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Abstract Intrauterine growth restriction (IUGR) and

preeclampsia (PE) are leading causes of perinatal and

maternal morbidity and mortality. Previously we reported

the expression of lipid rafts in classical microvillous mem-

brane (MVM) and light microvillous membrane (LMVM),

two subdomains in apical membrane from the human pla-

cental syncytiotrophoblast (hSTB), which constitute the

epithelium responsible for maternal–fetal transport. Here the

aim was to study the raft and cytoskeletal proteins from PE

and IUGR. Microdomains from MVM and LMVM were

tested with raft markers (placental alkaline phosphatase,

lipid ganglioside, and annexin 2) and a nonraft marker (hTf-

R). No changes were detected with those markers in whole

purified apical membranes in normal, PE, and IUGR preg-

nancies; however, their patterns of distribution in lipid rafts

were different in PE and IUGR. Cholesterol depletion

modified their segregation, confirming their presence in lipid

rafts, although unlike normal placenta, in these pathologies

there is only one type of microdomain. Additionally, the

cytoskeleton proteins actin, ezrin, and cytokeratin-7 showed

clear differences between normal and pathological mem-

branes. Cytokeratin-7 expression decreased to 50% in PE,

and the distribution between LMVM and MVM (*43 and

57%, respectively) changed in both PE and IUGR, in contrast

with the asymmetrical enrichment obtained in normal

LMVM (*62%). In conclusion, lipid rafts from IUGR and

PE have different features compared to rafts from normal

placentae, and this is associated with alterations in the

expression and distribution of cytoskeletal proteins.
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The human placental syncytiotrophoblast (hSTB) form an

epithelial cell layer that is able to separate maternal and

fetal blood, providing the main barrier to maternal–fetal

exchange. To guarantee its function and to control material

flow in one defined direction, the hSTB maintains a

polarized organization with two distinct (apical and basal)

plasma membrane domains. Previously, using differential

sucrose density migration, we isolated and characterized

two fractions from the apical (maternal-facing) mem-

brane: the classical microvillous membrane (MVM) and

another apical fraction, termed light microvillous mem-

brane (LMVM). These fractions were obtained from both

normal and preeclamptic placentae (Jimenez et al. 2004).

As in other epithelial cells, the apical hSTB membrane is a

specialized structure particularly rich in membrane lipids

that are characteristic of lipid rafts (Godoy and Riquelme

2008; Paradela et al. 2005; Xu et al. 2006). These lipids

seem to be essential for the maintenance and stability of

microvilli (Meder et al. 2006). Several raft markers such as

alkaline phosphatase, annexin 2 (Anx-2) and lipid gangli-

oside (GM1) have been found in microvillous rafts from

different cell types including hSTB (Godoy and Riquelme

2008; Hanada et al. 1995; Harder and Gerke 1994; Harder

et al. 1998). The methods to isolate and characterize the

rafts are based on their resistance to solubilization by

nonionic detergents (Brown and Rose 1992). Detergent-

resistant membranes (DRMs) have proved to be a useful

method to obtain microdomains (Hanada et al. 1995;
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Babiychuk et al. 2002; Schroeder et al. 1998). A large

number of cell surface proteins are found in lipid rafts

(Babiychuk et al. 2002; Chatterjee and Mayor 2001;

Rajendran et al. 2003; Simons and Toomre 2000), although

DRMs isolated using this technique are aggregates of raft

domains and do not strictly represent the native state of

lipid rafts in cell membranes (Lichtenberg et al. 2005).

We reported two distinguishable lipid raft subsets from

MVM and LMVM isolated from normal placentae (PN).

Both of these fractions are insoluble in Triton X-100 and

sensitive to cholesterol depletion. Additionally, we showed

that MVM and LMVM have different cholesterol contents

and also differ with respect to their composition of cyto-

skeletal proteins such as actin, ezrin and cytokeratin-7 (CK-

7). We found that actin and ezrin were significantly more

abundant in MVM than in LMVM indicating that MVM

might correspond to the microvillous core (finger-like pro-

jections). This region is composed of actin filaments and is

stabilized by actin cross-linked proteins such as ezrin (Ber-

ryman et al. 1995). On the other hand, CK-7 expression was

enhanced in LMVM as compared with MVM, suggesting

that LMVM may correspond to the bottom part of the

microvilli, which is linked to distinct cytoskeletal proteins

such as the intermediate filament component, CK-7. Our

findings suggest the existence of two distinct subdomains

within the apical domains (Godoy and Riquelme 2008).

Lipid rafts participate actively in signal transduction and

cellular adaptation to changing environments (Babiychuk

et al. 2002; Chatterjee and Mayor 2001; Simons and

Toomre 2000; Rajendran and Simons 2005) and many

proteins responsible for membrane cellular transport have

been reported to be present in raft domains (Brugger et al.

2007; Jahn and Braet 2008; Staneva et al. 2004). At pres-

ent, numerous studies show that the partitioning of a

protein into or out of a raft could be critical to the under-

standing of diverse pathologies (Fantini et al. 2002;

Romanenko et al. 2004; Simons and Ehehalt 2002). We

have focused our current studies on preeclampsia (PE), a

pregnancy pathology considered to be one of the most

significant health problems in human pregnancy, compli-

cating 6–8% of all gestations over 20 weeks, (Huppertz

2008; Dekker and Sibai 1998) and intrauterine growth

restriction (IUGR), which affects 8–14% of normotensive

pregnancies. IUGR is believed to arise as a result of

inadequate blood supply to the placenta and/or inadequate

transport of nutrients across the placenta to the fetus

(Cartwright et al. 2010). Despite continuous advances in

research, the understanding of the pathophysiology of PE

and IUGR remains a major challenge. Clinical diagnostic

criteria of PE involve hypertension and proteinuria; how-

ever, it is a multisystemic disorder with a wide range of

clinical presentations (Huppertz 2008; Taylor 1997; Than

et al. 2008; Widmer et al. 2007). It is known that there are

many dysfunctions and morphological alterations in the

preeclamptic and IUGR placentae (Afzal-Ahmed et al.

2007; Belkacemi et al. 2007; Lindheimer and Katz 1989;

Nochy et al. 1986; Powers et al. 2008). Nevertheless, the

molecular processes associated with the placental epithe-

lium are still poorly understood.

Our aim has been to investigate transplacental transport

and the relationship with its environment in normal (Godoy

and Riquelme 2008; Bernucci et al. 2003, 2006; Diaz et al.

2008; Llanos et al. 2002; Riquelme and Parra 1999;

Riquelme et al. 1995; Vallejos and Riquelme 2007), IUGR

(Vallejos et al. 2010; Morales et al. 2009; De Gregorio

et al. 2010) and preeclamptic placentae (Bernucci et al.

2003; Vallejos et al. 2010; De Gregorio et al. 2010). In

2003 we reported the first evidence of a functionally altered

ionic channel protein in pathological hSTB by means of

electrophysiological methods (Bernucci et al. 2003).

The purpose of the present study was to identify and

characterize lipid rafts present in apical fractions from PE

and IUGR hSTB and compare them with apical rafts from

normal pregnancies. We also sought to explore the rela-

tionship between these pathological rafts and cytoskeleton

proteins. As mentioned above, these relationships have been

investigated in PN, and those results indicated that specific

subdomain localization in the apical membrane could

explain the differences between LMVM and MVM lipid raft

composition. Because many functions of the apical mem-

brane are based on membrane dynamics and structure–

function correlation, apical rafts may play a role in mediating

different intracellular mechanisms in the placental epithelial

barrier that could directly relate to the pathological disorder.

Although we could not clarify whether these disorders are

causes or effects, we are convinced that the lipid microdo-

main characterization of the microvilli from PE and IUGR

placentae and their connections with the cytoskeleton may be

of great importance to our understanding of the molecular

mechanisms behind the processes that occur in hSTB from

pathological pregnancies.

Materials and Methods

Placenta Collection

Placentae obtained from normal pregnancies and from

pregnancies presenting moderate PE and IUGR, were col-

lected immediately after delivery from the San José

Hospital Maternity Unit and transported to the laboratory

on ice. Diagnosis of moderate PE was based on the clas-

sical criteria of systolic and diastolic blood pressure C140/

90 mm Hg on at least two occasions and proteinuria

C300 mg/24 h. Patients with severe PE, defined as dia-

stolic blood pressure [110 mm Hg and/or proteinuria
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[5 g/day, were excluded from our study sample (Centro de

Diagnóstico e Investigaciones Perinatales, Chile, http://

www.cedip.cl/Guias/Guia2003/). Placentae from patients

with HELLP syndrome were also excluded, as were pla-

centae from patients with moderate PE accompanied by

any other pathology. Diagnosis of idiopathic IUGR was

established by the responsible physician via clinical esti-

mation of fetal weight corresponding to a growth rate under

the 10th percentile adjusted for sex and gestational age

according to the standard curve (Ministry of Health of

Chile) of intrauterine growth (Juez 1989). Fetuses that were

above the 10th percentile but whose growth had stalled for

a period of at least 14 days were also considered as IUGR.

Exclusion criteria included: fetal or maternal infections,

maternal drug or alcohol abuse, multiple pregnancies,

fetal malformations, chromosomal abnormalities, maternal

chronic hypertension, maternal cardiovascular or autoim-

mune disease, diabetes, and moderate PE. Placentae with

IUGR from preeclamptic pregnancies were excluded. All

of the placentae used came from term pregnancies.

Preparation of Placental Apical Membranes

Human placental apical or microvillous membrane (MVM)

and LMVM vesicles were prepared from fresh placenta by

a previously described method that enables simultaneous

isolation of apical and basal membranes from the same

placenta (Jimenez et al. 2004). The purification method

included precipitation of nonmicrovillous membrane with

magnesium ions, differential centrifugation and a sucrose

step gradient; this assured that isolated fractions were

enriched and free of contamination. All solutions were

buffered with 20 mM Tris–maleate, pH 7.4. A portion

(2–3 ml) of the microvillous-enriched preparation con-

taining about 10–15 mg of protein was overlaid on the

sucrose gradient. Bands were obtained at 10/37% and

37/45% sucrose interfaces, corresponding to LMVM apical

fraction and to the classical MVM apical fraction, respec-

tively. These fractions were collected and diluted 10-fold

with 20 mM Tris–maleate, pH 7.4, before centrifugation at

110,0009g for 30 min. The final pellet was resuspended in

300 mM sucrose 20 mM Tris–maleate, pH 7.4 buffer, and

stored in liquid nitrogen. Protein concentration was deter-

mined using a bicinchoninic acid protein assay kit (Pierce

Biotechnology, Rockford, IL) for the colorimetric detec-

tion and quantification of total protein (Wiechelman et al.

1988; Smith et al. 1985). The purity and enrichment of the

fractions were determined routinely by assaying for alka-

line phosphatase activity, an apical membrane marker;

adenylate cyclase, a basal membrane marker; and mito-

chondrial membrane markers (cytochrome c oxidase and

succinate dehydrogenase). Enrichment of alkaline phos-

phatase activity was over 20-fold for MVM and LMVM;

both apical fractions were essentially free of basal mem-

branes and mitochondrial membranes. The purity and

cross-contamination of the membranes were similar to

those previously observed (Jimenez et al. 2004).

Preparation of Apical Lipid Microdomains

Apical plasma membrane microdomains were isolated

separately from MVM and LMVM enriched membrane

fractions as DRMs through extraction with Triton X-100

using a modified protocol based on that described by

Brown and Rose (1992). As we described in Godoy and

Riquelme (2008), PN/PE/IUGR DRMs from isolated apical

fractions (MVM and LMVM) were extracted with 1%

Triton X-100 on ice, then subjected to ultracentrifugation

and sucrose flotation. After centrifugation, the gradients

were divided into 10 fractions (0.5 ml each) from the top of

the gradient and the pellet (fraction 11) was resuspended in

0.5 mL MBS-buffered saline (25 mM morpholinoethane-

sulfonic acid [MES], 150 mM NaCl, pH 6.5) for sub-

sequent analysis. Throughout this article, we use the terms

‘‘lipid microdomains’’ or ‘‘lipid rafts’’ to refer to the

membrane material that floats on the sucrose gradient

around the 5/35% interface (fractions 1–5).

Characterization of Apical Membrane Flotation

Gradient Fractions

All flotation fractions from MVM and LMVM were char-

acterized by specific markers for protein or lipid content.

Placental alkaline phosphatase (PLAP) was used as a

positive marker for apical lipid microdomain fractions and

human transferrin receptor (hTf-R) was used as a nonraft

marker. Additionally, we used another raft protein marker,

Anx-2, and GM1 (Harder and Gerke 1994; Gaus et al.

2005; Danielsen and Hansen 2003; Babiychuk and Draeger

2000; van der Goot and Harder 2001).

Depletion of Membrane Cholesterol by Methyl-b-

Cyclodextrin (mb-CD) Treatment

Cyclodextrin treatment was carried out as described previ-

ously by Danielsen and Hansen (2003). Placental apical

vesicles (0.6 mg of total protein) were incubated with 2% w/v

mb-CD in MBS buffer at 37�C for 30 min, and were centri-

fuged at 21,0009g for 2 h at 4�C. The pellet was resuspended

in 1 ml of 1% Triton X-100 in MBS-buffered saline, and

microdomain preparation was carried out as described above.

Immunohistochemistry

Tissue samples from PN, PE and IUGR placentae

were rinsed in NaCl 0.9% and fixed in 1% buffered
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paraformaldehyde at pH 7.4, for 10 h minimum. Subse-

quently, the tissue was rinsed five times in ice-cold phos-

phate-buffered saline (PBS) and dehydrated through a

graded series of ethanol to xylene, embedded in paraffin, and

cut into 4-lm-thick sections. Afterward, paraffin was

removed in xylene and the sections were rehydrated by

passage through graded ethanol and, finally, distilled water.

Antigen retrieval treatment was performed for b-actin and

ezrin with heat-induced epitope retrieval by using 0.1 M

citrate buffer, pH 6.0 (preheated for 10–15 min) for 30 min

in a steamer. After washing in PBS, the sections (both treated

with heat-induced epitope retrieval and nontreated) were

incubated for 1 h at room temperature with 4% bovine serum

albumin (BSA) in PBS to block nonspecific binding. Tissue

was then incubated for 2 h at room temperature with a

monoclonal antibody raised against b-actin diluted 1:3000,

a monoclonal antibody against ezrin diluted 1:1000 and a

monoclonal antibody against CK-7 diluted 1:200 in 2% BSA

in PBS. Negative control sections were treated similarly,

except that primary antibodies were omitted. After rinsing

the samples with PBS, tissue sections were incubated for 1 h

at room temperature with Cy2 conjugated AffiniPure goat

anti-mouse IgG (Jackson Immunoresearch) which was used

as a secondary antibody diluted 1:200 in PBS. Sections were

viewed using a Carl Zeiss Laser Scanning Systems Pascal

Confocal Microscope and the Zeiss LSM 5 Image Browser.

Electrophoresis, Western Blot Testing,

and Densitometric Analysis

All flotation gradient fractions were tested by sodium dodecyl

sulfate–1polyacrylamide gel electrophoresis (SDS-PAGE)

and immunoblotting. Aliquots of 50 ll each were incubated

with 10% trichloroacetic acid, TCA, (v/v) for 30 min on ice

and were centrifuged at 21,0009g for 30 min at 4�C. The

pellet was resuspended in sample buffer, boiled for 5 min and

sonicated for 30 min. For the cytoskeletal proteins b-actin,

ezrin, and CK-7, 20 lg of total protein of LMVM and MVM

was used. Routinely, all three proteins had been probed in

membrane fractions isolated from the same placenta. These

samples and the molecular weight marker (PageRuler Pre-

stained Protein Ladder, Fermentas) were loaded on a 10%

SDS polyacrylamide gel. Electrophoresis was performed at

100 V, and the gel was transferred to a nitrocellulose mem-

brane (BioRad) for 2 h at 100 V. The nitrocellulose mem-

brane was blocked for 2 h at room temperature with 3%

nonfat milk in Tween/saline buffer (138 mM NaCl, 270 mM

KCl, 0.05% Tween-20), and washed in Tween/saline buffer.

Membranes were incubated with primary antibody for 2 h at

room temperature. All antibodies were diluted as follows in

distilled water: anti-PLAP 1:5000, anti-Anx-2 1:2000, anti-

hTf-R 1:500, anti-ezrin 1:2000, anti-CK-7 1:500, anti-b-actin

1:5000. After washing with Tween/saline buffer, membranes

were incubated with specific horseradish peroxidise (HRP)-

linked secondary antibody: anti-rabbit 1:5000 or anti-mouse

1:10,000, both diluted in Tween/saline buffer and incubated

for 1 h at room temperature. Bands were detected with the

enhanced chemiluminescence Western Blotting Analysis

System (EZ-ECL, Biological Industries, Kibbutz Beit

Haemek 25115, Israel). Protein content was quantified with

ImageJ 1.43i (Wayne Rasband, National Institutes of Health).

Dot Blot

To measure the expressions levels of GM1 in each fraction,

3 ll of flotation gradient fractions were dot blotted on

nitrocellulose membrane, dried for 1 h and blocked for 2 h

with 3% BSA in PBS (128 mM NaCl, 2 mM KCl, 8 mM

Na2HPO4, 2 mM K2HPO4, pH 7.2) at room temperature.

Later, the membrane was incubated overnight with the

HRP-conjugated cholera toxin b subunit (1:10,000) and

detected with the ECL system. Densitometry analysis of

dot blot bands was performed in ImageJ 1.43i (Wayne

Rasband, National Institutes of Health).

Reagents and Antibodies

All chemicals were analytical grade. Buffers were made

with distilled water, and pH values were determined at

room temperature. The following antibodies were used:

mouse monoclonal antibody against human alkaline phos-

phatase, PLAP (clone 836, Sigma, St. Louis, MO), b-actin

(Clone: C4, Immuno), ezrin (clone 3C12, Zymed San

Francisco California, CA), CK-7 (Santa Cruz Biotechnol-

ogy), hTf-R (clone H68.4, Zymed) and rabbit polyclonal

antibody to Anx-2 (Santa Cruz), and HRP-conjugated

secondary goat anti-mouse (Amersham) and rabbit (Santa

Cruz, Biotechnology). For detection of glycosphingolipid

GM1 on dot blot, HRP-conjugated cholera toxin b subunit

(Sigma) was used.

Statistical Analysis

Results are expressed as mean ± SD. Measures of statisti-

cal significance were obtained using the one-way ANOVA

plus Bonferroni multiple comparison test and Student’s

t-test. A P-value of less than 0.05 was considered

significant.

Results

MVM and LMVM from PN, PE, and IUGR Placentae

As shown in Table 1, there was no statistically significant

difference between the protein concentration data from
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n = 7 preparations of PN, n = 6 preparations of placentae

from preeclamptic pregnancies (PE) and n = 5 preparations

of placentae from IUGR pregnancies. The total protein for

LMVM and MVM were 3.2 ± 0.5 and 6.7 ± 2.1 mg/100 g

of villous tissue respectively for a pool including normal and

pathological placentae (n = 7, PN ? PE ? IUGR). The

protein recovery in LMVM ? MVM, expressed as percent

relative to homogenate was 0.29, 0.25 and 0.31% for PN, PE

and IUGR respectively, with the percentage for PN and PE

similar to that reported by Jimenez et al. (2004). In summary,

a preparation from 100 g of villous tissue yielded approxi-

mately 3 and 6 mg of purified membrane protein for LMVM

and MVM respectively for placentae from PN, PE or IUGR

pregnancies.

Microvillus enrichment from both apical membrane

fractions (MVM and LMVM) was assessed using the

enzymatic activity of PLAP, an epithelial apical membrane

marker that is abundant in the syncytiotrophoblast micro-

villus membrane. The PLAP enrichment factors relative to

the initial tissue homogenate are shown in Table 1, con-

firming the apical identity of both membranes. There were

no significant differences in enrichment of PLAP activity

between normal and pathological apical membranes. The

PLAP enrichment activity of the purified apical membrane

fractions from normal, preeclamptic and IUGR confirmed

the apical identity of both membranes and the values were

comparable to those reported previously for apical mem-

brane purification (Jimenez et al. 2004; Roos et al. 2004).

Additionally, Table 1 shows the expression distributions of

PLAP, GM1, Anx-2, and hTf-R in LMVM and MVM

apical subdomains as seen by Western blot. The values

presented as percentage correspond to relative density of

the mark present in each apical fraction, which was nor-

malized by the sum of densities in both fractions

(MVM ? LMVM as 100%). No significant difference

between the distribution in LMVM and MVM was found in

normal or pathological placentae.

Lipid Rafts in Microvilli from IUGR and PE Placentae

To obtain DRM fractions from LMVM and MVM from

pathological placentae, we used the protocol described in

Materials and Methods. Placental apical membranes were

incubated with 1% Triton X-100, separated by flotation in a

discontinuous sucrose gradient, and tested by Western and

Dot blot with the following raft markers: PLAP, GM1, Anx-

2 with hTf-R as a nonraft marker. Figure 1 shows the dis-

tribution of these markers in DRMs from pathological

LMVM and MVM. As seen in Fig. 1a, PLAP in PE is

enriched in fractions 2 and 3 with practically the same

distribution seen in both LMVM and MVM. Only one peak

was seen for both membrane fractions at 24.2 ± 6.1 and

26.4 ± 10.4 respectively, and there were no differences in

the distribution of this marker between LMVM and MVM

flotation gradient fractions. Additionally, the GM1 distri-

bution pattern in preeclamptic DRMs was practically the

same for both apical fractions with a single peak in the

fractions corresponding to the pellet in LMVM and MVM

(Fig. 1b). Also in Fig. 1a, b, the Western blot quantification

of PLAP and GM1 show a symmetrical distribution of both

LMVM and MVM. There were no differences in the dis-

tribution of those markers between LMVM and MVM flo-

tation gradient fractions from IUGR. The PLAP distribution

pattern does not show a clear peak, the higher values in the

first five fractions were 12.8 ± 5 and 9.5 ± 3.5. These

values were almost 50% less than in PE. In the case of GM1,

no peak was detected in any fractions, and the values from

the lipid rafts are comparable between PE and IUGR, and

the peak in fraction 11 detected in PE is the only differences

detected between them (Fig. 1b). Figure 1c shows the

Table 1 Comparison of the enrichment factor, protein concentration, and distributions of markers membrane in LMVM and MVM purified

membranes from normal and pathological human term placenta

Characteristic PN PE IUGR

LMVM MVM LMVM MVM LMVM MVM

Factor enrichment PLAPa 23.7 ± 2.4 18.8 ± 2.5 (n = 7) 27.2 ± 5.5 24.6 ± 5.1 (n = 6) 31.1 ± 5.4 27.9 ± 4.7 (n = 5)

Protein concentration (mg/ml) 7.3 ± 1.7 6.9 ± 1.9 (n = 7) 6.3 ± 1.9 8.0 ± 0.3 (n = 6) 7.1 ± 1.6 5.2 ± 1.7 (n = 5)

Distributionb

Anx-2 (%) 49.0 ± 8 51.0 ± 8 (n = 5) 45.0 ± 8 55.0 ± 8 (n = 5) 46.0 ± 3.3 54.0 ± 3.3 (n = 3)

GM1 (%) 46.0 ± 3 54.0 ± 3 (n = 3) 47.0 ± 7 53.0 ± 7 (n = 3) 57.0 ± 4.8 43.0 ± 4.8 (n = 3)

PLAP (%) 61.0 ± 13 39.0 ± 13 (n = 4) 46.0 ± 4.4 54.0 ± 4.4 (n = 5) 48.0 ± 2.6 52.0 ± 2.6 (n = 3)

hTf-R (%) 41.6 ± 8 58.4 ± 8 (n = 4) 43.5 ± 10.5 56.5 ± 10.5 (n = 4) 53.9 ± 3.2 46.1 ± 3.2 (n = 2)

a The enrichment factor was calculated as the ratio of activity in membrane fractions to that in the homogenate. Values are mean ± SD
b The values presented as percentages correspond to relative density of the mark present in each apical fraction, which was normalized by the

sum of densities in both fractions (MVM ? LMVM as 100%)
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distribution of Anx-2, a protein associated with cholesterol

and the cytoskeleton and linked to the cytoplasmic side of

the membrane. Anx-2 was absent in the DRMs from both

LMVM and MVM from preeclamptic and IUGR placentae.

All of the bands (100% in PE and *90% in IUGR with,

occasionally a band in fraction 5 of LMVM) appear in the

soluble fractions, including the pellet fraction. This is, in

contrast with our previous data, where this marker appears

in the DRM fractions from normal LMVM (Godoy and

Riquelme 2008).

To ensure that the DRM fractions were free of nonraft

fractions, which could correspond to poorly solubilized

complexes from the weak detergent treatment, we probed

these fractions for hTf-R, a protein known to reside in

nonraft areas. As Fig. 1d shows, this protein was not found

in the fractions 1–6 in both LMVM and MVM from IUGR

and PE placentae, indicating that those fractions were free

of nonraft components.

The results described in Fig. 1 show no differences

between the distribution of raft markers between flotation

gradient fractions from pathological LMVM and MVM

suggesting only one type of lipid raft for both membrane

fractions. On the other hand, we have previously reported

differential expression of microdomains (lipid rafts) in both

MVM and LMVM purified microvillous membranes from

normal placental human hSTB (Godoy and Riquelme

2008). Additionally, the pattern obtained for pathological

lipid rafts are different in LMVM and MVM as compared

to PN. These finding strongly suggest that lipid raft

microdomains of pathological placentae are altered com-

pared with those from PN.

Cholesterol-Depletion Effects on the Distribution

of Raft Markers: DRMs from LMVM and MVM

of PE and IUGR Placentae

Cholesterol depletion affects the associations of raft markers

with DRM fractions in different ways. To establish a rela-

tionship between cholesterol content and raft marker associ-

ation, we removed cholesterol from LMVM and MVM

membranes by treating them with mb-CD, a specific cho-

lesterol removal agent (Danielsen and Hansen 2003) as

described in Materials and Methods. As shown in Fig. 2a,

PLAP association with DRM fractions from preeclamptic

LMVM and MVM were significantly decreased by 2% mb-

CD treatment; however, PLAP association with DRM frac-

tions from IUGR MVM was not affected by the removal of

cholesterol (Fig. 2b). In both pathologies, PE and IUGR,

GM1 association was decreased by mb-CD treatment but that

association was significantly affected in IUGR (Fig. 2a, b).

Cytoskeletal Proteins in Microvilli Membranes

from Preeclamptic and IUGR Placentae: Differential

Expression

Placental tissue samples and purified membranes (LMVM

and MVM) from normal and pathological placentae were
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Fig. 2 Effect of cholesterol depletion on raft-markers association

with DMRs of LMVM and MVM from PE and IUGR placentae. a,

b The effect of cholesterol-depletion on PLAP and GM1 association

with flotation gradient fractions from PE and IUGR apical membranes

(LMVM and MVM). The percentage shown corresponds to the sum

of relative density in fraction 1 to 5 of each apical membrane, controls

and fractions preincubated with 2% mb-CD (100% was the sum of 5

first fractions without treatment with mb-CD). PLAPPE n = 3,

GM1PE n = 4, PLAPIUGR n = 3 and GM1IUGR n = 3 (mean ± SEM,

*P \ 0.05)

Fig. 1 Distribution of typical raft markers in the flotation gradient

fractions of LMVM and MVM from PE and IUGR placentae. Equal

volumes of each sucrose gradient fraction of LMVM and MVM were

separated by SDS-PAGE, transferred to a nitrocellulose membrane,

and probed for PLAP, Anx-2 and hTf-R. The lipid GM1 was measure

by Dot blot technique. The amount given is expressed as percentage

of the sum of all fractions. Quantification of western blot analysis and

representative image (inset) are shown for: a PLAP, b GM1, c Anx-2

and d hTf-R (no-raft marker). n = 4 PE placentae, n = 5 IUGR

placentae, mean ± SD. Dotted box enclose the lipid rafts (fractions

1–5)

b
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analyzed for three cytoskeletal proteins: b-actin, ezrin, and

CK-7, which are localized in different parts of the cyto-

skeletal apical domain (Tyska et al. 2005; Wald et al. 2005;

Morales et al. 2004; Berryman et al. 1995).

Placental tissue samples from normal, preeclamptic and

IUGR pregnancies were treated with standard histological

techniques with a specific antibody for b-actin, ezrin, and

CK-7. The results show that these markers are more highly

immuno localized in the apical membrane in all of the

placentae examined (n = 9, PN ? PE ? IUGR) (Fig. 3).

There were no apparent differences in the intensity of ezrin

immunostaining in membranes of normal and pathological

placentae (n = 3 independent placenta for each condition,

PN, PE and IUGR). However, there was a large difference

in the intensity of CK-7 in PE. These finding were con-

firmed when all three proteins were probed in membrane

fractions isolated from PN, PE and IUGR placentae. The

band associated with MVM ? LMVM from PN was set as
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Fig. 3 Detection of actin, ezrin, and CK-7 in samples tissues from

PN, PE, and IUGR placentae. Confocal fluorescence micrographs of

immunohistochemical sections of placental villous tissue using

primary antibodies against: b-actin (a–c), ezrin (d–f) and CK-7

(g–i) from PN (a, d, g, j), PE (b, e, h, k) and IUGR (c, f,
i, l) placentae. j–l Control tissue using only secondary antibody

(without primary antibody) with their respective transmitted light

micrographs (insets). AM apical membrane, BM basal membrane
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100%. In this context, the presence of CK-7 from PE

decreased to 51% and to 84% in IUGR in agreement with

the results in Fig. 3. No changes were detected for ezrin

and in the case of actin; the values were 100, 82 and 79%

for PN, PE and IUGR respectively. We also investigated

the distribution of these proteins in the apical subdomains

(LMVM and MVM). The values are presented as a per-

centage corresponding to the relative density of the mark

present in each apical fraction, which was normalized by

the sum of densities in both fractions. Actin, ezrin and

CK-7 showed differential expression between LMVM and

MVM and were statistically significant in the three con-

ditions (PN, PE, IUGR) tested. As shown in Fig. 4a, b, the

expression of actin and ezrin were higher in MVM than in

LMVM, while CK-7 showed an altered pattern between the

fractions from normal and pathological placentae. As seen

in Fig. 4, CK-7 protein was significantly more associated

with LMVM than MVM in PN in agreement with previous

results reported by Godoy and Riquelme (2008). This data

is in contrast to the results in PE and IUGR placentae,

where CK-7 was significantly more associated with MVM

than LMVM. This latter finding could support the differ-

ences observed between the lipid microdomains of normal

and pathological placentae.

Distribution of Cytoskeletal Proteins in the DRMs

from Normal and Pathological LMVM and MVM

Figure 5 shows the distribution of actin and ezrin

between LMVM and MVM flotation gradient fractions

isolated from PN, PE and IUGR placentae. No differ-

ences were observed for ezrin; this protein resides in

nonraft areas in LMVM and MVM in all the conditions.

Actin resides in nonraft areas for both normal MVM and

LMVM subdomains. However, for IUGR and PE, the

distribution of the bands was different for MVM and

LMVM. In the case of CK-7, the results were inconclu-

sive (data not shown). In some experiments there was

segregation in lipid rafts, but with a variable pattern was

not reproducible under specific conditions in either nor-

mal or pathological placentae.

*

*

*β−Αctin
MVM LMVM

PN            (n=32) 59,5 ± 5,3  
66,1 ± 7,6  
60,0 ± 6,5  

40,5 ± 5,3  
33,9 ± 7,6  
40,0 ± 6,5   

PE            (n=6)
IUGR       (n=7)

Ezrin 
MVM LMVM 

PN            (n=21)   65,9 ± 10,0  
54,3 ± 2,3  
56,2 ± 2,3  

  34,1 ± 10,0  
45,7 ± 2,3  
43,8 ± 2,3  

PE            (n=5)
IUGR       (n=4)

CK-7 

MVM LMVM 

PN           (n= 10) 
 37,9 ± 10,2 

             61,4 ± 7,4 
58,1 ± 10,0 

  62,1 ± 10,2 
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Fig. 4 Expression and distribution of cytoskeletal proteins in LMVM

and MVM from PN, PE, and IUGR placentae. a Distribution of

b-actin, ezrin, and CK-7 tested in MVM and LMVM fractions from

PN, PE, and IUGR placentae. The values, presented as percentages,

correspond to relative density of the mark present in each apical

fraction, which was normalized by the sum of densities in both

fractions (MVM ? LMVM as 100%). In all cases, significant

differences were found for b-actin, ezrin, and CK-7 between MVM

and LMVM fractions from PN, PE, and IUGR placentae (mean

± SD, *P \ 0.05). b Representative western blot test for the

cytoskeletal proteins tested in LMVM and MVM purified membranes

from normal and pathological placenta
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Discussion

The present study describes the presence of lipid rafts in both

subdomains of apical membranes (LMVM and MVM) from

hSTBs of complicated pregnancies: PE and IUGR. This

study was performed using DRMs, cholesterol-sensitive

depletion, and raft and nonraft markers to examine micro-

domain organization in the microvilli fractions. Our results

showed that the lipid rafts from pathological tissue were

significantly different from those reported in microvilli

fractions from PN (Godoy and Riquelme 2008). Unlike the

PN for which we reported two distinguishable lipid rafts

subsets from MVM and LMVM, here we show both PE and

IUGR have only one type of lipid raft with features common

to both apical membrane fractions (LMVM and MVM).

Furthermore we found that, in pathological placentae, the

polarization of the cytoskeleton proteins in LMVM and

MVM was different from that observed in PN. In PN,

cytoskeleton protein distribution between LMVM and

MVM supported the existence of two subdomains that cor-

respond to specific microvilli regions (LMVM and MVM),

asymmetry that could be the origin of the two types of rafts

with the different properties detected. In the present paper

we demonstrate that in pathological placentae this situation

changes, there is only one type of raft and the expression and

distribution of cytoskeletal proteins is altered.

One Type of Lipid Raft in LMVM and MVM

from Pathological Placentae

The analysis of sucrose density gradient fractions with

three raft markers (PLAP, Anx-2, and GM1) and hTf-R,

a nonraft marker (Harder and Gerke 1994), allowed us

to characterize the DRMs from both purified apical

fractions for PE and IUGR together with PN as control,

obtaining an equal distribution in the flotation gradient

fractions from MVM and LMVM in both pathologies.

On the other hand, hTf-R was totally absent from

LMVM and MVM DRMs, indicating that the presence

of raft markers in the six first fractions was not due to

contamination from nonraft zones. Subsequently, we

can say that both purified LMVM and MVM from

pathological hSTB membranes presented sphingolipid/

cholesterol-enriched membrane microdomains charac-

terized by their resistance to detergent extraction and

their ability to float in density gradient centrifugation,

with only one type of lipids raft for both subdomains.

On the other hand, the PLAP and GM1 distribution

pattern in pathological DRMs was practically the same

for both LMVM and MVM in each pathology. These

results differ from those obtained previously with PN,

where the PLAP and GM1 distribution was significantly

different between flotation gradient fractions from

LMVM and MVM. DRMs of LMVM from PN have a

higher peak of PLAP and GM1 than is seen in the

corresponding fractions from MVM (Godoy and Riqu-

elme 2008). The peak of PLAP from IUGR LMVM and

the peak of GM1 from LMVM PE and IUGR were

notably less than that in normal LMVM. In DRMs from

pathological LMVM, GM1 was reduced to around 54%

in the peak fraction relative to respective fractions from

PN. The data reported previously for PN was

26.4 ± 1.9, in contrast with 12.03 ± 0.5 obtained in

pathological placentae.

LMVMMMV

β-Actin ~ 43 KDa 

Ezrin ~ 80 KDa 

PN 

PE 

IUGR 

PN 

PE 

IUGR 

  1       2       3         4         5       6       7        8        9      10      11   1      2       3       4        5        6         7        8        9        10      11 

  1      2       3       4        5        6         7        8        9        10      11   1       2        3    4 5     6         7        8        9        10      11 

Fig. 5 Differential cytoskeletal protein distribution in the flotation

gradient fractions of normal, preeclamptic, and IUGR LMVM and

MVM subdomains. Representative western blot for actin (top) and

ezrin (bottom), corresponding to DRMs of both MVM and LMVM

from PN (n = 6), PE (n = 4), and IUGR (n = 3) placentae

(*P \ 0.05)
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Different Characteristics of Lipid Rafts in LMVM

and MVM from PE and IUGR

In PE, PLAP association with DRM fractions was almost

double that in IUGR and was significantly affected by mb-

CD treatment while DRM fractions from IUGR were not

affected by the removal of cholesterol. In the case of GM1

no significant differences were detected in its distribution

between lipid rafts from PE and IUGR; however, the

cholesterol sensitivity was distinct. The association of

GM1 with DRM fractions from IUGR was significantly

affected by mb-CD treatment, and in PE this association

was weakly affected by the removal of cholesterol.

In summary, the symmetrical distribution pattern of raft

markers suggest the presence of one type of lipid raft for

both apical membrane fractions (LMVM and MVM) from

PE and IUGR placentae in contrast with the PN (Godoy

and Riquelme 2008). However, the data mentioned above

suggest that differences exist between lipid rafts from PE

and IUGR.

Cytoskeleton Proteins from Pathological hSTB

Membranes

We demonstrated that proteins involved in the specialized

cytoskeleton that stabilizes the microvilli of the syncytium,

actin, ezrin and CK-7, have different characteristics in

LMVM and MVM from pathological placentae compared

to PN. The most remarkable change was with CK-7, (a

component of the intermediate filaments in whole tropho-

blast epithelia) (Muhlhauser et al. 1995). The expression

was considerably lower in membranes from PE compared

with PN as shown by immunohistochemical staining of

placental sections and Western blotting with purified

membranes from PE. Additionally, CK-7 was significantly

more associated with MVM than LMVM in PE, while in

PN was the opposite and was more associated with LMVM

than MVM. Our controls in PN were comparable to pre-

vious results reported by Godoy and Riquelme (2008).

Similar trends were observed for IUGR, but the differences

were more moderate. Ezrin and b-actin (both proteins are

coupled with the microvillous finger-like projections

region) from pathological membranes maintained a distri-

bution similar to PN where both proteins are associated

with MVM and LMVM; however, for ezrin, the differences

between them was weakest compared with the difference in

PN. Cytoskeletal proteins in pathological placentae could

cause both PE and IUGR to have microdomains from

apical fractions that differ from microdomains described

previously in PN apical fractions. These findings suggest

that in the purified apical fractions obtained, MVM and

LMVM from pathological placentae display changes, at

least in part, in the structural distinctions between the

subdomains present in the microvilli membrane of the

apical domain of hSTB as compared to that described

during normal pregnancy (Fig. 6).

In agreement with other studies (Chichili and Rodgers

2007; Berryman et al. 1995) we previously proposed that

cytoskeletal factors are involved in organization of apical

rafts, and that specific subdomain localization in the

microvillus contributes to the differences between LMVM

and MVM lipid raft composition that we observed in PN

(Godoy and Riquelme 2008). This is likely to also be

applicable in the case of pathological placentae. In agree-

ment with this hypothesis, it seems reasonable that our

current data may explain the presence of altered lipid rafts

MVM

LMVM

Lipid rafts

Lipid rafts

A

B

Fig. 6 Tentative model of the

possible consequence of the

distribution alterations of

cytoskeletal protein in the

microvillus from pathological

hSTB. (A) PN.

(a) ActinMVM � ActinLMVM.

(b) EzrinMVM � EzrinLMVM.

(c) CK-7MVM � CK-7LMVM.

(d) Expression of two

distinguishable lipid rafts in

both MVM and LMVM.

(B) Pathological placentae.

(a) ActinMVM � ActinLMVM.

(b) EzrinMVM [ EzrinLMVM.

(c) CK-7MVM � CK-7LMVM.

(d) Expression of only one type

of lipid rafts both MVM and

LMVM and with characteristics

different to those from PN
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in both of these pathological apical fractions. The data

described here could be especially significant because

it appears that many functions of the apical mem-

brane involve the presence of apical rafts. Their altered

expression in hSTB from PE and IUGR pregnancies may

therefore contribute to the dysfunctions observed in cellu-

lar physiological processes such as placental transport in

these pathologies (Belkacemi et al. 2007; Carrera et al.

2003; Marin et al. 2008; Norberg et al. 1998; Jansson et al.

1998; Johansson et al. 2003; Cetin and Alvino 2009). In

particular, we have reported altered ion currents in human

placentae membranes from PE and IUGR pregnancies

(Bernucci et al. 2003; Morales et al. 2009; Vallejos et al.

2010; De Gregorio et al. 2010). These channels displayed

modified biophysical characteristics with respect to chan-

nels from PN (Bernucci et al. 2003). The question of why

these channels are functionally modified in this pathology

needs to be further addressed.

At the morphological level, alterations of the villous

trophoblast have been described in the villous arrangement

between placentae from normal and pathological preg-

nancies (Sibley et al. 2002; Guller et al. 2008; Huppertz

et al. 2006a). The process of generating knots from the

syncytiotrophoblast has been related to pregnancy pathol-

ogies such as IUGR and PE (Huppertz et al. 2006a). The

increase in syncytial apoptosis in both pathologies has also

been related to disruption in the microvilli (Huppertz et al.

2006a, b; Guller et al. 2008). The glycocalyx (oligosac-

charides of varying complexity linked to membrane asso-

ciated lipids and proteins) shows focal deformity on the

surface of microvilli by electron microscopy in PE (Jones

and Fox 1980), and the increase of syncytiotrophoblast

glycogen in PE indicates a regression to a more immature

trophoblast phenotype (Arkwright et al. 1993).

On the other hand, Tyska et al. (2005) have demon-

strated changes and redistribution in the cytoskeletal pro-

teins in enterocytes from myosin knockout mice that

exhibit significant defects in microvillar membrane mor-

phology. Myosin provides the lateral links between the

plasma membranes and the core actin filaments in the

microvilli of intestinal cells. When myosin was removed,

the microvilli showed a pronounced lack of general orga-

nization, loosening their packing (Mooseker 1985). The

protein composition of the cytoskeleton from hSTB apical

membranes is different from that of intestinal apical

membranes (Bretscher 1991). Ezrin is a major protein

component of placental microvilli as reported by Berryman

et al. (1995), and much of it is associated with the micro-

villus core (finger-like projections). This region is

composed of actin filaments stabilized by ezrin an actin

cross-linking protein. Change in this protein is most likely

reflected in the architecture and morphology of the

microvilli (Berryman et al. 1995). In our case, actin and

ezrin distribution suggests some changes in the purified

fractions from apical membranes of pathological placentae

compared to normal tissue. Additionally, our results

obtained for CK-7 are in agreement with those recently

reported by Ahenkorah et al. (2009), who demonstrated

that at least five cytokeratins are present in the villous

trophoblast and four of them were down-regulated in PE,

suggesting that the preeclamptic microvilli has a weaker

cytoskeleton.

In conclusion our present data demonstrated that, in the

case of PE and IUGR, MVM and LMVM apical fractions

could be less distinct than the specific regions such as the

finger-like projections or the bottom part of the microvilli

that have been proposed in the PN. This situation could

explain the unique types of lipid rafts obtained for each

pathology (Fig. 6).
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