
- - - - - - - - - -----

European Journal of Cell Biology 47, 346-357 (1988) © Wissenschaftliche Verlagsgesellschaft mbH . Stuttgart 

Immunoelectron microscopic study of nucleolar DNA during mitosis in 
Ehrlich tumor cells 

Marc Thiryl)a, Ulrich Scheerb
, Guy Goessensa 

a Institut d'Histologie, Universite de Liege/ Belgium 
b Institute of Zoology I, University of Wiirzburg/Pederal Republic of Germany 

Received July 20, 1988 
Accepted August 30, 1988 

Nucleolus - DNA - mitosis 

In order to investigate the DNA localization within Ehrlich tumor 
cell nucleoli during mitosis, two recent immunocytochemical 
methods using either an anti-DNA or an anti-bromodeoxyuridine 
(BrdU) monoclonal antibody have been applied. In both cases, the 
immunogold labeling has been performed on ultrathin sections of 
cells embedded either in Lowicryl K4M or in Epon, respectively. 

Identical results are observed with both immunocytochemical 
approaches. 

In the interphase nucleolus, besides the labeling of the perinu­
cleolar chromatin shell and of its intranucleolar invaginations 
which penetrate into the nucleolar body and often terminate at the 
fibrillar centers, a few gold particles are also preferentially found 
towards the peripheral region of the fibrillar centers. In contrast, 
the dense fibrillar component and the granular component are 
never labeled. During mitosis, the fibrillar centers persist at the 
chromosomal nucleolus organizing regions (NOR's) and can be se­
lectively stained by the silver method. However, these metaphase 
fibrillar centers are no longer decorated by the DNA- or BrdU an­
tibodies. 

These results indicate that until the end of prophase, rRNA 
genes are present inside the fibrillar center material, disappear 
during metaphase and reappear in reconstituting nucleoli during 
telophase. Thus, fibrillar centers appear to represent structures sui 
generis, which are populated by rRNA genes only when the nu­
cleolus is functionally active. 

In segregated nucleoli after actinomycin D treatment, the DNA 
labeling is exclusively restricted to the perinucleolar chromatin 
blocks. These findings also suggest that the DNA content of the 
fibrillar center material varies according to the rRNA transcription 
level of the cells. The results are discussed in the light of the pres­
ent knowledge of the functional organization of the nucleolus. 

Introduction 

In modern terms, the nucleolus organizing region (NOR) is 
defined as a chromosomal region where rRNA genes are 
clustered. Numerous investigations, including observations 
of deletion and translocation NOR mutants in plants and 
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animals, in situ rRNA/DNA and rDNA/DNA hybridiza­
tions, have conclusively proven that the NOR's usually 
coincide with the secondary constrictions although the cor­
relation is not absolute (see [9, 13, 36) for reviews). 

When the chromosomes are stained with Feulgen reac­
tion, the secondary constrictions appear, in many species, 
as particulary clear regions. This fact has been attributed 
to the low degree of DNA condensation or to a apprecia­
ble protein content in the secondary constriction [3]. Elec­
tron microscopic studies of secondary constrictions have 
shown that these areas predominantly consist of fine fibril­
lar material which has the same morphology and positivity 
for silver staining as the fibrillar centers (FC) in interphase 
(see [9] for review). However, the FC-like material is only 
partly integrated within chromosomes [22, 24, 27) in inden­
tations diametrically opposed on their edge [11, 27,37]. Al­
though it is now well established that the FC contain a 
small amount of DNA (see [9) for review; [32, 38, 40]) 
which corresponds at least in human spermatocytes [1] to 
rDNA, the presence of DNA during mitosis is still a matter 
of controversy. Indeed, using Feulgen-like osmium-am­
mine reaction, Hernandez-Verdun and Derenzini [15] have 
shown that, in metaphase chromosomes, the silver-stained 
material contained numerous DNA filaments, 2 or 3 nm 
thick, which never gave rise to nucleosomal-like structures. 
In contrast, on whole-mount preparations of silver-stained 
human metaphase chromosomes, electron microscopy re­
vealed that the silver-stainable substance is located at the 
outer side of the nucleolar organizers or around them but 
never in the chromosomes themselves [34]. 

In the present work, we have attempted to study the 
DNA content of the fibrillar centers during the various 
stages of mitosis in Ehrlich tumor cells by means of immu­
noelectron microscopy using either a mono clonal antibody 
to DNA or a monoclonal antibody to bromodeoxyuridine 
detecting bromodeoxyuridine previously incorporated into 
DNA of cells. 

In addition, these two immunoelectron microscope ap­
proaches have been also applied for identifying DNA 
within nucleoli after exposure of cells to actinomycin D, 
an agent known to block the rRNA synthesis and to cause 
segregation of the nucleolar components. 





Materials and methods 

Cell culture 

Ehrlich ascites tumor cells from the peritoneal cavity of C57Bl 
mice were cultured as mono layers in Petri dishes as previously de­
scribed by Lepoint and Bassleer [18]. The medium was composed 
either of 45% NCTC 109 (Difco Laboratories, Detroit, MIIUSA), 
45% Hanks' solution or of RPMI 1640 medium (Gibco-Europe 
S.A., Gent/Belgium) supplemented with 10% fetal calf serum and 
100 U/ ml penicillin. The cells were maintained in a 5% CO2 atmo­
sphere. The nutrient medium was changed every day. After three 
days of cultivation, mitotic cells were selectively harvested [19]. A 
part of these cell cultures was incubated in medium containing 
bromodeoxyuridine (BrdU, 5 x 1O - 6-10 - 5M) and 5-fluorodeoxy­
uridine (FdU, 5 x 10 - 7 - 10 - 6M) for 20 h corresponding approxima­
tively to the cell cycle duration for the majority of in vitro culti­
vated ELT cells [17]. In addition, the medium also sometimes con­
tained actinomycin D (0.05-100 lLg/ ml) during variable time. 

The different cell suspensions were centrifuged at low speed to 
form a pellet. 

Cytochemical method 

Small fragments of the pellet were fixed in 1.6% glutaraldehyde for 
60 min in Sorensen's buffer (PH 7.4) at 4 QC. After fixation, the 
cells were washed in Sorensen's buffer, and the pellet was divided 
into two parts. 

The first one was acetylated as previously described by Wassef 
et al. [41]. The second one was additionally fixed for 5 min in Car-

Fig. 1. Immunoelectron microscopy of nucleolar-associated DNA 
on a section of Lowicryl-embedded Ehrlich tumor cells using a 
monoclonal anti-DNA antibody. - C Dense chromatin. - EN Nu-

noy's solution (3: I ethanol! acetic acid) and then silver-stained as 
previously described [25] and acetylated [26]. After dehydration in 
a graded series of acetone, the cells were embedded in Epon 812. 
Ultrathin sections of the various blocks were cut with a diamond 
knife and mounted on copper grids. 

Electron microscopic immunolocalization 

Using a monoclonal antibody to DNA, small fragments of the pel­
let were fixed in 4% formaldehyde or in a mixture of 4% formalde­
hyde and 0.1 % glutaraldehyde in Sorensen's buffer (PH 7.4) at 4 QC 
for 30 to 120 min. After fixation, the cells were washed in Soren­
sen's buffer and incubated in 0.5 M NH4 CI at 4 °C for 60 min, 
dehydrated through graded ethanol solutions and then processed 
for embedding in Lowicryl K4M according to the technique of 
Roth et al. [30]. Some other fragments were fixed in 4% formalde­
hyde in Sorensen's buffer for 30 min, washed in Sorensen's buffer, 
incubated in pepsin in 0.1 N HCI (1 mg/ ml, Merck, Darmstadt/ 
FRG) for 15 min. After this enzymatic digestion, the cells were in­
cubated in 5% trichloroacetic acid for 15 min at 4 °C and fixed 
again in 0.5% glutaraldehyde in Sorensen's buffer for 120 min. 
After washing in the same buffer, the cells were processed as de­
scribed above. 

Ultrathin sections were cut with a diamond knife and processed 
for the immunolabeling as previously described by Thiry et al. [40]. 
Identical control labelings were also performed. Monoclonal anti­
body (IgM) to DNA was used. The antibody bound to double and 
single stranded DNA but not to RNA. A detailed account of the 
characteristics of this antibody has been presented by Scheer et al. 
[32]. 

clear envelope. - f Dense fibrillar component. - Fc Fibrillar cen­
ter. - G Granular component. 4% formaldehyde/pepsin/ 5% tri­
chloracetic acid/ 0.5% glutaraldehyde/ Lowicryl. - Bar 0.3 lLm. 
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Using a monoclonal antibody to BrdU, small fragments of the 
pellet were fixed in 4% paraformaldehyde or in a mixture of 4% 
formaldehyde and 0.1% glutaraldehyde in Sorensen's buffer (PH 
7.4) at 4 °C for 60 min. After fixation, the cells were washed in 
Sorensen's buffer, dehydrated in ascending concentrations of etha­
nol solutions and then processed for embedding in Epon 812. 
Polymerization was performed at 37 °C for 3 to 5 days. Ultrathin 
sections of the various blocks were cut with a diamond knife and 
processed for the immunolabeling and its controls as previously 
described by Thiry and Dombrowicz [39). A prior 5 N HCI treat­
ment was performed for 30 min on Epon sections at room temper­
ature before the immunolabeling. A monoclonal antibody to BrdU 
(Becton Dickinson, Mt. View, CA) was used. 

The various sections were then stained with uranyl acetate and 
lead citrate before examination in a Jeol CX 10011 electron micro­
scope at 60 kV. 

Results 

Interphase 

Although the different fixations and embedding proce­
dures used in the present study provide an adequate gen­
eral morphology of the cell, the distinction between the 
various nucleolar components is sometimes complicated. 

However, this discrimination can be improved by the 
use of enzymatic digestions. This situation is especially 
well displayed when the cells are treated with pepsin be­
fore the Lowicryl embedding processes (Fig. 1). The main 
effects of this treatment are to remove the proteinaceous 
matrix of nucleoli and to clear up the Fe [8, 16, 29], in­
creasing therefore the contrast between the various nucleo­
lar components. 

After the application of the postembedding immunogold 
labeling method involving either the monoclonal anti­
DNA which specifically reacts with DNA both in double 
and single stranded forms or the monoclonal anti-BrdU 
antibody which binds to BrdU previously incorporated 
into DNA of cells, the same gold particles repartition in 
the cell is observed. Moreover, identicallabeling pattern is 
found whatever the fixations employed in each of immu­
nocytochemical methods. Gold particles are particulary · 
enriched over the condensed chromatin associated with 
the nuclear envelope and with the nucleolus (Fig. 1). A 
slight labeling can be also found in the spaces between 
these heterochromatic blocks. Over the nucleoli, gold par­
ticles are essentially located over the shell of condensed 
chromatin surrounding them and over their intranucleolar 
invaginations. Some clumps of labeled intranucleolar 
chromatin even come in contact with the Fe and interrupt 
the layer of dense fibrils surrounding them. Such chroma­
tin regions are generally included in small nucleolar inter­
stices. Gold particles are also present in the Fe. More pre­
cisely, the labeling is preferentially distributed towards the 
periphery of the Fe, often in close proximity to nucleolar 
interstices. 

The dense fibrillar component and the granular compo­
nent are completely devoid of gold markers. However, 
gold particles are present in nucleolar interstices at the pe­
riphery of the dense fibrillar component [38, 40]. 
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Prophase 

During prophase (Fig. 2), several condensing chromo­
somes come into contact with the nucleolus. In addition, 
the clumps of intranucleolar chromatin are rarely seen. 

After immunolabeling of prophase cell sections, gold 
particles are essentially distributed over the condensing 
chromosomes, among others those attached to the nucleo­
lus. 

Further, a few gold particles are preferentially found at 
the periphery of the Fe in close proximity to the contact 
which occurs between the condensing chromosomes and 
the nucleolus. The dense fibrillar component and the gran­
ular component are totally devoid of labeling. 

Metaphase 

When the silver-staining reaction is performed on meta­
phase cells, silver-stained structures appear always local­
ized at the periphery and in contact with some chromo­
somes. However, as already pointed out [11, 37], various 
relationships between the chromosomes and the silver­
stained structures can be visualized. Particulary, spherical 
silver-stained structures are found in indentations situated 
along some chromosomes (Fig. 3). Others of more elon­
gated shape (Fig. 4) are intercalated between two portions 
of chromosomes. Further, in favorable sections, the spheri­
cal silver-stained structures are associated in pairs and are 
localized in diametrically opposed indentations of the 
edge of chromosomes (Fig. 5). This silver-stained material 
is never completely integrated within the chromosomes 
and consequently protude on their surface. 

In Lowicryl-embedded metaphase cells, the silver­
stained structures have the same morphological aspect as 
the Fe in interphase. However, they present a variable ap­
pearance according to the fixation time in formaldehyde. 
So, after fixation in formaldehyde for 60 min, these struc­
tures consist of fibrillar material of low opacity (Fig. 6). In 
contrast, when the cells are only fixed in formaldehyde for 
30 min before to be processed for embedding in Lowicryl, 
they appear as a network of high electron density contrast­
ing with the silver-negative chromosomal material (Figs. 7-9). 

Nevertheless, in both cases, the same gold particle repar­
tition is observed when the immunolabeling involving the 
monoclonal anti-DNA antibody is performed on meta­
phase cell sections. Particulary, gold particles are exclu­
sively localized over the silver-negative chromosomal ma­
terial, and the silver-stained structures are always totally 
devoid of gold particles (Figs. 6, 7), even when these are 
associated in pairs (Figs. 8, 9). 

Similarly, the distribution of gold particles on meta­
phase cells obtained with the immunocytochemical ap­
proach using the anti-BrdU antibody is exclusively seen 
over the silver-negative chromosomal material and not 
over the silver-stainable areas (Fig. 10). 

Early telophase 

When the silver-staining method is applied on early telo­
phase cells, a few large roundish structures homoge-



Fig. 2. Immunoelectron microscopy of DNA on a section of Lowi­
cryl-embedded prophase Ehrlich tumor cell using a monoclonal 
anti-DNA antibody. A cluster of gold particles (arrows) is found at 

neously silver-stained can be seen (Fig. 11). They are 
usually located at the periphery of some chromosomes. 
After the application of both immunocytochemical meth­
ods, these silver-positive areas are always devoid of gold 
particles (Figs. 12, 13) contrary to the chromosomal mate­
rial which is heavily labeled. 

- - - - - - --- --

the border of the fibrillar cent er (Fc), in proximity to a condensing 
chromosome (CHR) which comes into close contact with the nu­
cleolus. - G Granular component. - Bar 0.1 !1m. 

Late telophase 

In the newly formed telophase nucleus, several small nu­
cleoli can be visualized embedded in the still condensed 
chromatin. At this stage, the various nucleolar components 
are already well identifiable (Fig. 14) and discriminable by 
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Figs. 3 to 10. Portions of metaphases in Ehrlich tumor cells after 
Ag-NOR staining (Figs. 3-5) or immunoelectron microscope la-
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beling either using a monoclonal anti-DNA antibody (Figs. 6-9) 
or using a monoclonal anti-BrdU antibody (Fig. 10). 



The silver-stained material is totally devoid of gold particles. - Bars 0.1 ~m. 
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the silver-staining method (Fig. 15). When both immuno­
gold labeling techniques are applied on late telophase cell 
sections, gold particles are essentially localized over the 
condensed chromatin. Further, in some of these small nu­
cleoli, gold markers are found at the periphery of the FC 
(Fig. 16, 17). In contrast, the dense fibrillar component and 
the granular component are not labeled. 

Actinomycin D treatment 

After actinomycin D treatment (Fig. 18), we observe a 
well-known segregation of the nucleolus characterized by 
the separation of nucleolar components into three main 
distinct zones: the granules, the fibrils and the FC. In ad­
dition, the intranucleolar chromatin clumps completely 
disappear, and only perinucleolar chromatin blocks are 
apparent. After immunolabeling on cells treated with acti­
nomycin D doses ranging from 0.05 to 100 !J.g/ ml for at 
least 1 h, the same repartition of gold particles is obtained 
in all the segregated nucleoli. 

When the cells are treated for 1 to 2 h with high doses of 
actinomycin D (20- 100 !J.g/ ml) and the postembedding im­
munogold labeling technique using the anti-DNA anti­
body is applied, the three segregated nucleolar compo­
nents are always free of gold particles. In contrast, the het­
erochromatinic blocks, in particular those localized at the 
periphery of the segregated nucleoli , are strongly labeled. 

Using the immunocytochemical approach involving the 
anti-BrdU antibody, identical labeling pattern is seen 
when the cells are treated with a very low dose of actino­
mycin D (0.05 !!g/ ml) for 1 h (Fig. 18). However, it is note­
worthy that at this dose of antibiotic for shorter times a 
few gold particles can always be found in the segregat{ng 
FC, preferentially towards their peripheral regions. The 
specificity of the DNA labeling after both immunocyto­
chemical methods has been tested in several ways. First, 
there is virtually no labeling if the primary antibody is 
omitted. Next, if the antigen is specifically removed from 
the sections by treatment with DNase I, the labeling is al­
most completely abolished. Finally, when gold lacking an­
tibody tag is used, gold particles do not bind to the sec­
tions. In addition, using the monoclonal anti-BrdU antibo­
dy, no gold particle is bound to the sections if the cells are 
not exposed to BrdU and FdU. 

Discussion 

Recently, we have demonstrated the presence of a small 
amount of DNA in FC, of interphase nucleoli [32, 38, 40]; 
in the present study, which also involves the use of immu­
nocytochemistry on Epon sections, we confirm these re­
sults. Likely, the labeling is preferentially localized at the 
periphery of the fibrillar centers, often in close proximity 

Figs. 11 to 13. Early telophase in Ehrlich tumor cells after Ag­
NOR staining (Fig. 11) or immunoelectron microscope labeling 
either using a monoclonal anti-DNA antibody (Fig. 12) or using a 
monoclonal anti-BrdU antibody (Fig. 13). The silver staining ma­
terial is totally devoid of gold particles. - Bars 0.15 ~m. 

to nucleolar interstices interrupting the layer of dense fi­
brils which surrounds them. In addition, the dense fibrillar 
component has also been found completely devoid of la­
beling. Although these results do not corroborate the con­
cept that the dense fibrillar component results from the su­
perposition of transcriptionally active rRNA genes and 
their primary transcription products (for review, see [9, 10, 
36]), the spatial distribution of DNA obtained is consistent 
with the fact that rRNA transcription occurs essentially 
close to the boundary region between FC and the sur­
rounding dense fibrillar component as previously dis­
cussed [38, 40]. 

The essential result of the present work is that the gold 
decoration disappears from the FC-Iike material during 
metaphase. Indeed, until the end of prophase, gold par­
ticles are found inside this material, later on the labeling 
completely disappears during metaphase and only reap­
pears in reconstituting nucleoli during telophase. These re­
sults are in total disagreement with the observations per­
formed by means of the Feulgen-like ammine-osmium 
reaction. Particularly, Hernandez-Verdun and Derenzini 
[15] have shown that silver-stained regions of metaphase 
chromosomes contain chromatin fibrils in a completely ex­
tended configuration which never give rise to nucleoso­
mal-like structures. The peculiar DNA configuration was 
regarded as a permanent feature of intranucleolar loose 
chromatin agglomerates and not a consequence of tran­
scriptional activity [4]. In view of these observations, one 
has to ask whether the absence of gold particles inside the 
silver-stained material associated with metaphase chromo­
somes reflects a true absence of DNA in this region or cor­
responds to a very low local content of DNA which does 
not allow detection by our immunocytochemical approach. 
In addition, it may also be asked whether the rDNA dur­
ing metaphase does not acquire a peculiar configuration 
inaccessible to the antibodies. 

However, identical labeling pattern is achieved by these 
two different high-resolution immunocytochemical ap­
proaches. Moreover, immunocytochemistry using the anti­
DNA monoclonal antibody has allowed to detect a very 
small amount of DNA including the DNA present in am­
plified extrachromosomal nucleoli, chromomeres of lamp­
brush chromosomes, mitochondria, chloroplasts, and my­
coplasmal particles [32]. Further, when this antibody is 
used for a Lowicryl postembedding immunogold labeling 
approach, chromatin organized in various configurations 
has been revealed. For instance, it detects chromatin con­
densed into nucleosomes in different cell types such as the 
condensed chromatin associated with the nuclear envelope 
[14,32,40]. It also reveals the DNA of chromosomes from 
dinoflagellates [32] which are exceptionally organized 
since these chromosomes do not contain histones. Further­
more, by incubating mouse DNA with antibodies, Scheer 
et al. [32] have visualized DNA-antibody complexes in 
electron microscopic spread preparations. Likewise, the 
postembedding immunogold labeling technique using the 
monoclonal anti-BrdU antibody has allowed to identify 
various cellular sites known to contain DNA, in particular 
mitochondria, chromosomes and interphase chromatin [38, 
39]. 
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Fig. 18. Nucleolus of Ehrlich tumor cell treated with 0.05 ~g/ml of 
actinomycin D for 120 min and immunolabeled by a monocIonal 
anti-BrdU antibody. The fibrillar center (Fc), the dense fibrillar 

It is interesting to note that the absence of DNA from 
the Fe material correlates with the transcriptional inactiv­
ity of the rRNA genes during mitosis [28]. This correlation 
is supported by the results obtained after blockage of 
rRNA synthesis induced by actinomycin D treatment. Un­
der these conditions, the labeling obtained with both im­
munocytochemical approaches disappears completely 
from segregated nucleoli, and only condensed chromatin 
bulks situated at their periphery are visible. This absence 

Figs. 14 to 17. Late telophase in Ehrlich tumor cells after acetyla­
tion (Fig. 14) or Ag-NOR staining (Fig. 15) or immunoelectron 
microscope labeling either using a monoclonal anti-DNA antibody 
(Fig. 16) or using a monoclonal anti-BrdU antibody (Fig. 17). A 
few gold particles (arrowheads) are found inside the fibrillar cen­
ters (Fc) essentially towards their peripheral regions. - C Dense 
chromatin. - f Dense fibrillar component. - G Granular compo­
nent. - Bars 0.1 ~m . 

component (f) and the granular component (G) are completely free 
of gold particles, only the perinucleolar blocks of dense chromatin 
(C) are labeled. - Bar 0.1 ~m. 

of labeling inside the Fe material seems thus to reflect an 
inactivation of rRNA gene transcriptional activity. Now, 
numerous electron microscopic studies based on the chro­
mosome-spreading technique have demonstrated that the 
long-term cessation of transcriptional activity of nucleolar 
chromatin, whether natural or induced by drugs such as 
actinomycin D, led to chromatin structurally indistinguish­
able from other inactive and condensed chromatin ([5, 31]; 
see [6] for review). 

Accordingly, our results strongly suggest that the DNA 
present in the interphase Fe abandons this structure dur­
ing the first stages of mitosis and becomes incorporated in 
the adjacent chromosomal material. In metaphase cells, 
this DNA should be localized in the chromosomal material 
situated in and/ or in close proximity to the secondary con­
striction. During telophase, the inverse phenomenon oc­
curs, the DNA unfolds and invades the Fe-like material. It 
is known that at this stage RNA synthesis is reactivated 
[19]. 
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This interpretation allows to explain that in plant spe­
cies characterized by a content of rRNA genes markedly 
higher than in animal species, most of the rRNA cistrons 
can be located in the heterochromatic portion of chromo­
somes [7, 20, 23]. It also allows to understand the results 
obtained by irradiation of regions outside and inside the 
secondary constrictions of salamander lung epithelium 
chromosomes using an argon laser microbeam [2]. These 
experiments have shown that irradiation immediately adja­
cent to the constriction consistently results in the loss of 
nucleolar organizing capacity, whereas irradiation directly 
inside the constriction reduces, but does not destroy, the 
ability to organize a nucleolus. 

Further, our results support the conclusion of Schwarz­
acher et al. [34] that the Ag-stainable substance in meta­
phase cells is located outside the NOR's or around them 
but never in the chromosomes themselves. Why this mate­
rial, which appears to be constituted of proteins originat­
ing from the interphase FC, remains in close proximity to 
the sites of the rRNA genes, cannot be answered at the 
moment. Furthermore, it would be interesting to study the 
distribution of RNA polymerase I which is known to be 
bound to the NOR's of metaphase chromosomes [33] at the 
electron microscopic resolution level in order to see 
whether this enzyme colocalizes with the FC structures. 
The distribution of other NOR-associated proteins such as 
C23 [21, 35] and topoisomerase I [12] should also be ana­
lyzed in comparison to the FC material. 

Thus, although the morphological aspect of the FC per­
sists throughout the whole cell cycle, its DNA content 
seems to change. Therefore, we consider the FC as a struc­
tural entity which exists independently on the presence or 
absence of rRNA genes. Probably the FC material which 
occurs close to the metaphase chromosomal region con­
taining rRNA genes represents a proteinaceous structural 
framework in which the rRNA genes invade during their 
transcriptional reactivation. 
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Albumin binding sites - fatty acid-albumin complex­
transcytosis -lung endothelium 

To determine whether uptake and transcytosis of albumin (A) in 
continuous capillary endothelia are modified when this protein 
carries fatty acids, the transport of albumin-oleic acid and albu­
min-palmitic acid complexes was compared with that of defatted 
albumin. The probes, either radioiodinated or tagged with 5-nm 
gold particles (Au), or both, were perfused in situ or injected in 
vivo; after 3 or 30 min lung fragments were radio assayed or exam­
ined by electron microscopy. Both in situ and in vivo, the uptake 
of fatty acid-carrying albumin (A-FA) was consistently 2 to 3 times 
higher than that of defatted A. Electron microscopy revealed that 
A-FA complexes tagged with gold were taken up and transported 
across the endothelium by plasmalemmal vesicles. Morphometric 
analysis showed that as compared with A-Au, at 3 min the density 
of (A-FA)Au bound to plasmalemmal vesicles was 2 to 3 times 
higher, and the extent of transcytosis was increased. Uptake of the 
iodinated albumin was more effectively competed by A-FA com­
plexes than by defatted A, suggesting a higher affinity of the 
former for the albumin binding sites of the endothelium. The re­
sults indicate that when carrying fatty acids, albumin is taken up 
specifically and with high affinity by the capillary endothelium, a 
process that may play a role in the transport of fatty acids from the 
plasma to the cells where they are metabolized. 

Introduction 

Recent experimental data have shown that in certain vas­
cular beds serum albumin (tagged with colloidal gold) is 
recognized by specific binding sites on the endothelial sur­
face, restrictively located on the plasmalemmal vesicle 
membrane. It was suggested that these vesicles perform re­
ceptor-mediated transcytosis of albumin across the vascu­
lar endothelium. This specific interaction appears to be es­
pecially present in the continuous endothelium of capillar­
ies and postcapillary venules of the lung, heart, muscles, 
and adipose tissue [13, 14,23]. Specific albumin binding to 
microvascular endothelium in culture was also demon­
strated [22]. 
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The physiological significance of this phenomenon is 
not yet clearly understood. Albumin is known to be the 
major plasma carrier of fatty acids (FA), hormones, dyes, 
and a variety of drugs [19]. In the circulation, - 98% of 
unesterified FA are bound to albumin. We designed ex­
periments to determine quantitatively and qualitatively the 
uptake of albumin-fatty acid complexes comparatively 
with that of defatted albumin. The lung was the organ of 
choice since it is known that it uses large amounts of fatty 
acids and that type II cells take up palmitate as an albu­
min-bound fatty acid [7]. 

Materials and methods 

Reagents 

Pentex bovine serum albumin crystallized was purchased from 
Miles Diagnostics, Kankakee, IL, oleic and palmitic acid from 
Merck, DarmstadtlFRG, tetrachloroauric acid from Sigma Chem. 
Co., St. Louis, MO, Na 1251, from Polatom/Poland, [1-14C]0Ieic 
acid and [1-14C]palmitic acid from New England Nuclear, Boston, 
MA. 

Animals 

Eighty-two male RAP mice, 25 to 30 g body weight, fasted for 16 h 
and given water ad libitum, were used for these experiments. 

Preparation of probes 

Defatted albumin (A) and albumin-carrying fatty acids (A-FA) 
(oleic and palmitic) were either radioiodinated for quantification 
of the total lung uptake or tagged with 5-nm gold particles to visu­
alize the endothelial structures involved in the transport of these 
probes. In some experiments, the tracers were both radiolabeled 
and tagged with gold in order to substantiate by radio assay the 
morphometric data obtained with particulate tracers. 
Albumin-oleic acid (A-OA) and albumin-palmitic acid (A-PA) com­
plexes. A-FA conjugates were prepared according to the method of 
Abumrad [1], modified as follows: 1 mg/ml oleic acid (OA) in 
ethanol or palmitic acid (PA) in chloroform were dried under a 
nitrogen stream. NaOH (0.1 N) was added at FA:NaOH molar 
ratio of 1: 1 and sonicated for 5 min. Albumin solution (1 mg/ml) 
in double distilled water was passed through a 0.22 ~m Millipore 
filter, mixed under stirring with the FA-salt solution at a molar 
ratio A: FA of 1: 5.5, and dialyzed for 48 h against phosphate-buf­
fered saline (PBS), pH 7.4. 
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