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Tissues from adult Syrian hamsters were studied
with immunoperoxidase techniques using poly-
clonal antibodies to three antioxidant enzymes
(copper, zinc and manganeseforms ofsuperoxide
dismutase, and catalase). Tissues from labile or-

gans, in which cell renewal is prominent (uterus,
intestine, and transitional epithelium of the uri-
nary tract), showed strong antioxidant enzyme
immunostaining in differentiated cells but not in
stem cells. In stable organs, in which cell renewal
occurs at a high rate only in response to injury
(kidney and adrenal), each cell type showed a spe-
cificpattern ofantioxidant enzyme immunostain-
ing. In permanent organs (brain and heart), anti-
oxidant enzymes were regionally specific markers.
Axons ofthe cerebellum showed more intense anti-
oxidant enzyme staining than those ofthe cerebral
cortex; in the heart, atria stained more intensely
than ventricles. Germ cells of the testis resembled
cell renewal systems in their antioxidant enzyme-
immunostaining pattern: spermatogonia were
negative, whereas spermatozoa were stronglyposi-
tive. The tubules of the kidney showed no antioxi-
dant enzyme immunostaining until after birth.
Our results suggest that there is a prominent role
for antioxidant enzymes in cell differentiation dur-
ing development and cell renewal. (Am J Pathol
1990, 137:199-214)

Reactive oxygen species are constantly generated intra-
cellularly in aerobic organisms' -13 and are released extra-
cellularly during the respiratory burst of phagocytes.2
These reactive oxygen species, which include superoxide

anion (02:) hydroxyl radical (OH), hydrogen peroxide
(H202), organic peroxide radicals (RO0), and singlet mo-
lecular oxygen (102), are thought to be the major media-
tors of oxygen cytotoxicity.4-6 The discovery of an intra-
cellular system that detoxifies reactive oxygen species in
aerobic cells suggested that an oxidant-antioxidant equi-
librium exists in these cells.78 Major constituents of the
antioxidant system include 1) certain enzyme systems
(superoxide dismutase-catalase-peroxidase and glutathi-
one peroxidase-glutathione reductase-glucose-6-phos-
phate dehydrogenase), 2) nonenzymatic cellular compo-
nents (vitamins E, C, and A), and 3) low molecular weight-
reducing agents (glutathione and other thiols).

Reactive oxygen radicals have been implicated in
many pathologic processes, including mutagenesis, car-
cinogenesis, xenobiotic toxicity, postischemic tissue in-
jury, diabetes, and inflammatory disease.12 Most bio-
chemical studies linking oxygen radicals to pathologic
processes have used whole organs, and this has been a
problem with these studies; in mammalian systems, each
organ contains multiple cell types, each of which may be
affected differently by oxidative stress. Oxygen radicals
also have been implicated in three major physiologic pro-
cesses: aging,13 mitosis,14'15 and cell differentiation.16 Be-
cause of the possible importance of oxygen radicals in
both pathologic and physiologic processes, we thought
it was important to localize antioxidant enzymes (AE) in
various adult mammalian tissues. The present study dem-
onstrates that each cell type in the adult hamster has a
unique AE profile.

Materials and Methods

Animals

Noninbred Syrian golden hamsters (Mesocricetus aura-
tus) of both sexes, weighing 90 to 100 g, were purchased
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from Harlan Sprague-Dawley (Indianapolis, IN). They were
housed according to the guidelines of the United States
Department of Health and Human Resources (NIH 1985).
They were maintained on a 12-hour light-dark cycle and
fed rodent Certified Chow (5002 Purina) and tap water,
ad libitum. To obtain tissue for analysis, animals were
killed with methoxyflurane anesthesia. Three 6-month-old
hamsters were used for Western blot analysis of AEs. Six
6-month-old hamsters (3 male and 3 female) were used
for immunohistochemical analysis. Hamsters were rou-
tinely screened for infection in our animal care unit, and
only infection-free animals were used for our study. In ad-
dition, routine hematoxylin and eosin staining of sections
from major organs of the study animals showed no evi-
dence of infection or inflammation.

Fetal tissues and kidneys from newborn hamsters
were also examined. Pregnant female hamsters were
maintained as described above. Determination of estrus
period and breeding techniques followed standard proce-
dures.17 The gestation period of Syrian hamsters is 16
days, counting the day after mating as day 1. Fetuses
were obtained on the 13th and 15th days of gestation by
caesarean section while the mother was under methoxy-
flurane anesthesia. The uterus was opened and the fe-
tuses were killed by decapitation. Some pregnant ham-
sters were allowed to deliver, and the pups were killed 1
and 4 days after birth to obtain their kidneys. Two pups
of each age were examined by immunohistochemistry.
Two additional animals were killed at 4 weeks of age and
their kidneys were removed for immunohistochemical ex-
amination.

Antibody Preparation and Specificity Testing

Preparation and specificity testing of antibodies to man-
ganese superoxide dismutase (MnSOD), copper, zinc su-
peroxide dismutase (CuZnSOD), and catalase (CAT)
have been described.18'19 Bovine liver catalase (Sigma
Chemical Co., St. Louis, MO), bovine liver CuZnSOD (Di-
agnostic Data, Inc., Mountainview, CA), and human kid-
ney MnSOD (isolated by Dr. M. L. McCormick) were used
as antigens. The catalase preparation was protected from
inactivation by 4.5 ,umol/l (micromolar) NADPH.20 Antigen
purity was determined by native (7.5%) and denaturing
(12.5%) polyacrylamide gel electrophoresis; gels were
stained with Coomassie blue or silver reagents. New Zea-
land rabbits were immunized by subcutaneous injection
of 500 ,ug of antigen in complete Freund's adjuvant. After
4 weeks a boost of 750 ,g of antigen was given in incom-
plete Freund's adjuvant. For catalase, the rabbit was ex-
sanguinated 2 weeks later. For CuZnSOD, a 1-mg boost
of antigen was given intravenously 1 month later, followed
after 1 week by an intravenous 0.3-mg boost, and the
rabbit was exsanguinated 3 days after the final boost. For

MnSOD, two boosts of 0.3 mg were given subcutane-
ously at 3-week intervals and the rabbit was exsangui-
nated 1 week after the final injection.

For Western blot analysis of antibody specificity, pro-
tein was transferred to nitrocellulose from 12.5% (cata-
lase, MnSOD) or 15% (CuZnSOD) denaturing polyacryl-
amide gels by the method of Towbin et al.21 The nitrocellu-
lose sheets were blocked overnight at 4°C in a mixture of
10% bovine serum albumin, 10% fetal calf serum, and
TRIS-buffered saline (TBS: 10 mmol/l [millimolar] TRIS
HCI, 140 mmol/l NaCI, pH 8.0). The sheets were then
rinsed with TBS containing 0.05% Tween 20 and incu-
bated in a 1:250 (catalase), 1:300 (CuZnSOD), or 1:500
(MnSOD) dilution of whole rabbit antiserum for 4 hours,
after which they were rinsed and incubated in a 1 :10,000
dilution of goat anti-rabbit IgG antibody conjugated with
alkaline phosphatase (Sigma) for 2 hours. The blots were
rinsed twice with TBS-0.05% Tween 20 and once in alka-
line phosphatase-staining buffer containing 100 mmol/l
TRIS, 100 mmol/l NaCI, and 5 mmol/l MgCI2 at pH 9.5.
Staining was carried out in alkaline phosphatase-staining
buffer by adding 0.45 mmol/l 5-bromo-4-chloro-3-indolyl
phosphate and 0.244 mmol/l nitroblue tetrazolium.

To test the specificity of the antibodies, Western blot
analysis was performed on homogenized hamster kidney
cortex, heart, and skeletal muscle, and results were com-
pared with those from the purified antigen. For MnSOD
and CAT, the purified antigen comigrated with the immu-
nostained hamster protein, and only one band was pres-
ent on the Western blot. For CuZnSOD, the major band
migrated with the purified antigen; however, a few minor
bands were present. The same minor bands were recog-
nized by a commercial antibody (The Binding Site, Inc.,
San Diego, CA), suggesting that they are variants of CuZ-
nSOD or proteins with strong homology to CuZnSOD (un-
published observations). By Western analysis, there was
no evidence of cross-reactions of specific antibodies with
other AEs.

Immunohistochemistry

Tissues were fixed for 1 hour in 4% formalin in phosphate-
buffered saline (PBS: 10 mmol/l sodium phosphate, 133
mmol/l sodium chloride, pH 7.4) and embedded in par-
affin. Four micrometer-thick sections were mounted on
glass slides coated with poly-L-lysine (Sigma) to prevent
detachment and deparaffinized in three changes of xy-
lene, 2 minutes each, and 100% ethanol. Results from
these sections were the same as results from unfixed fro-
zen sections (unpublished results).

Endogenous peroxidase activity was blocked by a 5-
minute incubation in 3% H202 methanol. Slides were rehy-
drated in an ethanol series (1 minute each in 100%, 95%,
70%, and 50% ethanol) and 1 minute each in distilled wa-
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ter and 0.05 mol/l (molar) TBS (pH 7.4, 320C). All sections
were treated with a blocking agent, 10% normal goat se-
rum, for 20 minutes to reduce nonspecific staining of the
bridging antibody. Sections were incubated with the pri-
mary antibody (1:200) for 1 to 2 hours and rinsed with TBS
for 2 minutes. They were treated with bridging antibody
(biotinylated goat anti-rabbit 1 :100) for 30 minutes. Slides
were rinsed twice for 2 minutes with TBS and incubated
with the avidin-peroxidase complex (1:100) for 30 min-
utes. They were then rinsed three times in TBS for 6 min-
utes, after which the chromogen diaminobenzidene
(0.025% in TBS) was added together with a 3% aqueous
solution of H202. Color development was monitored and
stopped after 3 to 10 minutes, depending on the control.
Sections were rinsed in TBS, counterstained in 1% Harris
hematoxylin for 5 to 10 seconds, decolorized in Li2CO3
solution, rinsed, and dehydrated. Coverslips were

mounted with Permount. Duplicate slides were prepared
for each stain. Normal rabbit serum or preimmune serum

controls were run for each organ and antibody tested,
and antibody plus 100 ,g of antigen were preincubated
and used for staining; these controls were uniformly nega-
tive.

Results

Immunostaining of Antioxidant Enzymes
in Epithelial Cell-renewal Systems

Immunostaining for AEs was studied in the 25 tissues
listed in Table 1, which summarizes the results by organ

system. When these organs are classified as labile (cell
renewal continuously occurs at a high rate), stable (cell
renewal occurs at a very low rate), or permanent (mitosis
does not occur in the adult), generalizations can be made
about staining patterns of AEs. As an example of a cell
renewal system, we examined the uterine epithelium (en-
dometrium) (Figure 1). The deep glands of the uterus did
not stain with antibodies to AEs, whereas the more differ-
entiated cells of the epithelium lining the uterine cavity
showed moderate to intense immunostaining for all AEs.
The same was true for other cell renewal systems (hair
follicle, small and large intestine (Figure 2), and transitional
epithelium of the urinary tract) (Table 1). That is stem cells
did not stain, but differentiated cells stained intensely. In
general the most intense immunostaining in differentiated
epithelium of the cell renewal systems was for MnSOD,
which always stained in a granular fashion. The epidermis
was the only cell renewal system we studied in which the
differentiated cells did not stain more intensely than the
progenitor (basal) cells (see Discussion below).

Immunostaining of Antioxidant Enzymes
in Stable Organs

Stable organs such as kidney (Figure 3) and adrenal (Fig-
ure 4) have several differentiated cell types. Each of these
cell types showed unique antioxidant enzyme staining. In
the kidney, intense immunostaining with anti-MnSOD was
found in segments of the nephron that contain many mito-
chondria, including the S, and S2 but not the S3 segments
of the proximal tubule. In contrast, the glomeruli and col-
lecting ducts of the renal papilla showed no immunostain-
ing with anti-MnSOD. The thin loop of Henle showed light
immunostaining with anti-MnSOD; the distal tubule
showed light immunostaining in the convoluted portion
and heavy immunostaining in the straight portion (thick
loop of Henle). In all segments of the nephron where im-
munostaining with anti-MnSOD was observed, staining
was granular and in the cytoplasm. In contrast, immuno-
staining with anti-CuZnSOD was uniformly diffuse in the
cytoplasm. Glomeruli did not show immunostaining with
anti-CuZnSOD, whereas tubules stained moderately
throughout the nephron. Cytoplasm of the proximal tu-
bules showed granular immunostaining with anticatalase
but glomeruli did not stain. The remaining tubules showed
moderate, uniform, diffuse cytoplasmic immunostaining.
However, the collecting ducts in the renal papilla showed
intense, uniform, diffuse cytoplasmic immunostaining
with the anticatalase antibody.

The adrenal also showed cell type-specific patterns of
antioxidant enzyme immunostaining. The zona fascicu-
lata of the adrenal cortex showed intense granular cy-
toplasmic immunostaining with anti-MnSOD, while the
zona glomerulosa, zona reticularis, and adrenal medulla
were negative. The zonae glomerulosa and reticularis of
the adrenal cortex showed moderate, diffuse cytoplasmic
immunostaining with anti-CuZnSOD, while the zona fas-
ciculata and adrenal medulla did not stain. Antibody to
catalase immunostained the cytoplasm of cells of the
zonae fasciculata and reticularis in a granular fashion but
did not immunostain the zona glomerulosa or the adrenal
medulla.

Immunostaining of Antioxidant Enzymes
in Permanent Organs

The cerebellum (Figure 5) and heart (Table 1) were cho-
sen as examples of permanent organs in which mitosis
does not occur in adult life. The axons of the cerebellum
showed intense diffuse cytoplasmic immunostaining with
antibodies to catalase, whereas anti-CuZnSOD and anti-
MnSOD showed minimal staining. Cell bodies did not
show immunostaining with any of these antibodies. The
axons of the cerebral cortex also showed immunostaining
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Table 1. Immunoperoxidase Staining ofSelected Syrian Golden Hamster Tissues

Immunoperoxidase staining *t
Organ or system CuZnSOD MnSOD Catalase

Cardiovascular System
Heart

Atrium
Ventricle

Respiratory System
Trachea

Epithelium
Cilia of epithelium
Cartilage

Lung
Bronchial epithelium
Alveolus

Urinary System
Kidney (see Figure 3)

Glomerulus
Proximal tubule
Basal cell, transitional

epithelium of renal pelvis
Superficial cell, transitional

epithelium of renal pelvis
Female Reproductive System

Ovary
Follicle
Stroma

Oviduct (see Figure 8)
Epithelium (cytoplasm)
Cilia of epithelium

Uterus (see Figure 1)
Deep glands
Superficial glands

Liver
Hepatocyte
Bile duct

Endocrine Organs
Pancreas

Islet
Duct
Acinus

Thyroid
Epithelium

Parathyroid
Chief cell

Adrenal (see Figure 4)
Zona glomerulosa
Zona fasciculata
Zona reticularis
Medulla

Skin
Epidermis
Sebaceous gland
Sweat gland
Hair follicle epithelium (root)
Hair follicle epithelium (shaft)

Digestive System
Stomach

Surface mucous cell
Gland (neck)
Gland (base)

Small intestine
Villus
Crypt

Large intestine (see Figure 2)
Superficial epithelium
Goblet cell

Hematopoietic Organs
Spleen
Bone marrow

Megakaryocyte
Lymphoid cell
Myeloid cell
Erythrocyte precursor

2+ DC (diffuse)
2+ DC (focal)

2+ DC
4+ D
2+ DC

3+ DC
0

0
2+ DC

0

2+ DC

0
2+ DC

3+ DC
4+ D

0
2+ DC

1 + DC
tr DC

2-3+ DC
tr DC
0

1 + DC

3+ DC

3+ DC
tr DC
2+ DC
0

2+ DC
2+ DC
1 + DC
0
2+ DC

2+ DC
0
2+ DC

tr DC
0

1 + DC
0

0

0
0
0
0

3+ GC (diffuse)
4+ GC (focal)

2+ GC
0
2+ GC

2+ GC
0

0
4+ GC

0

1 + GC

0
0

2+ GC
0

0
4+ GC

1 + GC (focal 4+)
1 + GC

tr GC
0
0

0

0

tr GC
3+ GC
tr GC
0

1+GC
0
1 + GC
0
4+ GC

2+ GC
0
0 (3+, parietal cells)

1 + GC
0

4+ GC
0

0

2+ GC
0
0
0

2+ GC (diffuse)
4+ GC (focal)

2+ DC
0
2+ DC

1 + DC
2+ DCt

0
3+ GC

0

3+ GC

0
0

1 + DC
0

0
3+ DC

3+ GC
3+ DC

2+ DC (one cell type 4+)
2+ DC
0

1 + DC

0

tr GC
3+ GC
3+ GC
0

1 + DC
1 + DC
tr DC
0
3+ DC

3+ DC
0
0

3+ DC
0

4+ DC
0

0

0
0
2+ DC
0
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Table 1. (continued)

Immunoperoxidase staining*t

Organ or system CuZnSOD MnSOD Catalase

Male Reproductive System
Seminal vesicle epithelium 0 0 0
Prostate epithelium 1-2+ DC, N 0 tr DC
Testis (see Figure 6)

Mature sperm 1 + DC 3+ DC 1-2+ DC
Spermatogonium 0 0 0
Leydig cell 4+ DC 4+ GC 4+ DC
Sertoli cell 0 0 0

Central Nervous System
Brain

Choroid plexus 1 + DC 3+ GC 3+ DC
Neuron 0 Occasional 1 + GC 0
Axon 0 0 2+DC

Cerebellum (see Figure 5)
White matter 2+ DC tr DC 3+ DC
Purkinje cell 1 + DC 0 0

Mammary Gland
Large duct 4+ DC 0 (basal cells) 4+ DC

4+ (lumenal cells) GC
Small duct 2+ DC 1 + GC 3+ DC
Adipose tissue 0 0 0
* Staining scored on a scale of 0 (negative) to 4+ (strongly positive); tr, trace.
t G, granular staining; D, diffuse staining; C, cytoplasm; N, nucleus.
t One cell type, probably alveolar macrophage.

with anticatalase, but this was much less than in the cere-
bellum.

Both atria and ventricles showed antioxidant enzyme
immunostaining of cardiac muscle fibers. However, im-
munostaining for AEs was much more intense in atria than
in ventricles.

Immunostaining of Antioxidant Enzymes
in Testis

To study antioxidant enzyme immunostaining in germ line
cells, we immunostained hamster testes (Figure 6). Ma-
ture sperm showed cytoplasmic immunostaining for all
AEs, whereas spermatogonia were uniformly negative.
The strongest immunostaining was with anti-MnSOD.

Antioxidant Enzymes During Kidney
Development

The kidney was chosen as a stable organ in which to
study antioxidant enzyme immunostaining during devel-
opment (Figure 7). Kidneys of 13- and 15-day-old fetuses
showed no antioxidant enzyme immunostaining. One day
after birth, proximal tubules in the inner cortex showed
light granular immunostaining for all three enzymes, but
the outer cortex did not stain. By 4 days after birth, the
number and intensity of proximal tubules immunostained
had increased significantly; however, the adult pattern of
intense immunostaining of proximal tubules in both inner

and outer cortex was not observed until 4 weeks (Fig-
ure 3).

CuZnSOD in Ciliated Epithelium

Both trachea and oviduct (Figure 8) showed intense im-
munostaining of the ciliated epithelium with anti-CuZn-
SOD. This was not observed in other epithelia.

Discussion

The present study presents a detailed immunoperoxidase
study of the distribution of AEs in adult hamster tissues
and during kidney development. We have confidence in
our results because 1) for controls we used normal serum,
preimmune serum, and preincubation of antigen with anti-
body, 2) Western blot analysis indicated that the hamster
proteins identified were indeed the expected AEs be-
cause immunostained hamster protein(s) comigrated with
purified antigens and only one major band was present,
and 3) our previous studies of enzyme activity in the kid-
ney have yielded compatible results-specifically, fetal
kidney has much less SOD and catalase than does adult
tissue,2 and glomeruli have very low levels of antioxidant
enzyme activity.23 It should be emphasized that a nega-
tive immunoperoxidase result does not mean that the
organ has no antioxidant enzyme activity. Rather, it
means that the amount of enzyme is less than the level of
immunohistochemical detection. For example, we found



anti -CuZnSOD

a0AP

dilv *

anti-CAT NRS

ge:.
Figure 1. Immunoperoxidase staining ofhamster uterus. The epithelium lining the endometrial cavity shows impressive stainingfor
all three antioxidant enzymes (arrows), and anti-MnSOD (a) and anti-CAT (c) are especiallypronounced. Not shown are the deep
endometrial glands embedded in the uterine stroma, which were uniformly negativeforAE immunostaining. A control treated with
normal rabbit serum (NRS) did not show staining (d) (a-d: X 833).
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Figure 2. Immunoperoxidase staining ofhamster large intestine. Crypts (C) showed negative immunostainingfor allAEs. Epithelium

(E) showed strong stainingforMnSOD (a) and CAT (c) (arrows), whereas CuZnSOD showed minimal staining (b). A control treated

with normal rabbit serum (NRS) did not show staining (d) (a-d X833).
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Figure 3. Immunoperoxidase staining ofhamster kidney. Glomeruli (G) were negativefor all antibodies studied. Proximal tubular
cytoplasm (PT) showed strong granular immunostaining (arrows) with anti-MnSOD (a) and anzti-CAT (c) and moderate diffuse
immunostaining (arrows) with anti-CuZnSOD (b). A control treated with normal rabbit serum (NRS) did not show staining (d) (a-
e X833).
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Figure 4. Immunoperoxidase staining ofhamster adrenal. Each layer ofthe adrenal showed unique immunostaining (arrows indi-

cate positite staining). ZG = zonia glomerulosa; ZF= zonafasciculata; ZR = zona reticularis. Not shown is adrenal medulla, which
showed negative immuntostainingifor all three AEs. A control treated with normal rabbit serum (NRS) did not show staining (d) (a-
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Figure 5. Immunoperoxidase staining ofhamster cerebellum. Axons (Ax) showed strong immunostaining with anticatalase (c). A
control treated with normal rabbit serum (NRS) did notshow staining (d) (a-e X833).
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Figure 6. Immunoperoxidase staining ofhamster testes. Spermatozoa (SZ) showedstrong enzyme immunostaining withAnti-MnSOD
and anti-CAT (arrows), but spermatogonia (SG) did not. Anti-CuZnSOD stained spermatozoa lightly (b). A control treated withnormal rabbit serum (NRS) did not show staining (d) (a-e X833).



I

'.t..
.

.-

S ^E * t: - s t:f wE^jb
l-wis
sy t. v4 >4+*s X
se tZ Fi¢w ..}'2 .!X§. E .g + #
t r Xj; * fw

;* **> <,g6E
f s 's. u ..t,t!

*.., ., *n, *. ,i,,, _t.,.m
*@ $ _ i;.j,,#e'"-e

$j_S
':#'*v.''.'S 'X':St''a-X*>as
> s _. irs

.I

0&

I
I

I
V*,; tVA,

',.s'g ,: o..*

Figure 7. Immunoperoxidase staining with anti-MnSOD ofhamster kidney during development. At 13 and 15 days offetal age, no
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measurable levels of antioxidant enzyme activity in glo-
meruli, yet no immunostaining was seen in the present
study. The present study was intended to evaluate pat-
terns of protein levels. Thus methods that increase sensi-
tivity (eg, double bridging antibodies) would change the
semiquantitation but not the qualitative patterns reported.

Many studies have measured antioxidant enzyme

activities in various organs of several mammalian spe-

cies.24" The problem with these measurements is that
several cell types are involved, making generalizations
about pathologic or physiologic processes difficult. As il-
lustrated in the present study, whole organs are com-

posed of many cell types, each of which has its own char-
acteristic AE levels. Thus measurements in whole organs

do not reveal differences in specific cell types.
Only one study of immunolocalization of an antioxidant

enzyme (using anti-CuZnSOD, in dogs) has been re-

ported.27 Our results correlate with those of Thaete et al,27
with the exception that these authors reported heavy im-
munostaining of the thick ascending limb of Henle. The
differing results in this one case may be due to species
specificity.

Labile, stable, and permanent organs have very

different patterns of antioxidant enzyme immunostaining.
In labile organs, differentiated cells have relatively high lev-
els of AEs but stem cells do not. The finding of lower levels
of AEs in stem cells than in differentiated cells of the intes-
tine was seen earlier in the rat with biochemical studies.28
In the present study, the only exception to this generaliza-
tion about AE levels in cell renewal systems was the epi-
dermis. It was previously reported that SOD is low in epi-
dermis.29 The epidermis is, however, a unique organ in
that the most damaging free radical generated is the hy-
droxyl radical produced by photochemical reactions with
ultraviolet light.30 A unique antioxidant enzyme system is
present, which includes the enzyme thioredoxin reduc-
tase.3' Epidermal cells allowed to differentiate in vitro have
higher levels of thioredoxin reductase than do undifferen-
tiated cells.31 Therefore it seems likely that in this cell re-

newal system at least one AE is elevated in differentiated
cells, but it is simply not one of the AEs we measured.
Furthermore, as recently emphasized by Coulombe et
al,32 the skin is a complex organ in which several stages
of epithelial differentiation may be found. The hair bud is
composed of pluripotential stem cells, whereas its daugh-
ter cells are found in the outer root sheath. The hair bud
is negative for AEs, while the outer root sheath is positive
(Table 1). The basal cell of the epidermis is actually a com-
mitted progenitor cell rather than a true stem cell. There-
fore it would be expected to be positive for AEs if it were
true that all stem cells have low AEs. In fact, we find that
the epidermis stains relatively uniformly for AEs, reflecting
its relatively late stage of skin epithelial cell development.
In stable organs, each cell type has a unique antioxidant
enzyme-staining pattern. We have confirmed this finding

in the kidney using biochemical assays.2223 In permanent
organs, there is regional specificity of antioxidant enzyme
immunostaining patterns. This finding has been con-
firmed using biochemical assays in the rat brain.33

It is of interest that anti-MnSOD always showed granu-
lar staining, consistent with its mitochondrial origin.34 In
contrast, anti-CuZnSOD stained the cytoplasm uniformly,
consistent with its cytoplasmic localization.35 It is notewor-
thy that catalase showed both granular (in the proximal
tubule of the kidney) and diffuse (in the collecting tubule
of the kidney) staining. This enzyme is known to occur in
peroxisomes36 and also in cytoplasm.

It has been suggested that increased antioxidant en-
zyme levels and cell differentiation are directly corre-
lated.16'37 The present study apparently confirms this hy-
pothesis in cell-renewal systems, in which only differenti-
ated cells have AEs. However, the hypothesis is difficult
to prove in stable organs because most of the cells are
differentiated and comparison of differentiated and un-
differentiated cells is impossible. Therefore we studied an-
tioxidant enzyme immunostaining during kidney develop-
ment and found that AEs do not appear until after birth in
the tubular epithelium. The earliest tubules formed (deep
cortex) showed the first antioxidant enzyme immunostain-
ing. Four weeks after birth, almost all proximal tubules
showed antioxidant enzyme immunostaining. Even in per-
manent organs such as the brain, antioxidant enzyme im-
munostaining was not fully developed until the animals
were 4 weeks old (unpublished observations). Thus we
conclude that lack of AEs is a general property of un-
differentiated cells. We cannot rule out the possibility that
undifferentiated and differentiated cells contain different
forms of the AEs (not recognized by our antibodies), al-
though if they do, it is difficult to understand why activity
levels are uniformly low in fetal tissue.22

Our results may provide keys to understanding several
pathologic processes. For instance, we found only small
amounts of immunostaining for MnSOD in the islets of the
pancreas. This could explain sensitivity to oxygen radical
attack after administration of radical-generating drugs.38
Similarly, the absence of MnSOD in the renal papilla may
be a clue to the pathogenesis of papillary necrosis sec-
ondary to analgesic abuse.39

The present findings may provide clues to the relation-
ship between antioxidant enzymes and cancer.40 Many
studies have found altered SOD activity in tumor cells.41
These cells usually have lowered activity of both CuZn-
SOD and MnSOD. There is evidence that many tumors
arise from stem cells, even in stable organs.42-44 The pres-
ent study therefore suggests that SOD is lowered in tumor
cells because of their stem cell origin. In future studies we
will test this hypothesis.

The present study also may provide important clues
to the physiologic function of cell organelles. Thus it is
intriguing that the ciliated epithelium of only those two or-
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gans involved in the movement of particles (trachea and
oviduct) have extremely elevated levels of CuZnSOD. Fu-
ture studies are needed to determine why CuZnSOD is
necessary in these locations.

The present study documents cell-type specificity in
the distribution of AEs. These regional differences may
provide important clues to mechanisms of many patho-
logic processes.
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