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Abstract
Purpose Investigation of the changes induced by vitrification
on the cortical F-actin of in vitro matured ovine oocytes by
Raman microspectroscopy (RMS).
Methods Cumulus-oocyte complexes, recovered from the
ovaries of slaughtered sheep, were matured in vitro and vitri-
fied following the Minimum Essential Volume method using
cryotops. The cortical region of metaphase II (MII) oocytes
(1) exposed to vitrification solutions but not cryopreserved
(CPA-exp), (2) vitrified/warmed (VITRI), and (3) untreated
(CTR) was analyzed by RMS. A chemical map of one quad-
rant of single CPA-exp, VITRI and CTR oocytes was, also,
performed. In order to identify the region of Raman spectra
representative of the cortical F-actin modification, a group of
in vitro matured oocytes were incubated with latrunculin–A
(LATA), a specific F-actin destabilizing drug, and processed for
RMS analysis. Thereafter, all the oocytes were stained with
rhodamine phalloidin and evaluated by fluorescence confocal
microscopy. Raman spectra of the oocytes were, statistically,
analyzed using Principal Component Analysis (PCA).
Results The PCA score plots showed a marked discrimination
between CTR oocytes and CPA-exp/ VITRI groups. The main
differences, highlighted by PCA loadings, were referable to

proteins (1657, 1440 and 1300 cm−1) and, as indicated by
LATA experiments, also included the changes of the F-actin.
Analysis by confocal microscopy revealed a clear alteration of
the cortical F-actin of CPA-exp and VITRI oocytes
confirming RMS results.
Conclusions Raman microspectroscopy may represent an
alternative analytical tool for investigating the biochemical
modification of the oocyte cortex, including the F-actin cyto-
skeleton, during vitrification of in vitro matured ovine oocytes.
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Introduction

Oocyte cryopreservation is a rapidly developing technology
with considerable potential in the field of reproductive bio-
technologies, in both the animal and human [1, 2]. Among the
available cryopreservation techniques, vitrification is consid-
ered an interesting perspective for the animal oocytes,
appearing less traumatic than slow freezing [3]. Moreover,
based on the current evidence, we can state that the vitrifica-
tion of human oocytes is a standardized technique, and today
it is widely adopted [4, 5]. However, a number of variables,
including patient age, oocyte quality, cryoprotectants types/
concentrations and various vitrification devices may affect the
final outcomes [1, 2, 5].

A component of the oocyte that can be damaged by the
vitrification/warming procedure is the cytoskeleton [6–8]. The
cytoskeleton network of the oocyte has a peculiar arrangement
of microtubules, microfilaments and intermediate filaments
and plays an important role during the maturation and the
fertilization of the oocyte as well as in the early embryonic
development [9, 10]. Several studies have shown that the

Capsule Raman microspectroscopy can be used to detect modification of
the oocyte cotex following vitrification.
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exposure to cryoprotectants and the cold temperatures may
lead to the disruption of microtubules and the change of the
meiotic spindle morphology of mature oocytes [11–16]. Few
reports focus on modifications caused by vitrification on the
actin cytoskeleton [13, 17–21]. Actin is a major component of
the cytoskeleton of the oocyte and it is present as the fibrous
polymer, F-actin, in dynamic equilibrium with monomeric
globular actin (G-actin). The mature oocyte presents at least
two F-actin compartments, each with a distinct dynamic and
regulation: the cortical F-actin which is localized into a uni-
form layer all around the oocyte cortex, and the cytoplasmic
F-actin. Most development events, such as spindle position-
ing, polar body release, pronuclear migration and embryo
cleavage are dependent on a well-defined dynamic and orga-
nization of the F- actin network. [9, 10].

Different methods have been used to study the proteins of
the cytoskeleton in the oocyte, [22], but they often require cell
fixation and specific labels [18, 23]. Recently, advances in
imaging technology, as the polarized light microscopy tech-
nology, have offered the opportunity to visualize the meiotic
spindle non-invasively before and/or after cryopreservation
[24, 25]. The development of other approaches could facilitate
the assessment of the changes caused by vitrification/warming
on the cytoskeleton of the oocyte.

Raman microspectroscopy (RMS) is a physicochemical
fingerprinting technique which is based on the inelastic scat-
tering of laser photons by vibrating molecules found in the
sample [26]. The analysis of scattered frequencies provides
chemical and structural information which is characteristic of
the molecules present in the sample. Raman offers the advan-
tage of acquiring information regarding the biochemical con-
stituents of the sample and their spatial distribution without
labelling, on both fixed and unfixed cells. This technique has
been, widely, used to study the biological changes of various
cellular components during cell cycle progression, apoptosis,
and response to stress [27]. On the other hand, studies focused
on female gamete are restricted to a few works [28–32].
Specifically, changes of the molecular architecture of the
oocyte at different maturation stages have been revealed by
RMS [28–30]. Recently, our group demonstrated that RMS is
able to assess the structural modifications of the zona pelluci-
da of ovine oocytes following vitrification/warming [31].
Furthermore, the detection of chemical alterations caused by
aging-related oxidative damage has been analyzed in mouse
oocytes [32].

As an extension of our previous researches [31, 32],
in this work we investigated the feasibility of RMS to
identify changes occurring in the cortical F-actin net-
work of in vitro matured ovine oocytes following expo-
sure to cryoprotectants and vitrification. Moreover, im-
munofluorescence imaging of the cortical F-actin was
performed by confocal microscopy on the same oocytes
after completion of the RMS analysis.

Materials and methods

Collection and in vitro maturation of ovine oocytes

Cumulus–oocyte complexes (COCs) were recovered from the
ovaries of slaughtered sheep (Sarda sheep, 4–6 years old).
Only COCs showing several intact cumulus cell layers and
uniform cytoplasm with homogenously distributed lipid drop-
lets were selected for in vitro maturation (IVM) in TCM 199
supplemented with 10 % (v/v) heat-treated estrus sheep serum
(ESS), 0.1 IU/ml FSH, 0.1 IU/ml LH and 100 μM cysteamine
for 22 h in 5%CO2 in air at 38.5 °C. At the end of maturation,
oocytes were completely denuded from cumulus cells by
incubation with hyaluronidase. The assessment of nuclear
maturation (MII stage) was performed by visualizing the
presence of a polar body by a stereomicroscope (Olympus
ZX40) at 40X magnification.

A group of MII oocytes was incubated with latrunculin–A
(LATA) as described below. Another group was processed
according to the experimental design. All the in vitro matured
oocytes employed for the experiments derived from the same
batches of ovaries.

Treatment with Latrunculin-A

Since the Raman spectrum of the oocyte cortex is, inherently,
complex due to contribution of protein and lipid molecular
vibrations, we, first, conducted studies to identify the regions
of Raman spectrum representative of F-actin. Accordingly, the
F-actin network was depolymerized in a group of MII oocytes
(n=10, LATA) by incubation for 4 h (5 % CO2 in air at
38.5 °C) in IVM medium containing 200 μM Latrunculin-A
(LATA). LATA is a widely employed, highly specific, and
reversible F-actin depolymerizing agent, based on its stoichio-
metric binding with G-actin [33, 34]. A group of not-treated
MII oocytes was used as control (n=10, CTR). CTR and
LATA oocytes were processed for RMS measurements and
data analyzed to identify spectral differences between the two
groups. To evaluate the efficiency of LATA treatment to
destabilize F-actin network, immuno-fluorescence imaging
of F-actin was performed on the same oocytes after Raman
analysis as detailed below.

Experimental design

In vitro matured oocytes were divided into three experimental
groups:

(1) Oocytes exposed to cry protectants (n=10, CPA-expr):
submitted to all the vitrification/warming procedures
excluding the plunge into liquid nitrogen.

(2) Vitrified oocytes (n=10, VITRI).
(3) Control oocytes (n=10, CTR): untreated oocytes.
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Vitrification and warming

Vitrification was performed following the Minimum Essential
Volume (MEV)method using the cryotop device [35]. Groups
of five MII oocytes were equilibrated at 38.5 °C for 1 min in
holding medium (HM) consisting of 20 mm Hepes-buffered
TCM 199 supplemented with 20 % (v/v) fetal calf serum
(FCS). After equilibration, oocytes were incubated in 10 %
(v/v) ethylene glycol (EG) +10 % (v/v) dimethylsulfoxide
(Me2SO4) in HM for 30 s and then transferred to 20 % (v/v)
EG and 20% (v/v) Me2SO4 and 0.5M sucrose in HM for 20 s.
They were, thereafter, loaded onto the cryotop, and immedi-
ately plunged into liquid nitrogen (LN2) for cooling and
storage. For warming, cryotops were directly immersed into
HM supplemented with 1.25 M sucrose for 1 min at 38.5 °C.
Oocytes were transferred into HM containing decreasing su-
crose concentrations (0.62 and 0.31 M), and then washed in
HM. Warmed oocytes were cultured for 1 h in TCM 199
supplemented with 10 % (v/v) ESS and processed for RMS
measurement.

Preparation of oocytes for RMS analysis

All oocytes were fixed for 30 min in 4 % paraformaldehyde
(w/v, PFA) solution. Fixation with PFA was used, as our
preliminary experiments (data not shown) and the results of
Davidson et al. [29] indicated that, PFA- fixed and unfixed
oocytes showed similar results following Raman analysis
compared to other fixative methods which caused modifica-
tion of the spectra. After fixation, samples were washed in
PBS and stored at 4 °C until RMS examination. For RMS
analysis, each oocyte was immersed in a 100 μL drop of PBS
overlaid with mineral oil on a quartz window.

Measurement by RMS

Measurements were performed using a Bruker Senterra con-
focal Raman microscope using a 532 nm excitation laser
(wavelength) operated at 25 mW with spectra collected
through a 60x water-immersion objective (numerical aperture:
1.1; working distance: 1.5 mm).

Data recording was performed by circumferential and se-
quential laser focusing at 12 points in the oocyte cortex just
below the plasma membrane (Fig. 1a). The final spectrum
recorded from each point was obtained averaging 6 acquisi-
tions of 3 s at 9–15 cm−1 resolution. Finally, the spectrum of
each oocyte was calculated averaging the 12 spectra acquired
along the subcortical region (approximately 3.5 min. acquisi-
tion time).

A chemical map of one quadrant of single CTR, CPA-exp
VITRI oocytes was generated within a 70 by 70 μm grid
(Fig. 1b). Individual spectra were obtained by averaging five
acquisitions with duration of 5 s/scan. At this temporal

resolution, data acquisition required about 5 h. Only a portion
of each oocyte was mapped to reduce the acquisition time for
imaging an entire oocyte (about 20 h) in order to minimize X,
Y-axis displacements during these protracted periods of data
acquisition.

Immuno-fluorescence labeling and analysis by confocal
microscopy

Immuno-fluorescence imaging of F-actin was performed on
the same oocytes after completion of the Raman measure-
ments. Oocytes were permeabilized using 0.1%Triton X-100.
F-actin was stained using Phalloidin (diluted 1/150,
Invitrogen, Carlsbad, CA), DNA were counter-stained with
of 4′, 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich;
100 ng/ml). Images of F-actin were acquired by a confocal
laser-scanning fluorescence microscope (Leica TCS SP5),
equipped with 543 nm HeNe, 488 nm Argon and 405 nm
405-diode lasers using an oil immersion 40x objective (NA=
1,25) and recorded on a host computer. Oocytes were scanned
through the Z-axis and the images of the F-actin were recorded
on the section corresponding to the equatorial plane of the cell.

The cortical F-actin band was classified as: a) normal: an
evenly stained layer of F-actin band immediately beneath the
plasma membrane; b) abnormal: irregular, discontinuous or
absent staining of F-actin band.

Data analysis

To investigate spectral changes between the experimental
groups, principal component analysis (PCA) was performed
in the 1800–600–cm−1 spectral range. A 17-point smoothing
was applied to all averaged spectra, the second derivative was
calculated and PCAwas applied to the second derivative spec-
tra. Data were shown through score plots, in which every
spectrum was represented as a single point in a multivariate
space. Loading plots were used to assign coefficient to the
relevant principal components. The OPUS-Quant package of
the Bruker OPUS 6.5 software was used for statistical analysis.

False color images were generated from each oocyte by
integrating the Raman peaks under the spectral regions at
1657 cm−1 (Amide I) and 1266–1300 cm−1 (Amide III).

Results

Treatment with LATA

Figure 2a shows the average Raman spectra of CTR and
LATA oocytes in the 1800–600 cm−1 spectral range obtained
after point scan measurements. It is possible to identify prom-
inent spectral peaks in characteristic spectral regions. These
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features arise from the molecular vibration of components of
the oocyte cortex such as lipids and proteins [27]. The spectral
regions around 1655 cm−1 and in the 1230−1, 1320 cm−1 range
are from amide I and amide III, respectively, which are pre-
dominately, associated with protein bond vibrations. The band
at 1448 cm−1 represents the CH2 bending vibration and CH3

deformation of the proteins and lipids.
The PCAwas performed on a datamatrix that contained the

20 average spectra collected from the two sample groups

(nCTR=10; nLATA=10). The PCA scatter plots (Fig. 2b) evi-
denced a marked separation of the two groups. The nature of
chemical variation between the two groups can be showed by
examination of the PCA loading plots (Fig. 2c) which pre-
sented positive peaks in the region 1657 cm−1 (Amide I) ,
1440, 1300–1266 cm−1 (Amide III).

The observed differences can be considered indicative of the
changes of the cortical F-actin, since the oocytes have been
treated with a specific F-actin destabilizing drug. Nevertheless,

Fig. 1 Definition of RMS
measurement by (a) point scans
in the cortex of the and by
(b) definition of a grid to obtain
the mapping of one quadrant
of an oocyte

Fig. 2 a Average Raman spectra of CTR (red) and LATA (blue) oocytes
in the 1800–600 cm−1 spectral range obtained after point scan measure-
ments; b PCA score plot (PC1 vs PC2) and c PCA loading plot (PC2)
applied to the second derivative of the two experimental classes. d

Immunostaining of cortical F-actin: normal F- actin distribution of
in vitro matured oocyte (CTR) and low staining intensity and discontin-
uous distribution after LATA treatment (LATA)
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it cannot be excluded that the destabilization of F-actin may have
affected other components of the oocyte cortex, which could also
contribute to the observed differences assessed by RMS.

Immune-fluorescence images of F-actin showed an
abnormal distribution of cortical F-actin (very low stain-
ing intensity) in all the oocytes treated with LATA,
whereas CTR oocytes exhibited a compact and homo-
geneous bright staining pattern located in the oolemma
periphery (Fig. 2d).

Exposure to cryoprotectants and vitrification

Figure 3a shows the average Raman spectra of CTR, CPA-exp
and VITRI oocytes in the 1800–600 cm−1 spectral range
obtained after point scan measurements.

The PCAwas performed on a datamatrix that contained the
30 average spectra collected from the three sample groups
(nCTR=10; nCPA-exp=10; nVITR=10). The PCA score plots
(Fig. 3b) showed a marked discrimination between CTR
oocytes and CPA-exp/ VITRI groups. No distinctions existed
between CPA-exp and VITRI Raman fingerprints. The main
differences highlighted by PCA loadings (Fig. 3c) are refer-
able to proteins (1657, 1440, 1300 cm −1). Since F-actin is a
major protein of the oocytes cortex and based on the results of
LATA experiments, these differences may also be indicative
of the changes of the cortical F-actin network.

Immuno-fluorescence staining of the cortical F-actin re-
vealed an abnormal pattern of F-actin organization (irregular
or discontinuous staining, Fig. 3d, panels b,c,) in all CPA-exp
and VITRI oocytes, while CTR oocytes exhibited a normal
and uniform organization of F-actin layer (Fig. 3d, panel a).
The immunofluorescence findings were in agreement with the
Raman results.

Raman spectral maps and immune-fluorescence imaging of F-
actin

Optical, immunofluorescence (F-actin) and Raman spectral
images of one quadrant of CTR, CPA-exp and VITRI oocytes
are presented in Fig. 4. Univariate intensity maps have been
constructed by integrating the Raman spectral region corre-
sponding to Amide I (Fig. 4, Panel g,h,i) and Amide III
(Fig. 4, Panel l,m,n). As such, these figures are indicative of
the protein distribution within each of the sample. It can be,
clearly, observed a high protein concentration in the cortex of
the oocytes, just beneath the oolemma, although proteins are
distributed through the cytoplasm. Moreover, the Raman
chemical maps indicated that the protein distribution was
altered in CPA-exp and VITRI oocytes (Fig. 4, Panel h,m,n)
compared to CTR oocytes (Fig. 4, Panel g, l).

The immunofluorescence images of the cortical F-actin
(Fig. 4, Panel d, e, f) showed that in CPA-exp and VITRI

Fig. 3 a Average Raman spectra of CTR (red) and CPA-exp (pink),
VITRI (blue) oocytes in the 1800–600 cm−1 spectral range obtained after
point scan measurements; b PCA score plot (PC1 vs PC2) and c PCA
loading plot (PC2) applied to the second derivative of the two experi-
mental classes. Each dot represents the average spectrum of each oocyte;

d Immunostaining of F-actin: a normal homogeneous cortical actin
network immediately beneath the plasma membrane (a) in contrast to a
discontinuous and reduced (b) or an irregular and spotted (c) pattern of
distribution of microfilaments in the cortical area
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oocytes there was an abnormal cortical F-cortical network
respect to CTR oocytes which displayed a regular cortical
F-actin band.

Discussion

The present study aimed to evaluate the feasibility of a label-
free Raman microspectroscopy approach for visualizing the
biochemical changes of proteins in the oocyte cortex follow-
ing vitrification, with particular reference to the cortical F-
actin. This purpose was motivated from the results of our
previous study that demonstrated the potential use of this
technique to detect modifications of the zona pellucida of
cryopreserved in vitro matured ovine oocytes [31]. The power
of this technique for the examination of the oocyte has been
reported by the pivotal study of Wood et al. [28] which was

addressed to investigate the difference in the molecular archi-
tecture of immature and mature mouse oocytes. Later studies
focused on the biochemical variation within oocytes and
embryos at different stage of development [29, 30] and on
the aging-related oxidative damage of mouse oocytes [32].

The findings of the present study add a new element on the
application of RMS for the study of the oocyte. Specifically,
analysis of the average spectra obtained after point scan mea-
surement by PCA and Raman spectral maps provided an
insight into the modifications induced by cryoprotectants
and cold temperatures on the protein organization of the
oocyte cortex. Such changes may likely include the modifica-
tion of the cortical F-actin network. This assumption is de-
rived from the Raman results obtained after treatment of MII
oocytes with a specific F-actin destabilizing drug and it’s also
supported by the evidence that F-actin is a major component
of oocyte cortex.Moreover, the good correspondence between
results of PCA, Raman spectral images of proteins and the

Fig. 4 Image panel displaying optical images (a,b,c), immunostaining of normal (d) and abnormal cortical F-actin (e,f) and the respective univariate Raman
maps constructed by the intensity of Amide I (g,h,i) and Amide III (l,m,n) regions
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immuno-fluorescence images of F-actin further support that
actin is one of the main contributors to the measured Raman
band of proteins. Similar comparisons between Raman spec-
tral images and fluorescence images have been described for
Raman label-free imaging of dendritic cells [36] and mito-
chondria [37].

In the present study, the Raman false color images of one
quadrant of single oocytes revealed high protein intensities in
the cortical region of the ooplasm. This distribution is consis-
tent with the localization in the periphery of the mature oo-
cytes of organelles, cortical granules and the presence of a
thick F-actin band.

The Raman spectral data of proteins and the immune-
fluorescence images of F-actin indicated that exposure of
in vitro matured ovine oocytes to concentration of DMSO
and EG ranging from 10 % (equilibration solution) to 20 %
(vitrification solution), seriously, altered the protein distribu-
tion of the oocyte cortex and also caused a severe disruption of
the cortical F-actin network. We, previously, demonstrated
[31] that the exposure of in vitro matured ovine oocytes to
DMSO and EG, at the same concentration used in the present
study, did not alter the secondary structure of protein and
carbohydrate residues of the zona pellucida and affected the
destabilization of the tubulin cytoskeleton in about 30 % of
MII oocytes (unpublished data). Thus the cortical F-actin,
in the ovine species, appeared more sensitive to such
concentrations of DMSO and EG then other oocyte
components.

The debate on how vitrification procedures affect the mi-
crofilament network of the immature or mature oocytes has
been reported in several studies [8, 13, 17–21, 38–40].
Consequences of vitrification/warming on the actin cytoskel-
eton depended on the CPAs used, the oocyte maturation stage
and varied between species. In the ovine species investiga-
tions on the modification of microfilaments during vitrifica-
tion of the mature oocyte are currently lacking.

The actin cytoskeleton, in mammalian oocytes, is a dynam-
ic system that directs a number of events during oocyte
maturation and fertilization such as the establishment of oo-
cyte polarity, spindle anchoring and orientation, pronuclear
migration and embryo development. F-actin, also, plays an
important role in the distribution of some organelles as Golgi
complex and mitochondria, ion channel regulation and the
spatial positioning of mRNA [9, 10]. Pharmacological treat-
ments that disrupt the actin cytoskeleton, adversely, affect
mouse fertilization and early embryo division [41] and the
inhibition of F-actin polymerization prevents completion of
meiosis and embryo development in pig oocytes [42].

In order to protect microfilaments from the negative effects
of CPAs, drugs which reversible depolymerized the F-actin
network has been used prior to freezing of mature mouse
oocytes [43]. These oocytes resulted in high post thaw surviv-
al and, significantly, improved developmental competence

[38]. Moreover, a protective effect of antifreeze protein 3 on
the cortical F-actin of vitrified/warmed mature mouse oocytes
has been reported [44].

Until recently, the study of the role of actin and its dynamic
was focused, mostly, on the contribution of thecortical F-actin,
using the fluorescently labeled phalloidin [45] which strongly
stains the cortex. However during the last years, the develop-
ment of new actin probes that bind to F-actin rather than G-
actin, such as Lifeact or GFP–UtrCh revealed other pools of F-
actin in the cytoplasm or around the spindle in mitotic cells
[46]. Recently, the use of this probe coupled with live imaging
and biophysical approach resulted in new relevant discoveries
[47]. In particular, this research revealed new levels of com-
plexity in the dynamic and regulation of F-actin during mei-
otic maturation of mouse oocytes and linked the thickening of
the cortical F-actin (composed by two distinct outer and inner
layers) to an increase in cortical plasticity.

In our preliminary study, RMS has been employed to
evaluate the alteration of proteins and, among them, the F-
actin in the oocyte cortex without considering the behavior of
other actin pools or the different dynamic of F-actin in differ-
ent regions of the oocyte cortex or in the cytoplasm.

Further studies and technical improvements are needed to
expand the applicative potentiality of RMS as useful tool for
proper assessment of the oocyte. Certainly, it is imperative, for
the application in live cells, to reduce the time required for
spectral acquisition. To overcome this limitation a point scans
measurements [present work, 31] and line scans measure-
ments [32] can be used. The use of resonant Raman excitation
such as coherent anti-Stokes Raman scattering microscopy
(CARS) can, also, speed the Raman data acquisition [48].
Furthermore, the use of controlled condition during (e.g.
temperature, sterile/single-use supports, appropriate holding
medium) are required to implement the safety of RMS during
the analysis of the oocyte. Finally, the contribution of multi-
disciplinary experts could help for a careful interpretation and
a strict validation of the results.
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