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A B S T R A C T   

Global contraction of biodiversity pushed most members of Felidae into threatened or endangered list except the 
domestic cat (Felis catus) thence preferred as the best model for conservation studies. One of the emerging 
conservation strategies is vitrification of ovarian tissue which is field-friendly but not yet standardized. Thus, our 
main goal was to establish a suitable vitrification protocol for feline ovarian tissue in field condition. Feline 
ovarian tissue fragments were punched with biopsy punch (1.5 mm diameter) and divided into 4 groups. Group 1 
was fresh control (Fr), while the other three were exposed to 3 vitrification protocols (VIT_CT, VIT_RT1 and 
VIT_RT2). VIT_CT involved two step equilibrations in solutions containing dimethyl sulfoxide (DMSO) and 
ethylene glycol (EG) for 10 min each at 4 ◦C. VIT_RT1 involved three step equilibration in solutions containing 
DMSO, EG, polyvinylpyrrolidone and sucrose for 14 min in total at room temperature, while in VIT_RT2 all 
conditions remained the same as in VIT_RT1 except equilibration timing which was reduced by half. After 
vitrification and warming, fragments were morphologically evaluated and then cultured for six days. Subse-
quently, follicular morphology, cellular proliferation (expression of Ki-67, MCM-7) and apoptosis (expression of 
caspase-3) were evaluated, and data obtained were analysed using generalised linear mixed model and chi square 
tests. Proportions of intact follicles were higher in Fr (P = 0.0001) and VIT_RT2 (P = 0.0383) in comparison to 
the other protocols both post warming and after the six-day culture. Generally, most follicles remained at pri-
mordial state which was confirmed by the low expression of Ki-67, MCM-7 markers. In conclusion, VIT_RT2 
protocol, which has lower equilibration time at room temperature has proven superior thus recommended for 
vitrification of feline ovarian tissue.   

1. Introduction 

Widespread loss or contraction of biodiversity is a threat to stability 
of the ecosystem [1], particularly in endangered species [2]. Thus, ge-
netic diversity conservation became an indispensable tool that can be 
achieved through gamete banking in adult animals [3] or gonadal tissue 
banking in prepubertal ones [4]. Ovarian tissue banking through a 
combination of cryopreservation and culture and/or transplantation 

provides a promising and yet experimental technique for genetic di-
versity conservation. It enables the utilization of ovarian reserve of an-
imals long time after their existence [5]. Similarly, viable ovarian tissue 
recovered from precious animals that are found dead due to illness, 
accident or an act of poaching could be saved and preserved for subse-
quent assisted reproductive technologies especially when the technique 
has been suitably optimized to field conditions [5]. This is imperative 
considering the status of the wild feline population in the IUCN 
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(International Union for the Conservation of Nature) red list although 
certain in situ conservation strategies have been successful in some feline 
species like the Iberian lynx [5,6]. 

The domestic cat is considerably similar to other members of the 
Felidae with regards to ovarian structure and ultrastructure [7]. In 
addition, it is one of the species of least concern in the IUCN red list. Its 
ovaries can be easily obtained from veterinary clinics or animal shelters 
as a byproduct of routine spaying which preclude ethical barriers [8]. 
This makes it a suitable model for reproductive studies aiming at 
eventual translation into the other members of the family not with-
standing some species specific variations [7]. In this regard, the captive 
population could be the initial focus for gene banking [9]. 

Ovarian tissue which could be collected postmortem or from a biopsy 
is laden with different stages of follicles most of which are the less 
metabolically active primordial follicles [7,10,11]. Known for their 
resistance to exogenous stress factors, primordial follicles exhibit the 
potential of withstanding cryopreservation techniques due to their 
simple morphology [12]. This makes the ovarian cortex an excellent 

candidate for cryopreservation techniques. 
Vitrification has been regarded by many investigators as superior 

cryopreservation technique for a more complex heterogenous structure 
such as the ovarian tissue due to two main reasons: 1. Its simplicity and 
suitability to be carried out in the field since it does not require so-
phisticated laboratory equipment or an expert technician. The technique 
may also preclude the need to transport ovaries over a long period of 
time. 2. Better ovarian tissue quality has been recovered from previous 
studies comparing vitrification and freezing [13–15]. However, delete-
rious effects of cryoprotectants (CPAs) are the limitations of the tech-
nology because it requires high intracellular concentration of CPAs to 
produce the necessary viscosity for a glass transition [16]. To achieve 
such concentration, a number of factors must be considered including 
rate of tissue penetration [17,18], which is also dependant on the tem-
perature of exposure [19] and the size of ovarian fragment because the 
later affects both CPA permeation and cooling rate during vitrification 
[20]. The goal of this study was to determine a field suitable protocol for 
the vitrification of feline ovarian tissue. Thus, the objectives were to 

Fig. 1. Experimental design for evaluation of suitable feline ovarian tissue vitrification technique that fits well with field conditions. VIT_CT: vitrification after 
equilibration at chilling temperature. VIT_RT1: vitrification after equilibration at room temperature 1. VIT_RT2: vitrification after equilibration at room temperature 
2. DMSO: Dimethyl sulfoxide; EG: Ethylene glycol; FBS: Fetal bovine serum; MEM: Minimum essential medium; PVP: polyvinylpyrrolidone; BSA: Bovine serum 
albumin; MCM-7: Minichromosome maintenance protein complex component-7; min: Minutes. 
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Fig. 2. Graphical representation of proportions of follicles counted from vitrified warmed and fresh feline ovarian tissue (experiment 1). A. Grading of follicles 
according to morphological intactness (total of 7245 follicles). B. Classification of follicles based on developmental stage (total of 7245 follicles). C. Immunohis-
tochemical staining for proliferative and apoptotic markers (Ki-67, MCM-7 and caspase-3) a total of 9003 follicles were counted. Horizontal back-facing parenthesis 
on the top of the bars represent statistical significance (p < 0.05). Error bars represent the standard error of the mean (n = 5). MCM-7: Minichromosome maintenance 
protein complex component-7. VIT_CT: vitrification after equilibration at chilling temperature. VIT_RT1: vitrification after equilibration at room temperature 1. 
VIT_RT2: vitrification after equilibration at room temperature 2. 
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evaluate morphological integrity of feline ovarian follicles in different 
vitrification protocols and to functionally confirm the viability of feline 
ovarian follicles in an in vitro culture system. 

2. Materials and methods 

2.1. Chemicals and reagents 

All chemicals and reagents were purchased from Sigma-Aldrich 
(Taufkirchen, Germany) except where specified otherwise. 

2.2. Ovarian tissue collection and preparation 

Feline ovaries (total of 18 from 9 cats) were collected from animal 
shelters and veterinary clinics as a byproduct of ovariectomy and 
immediately transported to the laboratory in washing solution con-
taining phosphate buffered saline supplemented with 0.1 % penicillin 
and streptomycin (penstrep) combination (Gibco, Bleiswijk, 
Netherlands). Ovaries were washed three times in the washing solution 
and then twice in dissection solution composed of 1 % fetal bovine 
serum (FBS), 1 % penicillin and streptomycin in Leibovitz’s (L-15) me-
dium. The ovaries were dissected sagittaly and made to approximately 1 
mm thick by removing the medulla before fragmentation using 1.5 mm 
diameter biopsy punches (Kai medical, Oyana, Japan). The fragments 
were made from both ovaries such that every group contained at least a 
fragment from each ovary and every group in each replicate experiment 
contained at least four fragments. 

2.3. Experimental design 

The entire experimental design is presented in a simplified flow chart 
(Fig. 1). The experiment was segmented into two aspects. In experiment 
1 (six independent replicates), ovarian tissue fragments were divided 
into four groups, one group (Fresh) was fixed overnight in form-acetic 
[21,22] while the remaining three groups were placed on 30G needles 

(4 fragment per needle) and then exposed to three different vitrification 
protocols (VIT_CT, VIT_RT1 and VIT_RT2). Vitrified ovarian tissue 
fragments were warmed and processed for histology, immunohisto-
chemistry, and transmission electron microscopy. In experiment 2 (five 
independent replicates), the same groups were maintained but cultured 
post warming for 6 days. Four ovarian fragments from each group were 
retrieved and fixed at day two, four and six of culture and eventually 
processed for histology and immunohistochemistry. Six sections (each 
containing 4 ovarian fragments) were evaluated for each group in every 
replicate experiment. 

2.3.1. VIT_CT 
This protocol was based on previous report by Mouttham and 

Comizzoli [19], which involved equilibrating ovarian tissue fragments 
in vitrification media (VM)1 containing 7.5 % DMSO (Dimethyl sulf-
oxide), 7.5 % EG (Ethylene glycol), and 20 % FBS (Fetal bovine serum) 
for 10 min, and then transferring to VM2 composed of 15 % DMSO, 15 % 
EG, and 20 % FBS for 10 min, all at 4 ◦C. Excess VM was dabbed prior to 
plunging in liquid nitrogen. 

2.3.2. VIT_RT1 and 2 
Vitrification in VIT_RT1 and 2 were based on previously reported 

protocol tested on baboon [23,24]. The vitrification solution (VS) is 
composed of minimum essential medium (MEM) as the base medium 
supplemented with 10 % DMSO, 26 % EG, 2.5 % polyvinylpyrrolidone 
(PVP, MW 10 000) and 1 M sucrose in MEM (Gibco, Bleiswijk, 
Netherlands) + 20 mg/ml bovine serum albumin (BSA). Since there 
were three equilibration steps, the VS has been serially diluted with 
MEM +20 mg/ml BSA to form VS1 (25 % VS), VS2 (50 % VS) and VS3 
(100 % VS). In the case of VIT_RT1, all equilibrations were carried out at 
room temperature (RT) for 7 min in VS1, 4 min in VS2 and 3 min in VS3. 
However, with regards to VIT_RT2, all conditions remained the same 
except equilibration timing which was reduced by half (3.5 min in VS1, 
2 min in VS2 and 1.5 min in VS3). Subsequently, ovarian fragments (on 
the 30G needles) were removed and dabbed with sterile gauze before 

Fig. 3. Representative images from hematoxylin and eosin stained sections of vitrified warmed and fresh feline ovarian tissue (experiment 1). A. Fresh ovarian tissue 
showing grade one follicles (Black solid arrow), B. VIT_CT showing both grade 1 and grade 2 (white line arrow) follicles, C. VIT_RT1 showing some grade 1 and 2 
follicles and D. VIT_RT2 showing grade 1 and grade 4 (double arrow head) follicles. VIT_CT: vitrification after equilibration at chilling temperature. VIT_RT1: 
vitrification after equilibration at room temperature 1. VIT_RT2: vitrification after equilibration at room temperature 2. Scale bar = 50 μm. 
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plunging directly into liquid nitrogen for vitrification. 

2.3.3. Warming 
Warming for all the protocols involved four washing steps with four 

serially diluted warming solutions (WS1-4) containing MEM supple-
mented with 20 mg/ml BSA as the base medium and decreasing con-
centration (1 M, 0.5 M, 0.25 M and 0 M) of sucrose. The solutions were 
maintained at 37 ◦C during warming and tissue fragments were retained 
in the first warming solution (WS1) for 15 s while subsequent washings 
were for 5 min each. 

2.3.4. Culture 
The culture system was adopted from (Fujihara 2012) briefly 

described as follows: MEM was the base medium supplemented with 50 
μM ascorbic acid, 0.3 % Polyvinyl alcohol, 10 μg/ml follicle stimulating 
hormone, 1 % insulin, transferrin, and selenium mixture (ITS+1) and 1 
% penstrep. Ovarian fragments were cultured on agarose gel inserts 
placed into the wells of 24 well culture plate. The culture medium (400 
μl) was added to the inserts so that fragments were not covered with the 
medium. Distilled water (500 μl) was added in all dish wells without 
inserts to maintain adequate humidity. Agarose gels were made by 
heating and dissolving 1.5 g of agarose in distilled water (1.5 % [w/v]) 
and then poured into sterile 10 cm Petri dish and allowed to set under 
biological hood. Hexahedrons (~10 × 10 × 5 mm) were dissected with 
sterile scalpel blade and a 1 cm checkered paper underneath the dish and 
then culture medium was added and allowed to soak for at least 24 h. 

2.3.5. Histology 
Ovarian tissue fragments were dehydrated in ethanol and impreg-

nated with paraffin after treatment with Neo-clear. Subsequently, 
ovarian tissue fragments were embedded into paraffin blocks and 
sectioned (5 μm thickness). Every sixth section was fixed to glass slide 
and dried overnight at 37 ◦C. Slides were stained and counterstained 
with hematoxylin and eosin following deparaffinization and rehydration 
of the sections. Afterwards, slides were cover slipped and scanned. 
Follicles were counted and graded as described previously [22,25] into 4 
grades; Grade 1 which is the morphologically intact follicle is when 
follicle is spherical in shape with evenly distributed follicular cells, 
intact stroma, spherical oocyte, intact nucleus and nucleolus with ho-
mogenous cytoplasm. The second grade (grade 2), is when follicle is 
spherical in shape with evenly distributed follicular cells, intact stroma 
and spherical oocyte, misshapen nucleus and/or not homogenous 
cytoplasm. The third grade (grade 3), is where follicular cells are pulled 
away from the stroma but the oocyte is spherical, while grade 4 is when 
the follicular cells are pulled away from the stroma and/or the oocyte is 
misshapen, vacuolated, with pyknotic nucleus and/or disorganized 
granulosa cells. Furthermore, the follicles were classified based on 
developmental stage as primordial, where oocyte is surrounded by 
flattened follicular cells; transitional, where some of the flattened 
follicular cells have been converted to cuboidal cells; or primary, where 
oocyte is surrounded by cuboidal follicular cells. 

2.3.6. Immunohistochemistry 
Expression of proliferating markers namely Ki-67 and MCM-7 and an 

Fig. 4. Representative images from immunolabelled sections of fresh and vitrified warmed feline ovarian tissue (experiment 1). Small squares in panels A, B and C 
represent the positive controls. Panels A, B and C represent the fresh control, D, E and F represent VIT_CT (vitrification after equilibration at chilling temperature), G, 
H and I represent VIT_RT1 (vitrification after equilibration at room temperature 1) while J, K and L represent VIT_RT2 (vitrification after equilibration at room 
temperature 2) immunostained with Ki-67, MCM-7 and caspase-3 respectively. Scale bar = 50 μm. 
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apoptotic marker (activated caspase-3) were evaluated on serially pre-
pared slides using immunohistochemical techniques as described pre-
viously [25]. Briefly, paraffin embedded ovarian tissue containing 
blocks were sliced into sections of five microns and then fixed to 
immunohistochemistry slides (Dako, California, USA) and dried over-
night. Paraffin was removed with xylene and sections were rehydrated 
prior to antigen retrieval at 97 ◦C for 20 min in high pH retrieval solution 

(pH 9.0; Dako EnVision Flex, Glostrup, Denmark) for MCM-7 and acti-
vated caspase-3, while a low pH citrate buffer solution (pH 6.0) was used 
for Ki-67. Subsequently, slides were incubated with primary antibodies: 
anti-Ki-67 (clone MiB-1; Dako EnVision Flex), anti-MCM-7 (1:100; Santa 
Cruz Biotechnology, Heidelberg, Germany) and anti-activated caspase-3 
(1:400; Cell signaling, Massachusetts USA). At this point, an automatic 
immunohistochemistry machine (DAKO Link48, California, USA) was 

Fig. 5. Representative images from transmission electron microscopy sections of fresh and vitrified warmed feline ovarian tissue (experiment 1). A. Oocyte (Oo) of a 
primordial follicle from fresh ovarian tissue showing aggregates of mitochondria (m) spherical oocyte nucleus (N) with a distinct nucleolus (Nn), distinct nuclear 
envelop (white line arrow) and endoplasmic reticulum (arrowhead). B. At higher magnification, some lipid droplets (LP) were observed and there is irregular 
disposition of the microvilli (solid arrows) within a slightly widen space between oolemma and follicular cells (FL). C. Primordial follicle from VIT_CT (vitrification 
after equilibration at chilling temperature) showing mitochondrial clusters (m) and a misshapen nucleus (N). D. At higher magnification, shortening and irregular 
arrangement of microvilli (solid arrows) can be seen and a distinct nuclear (N) envelop folding (white line arrows), very large vacuoles (V) are also present in the 
follicular cells (FL). E. Primordial follicle from VIT_RT1 (vitrification after equilibration at room temperature 1) also presents similar pattern with microvilli dis-
organisation (solid arrows) and nuclear (N) envelop folding. F. At higher magnification, the distinct nuclear envelop folding is overt (white line arrows); mito-
chondrial swelling and presence of autophagosomes (Ap) in both oocyte and follicular cells, close association between mitochondria (m) and endoplasmic reticulum 
(arrowhead) is also evident. Vacuoles (V) are seen in follicular cells. G. Section from VIT_RT2 (vitrification after equilibration at room temperature 2) showing 
mitochondrial cluster (m) in oocyte (Oo) and a follicular cell (FL). H. At higher magnification, abundant microvilli (solid arrows) are evident with some dis-
organisation, several vacuoles (V) including lipid droplets (LP) are seen in the follicular cell (FL). Two normal Golgi apparatuses (Gg) are also evident. 
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used for the detection of the three tested markers while adhering to the 
manufacturer’s instructions including counterstaining with hematoxylin 
(Dako EnVision Flex, Glostrup, Denmark). Feline tonsil was included as 
a positive control for all the markers due to their high to moderate 
expression in lymphoid tissues (https://www.proteinatlas.org). Finally, 
slides were cover slipped, digitally scanned, and evaluated with a case 
viewer software (3DHistech version 2.3.2) by counting and classifying 
follicles as positive when at least one follicular cell was immunostained 
however, in the case of activated caspase-3, follicles were also consid-
ered positive when the oocyte was immunostained. Data were presented 
as proportion of positive follicles against the total number of follicles 
counted. 

2.3.7. Transmission electron microscopy (TEM) 
Ovarian tissue fragments were fixed in 2.5 % glutaraldehyde (Hei-

delberg, Germany) for 24 h at 4 ◦C and then washed four times at 4 ◦C in 
0.1 M cacodylate buffer (Chempur, Piekary Śląskie, Poland). Fragments 
were dehydrated in increasing concentrations of ethanol (30–96 %) and 
acetone, then incubated with epoxy resin and acetone solution (1:1) 
overnight at room temperature before embedding in epoxy resin (Serva 
Electrophoresis, Heidelberg, Germany). Epoxy blocks were made by 
keeping at 60 ◦C for one week. Semithin sections (600 nm) were 
sectioned and stained with toluidine blue solution (Serva Electropho-
resis, Heidelberg, Germany) on the heating plate (100 ◦C) until it dried. 
This was to predetermine the spots with follicles. Subsequently, ultra-
thin sections (60 nm) were obtained and placed on rhodium copper grids 
(Maxta form, 200 mesh, Ted Pella, Redding, CA, USA) and contrasted 
with lanthanides RTU solution (Uranyless; Delta Microscopies, France) 
and lead citrate RTU solution (Delta Microscopies) before evaluation 
with transmission Electron Microscope (JEM-1011; Jeol, Tokyo, Japan), 
at 80 kV and images were captured with Morada Camera (Olympus, 
Münster, Germany). 

2.4. Statistical analysis 

Discrete data obtained from the experiment 1 were analysed using 
Chi square test while data from experiment 2 were analysed with 
generalised linear mixed model (GLMM) to evaluate the effect of the 
treatment and culture period, and then Chi square test was applied to 
compare between the treatments. Confidence interval of 95 % was 
considered for all analyses. Data was presented as mean percentages of 
the total follicle counts ± standard error of the mean. 

3. Results 

3.1. Experiment 1 

This study segment was carried out to evaluate the effect of the 
different vitrification protocols post warming, especially on the 
morphological integrity of feline ovarian tissue fragments. 

3.1.1. Histology 
Overall, a total of 7245 follicles were counted. Based on follicular 

grading, proportion of grade 1 follicles was higher (p = 0.0287) in 
VIT_RT2 than the other tested protocols. However, the general negative 
effect of vitrification has been delineated by the higher (p = 0.0392) 
proportion of grade 1 follicles in the fresh group when compared with all 
the vitrified groups wherein only up to 40 % of the follicles were 
morphologically intact (Fig. 2). Regarding the stages of follicle devel-
opment, most follicles (more than 80 %) were at the primordial stage 
(Fig. 2B) and all the groups were statistically the same (Supplementary 
Table 1). Representative micrographs from hematoxylin and eosin 
stained sections are presented in Fig. 3. 

Fig. 6. Graphical representation of proportions of follicles counted (total of 3870) from fresh and vitrified warmed feline ovarian tissue cultured for six days 
(experiment 2). A. Proportions of grade 1 follicles B. Proportions of grade 2 follicles. C. Proportions of grade 3 follicles. D. Proportions of grade 4 follicles. Horizontal 
back-facing parenthesis on the top of the bars represent statistical significance (p < 0.05). Error bars represent the standard error of the mean (n = 5). VIT_CT: 
vitrification after equilibration at chilling temperature. VIT_RT1: vitrification after equilibration at room temperature 1. VIT_RT2: vitrification after equilibration at 
room temperature 2. 
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3.1.2. Immunohistochemistry 
Generally, there is low expression of all the three markers that were 

evaluated (Fig. 2C). As per the proliferative markers, they confirm the 
general quiescent stage of the follicles (total of 9003 follicles) since the 
ovarian tissue fragments were mainly from the cortex (Fig. 4). 

3.1.3. TEM 
Being a more advanced morphological parameter, the TEM images 

(Fig. 5) helped us to digest the morphological defects observed in the 
conventional hematoxylin and eosin images, although data was mainly 
observational, and few samples were analysed. We observed some of the 
major defects at ultrastructural level within sections of all the protocols 
tested. These defects included but were not limited to nuclear envelop 
folding, vacuolation of both oocyte and follicular cells, shortening and 
collapse of microvilli between the oocyte follicular cells. Mitochondrial 
defects including swelling and presence of autophagosomes where 
evident both in fresh and vitrified groups and in both oocytes and 
follicular cells. On the other hand, indicators of good quality oocytes 
such as close association between mitochondria and endoplasmic re-
ticulum [26] has been spotted in oocytes. 

3.2. Experiment 2 

To functionally evaluate the integrity of ovarian fragments and to 
determine potential amelioration of vitrification defects, vitrified 
warmed ovarian fragments were cultured for six consecutive days in 

vitro. A total of 10 927 follicles were counted. 

3.2.1. Histology 
Generally, there was a statistical significance among the treatments 

(p = 0.0001) while the culture period (day 2, 4 and 6) was found to have 
no effect (p = 0.988) in all groups. Fig. 6 contains the summary of the 
different follicle grades wherein grade 1 was higher (p = 0.0383) in 
VIT_RT2 than in the other protocols excluding the fresh control on day 
six of culture. However, the fresh control is significantly the highest 
indicating a general negative effects of vitrification procedure. Most of 
the follicles in the three protocols appear in the grade 2 category 
(Fig. 6B) with a lot of variations among the groups (p = 0.004). Sur-
prisingly, after six days of culture, most follicles remained at the pri-
mordial stages evident with over 60 % of primordial follicles in all 
groups with very little variation among them and a corresponding low 
proportion of transitional and primary follicles (Fig. 7 and Supplemen-
tary Table 3). Representative images of all the groups captured from 
hematoxylin and eosin stained slides can be found in Fig. 8. 

3.2.2. Immunohistochemistry 
The general low expression of both proliferative markers (<30 % of 

follicles) confirms the global lack of initiation of follicular development 
even after six days of culture (Fig. 7). Similarly, there was low activated 
caspase-3 activity without any difference within the groups (p > 0.05) 
on the sixth day of culture. Details could be found in Supplementary 
Table 4 while representative photomicrographs of immunostained slides 
are presented in Fig. 9. 

4. Discussion 

In our quest for a suitable vitrification protocol that fits well in the 
field, we investigated three protocols based on their cryoprotectant 
composition, temperature of equilibration as well as the equilibration 
timings. thus, we found that VIT_RT2 presented better result than the 
other treatments. This may not be unconnected to the composition of the 
VS which contained in addition to EG and DMSO, sucrose and polyvnyl 
pyrrolidone as high molecular weight non-permeable CPAs known for 
maintaining osmotic balance [16]. Albeit, VIT_RT2 was derived from 
VIT_RT1 which has been tested on baboon ovarian tissue with success 
post transplantation [23,24], we refined it by choosing smaller sized 
ovarian tissue fragments (suitable for culture) and concomitant reduc-
tion of the timing for equilibration by half. More so, smaller sized tissues 
tend to equilibrate faster in vitrification solutions and have faster 
cooling rate during vitrification. Thus, ovarian tissue size has a profound 
effect on the success of vitrification with smaller size having better re-
sults [27,28]. Challenges with larger sized tissues or whole organ vitri-
fication have been associated with fractures that often occur post 
vitrification or during warming [29,30]. 

Furthermore, VIT_RT2 is better suited for field condition because all 
steps are carried out at room temperature. In this way transporting the 
whole ovary over a long distance from the field thereby risking initiating 
autolysis can be avoided [15]. Similarly, the equilibration of ovarian 
fragments at room temperature enhances rate of tissue permeation 
thereby reducing the equilibration period. Some investigators argued 
that equilibration at chilling temperature may be more suitable since 
cellular metabolism is at its lowest phase although this would prolong 
the equilibration period because the permeation rate will be consider-
ably reduced [31]. In addition, chilling injury which normally take place 
at sub-physiological temperature may compound the cellular damage 
[32]. In the current investigation, the results were inconsistent with 
report from Mouttham & Comizzoli [19], who indicated that exposure of 
cat ovarian cortex at room temperature had a significant effect on RNA 
synthesis but not quite profound on the viability of the cortex. This is not 
surprising because we used a distinct protocol that has been formulated 
to be carried at room temperature with success [23,24]. A similar pro-
tocol for vitrification of cat ovarian tissue has been reported where a 

Fig. 7. Graphical representation of proportions of follicles counted from fresh 
and vitrified warmed feline ovarian tissue cultured for six days (experiment 2). 
A, C and E presents the distribution of follicles based on their developmental 
stage (total of 3870 follicles). Chart B, D and F represent the immunohisto-
chemical data (total of 7057 follicles). Horizontal back-facing parenthesis on 
the top of the bars represent statistical significance (p < 0.05). Error bars 
represent the standard error of the mean (n = 5). VIT_CT: vitrification after 
equilibration at chilling temperature. VIT_RT1: vitrification after equilibration 
at room temperature 1. VIT_RT2: vitrification after equilibration at room tem-
perature 2. 
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three-step equilibration was carried out (5 min in each step) and the first 
two steps were at room temperature while the final step was chilled 
[15]. 

Moreover, the success recorded in VIT_RT2 may not be unconnected 
to the use of non-permeable CPAs which contributed to attaining the 
necessary viscosity for a successful vitrification [33]. We reported that 
VIT_RT2 which has a cumulative equilibration time of 7 min is the best 
protocol for feline ovarian tissue vitrification. This is conceivable 
because it has been reported that, prolonged contact of tissues with CPA 
leads to chemical toxicity [20]. Such toxicity could be associated with 
osmotic imbalance, cytoskeletal damage or nucleic acid fragmentation 
[16]. In this regard, DMSO has been incriminated because it exhibits a 
permissive permeability on cells [34]. Several other degenerative 
changes were attributed to DMSO toxicity including mitochondrial al-
terations and vacuolations and extracellular matrix swelling [35]. In the 
current report, some cellular degenerative changes in the ovarian tissue 
ultrastructure in almost all the protocols were observed. 

After vitrification and warming of ovarian tissue, initial evaluation is 
often morphological, where structural integrity of the ovarian paren-
chyma is assessed usually through histology. However, morphology 
alone is not enough to guaranty tissue viability [35]. The is a need for a 
functional evaluation of the tissue fragments either through an in vivo 
transplantation on a subject or through an in vitro tissue culture system 
[25,36]. The former has been extensively practiced in humans where 
warmed ovarian fragments were autotransplanted since ovarian tissue 
preservation is no longer experimental in humans, otherwise the frag-
ments could be grafted in a secondary subject (xenotransplantation) 
with the aim of retrieving matured oocytes [37,38]. While in animals, 

both auto and xenotransplantation can be carried since ovarian tissue 
cryopreservation is still experimental [36,39]. However, in vitro culture 
may be more preferred because of the complexity and negative conse-
quences of grafting, including being invasive, expensive, cumbersome, 
and therein lies the possibility of follicular depletion from anoxia or 
“burn out” [15,40–42]. In the current report, we recorded up to 40 % 
grade 1 follicles in the treatments post warming (Fig. 2) however, this 
was followed by a considerable reduction of grade 1 follicles after in vitro 
culture (Fig. 6) which clearly affirms our earlier argument on the ne-
cessity to ascertain the ovarian tissue viability functionally. 

During the six-day culture, we report low activation of primordial 
follicles despite maintaining follicle integrity with low follicle apoptosis 
in all the treatments which may be associated with the culture system 
employed [25], although regarding the low caspase-3 immunolabeling, 
we must be cautious not to conclude on overall viability since necrosis 
and other forms of cell degeneration and death were not evaluated. 
These findings, however, differ from earlier reports on human ovarian 
tissue wherein culturing primordial follicles in situ helps in their acti-
vation and subsequent follicle development until the secondary stage. 
On the other hand, this trait may be peculiar to the feline species because 
our findings are in line with Bosch et al. [39], who xenotransplanted 
thawed cat ovarian fragments on mice and found that more than 90 % of 
the follicles that survived the technique remained at their primordial 
stage. Similarly, more than 80 % of follicles remained in their primordial 
state when cat ovarian tissue was transplanted on chorioallantoic 
membrane and cultured for five days [43]. In addition, when feline 
primordial follicles were isolated (ex situ) and cultured, their survival 
was for a short period [7]. In this regard, we can consider 

Fig. 8. Representative images from hematoxylin and eosin stained sections of fresh and vitrified warmed feline ovarian tissue cultured for six days (experiment 2). 
VIT_CT: vitrification after equilibration at chilling temperature. VIT_RT1: vitrification after equilibration at room temperature 1. VIT_RT2: vitrification after 
equilibration at room temperature 2. Scale bar = 50 μm. 

I.M. Alkali et al.                                                                                                                                                                                                                                



Theriogenology 224 (2024) 163–173

172

supplementation of the culture medium with activation factors to 
improve primordial follicle activation in future [44]. 

In conclusion, we presented a vitrification protocol (VIT_RT2) which 
has lower equilibration time at room temperature suitable for the field 
conditions which can be used for vitrification of cat ovarian tissue and 
perhaps attempts could be carried out on wild felids especially where 
urgent genetic rescue is required. On a broader note, since our protocol 
was derived from a protocol that has already been successfully used in 
humans, baboons, and bovine, it may serve as a stepping stone to a 
unified ovarian tissue vitrification protocol in several species perhaps 
with varying equilibration timings. 
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