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Abstract
Purpose Gap junctions and transzonal projections play a crucial role in intercellular communication between different follicular
components and are necessary for follicle development. We aimed to demonstrate gap junction protein connexin 43 (Cx43) and
transzonal projections (TZPs) in viable, category 1, isolated bovine pre-antral follicles (PAFs) during short-term culture and after
vitrification and warming.
Methods This study involved four experimental groups: fresh control, 2-day culture, 4-day culture, and vitrified secondary
PAFs. Isolated PAFs were vitrified using a simple and efficient cryopreservation method by means of mini cell strainers.
Results Cx43 and TZPs were detected in pre-antral follicles of all stages, as well as in every experimental group. The group fresh
follicles showed a higher percentage of follicles that were positive for Cx43 (91.7%) than the follicles that were vitrified (77.4%).
All follicles that were cultured for 2 days were Cx43-positive (100%). Follicles cultured for 4 days (65.8%) (P = 0.002) showed
the lowest percentage of follicles that were Cx43-positive. The percentages of the presence or (partial) absence of the TZP
network were shown to be very heterogeneous between follicles in different treatment groups.
Conclusions These results suggest the maintenance of communication between the oocyte and the somatic companion cells after
vitrification and warming. The varying percentages of the expression of the TZP network within groups suggests that it will be of
interest to investigate whether this is truly due to variability in TZP integrity and follicle quality or due tomethodological limitations.
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Introduction

It has been estimated that the number of cancer survivors
diagnosed during childhood and adolescence in Europe is be-
tween 300 and 500,000, with approximately one in every 640
young adults being a survivor of childhood cancer [1].

Although surviving remains the main objective, quality of life
in the increasing population of young female survivors has
become an equally important consideration. To varying de-
grees, these former patients experience a wide range of long-
term adverse health effects [2]. Chemo- and radiotherapy of-
ten damage ovarian tissue [3, 4] which might render patients
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infertile. A Childhood Cancer Survivor Study showed that,
compared to their siblings, the relative risk for survivors of ever
being pregnant following radiotherapy with 5–10 Gy is 0.56,
with a decrease to 0.18 when more than 10 Gy is used to a
radiation field including the ovaries [5]. As a consequence, the
interest in fertility preservation (FP) strategies in women has
been sparked to the extent that it has now become a key medical
subdiscipline [6]. Prior to cancer therapy, current fertility-
preserving options for women include oocyte and embryo cryo-
preservation. However, for prepubertal girls and women that
cannot delay the start of chemotherapy, ovarian tissue cryopres-
ervation (OTC) is offered as an experimental option [7] (while
the experimental status of OTC is still under debate [8–11]).
While more than 130 births have already been reported world-
wide [12, 13], this technique is not advisable for patients with
certain types of cancer with medium-to-high risk of ovarian
metastasis, such as leukemia, as there is a considerable risk of
reintroducing malignant cells contained in the cryopreserved
tissue following autotransplantation [14, 15]. For these patients,
a safer alternative to allow fertility restoration could be the iso-
lation, cryopreservation, and reintroduction of pre-antral folli-
cles or pre-antral follicles (PAFs) in remaining ovarian tissue “in
situ” following chemo- or radiotherapy. In addition, it is expect-
ed that effective means of avoiding reseeding of malignant cells
with ovarian grafts, such as an artificial ovary and an in vitro
culture system for primordial follicles, will become available in
the near future [16–21]. Thus far, individual follicle cryopreser-
vation techniques are labor-intensive and time-consuming, and a
substantial proportion of isolated follicles is lost during handling
and after warming [22]. A vitrification protocol, successfully
used for non-embedded isolated PAFs, resulted in higher effi-
ciency, but lower viability when PAFs were vitrified encapsu-
lated in alginate beads [23]. A recent meta-analysis comparing
vitrification and slow freezing suggests that vitrification is the
best strategy for oocyte cryopreservation in terms of clinical
outcomes [24]. However, cell vitrification bares the risk of cell
damage, while cell-cell connections are crucial for subsequent
follicle survival and developmental capacity [25–27]. Therefore,
the possible effects of follicle vitrification on cell-cell contacts
need to be thoroughly investigated. Firstly, cell-cell interactions
need to be morphologically visualized before and after vitrifica-
tion [28]. The presence of transzonal projections (TZPs) and gap
junctions are predicted to be good biomarkers of follicle health,
because they are necessary for bidirectional communication be-
tween the oocyte and granulosa cells. TZPs extend through the
glycoprotein-rich zona pellucida and connect via gap junctions
on the oocyte membrane [29–32]. Starting in the primordial
follicle stage, TZPs form initial, simple cell-cell gap junctions
that are continuously remodeled and elongated during the for-
mation of the zona pellucida and de course of oocyte growth
[29]. In humans [33] and bovines [34, 35], the zona pellucida
starts to develop from the secondary follicle stage onwards.
TZPs are essential for the bidirectional transport of molecules

such as sugars, amino acids, and nucleotides [36–38], which are
essential for oocyte growth. Gap junctions are intercellular
membrane channels directly connecting the cytoplasm of adja-
cent cells, thus allowing the exchange of ions, second messen-
gers, and small metabolites [39]. They play a crucial role in
intercellular communication between different follicular compo-
nents [40]. A single gap junction channel is composed of two
hemichannels (connexins), each of which is composed of six
protein subunits called connexins. Among gap junction proteins
identified in ovarian follicular cells, two connexins (Cx, Cx37
and Cx43) seem to be critical at each step of normal
folliculogenesis [41]. Investigating Cx expression in the bovine
ovary, Nuttinck et al. [42] found that Cx43 expression was
restricted to granulosa cells, while Cx37 staining was observed
in both the oocyte and granulosa cell compartments.
Vitrification of follicles can lead to cryoinjuries, resulting in
the loss of membrane proteins, such as Cx37 and Cx43 [43].

TZPs are composed of F-actin and microtubules [32, 38,
44], which are very sensitive to changes in temperature and
sheer stress and, as a consequence, vulnerable during cryo-
preservation [45]. To date, the literature on the visualization
of cell-cell connections such as Cxs and TZPs in isolated
PAFs is very scarce. In addition, to the best of our knowledge,
the influence of vitrification on the preservation of cell-cell
connections in isolated PAFs has never been investigated.
Recently, there has been an increasing interest for bovine
in vitro models in human studies on assisted reproductive
techniques (ARTs) and FP, as reviewed by Langbeen et al.
[46]. It is well established that a number of similarities exist
between bovine and human species with regard to ovarian
morphology and function, and that the bovine species could
serve as an effective model for human follicular dynamics [47,
48].Moreover, the easy access to slaughterhouse ovaries guar-
antees unrestricted availability of study specimens such as
PAFs [46]. Because of the importance of the presence of intact
cell-cell contacts for further development of PAFs after
warming and the possible advantages of vitrification of
PAFs, the current study aimed to (1) visualize Cx43 and
TZPs using immunohistochemical methods in follicles upon
isolation and in follicles that were cultured in vitro for 2 and
4 days, respectively; and (2) assess the presence of Cx43 and
TZPs in isolated PAFs following vitrification and warming, as
a prerequisite for future follicle developmental capacity.

Materials and methods

Collection of ovaries, ovarian follicle isolation, and
culture

As described earlier [49], adult bovine ovaries were collected
upon slaughter and transported in warm physiologic saline
(0.9% NaCl, Braun) to the laboratory within 3 h at 25 °C.



The procedure to isolate the follicles from the ovaries was car-
ried out 36 times. For each isolation procedure, follicles were
derived from 10 ovaries that originated from 10 different cows.
Follicle isolation was carried out on all 10 ovaries together.
Two isolation procedures were performed subsequently on dif-
ferent ovaries, from the same slaughterhouse batch. No separate
follicle isolations were performed for each separate ovary. As a
consequence, there is no specific information on which follicle
originated fromwhich ovary. Following removal of the adnexa,
the ovaries were washed in a warm (38.5 °C) physiological
solution supplemented with kanamycin (0.25%) and rinsed in
alcohol (70%). Active ovaries were selected, free of abundant
antral follicles, corpora lutea, or scar tissues. The ovarian cortex
was cut into pieces of approximately 1 mm3, using a scalpel.
The pieces of ovarian cortex were transferred to isolation me-
dium:M199; supplemented with HEPES (0.04M), gentamycin
(50 μL/mL), bovine serum albumin (10 mg/mL), and polyvi-
nylpyrrolidone (4 mg/mL); and filtered through a 0.2-μm filter.
Ovarian cortex tissue was mixed and dispersed using an Ultra
Turrax T18 Basic device (IKA®, VWR, Leuven, Belgium)
with a medium-sized plastic dispersing tool (IKA®, S18D-
14G-KS) for 2 min and with a smaller size (IKA®, S18D-
10G-KS) for 1 min. The resulting follicle suspension was sub-
sequently filtered through a 100-μm and a 70-μm filter (BD
Falcon®, Corning, NY, USA) and a 20-μm nylon filter
(Millipore®, Cork, Ireland). Early PAFs were recovered from
the 20-μm mesh filter by rinsing with isolation medium.
Follicles were visualized using standard inverted light micros-
copy (Olympus, Aartselaar, Belgium). Primary PAFs with an
oocyte surrounded by one layer of cuboidal granulosa cells and
intact basal membrane were selected on day 0 [50]. They were
individually transferred and cultured in 70 μL culture medium
in 96-well plates (Greiner Bio-One, Germany) at 38.5 °C and
5% CO2. The culture medium consisted of equal parts DMEM
and Ham’s F12 nutrient supplemented with penicillin G
(240 U/mL) and streptomycin (240 μg/mL), fungizone (5 μg/
mL), fetal calf serum (2.3(v/v)%) and newborn calf serum
(2.3(v/v)%), bovine serum albumin (0.75(w/v)%), insulin
(0.01 mg/mL), transferrin (0.55 μg/mL), and selenium
(6.7 ng/mL). Two plates were used per isolation. Per plate, 40
wells were used for culture. The two plates were filled alter-
nately per row to shorten follicle light exposure time and pre-
serve the equilibration of the culture medium. Follicles were
cultured for 2 days to recover from the isolation procedure
and grow to secondary stage follicles. To evaluate follicle mor-
phology from day 2 onwards, follicles were microscopically
evaluated and assigned to three categories based on the mor-
phological assessment of the connection between the oocyte
and the surrounding granulosa cells and the integrity of the
basal membrane as reported by Jorssen et al. [49]. From day
2 onwards, only secondary category 1 follicles were selected for
further use, having the right size range (40–80 μm). Category 2
and 3 follicles were not further used.

Study design

The experimental design is described and summarized in a
flow chart (Fig. 1). Follicles were fixed in 4 different groups:
immediately upon isolation (fresh control); following 2 days
of culture (2-day culture); following vitrification, warming,
and a 24-h recovery period on day 3 (vitrified); and following
4 days of culture (4-day culture). On days 2 and 4 and day 3
for vitrified follicles, follicles were assigned to three catego-
ries based on follicle morphology only when the basement
membrane or connection between the oocyte and granulosa
cells could be completely assessed. In addition, the follicle
diameter was determined on days 2 and 4 and day 3 for vitri-
fied follicles. Two perpendicular measures were recorded for
each follicle, and the average of the two values was reported as
follicular diameter (μm).When the diameter of a follicle could
not be measured (when a follicle was located to the side of a
well and the basal membrane could not be fully defined), it
was reevaluated on the next evaluation day. The fresh follicles
fixed on day 0 were primary PAFs with an oocyte surrounded
by one layer of cuboidal granulosa cells and intact basal mem-
brane; they were also analyzed for diameter immediately upon
isolation. To minimize exposure to light and low temperatures
and enhance follicle survival, all other follicles were cultured
as soon as possible to equilibrate in the incubator. Follicles
were also evaluated for follicle viability by Neutral Red stain-
ing before fixation [51]. Cx43 and TZP fluorescent staining
were carried out to analyze the presence of cell-cell connec-
tions. Hoechst staining was carried out to visualize cell nuclei.
For practical reasons, time constraints, and to minimize expo-
sure to light and low temperatures, follicles were not followed
up individually but as a group.

Freezing and warming

The IrvineScientific® Vitrification Kit for human oocytes and
embryos (Alere Health BV. Tilburg, NL) was used for vitrifi-
cation and warming following slight adaptations to the man-
ufacturer’s guidelines. On day 2, category 1 follicles were
transferred to a mini cell strainer (25 μm, nylon, Funakoshi,
Japan), immersed in culture medium (Fig. 2). Subsequently,
the mini cell strainer with PAFs was first transferred to equil-
ibration solutions 1 and 2 (ES1 and ES2; 7.5% DMSO, 7.5%
EG) for 1 min each, then to vitrification solution (VS; 15%
DMSO, 15% EG, 0.5 M sucrose) for 30 s and then directly
plunged into liquid nitrogen (LN2). To eliminate the remain-
ing solution from the mini cell strainer, it was briefly placed
on an absorbent paper towel after each step. The vitrification
procedure was carried out at room temperature (RT). Follicles
were warmed the same day. After plunging the mini cell
strainer immediately in a large volume (10 mL) of warming
solution (38.5 °C; 1 M sucrose) for 1 min, mini cell strainers
were transferred to dilution solution (0.5 M sucrose) for 4 min
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at RT. Next, PAFs were washed in the washing medium twice
during 4 min. PAFs stayed in the mini cell strainer and were
immersed in fresh culture medium in a 35-mm petri dish
(38.5 °C, 5% CO2). Follicles were finally evaluated following
a 24-h recovery period.

Follicle quality and viability assessment

Neutral Red (NR) staining

To assess follicle survival and immediate viability, follicles
were stained with the non-toxic viability indicator Neutral
Red [51]. One hundred microliters of Neutral Red solution
(3.3 g/L, Sigma) was added to the culture medium. A follicle
was considered to be positively stained when both the oocyte
and at least ¾ of the granulosa cells were colored red. When
the dye is incorporated in the lysosomes of the follicles, they

are consideredmetabolically active and thus viable. Following
20 min of incubation (38.5 °C, 5% CO2), follicle staining was
evaluated [51].

Cx43 and TZP staining

The protocol for immunostaining of connexins was adapted
from Ortiz-Escribano et al. [52]. Follicles were fixed in 4%
paraformaldehyde (PFA) for 20min at RT. They were washed
in PBS + 1 mg/mL PVP and permeabilized with 1% Triton X-
100 (T8787, Sigma) and 0.05% Tween 20 (P1379, Sigma) in
PBS for 20 min at RT. Subsequently, follicles were blocked
with a solution consisting of 10% normal goat serum and
0.05% Tween 20 prepared in PBS, at 4 °C for 1 h. Follicles
were then incubated with rabbit anti-Cx43 polyclonal anti-
body (1:500, C6219, Sigma) diluted in blocking solution at
4 °C overnight. Subsequently, follicles were washed and in-
cubated with goat anti-rabbit secondary antibody conjugated
with FITC (1:250, A16105, Invitrogen) for 2 h at RT. Next, to
visualize filamentous actin (F-actin) and consequently TZPs
because they are composed of F-actin, follicles were washed
and incubated with Alexa Fluor™ 568 Phalloidin (1:40,
A12380, Thermo Fisher Scientific) for 1 h at RT. Follicles
were counterstained with Hoechst 10 μg/mL for 10 min,
washed, and mounted with Antifade mounting medium (Life
Technologies) on microscope slides. Images were obtained
using a Leica SP8 confocal microscope equipped with a
405-nm diode laser (to detect the Hoechst nuclear stain, blue)
and a white laser source (Leica WLL) used at 488 nm
(connexins, green) and at 577 nm (to visualize TZP staining,
red). For Cx43 and TZP analysis, a × 60water immersion
(N.A. 1.20) objective was used and image acquisition settings
were kept constant for the recordings of all follicles. Z-stacks
were taken with a 0.36-μM interval through the complete
follicle. The expression of Cx43 was classified as positive
(present) or negative (absent) (Fig. 3). The follicles that
showed connexin expression in at least ¾ of GCs through

Fig. 2 PAFs are placed in a mini cell strainer immersed in cryoprotective
agents (ES and VS) in a 4-well plate. Mini cell strainers are transferred
with tweezers between different media and equally serve as cryo-
container when they are plunged in LN2

Fig. 1 Experimental design.
Follicles were fixed immediately
following isolation (fresh
control); following 2 days of
culture (2-day culture); following
vitrification, warming, and a 24-h
recovery period on day 3
(vitrified); or following 4 days of
culture (4-day culture). Before
fixation, follicles were assessed
for morphology, diameter, and
viability. After fixation, the
follicles were stained to visualize
Cx43 and TZPs and cell nuclei
with Hoechst staining
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the complete follicle were evaluated as Cx43-positive. The
organization of the TZPs was classified as (0) total absence
(no physical connections between the oocyte and granulosa
cells [no TZPs visible]); (1) partial absence (gaps between the
oocyte and granulosa cells [no dense staining of F-actin]); and
(2) complete (no contact loss between oocyte and granulosa
cells [i.e., dense F-actin staining]) (categorization of TZPs was
adapted from [53]) (Fig. 4). To avoid that the quantification of
the expression of Cx43 and TZPs could be attributed to dif-
ferences in granulosa cell number, the expression of Cx43 and
TZPswas qualified and not quantified. Negative controls were
obtained by omission of the primary antibodies for Cx43 and
omission of TZP staining.

Statistical analysis

Different statistical models were used to assess the differences
in follicle diameter and the presence of Cx43 between groups.
The procedure to isolate the follicles from the ovaries, as de-
scribed in “Collection of ovaries, ovarian follicle isolation,
and culture,” was carried out 36 times. For each isolation
procedure, follicles were derived from 10 ovaries that origi-
nated from 10 different cows. The ovaries were selected as
described in “Collection of ovaries, ovarian follicle isolation,
and culture.” Follicle isolation was carried out as outlined in
“Collection of ovaries, ovarian follicle isolation, and culture”
on all 10 ovaries together. Two isolation procedures were
performed subsequently on different ovaries, from the same
slaughterhouse batch. After two isolation procedures, approx-
imately 160 intact follicles were selected for culture. No sep-
arate follicle isolations were performed for each separate ova-
ry. As a consequence, there is no specific information on
which follicle originated from which ovary. Therefore, all
follicles within one replicate are considered independent sta-
tistical units. To account for possible replicate effects, the
replicate number was entered as a random effect in the subse-
quent statistical analysis. Treatment was entered as a fixed
effect. Interaction between the treatment and replicate was
also entered, but if this latter term was not significant, it was

omitted from the model. Follicle diameter was considered a
dependent continuous variable. Cx43 expression (binary,
present vs. absent) was considered a dependent categorical
variable. Treatment group was considered an independent cat-
egorical variable (categorical: fresh control, 2-day culture, 4-
day culture, vitrified). Potential differences in follicle diameter
between groups were analyzed using analysis of variance
(ANOVA). Prior to ANOVA, data were analyzed for normal
distribution and homogeneity of variance by performing the
Kolmogorov-Smirnov and Levene tests, respectively.
Potential differences in Cx43 expression between groups were
analyzed using a Fisher exact test. Differences between
groups were considered to be significant when the P value is
< 0.05 [54]. Data are presented as means ± standard deviation
(S.D.). All statistical analyses were performed using IBM
SPSS version 24® (New York, USA).

Results

Follicle gross morphology

In total, about 2200 primary follicles were cultured, of which
it usually took good-quality follicles 2 days to develop until
the secondary stage. From day 2 of culture onwards, the out-
line of the basal membrane was more pronounced and the
morphological distinction between the granulosa cells could
no longer clearly be made (Fig. 5). At day 2 of culture, 244
follicles were classified as category 1, meaning that only 11%
of all follicles were suitable to use for the experiments accord-
ing to their gross morphology. Follicles were collected from
36 isolation procedures. However, 5 replicates contained no
category 1 follicles following 2 days of culture and these rep-
licates were not taken into account for further analyses.

Follicle diameter

The follicle diameter of PAFswas measured on day 0 (n = 60),
day 2 (n = 201), day 3 (post vitrification; n = 40), and day 4

Fig. 3 Follicle staining negative
(a) and positive (b) for Cx43
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(n = 89). The mean follicle diameter (μm) ± S.D. for category
1 follicles pooled over all replicates was 46.8 ± 4.6 upon iso-
lation, 48.5 ± 7.0 on day 2, and 50.5 ± 7.7 on day 4 (Fig. 6).
On day 3, 1 day post vitrification, the mean follicle diameter
(μm) ± S.D. was 51.0 ± 7.7. Mean follicular diameters were
significantly different between day 0 and day 2 (P = 0.041)
and between day 0 and day 4 (P = 0.001).

Neutral Red staining

To evaluate immediate follicle survival and instant viability,
PAFs were stained with Neutral Red (NR). Upon isolation and
on days 2 and 4 of culture, only category 1 follicles were taken
into account. Follicles stained positive for the vital dye NR
were considered viable. Ninety-six of all category 1 follicles

Fig. 5 Light microscopic morphological aspects of different follicle
stages upon isolation, on 2 and 4 days of culture and following
vitrification. a Primordial follicle upon isolation (NR-positive, Ø:
45 μm). b Transitory follicle upon isolation (NR-positive, Ø: 42 μm). c
Primary follicle upon isolation (NR-positive, Ø: 48 μm). d Secondary
follicle on day 2 of culture (non-stained, Ø: 60 μm). e Secondary follicle

on day 4 of culture (non-stained, Ø: 63 μm). fVitrified follicle 1 day post
warming (NR-positive, Ø: 45 μm). White arrow heads indicate flattened
granulosa cells, white arrows indicate cuboidal granulosa cells, black
arrows indicate the oocyte. NR, Neutral Red; Ø, follicular diameter,
reported as an average of two perpendicular measures. Magnification:
× 400

Fig. 4 The organization of the TZPs was classified as (0) total absence
(no physical connections between the oocyte and granulosa cells [no
TZPs visible]); (1) partial absence (gaps between the oocyte and
granulosa cells [no dense staining of F-actin]); and (2) complete (no

contact loss between oocyte and granulosa cells [i.e., dense F-actin stain-
ing]) (categorization of TZPs was adapted from [53]). O oocyte, GC
granulosa cell. TZPs are indicated with arrows; interrupted TZPs are
indicated with an arrow head
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Fig. 6 Boxplot showing average
follicular diameter (μm) upon
isolation (n = 60), and following 2
(n = 201), respectively, 4 days of
culture (n = 89)

Fig. 7 a Light microscopic (LM)
image of two non-stained follicles
(black arrows) on the mesh of the
mini cell strainer. b LM image of
NR-positive follicles on the mesh
of the mini cell strainer. cDetailed
LM image of NR-positive follicle.
d NR-positive follicle removed
from the mesh
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on day 2 and day 4 of culture were stained Neutral Red–pos-
itive. Out of 96 follicles that were vitrified, 48 were success-
fully retrieved and 70.8% (n = 34) of them were stained NR-
positive after warming and 24-h culture (Fig. 7).

Presence of Cx43 and TZPs in different follicle stages

Cx43 was detected in granulosa cells of all pre-antral follicle
stages, at the site of TZPs (Fig. 8). Cx43 staining started with
distinct spots in resting primordial follicles. As seen in Fig. 8,
the Cx43-positive dots per granulosa cell, and hence, the num-
ber of gap junctions increased notably with follicle
development.

Cx43 and TZPs before and following vitrification

Cx43 and TZPs could be detected in PAFs in all groups
(Fig. 9), before and following vitrification. In Fig. 9, from
each group, one follicle was depicted as representative for
the whole group.

From the NR-positive follicles that were fixed immediately
upon isolation and stained for Cx43 (n = 48), 91.7% (n = 44)
were stained positive for Cx43 (Fig. 10). From the NR-
positive follicles that were stained for TZPs (n = 48), 16.7%
(n = 8) showed a complete TZP network. 8.3% (n = 4) showed
a complete absence of TZPs, and 75% (n = 36) showed a
partial absence of TZPs (Fig. 11). In 16.7% (n = 8) of cases,
both TZPs and Cx43 were preserved. From NR-positive fol-
licles that were fixed following 2 days of culture, 23 follicles
were stained for Cx43 and all of them (100%) were stained
positive for Cx43. From the NR-positive follicles that were
stained for TZPs (n = 23), 30.4% (n = 7) showed a complete
TZP network. 52.2% (n = 12) showed a total absence of TZPs,
and 17.4% (n = 4) showed a partial absence of TZPs. In 30.4%
(n = 7) of cases, both TZPs and Cx43 were preserved. From
the NR-positive follicles that were fixed after 4 days of culture
and were stained for Cx43 (n = 38), 65.8% (n = 25) were
stained positive for Cx43. This is significantly different from
follicles assessed after isolation and on day 2 (P = 0.002).
From the NR-positive follicles that were stained for TZPs
(n = 38), 10.5% (n = 4) showed a complete TZP network.
42.1% (n = 16) showed a total absence of TZPs, and 47.4%
(n = 18) showed a partial absence of TZPs. In none of the
cases, both TZPs and Cx43 were preserved. From the vitrified
NR-positive follicles that were stained for Cx43 (n = 31),
77.4% (n = 24) were stained positive for Cx43. From the
NR-positive follicles that were stained for TZPs (n = 31),
35.5% (n = 11) showed a complete TZP network. Twenty-
nine percent (n = 9) showed a total absence of TZPs, and
35.5% (n = 11) showed a partial absence of TZPs. In 19.4%
(n = 6) of cases, vitrification resulted in the preservation of
both TZPs and Cx43.

Discussion

These data are the first to demonstrate that it is possible to
visualize Cx43 and TZPs in isolated bovine PAFs before and
following vitrification and warming, using a simplified and
more efficient cryopreservation protocol while using mini cell
strainers. The detection and descriptive analysis of
immunofluorescent-labeled connexins and TZPs can provide
an indication about their future developmental capacity post
warming. Immunofluorescent staining of connexins in ovine-
isolated follicles was performed by da Silva et al. [43], on
follicles embedded in paraffin. We were not able to detect
Cx37 protein expression in isolated PAFs, potentially due to
the absence of Cx37 or the deficiency of reactivity of the
antibody for bovine Cx37. As follicles shrink after fixation,
the even smaller size hampers follicle manipulation. Due to
many transfer steps between different media, a considerable
loss of follicles was difficult to prevent. A vital Neutral Red
staining was used to improve follicle visibility for handling
and assessment.

For the first aim of this study, we demonstrated Cx43 and
TZPs in category 1 freshly fixed and cultured follicles. These
membrane proteins constitute cell-cell connections and medi-
ate intercellular communication. The identification of Cx43
and TZPs indicates the presence of these proteins which are
essential for follicle development. Freshly fixed follicles
(91.7%) showed a slightly decreased percentage of Cx43-
positive follicles compared to follicles that were cultured for
2 days (100%). Follicles that were cultured for 2 days showed
a higher percentage of Cx43-positive follicles; this may indi-
cate that follicles need a recovery period after the isolation
procedure. Or, as the selection of good-quality follicles based
on morphology is more adequate on day 2 than immediately
upon isolation, the batch of follicles selected on day 0 may
contain follicles that were incorrectly qualified as category 1.
Follicles that were cultured for 4 days showed the lowest
percentage of Cx43-positive follicles (65.8%), which may in-
dicate that current culture conditions were not optimal for
follicle development. In each group and pre-antral follicle
stage, we saw follicles with a complete TZP network.
However, the percentages of the presence or (partial) absence
of the TZP network varied between follicles in different treat-
ment groups. This may be due to variability in follicle quality;
although when examining morphology and viability, the fol-
licles appeared to be quite similar (category 1 and Neutral
Red–positive). In this perspective, we suggest that gross mor-
phology can predict immediate individual cell viability [49]
but not the presence of cell-cell connections. To start the ex-
periment with a homogenous group of follicles on day 2 of
culture, only category 1 secondary follicles at the right size
range (40–80μm)were selected for future use. In our opinion,
only when these good-quality follicles are used, an experiment
can succeed and be reproducible. On the downside, this strict
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use of category 1 follicles makes it more difficult to obtain a
sufficient number of follicles to complete a full experiment.

Secondly, we aimed to visualize Cx43 and TZPs in PAFs
following vitrification and warming. Several studies have
been conducted on the expression of connexins and TZPs
and most of them demonstrated that cryopreservation might
cause damage to these membrane proteins, although the re-
sults are not consistent. A reason for cryodamage may be that
hemichannels ((HC) consist of six Cx proteins and 2 HCs
create gap junctions between adjacent cells) are normally
closed but open in response to stress conditions such as cryo-
preservation. Excessive HC opening is detrimental for cell
function and may lead to cell death [52]. Our results show that
Cx43 expression in vitrified isolated follicles (77.4%) was
slightly lower when compared to follicles that were freshly
fixed (91.7%) or cultured for 2 days (100%). 35.5% showed
a complete TZP network after vitrification, the highest per-
centage from all groups. Also, Tanpradit et al. [55] showed a

reduced Cx43 expression pattern after both slow freezing and
vitrification of feline PAFs enclosed in ovarian tissue. In a
study of da Silva et al. [43], it was shown that Cx43 was
reduced in ovine secondary follicles after vitrification and
in vitro culture of ovarian tissue. In contrast, Donfack et al.
[28] found that in vitro culture of the vitrified goat, ovarian
cortex did not alter the expression of Cx43. Barrett et al. [31]
showed that immediately after slow freezing and thawing,
mouse-isolated follicles were unable to transfer Lucifer
Yellow into surrounding granulosa cells, indicating that the
gap junctions were not functional. However, after 2 days of
culture, cryopreserved follicles were able to reestablish gap
junctions and transport the dye from the oocyte into the sur-
rounding somatic cells. Trapphoff et al. [56] also reported the
recovery of contacts by TZPs between mouse oocytes and
granulosa cells from vitrified pre-antral follicles during the
first 4 days of culture. They suggest that the thick cortical actin
layer in oocytes is maintained and may contribute to the rapid

Fig. 8 Confocal images (single confocal plane) of expression and
localization of Cx43 and TZPs in PAFs in different stages. Images
show a single confocal plane at the median level of the follicle. a
Primordial follicle upon isolation: oocyte surrounded by one layer of
flattened granulosa cells. b Primary follicle upon isolation: oocyte
surrounded by one layer of cuboidal granulosa cells. c Secondary

follicle after 2-day culture: oocyte surrounded by several layers of cuboi-
dal granulosa cells. Hoechst nuclear staining in blue, Cx43 staining in
green, and Alexa Fluor™ 568 Phalloidin staining actin-rich TZPs in red;
merged picture shows an overlay of the three stains. White dotted line
indicates the oocyte. GC granulosa cells. TZPs are indicated by arrows
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reestablishment of membrane organization at the cortex and
restoration of contacts between somatic cells and the oocyte.
Thus, cryopreservation of follicles does not necessarily dam-
age cell-cell connections in the long term when a sufficient
recovery period is provided. However, most studies were per-
formed using slow freezing and ovarian tissue, and data on the
survival of cell-cell connections in isolated PAFs after vitrifi-
cation is very scarce.

Processing isolated PAFS remains a huge challenge in
terms of follicular retrieval and manipulation; therefore during
this study, we tried to optimize the vitrification protocol and
increase the efficiency of follicle recovery using mini cell
strainers. In a previous study [23], we reported that bovine
PAFs can be successfully cryopreserved by a simple two-
step vitrification method using HSV straws. However, trans-
ferring individual PAFs between droplets using Stripper tips is

Fig. 9 Confocal images (single confocal plane) of expression and
localization of Cx43 and TZPs in PAFs in all treatment groups. D0:
primary follicle fixed upon isolation; D2: follicle following 2 days of
culture; D4: follicle following 4 days of culture; VIT: follicle fixed after
vitrification and warming and a 24-h recovery period in culture. Hoechst

nuclear staining in blue, Cx43 staining in green, and Alexa Fluor™ 568
Phalloidin staining actin-rich TZPs in red; merged picture shows an over-
lay of the three stains. White dotted line indicates the oocyte. GC granu-
losa cells. TZPs are indicated by arrows
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time-consuming while these manipulations can cause osmotic
damage to the follicles. The disadvantage of straws and
cryovials is that they only permit relatively low cooling and
warming rates, while the ability to survive vitrification is also
highly dependent on the rate of warming [57]. Vitrification of
alginate embedded PAFs in 20-μm metal mesh cell strainers
resulted in a higher efficiency, but lower viability [23].
Therefore, in this study, we aimed for better permeation of
cryoprotectants combined with presupposed higher cooling
and warming rates and used a mini cell strainer to freeze
non-embedded PAFs. Multiple follicles can be vitrified at
the same time, as a mini cell strainer can hold many more
follicles, whereas only a few follicles can be loaded into one
straw. It was a much easier, quicker, and simpler way to freeze
PAFs. The mini cell strainer has a small handle that can easily
be held by tweezers. The step-by-step transfer of the cell
strainer loaded with PAFs between freezing and warming me-
dia and the passage through LN2 can be carried out with

tweezers. After being submerged in LN2, the cells cool down
very quickly. The visibility of non-stained PAFs on the mesh
of the cell strainer is, however, limited and hampers follicle
retrieval. Positive staining with Neutral Red improves the vis-
ibility and makes the retrieval of PAFs from the cell strainer
easier. Another difficulty is that PAFs tend to settle on the rim
of the cell strainer, which makes it impossible to visualize
them. Therefore, it is necessary to carefully search for them
using a hand pipette with glass capillary along the whole rim
of the cell strainer. When visible follicles were retrieved, the
cell strainer was rinsed with culture medium in a 35-mm petri
dish, always yielding extra follicles. In view of the relative
high follicle loss (the recovery rate varied between 33.3 and
69.2%), we think it is beneficial to use cell strainers with an
even smaller mesh size, taking into account follicle shrinkage.

Martino et al. [58] were the first to use EM grids for the
cryopreservation of bovine oocytes and reported a significantly
higher survival rate for vitrified-warmed oocytes using grids as

Fig. 11 The percentage of pre-
antral follicles allocated to a
particular category of TZP
organization per group. (0) Total
absence (no physical connections
between the oocyte and granulosa
cells [no TZPs visible]). (1)
Partial absence (gaps between the
oocyte and granulosa cells [no
dense staining of F-actin]). (2)
Complete (no contact lost
between oocyte and granulosa
cells [i.e., dense staining of F-
actin])

Fig. 10 Percentage of Cx43-
positive follicles per group.
Columns with the same letters do
not differ significantly from each
other at the P < 0.05 level
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compared to oocytes frozen in straws. These results may be
explained by the physical characteristics such as the ultra-
thermo-conductivity of the metal grid that results in about three-
fold higher cooling rates than that obtained with straws [59]. In
addition, Kim et al. [60] showed that the developmental capacity
of immature bovine oocytes vitrified and warmed using EM
grids was not hampered. Park et al. [61] successfully cryopre-
served in vitro produced bovine blastocysts using EM grids.
More than a decennium later, Nakashima et al. [62] showed that
vitrification using a nylon mesh container for human embryo
ultrarapid vitrification is an easy and inexpensive method that
improves the reliability of human embryo cryopreservation.
Due to the small mesh size and convenient size of the cell strain-
er, we chose to work with mini cell strainers. A commercially
available vitrification kit for human oocytes and embryos was
used in this experiment with a slightly modified protocol. We
reduced the number of transfer steps and shortened the exposure
time as it did not hamper the survival rate of isolated bovine pre-
antral follicles. We found this modification beneficial because of
the reduced exposure time of PAFs to cryoprotectants, the re-
duced risk of losing follicles, and the decreased working time.

In conclusion, we visualized Cx43 and TZPs in isolated
bovine PAFs during short-term culture and following vitrifi-
cation and warming, suggesting the maintenance of commu-
nication between the oocyte and the somatic companion cells.
The aim of this study was limited to the visualization of cell-
cell connections in isolated PAFs. Future research should fur-
ther confirm the presence and functionality of these cell-cell
connections at the gene transcription and protein levels, using
real-time quantitative PCR and Western blot analyses. In ad-
dition, these extra insights will help to gain a greater under-
standing of the variations in expression of the TZP network
that were observed within our study groups. It is also impor-
tant to consider that in early pre-antral follicles, TZPs have
only just started to develop and they are continuously remod-
eling during the formation of the zona pellucida, which starts
to develop from the secondary stage onwards in bovines and
humans. Furthermore, in view of the challenges that still need
to be overcome regarding follicular retrieval and manipula-
tion, we were able to use a simpler and much more workable
cryopreservation method, by means of mini cell strainers.
Vitrification in cell strainers has important advantages, as ma-
nipulation is much easier and time is saved because follicles
are vitrified in group.
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