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Abstract In severe hypercholesterolemia and sometimes 
even in normolipemia, lipoprotein-derived cholesterol accu- 
mulates in the skin, forming xanthomas, but the local factors 
triggering this accumulation are not known. We therefore 
studied the effect of immunoglobulin E (1gE)mediated stim- 
ulation of cutaneous mast cells on the transport of low density 
lipoprotein (LDL) from plasma to skin during the passive cu- 
taneous anaphylaxis (PCA) reaction in rats. PCA sites were 
produced in rats by giving intracutaneous injections of rat se- 
rum containing high levels of IgE antibodies against oval- 
bumin. When ovalbumin was then injected intravenously into 
the rats, the skin histamine content at the sensitized skin sites 
decreased, reflecting degranulation of the passively sensitized 
(IgE-containing) mast cells at these sites, with ensuing release 
of histamine from the mast cells. Concomitant intravenous 
injection of increasing amounts of human [ '4C]sucrose- 
LDL led to rapid and dose-dependent increases in the skin 
[ "C] sucrose-LDL content. These (maximally about 40-fold) 
increases were strictly localized to the PCA reaction sites: no 
such increase in ["C]sucrose-LDL content was observed in 
nonsensitized skin areas or in any other tissue of the rats. The 
increase in skin ["C]sucrose-LDL content could be blocked 
(by about 80%) with a combination of H I  and H2 receptor 
antagonists, and could be mimicked by intradermal injection 
of histamine.W This study demonstrates an increase in 
plasma LDL influx into the skin at sites where mast cells are 
stimulated, and so suggests that mast cells play a role in the 
accumulation of LDL cholesterol that occurs in the skin when 
xanthomas form.-Ma, H., and P. T. Kovanen. Degranulation 
of cutaneous mast cells induces transendothelial transport 
and local accumulation of plasma LDL in rat skin in vivo. J. 
Lipid f i s .  1997. 38: 1877-1887. 
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4),  suggesting that the two processes may have pathoge- 
netic mechanisms in common. One factor that contrib- 
utes to the accumulation of LDL cholesterol in the arte- 
rial intima is the transport of plasma lipoproteins 
through the endothelium with subsequent influx into 
the interstitial fluid ( 5 ) .  Indeed, the endothelium acts 
as a selective barrier between the bloodstream and the 
underlying tissues, and this ability depends upon its 
functional and structural integrity (6-9). The selective 
permeability of the endothelial barrier chiefly affects 
the macromolecular components of blood plasma, 
greatly restricting their transendothelial passage to the 
extravascular compartment. Accordingly, it is the 
largest components of plasma, the lipoproteins, that are 
restricted most, and, when the integrity of the endothe- 
lial barrier is broken down, the relative increase in the 
rate of transport should be greatest for the lipoprotein 
particles. Then, depending on the properties of the un- 
derlying tissue, the increased passage of lipoproteins, 
such as LDL, may contribute to local accumulation of 
cholesterol, such as is observed in the arterial wall dur- 
ing atherogenesis and in the skin during xanthoma for- 
mation. Indeed, the breakdown of the barrier function 
of the arterial endothelium has been considered a key 
factor in the pathogenesis of atherosclerosis ( lo ) ,  al- 
though this hypothesis has been challenged (11). In 
contrast, no  information has been available about the 
possible role of increased endothelial permeability in 
the pathogenesis of xanthoma formation. In the skin, 
mast cells are especially numerous subepidermally, i.e., 

Lipid accumulation in the skin and tendons of pa- 
tients with familial hypercholesterolemia leads to the 
formation of xanthomas, which resemble the early le- 
sions of atherosclerosis, the fatty streaks. Both in fatty 
streaks and in xanthomas, cholesterol accumulates in 
macrophages, with ensuing formation of foam cells (1-  

Abbreviations: "Cr-RBC, "Cr-labeled rat red blood cells; ELISA, 
enzyme-linked immunosorbent assay; Fc,RI, high affmity receptor for 
IgE: IgE, immunoglobulin E; LDL, low density lipoprotein; LTC4, leu- 
kotriene C,; PBS, phosphate-buffered saline; PCA, passive cutaneous 
anaphylaxis; PGD2, prostaglandin DP; RBC, red blood cells; SEM, stan- 
dard error of the mean; TMB, 3',3',5',5'-tetramethylbenzidine. 

'To whom correspondence should be addressed. 

Journal of Lipid Research Volume 38, 1997 1877 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


in the dermal layer (12). They typically cluster around 
small blood vessels, such as the postcapillary venules of 
the skin, where they are usually present in close proxim- 
ity to endothelial cells (1 3, 14). Mast cells have the ca- 
pacity to generate a wide variety of inflammatory media- 
tors capable of increasing endothelial permeability (15, 
16). Some of these mediators, such as histamine, are 
formed in resting mast cells and stored in their cyto- 
plasmic secretory granules, and are called the “pre- 
formed mediators”, whereas other mediators, such as 
the arachidonic acid-derived eicosanoids PGDB and 
LTC4 are formed in the mast cell membrane when these 
cells are stimulated, and are called “newly generated 
mediators”. For the mediators to be secreted, stimula- 
tion with ensuing degranulation of mast cells is neces- 
sary, the classic example being their immunoglobulin 
E (IgE) -mediated anaphylactic degranulation ( 17). In 
IgE-mediated degranulation, the mast cells are sensi- 
tized when relevant antigen (allergen) attaches to two 
or more IgE molecules bound to specific receptors 
(Fc,RI) with high affinity for IgE that are located on 
the mast cell surface. It is this bridging of receptor- 
bound IgE that triggers mast cell degranulation, with 
ensuing release of the inflammatory mediators. 

The objective of the present study was to develop an 
experimental system in which the IgE-dependent stimu- 
lation of skin mast cells could be used to measure trans- 
endothelial transport of plasma LDL and accumulation 
of LDL at the stimulation site in vivo. For this purpose, 
we used the passive cutaneous anaphylactic (PCA) reac- 
tion which is an established model for studying mast 
cell effects in rat skin.’When antigen-specific IgE is in- 
jected into the skin of a rat, and the relevant antigen 
(e.g., ovalbumin) is then injected into the systemic cir- 
culation, mast cells degranulate and release histamine 
as the antigen molecules reach the sensitized mast cells 
at the reaction site (18). Indeed, several PCA studies 
have shown a local increase in endothelial permeability 
to plasma proteins such as albumin (19). Here we re- 
port that stimulation of cutaneous mast cells greatly en- 
hances transendothelial transport and accumulation of 
plasma LDL at the reaction site. 

METHODS 

nin, and the HI antagonist diphenhydramine were from 
Sigma (St. Louis, MO); the H2 antagonist ranitidine 
(Rantacid@) was from Leiras (Turku, Finland); alumi- 
num hydroxide gel was from Merck (Darmstadt, Ger- 
many); medetomidin (Domitor’) was from Orion- 
Farmos (Espoo, Finland) ; mouse monoclonal antibody 
to rat IgE heavy chain (MARE-l), standard rat IgE my- 
eloma IR162, and horseradish peroxidase-conjugated 
mouse monoclonal antibody to rat kappa light chain 
(MARK-1; MCA 187p) were from Serotec (Oxford, Eng- 
land); TMB (3’,3’,5’,5’-tetramethylbenzidine) was from 
Kirkegaard & Perry Laboratories Inc. (Gaithersburg, 
MD); I4C-labeled sucrose [U-’*C]sucrose (200 Ci/mol) 
and chromium-51 (sodium chromate in aqueous solu- 
tion; 1 mCi/ml) were from Amersham International 
(Buckinghamshire, England) ; pertussis vaccine was 
from the National Public Health Institute of Finland. 
ELISA dishes (Combiplate 8) were from Labsystems 
(Helsinki, Finland). Before subcutaneous or intrave- 
nous injections, the rats were anesthetized with an intra- 
muscular injection of medetomidin (300 pg/ kg) 

Immunization of rats and preparation of IgE serum 

Rats weighing 200-250 g were given a single intra- 
muscular injection of 1 mg of ovalbumin as antigen in 1 
ml of physiological saline containing 200 mg aluminum 
hydroxide gel (20). To enhance the production of IgE 
antibodies, inactivated Bordetella pertussis organisms (2 
X 10’” in 0.5 ml physiological saline) were injected sub- 
cutaneously as adjuvant at the same time as the antigen 
(18). At 3 weeks after the start of immunization, the 
rats were killed to obtain immune serum. In the pooled 
(from 20 rats) immune serum used to passively sensitize 
cutaneous mast cells in the various experiments re- 
ported here, the concentration of IgE, as measured by 
ELISA, was 38 pg/ml. The IgE-containing serum was 
stored in aliquots at - 70°C, thawed once, and used for 
the experiments. 

Isolation of LDL and preparation of [ ‘‘Clsucrose- 
LDL 

Human LDL (d 1.019-1.050 g/ml) was isolatedfrom 
plasma by sequential ultracentrifugation in the pres- 
ence of 3 mM Na,EDTA, as described (21). The isolated 
LDL was labeled with [ ‘ 4 C ] ~ u c r ~ ~ e  (22) to yield specific 
activities in the range of 8-24 dpm/ng (n = 6) of LDL 
protein. 

Animals, reagents and biologicals 
Male Wistar rats 9-20 weeks old and weighing 200- 

350 g were used throughout the study. The rats were 
obtained from the Laboratory Animal Center of the 
University of Helsinki. Ovalbumin, leukotriene C4 
(LTC4), prostaglandin D2 (PGD,), histamine, seroto- 

Passive cutaneous anaphylaxis (PCA) 
PCA was induced with IgE according to the method 

of Mota (18). Rats weighing 300-350 g were anesthe- 
tized with an intramuscular injection of medetomidin 
(300 pg/kg) and the dorsal skin was shaved. Then, two 
to sixteen dorsal skin sites per rat were sensitized with 
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intradermal injections of 50 p1 of variously diluted IgE 
serum against ovalbumin. Control sites were injected 
with 50 p1 of normal rat serum or PBS, In preliminary 
experiments, successful induction of the PCA reaction 
was tested by injecting Evans Blue intravenously with 
ovalbumin, and documenting the skin reactions (blue- 
colored skin) by photography. The size (diameters) and 
intensity (graded arbitrarily by eye) of the blue spots 
(i.e., the estimated quantity of Evans Blue in sensitized 
skin areas) correlated with the quantity of IgE injected, 
and showed a similar dose response to IgE as did 
[ ''C]sucrose-LDL (not shown), 

Determination of skin histamine content 

The rats were killed and skin plugs (6 mm in diame- 
ter) were removed with a dermal biopsy punch. Subcu- 
taneous fat was then removed, and the pieces of skin 
were weighed, and chopped up with a pair of scissors. 
The pieces were then placed in 500 vl of distilled water 
and subjected to five freeze-thawing cycles (liquid nitro- 
gen-warm tap water). Trichloroacetic acid (final con- 
centration 5%) was then added to the tubes, which were 
vortexed, incubated at 4°C for 30 min, and centrifuged 
at 10,000 g for 10 min. A 200-pl sample was then re- 
moved from each supernatant and the histamine con- 
tent was determined fluorometrically (Beckman Ratio 
Fluorometer) according to the method of Shore, Burk- 
halter, and Cohn (23), and expressed as ng of histamine 
per mg skin (wet weight). 

Determination of skin 14C radioactiviiy 
In each experiment, the stated quantity of IgE (in 50 

p1 of the appropriately diluted immune serum) or of a 
mast cell-derived mediator (histamine, serotonin, 
PGD2, or LTC,) was injected symmetrically into the left 
and right sides of the back skin of rats. Dorsal skin sites 
injected with 50 pl of normal rat serum or PBS served 
as controls. In one experiment (see Fig. 3), IgE was in- 
jected into the left side, and histamine into the right 
side of the skin of the back. For determination of 
[ Clsucrose-LDL uptake by tissues, l 4  C radioactivity 
was measured in the pieces of tissues after injection of 
the labeled LDL into the tail vein. The pieces of tissue 
were dissolved by incubating them overnight in 0.2-2.0 
ml of 2 N KOH at 37OC. The measurements were con- 
ducted in 0.2-ml aliquots of the dissolved tissue, using 
a liquid scintillation counter (1215 Rackbeta). The re- 
sults, calculated from the specific activities of the la- 
beled LDL preparations and expressed in ng/mg (LDL 
protein/tissue wet weight), are means of the values ob- 
tained from the two contralateral, identically treated 
sites on the dorsal skin. All experiments were per- 
formed a minimum of three times. 

Determination of blood volume in pieces of skin 

The volume of the vascular bed in the PCA reaction 
sites was determined with the aid of 51 Cr-labeled rat red 
blood cells ("Cr-RBC) . The binding of Cr to RBC (red 
blood cell) is tight, and persists after the labeled RBC 
are injected into the circulation (24). As release of hista- 
mine does not lead to extravasation of RBC, the 51Cr 
radioactivity measured in the pieces of skin is present 
intravascularly. RBC isolated from rat blood were la- 
beled by incubation for 30 min at room temperature 
with 500 pCi of 51Cr, and then washed extensively. A 
dose of the "Cr-RBC was injected intravenously, and 
after 24 h, when the rapid phase of 51Cr decay in the 
blood had leveled off, histamine or PBS was injected 
into various sites of the dorsal skin. The radioactivities 
of the blood (cpm/pl) and of the skin sites (cpm/piece 
of tissue; diameter 6 mm; mean weight 33 mg) were 
then measured, and the blood volumes in the skin sites 
were calculated. 

Determination of IgE in the antiovalbumin sera 
The concentration of total IgE in the serum pool was 

measured by ELISA with two monoclonal antibodies, 
anti-rat IgE (MARE-I), and labeled anti-rat immuno- 
globulin kappa light chain peroxidase (MARK-l), ac- 
cording to Holmes et al. (25). 

statistical analysis 
The results were processed by SigmaPlof or SAS. De- 

scriptive statistics are presented as mean values of the 
experiments and their SEMs. The values for histamine 
and LDL (see Fig. 3) were analyzed by ANOVA, and 
model-based contrasts were formed for the effects of 
doses by comparing each dose with the baseline value. 
The difference between the skin sites injected with IgE 
(+ovalbumin vs. -ovalbumin was tested using Stu- 
dent's t test (see Table 1). Differences between groups 
were considered significant when P < 0.05. 

RESULTS 

IgE-mediated transport of plasma LDL to PCA 
reaction sites 

To characterize the ability of IgE-mediated stimula- 
tion of mast cells of rat skin to induce transport of 
plasma LDL into the skin, the mast cells were sensitized 
by injection of antiovalbumin IgE-containing serum 
into rats intradermally. After 48 h, the sensitized mast 
cells at the injection sites were stimulated by injecting 
the rats with an intravenous bolus of ovalbumin, i.e., 
the specific IgE-binding antigen. With 5 mg of the oval- 
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Fig. 1. IgE-mediated uptake of plasma LDL by skin as a function of the amount of IgE injected into the skin (A), of the amount of LDI. 
injected intravenously (B), and of the distance from the IgE injection site (C). Sites of rat skin were sensitized by intradermal injections of 
immune serum containing the indicated quantities of IgE (A), or 1.0 pg of IgE (B and C).  Injections without IgE (PBS buffer only) served as 
controls. After 48 h, the standard dose (5 mg) of ovalbumin was injected intravenously together with 300 pg (A and C) or the indicated quantities 
(B) of [“C]sucrose-LDL. One hour later, the rats were killed, and the sensitized skin around the injection site (diameter 15 mm) was removed 
(A and B) with a biopsy punch, or cut into concentric rings 0-3, 3-5, 5-7.5, 7.5-10, 10-15, and > 15 mm (C) distant from the injection site. 
The contents of “C radioactivity in the skin samples were then measured. Data are expressed as mean 2 SEM (JI = 3-6) .  

bumin, 300 pg (protein) of [‘*C]sucrose-LDL was also 
injected. One hour later, the rats were killed and at the 
sites into which IgE had been injected (=PCA reaction 
sites) pieces of skin were removed and their contents 
of I4C radioactivity were measured. As shown in Fig. lA, 
the content of LDL in the skin depended on the dose 
of IgE injected intradermally, the maximum content be- 
ing achieved with 1.0 pg IgE. When LDL was injected 
without ovalbumin, no increase was observed, showing 
that i t  was not the injection of the IgE-containing serum 
into the skin that had triggered the transport of LDL. 
At the control sites, where normal rat serum devoid of 
antiovalbumin IgE had been injected, there was no in- 
crease in LDL content (not shown). The maximum con- 
tent of LDL measured at the PCA reaction sites was 
about 40-fold higher than at the control sites. Figure 
1B shows that the LDL content at the PCA reaction sites 
increased linearly as a function of the amount of LDL 
protein injected up to at least 400 pg of LDL. There 
was no increase in LDL content when buffer (PBS) had 
been injected into the skin, instead of IgE. To find out 
how strictly the effect of mast cell stimulation on the 
transport plasma LDL was localized in the skin at the 
PCA reaction sites, the content of’ LDL was measured 
at different distances round the IgE injection site. As 
shown in Fig. lC, the amount of LDL taken up by the 
skin decreased as a function of the distance from the 
IgE injection site, being as low as at the control skin 
sites when the distance from the injection site was more 
than 15 mm. 

The affinity of the receptors for IgE (Fc,RI) is very 
high, and the rate of dissociation of IgE from the mast 

B 0.lpg of IgE t 

G 4 -  
9 

21 
u) 

- 3 -  

0 1 2 3 4 5 6 7  

Time after mast cell 
sensitization (d) 

Fig. 2. Effect of distance from the IgE injection site and of the time 
after IgE injection on uptake of plasma LDL hy skin. Sites of rat skin 
were sensitized with immune serum containing the indicated quanti- 
ties of IgE (1.0 or 0.1 pg). At the indicated times after IgE injection, 
ovalhumin and 400 pg of [ “C]sucrose-I,D1. were injected intrave- 
nously, and 2 h later the rats were killed, the skin at the sensitized 
sites was cut into concentric rings 0-3 mm and 5-7.5 mm distant from 
the injection site, and the contents of ‘IC radioactivity in the rings 
were measured. Data are expressed as mean t SEM (n = 3 ) .  
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TABLE 1. Uptake of plasma LDL by different tissues in the rat after passive cutaneous sensitization 
followed by intravenous antigen challenge 

Content of ['4ClSucrose-LDL 

Tissue Site -Ovalbumin +Ovalbumin -Fold Increase 

Skin (IgE) " 
Skin(PBS) 
Skin(non injection) 
Liver 
Lung 
Spleen 
Heart 
Kidney 
Adrenal 

Serum 

ng/mg tissue 

0.10 rf- 0.02 
0.08 rf- 0.03 
0.07 2 0.02 
2.69 ? 0.14 
1.96 2 0.18 
2.73 rf- 0.01 
0.97 2 0.08 
0.99 2 0.04 
3.10 rf- 0.14 

P d m l  

19.8 rf- 0.77 

2.51 rf- 0.16' 
0.12 rf- 0.02 
0.08 2 0.01 
2.04 ? 0.09 
1.80 2 0.11 
2.00 t 0.10 
0.79 2 0.05 
0.78 rf- 0.04 
2.51 rf- 0.28 

18.4 2 1.38 

25 
1.5 
1.2 
0.8 
0.9 
0.7 
0.8 
0.8 
0.8 

0.9 

Sites of rat skin were sensitized with intradermal injections of immune serum containing 1 pg of IgE. 
After 48 h, 300 pg of ['*C]sucrose-LDL without (n = 4) or with (n = 6) the standard dose of owlbumin (5 mg) 
was injected intravenously. Two hours later, the content of 14Cradioactivity in the indicated tissue sites was 
determined. From each tissue site, duplicate samples were taken (the diameter of each skin sample was 15 
mm). 

"Intradermal injection of IgEcontaining (1 pg) immune serum. 
' P  < 0.001; the difference between the skin sites injected with IgE (+ovalbumin versus -ovalbumin) was 

tested using Student's t test. 

cells is therefore very slow, the half-life of cell-bound 
IgE being estimated at over 100 h (26). In vivo, the ef- 
fective half-life of IgE is probably even longer, because 
the IgE that dissociates from its receptors is functionally 
normal and can rebind to the same or other IgE recep- 
tors on the same or on other skin mast cells. To test the 
effect of this "tissue fixation of IgE" (18) on the ability 
of skin mast cells to induce uptake of plasma LDL by 
skin, we injected LDL and ovalbumin (to trigger the 
PCA reaction) 1 h, 8 h, 2 d, 3 d, and 7 d after intrader- 
mal injection of IgE, and, for each time point, measured 
the LDL content of the skin 2 h after triggering the PCA 
reaction. As shown in Fig. 2, the effect of IgE injection 
was found to last for at least 1 week, reflecting tissue 
fixation of IgE. With 1.0 pg of IgE, the content of LDL 
within 3 mm of the injection site was maximal at 2 d 
and then remained essentially the same (panel A). Simi- 
larly, an effect of tissue fixation of IgE on LDL uptake 
was observed at greater distances (3-7.5 mm) from the 
injection site, and at shorter distances (0-3 mm) when 
a smaller quantity of IgE (0.1 pg) was injected (panel 
B) . Interestingly, in the two latter cases, the rates of up- 
take of LDL were closely similar. Finally, the smaller 
quantity of IgE did not sensitize the mast cells enough 
at the longer distance to allow induction of LDL uptake 
upon antigen injection. In summary, the finding of pro- 
longed (up to I week) dependence of LDL uptake on 
the dose of IgE and on the distance from the injection 
site of IgE both accord with the known long-lasting 
binding of IgE to their receptors on skin mast cells. 

Moreover, these results are compatible with the notion 
that the amount of IgE available for sensitization of cu- 
taneous mast cells is a critical determinant of the rate 
of uptake of plasma LDL at the PCA reaction sites. 

The idea of the local character of mast cell- 
dependent uptake of LDL at tissue sites at which the 
mast cells had been sensitized was further strengthened 
by the results of an experiment in which we measured 
the content of LDL in several rat tissues after intrave- 
nous injections of LDL with or without ovalbumin. An 
ovalbumin-dependent increase in LDL uptake (25- 
fold) was present only at the sensitized skin site, but not 
at the unsensitized skin sites, or elsewhere in the body 
(Table 1 ) .  

Role of vasoactive compounds released by stimulated 
mast cells in the transport of plasma LDL to skin 

To study the contribution of histamine, the major va- 
sodilator contained in mast cells, to the observed mast 
cell-dependent uptake of the LDL by rat skin, the con- 
tents of histamine and LDL were related to each other 
in two experimental settings. IgE was injected intrader- 
mally into dorsal skin sites of rats in various quantities 
(Fig. 3),  and 48 h later the rats received the standard 
intravenous injection of ovalbumin and [ ''C]sucrose- 
LDL. Two hours later, the rats were killed, the skin sites 
were removed, and their contents of histamine (Fig. 
3A) and I4C radioactivity (Fig. 3B) were measured. A 
dose-dependent decrease in histamine content and a 
dose-dependent increase in LDL content were ob- 
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A 

*.* 

I 1 1 I I 

B 
*** *** 

0.0 0.2 0.4 0.6 0.8 I .o 
Antiserum injected (pg IgE) 

Fig. 3. Effect of intradermal injection of IgE on skin histamine con- 
tent (A) and on uptake of plasma LDL by skin (B). Sites of rat skin 
were sensitized by intradermal injections of immune serum con- 
taining the indicated quantities of IgE. Fortyeight hours later, each 
rat received an intravenous injection of ovalbumin and 300 pg of 
[l"C]sucrose-LDL. After 2 h, the skin at the sensitized sites (15 mm 
diameter) was removed and the contentS of histamine and " C  radio- 
activity were measured. Data are expressed as mean ? SEM (n = 5). 
***P < 0.005 vs. baseline value (no IgE injected). 

served at the PCA reaction sites. The maximal decrease 
in histamine content was one-third, signif;ving that the 
mast cells at the PCA reaction sites had degranulated 
and had lost, on average, one-third of their histamine 
content. This degree of histamine loss was sufficient to 
induce the maximal uptake of labeled LDL (a %-fold 
increase). 

To obtain further evidence regarding the role of his- 
tamine in the transendothelial transport of LDL from 
the plasma to the PCA sites, we measured the effects 
of histamine receptor antagonists on the rates of LDL 
uptake. For this purpose, rat.. injected intradermally 
with IgE received, together with ovalbumin and LDL, 
intravenous injections of either an H I  receptor antago- 
nist (diphenhydramine) or an H2 receptor antagonist 
(ranitidine). As shown in Fig. 4, both antagonists inhib- 
ited the rate of LDL transport to the skin at the PCA 
reaction site, the HI  antagonist being somewhat more 
effective at the lower concentrations used. Inhibition 

i 4 HZ receptor antagonist I .f 

IJ 
0 0.5 1 .o 1.5 2.0 

Antiserum injected (pg IgE) 

Fig. 4. Inhibition by H I  and H P  r-cccptor antagonists of IgE- 
mediated uptake of plasma L.DL by skin. Sites on rat skin were sensi- 
tized with intradermal injections of immune scrum containing the 
indicated quantities of IgE. Forty-eight hours later, ovalbumin and 
300 pg of ["C]sucrose-LDL were injected intravenously with or with- 
out  an H,  receptor antagonist (10 ing diphenhydramine) or/and I+> 
receptor antagonist (10 mg ranitidine). One hour latw, the rats were 
killed, and the contents o f  "C radioactivity in the skin at the treated 
sites (15 mm diameter) were measured. The control rats received 
[ ''C]sucrosc-I,DL. without ovalbumin. 

was even stronger (on average 70%) when the two in- 
hibitors were injected together. 

In the above experiment, about 30% of the PCA- 
induced transport of LDL was not inhibited by the 
two histamine receptor antagonists combined, suggest- 
ing the simultaneous action of other vasoactive com- 
pounds. After IgE-mediated stimulation, rat skin mast 
cells are known to release vasoactive compounds such as 
serotonin, LTC4 and PGD?. As shown in Table 2, these 
compounds, when injected intracutaneously into rat 
skin, also induced transport of LDL into the skin. 

Local extravascular LDL accumulation at PCA 
reaction sites 

Release of histamine from mast cells in the skin in- 
duces local vasodilation, which may have contributed to 

TAH1.E 2. Effects of various vasoactive cornpounds on plasma 
LDL transport into rat skin 

trg/rrzg tkii i  

3.07 (2.86; 3.28) 
2.68 (2.39; 2.92) 

Histamine (10 pg) 

PGD, ( I  pg) 
PBS (50 pl) 0.28 (0.29; 0.27) 
No injection 0.04 (0.05; 0.04) 

Serotonin (10 pg) 
LTC, ( 1  pg) 

_ _  -~ .- ___ 
Two rats each received an intravenous injection ot 400 pg of 

["C~]sucrose-l.r)~, and, immediately after the injection, separate skin 
sites received the indicated quantities of the indicated inediatora 
(known to be contained in rat mast cells). The content of "( :-radioac- 
tivity in the skin sites (diameter 6 mm) was determined 2 h later. 
Individual valurs for thc t w o  rats ai-r shown in ~. ';irenthem. 
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0 '  

B I 
4 4  I 

0 1 2 3 4  

Time (h) 

Fig. 5. The volume of blood at the intracutaneous histamine injec- 
tion site (A) and the content of LDL at the PCA reaction site (B) as 
a function of time. A A dose of the "Cr-RBC was injected intrave- 
nously into each rat. After 24 h, when the rapid phase of Cr decay 
in the blood had leveled off, histamine or PBS was injected into the 
dorsal skin at various sites. After the indicated time interval, the rats 
were killed, and the radioactivities of the blood (cpm/pl), and in the 
skin at the injection sites (cpm/piece of tissue; diameter 6 mm; mean 
weight 33 mg) were measured, and the blood volumes in the skin 
sites were calculated (nl/mg skin). B: Sites of rat skin were sensitized 
by intradermal injections of immune serum containing 1.0 pg of IgE. 
Injections without IgE (buffer only) served as controls. After 48 h, 
the standard dose (5 mg) of ovalbumin was injected intravenously 
together with 300 pg of [14C]sucrose-LDL. After the indicated time 
interval, the rats were killed, and the contents of "C radioactivity in 
the skin at the treated sites (15 mm diameter) were measured. Data 
(in panel B) are expressed as mean 2 SEM (n = 4).  

the observed uptake of LDL by the skin. To estimate 
the extent of the contribution of this vasodilation to the 
uptake of LDL, we related the blood volumes at the PCA 
reaction sites to the increases in LDL content at various 
time points after injection of histamine. As shown in 
Fig. 5 4  histamine injection induced a rapid increase 
in local blood volume, vasodilation being maximal (an 
increase of about 2-fold) 15 to 30 min after the injec- 
tion. Injection of PBS also caused a small transient in- 
crease of the blood volume, probably owing to nonspe- 
cific stimulation of mast cells. The blood volume in the 
skin at the treated site gradually decreased and re- 
turned to its original level 2 h after the histamine injec- 
tion. When 300 pg of LDL was injected intravenously 
and uptake was measured as a function of time after the 
PCA reaction, the [ ''C]sucrose-LDL content at the PCA 
reaction sites was observed to increase rapidly, the level 

reaching a maximum within 30 min of antigen injec- 
tion; the level then remained unchanged over the 4-h 
observation period (Fig. 5B). When the skin sites had 
been sensitized with buffer only (PBS instead of IgE), 
the skin content of LDL did not increase significantly. 
From the experiments shown in Fig. 5 A and B, we con- 
clude that the far greater increase in the content of 
['4C]sucrose-LDL at the PCA reaction site, which was 
always more than 25-fold higher than at the control 
sites, was not due to the local vasodilation caused by 
histamine. 

We then calculated of the intravascular content of 
[ '4C]sucrose-LDL per mg skin, and related them to the 
total content of ['4C]sucrose-LDL per mg in the vari- 
ously treated pieces of skin. The results of these calcu- 
lations revealed that, in untreated skin sites, all of the 
labeled LDL was located intravascularly, i.e., was con- 
tained in the about 10 nl of blood (about 5 nl of serum) 
present in 1 mg of untreated skin, or in 1 mg of treated 
skin 2 h or more after the treatment (Fig. 5A). Accord- 
ingly, the control values for skin LDL in Table 1 (0.07 
to 0.12 ng of LDL/mg skin; mean, 0.10 ng/mg skin) 
reflect the intravascular contents of LDL in the skin. 
Then, of the total content of LDL at the PCA reaction 
site (2.51 ng LDL/mg skin), 96% (2.41 ng) is located 
extravascularly and 4% (0.10 ng) intravascularly. Simi- 
larly, in Table 2, the 0.04 ng of the LDL present in the 
untreated skin (no injection) resides intravascularly. By 
subtracting this quantity of LDL from the other values 
in Table 2, we find that after injection of histamine, se- 
rotonin, LTC4, PGDp, and PBS, the percentages of LDL 
located extravascularly were 99%, 98%, 97%, 95%, and 
86%, respectively. The value for PBS results from the 
nonspecific stimulation of skin mast cells (see also Fig. 
5A). Accordingly, the increase in skin LDL content (Le., 
LDL uptake) in the experimental system used in this 
study does, in fact, measure increased transendothelial 
transport of plasma LDL into the extravascular pools, 
as has been found for other plasma constituents at the 
sites of the PCA reaction (27). In a further experiment, 
we extended the period of observation and measured 
the skin LDL content for up to 24 h (Fig. 6). Again, 
there was a rapid increase in the LDL content at the 
PCA reaction sites, the level reaching a maximum 
within 4 h of antigen injection, then decreasing slightly, 
and subsequently remaining unchanged during the ob- 
servation period. 

DISCUSSION 

The studies described here demonstrate, for the first 
time, that stimulation of mast cells in vivo leads to an 
increase in the transendothelial transport of LDL from 
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Fig. 6. Accumulation of LDL in sensitized skin during 24 h after PCA 
reaction. Sites of rat skin were sensitized by intradermal injections of 
immune serum containing 1.0 vg of IgE. Injections without IgE (PBS 
buffer only) served as controls. After 48 h, ovalbumin was injected 
intravenously together with 400 pg of [“C]sucrose-L.DL. After the in- 
dicated time intervals, the rats were killed, and the conten& of ”C: 
radioactivity in the skin at the treated sites (6 mm diameter) were 
measured. 

the plasma to a tissue site. We chose the PCA reaction 
in rats as a model because it has been widely used in 
studies of the local actions of mast cells. The increased 
transport of LDL was strictly localized to the PCA reac- 
tion site. This spatially restricted effect of mast cells can 
be attributed to the “tissue fixation” of IgE antibodies 
(18), i.e., their tight binding to the high-affinity IgE re- 
ceptors on the mast cells, which also explains the 
greater accumulation of LDL in the central areas of the 
PCA site than in the peripheral areas: the mast cells in 
the immediate vicinity of the injection site had been 
exposed to higher concentrations of IgE than those fur- 
ther away. Consequently, the IgE receptors of the mast 
cells at the center were more likely to become occupied 
by IgE and so, when stimulated to release, on average, 
more histamine than their peripheral counterparts 
(20). However, within the 2-day sensitization period, 
some of the IgE molecules must have been released 
from their high-affinity receptors, diffused away, and 
bound to receptors on other mast cells. Despite such 
local redistribution of IgE, the spatial gradient in LDL 
uptake was maintained. 

The highly localized effect of the PCA reaction on 
LDL transport revealed that the histamine (and other 
vasoactive compounds) released from the stimulated 
mast cells acted only in the vicinity of the parent cells. 
Indeed, we found no effect of the P a  reaction at the 
nonsensitized skin sites, or elsewhere in the body. More- 
over, with mast cells as the source of histamine, the 
histamine reached the abluminal surface of the endo- 
thelial cells in concentrations within the (upper) physi- 

ological range when skin mast cells are stimulated to 
degranulate. In these respects, the PCA model complc- 
ments previous studies of the effect of histamine on 
transendothelial transport of LDL, in which unphysio- 
logically high (pharmacological) dose of histamine 
have been injected intraluminally into vessels (28, 29). 
However, other in vivo techniques must be devised if 
targeted stimulation of mast cells is to be measured in 
other tissues, such as the arterial wall, of experimental 
animals. 

In addition to histamine, the mast cells of rat connec- 
tive tissues are known to release other vasoactive sub- 
stances such as serotonin, LTCt, and PGD? (SO), which 
also increase the microvascular permeability of animal 
and human skin, causing plasma protein and fIuid leak- 
age into the extravascular tissues (16, 27, 31, 3 2 , ) .  M’e 
confirmed that intracutaneous injection of these coni- 
pounds increased the rate of LDL transport into the 
skin. As we did not perform dose-response studies with 
these agents, their relative effectiveness in increasing 
LDL transport in the rat skin cannot be assessed here. 
However, with regard to their actual contribution to the 
mast cell-mediated increase in LDL transport to the rat 
skin, the ability of histamine receptor blockers to sup- 
press the increase in LDL transport by 70% seems to 
leave only a minor role to other agents. This suggestion 
agrees with the predicted responses of human mast cells 
on postcapillary venules: because histamine is more ef- 
fective as an inducer of vascular leakage than PGD, or 
LTC4, and human mast cells release histamine, PGD?, 
and LTC4 in approximate molar ratios of 1000:25:2 
during allergic stimulation, the major mast cell media- 
tor increasing venular permeability in man is also likely 
to he histamine (33). 

In the skin, as in other tissues, mast cells are located 
around the vessels of the microvascular tree, notably thc 
postcapillary venules (13). It is in these areas of the mi- 
crovasculature, where the endothelium has been shown 
to be especially sensitive to histamine action (34), that 
investigations have been made into the structural basis 
for the increased permeability to plasma proteins, such 
as albumin, during histamine action. These studies have 
revealed that the basal permeability is governed by 
transendothelial transport of the plasma proteins in 
transcytotic vesicles ( 3 5 ) ,  and that the high-permeabil- 
ity state induced by histamine results from rapid fbrma- 
tion of transient gaps between the endothelial cells 
(36-38). Similarly, LDL particles also find their Way into 
the extravascular space in transcytotic vesicles under 
normal circumstances (35)  but, after exposure of  the 
endothelial barrier to histamine, extravasation of’ LDL 
particles results from ultrafiltration coupled to Water 
flow by a solvent drag mechanism at the sites where gaps 
have formed between the endothelial cells (28,29). The 
onset and duration of the histamine-induced incxeasc 
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in permeability to LDL were studied in an in situ prepa- 
ration of hamster mesentery by Rutledge et al. (28). In 
their system, the peak in gap-dependent permeability 
occurred between 1 and 6 min after exposure of the 
vessels to histamine. In our model with living rats, the 
mast cell-mediated transendothelial transport of LDL 
started about 15 min after intravenous injection of the 
antigen, a delay that can be attributed to the time re- 
quired i) for the ovalbumin to reach the sensitized skin 
mast cells, ii) for the mast cells to release histamine, 
and iii) for the histamine to reach the endothelial cells. 
In the mesenteric in situ preparation, the histamine- 
induced increase in transport of LDL was found to re- 
turn toward basal level within about 15 min even when 
high concentrations (100 PM) of histamine prevailed 
(28). In the skin, uptake of LDL reached maximum 
only at 60 minutes, a delay conceivably owing to varia- 
tion in the start of the LDL influx within the cutaneous 
microvasculature at the PCA site. However, even a rapid 
transient opening of the gaps should allow significant 
transport of LDL to the extravascular fluid of skin be- 
cause, in the skin as in other extrahepatic tissues, there 
is a steep LDL concentration gradient from the plasma 
to the extracellular fluid (39). 

Increased transendothelial transport of LDL in the 
skin could contribute to local accumulation of choles- 
terol. For cholesterol to accumulate in the skin, i.e., for 
xanthomas to form, a long-lasting and usually great in- 
crease in the concentration of lipoproteins in the blood 
plasma is required, the classic example being the homo- 
zygous form of familial hypercholesterolemia, in which 
the level of plasma LDL cholesterol is 5- to 10-fold 
higher than normal from the time of birth (40). How- 
ever, despite such elevation, xanthomas develop in only 
a few highly selected skin sites, such as the skin of the 
elbows, knees, and buttocks. One feature common to 
all the xanthoma-prone skin sites is their exposure to 
mechanical strain. As mechanical strain (vibration) can 
also induce stimulation of skin mast cells with ensuing 
histamine release (41), it is possible that the degree of 
mast cell stimulation is higher in the xanthoma-prone 
skin sites than in the sites where xanthomas do not 
form. Moreover, in patients with various types of hyper- 
lipidemia, xanthomas have been reported to form in 
traumatized skin areas, such as after a cat scratch or a 
bee sting. Thus, eruptive and tubero-eruptive xantho- 
mas formed at sites of skin injury in patients with type 
111 (42, 43), type IV (42, 44, 45), or type V hyperlipid- 
emia (46). Interestingly, papular xanthomatosis was re- 
ported in a normolipidemic patient with erythrodermic 
atopic dermatitis (47). Finally, disseminated xanthomas 
were reported in systemic mast cell disease in a patient 
with type IV hyperlipidemia, lending support to the hy- 
pothesis of mast cell involvement in skin xanthoma for- 
mation (48). 

For xanthomas to form, it is necessary for the plasma 
LDL particles not only to enter the subendothelial 
space of tissues, but also to enter local phagocytes, such 
as macrophages. Previously, we described a mechanism 
for mast cell-dependent foam cell formation in vitro. In 
this multistep pathway, exocytosed granules of rat sero- 
sal mast cells first lose their histamine, then the hista- 
mine-depleted granule remnants bind LDL (49), and 
finally are phagocytosed by cocultured macrophages, 
carrying LDL with them into the macrophages, with 
eventual foam cell formation (50). We recently o b  
tained support for the view that this mechanism also 
operates in vivo, when we observed, with the aid of 
immunoelectronmicroscopy, that subendothelially lo- 
cated exocytosed mast cell granules bind LDL (apolipo- 
protein B-100) and so may carry it into the smooth mus- 
cle cells of the human arterial intima (51). In the 
intimal fluid, the concentration of LDL is high, nor- 
mally equaling or even exceeding that in the corre- 
sponding plasma (52), and so rendering conditions o p  
timal for binding of LDL to the granule remnants. In 
the skin, as in other extrahepatic tissues (with the nota- 
ble exception of the arterial intima), the concentration 
of LDL is much lower (only 1/10) than in the corre- 
sponding blood plasma (39). As release of histamine 
from mast cells leads to a rapid increase in LDL concen- 
tration in the extracellular fluid of the skin, suitable 
conditions for binding of LDL to exocytosed mast cell 
granules with ensuing foam cell formation exist in the 
skin, as in the intima, provided the mast cells are first 
stimulated to degranulate. 

In the present study, skin mast cells were stimulated 
only once, and after the LDL skin content reached a 
plateau (at 30 min), no further increase in LDL content 
was noticed within the observation period (up to 24 h ) ;  
rather, there was a slight decline in skin LDL content. 
As we used sucrose-labeled LDL (which accumulates in 
lysosomes), we can interpret the above result to mean 
that, after the initial rapid influx, no new LDL entered 
the skin. Whether the LDL particles were anchored in 
the extracellular matrix of the skin or had been taken 
up by local cells cannot be deduced from the current 
experimentation. However, the results clearly indicate 
that repetitive stimulation of skin mast cells is required 
for progressive accumulation of LDL cholesterol in the 
skin, which is one of the prerequisites for xanthomas 
to f0rm.W 
Manusmp recaved I I March 1997 and an revbrd form 3 Junc 1997. 

REFERENCES 

1 .  Parker, F., and G. F. Odland. 1973. Ultrastructural 
and lipid biochemical comparisons of human eruptive, 
tuberous, and plantar xanthomas. Zsr. J. Med. Sci .  9: 395- 
432. 

Ma and Kouanen IgE-dependent transport of LDL into skin 1885 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


2. Rapp, J. H., W. E. Conner, D. S. Lin, T. Inahara, and J. M. 
Porter. 1983. Lipids of human atherosclerotic plaques 
and xanthomas: clue to the mechanism of plaque progres- 
si0n.J. Lipid Res. 24: 1329-1335. 

3. Smith, E. B., and R. S. Slater. 1972. The microdissection 
of large atherosclerotic plaques to give morphologically 
and topographically defined fractions for analysis. Athem 
sclerosis. 15: 37-56. 

4. Gown, A. M., T. Tsukada, and R. Ross. 1986. Human ath- 
erosclerosis: immunocytochemical analysis of the cellular 
composition of human atherosclerotic lesions. Am. J.  
Pathol. 125: 191-207. 

5. Nicoll, A., R. Duffield, and B. Lewis. 1981. Flux of plasma 
lipoproteins into human arterial intima. Comparison be- 
tween grossly normal and atheromatous intima. Atherosck- 
rosis. 39: 229-242. 

6. Simionescu, N. 1983. Cellular aspects of transcapillary ex- 
change. Physiol. Reu. 63: 1536-1578. 

7. Bottaro, D., D. Shepro, and H. B. Hechtman. 1986. Heter- 
ogeneity of intimal and microvessel endothelial cell barri- 
ers in vitro. Microvasc. Res. 32: 389-398. 

8. Haselton, F. R., J. S. Alexander, S. N. Mueller, and A. P. 
Fishman. 1992. Modulation of endothelial paracellular 
permeability. A mechanistic approach. In Endothelial 
Cell Dysfunctions. N. Simionescu, and M. Simionescu, ed- 
itors. Plenum Press, New York. 103-126. 

9. Lampugnani, M. G., L. Caveda, F. Breviario, A. Del 
Maschio, and E. Dejana. 1993. Endothelial cell-to-cell 
junctions. Structural characteristics and functional role in 
the regulation of vascular permeability and leukocyte ex- 
travasation. Bailli&es Clin. Haematol. 6: 539-558. 

10. Klimov, A. N., and V. A. Nagornev. 1983. Mechanisms of 
lipoprotein penetration into the arterial wall leading to 
development of atherosclerosis. In Atherosclerosis Re- 
views. A. M. Gotto and R. Paoletti,Jr., editors. Raven Press, 
New York. 107-156. 

11. Williams, K. J., and I. Tabas. 1995. The response-to- 
retention hypothesis of early atherogenesis. Artm’osclw. 
Thromb. Vasc. Biol. 15: 551-561. 

12. Galli, S. J., A. M. Dvorak, and H. F. Dvorak. 1984. Baso- 
phils and mast cells: morphologic insights into their biol- 
ogy, secretory patterns, and function. Origin and normal 
distribution of basophils and mast cells. Bog. Allergy. 34: 
4-9. 

13. Eady, R. A. J., T. Cowen, T. F. Marshall, V. Plummer, and 
M. W. Greaves. 1979. Mast cell population density, blood 
vessel density and histamine content in normal human 
skin. Br. J. Dennatol. 100: 623-633. 

14. Riley, J. F., and G. B. West. 1953. The presence of histd- 
mine in tissue mast cells. J.  Physiol. 120: 528-537. 

15. Killackey, J. J. F., M. G. Johnston, and H. Z. Movat. 1986. 
Increased permeability of microcarrier-cultured endothe- 
lial monolayers in response to histamine and thrombin. A 
model for the in vitro study of increased vasopermeability. 
Am../. Pathol. 122: 50-61. 

16. Valone, F. H., J. M. Boggs, and E. J. Goetzl. 1993. Lipid 
mediators of hypersensitivity and inflammation. In Al- 
lergy: Principles and Practice. E. Middleton, Jr.,  C:. E. 
Reed, E. F. Ellis, N. F. Adkinson, Jr., J. W. Yunginger, and 
W. W. Busse, editors. Mosby, St. Louis. 302-319. 

17. Ishizaka, T., and K. Ishizaka. 1984. Activation of mast cells 
for mediator release through IgE receptors. Prog. AllagT. 

18. Mota, I. 1964. The mechanism of anaphylaxis. I: Prodnc- 
tion and biological properties of “mast cell sensitizing” 
antibody. Immunology. 7: 681-699. 

34: 188-235. 

19. Owen, D. A. A., M. A. Pipkin, and D. F. Woodward. 1984. 
Studies on cutaneous vascular permeability in the rat: in- 
creases caused by histamine and histamine-like agents. 
Agents Actions. 1 4  39-42. 

20. Ma, H., and P. T. Kovanen. 1995. IgE-dependent genera- 
tion of foam cells: an immune mechanism involving de- 
granulation of sensitized mast cells with resultant uptake 
of LDL by macrophages. Artm’osclw. Thromb. Vmc. Hiol. 

21. Kokkonen, J. O., and P. T. Kovanen. 1985. Low density 
lipoprotein degradation by rat mast cells: denionstration 
of extracellular proteolysis caused by mast cell granules. 
J. Biol. Chm. 260 14756-14763. 

22. Pittman, R. C., S. R. Green, A. D. Attie, and D. Steinberg. 
1979. Radiolabeled sucrose covalently linked to protein. 
A device for quantifymg degradation of plasma proteins 
catabolized by lysosomal mechanisms. J.  Riot. Chrm. 254: 

23. Shore, P. A., A. Burkhalter, and V. H. Cohn. 1959. A 
method for the fluorometric assay of histamine in tissues. 
J. Phamacol. Exp. Tho. 127: 182-186. 

24. Ebaugh, F. G.,  Jr., C. P. Emerson, and J. F. Ross. 1953. 
The use of radioactive chromium” as an erythrocyte tag- 
ging agent for the determination of red cell survival in 
vivo. J. Clin. Inuest. 32: 1260-1276. 

25. Holmes, B. J., D. Diaz-Sanchez, R. A. Lawrence, E. B. Bell, 
R. M. Maizels, and D. M. Kemeny. 1996. The contrasting 
effects of CD8 + T cells on primary, established and NipPo- 
strongylus brmiliensis-induced IgE responses. Immunology. 

26. Isersky, C., J. Rivera, S. Mims, and T. J. Triche. 1979. The 
Fate of IgE bound to rat basophilic leukemia cells.,\. Immu- 
nol. 122: 1926-1936. 

27. Koda, A., T. Miura, N. Inagaki, 0. Sakamoto, A. Arimura, 
€I. Nagai, and H. Mori. 1990. A method for evaluating 
anti-allergic drugs by stimultaneously induced passive cu- 
taneous anaphylaxis and mediator cutaneous reactions. 
Int. Arch. Allergy. Appl. Immunol. 92: 209-216. 

28. Rutledge, J. C., F. E. Curry, J. F. Lenz, and P. A. Davis. 
1990. Low density lipoprotein transport across a microvas- 
cular endothelial barrier after permeability is increased. 
Circ. Res. 66: 486-495. 

29. Rutledge, J. C., F. E. Curry, P. Blanche, and R. M. Krauss. 
Solvent drag of LDL across mammalian endothelial 
rs with increased permeability. A m .  ,/. PhyAzol. 

268(Heart Circ. Physiol. 37): H1982-H1991. 
30. Metcalfe, D. D., M. Kaliner, and M. A. Donlon. 1981. The 

mast cell. Crit. Rev. Immunol. 3: 23-74. 
31. Taira, M., S. W. Kohno, H. Yamamura, and K. Ohata. 

1988. Lack of involvement of leukotriene and platelet acti- 
vating factor in passive cutaneons anaphylaxis in rats. 
Agents Actions. 24: 189-195. 

32. Moran, N. C., B. Uvnas, and B. Westerholm. 1962. Release 
of 5-hydroxytryptamine and histamine from rat mast cells. 
Acta Physiol. Sccind. 56: 26-41. 

33. Holgate, S. T., and M. K. Church. 1993. Allergy. Gower 
Medical Publishing, London. 5.7. 

34. Svensjb, E., and G. J. Grega. 1986. Evidence for en- 
dothelial cell-mediated regulation of macromolecular 
permeability by postcapillary venules. Fpd. Prof. 45: 
89-95. 

35. Vasile, E., M. Simionescu, and N. Simionescu. 1983. Visu- 
alization of the binding, endocytosis, and transcytosis of 
low-density lipoprotein in the arterial endothelium in 
situ. ,/. C ~ l l  Biol. 96: 1677-1689. 

36. Majno, G, and G. E. Palade. 1961. Studies on inflamma- 

15: 811-819. 

6876-6879. 

88: 252-260. 

1886 Journal of Lipid Research Volume 38, 1997 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


tion. I. The effect of histamine and serotonin on vascular 
permeability: an electron microscopic study. J.  Biophys. 
Biochem. Cytol. 11: 571-605. 

37. Majno, G., G. E. Palade, and G. I. Schoefl. 1961. Studies 
on inflammation. 11. The site of action of histamine and 
serotonin along the vascular tree: a topographic study. J 
Biophys. Biocha.  Cytol. 11: 607-626. 

38. Wu, N. Z., and A. L. Baldwin 1992, Transient venular per- 
meability increase and endothelial gap formation in- 
duced by histamine. Am. J. Physiol. 262(Heart Circ. Phys- 
iol. 31): H1238-H1247. 

39. Reichl, D., A. Postiglione, N. B. Myant, J. J. Pflug, and 
G. L. Milis. 1973. The lipids and lipoproteins of human 
peripheral lymph, with observations on the transport of 
cholesterol from plasma and tissues into lymph. Clin. Sci .  
Mol. Med. 49: 419-426. 

40. Goldstein, J. L., and M. S. Brown. 1989. Familial hyper- 
cholesterolemia. In The Metabolic Basis of Inherited Dis- 
ease. C. R. Scriver, A. L. Beaudet, W. S. Sly, and D. Valle, 
editors. McCraw-Hill, New York. 1215-1250. 

41. Kaplan, A. P., and M. A. Beaven. 1976. In vivo studies of 
the pathogenesis of cold urticaria, cholinergic urticaria, 
and vibration-induced swelling. J.  Invest. Dermatol. 67: 

42. Roederer, G., M. Xhignesse, and J. Davignon. 1988. Erup- 
tive and tubero-eruptive xanthomas of the skin arising on 
sites of prior injury. Two case reports. J. Am. Med. Assoc. 
260  1282-1283. 

43. Hazzard, W. R. 1977. Primary type I11 hyperlipidemia. In 
Hyperlipidemia: Diagnosis and Therapy. B. M. Rifkind 
and R. I. Levy, editors. Grune & Stratton, London. 137- 
176. 

44. Barker, D. J., and D. J. Gould. 1979. The Koebner phe- 

327-332. 

nomenon in eruptive xanthoma. Arch. Damatol. 115: 
112. 

45. Goldstein, G. D. 1984. The Koebner response in eruptive 
xanth0ma.J. Am. Acad. Dermatol. 10: 1064-1065. 

46. Miwa, N., and T. Kanzaki. 1992. The Koebner phenome- 
non in eruptive xanthoma. J.  Dermatol. 19: 48-50. 

47. Goerdt, S., L. Kretzschmar, G. Bonsmann, T. Luger, and 
G. Kolde. 1995 Normolipemic papular xanthomatosis in 
erythrodermic atopic dermatitis. J. Am.  Acad. Dermatol. 

48. Asboe-Hansen, G., and 0. Kaalund-J~rgensen. 1956. Sys- 
temic mast cell disease involving skin, liver, bone marrow, 
and blood associated with disseminated xanthomata. 
Acta. Haematol. 16: 273-279. 

49. Kokkonen, J. O., and P. T. Kovanen. 1987. Low-density- 
lipoprotein binding by mast-cell granules: demonstration 
of binding of apolipoprotein B to heparin proteoglycan 
of exocytosed granules. Biocha.  J. 241: 583-589. 

50. Kokkonen, J. O., and P. T. Kovanen. 1987. Stimulation of 
mast cells leads to cholesterol accumulation in macro- 
phages in vitro by a mast cell granule-mediated uptake of 
low density lipoprotein. Proc. Natl. Acad. Sci. USA. 8 4  

51. Kaartinen, M.,A. Penttila, and P. T. Kovanen. 1995. Extra- 
cellular mast cell granules carry apolipoprotein B- 
100-containing lipoproteins into phagocytes in human 
arterial intima: functional coupling of exocytosis and 
phagocytosis in neighboring cells. Artm'osch. Thromb. 
Vasc. Biol. 15: 2047-2054. 

52. Smith, E. B. 1990. Transport, interactions and retention 
of plasma proteins in the intima: the barrier function of 
the internal elastic lamina. Eur. Heart. J. ll(Supp1 E): 

32: 326-333. 

2287-2291. 

72-81. 

Ma and Kovanen IgE-dependent transport of LDL into skin 1887 

 by guest, on June 18, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/

