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Abstract
This review provides a detailed overview of the current state of knowledge about the
ultrastructure and dynamics of liver sinusoidal endothelial fenestrae. Various aspects of liver
sinusoidal endothelial fenestrae regarding their structure, origin, species specificity, dynamics and
formation will be explored. In addition, the role of liver sinusoidal endothelial fenestrae in relation
to lipoprotein metabolism, fibrosis and cancer will be approached.

Introduction
Liver sinusoidal endothelial cells (LSEC) constitute the sinusoidal wall, also called the endothelium, or endothelial
lining. The liver sinusoids can be regarded as unique capillaries which differ from other capillaries in the body, because of the presence of open pores or fenestrae lacking a
diaphragm and a basal lamina underneath the endothelium. The first description and electron microscopic observation of LSEC fenestrae was given by Wisse in 1970 [1].
The application of perfusion fixation to the rat liver revealed groups of fenestrae arranged in sieve plates. In subsequent reports, Widmann [2] and Ogawa [3] verified the
existence of fenestrae in LSEC by using transmission electron microscopy (TEM). In general, endothelial fenestrae
measure 150–175 nm in diameter, occur at a frequency of
9–13 per µm2, and occupy 6–8% of the endothelial surface in scanning electron microscopy (SEM) (Fig. 1) [4]. In
addition, differences in fenestrae diameter and frequency
in periportal and centrilobular zones were demonstrated;
in SEM the diameter decreases slightly from 110.7 ± 0.2
nm to 104.8 ± 0.2 nm, whereas the frequency increases
from 9 to 13 per µm2, resulting in an increase in porosity
from 6 to 8 % from periportal to centrilobular [5]. Other

ultrastructural characteristics of LSEC are: the presence of
numerous bristle-coated micropinocytotic vesicles and
many lysosome-like vacuoles in the perikaryon, indicating a well developed endocytotic activity. The nucleus
sometimes contains a peculiar body, the sphaeridium
[1,6].
On the basis of morphological and physiological evidence, it was reported that the grouped fenestrae act as a
dynamic filter [7–9]. Fenestrae filter fluids, solutes and
particles that are exchanged between the sinusoidal lumen
and the space of Disse, allowing only particles smaller
than the fenestrae to reach the parenchymal cells or to
leave the space of Disse (see § Role of liver sinusoidal endothelial cell fenestrae in relation to lipoprotein metabolism and atherosclerosis).
Another functional characteristic of LSEC is their high endocytotic capacity. This function is reflected by the presence of numerous endocytotic vesicles and by the effective
uptake of a wide variety of substances from the blood by
receptor-mediated endocytosis [10]. This capacity, together with the presence of fenestrae and the absence of a regPage 1 of 17
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Figure 1
Low magnification scanning electron micrograph of the sinusoidal endothelium from rat liver showing the
fenestrated wall. Notice the clustering of fenestrae in sieve plates. Scale bar, 1 µm.

ular basal lamina, makes these cells different and unique
from any other type of endothelial cell in the body. In
general, LSEC can be regarded: (I) as a "selective sieve" for
substances passing from the blood to parenchymal and
fat-storing cells, and vice versa, (II) and as a "scavenger
system" which clears the blood from many different macromolecular waste products, which originate from turnover processes in different tissues [10,11].

Liver sinusoidal endothelial cell fenestrae
The capillary endothelium plays a central and active role
in regulating the exchange of macromolecules, solutes
and fluid between the blood and the surrounding tissues.

The high permeability of capillary endothelium to macromolecules, solutes and water are reflected in the presence
of special transporting systems represented by vesicles,
channels, diaphragms and fenestrae. Actually, endothelial
transport appears to be a very complex process in which
the substances are transported according to their size,
charge and chemistry. Some substances are delivered to
and processed by the endothelial cell itself (endocytosis),
whereas others are transported across the endothelium to
the surrounding tissues (transcytosis). In case of the capillaries of the liver, LSEC transport substances simultaneously along both pathways [12,13].
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Figure 2
High-magnification transmission electron micrograph of a hepatic sinusoid of rat liver, fixed by perfusion-fixation with glutaraldehyde, postfixed in osmium, dehydrated in alcohol, and embedded in Epon (reference[1]).
The lumen of the sinusoid (L) is lined by the endothelium (E), showing the presence of fenestrae (small arrows) and coated pits
(asterisks). Note a lipid particle (large arrow) which passed the fenestrae, illustrating the sieving effect of fenestrae. The space
of Disse (SD) contains numerous microvilli of the parenchymal cells (P). (Courtesy of Drs R. De Zanger, reference [7]). Scale
bar, 300 nm.

Besides endocytosis and transcytosis, endothelial transport in the liver sinusoidal endothelium occurs through
fenestrae without a diaphragm. During this process the
endosomal and lysosomal compartments are bypassed.
The exchange of fluids, solutes and particles is bidirectional, allowing an intensive interaction between the sinusoidal blood and the microvillous surface of the
parenchymal cells. LSEC-fenestrae measure between 100
and 200 nm in diameter, and appear to be membrane
bound round cytoplasmic holes (Fig. 1). Their morphology resembles that of a sieve, suggesting their filtration effect (Fig. 2). In the past decade, many challenging
questions regarding the ultrastructure of LSEC-fenestrae

has been addressed, including: what determines the structure and size of fenestrae? (see § Contraction and dilatation mechanism of fenestrae); and, how are fenestrae
formed? (see § Formation of fenestrae).
In the following paragraphs some aspects of LSEC-fenestrae regarding their origin, species specificity, dynamics and formation will be discussed. In addition, the role
of LSEC-fenestrae in relation to lipoprotein metabolism,
fibrosis and cancer will be approached.
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Fenestrae in fetal and postnatal liver tissue
In contrast with the large amount of information available on LSEC-fenestrae in the mature liver [11], very few
studies have been performed to discern the fenestration
patterns in the sinusoids of fetal [14–18] and postnatal
[14–19] liver. Naito and Wisse [14] provided the first evidence that fetal LSEC contain fenestrae. Unlike the adult
rat liver, the fetal LSEC possess fenestrae consistently
spanned by a diaphragm. However, open fenestrations,
typical of adult liver, appear around 17 days gestation, increasing in number for the remainder of the gestation. In
addition, Barberá-Guillem et al. [16,17] found an insignificant variation in the number of fenestrae in the fetal
(18–21 days of gestation) to adult period of LSEC in the
periportal zone. However, it becomes three times larger in
the adult liver sinusoids in the centrilobular zone than in
the fetal ones. This rise in the number of fenestrae in the
centrilobular zone starts at day one of the newborn and
proceeds in the subsequent neonatal period. During the
fetal stage the porosity, i.e., the accumulated surface of fenestrae, was three times greater in the centrilobular than
in the periportal zone. This difference decreases only
slightly after birth: although large fenestrae disappear,
they are replaced by smaller ones, characteristic of the
adult liver.

portal zone disappear in the fetal period which coincides
with the reduction of hemopoietic activity in this domain,
and large fenestrae persist in the centrilobular zone of
newborn livers until all hemopoietic activity disappear,
suggesting the involvement of fenestrae in the transendothelial passage of new blood cells [15–17].

These zonal variations in fenestration pattern suggest that
in the fetal period a regional definition of the microcirculatory endothelium within the context of the liver lobule
already exists, although the definition is different from
that of adult liver endothelium. Evidence for this was
found by relating the fenestration pattern with the hemopoietic activity of the liver: i.e., large fenestrae in the peri-

Thus, LSEC are present in fetal liver at all gestational ages
and fenestrae, diaphragmed or non-diaphragmed, provide a direct communication between the sinusoidal lumen and the space of Disse. The postnatal liver
endothelium shares the morphological features and permeability properties of adult liver sinusoidal endothelium.

Bankston et al. [15] illustrated that fetal LSEC already
have a sieving function, by injecting colloidal carbon into
14–22 day gestation fetuses via de umbilical vein. Although fenestrae possessing diaphragms are permeable to
carbon before 16 days gestation, open fenestrae, first seen
at 17 days gestation, allowed large amounts of carbon to
reach the extravascular space. In addition, Naito and
Wisse [19] could demonstrate the role of the liver sieve in
lipoprotein metabolism in newborn rats. When neonatal
rats drank mother's milk, a condition of physiological hyperlipemia, numerous chylomicrons with a size smaller
than fenestrae could be observed in the space of Disse.
These results indicate the existence of a substantial filtration effect of endothelial fenestrations in the newborn rat.
The researchers concluded that circulating chylomicrons
larger than the largest diameter of endothelial fenestrations are unable to pass through the endothelial lining to
reach the space of Disse.

Table 1: Fenestration pattern in different species Brief overview of fenestrae characteristics of different species. Notice the large variations in diameter and number of fenestrae between the different species. The reported data from this table were obtained by at random measurements along the sinusoids. "n.d." = no data available. Data are expressed as mean ± S.D. In case of baboon, human and
rainbow trout the data correspond with the minimum and maximum diameter or number of fenestrae measured.

Species (ref.)

Diameter (nm)

Number of fenestrae / µm2

Rat [25]
Mouse [26]
Rabbit [27]
Chicken [23]
Baboon [20]
Human [28]
Rainbow trout [21]
Sheep [29]
Goat [30]
Cat [31]

98.0 ± 13.0
99.0 ± 18.0
59.4 ± 4.8
89.6 ± 17.8
92 – 116
50 – 300
75 – 120
60.0 ± 1.9
n.d.
n.d.

20.0 ± 6.3
14.0 ± 5.0
17.3 ± 3.8
2.9 ± 0.3
1.4 – 1.9
15 – 25
n.d.
n.d.
n.d.
n.d.
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Fenestrae in different species
Since the first description of LSEC-fenestrae in 1970 by
Wisse [1], fenestrae have been the object of numerous
studies in various species. Although most studies have
been performed in rats and mice, LSEC-fenestrae have
been described in many other animals, including fish,
birds, and many mammals (Table 1). Although differences in diameter and number of fenestrae exist, the ultrastructure of LSEC is the same across species, i.e., all
LSEC are characterised by their long cytoplasmatic extensions containing fenestrae clustered in so-called sieve
plates.

Moreover, not only may the diameter and number of fenestrae vary from species to species, but also between individuals of a species, and within a single individual
under the influence of various physiological and pharmacological circumstances (see § Dynamic changes of fenestrae). Fenestrae of both sexes of a species appear to be
similar [20,21].
According to information available to date, it seems likely
that variations in fenestration pattern between different
species may explain the susceptibility of different species
to dietary cholesterol. For example, in comparison with
the rat, rabbits have smaller fenestrae and chickens have
fewer fenestrae. Thus, both species have a liver sieve of
lower porosity than the rat, resulting in a prolonged circulation of cholesterol-rich chylomicrons which are considered to be atherogenic. This correlates well with the
vulnerability of rabbits and chickens to dietary cholesterol, resulting in hyperlipoproteinemia and the development of atherosclerosis [22–24] (see also § Role of
fenestrae in lipoprotein metabolism and atherosclerosis).
Dynamic changes of fenestrae
LSEC-fenestrae are dynamic structures, whose diameter
and number vary in response to a variety of hormones,
drugs, toxins, diseases or even to changes in the underlying extracellular matrix (for an overview, see Table 2).
Structural integrity of the fenestrated sinusoidal liver endothelium is believed to be essential for the maintenance
of a normal exchange of fluids, solutes, particles and metabolites between the hepatocytes and sinusoidal blood.
Its alteration can have adverse effects on hepatocytes and
liver function in general [4]. In the past twenty years, numerous publications appeared about the role of these dynamic structures under various physiological and
pathological situations (Table 2). Their role and involvement in processes such as lipoprotein metabolism [32],
hypoxia [33], endotoxic shock [34], virus infection [35],
cirrhosis [36], fibrosis [37] and liver cancer [38] has been
explored.

http://www.comparative-hepatology.com/content/1/1/1

To date, a widely accepted hypothesis stipulates that drugs
which dilate fenestrae, such as pantethine, acethylcholine
or ethanol improve the extraction of dietary cholesterol
from the circulation; whereas drugs such as nicotine, longterm ethanol abuse, adrenalin, noradrenalin or serotonin,
which decrease the endothelial porosity, play a role in the
development of drug- and stress-related atherogenesis. Although this hypothesis was postulated by others
[5,20,28], it was mainly the group of Fraser et al. [32] who
actually demonstrated that drugs which alter the fenestral
diameter and number also affect the pathogenesis of
atherosclerosis, by increasing or decreasing the access of
atherogenic lipoproteins to the hepatocytes.
An exciting development in the field of fenestral dynamics
has been the exploration of the mechanisms by which
hepatotoxins, such as ethanol, endotoxin, carbon tetrachloride, dimethylnitrosamine and thioacetamide, induce defenestration. In general, it has been noted that
defenestration of the sinusoidal endothelium occurs early
in the pathogenesis of cirrhosis, both in humans exposed
to hepatotoxins and in animal models of cirrhosis. This
process seems to be reversible upon removal of the hepatotoxin and before the formation of an endothelial basement membrane [32]. In addition, it was demonstrated
that defenestration not only contributes to the genesis of
hyperlipoproteinaemia, but also blocks retinol metabolism and therefore probably promotes perisinusoidal fibrosis by altering fat-storing cell function [39]. However,
the exact mechanism by which these hepatotoxins bring
about the defenestration remains to be elucidated. Although nothing realistic can be said about this aspect, it
might be possible that the reduction of fenestrae may occur either by fusion or extensive constriction and disappearance of fenestrae through membrane fusion [4].
Another emerging field comprises the recent studies
which explore the mechanism whereby hormones and cytoskeletal altering drugs change the fenestral diameter and
number. From these studies it became clear that drugs
which alter the calcium concentration within LSEC also
change the fenestrae diameter [40] (see § Contraction and
dilatation mechanism of fenestrae), whereas drugs which
interfere with the LSEC-cytoskeleton mainly alter the
number of fenestrae [26] (see § Formation of fenestrae).
Finally, peculiar reports appeared describing fenestral dynamics in various pathological conditions of the liver,
such as hypoxia [33], increasing venous pressure [41], irradiation [33], cold storage [42] and invasion of the liver
by metastatic tumor cells [38] or viruses [35].
Contraction and dilatation mechanism of fenestrae
Current interest focuses on the mechanisms by which
LSEC alter the diameter of fenestrae (for reviews, see refer-
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Table 2: Overview of agents and experimental conditions which alter the fenestrae diameter and number Overview of fenestrae dynamics under various experimental and pathological conditions. Notice that conflicting data concerning the dynamics in fenestrae diameter after treatment with cytochalasin B were reported. In addition, contradictory results concerning the alterations in fenestral
number also exists and were described after phorbol myristate acetate and endotoxin treatment, or when LSEC were cultured on laminin. These discrepancies in fenestral dynamics can probably be explained by the different experimental designs, influencing culture conditions and species specificity.

Fenestrae alterations by

Acethylcholine [43–45]
Adrenalin [43,45]
Bethanechol [43,45]
Calmodulin antagonist W-7 [40]
Carbon tetrachloride [37,46]
Cocaine combined with ethanol [47]
Collagen, IV-V [48]
Cytochalasin B [26,35,40,42,45,48–56]
Diethylnitrosamine [57–59]
Dimethylnitrosamine [39,60–62]
Endothelin [63]
Endotoxin [34,62,64–66]
Ethanol, acute dose [37,51,53,54,67–69]
Ethanol, chronic dose [20,22,28,70,71]
Fatty liver [72,73]
Hypoxia [33]
Hepatectomy [74]
Hepatitis virus, type 3 [35,75]
Ionophore A23187 [40,45]
Irradiation [33]
Isoproterenol [45]
Jasplakinolide [76]
Laminin [48,77]
Latrunculin A [55,78]
Misakinolide [79]
Neuropeptide Y [45]
Noradrenalin [44,45,80]
Nicotine [25,81,82]
Pantethine [81,82]
Phalloidin [50]
Phorbol myristate acetate [83,84]
Pressure [41,85]
Prostaglandine E1[63,86]
Serotonin [53,54,80,84,87–90]
Swinholide A [79]
Temperature, 4°C [42]
Thioacetamide [36,91]
Tumor cells [38,92–97]
Tumor necrosis factor-alpha [98]
Vasoactive intestinal peptide [45]

Diameter

Number

Increase

Decrease

Increase

Decrease

+
+
+
+
?
+ [40,45,51]
?
- [60]
+ [65]
+
+ [20,70]
?
+
+
- [35]
+
+
- [48]
+
+
- [84]
+
+
?
- [38,92]
?
+

+
?
+ [52,55]
?
- [60]
+
+ [34,66]
- [20,70]
?
+ [35]
+
+
- [48]
+
+
+
+
+
- [84]
+
+
?
+
+ [38,92]
?
-

?
?
?
?
- [46]
+
+
+ [64]
?
?
?
?
+
+ [48], - [77]
+
+
?
?
?
?
+ [83], - [84]
?
?
?
+
?

?
?
?
?
+ [46]
+
+
+
+
+ [34,62,66]
+
+
?
+
+
?
?
?
- [48], + [77]
?
?
+
?
?
- [83], + [84]
?
?
?
+
+
+
+
?

References connected to the agents and experimental conditions mean unanimity in the literature of the observed fenestral dynamics; references
connected to symbols indicate that the described effects are only reported in the corresponding literature; "+" = Yes; "-" = No; and "?" = no data
available.

ences [83] and [89]). Immunoelectron microscopic studies on LSEC in the early 80's revealed the first information
regarding the structural basis for the contraction and dilatation machinery of fenestrae. Oda et al. [43] described in

1983 the presence of actin filaments in the neighbourhood of fenestrae, indicating that the cytoskeleton of
LSEC plays an important role in the modulation of fenestrae. In the following years this notion was supported
Page 6 of 17
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Figure 3
Scheme of the serotonin signal pathway showing the steps in fenestral contraction and relaxation, as postulated by Gatmaitan et al.[89,90,104]: Serotonin binds to a ketanserin-inhibitable receptor, coupled to a pertussis-toxin sensitive G-protein; a calcium channel opens, causing an influx of calcium ions; the intracellular calcium level increases rapidly, and
calcium binds to calmodulin; the calcium-calmodulin complex activates myosin light chain kinase, and as a result phosphorylation of the 20-kd light chain of myosin occurs, resulting in an increased actin-activated myosin ATPase activity, which finally initiates contraction of fenestrae. The mechanism for the relaxation of LSEC fenestrae is presently unclear and probably involves
dephosphorylation of myosin light chains as represented by dashed lines: a decrease in the cytosolic free calcium concentration
leads to dissociation of calcium and calmodulin from the kinase, thereby inactivating myosin light chain kinase, under these conditions myosin light chain phosphatase, which is not dependent on calcium for activity, dephosphorylates myosin light chain and
finally causes relaxation of fenestrae.

by several authors, they all confirmed the presence of actin [87,99], myosin [51,100] and calmodulin [99–102] in
LSEC by using immunofluorescence microscopy.
Van Der Smissen et al. [51] and Oda et al. [102] postulated at first in 1986 that a calcium-calmodulin-actomyosin
system around fenestrae has probably a key role in the regulation of the fenestral diameter. This hypothesis was
nicely proven in subsequent years by studying the role of

calcium ions and calmodulin in fenestrae regulation using
immunoelectron microscopy [99,101], electron microprobe analysis [102], microfluometric digital image analysis [40] and patch clamp technique [88]. Oda et al. [103]
showed that the addition of a calcium ionophore to LSEC
induced fenestral contraction. This contraction could be
suppressed by chelating extracellular calcium or by pretreatment of LSEC with a calmodulin antagonist, demonstrating the messenger function of calcium ions and the
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Figure 4
High-power scanning electron micrographs of a nonextracted (left); and of a formaldehyde prefixed, cytoskeleton buffer extrated rat liver sinusoidal endothelial cell (middle). Notice the grouped fenestrae on the cell surface
(left); and a remarkable series of rings of fenestrae-associated cytoskeleton (middle). Layering a colored scanning electron
micrograph on top of the cell surface of a nonextracted rat liver sinusoidal endothelial cell clearly illustrates the relation
between both structures (right). Scale bar, 200 nm.

role of the intracellular Ca2+-receptor calmodulin in the
fenestrae diameter regulation. In addition, Arias [83] and
Arias et al. [83,100] demonstrated that the serotonin induced contraction of fenestrae occurs together with phosphorylation of the 20-kd subunit of myosin light chain
kinase. All these findings suggest the crucial role of a calcium-calmodulin-actomyosin complex in the regulation
of the fenestral diameter [40] (Fig. 3).
Brauneis et al. [88] demonstrated that fenestral contraction induced by serotonin is associated with an increment
of intracellular calcium, using a serotonin-sensitive cation
channel with permeability to calcium. In addition, Gatmaitan et al. [89,90] illustrated that fenestral contraction
induced by serotonin could be abolished by preincubation of LSEC with (I) the Ca2+-channel blockers verapamil
and dilthiazem, (II) the serotonin antagonist ketanserin,
illustrating that LSEC contain a serotonin receptor type
5HT2, and (III) pertussis-toxin, suggesting that the 5HT2receptor may be coupled to a pertussis-toxin sensitive Gprotein. Arias and co-workers [89,90,104] postulated a sequence of events as presented in Figure 3.
Oda et al. [63] and Yokomori et al. [86] demonstrated the
possible role of a plasma membrane Ca2+-ATPase in the
dilatation of fenestrae by studying the effect of prostaglandin E1 on LSEC. They found that prostaglandin E1 enhances the Ca2+-pump ATPase activity in the
neighbourhood of the plasmamembrane of LSEC fenestrae, leading to the dilatation of fenestrae due to the
extrusion of cytoplasmic calcium. Oda et al. [63] postulated that an active extrusion of cytoplasmic free calcium
leads to an actomyosin-mediated relaxation of the LSEC

fenestrae. This statement was nicely illustrated by treating
LSEC with endothelin, i.e., endothelin attenuated the
Ca2+-pump ATPase activity and at the same time an increased level of cytoplasmic calcium and fenestrae contraction could be observed.
The results of our whole mount electron microscopic
studies on LSEC have added the following new insights in
the structure and function of the cytoskeleton in fenestrated areas [42,53]: (I) Sieve plates and fenestrae are delineated by cytoskeleton elements; (II) fenestrae are
delineated by a filamentous, fenestrae-associated cytoskeleton ring (FACR) (Fig. 4) with a mean filament
thickness of 16 nm, (III) sieve plates are surrounded by a
ring-like orientation of microtubuli, which form a network together with additional branching cytoskeletal elements; (IV) because of the fact that the fenestraeassociated cytoskeleton ring opens and closes like fenestrae in response to different treatments such as ethanol
or serotonin, it is assumed that this ring regulates the size
changes of the fenestrae; and (V) therefore, the fenestraeassociated cytoskeleton probably controls the important
function of endothelial filtration.
Formation of fenestrae
In 1986, Steffan et al. [49,105] provided the first evidence
that LSEC fenestrae are inducible structures. Treatment of
LSEC in situ and in vitro with the microfilament-inhibiting
drug cytochalasin B resulted in an increased number of fenestrae. Scanning electron microscopic observations of
detergent-extracted LSEC revealed that the increase in the
number of fenestrae was related to an alteration of the cytoskeleton. In addition, the effect of cytochalasin B on the
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number of fenestrae and cytoskeleton could be reversed
after removal of the drug. However, when LSEC were treated with colchicine, a microtubule-disrupting agent, there
was no effect on the number of fenestrae, thereby demonstrating that microtubules are not involved in the formation of the endothelial pores [26]. These observations
indicate that fenestrae are dynamic structures which may
undergo changes in number in response to local external
stimuli and that the actin-cytoskeleton has a major role in
this process.
Later, Bingen et al. [52] noticed, in freeze-fracture replicas
of cytochalasin B-treated LSEC, areas which were more or
less devoid of intramembrane particles having the size of
fenestrae. In general, they proposed that fenestrae are
formed by fusion between opposite sheets of plasma
membrane which are depleted of intramembrane particles. These authors proposed the following sequence in
the process of fenestrae formation: (I) The process begins
with the depletion of intramembrane particles in small areas; (II) then follows an encirclement of these zones by a
microridge devoid of intramembrane particles; subsequently (III), membrane fusion occurs with small pores
appearing inside the marked zones; and finally (IV), the
size of the pore increases to reach that of a well recognizable fenestra and the microridge vanishes progressively.
This hypothesis was elaborated by Taira [106], who found
some new evidence about the formation of sieve plates.
The study of the luminal cell membrane of freeze-fractured LSEC revealed the presence of trabecular meshworks
which were attached to the E and P-faces of the cell membrane of both the cell body and the attenuated cell processes. Trabecular meshworks are a cell membraneattached reticulum of anastomosing trabeculae composed
of the cell membrane and cytosol, and the surface appears
as a sieve on the cell membrane. Taira [106] postulated
the following sequence of events in the formation of sieve
plates: (I) The process starts with the formation of plasmalemmal invaginations which are triggered by external
stimuli; (II) Rapid clustering of these cell membrane invaginations would then occur by some yet unknown
mechanism, followed by ballooning and fusion of these
invaginations; (III) As a consequence, the cytosol located
among plasmalemmal invaginations becomes thinner
and remains as anastomosing trabeculae in trabecular
meshworks; (IV) which in turn give rise to the formation
of sieve plates by flattening.
In the past we demonstrated that treatment of LSEC with
latrunculin A (Fig. 5), swinholide, misakinolide, jasplakinolide, halichondramide or dihydrohalichondramide, all
induces an increased number of fenestrae [79,107]. However, only by treating LSEC with misakinolide or dihydrohalichondramide, we were able to capture a novel

http://www.comparative-hepatology.com/content/1/1/1

structure indicative of fenestrae formation, which we propose to call fenestrae-forming center (FFC) (Fig. 6)
[79,107]. This illustrates the importance of the use of different anti-actin drugs to study the dynamic cellular processes that depend on the integrity and function of actin. A
comparison of all anti-actin agents tested so far, revealed
that the only biochemical activity that misakinolide and
dihydrohalichondramide have in common is their barbed
end capping activity; this activity seems to slow down the
process of fenestrae formation to such extent that it becomes possible to resolve fenestrae-forming centers.
Role of fenestrae in lipoprotein metabolism and atherosclerosis
Dietary fats, absorbed by the epithelium of the small intestine, are assembled with specific apolipoproteins to
form chylomicrons, which have a size between 100 and
1000 nm. After synthesis by the enterocytes, the triglyceride-rich chylomicrons are secreted into the mesenteric
lymph and extracellular fluid to eventually enter the systemic circulation via the thoracic duct. Once into the circulation, triglycerides are hydrolysed to fatty acids in the
capillaries of adipose tissue and muscles through the action of lipoprotein lipase present on the endothelium of
capillaries. The resulting smaller particles have a mean diameter of 90–250 nm and are called chylomicron-remnants, which are taken up rapidly by the apo E (remnant)
receptors of the liver parenchyma. Before hepatic recognition and uptake of chylomicron remnants can occur, these
remnants must first enter the space of Disse through the
fenestrated sinusoidal endothelium [4,32,108]. Wisse [1]
suggested at first that fenestrae might play an important
role in the exchange of lipid particles between the sinusoidal blood and the parenchymal cells. This hypothesis of
sieving was mainly elaborated by Fraser and co-workers
[22–25,27], who demonstrated a filtration effect by comparing chylomicrons in the portal blood with those in the
space of Disse, illustrating that the largest particles in the
space of Disse were as large as fenestrae.

It must be noticed that large chylomicrons are small in
number. However, their relative volume, as a third power
function, may account for 70 to 80% of the total circulating fat. This fraction is obviously not admitted to the
space of Disse and it is well known that these triglyceriderich lipoproteins are atherogenic [109]. On the other
hand, the smaller admitted chylomicrons are richer in
cholesterol and their uptake influences the de novo synthesis and excretion of cholesterol by the parenchymal cells
[110]. This suggests a relationship between fenestrae and
the pathogenesis of atherosclerosis.
Since 1978 [8], there have been many studies supporting
the hypothesis that the liver sieve plays a role in lipoprotein metabolism and the occurrence of atherosclerosis
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Figure 5
Scanning electron micrograph of an LSEC treated with 0.1 µg/ml of latrunculin A for 2 hours, showing huge
fenestrated areas. Thin cytoplasmic arms divide flat fields containing numerous fenestrae. The bulging area corresponds with
the nucleus. Scale bar, 2 µm.

[32]. For example, among the mammals, rabbit livers
have smaller fenestrae, whose average diameter sharply
contrasts with that of similar endothelial pores in rodents
(Table 1). Wright et al. [24] found that rabbits fed cholesterol rapidly develop high serum cholesterol levels which
lead to the development of atheroslerosis. The researchers
found that the small size of endothelial fenestrae in the
liver sinusoids of rabbits hinders the egress of large chylomicron remnants from the sinusoidal blood, explaining
the subsequent development of hypercholesterolemia

and atherosclerosis. In addition, chylomicron remnants
were rapidly removed from the circulation by the liver in
cholesterol fed rats. Besides the different dimensions of fenestrae among rats and rabbits, variations in size of chylomicrons and differences in liver cell membrane
receptors were taken into account. They concluded that
different sieving capacities of chylomicron remnants in
different species by the liver may largely explain the differences in lipoprotein metabolism among the species.
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Figure 6
Whole-mount transmission electron micrograph of an LSEC treated with 100 nM dihydrohalichondramide for
1 hour, showing the dark nuclear area and surrounding extracted cytoplasm. Note the presence of small cytoplasmatic areas of intermediated density within the fenestrated cytoplasm. In several of these areas a very peculiar structure could
be observed, consisting of rows of fenestrae with increasing diameter, fanning out into the surrounding cytoplasm, connected
to the small cytoplasmatic areas with their smallest fenestrae. These structures are suggestive of de novo fenestrae formation
and we therefore named them "fenestrae-forming center" (FFC) [79]. Scale bar, 5 µm.
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Microscopic studies have shown that drugs which alter the
porosity of the liver sieve also affect the pathogenesis of
atherosclerosis, by increasing or decreasing the access of
atherogenic lipoproteins to the hepatocytes [32]. Nicotine, fed orally to rats at a dose equivalent to that of a human being smoking two packets of cigarettes per day,
induces a decline in liver sieve porosity and a concomitant
increase in serum cholesterol levels, illustrating that this
decreased porosity may be an etiological factor in the
known correlation between tobacco smoking and atherosclerosis [25,81,82]. Conversely, when the hypolipidemic
agent pantethine was fed with cholesterol to rabbits, it
halved the resultant hypercholesterolemia and at the
same time the porosity was increased by 80% [81,82].
Other evidence supporting the hypothesis that the liver
sieve has a key role in lipoprotein metabolism comes
from studies where the effect of ethanol was studied on fenestrae. Alcoholic defenestration, resulting from chronic
alcohol abuse, induces a decrease in the number of fenestrae in rats [71], baboons [20] and human beings
[22,28], resulting in a decrease in sinusoidal porosity. This
effect has been postulated as a factor in the pathogenesis
of the hyperlipoproteinemia associated with alcoholism
[37]. The hyperlipoproteinemia and the simultaneous decrease in porosity of the liver sieve observed in an alcoholic patient seems to support this notion [22]. In addition,
abstinence has been shown to allow the restoration of the
fenestrated sinusoidal endothelium in the alcoholic human [72]. On a short time basis, alcohol enlarges fenestrae [51,67,70]. It has been suggested that this
phenomenon enhances the hepatic clearance of dietary lipids accounting, in part, for the protection from atherosclerosis ascribed to low-dose alcohol consumption [32].
On the other hand, the development of acute fatty liver after alcohol consumption is probably caused by a more porous sieve, allowing the admission of large triglyceriderich chylomicrons to contact and be taken up by the parenchymal cells [70]. Evidence for this can be found in the
work of Morsiani et al. [74], who demonstrated that the
transient fatty liver occurring after partial hepatectomy
correlated with an increase in sinusoidal porosity.
Other important drugs believed to be essential in the
process of fenestral sieving are serotonin, adrenalin and
noradrenalin which decrease the sinusoidal porosity.
Their effects have been suggested as possible factors in
stress-related atherogenesis [43,45,80]. However, to what
extent these hormones contribute to the process of atherogenesis is not yet fully understood.
There also exists a reverse pathway for the transport of lipid, in the form of very low density lipoproteins (VLDL),
which assemble in the Golgi apparatus of the parenchymal cell, are transported in vesicles to the sinusoidal cell
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surface and secreted into the space of Disse. These lipoprotein particles have a size of about 90 nm which allows
them to pass the endothelial filter and as a consequence
the fenestrae should not act as a barrier [19,111]. However, important questions remain to be answered about the
role of the liver sieve in reverse lipid transport; for instance, (I) how does VLDL reach the sinusoidal blood in
the defenestrated liver? and (II) does the liver sieve act as
a barrier when enlarged VLDL-particles, formed during
high rates of synthesis of triglyceride, want to pass the fenestrae? In both pathological circumstances, it was suggested that VLDL may leave the space of Disse via an
alternate exit, namely via the hepatic lymphatics and the
thoracic duct [32,112]; however, this has not yet been
proven.
The filtration of lipoproteins by open pores is the simplest
mechanism for steric selection. However, the fenestrae
limit the free access to the parenchymal cell by a factor of
10 [5]. To overcome the difficulty of bringing fresh fluids,
solutes and (lipid) particles into the space of Disse and to
refresh the fluids, solutes and particles in contact with the
parenchymal cells, the mechanisms of "forced sieving"
and "endothelial massage" might be important as postulated by Wisse et al. [4]. The hypothesis of "forced sieving"
is based on the consideration that red blood cells unilaterally restrict the space in which lipoproteins move in
Brownian motion. Red blood cells therefore increase the
chance that lipoprotein droplets will escape through the
fenestrae. Taking into account that red blood cells pass by
in endless numbers, while gently touching the fenestrated
lining and in the meantime constantly adapting their
shape to the dimensions of the sinusoid, it is assumed that
red blood cells in their turn exert an important effect on
the passage of any molecule larger than water through the
liver sieve.
According to the hypothesis of endothelial massage, white
blood cells plug the sinusoid because they have an average
size of 8.5 µm and therefore do not fit into a sinusoid,
which measures from 5.9 µm in the portal region to 7.1
µm in the centrilobular region. In addition, white blood
cells are less plastic than other blood cells and do not easily adapt to obstacles or diameter changes of sinusoids. As
a result, white blood cells impress the fenestrated endothelium and the space of Disse. As a consequence, fluid
in the space of Disse is pushed down stream and when fenestrae are encountered, fluid will be flushed out of
Disse's space. After passage of the white blood cells, the
space of Disse resumes its original shape, which causes a
suction of fresh fluids into the space. In this way, "endothelial massage" will be more pronounced in the periportal areas.
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Role of fenestrae in fibrosis and cirrhosis
Cirrhosis is defined as a diffuse process characterized by fibrosis and the conversion of normal liver architecture into
structurally abnormal nodules. Hepatic fibrosis occurs in
the evolution of most chronic liver diseases as a precursor
of cirrhosis. Cirrhosis finally results in hepatic failure
[113]. Besides alcohol-induced cirrhosis in human
[72,73,114], many animal models of fibrosis and / or cirrhosis exist and were described after chronic di(m)ethylnitrosamine- [39,57–62], endotoxin- [34,62], carbon
tetrachloride- [37,115], porcine serum- [116] and thioacetamide- [36] exposure. Although multiple causes and
morphologies of hepatic cirrhosis exist, all forms of cirrhosis are characterized by a defenestrated sinusoidal endothelium and the presence of a subendothelial basement
membrane [36,57,114–116]. In addition, it has been
demonstrated that the disappearance of the normal filtration barrier in cirrhotic livers results in an impaired bidirectional exchange between the sinusoidal blood and the
parenchymal cells [32,39,115]. As a consequence, defenestration and capillarization of the sinusoidal endothelium may therefore be a major contributor to hepatic
failure in cirrhosis.

ma [94,95,97]. At the moment it is still unclear why the
sinusoidal endothelium reacts by reducing its porosity, or
which (common) factor is involved in the process of tumor-induced defenestration. However, Nagura et al. [96]
found evidence that the defenestration caused by metastatic tumor cells was induced by the local microenvironment of the liver or by direct cellular contact of tumor cells
with the sinusoidal endothelium. Defenestration could
only be observed when tumor cells were injected via the
mesenteric vein and not when implanted subcutaneously.
The role of local factors in the tumor-induced defenestration was also suggested by others [38,92].

Data obtained from animal models used to investigate the
effects of cirrhotic agents indicate that defenestration precedes hepatic fibrosis [39,60,61]. In addition, before the
establishment of fibrosis, defenestration seems to be reversible on removal of the hepatotoxin [61,72]. On the
other hand, it has been postulated that defenestration becomes irreversible after the formation of an endothelial
basement membrane [32]. From these reports it is clear
that defenestration is an early event in the pathogenesis of
cirrhosis, preceding the initiation of fibrosis. Defenestration and capillarization are believed to be important in
the initiation of perisinusoidal fibrosis by altering retinol
metabolism [60]. Rogers et al. [39] demonstrated that
these structural alterations block the hepatic uptake of dietary retinol within the chylomicron remnants. This dietary retinol, after processing by the parenchymal cells, is
stored in the lipid droplets of fat-storing cells. It is known
that retinol deficiency transforms fat-storing cells into myofibroblasts with enhanced extracellular matrix production, resulting in perisinusoidal fibrosis and ultimately in
cirrhosis.

Concluding remarks

Role of fenestrae in cancer
Primary liver cancer and invasion of the liver by metastatic
tumor cells have been reported to affect the normal fenestration pattern in both animals [38,92,96] and humans
[94,95,97,117]. A significant decrease in the number of fenestrae was reported in hepatic sinusoids colonized by
B16F10 melanoma cells [38,92], Lewis lung carcinoma
cells [38,92] and colon 38 adenocarcinoma cells [96]. Defenestration was also observed in hepatocellular carcino-

The effects of defenestration on the progression of the tumor is still unclear. In general, it is obvious that a decreased permeability of the sinusoidal endothelium
creates a situation that will cause the loss of normal liver
functions [94,95]. For example, defenestration may block
retinol metabolism in fat-storing cells and therefore promote the development of some tumors. Retinol is known
to be important in the differentiation of cells, and low levels are correlated with the development of certain cancers
[32,118,119].

Despite the multidisciplinary approach taken to study the
structure, origin, dynamics and formation of fenestrae,
there are still important gaps left open. Our knowledge
needs considerable consolidation and expansion on the
biochemical level to understand how the different proteins form a contractile unit, and which signal transduction pathways are involved in the fenestral dilatation and
relaxation. For the near future, we expect that detailed investigation of the LSEC-cytoskeleton, with cytoskeletonaltering drugs; and further biochemical investigation of
the contraction and dilatation machinery of LSEC-fenestrae, with probes that activate or inhibit a certain signal
transduction pathway, will contribute to a better understanding of how LSEC control their porosity.
Since the first description of endothelial fenestrae the important function served by LSEC as a selective sieve between the sinusoidal blood and the parenchymal cells has
been explored. Today, it is clear that alteration of the endothelial filter affects the bidirectional macromolecular
exchange, and therefore may determine the balance between health and disease. Although the majority of the research has been descriptive, the role of the liver sieve has
been demonstrated in various diseases such as hyperlipoproteinemia, cirrhosis and cancer. Recently, peculiar reports appeared exploring the role of fenestrae in various
conditions, such as liposomal transport [120], hydrodynamics [121], regenerating liver [122], the role of VEGF as
an upregulator of the porosity [123], nitric oxide synthesis
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[124], when people get older [125], and in health and disease in general [126].
We expect that future research will focus on therapeutic
strategies by altering the sieve's porosity. For example, discovery of new drugs that increase the porosity of the liver
sieve may be of great benefit. Such agents may not only
improve the extraction of atherogenic lipoproteins from
the circulation, they can also be used for enhancing the efficiency of liposome-mediated gene or drug delivery to parenchymal cells.
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