sites for their

ability to rescue folliculogenesis. When the transduced

connexin contained a single serine to alanine mutation at

residue 255, folliculogenesis proceeded to the antral stage

suggesting phosphorylation of that residue is not critical in

this context (Fig. 3c). When the same serine was mutated

to aspartic acid (S255D), the same result was seen

(Fig. 3d). Likewise, the S262D mutation supported folli-

culogenesis to the antral stage, rescuing the null mutant
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phenotype (Fig. 3e, Table 1). Thus, phosphorylation at

neither the S255 nor the S262 site is critical for folliculo-

genesis. Furthermore, the follicle stage distributions in the

mutant-expressing recombinant grafts that exhibited

limited follicle growth were significantly different from the

distribution in grafts expressing wild-type Cx43.

The localization of Cx43 within the recovered follicles was

examined to determine if the phosphorylation mutants had an

Fig. 1 Cx43 in primary ovarian follicles is mainly perinuclear and

phosphorylated at S279/282, whereas secondary follicles show more

junctional staining. a A primary follicle (upper left) and a small

secondary follicle (lower right) show perinuclear and junctional

localization of total Cx43 (green) and predominantly perinuclear

localization of Cx43 phosphorylated at S279/282 (red). Inset,
magnified view of the colocalization of total Cx43 and Cx43

phosphorylated at S279/282, indicated by arrowheads. b A single

channel image of the field in (a) shows more clearly the perinuclear

localization of Cx43 phosphorylated at S279/282. c In a larger

secondary follicle, a greater proportion of total Cx43 is in junctional

plaques and less is perinuclear. The magnified inset shows an example

of total Cx43 in plaques at a cell–cell interface arrows and

colocalization of total Cx43 with Cx43 phosphorylated at S279/282

(arrowhead). d A single channel image of the field in (c) reveals that

there is less perinuclear localization of Cx43 phosphorylated at S279/

282 and an overall lower level of immunostaining, presumably

reflecting a reduced level of phosphorylation. O, oocyte. Scale

bars = c 10 lm; d 20 lm
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effect on gap junction plaque formation within the grafted

recombinants. Plaques containing Cx43 were found at the

junctional membranes of some granulosa cells in all groups

tested, although follicles from reaggregated ovaries expressing

the quadruple mutant (S255A ? S262A ? S279A ? S282A)

exhibited few gap junction plaques and more intracellular

Cx43 (Fig. 4a). Similarly, follicles expressing the double

mutant (S279A ? S282A), while having more membrane

plaques than ovaries constructed with the quadruple mutant,

also exhibited cytoplasmic immunostaining (Fig. 4b). In

contrast, typical punctate membrane immunostaining and

little cytoplasmic immunostaining was observed in reag-

gregated ovaries expressing the single mutants S255A,

S255D, and S262D that supported folliculogenesis (Fig. 4c–e).

Oocyte Growth Is Retarded in Reaggregated Ovaries

Where Follicle Growth Is Impaired

In order to determine if the inability to phosphorylate the

selected MAPK sites in Cx43 had an effect on oocyte

growth, oocyte diameters were measured (Table 2). Ovaries

constructed of wild-type oocytes and Cx43-deficient somatic

cells transduced with wild-type Cx43 had a mean oocyte

diameter of 61.34 ± 1.47 lm (Fig. 5). This was signi-

ficantly (P \ 0.01) greater than the mean diameter

(35.47 ± 1.12 lm) of oocytes obtained from reaggregated

ovaries constructed with wild-type oocytes and empty

vector-transduced somatic cells. Likewise, the follicles of

reaggregated ovaries expressing the quadruple mutant con-

tained oocytes that were significantly smaller (at 47.05 ±

1.63 lm mean diameter) than those expressing wild-type

Cx43 (P \ 0.001); however, they were significantly larger

than the oocytes in the empty vector control ovaries

(P \ 0.01) The single mutation S255A resulted in oocytes

whose mean diameter (60.43 ± 1.69 lm) was not signifi-

cantly different from that of follicles transduced with wild-

type Cx43. Similarly, oocytes averaged 60.96 ± 1.22 lm

and 62.11 ± 1.18 lm in diameter when combined with

somatic cells expressing the S255D and S262D mutants,

respectively, neither of which was significantly different

from oocytes combined with wild-type Cx43-transduced

somatic cells. Oocytes within follicles transduced with the

double mutant S279A and S282A were significantly

(P \ 0.01) smaller (at 43.99 ± 1.64 lm) than those in fol-

licles expressing wild-type Cx43 indicating that the ability to

phosphorylate one or both of those sites is essential for

oocyte growth (Fig. 5).

Inability to Phosphorylate S279 and S282 Restricts

Proliferation of Granulosa Cells In Vitro

The inability of the transduced S279A/S282A double

mutant construct to rescue folliculogenesis in Cx43-defi-

cient reaggregated ovaries suggested failure of the mutant

Fig. 2 Folliculogenesis can be

rescued by the transduction of

wild-type Cx43 into Cx43-

deficient ovarian somatic cells

and aggregation with wild-type

oocytes. a Section of a grafted

recombinant ovary made with

wild-type Cx43-transduced

somatic cells. A full range of

follicle stages is present in the

ovary. b Section of a grafted

recombinant ovary made with

somatic cells transduced with

the empty vector. Follicle

development was limited to the

primary and early secondary

stages in these ovaries.

c Immunofluorescence revealed

robust Cx43 expression in gap

junction plaques in the cumulus

cells of recombinant ovaries

made with wild-type Cx43-

transduced somatic cells.

d Cx43 was undetectable in

recombinant ovaries made with

somatic cells transduced with

the empty vector. O, oocyte.

Scale bars = a, b 50 lm; c,

d 10 lm
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Table 1 Distribution of follicle classes in recombinant ovaries

Transduced connexin No. of ovary

grafts

No. of follicles

analyzed

Follicles at stage, n (%)

Primary

(1 layer)

Early secondary

(B2 layers)

Secondary

([2 layers)

Tertiary

(antral)

None 3 54 54 (100) 0 0 0

Wild type 4 53 12 (22.6) 10 (18.9) 13 (24.5) 18 (34.0)

S255A ? S262A ? S279A ? S282A 3 69 69 (100) 0 0 0

S279A ? S282A 3 52 47 (90.4) 5 (9.6) 0 0

S255A 3 41 16 (39.0) 7 (17.1) 5 (12.2) 13 (31.7)

S255D 4 69 39 (56.5) 9 (13.0) 12 (17.4) 9 (13.0)

S262D 3 46 17 (36.9) 14 (30.4) 5 (10.9) 10 (21.7)

Fig. 3 Folliculogenesis is impaired in recombinant ovaries con-

structed with somatic cells expressing Cx43 with 2 or more MAPK

site mutations. a In ovaries constructed with somatic cells expressing

the quadruple mutant S255A ? S262A ? S279A ? S282A, follicu-

logenesis was restricted to the primary stage. b When constructed

with somatic cells expressing the double mutant S279A ? S282A,

ovaries were devoid of follicles beyond the primary/early secondary

stage. c–e In ovaries constructed with somatic cells expressing the

single MAPK site mutations S255A (c), S255D (d), or S262D (e),

folliculogenesis reached the antral stage. Scale bars = 50 lm
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to support granulosa cell proliferation. To test this

hypothesis directly, we infected Cx43-deficient ovarian

somatic cells with the various wild-type and mutant vector

constructs and after 48 h, added EdU and allowed the cells

to incorporate this fluorescent nucleoside analog for a

further 12 h in vitro. Cx43-deficient cells transduced with

the quadruple mutant proliferated at a significantly lower

rate (8.02 ± 0.35 %; P \ 0.05) when compared with cells

Fig. 4 Immunofluorescence analysis reveals altered Cx43 subcellular

distribution in granulosa cells expressing mutants with two or more

MAPK site mutations. a Ovaries made with somatic cells expressing

the quadruple mutation S255A ? S262A ? S279A ? S282A exhib-

ited few membrane plaques in the granulosa cells but ample

intracellular staining. b Intracellular Cx43 immunostaining was also

present in follicles expressing the double mutant S279A ? S282A,

but membrane plaques were more numerous than with the quadruple

mutant. c–f Granulosa cells in recombinant ovaries expressing the

single mutations S255A (c), S255D (d), and S262D (e) all displayed

numerous membrane plaques with little intracellular immunoreactiv-

ity as in ovaries made with somatic cells expressing wild-type Cx43

(f). Scale bars = 10 lm

298 P. W. Dyce et al.: Phosphorylation of Serine Residues

123



expressing wild-type Cx43 (20.29 ± 2.38 %); indeed, the

quadruple mutant construct was not significantly better

than the empty vector, which supported a proliferation rate

of only 5.74 ± 0.84 % (Fig. 6). Similar results were seen

with the S279A/S282A double mutant-transduced ovarian

somatic cells: the proliferation rate was significantly lower

(4.49 ± 0.30 %) when compared to the wild-type Cx43-

transduced cells (Fig. 6, P \ 0.01) and not significantly

different from the empty vector control. The single mutants

supporting rescue of folliculogenesis were not significantly

different from wild-type Cx43 with S255D proliferating at

24.34 ± 2.82 %, S255A at 28.46 ± 3.70 %, and S262D at

22.07 ± 2.16 %, indicating that the inability of the double

and quadruple mutants to rescue folliculogenesis in Cx43-

deficient reaggregated ovaries results from diminished

granulosa cell proliferation.

Discussion

During the development of ovarian follicles, Cx43

expression in granulosa cells is required for both follicle

and oocyte growth (Kidder and Vanderhyden 2010). The

results of this study allowed us to conclude that phos-

phorylation of serine residues in the C-terminal cytoplas-

mic tail of Cx43, known to be targets for MAP kinases,

occurs in the early stages of folliculogenesis and is

involved in regulating granulosa cell proliferation. To our

knowledge, this is the first demonstration that phosphory-

lation of specific Cx43 serines plays a role in cell prolif-

eration in vivo. Previous work had demonstrated that

phosphorylation of Cx43 in mature, preovulatory follicles

by MAP kinases occurs in response to luteinizing hormone

(LH) (Sela-Abramovich et al. 2005, 2008). LH treatment

results in phosphorylation of Cx43 at S255, S262, S279,

and S282 (Norris et al. 2008), causing the attenuation of

gap junctional communication among the cumulus cells

that triggers oocyte maturation. The present work extends

to earlier stages of folliculogenesis the importance of MAP

kinases in the life cycle of ovarian follicles.

The majority of connexin proteins have been shown to be

phosphorylated, with most of the phosphorylated residues

residing in the cytoplasmic C-terminal tail (reviewed by

Lampe and Lau 2000). However, given that not all con-

nexins have a C-terminal tail long enough to include those

sites and that truncated forms of Cx43 lacking the C-ter-

minal tail are still capable of forming functional gap junc-

tions (Maass et al. 2007), it is clear that phosphorylation of

Table 2 Oocyte diameters (microns) in recombinant ovaries

Transduced connexin Total

oocytes

analyzed

Mean ± SEM

None 44 35.47 ± 1.12

Wild type 28 61.34 ± 1.47

S255A ? S262A ? S279A ? S282A 42 47.05 ± 1.63

S279A ? S282A 52 43.99 ± 1.64

S255A 28 60.43 ± 1.69

S255D 44 60.96 ± 1.22

S262D 26 62.11 ± 1.18

Fig. 5 Oocyte growth was diminished in recombinant follicles that

failed to develop beyond the early secondary stage. Oocyte diameters

were measured in follicles constructed from ovarian somatic cells

transduced with (left to right) wild-type Cx43, empty vector, the

quadruple mutant S255A ? S262A ? S279A ? S282A, the double

mutant S279A ? S282A, S255D, S255A, and S262D. The number of

oocytes measured for each experimental group is shown in parenthe-

ses. Mean diameters with different letters above them differ

significantly (P \ 0.05)

Fig. 6 Failure of recombinant follicles to develop beyond the early

secondary stage is due at least in part to reduced granulosa cell

proliferation. A 12-h in vitro EdU incorporation assay was used to

measure proliferation of Cx43-deficient granulosa cells transduced

with (left to right) wild-type Cx43, empty vector, the quadruple

mutant S255A ? S262A ? S279A ? S282A, the double mutant

S279A ? S282A, S255D, S255A, and S262D. Mean EdU incorpo-

ration frequencies with different letters above them differ signifi-

cantly (P \ 0.05)
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the C-terminal tail is not required for the establishment of

intercellular coupling. It has been clear for some time,

however, that C-terminal phosphorylation of Cx43 is

involved in the regulation of gap junctional communication.

For example, S255, S279 and S282 are phosphorylated

directly by activated MAPK in EGF-treated cells with

phosphorylation of one or both of the S279/S282 sites being

adequate to disrupt gap junctional communication (Warn-

Cramer et al. 1998). It was further reported in that study that

mutating S255, S279, and S282 to alanine abolished the

ability of EGF to disrupt communication. In addition to

channel activity, EGF treatment leads to internalization of

Cx43 (Leithe and Rivedal 2004), potentially in a direct

manner through phosphorylation of Cx43 at serines 279 and

282 (Leykauf et al. 2003).

In the present work, Cx43 in primary and early sec-

ondary follicles, in contrast to that of more advanced fol-

licles, was found to be predominately intracellular and

relatively highly phosphorylated at serines 279 and 282.

This is similar to the situation in cells undergoing mitosis,

where Cx43 is redistributed to an intracellular location in

association with an increase in its phosphorylation (Boassa

et al. 2010). Possibly, phosphorylation at serines 279 and

282 in granulosa cells limits the amount of Cx43 within

gap junctions and/or decreases the level of gap junctional

communication, thereby allowing their entry into M phase.

Our results are consistent with the work of Maass et al.

(2004) who found that surviving knock-in female mice

homozygous for a truncation mutant of Cx43

(Cx43K258stop), one that lacks most of the C-terminal

cytoplasmic tail, are infertile as a result of impaired folli-

culogenesis. The mice analyzed in that study lacked three

of the four serines (S262, S279 and S282) that, when col-

lectively mutated to alanine in our study, failed to support

folliculogenesis. However, our results must also be con-

sidered in the context of the preliminary (unpublished)

finding that female knock-in mice homozygous for the

same quadruple mutant used in the present study can pro-

duce apparently healthy litters. An analysis of follicle

growth, ovulation rate, and litter size in those mice has not

yet been carried out to determine if they may in fact be

subfertile as recently determined in the case of apparently

fertile females carrying the dominant loss-of-function

G60S substitution in Cx43 (Tong et al. 2009). One possible

reason for the apparent discrepancy with the present results

is a difference in strain background. It is known that the

importance of Cx43-mediated intercellular communication

for folliculogenesis in mice is influenced by genetic

background: the Gja1 null mutation in the homozygous

state causes follicle development to arrest in the primary

stage on the C57BL/6 background (Ackert et al. 2001)

whereas some follicles can develop into antral stages when

the same mutation is crossed into the CD1 background

(Tong et al. 2006). The quadruple mutant mice have to this

point been maintained on a mixed C57BL/6 9 129S6SvEV

genetic background, and thus, their continued fertility

could be explained by strain-specific genetic modifiers that

do not come into play in recombinant ovaries when both

oocytes and ovarian somatic cells are of the inbred C57BL/

6 strain.

In conclusion, the results presented here add yet another

level of regulation- that by MAP kinases acting on Cx43-

to the list of factors regulating the early stages of follicu-

logenesis and oocyte growth, raising the possibility that

interference with that regulation may contribute to female

infertility.
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