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Fig. 1. The tube containing medium, eggs, cumulus cells, and sperm immediately after cen-
trifugation. (a) The egg-rich layer that floated in the upper part of the Percoll solution
(arrow). (b) The cumulus cells and sperm-rich pellet that had sunk to the bottom of the

Fig. 2. (a) Eggs collected from the upper two-thirds of the Percoll solution after centrifugation. (b) Cu-
mulus cells and sperm collected from the lowermost pellets. Bar equals 100 um.

Table 2. Embryo collected by Zona-float method

No. of female mice examined 20
No. of eggs collected 595
Upper two-thirds of Percoll solution 588 (99%)
Lower ene-third of Percoll solution T 1%)
Lowermost pellets 0( 0%)
No. of 2-cell embryos" 481 (30%)
No. of embryos developing to blastocyst? 471 (98%)

YFrom 588 eggs collected by the zona-float method. 2 After 72 h
in culture.

From the results of our investigation into the status of
zona-free embryos, zona-intact embryos, and zonae pel-
lucidae in various solutions of Percoll, we observed
that the specific gravity of the zona pellucida is very
low, Thus, we believe that the zona pellucida, a unigue
structure of the mammalian egg, plays the role of a
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Fig. 3. Blastocysts developing from 2-cell em-
bryos separated by the zona-float method
after culture for 72 h. Bar equals 100 pm.

float in our method, in which 2-cell mouse embryos
were separated from other cells in 22.5% Percoll. Ac-
tually, separation from both cumulus cells and sperm
was also achieved.



SEPARATION OF MOUSE EGGS 359

90
80

60
50

30 |

Number of nuclei
g
o
]

10

ICM TE

Fig. 4. Numbers of ICM and TE nuclei of blas-
tocysts derived from manually separated
2-cell embryos (black bars) and of blas-
tocysts derived from 2-cell embryos
separated by the zona-float method
{white bars). No difference was detected
by two-way analysis of variance. Error
bars indicate standard deviation.

With 22.5% Percoll, we confirmed that almaost all
(99%) of the eggs could be collected from the upper
part of the solution. The 1% of eggs collected from the
lower part of the solution may have failed when the
eges were being collected from the upper part,

Of eggs treated with the zona-float method, 98% of
2-cell embryos developed to the blastocyst stage in cul-
ture. No significant difference between the number of
nuclei from blastocysts treated with Percoll and from
control blastocysts was detected. Moreover, live off-
spring were born after transfer of Percoll-treated
embryos to female mice. We therefore conclude that
the zona-float method does not hinder the development
of 2-cell mouse embryos.

It was shown that mouse 2-cell embryos and oocytes
were separated from other cells, to a degree which could
not be detected under a microscope at least, by the
method developed in this study. We used the zona-
float method in molecular analysis to study the protein
that influences growth of the egg (unpublished). In
that experiment, mixing of cells other than eggs was
not observed. This shows that the zona-float method
may also be applied to other molecular biological analy-
ses of eggs. The zona-float method also could probably
be used for embryos of other stages or species. In an
embryo bank, for example, simultaneously collecting a
large number of eggs at various developmental stages
is often required, and our method of collecting and sepa-
rating eggs from other cells in one operation, regardiess
of the number of eggs, could be extremely useful in
such work. Furthermore, this technique could be used
in many studies of embryoclogy.
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ABSTRACT—To examine the synthesis and release of steroids in intestinal tissues from cynomolgus mon-
keys (Macaca fascicularis), we performed the following experiments: 1) incubated prepared intestinal tis-
sues with [*H]testosterone to study the conversion to other steroids; 2) used a radioimmunoassay to
determine steroid levels in six segments of intestinal tissues and contents (duodenum, jejunum, ileum,
cecum, colon, and rectum); 3) localized testosterone in the six intestinal segments by immunofluorescence
histochemistry; and 4) determined steroid levels in feces from males and females of various ages by radio-
immunoassay to examine a correlation between steroid levels and age or sex. In prepared intestinal tis-
sues, testosterone was converted into androstenedione, So-dihydrotestosterone, and an unidentified
substance; all of these steroids were detected in all segments of the intestinal tissues and contents by
radicimmunoassay. Immunofluorescence showed that testosterone was located in all segments of intesti-
nal epithelia. Androstenedione, testosterone, 5u-dihydrotestosterone, and the unidentified substance were
also detected in feces, and their levels were not affected by the age or sex of the animal. The present
findings in cynomolgus monkeys led us to conclude that 1) steroids were synthesized in the intestines; 2)
intestinal stercids were released from the six intestinal tissues to the intestinal cavities and excreted out-
side the body with feces; and 3) intestinal steroids were released irrespective of age or sex of the animal.
Intestinal steroids seem to be paracrine or exocrine agents and to have different characteristics from clas-
sical serum steroids.
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© 2004 Zoological Scciety of Japan

INTRODUCTION

Steroid hormones are generally released from ste-
roidogenic glands, such as the gonad and adrenal {Ojeda
and Giriffin, 1996). When the steroids reach specific organs
in the body, steroid-converting enzymes play a crucial role
in converting the steroids to active or inactive derivatives.
For instance, 5a-reductase type 1 and/or type 2, which cat-
alyze the synthesis of testosterone (T) to Sc-dihydrotes-
tosterone (5a-DHT), are expressed in the prostate, seminal
vesicle, skin, liver, muscle, and other locations (Normington
and Russell, 1992; Russell and Wilson, 1994). In addition,
17p-hydroxysteroid dehydrogenase (17p-HSD) type 2,

* Corresponding author: Tel. "+81-42-947-6927,
FAX. +81-42-848-4314.
E-mail: smiya @aoni.waseda.jp

which catalyzes the synthesis of T to androstenedione or
estradiol {E2) to estrone (Wu ef al., 1993), is expressed in
the endometrium, placenta, and liver {Andersson, 1995).

On the other hand, current research has established
that the brain, which is traditionally considered & target site
for steroid hormones, synthesizes steroids de novo from
cholesterol {Baulieu, 1997; Tsutsui et al, 2000). Thus, it is
possible that steroids are also synthesized de novo from
cholesterol and released from organs other than the classi-
cal steroidogenic glands.

In the gastrointestinal tract, which is not a classical ste-
roidogenic organ, the synthesis of some stercids, e.g., T
from progesterone, E2 from androstenedione, and estrone
from E2, has been reported in rats (Dalla Valle et al., 1992;
Le Goascogne et al, 1995; Ueyama et al, 2002) and
humans (Sano et al, 2001). Steroid hormones have also
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been detected in the feces of various primates (Matsumuro
et al., 1999; Miyamoto et al., 20013, b; Yoshida st al., 2001).
Identifying the source and understanding the conversion of
these intestinal or fecal steroids in nonhuman primates may
reveal a new function of intestines. In this study, biochemical
and immunofluorescence histochemical methods were used
to examine the synthesis and release of steroids in intestinal
tissues of cynomolgus monkeys (Macaca fascicularis).

MATERIALS AND METHODS

Animals and samples

Twenty-seven cynomolgus monkeys were used in this study,
Animals were bred and kept at the Tsukuba Primate Center for
Medical Science, National Institute of Infectious Diseases (NIID),
Japan (Honjo, 1985). They were fed fruits and commercial monkey
diet (type AS, Oriental Yeast, Japan). To identify the characteristics
of steroids in intestines, we divided the study into four parts: 1) con-
version of steroids in intestinal tissues, 2) steroid levels in intestinal
tissues and contents, 3} localization of testosterone in intestinal tis-
sues, and 4) steroid levels in feces of male and female monkeys of
various ages. The profiles of the animals used in each experiment

Table 1. Characteristics of monkeys studied

are summarized in Table 1.

The intestines of Subjects 1 to 5 and 11 to 15 were removed
after they were euthanized under deep anesthesia with ketamine
hydrochloride and sodium pentobarbital for other studies. in exper-
iment 1, cecum tissue of Subject 1 was used to detect T-converting-
enzyme activity. In experiment 2, cecurn tissue of Subject 2 was
used to measure androstenedione levels. Intestines obtained from
Subjects 3 to 5 were separated into six segments—duodenum,
jejunum, ileum, cecum, colon and rectum-and stercid levels were
measured in lissues and contents of each segment. For comparison
of steroids found in intestine and serum, blood samples were col-
lected from Subjects 6 to 10 under anesthesia with ketamine hydro-
chloride. In experiment 3, the intestines of Subjects 11 to 15 were
separated into six segments, and T was localized by immunoftuo-
rescence histochemistry. Testes were also obtained from Subjects
11 to 15 for use as a positive control (Liang et a/., 1998). In exper-
iment 4, the feces of Subjects 16 o 27 were collected for measure- -
ment of steroid levels.

All experiments were carried out under the guidelines for ani-
mal experimentation of the NIID.

Experiment 1. Conversion of steroids in intestinal tissues

Materials and solvents. Testosterone was obtained from Nacalai
Tesque (Japan). SB-Dihydrotestosterone (5B-DHT) was purchased
from Steraloids (USA). [PH]T (101 Ci/mmol) and [3H]5a-DHT {44 Ci/

Experimental use Subjectno.  Sex (M/F) Age (yr}  Body weight (kg)
Detection of testosterone-converting enzyme activity 1 M 4.7 3.7
Measurement of androstenedione-like steroid levels in intestinal tissue 2 M 34 28
3 M 3.3 3.6
Measurement of steroid levels in intestinal tissues and contents 4 M 3.3 3.8
5 M 3.5 3.3
6 M 6.2 39
7 M 7.2 55
Measurement of steroid levels in serum 8 M 7.8 4.8
9 M 15.2 9.8
10 M 16.8 6.8
11 M 3.4 3.0
12 M 35 2.6
Localization of testosterone in intestinal tissues 13 M 4.2 3.4
14 M 15.0 72
15 M 15.1 4.9
16 M 1.3 1.6
17 M 1.4 15
18 M 20 23
19 M 10.3 5.6
20 M 10.8 6.5
Measurement of steroid levels in feces 21 M 108 57
22 F 1.0 1.3
23 F 1.6 1.5
24 F 2.0 2.3
25 F 10.2 3.8
26 F 10.6 3.8
27 F 10.7 2.0
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mmol) were purchased from NEN Life Science Products (USA).
[PHJAndrostenedions (105 Cifmmol) and [**CIT (56 mCiimmol) were
obtained from Amersham Biosciences (UK).

For the parallelism test, an androstenedione enzyme-linked
immunosorbent assay (ELISA) kit (Oxford Biomedical Research,
USA) was used.

Homogenization buffer consisted of 10 mM potassium phos-
phate (pH 7.0), 150 mM potassium chloride, and 1 mM EDTA. Incu-
bation buffer consisted of 3 pmol of [*H]T, 6 pg of T, and 25 mM
NADPH. Extraclion solvent was a mixture of hexane and ether (3:2,
volfvol).
Procedure. A modified method (for originat method, see refs. Anders-
son and Russell, 1990; Normington and Russell, 1992 and Jakimiuk
et al, 1999) was used to examine the activity of T-converting
enzymes in the intestinal tissues. The cecum tissue (3.5 g) was
homogenized by a Potter-Elvejern homogenizer {B. Braun Biotech
International, Germany} in 35 ml of the ice-cold homogenization
buffer and centrifuged at 100,000 x g at 4°C for 30 min. The result-
ing pellet was resuspended in 4 ml of homogenization buffer. The
resuspended solution (1.2 ml) was mixed with 300 ul of incubation
buffer and incubated at 37°C for 15 or 30 min. As a control, a vehi-
cle alone was used instead of the resuspended tissue. The incubat-
ing mixtures (500 pl) were added to 2.5 mi of extraction solvent.
After vigorous vortexing for 1 min, upper layers of samples were
transferred into glass tubes and then completely dried in vacuo. The
dried extracts were dissolved in 200 pl of 60% methanol, and 27
prmol of ["*C]T was added as a marker. Then 100 pl of each recon-
slituled sample was fractionated by reverse-phase high-perfor-
mance liquid chromatography (HPLC; TSKgel, ODS-120T; Tosoh,
Japan) using a linear gradient solvent system, from 60 to 100%
methanol (1%/min). Flow rate was 500 pl/30 sec/tube, and the tem-
perature of a column was 40°C. The radioactivity (dpm) in each elu-
ate fraction was measured by using a liquid scintiflation counter
(LSC-3500; Aloka, Japan}.

To obtain a chromatogram of standard steroids 1o be used as

a reference, standard steroids and °H-labeled standard steroids
were also fractionated by HPLC, as described above. The elution
of nonlabeled steroids was menitored at 204 nm by a combination
of UV detector (UV-8020, Tosch) and HPLC.

Parallelism test. A metabolite of T was examined by the parallelism
test. The metabolite and androstenediona were diluted serially with
the buffer solution prepared with the androstenedicne-ELISA kit
and then assayed. Dose-response curves of the metabolite and the
standard steroid were compared. The similarity between slopes of
both curves was determined by using the parallel line assay method
of Sakuma (Sakuma, 1964).
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Fig. 1. Typical traces showing a percentage methanol gradient
throughout chromatography and a chromatogram of steroids. The x
axis shows the tube numbers. The eluting position of [*H]T is stan-
dardized as tube 0. Elution of [*H]androstenedione {a), [3H]T (b),
and [*H)5c-DHT (c) was determined by measuring the radioactivity
{dpm) of each eluate fraction. Elution of 53-DHT (d) was determined
by measuring the absorbance at 204 nm.
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Fig. 2. Chromatograms of T metabolites. T was incubated with prepared intestinal tissue for 15 min (A) or 30 min (B} or without tissue for 15
min {C) or 30 min (D). The x axis shows the tube numbers. The eluting position of [*C]T is standardized as tube 0. nsets are enlargements of
the areas enclosed by dashed lines. Eluting peaks are labeled as fractions 1 o 6 in order of eluting time. The white arrow indicates the
expected eluting position of androstenedione, and the black arrow indicates the expected eluting position of 5a-DHT.
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Experiment 2. Steroid levels in intestinal tissues and contents
Materials and solvents. For measurement of steroid levels, two
commercial kits were used: a T radicimmunoassay (RIA) kit {Tes-
tosterone ‘Eiken’, Eiken Chemical, Japan) and an androstenedione-
ELISA kit. The manufacturers of each kit reported that the antibody
used in the T-RIA was cross-reactive to 5a-DHT in 36.6%; to 5¢-
androstanediol, androstenedione, androsterone, and progesterone
in less than 3%; and to E2, 17a-hydroxy-progesterone, deoxycorti-
sol, dehydroepiandrosterone, estrone, estriol, and cortisol in less
than 0.01% and that the antibody used in the androstenedione-
ELISA was cross-reactive to estrone in 1.5% and to pregnenclone,
deoxycorticosterone, estrone-3-sulfate, E2, hydrocortisone, pred-
nisolone, and estriol in less than 0.2%. In addition, we confirmad
that the latter antibody was also cross-reactive to 5o-DHT. LH-20
solvent was a mixture of benzene and methano! (85:15, volivol).
Extraction and fractionation of steroids in intestinal tissues. Extrac-
tion solvent (20 ml) was added to 2.0 g of minced intestinal tissues.
Samples were gentfy shaken and kept at room temperature over-
night. The upper layers of samples were transferred into glass
tubes and then completely dried in vacuo,

The dried extracts were dissolved in 300 ul of LH-20 solvent,
and 300 fmol of [3H]T was added. These reconstituted samples
were gel filtrated on a 0.7 x 20-cm column of Sephadex LH-20
{(Amersham Biosciences) at a flow rate of 500 p¥90 secAube. Then
the radioactivity in each eluate fraction was measured with a liquid
scintillation counter, Fractions containing radioactivity were mixed
together and dried completely in vacuo. After gel filtration, the dried
extracts were redissolved in 200 pl of 60% methanol, and 700 fmol
of [SH]Sa-DHT was applied. Then 100 pl of the reconstituted sam-
ples were fractionated by HPLC, as described above. The radioac-
tivity in each eluate fraction was measured with a liquid scintillation
counter, and 250 pl of eluate was collected from each tube and
completely dried in vacuo.

Measurement of T-like sterofd levels. After fractionation by HPLC,
the dried extracts were redissolved in 300 pl of the buffer solution
prepared with the T-RIA kit and then assayed.

Measurerment of androstenedione-like steroid fevels. After fraction-
ation by HPLC, the dried extracts were redissolved in 500 pl of the
buffer solution prepared with the androstenedione-ELISA kit and
then assayed.

Examination of sleroids in intestinal confenis. Intestinal contents
from six segments were freeze-dried, and extraction solvent was
added to 50 to 500 mg of dried intestinal contents at a concentra-
tion of 4-10 ml/100 mg. Samples were gently shaken and then kept
at room temperature for 1 hr. Upper layers were transferred into
glass tubes and then completely dried in vacuo. HPLC fractionation
and steroid assays were the same as those for intestinal tissues.
Examination of steroids in serum. The serum samples from Sub-
jects 6 to 10 were mixed together, and 5 m! of extraction solvent
was added to 1 m| of the serum mixture. After vigorous vortexing
for 1 min, an upper layer of sample was transterred into a glass
tube and then completely dried in vacuo. HPLC fractionation and
steroid assays wera the same as those used for intestinal tissues.
Recovery test. [PH]T (1 pmol) was applied to 1 to 2 g of minced
intestinal tissues, and [3H]T {300 fmol) was applied to 200 to 600
mg of dried intestinal contents. After 1 hr of incubation, 20 ml of
extraction solvent was added, and samples were gently shaken and
kept overnight or for 1 hr, as described above. The radioactivity in
the upper layer of each sample was measured with a liquid scintil-
lation counter.

Parallefism test Substances detected by T-RIA or androstenedione-
ELISA were examined by the parallelism test. Serially diluted sub-
stances and standard steroids of androstenedione, T, S5a-DHT, and
5B-DHT were assayed with each kit. The similarity between slopes of
both dose-response curves was determined as described above.
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Experiment 3. Localization of testosterone in intestinal tissues
Malerials and solvents. Rabbit anti-T antiserum (anti-T) was
obtained from Biogenesis (UK). Biotinylated goat anti-rabbit immu-
noglobulins and fluorescein isothiocyanate-conjugated streptavidin
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Fig. 3. Chromatograms of steroids detected by T-RIA (A) or
androstenedione-ELISA (B) in the intestinal tissue (the cecum) from
Subject 3 (A) and Subject 2 (B). Amounts of steroids were con-
verted to relative amounts derived from 1 g of tissue. The x axis
shows the tube numbers. The eluting position of [?H]T is standard-
ized as tube 0. The black arrow shows the eluting position of 5a-
DHT, and the white arrow shows the expected eluting position of
androstenedione; the triangle shows the expected eluting position of
the substance in fraction 5.
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Fig. 4. Chromatogram of steroids detected by T-RIA in the serum
mixture collected from five male monkeys. The x axis and symbols
are the same as those described in the legend to Fig. 3.
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were from Dako Cytomation (Denmark).

Dilution buffer consisted of 10 mM phosphate-buffered saline
(PBS; pH 7.2) with 15 pg/ml of collagen type | (Wako Pure Chem-
ical Industries, Japan), 15 pg/ml of collagen type Il (Wako Pure
Chemical Industries), and 1.5% bovine serum albumin {albumin,
bovine fraction V powder; Sigma, USA). Ten millimolar citrate buffer
{pH 6.0) was used in pretreatment. ’
Procedure. Six segments of intestinal tissues and testes were fixed
in Bouin's solution for 4 to 5 hr and embedded in paraftin wax,
according to the method of Liang et al. (2000). Anti-T was diluted
at 1:2 in the dilution buffer and then kept at 4°C overnight.

Deparaffinized 2-um-thick seclions were pretreated by micro-
wave for 15 min in citrate buffer before the first antiserum incuba-
tion. The sections were incubated with anti-T at 4°C ovemight and
then incubated with the anti-rabbit immunaglobulins (diluted 1:500)
at room temperature for 30 min. Sections were further incubated
with fluorescein isothiocyanate-conjugated streptavidin  (diluted
1:200) at room temperature for 30 min. A negative control was pre-
pared in adjacent sections by ingubation with normal rabbit serum
(dituted 1:500) instead of anti-T.

Experiment 4. Steroid levels in feces of male and female mon-
keys of various ages

Procedure. Twenty milliliters of extraction solvent was added to 500
mg of freeze-dried feces. Extraction, fractionation, and steroid
assays were the same as those used for intestinal contents.
Recovery test. The recovery of [PH]T from dried feces was investi-
gated by the same method as that for dried intestinal contents.

RESULTS

Recovery

Recovery of [PHIT in samples incubated with extraction
solvent was 74.1+7.3% (mean+SD) for intestinal tissues,
90.6+11.2% for intestinal contents, and 64.3£17.8% for
feces.

Fractionation by HPLC

Figure 1 shows typical traces of a percentage methanol
gradient throughout HPLC and a chromatogram of the ste-
roids. The eluting position of T was standardized as tube 0.
The eluting positions of androstenedione, 5c¢-DHT, and 5pB-
DHT were tubes -6, 12, and 13, respectively.

Activity of T-converting enzymes

Figure 2A and B shows chromatograms of metabolites
derived from T in prepared intestinal tissue at different incu-
bation times. After 15 min of incubation, six eluting peaks
were detected; they are labeled as fractions 1 to 6 in order
of eluting time (Fig. 2A). After 30 min of incubation, the
amount of substances in fractions 1, 3, 4, and 5 increased,
whereas no substance was detected in fractions 2 and 6
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Fig. 5. Chromatograms of steroids in six segments (A, duadenum; B, jejunum; C, ileum; D, cecum; E, colon; and F, rectumn) of the intestinal
tissues and contents obtained from three monkeys. Amounts of steroids measured by T-RIA were converted to relative amounts derived from
1 g of tissues or dried contents, The x axis and symbols are the same as those described in the legend to Fig. 3. Numbers above certain plols

show the value of data points that extend beyond the y-axis scale.
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(Fig. 2B). The substance in fraction 1 had the highest peak,
and its eluting position coincided with that of androstenedi-
one. In the parallelism test, the dose-respense curve pre-
pared from the substance in fraction 1 was parallel to that
from androstenedione {P>0.05). The eluting position of the
substance in fraction 2 coincided with that of T, and the elut-
ing position of the substance in fraction 4 coincided with that
of 5a-DHT. The eluting positions of the substances in frac-
tions 3, 5, and 6 were in tubes 10, 17, and 32, respectively.
No metabolite was detected in the control incubation (Fig.
2C and D).

Steroids in intestinal tissue detected by T-RIA

A number of T-like substances were detected in the
cecum (Fig. 3A). According to chromatograms, the largest
amount of substance was found at the eluting position that
coincided with fraction 2 (see Fig. 2). A paralielism test ver-
ified that the dose-response curve prepared from the sub-
stance in fraction 2 was parallel to that from T (P>0.05). The
second largest amount of substance was detected at the
eluting position that coincided with fraction 4 (see Fig. 2). A
parallelism test verified that the dose-response curve pre-
pared from this substance was parallel to that from 5¢-DHT
(P>0.05) but not to that from 53-DHT (P < 0.05). Peaks were
also detected in the eluting positions of fractions 1 and 5 but
not in those of fractions 3 and 6 {see Fig. 2).

Steroids in intestinal tissue, detected by androstenedi-
one-ELISA

Some androstenedione-like substances were detected
in the cecum (Fig. 3B). A low peak was detected in the
eluting position of fraction 1 (see Fig. 2). A parallelism test
verified that the dose-response curve prepared from the
substance in fraction 1 was parallel to that from androstene-
dione (P>0.05). A high peak was detected in the eluting
position of fraction 4 (see Fig. 2). A parallelism test verified
that the dose-response curve prepared from this substance
was parafiel to that from 5a-DHT (P>0.05). A peak was also
detected in the eluting position of fraction 5 but not fractions
2, 3, and 6 (see Fig. 2).

Steroids in serum, detected by T-RIA

The eluting position of the most abundant T-like sub-
stance (Fig. 4) coincided with that of fraction 2 (see Fig. 2).
A small amount of substance was detected in the position
of fraction 4 {see Fig. 2), but no substance was found in the
positions of fractions 1, 3, 5, or 6 (see Fig. 2}.

Distribution of steroids in six segments of intestinal tis-
sues and their contents
T-like substances were detected in all six segments of

intestinal tissues and contents. The eluting positions of T-
like substances {Fig. 5) coincided with those of fractions 1,
2, 4, and 5 (see Fig. 2). Of the three monkeys used in this
experiment (Subjects 3, 4, and 5), the largest amount of
substance was found in the tissue and contents of Subject
3. In the six separate intestinal segments from three mon-
keys, there was a similarity in the distribution of a substance
whose eluting position coincided with that of fraction 2 (see
Fig. 2). The largest amount of substance was found in the
intestinal tissues and contents of the ceca, and the next
largest amount of substance was detected in adjoining
areas of the cecum, such as the ileum and the colon, except
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Fig. 7. Chromatograms of steroids in the feces of immature males
{1 1o 2 years of age) (A), mature males (10 years of age) (B}, imma-
ture females {1 to 2 years of age) (C), and mature females (10 years
of age) (D). Amounts of steroids measured by T-RIA were con-
verted 1o relative amounts derived from 1 g of dried feces. The x
axis and symbols are the same as those described in the legend to
Fig. 3. Numbers above certain plots show the value of data points
that extend beyond the y-axis scale.

Fig. 6. Immunofluorescence histochemicai stains of T in six segments of the intestinal tissues (A, duodenum; B, jejunum; G, ileum; D, cecum;
E, colon: and F, rectum). Typical results, obtained from Subject 13, are shown {(magnification, x 400). The left column shows sections stained
with hematoxylin and eosin (A-i to F-i); the middle column shows sections stained with anti-T antiserum (A-ii to F-ii); and the right column
shows sections of the negative control with normal rabbit serum (A-iii to F-iii). Bar, 200 pm.
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in the intestinal contents from Subject 5. A similar tendency
was seen in the distribution of other substances.

Localization of testosterone, identified by immunofluo-
rescence histochemistry

Six segments of intestinal tissues were collected from
precise regions that showed no histopathologic changes
(Fig. 6A-i to F-i). In all six segments, epithelia were stained
with anti-T. in the duodenum, the glandular cells of duodenal
glands were stained (Fig. 6A-ii). In the jejunum and ileum,
the glandular cells at the basement of intestinal crypts were
stained (Fig. 6B-ii and C-il). In the cecum, colon, and rec-
tum, the glandular cells at the intestinal crypts and the gob-
let cefls distributed over the mucous membrane were
stained (Fig. 6D-ii to F-ii). These positive cells, found in all
six segments, showed granular cytoplasm. Distribution of
anti-T staining in the intestines did not differ among animals
of different ages, although Liang et al. {1999} have shown
that the reactivity against T in the testes changes during
development.

Steroid levels in feces, measured by T-RIA

T-like substances were detected in the feces of all 12
monkeys used in this experiment. According to chromato-
grams, the eluting positions of T-like substances (Fig. 7)
coincided with those of fractions 1, 2, 4, and 5 (see Fig. 2).
The amount of these substances was different in each ani-
mal. No relation was found between the amount of T-like
substances and the age or sex of the animal.

DISCUSSION

This is the first study to document the synthesis and
release of steroids in the intestinal tissues of immature and
mature cynomolgus monkeys. Since biochemical assays of
steroids in intestinal tissues have not been well established,
we identified intestinal steroids based on the eluting posi-
tions revealed by HPLC and the affinity of steroids to anti-
bodies estimated by the parallelism between dose-response
curves. We concluded that the substance detected in frac-
tion 1 was androstenedione, and the substance detected in
fraction 2 was T. DHT contains two kinds of isomers-5o-
DHT, which is a more potent androgen than T (Dorfman and
Kincl, 1963), and 5B-DHT, which is an inactive androgen
{Segaloff and Gabbard, 1962). Although the eluting posi-
tions of these two DHTs were close, the affinity to antibodies
revealed that the substance detected in fraction 4 was 5o~
DHT. The antibodies used in the T-RIA and androstenedi-
cne-ELISA were also cross-reactive to the substance
detected in fraction 5, however, this substance was not iden-
tified yet,

To determine whether the steroids were synthesized in
the intestinal tissues, we incubated the prepared intestinal
tissues with [PH]T in vifro. We used cecum tissue because
the cecum has fewer digestive enzymes that might interfere
with the reactions catalyzed by T-converting enzymes, and
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because it has a thinner muscle layer that is easy to homog-
enize. The results suggested that the steroids in intestinal
tissues of cynomolgus monkeys were metabolized with cer-
tain steroidogenic enzymes, such as 17B-HSD type 2 and
So-reductase. Sano et al. (2001} reported the expression
and activity of 17B-HSD type 2 in the human gastrointestinal
tract, and Normington and Russell (1992) reported the
expression of transcripts of Sa-reductase in the rat intestine.
Furthermore, in the rat gastrointestinal tract, the enzyme
activities of cytochrome P450 17a-hydroxylase/17, 20-lyase,
17P-hydroxysteroid oxidoreductase, c¢ytochrome P450
aromatase and 3f-hydroxysteroid dehydrogenase were
reported (Dalla Valle ef al, 1992; Le Goascogne et al,
1995; Ueyama ef af., 2002). Thus, intestinal tissues of cyno-
molgus monkeys may also have more enzymes as well as
17p-HSD type 2 and So-reductase and use steroid which is
different from T as the first precursor for successive steps,

To determine if these steroids were also synthesized in
vivo, we examined steroids in the cecum tissues by T-RIA
and androstenedione-ELISA and compared them with the
steroids in serum detected by T-RIA. In this experiment, we
used a mixture of serum samples (i.e., samples from five
monkeys combined into a single mixture) to determine the
average relative concentrations of serum steroids. Previous
studies (Bercu et al., 1983; Plant and Dubey, 1984) reported
that the secretion of T shows a pulsatile pattern and that
serum T concentrations fluctuate for several hours. On the
other hand, temporal changes in serum 5c-DHT concentra-
tions have not been reported. Stercids detected in the
cecum tissues were different from those detected in serum,
and therefore our results suggest that steroids were also
synthesized in vivo. In the incubation with the intestinal tis-
sue preparation, a great portion of T was converted into
androstenedione, and T hardly remained after 30 minutes.
Neverthless only a small amount of androstenedione and a
large amount of T were detected in intestinal tissues. Thus,
we supposed that androstenedione synthesized excessively
was an arlifact produced under in vitro experiment condi-
tions, Sano ef al. (2001) suggested that 17B-HSD type 2 in
the gastrointestinal tract might take part in the inactivation of
excessive endogenous and exogenous active sex steroids.
We observed both the conversion from T to androstenedi-
one that was involved in biological inactivation and the con-
version from T to 50-DHT that was involved in biological
activation. Therefore, we propose that the enzymes
expressed in the intestine might act cooperatively to regu-
late biological activity of the steroids in the intestine itself.
Between T-RIA and androstenedione-ELISA, we judged T-
RIA to be the more useful assay for this study, because it
detected more intestinal steroids (androstenedione, T, 5a-
DHT, and the unidentified substance detected in fraction 5)
by cross-reactivity of the antibody used.

To determine if these steroids were also synthesized in
other segments and released into the intestinal cavities, we
examined steroids in the tissues and contents of six intesti-
nal segments by T-RIA. The results suggest that steroids
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detected in the intestinal contents were released from the
intestinal tissues of the six segments. We then localized T
in the six segments by using immunoflucrescence. Immuno-
histochemical demonstration of the steroids still left plenty of
room for dispute. For example, fixatives such as formalde-
hyde solution and Bouin's solution are not able to fix with
certainty the steroids themselves in the cells or tissues for
immunochemical reaction. However, according to Kawaoi et
al. (1978), if the enzymes that localize in the microsomal or
mitochondrial fraction and catalyze the biosynthesis of the
steroids are properly fixed, the stercids bound to these
enzymes could be indirectly stabilized in the cells. Indeed,
many researchers have localized steroids in paraffin-
embedded fixed tissues by using immunchistochemistry
(Dornhorst and Gann, 1978; Kurman et al., 1979; Wong et
al., 1984; Dobashi et al., 1985; Peute st al., 1989; Regadera
et al,, 1991; Liang et al,, 1999, 2000). The present observa-
tions of steroids localized in the epithelia of all six intestinal
segments are compatible with the results from T-RIA. This
result is also consistent with the reports demonstrating the
existence of steroidogenic enzymes in the gastrointestinal
tract in rats (Dalla Valle et al., 1992; Le Goascogne et al.,
1995; Ueyama ef al., 2002) and humans (Sano et al,, 2001)
by bischemical and immunohistochemical means. Steroids
have been generally considered to be secreted as endo-
crine agents from steroidogenic cells to blood {Ojeda and
Griffin, 1996). However, our demonstration of steroids in the
intestinal cavities suggests the possibility that intestinal ste-
roids can also function as exocrine agents.

T and 50-DHT are major androgens. The T concentra-
tions in serum correlate with age and sex (Steiner and
Bremner, 1981; Westahl et al, 1984; Meusy-Dessolle and
Dang, 1985; Yoshida, 1990). Thus, to determine if concen-
trations of these steroids in the intestine also correlate with
age and sex, we measured concentrations of T and 5a-DHT
in the feces of 12 immature and mature monkeys of both
sexes. Cynomolgus monkeys are immature at 1 to 2 years
of age and mature at 10 years of age (Steiner and Bremner,
1981; Meusy-Dessolle and Dang, 1985; Yoshida, 1990). In
our study, steroids were detected in the feces of both imma-
ture and mature monkeys of both sexes, and their levels
were not affected by the age or sex of animal. Furthermore,
immunofluorescence showed that the distribution of T in the
intestines did not differ with age in male monkeys. Thus, the
characteristics of steroids released in the intestines seem to
be different from those found in serum.

Although the specific function of intestinal steroids is still
not known, some effects of T in the intestines have been
reported, such as the following: 1) T treatment induces
increased uptake and concentrations of 1,25-dihydroxy vita-
min D3 in intestines {Otremski et al, 1997); 2) T enhances
cell profiferation in the epithelia of small intestines (Carriere,
1966; Wright and Morley, 1971; Wright et al,, 1972; Tutton
and Barkla, 1982); and 3) T is an important factor for deter-
mining susceptibility of small intestines to Toxoplasma gondii
infection {Liesenfeld et al, 2001). For these effects, the
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source of the steroid in intestines is considered to be ste-
roidogenic organs, such as gonads and adrenals, whereas
our study demonstrates the synthesis of steroids in the intes-
tinal tissues themselves. Most of the released steroids were
excreted outside the body as feces without being converted,
although various conversions are accomplished in the intes-
tine by enzymes produced by the digestive system of the host
animal or microbes (Stevens, 1988). Thus, the intestinal ste-
roids seem to have different aspect from classical serum ste-
roids, e.g., in their effects as pheromones in humans (Cowley
and Brooksbank, 1991; Grosser et al., 2000}.

In conclusion, we have shown that intestinal steroids in
cynomolgus monkeys are synthesized in the intestinal tissues
themselves. Released steroids were detected not only in
intestinal cavities but also in feces. These results suggest the
possibility that intestinal stercids are paracrine or exocrine
agents. Therefore, further study should focus on whether there
is a steroid receptor in the intestinal tissues. Some studies
(Labrie, 1991; Baulieu, 1997; Tsutsui et al, 2000) have
revealed new functions of steroids, such as neurostercids,
from organs other than classical steroidogenic argans. Our
findings contribute to these new research directions.
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Abstract

We characterized senile plagues (SPs) immunochistochemically in cynomolgus monkey brains and also examined age-related
biochemical changes of Alzheimer’s disease (AD)-associated proteins in these brains from monkeys of various ages. In the neocortex
of aged monkeys (>20 years old), we found SPs but no neurofibrillary tangles (NFTs). Antibodies against p-amyloid precursor
protein (APP) or apolipoprotein E (ApoE) stained SPs; however, the pattern of immunostaining was different for the two antigens.
APP was present only in swollen neurites, but ApoE was present throughout all parts of SPs. Western blot analysis revealed that the
pattern of APP expression changed with age. Although full-length APP695 protein was mainly expressed in brains from young
monkeys (4 years old), the expression of full-length APP751 protein was increased in brains from older monkeys (>20 years old).
Biochemical analyses also showed that levels of various AD-associated proteins increased significantly with age in nerve ending
fractions. Both SP-associated (APP) and NFT-associated proteins (tau, activated glycogen synthase kinase 3f, cyclin dependent
kinase 5, p35, and p25) accumulated in the nerve ending fraction with increasing age; however, we found no NFTs or paired helical
filaments of tau in aged cynomolgus monkey brains. This age-related accumulation of these proteins in the nerve ending fraction was
similar to that observed in our laboratory previously for presenilin-1 (PS-1). The accumulation of these SP-associated proteins in
this fraction may be a causal event in the spontaneous formation of SPs; thus, SPs may be formed initially in nerve endings. Taken
together, these results suggest that intensive investigation of age-related changes in the nerve ending and in axonal transport will
contribute to a better understanding of the pathogenesis of neurodegenerative disorders such as AD.
© 2003 Elsevier Inc. All rights reserved.
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Alzheimer’s disease (AD) is a progressive neurologi-
cal disorder that is histopathologically characterized by
the presence of senile plaques (SPs) in cerebral neocortex
and by neurofibrillary tangles (NFTs) in neurcns [1].
SPs are generated by the deposition of B-amyloid pep-
tide (AP) fibrils, which are derived from amyloid pre-
cursor protein (APP) [2]. Mutant APP is one causative
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factor underlying early-onset familial Alzheimer’s dis-
ease (FAD) and mutations of APP result in increased
accumulation of Af in the brain [3-5]). APP is sensitive
to proteolysis by a-, B-, and y-secretases and cleavage by
B- and y-secretases of APP leads to the generation of AR
[6-8]. Apolipoprotein E (ApoE) is also associated with
SP formation [9-13]. ApoE is known to play a key role
in lipid transport and metabolism, and is also important
for neuronal repair [14]. There are three isoforms of
ApoE (ApoE2, ApoE3, and ApoE4) that are encoded
by different alleles £2, £3, and e4. The presence of ApoE4
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1s a major risk factor for sporadic and late-onset (>60
years old) AD [10,11,15-21].

Tau, a microtubule-associated protein, is the major
component of paired helical filaments (PHF-tau) and
NFTs [22-25]. Both PHF-tau and NFETs result from
hyperphosphorylation of tau [22-25]. The most relevant
protein kinases involved in tau hyperphosphorylation
are glycogen synthase kinase 3B (GSK3B) and cyclin-
dependent kinase 5 (CDK5) [26-28]. GSK3p, a serine/
threonine kinase, reduces microtubule binding of tau
and decreases microtubule stability [25,2%,30]. CDK35,
another serine/threonine kinase, is a neuron-specific
cyclin-dependent kinase that is activated by p35 and by
its cleavage product, p25 [31,32]). Recent studies have
shown that AP induces the deregulation of GSK3p and
CDKS5 [33,34].

In brains from aged cynomolgus monkeys, particu-
larly in those from monkeys over 20 vyears old, SPs
spontaneously deposit in the neocortex; thus, the cyno-
molgus monkey is a useful animal model to investigate
AP pathology [35]. We previously described in detail the
localization and age-related changes of presenilin-1 (PS-
1) in the brains of cynomolgus monkeys [36]; PS-1 is a
causative factor of FAD that deleteriously affects APP
" processing. In the present study, we characterized SPs

and NFTs immunchistochemically in brains from
young, adult, and aged cynomolgus monkeys. Age-re-
lated changes in the subcellular distributions of AD-
associated proteins were also assessed biochemically,

Materials and methods

Animals. Thirty cynomolgus monkey (Macaca fascicularis) brains
were used in this study. Of these, 9 brains were from young monkeys
(age: 4-8 years), 16 were from adult monkeys (age: 11-22 years), and 5
were from aged monkeys (age: 30-36 years).

With the exception of 2 cases {cases 22 and 23), the frontal, tem-
poral, and oceipital lobes were used for immunchistochemical studies
of 8Ps and NFTs in neocortex. Occipital lobes of 10 cases {cases [-4,
20-23, 27, and 30) were used for Western blot analyses.

All brains were obtained from the Tsukuba Primate Center, Na-
tional Institute of Infectious Diseases, Japan. All animals were housed
in individual cages and maintained according to the National Institute
of Infectious Disease rules and guidelines for experimental animal
welfare. Only one monkey (case 30) died naturally, The remaining
animals were deeply anesthetized with pentobarbital. Tissue blocks
were embedded in paraffin for sectioning. Table 1 summarizes the age
and sex of the animals and indicates which cases were used for im-
munohistochemical or biochemical analyses.

Antibedies. For immunohistochemical investigations, a mouse
monoclonal antibody against Ap (4G8; Signet, Dedham, MA) was
used for detecting SPs and a mouse monoclonal antibody against

Table !
Cynomolgus monkeys used in the present study

Case Age (years) Sex SP NFT Expertmental purpose
1 4 M ND ND IH&WB
2 4 M ND ND IH&WB
3 4 M ND ND IH&WB
4 4 F ND ND TH&WB
5 6 M ND ND IH
6 7 M ND ND IH
7 7 M ND ND TH
8 8 F ND ND IH
9 38 M ND ND IH

10 11 F ND ND IH

11 11 M ND ND IH

12 13 F ND ND IH

13 13 F ND ND IH

14 17 F ND ND IH

15 17 F ND ND IH

16 17 M ND ND H

17 17 M ND ND IH

18 20 F ND ND H

19 20 F + ND IH

2 20 F + ND IH&WB

21 21 M + ND IH&WB

22 21 M NT NT WB

23 21 M NT NT WB

24 22 F + ND IH

25 22 M + ND IH

26 30 M + ND 1H

27 30 F + ND IH&WB

28 33 F + ND IH

29 35 F + ND IH

30 36 M + ND - TH&WB

SP, senile plaques; IH, immunochistochemistry; WB, Western blotting;, M, male; F, female; +, detected; NI, not detected; NT, not tested.
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PHF-tau (ATE; Innogenetics, Belgium) was used for detecting NFTs.
Characteristics of SPs were studied using the following antibodies:
rabbit polyclonal anti-APP (B-APPgs: Zymed Laboratories, San
Francisco, CA), goat polyclonal anti-ApoE (APO-E: Chemicon,
Temecula, CA), mouse monoclonal anti-tau (Tau-1; Chemicon),
mouse monocional anti-GSK3p (GSK: Transduction Laboratories,
Lexington, KY), rabbit polyclonal anti-phospho-GSK3p (89; Cell
Signaling Technology, Beverly, MA), rabbit polyclonal anti-CDK5
{C8: Santa Cruz Biotechnology, Santa Cruz, CA), and rabbit poly-
conal anti-p35 (C19; Santa Cruz Biotechnology).

For Western blotting. B-APPgs, APO-E. Tau-1, GSK. 89, C8, and
C19 were used to assess age-related changes in the subcellular locali-
zation of APP, tau, GSK3B, CDKS5, and p35, respectively. B-APPggs
reacts with all three forms of B-APP (B-APPy;:. B-APP:s. and B-
APP;3) and recognizes the APP C-terminal fragment (BCTF} resulting
from cleavage by B-secretase. C19 recognizes p35 and p25, a truncated
form of p35.

Immunohistochemistry. Sections were deparaffinized using the au-
toclaving method for Smin at 121°C and then incubated free floating
in primary antibody solution overnight at 4°C. Primary antibody di-
lutions were: ATS (1:100), B-APPgs (1:200), APO-E (1:300), Tau-1
(1:100), GSK (1:100), §9 (1:50), C8 (1:200), and C19 (1:200). Alternate
sections were pretreated with 99% formic acid and then incubated in
4GS solution (1:150) overnight at 4°C. Following brief washes with
buffer, the sections were sequentially incubated with either biotinylated
goat anti-mouse, goat anti-rabbit, or rabbit anti-goat IgG (1:400;
Vector Laboratories, Burlingame, CA), followed by streptavidin-bio-
tin-horseradish peroxidase complex (sABC kit; DAKO, Denmark).
Immunoreactive elements were visualized by treating the sections with
3,3-diaminobenzidine tetroxide (Dojin Kagaku, Japan). The sections
were then counterstained with hematoxylin.

For double immunohistochemistry, sections were deparaffinized
using the auwtoclaving method for 10min at 121°C, pretreated with
9%% formic acid, and then incubated free floating in primary antibody
solutions containing 4G8 (1:150) and either B-APPgys (1:200) or APO-
E (1:300) overnight at 4°C. 4G8 was conjugated to Alexa 488 using
Zenon One Mouse 1gGy, (Molecular Probes, Eugene, OR) before in-
cubation in primary antibody solutions. Sections were then incubated
with Alexa 568-conjugated poat amti-rabbit IgG (1:500; Molecular
Probes) or Alexa 568-conjugated rabbit anti-goat IgG (1:500; Molec-
ular Probes) for 2h at room temperature, The sections were examined
with a Radiance 2000 KR3 confocal microscope (Bio-Rad, UK).

Swhceflular fractionation of menkey brains. Subcellular fractions
were prepared at 0—4 °C from occipital lobes of 10 monkeys (cases 1-4,
20-23, 27, and 30) as described by Tamai et al. [37]. The sucrose
solutions were prepared in a buffer containing 10 mM Tris~-HCl (pH
7.6), 0.25mM PMSF, and 1mM EDTA. Brain tissu¢ (~1.0g) was
homogenized in a glass homogenizer with 10ml of 0.32M sucrose
solution and then centrifuged at 1000g for 10 min. The pellet (P1) was
resuspended in (.32M sucrose and this solution was layered over a
discontinuous density gradient consisting of 1.2 and 0.85M sucrose
solutions. The suspension was centrifuged at 75,000g for 30min in a
Hitachi RPS-27 swing rotor to separate out P1 myelin and nuclei
fractions. The supernatant (S1) from the P1 fraction was centrifuged at
13.000g for 15min to yield the P2 fraction. The supernatant (82) from
the P2 fraction was centrifuged at 105,000g for 60min to obtain
the microsomal (pellet) and cytosol (supernatant) fractions. P2 was
resuspended in (.32 M sucrose, layered over a sucrose density gradient
consisting of 1.2 and 0.85 M sucrose solutions, and then centrifuged at
105,000g for 60min to isolate the mitochondrial fraction. P2 myelin
and synaptosome fractions separated as interface bands between the
0.32 and 0.85M sucrose layers and the 0.85 and 1.2 M sucrose layers,
respectively. The P1 and P2 myelin fractions were combined, diluted
with ice-cold water, homogenized, and then centrifuged at 13.000g for
15 min to sediment the myelin fraction. The P2 synaptosomal fraction
was diluted in sucrose solution (final concentration: 0.85 M), lavered
over a solution of 1.2 M sucrose, and centrifuged at 75,000g for 30 min.

The purified nerve ending (synaptosome and synaptic plasma mem-
brane) fraction separated as the interface between these two sucrose
solutions.

Inmmnoblorting. To normalize the loading variance and confirm the
purity of the three subeellular fractions, we immunoblotied the frac-
tions as described previously [36]. Immunoblots for calnexin, neuronal
nuclei, and synaptophysin served as controls. ER and vesicles in mi-
crosomal and nuclear fractions were examined with a rat monoclonal
antibody against calnexin (Transformation Research, Framingham.
MA). The nuclear fraction was examined with a mouse monoclonal
antibody against neuronal nuclei (NeuN: Chemicon) and the nerve
ending fraction was examined with a mouse monoclonal antibody
against synaptophysin (DAKO).

Western blot analrses, Western blot analyses were performed to
assess age-related changes in the subcellular distribution of each AD-
associated protein. In cases 1-4, 20-23, 27, 28, and 30, brain homo-
genates {rom the occipital lobes were fractionated by sucrose gradient
centrifugation into microsomal, nuclear, and nerve ending fractions.
The proteins in each fraction were adjusted to 30 g and then each
fraction was analyzed using SDS~polyacrylamide gel electrophoresis
(SDS-PAGE using 12.5% acrylamide gels). Separated proteins were
blotted onto polyvinylidense fluoride membranes (Immobilon P. Mil-
lipore, Bedford, MA).

The membranes were blocked with 5% nonfat dried milk in 20mM
PBS (pH 7.0} and 0.1% Tween 20 overnight at 4 °C and then incubated
with primary antibodies (B-APPus. 1:2000; APO-E, 1:3000; Tau-1,
1:2000; GSK, 1:10,000; §9, 1:1000; C8, 1:2000; and C19, 1:2000) for 1 h
at room temperature, They were then incubated with either horse-
radish peroxidase-conjugated goat anti-mouse IgG. mouse anti-rabbit
IgG. or rabbit anti-goat IgG (1:6000, Jackson Immunoresearch Lab-
oratories, West Grove, PA) for | h at room temperature. Immunore-
active elements were visualized using enhanced chemiluminescence
(ECLplus, Amersham, UK).

Data analvses. To confirm the reproducibility of age-related
changes of each protein. immunoreactive bands obtained from the
Western blots were quantified using commercially available software
{Quantity One: PDIL, Upper Saddie River, NJ). Data are shown as
means £8D. For statistical analyses, one-way ANOVAs were per-
formed followed by the Bonferroni/Dunn post hoc test.

Results
Immunohistochemistry

With the exception of one case (case 18), 4G8
strongly immunostained SPs (Fig. 1A) in brains from
monkeys older than 20 years. Although SPs were im-
munostained in older brains, NFTs were not immuno-
stained with ATS, a specific marker for PHF-tau; this
was the case even for the brain of the most aged monkey
(case 30) (data not shown).

The immunohistochemical characteristics of SPs were
determined using various antibodies against AD-related
proteins. B-APPgy; immunostained swollen neurites in-
volved in SPs, which appeared as punctate and granular
structures (Fig. 1B). APO-E also immunostained SPs,
but the pattern of immunostaining was different from
that of B-APPss. APO-E immunostained almost the
entire area of SPs equally (Fig. 1C). Because NFT's were
not immunostained in any of our preparations, as ex-
pected, we observed no ATS8-immunopositive SPs
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Fig. 1. Photomicrographs of temporal lobe sections containing im-
munostained SPs. Sections are from a 36-year-old monkey (case 30).
Adjacent sections were immunostained with the SP-specific antibody
4G3, the anti-APP antibody B-APPgs, the anti-ApoE antibody APO-
E, or the anti-PHF-tau antibody AT8. (A) 4G8 immunostained SPs in
a punctate manner. (B) B-APPgs immunostained only swollen neurites
involved in SPs. A higher-magnification view is shown in the inset. (C)
APO-E uniformly immunostained SPs. (D) AT8 failed to immunostain
SPs. Scale bars: 50 pm.

(Fig. 1D). PHF-tau, therefore, was absent in SPs in the
brains from aged monkeys.

We carried out double immunostaining experiments
to confirm the patterns of p-APPgs and APO-E im-

munostaining of SPs. [-APPgs immunostained only
swollen neurites involved in SPs (Fig. 2B). The pattern
of 4G8 immunostaining, however, did not correspond to
that of B-APPeys {Fig. 2C). In contrast, APO-E evenly
immunostained the entire surface of SPs (Fig. 2D). The
patterns of 4G8 and APO-E immunostaining corre-
sponded well (Fig. 2F).

Inmymunoblotting

In immunoblots containing proteins from micro-
somal and nuclear fractions, anti-calnexin immuno-
stained a 95kDa band representing vesicles and ER
associated with nuclear membranes; immunostaining
intensity was unchanged with age (data not shown).
NeuN immunostained two bands (46-48kDa) repre-
senting neuronal nuclear components. In immunoblots
containing proteins from nerve ending fractions, anti-
synaptophysin immunostained a 38kDa band. The
intensity of NeuN and anti-synaptophysin immuno-
staining remained the same across all age groups (data
not shown).

Western blotting and data analysis

First, we investigated the subcellular distribution and
age-related changes of two SP-related proteins, APP and
ApoE. [(-APPg; immunostained two bands (100-
120 kDa) representing full-length APP695 and APP751

Fig. 2. Photomicrographs of occipital lobe sections containing SPs from a 33-year-old monkey (case 28). Sections were double immunostained with
4G8 and either B-APPgs or APO-E. (A~C) Double immunostaining with 4G8 (A) and B-APPs (B) reveals that APP localizes to swollen neurites
involved in SPs, but not to the SP itself. A higher-magnification view is shown in the inset [ef. (C), merged image of {A,B)]. (D-F) Double im-
munostaining with 4G8 (D) and APO-E (E) indicates that Apo-E localizes to the entire SP [cf. (F), merged image of (D,E)]. Scale bars: 50 um.
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(Fig. 3). In brains from 4-year-old monkeys, APP695
was more abundant than APP751 in all fractions (Fig. 3).
Moreover, in nuclear and nerve ending fractions, the
amount of APP695 increased with age (Figs. 3 and 4A).
The intensity of B-APPgys immunostaining of APP751]
was much stronger in brains from adult and aged
monkeys compared to that in brains from young mon-
keys (Fig. 3). Furthermore, in nuclear and nerve ending
fractions, the amount of APP751 significantly increased
with age (Fig. 4B). B-APPgs also immunostained a
~15kDa band representing fCTF (Fig. 3). The amount
of BCTF in nerve ending fractions increased relatively
with age (Fig. 4C). APO-E immunostained a ~34kDa
band in blots containing all fractions and the intensity of
APO-E immunoreactivity was the greatest in blots
containing microsomal fractions (Fig. 3). In microsomal
fractions, ApoE levels increased significantly with age,
whereas in nuclear -and nerve ending fractions, there

MS N NE
4¥ 27 30 4Y 2Y 30Y  4Y 20Y 307
APP &= . 2@ o=
BCTF NS NN
ApoE i ey
Tan
GSK3p
Ser-9-GSK3p
CDKS
p3S5&p25 e

Fig. 3. Western blots showing the expression of Alzheimer's disease-
associated proteins in microsomal, nuclear, and nerve ending fractions
from brains of various aged monkeys. p-APPgs immunostained two
~100-120kDa bands representing full-length APP695 (lower band)
and APP75] (upper band). B-APPg; also immunostained a ~15kDa
band representing BCTF. APO-E immunostained a ~34kDa band
representing ApoE. Tau-1 immunostained 52-68kDa bands repre-
senting non-phosphorylated tau (arrowhead: 52 kDa band). GSK im-
munostained a 46kDa band representing GSK3B. 59 also
immunostained a 46kDa band representing Ser-9 phosphorylated-
GSK3p, an inactive form of GSK3p. C8 immunostained a ~35kDa
band representing CDKS. C19 immunostained two 30-35kDa bands
representing p35 (upper band) and p25 (lower band), respectively.
Lanes contained fractions derived from the brains of young, adult, and
aged monkeys, as follows: 4Y, 4-year-old monkeys (case 1); 20Y, 20-
year-olds (case 20); and 30Y, 30-year-old (case 27). MS, microsome
fraction; N, nuclear fraction; and NE, nerve ending fraction.

were no significant age-related changes in ApoE
(Fig. 4D).

Second, we investigated the subcellular distribution
and age-related changes of several NFT-related pro-
teins, Tau-1, GSK3p, CDKS35, p35, and p25. Tau-l
immunostained bands (52-68 kDa} representing non-
phosphorylated tau proteins (Fig. 3). In both nuclear
and nerve ending fractions, non-phosphorylated tau
protein (i.e., the 52kDa band indicated by an arrow-
head in Fig. 3} significantly increased with age. GSK
immunostained a 46kDa band in blots containing all
fractions (Fig. 3). GSK3fp failed to show any re-
markable age-related changes in any of the fractions
assessed (Fig. 4F). §9, which recognizes the Ser-9-
phosphorylated, inactive form of GSK3p, also im-
munostained a 46kDa band in blots containing all
fractions (Fig. 3). Although not significant, the
amount of inactive GSK3p in synaptosomal fractions
decreased with age (Fig. 4G). In blots containing all
fractions, C8 immunostained a ~35kDa representing
CDKS, a tau kinase (Fig. 3). In nerve ending frac-
tions, CDKS significantly increased with age (Fig. 4H).
C19 immunostained two bands (30-35kDa) repre-
senting p35 and p25 in blots containing all fractions
(Fig. 3). The amount of p35 in nerve ending fractions
and that of p25 in all fractions increased with age
(Figs. 41 and J). The age-related increase of p25 was
statistically insignificant.

Discussion

In a previous study, we described age-related changes
in the localization of PS-1in the cynomolgus monkey
brain [36]. Given the important implications of these
findings linking presenilins (P5-1 and PS-2) and AD
pathogenesis, it became apparent that other AD-asso-
ciated proteins should also be investigated to further
clarify the role of these proteins in AD.

In the present study, immunohistochemical and bio-
chemical methods were used to determine the charac-
teristics of SPs and to investigate the age-related changes
of AD-assoctated proteins in brains from young, adult,
and old cynomolgus monkeys.

We confirmed immunohistochemically that APP and
ApoE colocalize with SPs in brains from aged cyno-
molgus monkey (Figs. 1B and C); their immunostaining
patterns, however, were different. Although APP was
found in swollen neurites involved in SPs (Fig. 1B),
double immunaostaining with B-APPgs and the SP-spe-
cific antibody 4G8 showed that f-APPgs and 4G8 im-
munoreactivity did not overlap (Figs. 2A-C). In
contrast, SPs immunostained uniformly for ApoE
(Fig. 1C). Moreover, double immunostaining showed
that both APO-E and 4G8 completely overlapped (Figs.
2D-F).
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Fig. 4. Age-related changes in the amount of Alzheimer’s disease-associated proteins in microsomal, nuclear, and nerve ending fractions from the
brains of various aged cynomolgus monkeys. Proteins from each fraction were separated by SDS-PAGE and immunoblotted with appropriate
antibodies. Immunoreactivity of the resulting bands were quantified and data from the various fractions from old monkeys were compared to those
measured from the microsomal fractions from 4-year-old monkeys, *p < 0.02. (A) Analysis of full-length APP695. The amount of full-length APP695
in the nerve ending fraction significantly increased with age. (B} Analysis of full-length APP751. In this analysis, immunostaining intensity of full-
length APP695 in microsomal fractions from the brains of 4-year-old monkeys was used as the standard. The amount of full-length APP751 in both
nuclear and nerve ending [ractions significantly increased with age, (C) Analysis of BCTF. BCTF in the nerve ending fraction increased with age. (D)
Analysis of ApoE. ApoE in the microsomal fraction significantly increased with age. (E) Analysis of normal 52kDa tau. Tau in all three fractions
increased with age. Increases in both nuclear and nerve ending fractions were significant. (F) Analysis of GSK3p (total protein). GSk3 in the mi-
crosomal fraction from brains of monkeys 20 years of age and older (20+) increased significantly. This increase, however, was not age-related. (G)
Analysis of Ser-9 phosphorylated-GSK3p (inactive form), Ser-9 phosphorylated-GSK3p in nerve ending fractions decreased with age. (H) Analysis
of CDK35. CDKS in nerve ending fractions increased significantly. (I} Analysis of p35. P35 in nerve ending fractions increased. (J) Analysis of p25.
P25 in all three fractions increased slightly. Key: 4, 4-year-old monkey (cases 14, N = 4); 20+, 20- to 21-year-old (cases 20-23, N = 4); and 30+, 30-
and 36-year-old monkeys {cases 27 and 30, N = 2). MS, microsome fraction; N, nuclear fraction; and NE, nerve ending fraction.

Because APP is a precursor protein of A [2], we seemed quite reasonable, since the accumulation of APP
hypothesized that APP accumulation in swollen neurites or BCTF within swollen neurites that are already in-
may occur before or via SP formation. This hypothesis volved in SPs is unlikely. SPs are thought to be formed
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by the ApoE-mediated binding and transport of Ap [10-
13,38,39]. This idea is consistent with our findings that
the pattern of 4G8 immunostaining of SPs completely
overlaps that of APO-E (Figs. 1C and 2D-F). Thus, in
cynomolgus monkeys, ApoE may also be associated
with AP transport and SP formation. Unfortunately,
SPs associated with NFTs or PHF-tau were not ob-

- served, even in brain sections from our most aged
monkey (i.e., 36 vears of age) (Fig. ID).

The biochemical analyses showed that the levels and
subcellular distribution of some AD-assoctated proteins
change with advancing age (Figs. 3 and 4). The subcel-
lular distribution and age-related changes of two SP-
associated proteins, APP and ApoE, were investigated
first. In cynomolgus monkey brains, APPG95 and
APP75], rather than APP770, are mainly expressed [40].
In the present study, we showed that APP695 expression
mainly occurs in young monkey brains and APP751
expression increases with age (Fig. 3). This is the first
study to show that APP variants are differentially ex-
pressed during aging. Although the amount of APP695
increased significantly only in the synaptosomal frac-
tion, the amount of APP751 increased significantly in
both nuclear and nerve ending fractions (Fig. 4B). SPs
are mainly found in the brains of older monkeys (i.e.,
>20 years old) [35]. We found that APP751 expression
began to significantly increase in brains from monkeys
over 20 years of age. Taken together, these findings
suggest that AP overproduction in the brains of aged
cynomolgus monkeys may be caused more likely by
APP751 than by APP695. Overproduction of A, in
turn, may lead to SP formation.

" In all fractions examined, B-APPgs also immuno-
stained BCTF, an APP C-terminal fragment resulting
from P-secretase cleavage of APP (Fig. 3). Similar to
APP, the amount of BCTF also increased in the nerve
ending fraction, although not significantly (Fig. 4C).
These results are consistent with our previous findings
showing that PS-1 accumulates in nuclear and nerve
ending fractions [36}, that APP trafficking from the ER
to the trans-Golgi network is regulated by PS-1 [41], and
that APP is transported to the axonal plasma membrane
by axonal transport [42,43]. Accumulation of APP in the
nuclear fraction, therefore, may be caused by age-related
accumulation of PS-1 [36], whereas accumulation of
APP and BCTF in the nerve ending fraction may be
caused by age-related reduction of axonal transport.
Taken together, the accumulation of both axonal APP
and PS-1 (i.e., those that accumulate in the nerve ending
fraction) might be responsible for APP-immunoreac-
tivity in swollen neurites involved in SPs (Fig. 1B) [36].
Moreover, the accumulation of APP and BCTF in syn-
aptosomes and/or synaptic plasma membranes may lead
to AP overproduction in these compartments, and the
accumulated AP, in turn, may accelerate SP formation.
Thus, the nerve ending may be where SPs are initially
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formed or may be significantly associated with sponta-
neous SP formation that occurs with advancing age.

In contrast to APP, ApoE mainly localized to the
microsomal fraction (Fig. 3). The amount of ApoE in
this fraction significantly increased with age (Fig. 4D).
In nuclear and perve ending fractions, the amount of
ApoE was unchanged across all ages of cynomolgus
monkeys examined (Fig. 4D). These findings lead us to
conclude that extracellularly secreted ApoE, not intra-
cellular ApoE, may participate in SP formation.

Neither NFTs nor PHF-tau was detected in our
monkey brain sections immunostained with ATS, a
PHF-tau-specific antibody that recognizes hyper-
phosphorylated tau (Fig. 1D). On the other hand,
Western blot analyses of microsomal, nuclear, and nerve
ending fractions revealed that normal, unphosphory-
lated tau was present in all three fractions regardless of
age (Fig. 3). Moreover, the amount of tau in these
fractions increased with age; and as with APP731, the
age-related tau increase in nuclear and nerve ending
fractions was significant (Fig. 4E).

GSK3B and CDKS5 are very important tau kinases
associated with AD pathology [26-28,31,32,44]. In the
present study, age-related changes in GSK3p were as-
sessed with antibodies against active GSK3p (GSK) and
inactive Ser9-phosphorylated GSK3B (89), and age-re-
lated changes in CDKS5 were assessed with antibodies
against CDKS5 (C8) and p35 and p25 (C19). Although
GSK3p was found in all fractions (Fig. 3), no remark-
able age-related changes in total GSK3p were observed
(Fig. 4F). However, the amount of Ser®-phosphorylated
GSK3p in the nerve ending fraction decreased with age
(Fig. 4G). Even though this decrease was not significant,
these data suggest that GSK3f is activated in the nerve
ending fraction (Fig. 4E). As with GSK3p, CDKS5, p35,
and p25 were found in all three fractions regardless of
age (Fig. 3). Moreover, the amounts of CDKS5, p33, and
p25 in the nerve ending fraction increased with age
(Figs. 4H, I, and J). This increase was significant for
CDKS5 and p35, but not p25. These data suggest that,
similar to GSK3p, CDKS5 is activated and tends to ac-
cumulate in the nerve ending fraction.

In summary, the SP-associated protein APP, and the
NFT-associated proteins tau, activated GSK3p, CDKS5,
p35, and p25 that localized in nuclear fractions tended
to increase with age. Although we found that various
NFT-assoctated proteins accumulated in monkey brains
in an age-related fashion (Figs. 3, 4E-J), we did not
observe NFTs nor PHF-tau in any of our immunobhis-
tochemical preparations, even in those from our most
aged, 36-year-old monkey. In humans, NFTs, in con-
trast to SPs, tend to be found in brains from relatively
older individuals [45]. This may explain the disparity in
our biochemical and immunohistochemical findings.
Additional time (i.e., advancing age) might be necessary
for NFTs to spontaneously form or for PHF-tau to
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accumulate in the brains of cynomolgus monkeys. More
investigations along this line are warranted,

It is noteworthy for future research that AD-associ-
ated proteins accumulate in the nerve ending fraction. A
recent study showed that “cotton-wool” plaques (CWP)
are deposited in the synapse and nerve ending region
[46,47]. Axonal transport of neurofilaments also de-
creases with age; this decrease causes axons to be more
structurally fragile [43]. Compromised axonal structure
may initiate a cascade of events (e.g., axonal and syn-
aptic disturbances leading to neuronal disorders) that
ultimately may lead to neuronal cell death associated
with aging. Taken together, these results and recent
others point to 2 potentially fruitful plan of research
that focuses in on age-related changes in the nerve
ending. Findings from this line of research should reveal
details about the pathogenesis of AD and other neuro-
degenerative disorders.
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