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Abstract

Apolipoprotein (apo)E is an important protein determinant in
cholesterol homeostasis in man. The protein is synthesized by
the liver as well as by a number of extrahepatic tissues. In the
present study, inimunohistochemical techniques were used to
identify apoE in specific cells in various baboon organs. In the
11 tissues studied, the following cell types have been found to
harbor apoE immunoreactivity: cerebral astrocytes; thyroid fol-
licular cells; alveolar type II pneumocytes; hepatocytes, and
Kupffer cells; adrenocortical cells in zona fasciculata and zona
reticularis; adrenal medullary cells; some renal tubular epithelia;
some pancreatic islet cells; histiocytic macrophages in lymph
nodes and the spleen; some gastric mucosal epithelia; and ovarian
oocytes. These observations indicate the wide distribution of apoE
in many organs and suggest that the protein might perform other
important functions such as regulation of local hormonal ho-
meostasis in addition to its role in cholesterol metabolism.

Introduction

Apolipoprotein E (apoE)' is a major apolipoprotein found in
plasma chylomicrons, chylomicron remnants, very low density
lipoprotein, and high density lipoprotein, in man and in other
mammalian species (1, 2). Rall et al. (3) have reported the com-
plete amino acid sequence of apoE. It is a 299-residue polypeptide
of 34,000 D. ApoE plays an important role in cholesterol me-
tabolism as a recognition signal for the receptor-mediated hepatic
removal of cholesterol-laden HDLand chylomicron remnants
from the circulation (1, 2, 4-6). It binds to the low density li-
poprotein receptor of various cells and tissues. It also binds to
a specific apoE receptor in the liver and mediates the hepatic
uptake of chylomicron remnants. In this way, apoE appears to
function in the movement of cholesterol from peripheral tissues
to the liver for metabolism and elimination (1, 2, 5, 6).
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1. Abbreviations used in this paper: ABC, avidin-biotin peroxidase com-
plex; apoE, apolipoprotein E; PAP, peroxidase-antiperoxidase complex;
PBSC, 0.1% phosphate buffer containing 8.5% sucrose and 0.002% CaCl2;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis.

In the rat, the liver, and to a much lesser extent, the small
intestine appear to be the major sources of plasma apoE (7-9).
Furthermore, the rate of apoE synthesis in these organs was
modulated by dietary manipulations in this animal (7-9). Basu
et al. (10, I 1) first reported that mouse peritoneal macrophages
as well as cultured human monocytes synthesized the protein;
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Figure 1. (A) Immunoblot of baboon serum and human and baboon
VLDL apoproteins against apoE antiserum. Baboon serum (lanes I
and 2), VLDL apoproteins (lane 3) and human VLDL apoproteins
(lane 4) were electrophoresed on a 10% SDS-polyacrylamide slab gel
and electrophoretically transferred to a nitrocellulose paper. Lanes 2-4
were then stained with anti-human apoE and lane 1 was stained with
preimmune serum using the immunoperoxidase technique (20). A sin-
gle band of -34 kD is seen in lanes 2-4, but lane I shows no specific
band. (B) Fluorograph of immunoprecipitated translation product.
PolyA RNAfrom baboon liver was translated in vitro in a reticulocyte
lysate system using [35S]Met as a precursor. ApoE immunoreactive
product was precipitated by a rabbit anti-human antiserum, and the
immunoprecipitated product was analyzed on a 10% polyacrylamide
slab gel in SDS. The gel was processed for fluorography, and then ex-
posed to (Kodak XS-1, Eastman Kodak Co., Rochester, NY) film for
40 h. (Lane 1) immunoprecipitation performed in the presence of ex-
cess purified human apoE. (Lane 2) immunoprecipitation under nor-
mal conditions (17). In each case, 2 pg of RNAwere used. Molecular
mass standards used were phosphorylase B, 92.5 kD; bovine serum al-
bumin, 68 kD; ovalbumin, 43 kD; carbonic anhydrase, 30 kD; a-chy-
motrypsinogen 25.7 kD; soybean trypsin inhibitor, 20.1 kD; fl-lacto-
globulin, 18.4 kD; a-lactalbumin, 14.4 kD. E signifies the position of
migration of human apoE protein.
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Figure 2. Immunohistochemical localization of apoE in the frontal
lobe of the baboon cerebral cortex. (A) Cerebral cortex layer I (1), and
layer JI (II). Immunoreactive apoE reaction products are seen mainly
in intermingled astrocytic glia processes (small arrowheads). Some
stained astrocytic processes ending on two small vascular walls (large
arrowheads) are also shown. (X 600). (B) Cerebral white matter. Most
astrocytic glial cell bodies and their processes are stained (large and
small arrowheads). (X 600). (Inset) A high magnification taken from
the area marked by the large arrowhead. Peroxidase reaction product

and Blue et al. (12) showed that apoE is also synthesized by
human kidney and adrenal gland. Recently, a number of other
laboratories (13-18) have independently reported that mam-
malian liver, adrenal, testis, ovary, lung, spleen, mesenteric
lymph node, heart, aorta, kidney, thymus, brain, and small in-
testine all synthesize apoE in organ culture in vitro, or contain
apoE messenger (m)RNA as measured by translation in vitro
or by nucleic acid hybridization to cloned apoE complementary
(c)DNA probes. Since these organs contain diverse cell types,
we have undertaken a study to localize apoE in the cells in many
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is detected in the astrocytic cell body (arrowhead) and along its pro-
cesses (X 1,800). (C) A higher magnification taken from the cerebral
white matter. The stained astrocytic processes are seen clearly ending
on one small blood vessel (black arrowheads). Other glial cells are also
stained (black and white arrowheads). (X 1,200). (D) A control section
taken from cerebral white matter and stained with preimmune serum
shows no specific glial staining. Note that some erythrocytes in three
capillaries show weak staining due to the endogenous peroxidase-like
activity of hemoglobin (X 600).

of the organs that synthesize apoE. Wereport our results on the
immunohistochemical localization of apoE in various baboon
organs including the cerebral cortex, thyroid, lung, liver, adrenal,
kidney, pancreas, spleen, mesenteric lymph node, ovary, and
stomach. Our observations indicate that while apoE is widely
distributed, the protein is only detected in specific types of cells
in various organs and tissues. Wespeculate that apoE might
perform some as yet unidentified but potentially important
functions in many of the highly specialized cells in which they
are found.
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Figure 3. Immunohistochemical staining of apoE in the thyroid gland.
(A) Granular reaction products are seen distributed throughout the cy-

toplasm of the follicular epithelia. Some epithelial cells contain more

reaction products than others. The interstitial space and their cellular

Methods

Characterization of rabbit antibodies against human baboon apoE. A
rabbit antiserum against purified human apoE was used in these studies.
The details of the antibody production have been published (19). The
antibody is monospecific against human apoE, and does not react against
other human apolipoproteins or serum albumin. It crossreacts well with
baboon apoE (see Results).

Immunohistochemistry. Because the rabbit antiserum against human
apoE crossreacts with baboon apoE, this antiserum was used in our im-
munohistochemical studies. Tissues were obtained from three normal
adult female baboons. The procedure for immunohistochemistry was

the same as described previously (20-23) with some modifications. In
brief, for tissue preparations, after the baboon was anesthetized, tissue
fragments from cerebral frontal cortex and visceral organs including thy-
roid, liver, kidney, pancreas, spleen, mesenteric lymph node, stomach,
lung, ovary, and adrenal were immersed immediately in 4%paraform-
aldehyde or a mixture of 4%paraformaldehyde and 0.1% glutaraldehyde
in 0.1% phosphate buffer, pH 7.4, containing 8.5% sucrose and 0.002%
CaCl2 (PBSC) for 96 h. Tissue fragments were then washed in PBSC
twice, 10 min each, immersed in 0.025 Mhydroxylamine in PBSCfor
30 min to block excess aldehyde groups, dehydrated in ethanol, embedded
in paraffin blocks, cut at 5-,um thickness, mounted on the glass slides,
and incubated at 570C overnight. For immunostaining, the tissue slides
were deparaffinized in xylene and toluene and replaced in 100% ethanol.
The slides were then incubated in absolute methanol containing 1%H202
for 10 min to block endogenous peroxidase activity and rehydrated se-

quentially in 95% ethanol, then 90, 75, and 50% ethanol. After rinsing
in PBSC, tissue sections were incubated with 0.05% pronase in distilled
water for 2.5 min to reduce background staining, then washed in PBSC
twice, 10 min each, and finally coated with normal goat serum (at 1:40
dilution) for 10 min and incubated with rabbit antiserum against human
apoE for 2 h at 1:50 dilution or overnight at 1:200 dilution.

Tissue slides were washed twice, for 10 min each time, incubated
with biotinylated second antibodies (Vector Laboratories, Burlingame,
CA) at 1:200 dilution for 1 h, rewashed in PBSC, and finally incubated
for 30 min with avidin-biotin peroxidase complex (ABC) (Vector Lab-
oratories). The ratio of avidin to biotinylated peroxidase was 5:2. For

elements are not stained. The colloid substance in each follicle is also
unstained (X 1,500). (B) A control section stained with antiserum
against ovalbumin shows no reaction product (X 1,500).

sections of the stomach, the following modification was introduced be-
cause the gastrointestinal tract contained endogenous biotin. The gastric
tissue section was incubated with peroxidase-labeled second antibody at
1:200 dilution (Miles Chemicals, Naperville, IL) for 60 min. After wash-
ing, the section was further incubated with peroxidase antiperoxidase
complex (Miles Chemicals) at 1:80 dilution for 15 min to replace the
avidin-biotin complex (22) or ABC system. Thereafter, the procedure
used was the same as the ABCmethod.

After additional washing in PBSC for 10 min twice, sections were
fixed in 2.5% glutaraldehyde for 5 min and incubated with 0.05% 3,3'-
diaminobenzidine 4 HCI in 0.2 MTris-HCl buffer, pH 7.2, plus 0.005%
H202 for 5 min. They were then washed in PBSCand refixed in 0.01%
Os04 for 30 s. After rinsing in water, they were mounted in 50%glycerine
in phosphate buffer. The slides were sealed with fingernail polish and
observed under the light microscope.

For control experiments, some sections were incubated with normal
rabbit serum instead of the specific antiserum; other sections were in-
cubated with rabbit antiserum against ovalbumin or with antiserum
against apoE that had been previously adsorbed with excess purified
human apoE. All three controls were included in each of the tissues
studied.

Results

Reactivity of anti-human apoE serum against baboon apoE. To
test the reactivity of the rabbit antiserum against baboon apoE,
human very low density lipoprotein (VLDL), baboon serum

and baboon VLDL apoproteins were fractionated in 10% SDS-
polyacrylamide gel electrophoresis (PAGE) and electrophoreti-
cally transferred to a nitrocellulose paper. The immunoblot was

stained with rabbit anti-human apoE or with preimmune serum
using the immunoperoxidase technique (20) (Fig. 1 A). A single
band was detected in both the human and the baboon samples
(Fig. 1 A, lanes 2-4). Addition of excess purified human apoE
abolished all three bands (data not shown), and incubation with
preimmune serum did not reveal any specific band (Fig. 1 A,
lane 1). Translation of baboon liver RNAin vitro was performed

Apolipoprotein E Immunohistochemistry in the Baboon 949
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Figure 4. Immunolocalization of apoE in pulmonary tissues. (A) A
low magnification of the lung tissue showing reaction products in
some pneumocytes (arrowheads) of the alveolar system (X 300). (B) A
higher magnification of the lung tissue showing several pneumocytes
(black arrowheads) in the alveolar septa containing immunoreactive
apoE. One type II round pneumocyte containing granular reaction
products (small black and white arrowhead) is identified (x 1,500).

(C) A higher magnification taken from an atelectetic area reveals the
presence of granular reaction products in the type II pneumocytes
(black arrowheads) in the alveolar septa. Some free macrophages
(small black and white arrowheads) in the alveolar spaces containing
reaction products are also present in this field (X 1,500). (D) A control
section stained with preimmune serum shows no specific reaction
products (X 600).

Figure 5. Immunolocalization of apoE in the adrenal cortex. (A) A
photomicrograph taken from an oblique section of the adrenal cortex.
Reaction products are found mainly in the individual cells in the zona
fasciculata (ZF) and zona reticularis. In the cells that show positive
staining (large arrowheads), granular reaction products are distributed
throughout the cytoplasm. In the zona glomerulosa (ZG), reaction
products are associated mainly with the plasma membrane (small ar-
rowheads), and no staining is visible in the cytoplasm (X 600). (B) A
higher magnification taken from the zona fasciculata showing granu-
lar reaction products (arrowheads) distributed throughout the cyto-
plasm in the individual cells (X 1,400). (C) A control section, stained
with antiserum against apoE that has been pretreated with excess puri-
fied apoE shows no reaction product. C, capsule. (X 600).

Figure 6. Immunolocalization of apoE in the pancreas. (A) A cross-
section of a region of the pancreas showing reaction products only
present in an islet of Langerhans. In the islet, the cells that contain im-
munoreactive apoE (arrowheads) are localized mostly in the periph-
eral region. In each of these cells, granular reaction products are
evenly dispersed throughout the cytoplasm. The exocrine glandular
structures are not-stained (X 1,800). (B) A longitudinal section of an
islet of Langerhans showing stained cells (arrowheads) localized
mainly in the peripheral region. The central area contains clusters of
negative cells (X 1,200). (C) A control section stained with preim-
mune serum shows no specific reaction products. I, islet of Langer-
hans (X 1,300).
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Figure 7. Immunolocalization of apoE in the stomach. (A) Immuno-
reactive apoE is detected in some gastric glandular epithelia (arrow-
heads) adjacent to the muscularis mucosae (M). The cells in the upper
portions of the glandular epithelia show considerably weaker staining.
L, lymphoid nodule (X 300). (B) A higher magnification of the gastric
mucosa adjacent to the muscularis mucosae showing granular reaction
products (black arrowheads) in selected glandular epithelia. In one
glandular structure, some epithelial cells show intense immunostain-
ing, whereas other cells remain unstained. In the lamina propria, some

in a reticulocyte lysate system as previously described ( 17). Imn-
munoprecipitation of the products using the antiserum resulted
in a single radioactive band on an SDSgel (Fig. 1 B). It should
be noted that in a previous study using the same antiserum, only
a single in vitro product was precipitated following the translation
of mRNAextracted from human liver as well as from several
different baboon tissues, including liver, adrenal, spleen, brain,
kidney, and intestine (17).

Immunohistochemistry. Using an antiserum specific for
apoE, we have studied the distribution of immunoreactive apoE
in various baboon tissues by the indirect immunoperoxidase

7D
macrophages (small black and white arrowheads) in the interstitial
space also contain reaction products (X 1,100). (C) A photomicro-
graph of the middle portion of the gastric mucosa showing individual
gastric epithelia cells (black arrowheads) that contain intensely stained
reaction products. Somemacrophages (small black and white arrow-
heads) in the interstitial spaces are also stained (X 1,100). (D) A con-
trol section stained with antiserum against ovalbumin shows no reac-
tion products (X 1,400).

method using the ABC (22) and peroxidase-antiperoxidase
complex (PAP) (23) techniques. The following are descriptions
of the immunohistolocalization of apoE in various baboon tis-
sues. Many of the details of the localization are also described
in the accompanying figure legends. In the blood vessels of the
tissues studied, immunoreactive apoE was observed extracel-
lularly on the luminal surface, and occasionally, small amounts
of intracellular reaction product were also detected in the en-
dothelial cells. Otherwise, immunoreactive apoE was confined
to the specific cell types described below.

Cerebral cortex. Wehave studied the frontal lobe of the ba-

952 C.-T. Lin, Y. Xu, J.-Y. Wu, and L. Chan



Figure 8. Immunolocalization of apoE in the liver. (A) Individual he-
patocytes contain a few granular reaction products (medium black ar-
rowheads) only. The plasma membrane facing the sinusoidal space
also shows some staining (small arrowheads). Some reaction products

boon cerebral cortex. Immunoreactive apoE reaction products
were found in both white and gray matters (Fig. 2). The staining
was confined to the glial cells, especially the astrocytes. In the
white matter, some glial cell bodies and most of their processes
contained reaction products (Fig. 2 B). Typical stained astrocytic
processes ending on the small blood vessels were seen in places
(Fig. 2 C). A similar staining pattern was also found in the gray
matter (Fig. 2 A). However, none of the neurons contained any
reaction products (Fig. 2 A).

Thyroid gland. In the thyroid gland, variable amounts of
granular reaction products were seen distributed throughout the
cytoplasm of the follicular epithelia (Fig. 3 A). The interstitial
cells and matrices were not stained. The colloidal substance in
the individual follicles contained no reaction products.

Lung. In the normal lung tissue, immunoreactive apoE was
seen mainly in some pneumocytes lining the alveolar septa (Fig.
4 A) arrowheads, and 4 B, black arrowheads). Some type II
pneumocytes containing granular reaction products (Fig. 4 B,
black and white arrowhead) were also observed. The septal cap-
illary endothelia and fibrous tissue were not stained. In areas of
atelectasis and septal fibrosis, some free macrophages (Fig. 4,
black and white arrowheads) as well as type II pneumocytes
(Fig. 4 C, black arrowheads) were also stained. The bronchiolar
epithelia and the small blood vessels were stained in occasional
sections.

Adrenal gland. In the adrenal gland, the cortex showed in-
tense staining, while the medulla showed moderate staining. In
the adrenal cortex, cells in the zona fasciculata and zona reti-
cularis contained numerous granular reaction products (Fig. 5,
A and B). In the zona glomerulosa, only the plasma membrane
and not the cytoplasm, was stained (Fig. 5 A, small arrowheads).
The adrenal medullary cells contained moderate amounts of
granular reaction products dispersed in the cytoplasm (data not
shown).

8B
are detected in the Kupffer cells (large arrowheads) (X 1,400). (B) A
control section stained with antiserum that has been preadsorbed with
excess human apoE shows no reaction product (X 1,600).

Pancreas. In the pancreas, the exocrine glandular tissue
showed no staining. However, all of the islets of Langerhans
contained reaction products (Fig. 6). In each islet, the majority
of the stained islet cells contained such products in the form of
granules (Fig. 6, A and B). These cells were located mainly in
the peripheral regions of the islet. The central region of the islet
was much less stained (Fig. 6 B).

Stomach. In the stomach, granular reaction products were
generally confined to some of the gastric glandular epithelia (Fig.
7, A-C). The stained epithelia were mainly localized in the basal
area of each gastric gland, though not all basal glandular epithelia
were stained. Someepithelia contained more reaction products
than others (Fig. 7, B and C). The macrophages in the lamina
propria and interstitial spaces were also stained (Fig. 7, B and
C, black and white arrowheads).

Liver. Essentially all hepatocytes contained immunoreactive
products on immunostaining. These products were in the form
of cytoplasmic granules (Fig. 8 A, large black arrowhead). Each
hepatocyte contained only a limited number of such granules.
The plasma membrane of the hepatocyte facing the sinusoid
was also stained (Fig. 8 A, small black arrowheads). Most of the
Kupffer cells contained some reaction products (Fig. 8 A, me-
dium black arrowheads). In the portal area, the bile duct epithelia
and the blood vessels occasionally showed very weak immu-
nostaining.

Kidney. In the kidney, the epithelia in most of the proximal
convoluted tubules (Fig. 9 A), and in some of the distal con-
voluted tubules (Fig. 9, B and C) contained cytoplasmic granular
reaction products. The loop of Henle and the collecting tubules
were rarely stained. The glomeruli and small renal vessels oc-
casionally showed weak staining. In the proximal convoluted
tubular epithelia, the granules were unevenly distributed, and
in most cases, were more prominent near the brush border (Fig.
9, A and C, larger arrowheads). In the parts of the distal con-

Apolipoprotein E Immunohistochemistry in the Baboon 953
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Figure 9. Immunolocalization of apoE in the renal cortex. (A) Most of
the proximal convoluted tubular epithelia show immunostaining. The
immunoreactive apoE is concentrated mainly in the brush border area

(large arrowheads). Sporadic stained granules are also present in the
other parts of the cytoplasm (small arrowhead). The basement mem-

brane is not stained (X 1,700). (B and C) In the distal convoluted tu-

voluted tubular epithelia that showed positive staining for apoE,
the immunoreactive granules were evenly dispersed in the whole
cytoplasm (Fig. 9, B and C, small arrowheads).

Spleen and lymph nodes. In the spleen, granular reaction
products were observed exclusively in macrophages (histiocytes)
in the lymphoid follicles as well as in the nonfollicular regions
(Fig. 10, A and B). Similarly, in the lymph node, granular reaction
products were localized in the cytoplasm of macrophages (Fig.
1 1, A and B). In each organ, the surface of some lymphoid cells
also showed weak staining (Figs. 10 B, 11 B, small black arrow-

heads), but no intracellular granular staining was found in these
cells.

Ovary. In the ovary, only the follicles showed immunoreac-
tive apoE. The stroma were entirely negative. In the primordial

bules, granular reaction products are present in somewhat fewer tubu-
lar epithelia (small arrowheads). The epithelia of the loop of Henle are

rarely stained. Large arrowheads mark the staining close to the brush
border (B, X 1,300; C, x 1,200). (D) A control section stained with
preimmune serum shows no reaction products (X 600).

follicle (Fig. 12 A), growing follicles, and mature follicles, the
ovum (oocyte) contained diffuse reaction products in the cyto-
plasm (Fig. 12, A and B). The zona pellucida of the ovum did
not contain any immunoreactive apoE (Fig. 12 B), while the
foot processes of the follicular cells in the corona radiata attached

on the zona pellucida were intensely stained. Most of the follic-
ular epithelia in the individual follicles showed reaction products
associated with their plasma membranes (Fig. 12 C).

Control sections. Control sections ofeach tissue were stained
with (a) preimmune serum; (b) antiserum against an unrelated
protein (chick ovalbumin); or (c) anti-apoE serum preadsorbed
with purified human apoE. None of these sections showed any

visible reaction products.

954 C.-T Lin, Y. Xu, J.-Y. Wu, and L. Chan

4

.@

t
. .1

* .

'i 'I *..-

"r

A.'

A
.'

_

r. CJ

D

QP"-,:-i

44

1.7

.r-.PI

..,I

i.#, i.11r4ks.e " ''t4 *

ki
t7,

4 . ti, P.

1:

.A.
", t, -t.-

, .4

,.t.
O'

t , 4
.*I,,i.

z ;A fsA.

. c



Discussion

4 ' 4. .e
-I. p

..-F TP

+_ )

''; -
10 A~~~~~K~~c'Vi~~t

I

I'. -. I L
,

<...

.1
'. s. .,

.t ...

i,. i

** w....t*,.
.. S o.>.

.W >¢ *F .S#- w- w

%a s. w A
,, .. -

.. f <.

.. W

# se ^. ..
NI

C

I

10B

Using the avidin-biotin peroxidase complex indirect immuno-
cytochemical method (22) and an antiserum against human
apoE, we found the presence of apoE immunoreactive product
in the following baboon organs, cerebral cortex (frontal lobe),
thyroid, lung, liver, adrenal, kidney, spleen, pancreas, ovary,
lymph node, and stomach. The distribution of the stained cells
in each organ is unique and the staining patterns in the im-
munoreactive cells from each organ are also different from each

A w other. Wehave made essentially identical observations in the
organs of the rhesus monkey (data not shown).

4 The possibility that we are detecting a protein that shows
similar immunoreactivity to apoE (rather than authentic apoE)
is highly unlikely. Many laboratories, including ours, have shown
that hybridizable apoE mRNAof the expected size (by Northern
blot analysis), as well as translatable apoE mRNA(demonstrated
by in vitro translation) are found in the same tissues where we

~ have detected immunoreactive apoE (12-18).
In the cerebral cortex of the frontal lobe, only glial cells but

not neuronal cells were stained by the apoE antiserum. Reaction

A -, products were seen in the glial cell bodies and along their pro-
cesses. Sometimes, the stained processes were found ending on
the small blood vessels (Fig. 2 A and C). The staining in the cell

t<5 bodies and their processes appeared to be homogeneously dis-
tributed. However, under light microscopic observation, we
could not distinguish between the following two possibilities: (a)
that the apparently homogeneous staining was caused by the
presence of numerous closely spaced reaction product-containing
vesicles; or (b) that it was the result of immunoreactive apoE
occurring free in the cytoplasm of the cell. Our findings support
the previous biochemical studies indicating that the cerebral
cortex synthesized apoE (13, 15-18). Furthermore, they indicate
that the cerebral glial cells are the sites of synthesis of this protein.
While this study was in progress, Boyles et al. (24) presented a
detailed analysis of the distribution of immunoreactive apoE in
the central and peripheral nervous system in the rat and the
mouse. Our observations in the baboon (and the rhesus monkey)
generally agree with their findings. ApoE appears to be a widely
distributed cellular protein in the mammalian nervous system.

In the various organs we have studied, the distribution and
pattern of immunoreactive apoE in each cell type are unique.
Granular reaction products, suggestive of apoE-containing se-
cretory vesicles, were found in the thyroid follicular epithelia,
alveolar type II pneumocytes, hepatocytes, the zona fasciculata

10C

Figure 10. Immunolocalization of apoE in the spleen. (A) Granular re-

action products are present in the histiocytic macrophages in both the
white pulp (black arrowheads) and the red pulp (small black and white

arrowheads). The trabeculae (T) and their vascular components are
not stained, but the cell surfaces of some lymphocytes show weak
staining. L, lymphoid nodule (X 600). (B) A higher magnification
taken from (A). In this area, the reaction products are better demon-
strated in some macrophages (large and medium arrowheads) and on
the surface of some lymphocytes (small arrowheads). L, lymphoid
nodule (X 1,300). (Inset) A higher magnification taken from the area
marked by the large arrowhead of (B). Peroxidase reaction product is
present in the cytoplasm of a macrophage (large arrowhead) and on
the surfaces of lymphoid cells (small arrowheads) (X 2,800). The sur-
face immunostaining is much more readily discerned in the original
slide. (C) A control section stained with preimmune serum shows no
reaction product. (X 2,500).
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and zona reticularis of the adrenal cortex, adrenal medullary
cells, renal tubular epithelia, pancreatic islet cells, splenic mac-
rophages, lymph node macrophages, and gastric glandular epi-
thelia. The presence of secretory granules in these different cell
types suggests that they synthesize apoE. Indeed, previous studies
on tissue slices and organ cultures in vitro indicate that many
of these organs synthesize apoE (10-18). The presence of apoE
mRNAwas also confirmed by in vitro translation and by nucleic
acid hybridization in these tissues (13, 15-18). The granular
nature of the immunoreactive apoE suggests that the protein
might be secreted from these various cell types. While there are
experiments which demonstrate that such is the case in the liver
cells (7, 8, 12), direct evidence for this process in the other organs
and tissues must await further biochemical and physiological
studies.

In other cell types, immunoreactive apoE was found also or
mainly associated with the plasma membranes. These include
the hepatocytes, the adrenal cortical epithelia in the zona glo-
merulosa, the follicular cells in the ovary and the parathyroid
epithelia (data not shown). Furthermore, some lymphocytes in
the spleen and lymph node also showed weak staining. Such a
distribution suggests that except for the hepatocytes (which also
contain intracellular apoE), the presence of reaction products
on the cell membrane of many of these cells might be the result
of apoE bound to the membrane of these cells, and the cells
might not be the source of the protein.

One tissue that contained a unique distribution of reaction
products was the ovum. The immunostaining was quite ho-
mogeneous throughout the cytoplasm of the ovum. In contrast,
the zona pellucida contained no detectable reaction products.
This observation suggests that the ovum may synthesize apoE
which might serve an intracellular function. The possibility that
the protein has been taken up and internalized from an exoge-
nous source cannot be excluded by this study. Our observations
in this tissue should be interpreted in the light of the study of
Driscoll et al. (25) that in the rat, the ovarian granulosa cells
synthesize apoE, and the synthesis of this protein in these cells
appears to be regulated by follicle-stimulating hormone.

The stained cells in the gastric mucosa was seen mostly in
the basal gastric glandular region. It is not clear whether these
cells belong to acid-producing cells or other cell types. The func-
tion of apoE in these cells is unclear. The pattern and distribution
of the protein suggest that apoE may be secreted into the gastric
lumen.

In the pancreas, only endocrine cells were stained and most
stained cells were in the peripheral regions of the islets of Lan-
gerhans. The cells in the central region were generally much less
stained. The granular nature of the immunoreactive apoE in
the islet cells suggests that the protein may be destined for se-

11C
Figure 11. Immunolocalization of apoE in a mesenteric lymph node.
(A) Reaction products are detected in the histiocytic macrophages (ar-
rowheads) and on the surface of some of the lymphocytes (x 800). (B)

A higher magnification taken from one lymphoid nodule shows the
presence of granular reaction products in the histiocytic macrophages
(large and medium arrowheads). Weak staining on the surfaces of
some of the lymphocytes (small arrowheads) is also shown (x 1,400).
(Inset) A higher magnification taken from the area marked by the
large arrowhead in (B). Peroxidase reaction product is present inside a
macrophage (large arrowhead) and on the surfaces of lymphoid cells
(small arrowheads) (X 2,700). The immunostaining on the cell sur-
faces is considerably more distinct on the original slide. (C) A control
section of a lymph node stained with preimmune serum shows no spe-
cific staining (X 1,400).

956 C.-T. Lin, Y. Xu, J.-Y. Wu, and L. Chan

I
I

..-; "O

0



Pt

t:

.i< AAd

I-.

.,

1If

_ ; 1^ e in 4> A.,

Joe E A. a-

.

'' S-t sk r!1l If s s _W'4~j

AtFJIa4e ae r O o 1 i

,/ w+\si~h go ,* ,*i< * ; M s So

C..- x d x xly

Anti' < " i'; . 'Fit X~~~~~~~~~ D
Figure 12. Immunolocalization of apoE in the ovary. (A) Reaction
products are mainly associated with the plasma membranes of all the
follicular cells (black arrowheads) in each Graafian follicle, including a

primordial follicle (P), some growing and some mature follicles. The
cytoplasm of the ovum is diffusely stained. The stroma is unstained
(X 800). (B) A growing follicle showing reaction products detected as a

homogeneous staining involving the entire cytoplasm of the ovum

(0). The zona pellucida is unstained. The foot processes of the follicu-

cretion. This study does not allow us to identify the type of islet
cells which synthesize apoE. Additional studies are required for
a positive identification of these cells.

It is now generally accepted that there is widespread extra-
hepatic synthesis of apoE in the mammal(10-18). For example,
Newmanet al. (16) estimated that in two non-human primates,
Macacafascicularis and Cercopithecus aethiops, 20-40% of total
body apoE mRNAis extrahepatic. These peripheral tissues thus
have the potential to contribute a substantial fraction of plasma
apoE. Previous studies performed on tissue extracts or organ
cultures do not allow us to determine the cellular origin of the
apoE mRNA. Our observations using immunohistochemical
techniques provide information in this respect.

lar cells in the corona radiata (black and white arrowhead) are also
heavily stained. The plasma membranes of the follicular cells show
weak staining (large black arrowheads) (X 1,600). (C) A higher magni-
fication taken from part of a mature follicle showing reaction products
mainly associated with the plasma membrane of the follicular cells
(arrowheads) (X 1,400). (D) A control section stained with antiserum
preadsorbed to purified apoE shows no specific staining (X 600).

The cellular distribution of apoE in various organs and tissues
might provide a clue to the potentially very diverse functions of
this protein. It is likely that apoE synthesized in the macrophages
in the spleen, lymph node, lung tissues, as well as the liver (Kupf-
fer cells) contribute to the plasma apoE and might be important
in the context of reverse cholesterol transport as well as im-
munomodulation (26, 27). However, the peripheral production
of apoE in other extrahepatic cells and tissues does not necessarily
imply that the protein is secreted into the extracellular space
and/or makes its way to the circulation. Certainly, apoE pro-
duced in the brain must be largely confined to the central nervous
system because of the presence of the blood-brain barrier. The
mode of distribution of apoE in other organs also indicates some
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alternative functions for the protein. For example, the demon-
stration of apoE in pancreatic islets may be indicative of some
local endocrine or paracrine function. Similarly, the presence
of the protein in other endocrine tissues such as the adrenal
cortex and medulla, the thyroid gland and the ovary also suggests
that apoE might contribute, in some way, to the local hormonal
homeostasis in these organs. The presence of immunoreactive
apoE in other organs such as the tubular epithelia of the kidney
and the glandular epithelia of the stomach also suggests poten-
tially important functions of apoE in these highly differentiated
tissues. The fact that a single patient with plasma apoE deficiency
has been described (28, 29) should not negate these other po-
tential roles for this protein, since such functions maybe assumed
by other proteins. A similar situation is noted in the case of
analbuminemia where the absence of a major physiological
serum protein is consistent with relatively normal health (30-
32). Additional investigations using isolated organs, tissues, and
cells are needed to further define the physiological roles of apoE,
a widely distributed cellular protein.
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