
Research Article

Morphofunctional changes in the mitochondrial
subpopulations of conceptus tissues during 
the placentation process
R. Justo, M. P. Alcolea, B. Colom, A. N. Riera, M. Gianotti* and F. J. García-Palmer

Energy Metabolism and Nutrition Research Group, Departament de Biologia Fonamental i Ciències de la Salut, 
Universitat de les Illes Balears, Cra. Valldemossa km 7.5, 07071 Palma de Mallorca (Spain), Fax + 34 971 173184, 
e-mail: magdalena.gianotti@uib.es

Received 5 August 2002; received after revision 23 September 2002; accepted 8 October 2002

Abstract. To establish the role of mitochondrial subpop-
ulations in the mitochondrial maturation process, we
studied morphological and functional changes in the mi-
tochondria of different mammalian conceptus tissues
during the organogenic and the placentation processes.
Mitochondrial subpopulations of three different concep-
tus tissues, embryo and visceral yolk sac placenta on ges-
tational days 11, 12 and 13 and placenta on days 12 and
13, were examined morphologically by transmission
electron microscopy. Cytochrome oxidase activity and
protein levels were also measured in each mitochondrial
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subpopulation. The results indicate two different mito-
chondrial subpopulation profiles: a homogeneous one,
which corresponds to immature mitochondria, and a het-
erogeneous one, which represents the mature mitochon-
dria. The three tissues studied show different morpho-
logic and metabolic patterns of mitochondrial maturation
during the placentation process, rendering them suitable
as experimental models to establish the possible relation-
ship between mitochondrial maturation and the mito-
chondrial subpopulations.

Key words. Embryo; visceral yolk sac; placenta; mitochondrial subpopulation; mitochondrial morphology; cy-
tochrome c oxidase.

The mitochondrial pool in a specific tissue is not homo-
geneous. Previous studies have shown that mitochondrial
populations from rat liver, skeletal muscle and both
brown and white adipose tissues can be fractionated into
different subpopulations, which vary in biochemical and
morphological features [1–9]. These mitochondrial frac-
tions show differential behaviour in several physiological
and pathological conditions such as overfeeding, obesity,
cold exposure/acclimation and fasting [3–5, 7].
There seems to be a connection between the process of
mitochondrial maturation and the mitochondrial frac-
tions, which are probably non-mature forms acting as
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precursors of the mature mitochondria, so there is a mito-
chondrial growth-maturation cycle in the cell, which is
more or less apparent, depending on the cell function [3,
5–9].
The mammalian organogenic embryo is a good model to
study mitochondrial development, because during early
organogenesis, rat embryo mitochondria are smaller and
contain only a moderate number of short distended
cristae, while the fetal tissues in the following stages of
development contain larger mitochondria with numerous
lamellar cristae [10, 11]. Furthermore, the oxidative elec-
tron transport system located in the mitochondrial cristae
has been shown to be relatively inactive during the early
stages of rat embryo development, gradually maturing af-
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ter establishment of vascular circulation through the pla-
centa [12–14]. Finally, a shift from anaerobic to aerobic
energy metabolism has been observed in rat embryos dur-
ing organogenesis [12–16]. Thus, embryo development
seems to be an adequate system to study the mitochon-
drial maturation process.
There are other tissues in the rat conceptus at this stage of
development that would be appealing as models for the
study of mitochondrial subpopulations: the visceral yolk
sac membrane (VYS) and the placenta.
The mammalian VYS plays an important role in embry-
onic development. It is composed of several visceral and
parietal layers, and is able to function as a placenta, con-
necting mother and embryo from implantation, before the
development of the chorioallantoic placenta [17]. During
this period, the yolk sac (especially the VYS layer) is the
only placental exchange site, making it critically impor-
tant for nourishing the organogenic embryo [18].
The nutritional role of the VYS is transferred to the
chorioallantoic placenta when the latter becomes avail-
able on gestational day 12 [17]. The specialized cells of
the chorioallantoic placenta attach the embryo to the
uterus and form the vascular connections necessary for
nutrient transport [17, 19]. One of the most important
achievements of the developing placenta is the onset of
embryonic mitochondrial oxidative metabolism, some-
how activated by the establishment of the allantoic cir-
culation, which increases the oxygen delivery to the
quickly developing embryo [17, 20–22]. However, the
VYS and placental mitochondria have not been exten-
sively studied.
These three tissues of the conceptus could be representa-
tive of different mitochondrial maturation statuses, be-
cause both growth and differentiation processes are coin-
cident but they follow different schedules at this point of
development [23]. Thus, these tissues would be appropri-
ate for research into the role of mitochondrial subpopula-
tions in their maturation process.
To our knowledge, there are no studies on mitochondrial
subpopulations during development, so the aim of this
study was to establish the morphological and some of the
functional changes in rat embryo mitochondrial subpop-
ulations during the onset of oxidative metabolism and the
associated mitochondrial maturation, using as a reference
both VYS and placental mitochondria.

Materials and methods

Animals
Three-month-old female Wistar rats (CRIFFA, Barce-
lona, Spain) were used. They were housed in individual
cages in a controlled environment (22°C) with a 12 h
light/12 h dark period (lights on at 08:00 a.m.). They had
free access to tap water and pelleted standard diet (Pan-
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lab, Barcelona). Vaginal smears were examined for sperm
the morning after overnight mating. When intravaginal
sperm were found, day 0 of the pregnancy was defined as
the preceding midnight.

Sacrifice and isolation of samples
Pregnant female rats were sacrificed on day 11, 12 and 13.
Uteri were dissected and transferred to a sterile culture dish
containing physiological saline solution. Embryos, VYS
and placentas were dissected, pooled and weighed (placen-
tas could not be obtained on day 11, because they are undis-
tinguishable). Several pregnant rats were used (four to six
on day 11, three to four on day 12 and two to three on day
13) to combine the embryos, VYS and placentas for suffi-
ciently large samples in each of the six to eleven  experi-
ments. Tissue samples were homogenized in MOPS/su-
crose buffer (300 mM sucrose, 5 mM MOPS, 1 mM EDTA-
K3, 5 mM KH2PO4, 0.01% bovine serum albumi, pH 7.4)
with a Teflon/glass homogenizer at 1000–1500 r.p.m. The
homogenates were used for mitochondria isolation.

Chemicals
All enzymes, substrates and coenzymes were obtained
from Sigma-Aldrich (Madrid, Spain). Routine chemicals
used were supplied by Amersham Pharmacia Biotech
(Barcelona, Spain), Panreac (Barcelona, Spain), Sigma-
Aldrich and Cultek (Madrid, Spain).

Isolation of mitochondrial subpopulations
The mitochondrial fractionation process is based on a
published method [1, 2], later modified in our laboratory
[3] and further adapted to the conceptus tissue specifica-
tions as follows. Nuclei and cell debris were first re-
moved by refrigerated centrifuge (Sigma-3K30) at 800 g
for 10 min at 4°C. The resulting supernatant was sub-
jected to three 10-min sequential centrifugation steps, at
1000, 3000 and 8000 g, respectively, rendering the heavy
(M1), medium (M3) and light (M8) mitochondrial frac-
tions. The pellets were resuspended in the homogenizing
buffer and kept on ice for further analysis.

Biochemical analysis
Cytochrome c oxidase (ferrocytochrome c:oxygen oxi-
doreductase, EC 1.9.3.1; COX) activity was determined
in isolated mitochondrial fractions. A spectrophotometric
method was used [24] to follow changes in optical den-
sity at 550 nm during oxidation of reduced ferrocy-
tochrome. The activity was measured at 37°C using a
thermostatized spectrophotometer (Shimadzu UV-2100).
Samples of mitochondrial fractions were taken for pro-
tein measurement [25].

Electron microscope analysis
Samples for transmission electron microscope (TEM) ex-
amination, (mitochondrial conceptus subpopulations)



were obtained under exactly the same conditions as indi-
cated above and were carefully removed and placed in
ice-cold fixative buffer (2.5% glutaraldehyde in 0.2 M
trihydrated sodium cacodylate buffer, pH 7.2) for 2 h. The
fixed pellets were then washed four times in 0.2 M trihy-
drated sodium cacodylate buffer, and postfixed (1% os-
mium tetroxide) for 2 h. They were then dehydrated in
graded acetone steps, stained with 2% uranyl acetate
overnight and embedded in Spurr’s resin. Semithin sec-
tions for light microscopy, about 0.5 mm thick, were cut
with glass knives, stained with methylene blue and exam-
ined under a light microscope (Olympus BX-60). Ultra-
thin sections for electron microscopy, about 50 nm thick,
were stained with saturated lead citrate solution and ex-
amined by a Hitachi H-600 electron microscope, at 75 kV.
TEM micrographs were obtained at magnifications of
¥10,000.
TEM micrographs were transferred to a personal com-
puter and were analysed by Scion Image software for
morphometric studies, measuring mitochondrial area,
perimeter and the minor and major axis.

Statistics
Protein and COX data are presented as group mean val-
ues ± SE. Differences between groups were assessed by
one-way and two-way analysis of variance (ANOVA) and
by LSD for post hoc comparisons (p < 0.05). For mito-
chondrial area data analysis, a normality distribution test
(Kolmogorov-Smirnov) was applied. Since a normal dis-
tribution was not found, differences between groups were
assessed by a non-parametric Kruskal-Wallis test (p <
0.05). All statistical analyses were performed with an
SPSS 10.0 for Windows package.

Results

TEM analysis
Only the most relevant mitochondrial pictures are used in
figures 1 and 2. Figure 1 shows M1, M3 and M8 mito-
chondrial subpopulations from embryo and VYS on ges-
tational day 11, as an illustration of the differences be-
tween the subpopulation profiles in both tissues. The mi-
tochondria were larger in the VYS than in the embryo,
and showed many lamellated parallel cristae; on the other
hand, embryo mitochondria showed a pattern with few,
vesiculated cristae. Thus the VYS mitochondria seemed
to be more mature than the embryo ones. In fact, the more
lamellated the mitochondrial cristae are, the more mature
the mitochondrion is [26, 27]. The characteristic form ob-
served with embryo mitochondria has been documented
previously in histological analysis of whole embryo tis-
sue [10, 11, 14, 28].
Figure 2 shows the M1 fraction profile on gestational
days 12 and 13 in the three tissues studied, as an

CMLS, Cell. Mol. Life Sci. Vol. 59, 2002 Research Article 2201

Figure 1. TEM micrographs of mitochondrial subpopulations in
embryo and VYS on gestational day 11 (bar, 1 mm).

Figure 2. TEM micrographies of the M1 mitochondrial subpopula-
tion in embryo, VYS and placenta on gestational days 12 and 13
(bar, 1 mm).



overview of the changes during the days studied (com-
bined with M1 photos in fig. 1). In general, embryo M1
mitochondria looked different to placenta and VYS mi-
tochondria, being, as indicated above, more vesiculated.
There were very few differences in embryo mitochon-
dria, on the days studied, which had an immature ap-
pearance. On the other hand, there were noteworthy dif-
ferences in size and cristae profile between gestational
days 12 and 13 in both placenta and VYS M1 subpopu-
lations, although the mitochondria showed a quite ma-
ture appearance.

Morphometric analysis
We measured the area, perimeter and the minor and ma-
jor axis of the mitochondrial subpopulations, but report
only the area here. Mitochondrial areas of the M1, M3
and M8 subpopulations in the different tissues are shown
in figure 3.
Despite the overall homogeneous profile of the embryo
mitochondria, there were significant differences between
the fractions, mainly associated with a trend towards a
minor reduction in size over the days studied, in particu-
lar in the M3 population.
VYS mitochondria showed a different area pattern com-
pared to the embryo, with M1 being the biggest and M8
the smallest. This profile seems to be representative of a
developed tissue, as described in brown adipose tissue
[7], while the embryo mitochondria profile would corre-
spond to a tissue in the differentiation process. There was
also a reduction in the area (about 30%) in all the frac-
tions of VYS during the period of development studied,
maintaining the same size pattern, probably related to the
change in the nutritional functionality of this tissue.
Finally, the most striking feature of placental mitochon-
dria was the change in the size profile between days 12
and 13, with a tendency to evenness in the mitochondrial
size (40% reduction in M1), which may also be related to
the increase in the capabilities of the placenta.
To further analyse the data of the range of areas in 
the different mitochondrial fractions, the distribution of
frequencies for different area intervals is represented 
in figures 4–6. These distributions exhibited different
profiles. Embryo mitochondria had a narrow range of 
size distribution with very few, large mitochondria dur-
ing the period studied. However, VYS mitochondria
showed a wider pattern of size distribution, with large as
well as small mitochondria. This same profile was 
seen with placental mitochondria. Of interest is that 
all the embryo mitochondria subpopulations had about
the same area as the M8 ones in the VYS (and with the
same narrow size distribution), indicating again that all
of the embryo mitochondria could be at an immature
stage. In fact, the more mature VYS mitochondrial frac-
tions M1 and M3 had a very heterogeneous size distrib-
ution profile.

Mitochondrial protein content
Mitochondrial protein content expressed per total tissue
in each of the fractions studied is shown in table 1. The
scatter of the individual values is rather large, probably
due to the high rate of conceptus growth at this particular
stage of development, such that small differences in the
developmental age of the conceptus (even in the same lit-
ter) would result in quite different protein values. Embryo
mitochondria protein levels rose exponentially during the
gestational period studied, especially in the M1 fraction.
Placenta mitochondria showed the same profile, with the
values in the three fractions studied increasing in the
same way. The VYS mitochondrial protein content also
exhibited a significant increase during development, but
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Figure 3. Area values of the mitochondrial subpopulations of em-
bryo, VYS and placenta on gestational days 11, 12 and 13. Graphs
represent the mean area ± SE and were analysed by Kruskal-Wallis
test as described in Materials and methods. Significant differences
(p < 0.05): § M3 vs M1; y M8 vs M1; ‡ M8 vs M3. The values for
the three tissues are statistically different.
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it was linear, and VYS values were always lower than in
the other tissues. This pattern could be related to the dif-
ferent functional changes taking place in these tissues at
this point of development.

COX activity
COX activity indicates the respiratory chain capacity, i.e.
mitochondrial oxidative metabolism functionality [29,
30]. Therefore, to establish changes in the oxidative ca-
pabilities of the mitochondrial subpopulations, COX ac-
tivities were measured. These activities in the several mi-
tochondrial subpopulations studied are expressed as spe-

cific activity (in table 2) and activity per total tissue (in
table 3).
Embryo mitochondria COX specific activities showed
similar values, but there was a significant differential be-
haviour in each of the different fractions during the days
studied (especially in M1 and M8). COX values in the
placenta were about the same, with lower levels in M8. In
VYS, the activities in M1 were higher than in M3, which
in turn were higher than in M8; this is the same profile
seen for the mitochondrial area (fig. 3), and would also be
related to the mitochondrial maturation status. There was
also an interesting, significant pattern, of COX activities
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Table 1. Protein levels in the mitochondrial subpopulations of embryo, VYS and placenta on gestational days 11, 12 and 13.

Embryo VYS Placenta

Gestational day 11
M1 4.64 ± 0.45 2.29 ± 0.63 ND
M3 5.70 ± 0.43 2.56 ± 0.18 ND
M8 4.09 ± 0.46 2.51 ± 0.26 ND

Gestational day 12
M1 12.03 ± 1.55 6.94 ± 0.72 15.72 ± 2.36
M3 11.16 ± 1.18 6.99 ± 0.74 15.16 ± 1.01
M8 8.86 ± 1.14 7.37 ± 0.84 12.56 ± 0.66

Gestational day 13
M1 55.06 ± 14.88 13.07 ± 5.25 49.97 ± 6.53
M3 46.15 ± 12.28 11.17 ± 1.89 58.48 ± 6.97
M8 38.71 ± 6.73 9.69 ± 1.31 46.63 ± 6.11

ANOVA gestation: p < 0.05 gestation: p < 0.05 gestation: p < 0.05
fraction: NS fraction: NS fraction: NS
interaction: NS interaction: NS interaction: NS

Data are expressed as micrograms of protein per total tissue (mean ± SE) and analysed by two- and one-way ANOVA as described in Ma-
terials and methods. Values in the three tissues differ statistically. ND, not determined; NS, not significant.

Table 2. COX specific activity in the mitochondrial subpopulations of embryo, VYS and placenta on gestational days 11, 12 and 13.

Embryo VYS Placenta

Gestational day 11
M1 5.89 ± 1.12 14.33 ± 2.99 ND
M3 9.22 ± 1.21§ 10.66 ± 1.48 ND
M8 7.44 ± 0.96 2.51 ± 1.71 y ND

Gestational day 12
M1 10.55 ± 1.62 25.49 ± 8.59 13.23 ± 3.14
M3 11.85 ± 1.17 18.05 ± 5.81 12.65 ± 1.55
M8 10.27 ± 1.13 11.17 ± 2.74 7.79 ± 0.79

Gestational day 13
M1 9.33 ± 2.12 6.17 ± 1.72 12.50 ± 1.56
M3 10.85 ± 1.34 6.37 ± 2.17 13.68 ± 1.69
M8 6.44 ± 0.53‡ 3.41 ± 0.83 9.34 ± 0.96‡

ANOVA gestation: p < 0.05 gestation: p < 0.05 gestation: NS
fraction: p < 0.05 fraction: NS fraction: NS
interaction: NS interaction: NS interaction: NS

Data are expressed as mKat per milligram of mitochondrial protein content (mean ± SE) and analysed by two- and one-way ANOVA as
described in Materials and methods. Post hoc significant differences (p < 0.05): § M3 vs M1; y M8 vs M1; ‡ M8 vs M3. NS, not signifi-
cant; ND, not determined. Values in the three tissues differ statistically.



increasing from day 11 to 12, and then decreasing on day
13 to values lower than on day 11. This pattern could be
related to the loss of VYS functionality, the VYS being
replaced in its nutritional role by the chorioallantoic pla-
centa [17].
When COX mitochondrial activity is expressed per total
tissue, the values in embryo and placenta showed the
same significant increase described for the protein levels
(table 1). COX activity in VYS had a very different pro-
file, with a tendency to increase between days 11 and 12,
and to maintain the same levels on day 13, in accordance
with the already indicated loss of functionality of this tis-
sue.

Discussion

The present results indicate large morphological and
functional differences between the mitochondria of the
tissues studied. Mitochondrial subpopulations show dif-
ferent profiles that are specific for embryo, VYS and pla-
centa.
Previous studies on mitochondrial fractions in adult
tissues such as like liver [1, 2, 6, 9], skeletal muscle [8],
brown adipose tissue [7] and white adipose tissue [9]
have demonstrated a specific size profile in these sub-
populations: the heavy fraction is usually the largest,
while the light fraction is the smallest, coincident with the
possibility that the light mitochondria are the immature
form in the growth cycle of mitochondria, while heavy
fractions would be the mature forms. This profile seems
to be the same in the developed tissues. In the present re-

sults, this pattern is discernible in mitochondria of the
VYS, a quite well-developed tissue at this stage of develop-
ment [18, 31, 32], while the embryo mitochondria have
about the same area during the period studied, which is
characterized by the onset of oxidative metabolism
[12–14].
The individual areas of embryo mitochondrial subpopu-
lations show a narrow distribution (as seen in fig. 4), as
that found in the M8 fraction in the VYS (and with the
same area distribution), while the VYS mitochondrial
fractions M1 and M3 have a very heterogeneous size dis-
tribution profile. On the whole, there seem to be two ma-
jor size distribution profiles: a wide one, which would be
characteristic of mature mitochondria (in placenta and
M1 and M3 of VYS), and a narrow one, which would be
distinctive of the immature mitochondria (in the embryo
and M8 of VYS).
This immaturity of the embryo mitochondrial subpopula-
tions is also supported by their appearance, with few and
vesiculated cristae (figs. 1, 2). In fact, previous ultra-
structural studies of whole embryo mitochondria during
early organogenesis have shown that there is an increase
in cristae, which appear tubular or vesicular after the end
of neurulation, but with the onset of vascular circulation
through the placenta, the cristae gradually become lamel-
lated, and have a more mature appearance [14, 28]. Our
ultrastructural study would suggest that the mitochondria
in the differentiating tissues are at an immature stage.
On the other hand, in the present results, there are no im-
portant differences between embryo mitochondrial COX
specific activity on the 3 days studied, a profile coinci-
dent with the mitochondrial-area profile discussed above.
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Table 3. COX activity per total tissue in the mitochondrial subpopulations of embryo, VYS and placenta on gestational days 11, 12 and
13.

Embryo VYS Placenta

Gestational day 11
M1 22.36 ± 4.45 28.31 ± 10.59 ND
M3 32.36 ± 12.15 27.71 ± 11.54 ND
M8 24.86 ± 9.74 17.52 ± 6.37 ND

Gestational day 12
M1 71.33 ± 17.83 88.40 ± 28.47 213.86 ± 30.23
M3 82.03 ± 13.51 50.23 ± 11.10 218.38 ± 25.40
M8 56.58 ± 8.46 30.97 ± 7.60 y 104.69 ± 5.50‡, y

Gestational day 13
M1 430.62 ± 80.30 84.13 ± 27.39 620.68 ± 104.58
M3 438.94 ± 70.74 65.88 ± 24.60 751.13 ± 93.96
M8 238.47 ± 28.89‡, y 32.11 ± 11.49 407.23 ± 47.12‡

ANOVA gestation: p < 0.05 gestation: NS gestation: p < 0.05
fraction: p < 0.05 fraction: NS fraction: NS
interaction: p < 0.05 interaction: NS interaction: NS

Data are expressed as nKat per total tissue (mean ± SE) and analysed by two- and one-way ANOVA as described in Materials and methods.
Post hoc significant differences (p < 0.05): y M8 vs M1; ‡ M8 vs M3. NS, not significant. ND, not determined. Values in the three tissues
differ statistically.



Consequently, COX activities also point to the same lack
of maturation for these mitochondrial subpopulations.
The changes in VYS mitochondrial areas indicate a per-
ceptible slowing-down of mitochondrial turnover, charac-
terized by an overall size reduction in these organelles
from day 11 to 13, which could be related to the loss of
functionality of VYS, which is being replaced in its role
by the chorioallantoic placenta [17]. Moreover, embryo
mitochondrial protein levels show an exponential in-
crease from day 11 to 13, as does placental mitochondrial
protein. However, VYS protein does not show an expo-
nential, but rather a linear increase, suggesting a different
tissue development pattern, probably also related to the
indicated role change for this tissue.
Placental mitochondrial fractions show a distinctive
pattern. On day 12, there are size differences between the
mitochondrial fractions, which show the same mature
profile discussed above for developed tissues. However,
on day 13, the mitochondria are all the same size. This
can be related to the change in placental development
which begins differentiation on day 12, when the distal
portion of the allantoides reaches the ectoplacental cone
to form with it the definitive chorioallantoic placenta
[17].
Mitochondrial biogenesis is the combination of two dif-
ferent processes: proliferation and differentiation. Prolif-
eration is an increase in the mitochondrial population,
while differentiation can be defined as an augmentation
in the functional capabilities of pre-existing mitochon-
dria (with the incorporation of newly synthesized pro-
teins and lipids) to acquire the ultrastructure and func-
tional features of mature mitochondria [33–39]. These
processes are especially well illustrated during postnatal
development of the liver [34, 35], and also during 
the cold-induced recruitment of brown adipose tissue
[3, 40].
Taking this background into account, our results indicate
that the different embryo mitochondrial subpopulations
seem to be in a proliferative stage, but are not yet differen-
tiated; these mitochondria can incorporate more proteins,
enough to increase their density (M1 being higher than
M8), but not enough to grow in size and improve their
functionality, so they are still at an immature stage. This
would be the immature mitochondrial subpopulation pro-
file in the developing tissues.
In conclusion, the three tissues studied (embryo, VYS
and placenta) show different mitochondrial morphologic
and metabolic patterns of maturation during the placenta-
tion period, making them suitable models to establish the
possible relationship between mitochondrial maturation
and the mitochondrial fractions.
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