ible, aryl hydrocarbon hydroxylase may
be induced in the lung, kidney, and skin.
In addition, Burki et al. (I13) studied in-
duction of aryl hydrocarbon hydroxylase
in explants of fetal mouse liver. Their
data suggest that its induction is under
multifactorial genetic control. Therefore,
the exact inheritance of aryl hydro-
carbon hydroxylase induction in mice re-
mains controversial.

The genetic control of aryl hydro-
carbon hydroxylase in human cells and
tissues is also uncertain. Induction of
aryl hydrocarbon hydroxylase by 3-
methylcholanthrane has been studied in
cultured human lymphocytes (14). In this
study of 353 healthy individuals, both
constitutive and 3-methylcholanthrane—
induced levels of aryl hydrocarbon hy-
droxylase were measured. Inducibility
varied from 1.3- to 4.5-fold among indi-
viduals, with three subpopulations con-
sisting of individuals with low, inter-
mediate, and high inducibility being evi-
dent. Analysis of the data suggested a
single locus of genetic control with gene
frequences of low and high alleles being
0.717 and 0.283, respectively. In a pre-
liminary study (/5), patients with lung
cancer appeared to have a higher fre-
quency of both intermediate and high in-
ducibility than that of the patients serv-
ing as controls. These findings await con-
firmation.

The level of aryl hydrocarbon hy-
droxylase has also been measured in hu-
man placenta: a 70-fold variation of aryl
hydrocarbon hydroxylase among women
who smoked 15 to 20 cigarettes daily was
observed (16). This variation is similar in
magnitude to the variation in the level of
BP bound to DNA in the study reported
here. The possibility that factors such as
drugintake, tobacco smoking, or occupa-
tion may have influenced our results is
now being investigated.

The possibility exists that subpopula-
tions of humans may be unusually sus-
ceptible to procarcinogens because of an
enhanced genetically determined capa-
bility to activate these chemical carcino-
gens metabolically. This hypothesis re-
quires further study (/).

CurTis C. HARRIS, HERMAN AUTRUP
Human Tissue Studies Section,
National Cancer Institute,

Bethesda, Maryland 20014
ROBERT CONNOR
Field Studies and Statistics,
National Cancer Institute
Lucy A. BARRETT
EL1ZABETH M. McDOWELL
BENJAMIN F. TRUMP
Department of Pathology,
University of Maryland Medical Center,
Baltimore, Maryland 21201

3 DECEMBER 1976

References and Notes

1. For a review, see C. Harris, Beitr. Pathol. 158,
389 (1976).

2. J. Fraumeni, Proceedings of the XI Inter-
national Cancer Congress (Excerpta Medica,
Amsterdam, 1974), vol. 3, p. 327.

3. Committee on Biological Effects of Atmospheric
Pollutants, Particulate Polycyclic Organic Mat-
ter (National Academy of Sciences, Washing-
ton, D.C., 1972); U.S. Department of Health,
Education, and Welfare, The Health Con-
sequences of Smoking: A Report to the Surgeon
General (Government Printing Office, Washing-
ton, D.C., 1971), p. 265.

4. H. Gelboin, F. Wiebel, N. Kinoshita, in Chem-
ical Carcinogenesis, P. Ts'o and J. DiPaolo,
Eds. (Dekker, New York, 1974), p. 311.

S. C. Heidelberger, Annu. Rev. Biochem. 44, 79
(1975).

6. C. Harris, V. Genta, A. Frank, D. Kaufman, L.
Barrett, E. McDowell, B. Trump, Nature (Lon-
don) 252, 68 (1974).

7. C. Harris, A. Frank, C. van Haaften, D. Kauf-
man, R. Connor, F. Jackson, L. Barrett, E.
McDowell, B. Trump, Cancer Res. 36, 1011
(1976).

8. C. Harris, H. Autrup, R. Connor, A. Frank, L.
Barrett, E. McDowell, B. Trump, Proceed-
ings of the International Symposium on the De-
tection and Prevention of Cancer (Excerpta
Medica, Amsterdam, in press).

9. The distribution of bronchial specimens ob-
tained at surgery was: (i) three patients (two
black males and one black female) without lung
cancer, and (ii) 29 patients (19 white males, nine
black males, and one white female) with lung
cancer. The bronchial specimens obtained at
immediate autopsy were all from five patients
(three white males and two black males) without

cancer who died from head trauma. A retro-
spective analysis of hospital charts was done to
determine the history of tobacco smoking for all
of the patients; 28 of the lung cancer patients
were smokers, one of the noncancer patients
was a nonsmoker, and no information was listed
for the remaining patients. Among the smokers,
no correlation was found between the number of
cigarettes smoked (number of packs per day
times years smoked) and the amount of BP
bound to DNA in cultured bronchial mucosa.
Because of the incomplete listing of information
concerning smoking, occupation, diet, and medi-
cation in hospital charts, this information is now
being obtained for use in further studies.

10. B. Trump, E. McDowell, L. Barrett, A. Frank,
C. Harris, in Experimental Lung Cancer,
Bioassay and Carcinogenesis, E. Karbe and J.
Park, Eds. (Springer-Verlag, New York, 1974);
E. McDowell, A. Frank, C. Harris, B. Trump,
Cancer Res. 36, 1003 (1976).

11. D. Nebert and J. Gielen, Fed. Proc. Fed. Am.
Soc. Exp. Biol. 31, 1315 (1972).

12. F. Wiebel, J. Leutz, H. Gelboin, Arch. Bio-
chem. Biophys. 154, 292 (1973).

13. K. Burki, A. Liebelt, E. Bresnick, ibid. 158,
641(1973).

14. G. Kellermann, M. Luyten-Kellermann, C.
Shaw, Am. J. Human Genet. 25, 327 (1973).

15. G. Kellermann, C. Shaw, M. Luyten-Keller-
mann, N. Engl. J. Med. 289, 934 (1973).

16. A. H. Conney and W. Levin, Chemical Carcin-
ogenesis Essays, IARC Scientific Publication
No. 10, R. Montesano and L. Tomatis, Eds.
(International Agency for Research on Cancer,
Lyon, 1974), p. 3.

17. T. Hayakawa and S. Udenfriend, Anal. Bio-
chem. 51, 501 (1973).

15 March 1976; revised 3 August 1976

25-Hydroxyvitamin D;: Autoradiographic Evidence

of Sites of Action in Epiphyseal Cartilage and Bone

Abstract. Tritiated 25-hydroxyvitamin Dy was administered to growing rats to mor-
phologically document its sites of action. Highly selective incorporation occurred in
epiphyseal hypertrophic cells, epiphyseal matrix, osteoid, osteoblasts, and os-
teocytes of metaphyseal bone spicules. The labeled metabolite appeared in chondro-
cytic lacunar matrix coincident with hypertrophic cell death as evidenced by histo-
logical examination. The tritiated 25-hydroxyvitamin D, became localized only in

areas of active mineralization.

The major metabolites of vitamin D,
25-hydroxycholecalciferol [25-(OH)D,]
and 1,25-dihydroxycholecalciferol [1,25-
(OH),D4], have been shown to be active
forms of the parent vitamin in the promo-
tion of bone resorption (I, 2,), possibly
by acting as permissive agents for the ac-

Table 1. The incorporation of 25-(OH)[*H]D,
in growing rat bone and epiphyseal cartilage,
as revealed by autoradiography. Each number
represents the average of counts taken from
eight separate areas of each respective region.

. Grains per
Epiphyseal zone or Gramlsl unit area of
cell population p(el\rlge) matrix
. (No.)
Resting zone 0 0
Proliferating zone 2 1
Hypertrophic zone 18* 4
Provisional
calcification 9t 38
Osteoblasts 13 36+
Osteocytes 15 28
Osteoclasts 0 4
*Viable cells. tNonviable cells. $Osteoid.

tion of parathyroid hormone (3). The cal-
cium-transporting function of such me-
tabolites has usually been studied in the
intestine (). Recently, attention has
turned to the binding of 25-(OH)D, and
1,25(0H),D; in mineralized tissues (5)
where these metabolites participate in
promoting cell-mediated bone calcium
mobilization (6). As early as 1956 it was
demonstrated that bones which included
epiphyseal growth plates concentrated
significant amounts of “C-labeled vita-
min D (7). However, no direct histo-
logical evidence documents the effects of
25-(OH)D; on bone or cartilage, and the
possible sites of action of 25-(OH)D; in
bone, such as in the epiphyseal growth
plate undergoing endochondral ossifica-
tion (a site of active mineralization and
mineral mobilization), have not been dif-
ferentiated. Although it is known that 25-
(OH)D; exerts a direct effect on epiphy-
seal cartilage metabolism (8), the cellular
and extracellular sites of incorporation
of this metabolite in calcifying con-
nective tissues have not been demon-
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strated. This investigation documents
histologically the specific sites of action
of 25-(OH)D; in growing rat bone and

Searle, specific activity 1.1 ¢/mmole, 2.7

mc/mg) was purified on a column (1.2 by
45 cm) of Sephadex LH-20 and devel-

oped with a mixture of chloroform and
hexane (65 : 35 by volume). The fraction

cartilage.
Tritiated

25-(OH)D,

(Amersham/

=

Fig. 1. (A) Photomicrograph of a tibial epiphyseal growth plate at the zones of cell hypertrophy
and provisional calcification. The autoradiograph demonstrates the specific incorporation of 25-
(OH)[*H]D; into viable hypertrophic cells, and incorporation into the lacunar matrix of the inter-
cellular septae. Note the paucity of metabolite in proliferating chondrocytes. Most of the 25-
(OH)[*H]D; is incorporated at the level of primary mineralization in the matrix regions (x200).
(B) Photomicrograph showing the autoradiographic image of incorporation of 25-(OH)[*H]D,
into the hypertrophic lacunar regions of the matrix. Areas of vascular ingrowth into the emptied
lacunae are bordered by labeled osteoblasts on the surfaces of matrix septae ( x560).

Fig. 2. (A) Photomicrograph of an autoradiograph demonstrating 25-(OH)[*H]D, incorporation
into bone spicule osteoblasts and into the calcifying osteoid regions. Cartilagenous cores of
such metaphyseal bone spicules also demonstrate the persistence of labeled metabolite which
was previously incorporated into the matrix at the zone of cell hypertrophy (x560). (B) Autora-
diographic image of a region of a heavily labeled bone spicule undergoing active mineralization.
Labeled osteocytes and osteoblasts are surrounded by calcifying cartilage which is heavily la-
beled with 25-(OH)[*H]D; ( x560).
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with the peak of activity was recovered,
dried, and reconstituted in ethanol prior
to being injected into rats (9). Weanling
albino rats (Charles River, 75 to 100 g)
were given a single intraperitoneal in-
jection of 3.0 uc of the purified 25-
(OH)[*H]D;. Forty-eight hours after the
injection the animals were killed, and tis-
sues including tibial epiphyses and costo-
chondral junctions were removed, fixed
in formalin, decalcified in ethylenedi-
aminetetraacetate (EDTA), and processed
for sectioning at 5 um. Tissue sections
were then coated with Kodak NTB-3
emulsion, exposed for 2 weeks, and de-
veloped in Kodak D-19 prior to being
stained with hematoxylin and eosin. The
amount of 25-(OH)[*H]D; incorporated
was determined by examining the auto-
radiographs with an optical micrometer.
Counts of labeled cells and matrix were
made from eight areas of each respective
region and averaged.

Inspection of the autoradiographs re-
vealed a high concentration of 25-
(OH)[*H]D; in bone and epiphyseal carti-
lage. Other tissues (liver, kidney,
muscle) showed minimal incorporation
of the labeled metabolite. The epiphyseal
growth plate revealed zone-specific in-
corporation of 25(OH)[*H]D, (Table 1).
Of the four major zones of the epiphyseal
growth plate (zone of resting cells, zone
of proliferation and cell columns, zone of
cell maturation and hypertrophy, zone of
provisional calcification) the labeled me-
tabolite was selectively incorporated in-
to the viable, more mature cells of the hy-
pertrophic cell zone. Scant amounts of la-
bel appeared in the proliferating zone
cells and none appeared in the zone of
resting chondrocytes. Of special interest
was the incorporation of 25-(OH)[3H]D,
into the calcifiable matrix of the epiphy-
seal growth plate at the site of initial min-
eralization (Fig. 1). Where hypertrophic
chondrocytes exhibited morphological
evidence of cell death, 25(OH)[*H]D; ap-
peared to be released to the matrix imme-
diately surrounding the chondrocyte.
This site would be consistent with the lo-
cation of the matrix vesicles which serve
as extracellular, membrane-bound loci of
the mineralization process (/0). Similar-
ly, all regions of active mineralization on
bone spicule surfaces gave evidence of
large amounts of 25-(OH)[*H]D, incorpo-
ration. Labeled metabolite was observed
in large amounts within the calcifying os-
teoid bordering the metaphyseal bone
spicules as well as within surface os-
teoblasts, entrapped chondrocytes, and
osteocytes of more calcified bone spic-
ules (Fig. 2). No 25-(OH)[*H]D, was ob-
served in osteoclasts. Labeled metabo-
lite was present in persistent cartilage
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cores of bone spicules, apparently as a
result of its earlier incorporation into ma-
trix at higher regions of the growth plate.

The movement of 25-(OH)[*H]D; to its
target tissue reflects the demand by grow-
ing bone and cartilage for the metabolite.
Quantitatively, 25-(OH)D; is the major
metabolite found in bone (/) although
other metabolites possess greater resorp-
tive activity. In growing animals the de-
mand for calcium is great because of the
rapid growth of the skeleton. Although it
is widely held that 25-(OH)D, promotes
bone resorption, the histological evi-
dence presented in this study suggests
that it is involved in mineral accretion
and calcium movements in epiphyseal
matrix and osteoid undergoing mineral-
ization. The long half-life of 25-(OH)D,
combined with the availability of the me-
tabolite to the target tissues for the 48-
hour duration of the experiment did not
result in its incorporation into zones of
the growth plate or spicular bone where
mineralization was not occurring.
Growth plate chondrocytes and other
bone cell populations associated with the
process of mineralization of matrix were
the only cells capable of incorporating
the metabolite. The incorporation of 25-
(OH)[*H]D; into matrix regions suggests
its ultimate association with structures
or substances present at sites of initial
mineralization (12).

FREDERICK H. WEZEMAN

Department of Pathology,
Michael Reese Medical Center,
Chicago, Illinois 60616
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Rod Outer Segment Disk Shedding in Rat Retina:

Relationship to Cyclic Lighting

Abstract. When albino rats are reared in cyclic light, a burst of rod outer segment
disk shedding occurs in the retina soon after the onset of light. The number of large
packets of outer segment disks (phagosomes) in the pigment epithelium at this time is
2.5 to 5 times greater than at any other time of day or night. The subsequent degrada-
tion of large phagosomes to smaller structures within pigment epithelial cells pro-
ceeds rapidly. The burst of disk shedding follows a circadian rhythm for at least 3
days, since it occurs in continuous darkness at the same time without the onset of

light.

Vertebrate rod photoreceptor cells
continually renew their photoreceptive
outer segments. The renewal process in-
volves (i) synthesis of new membrane to
form rhodopsin-containing disks at the
base of the outer segment, (ii) dis-
placement of these disks outward toward
the tip of the outer segment by newly
formed disks, and (iii) disposal of disks
by detachment at the tip of the outer seg-
ment, followed by phagocytosis of the
disks by the adjacent pigment epithelial
cells to form phagosomes and degrada-
tion of the phagosomes within the pig-
ment epithelial cell cytoplasm (/-6).
Disks detach intermittently in groups, a
process called disk shedding (7). Since
rod outer segments maintain a relatively
uniform length throughout life, the rate
of disk disposal must equal the rate of
disk synthesis. The rate of disposal is
high, for in monkeys, rats, and mice the
entire complement of rod outer segment
disks is replaced every 9 to 13 days
(1, 4, 8). It has been estimated that in the
rat each pigment epithelial cell must
phagocytize and degrade 25,000 to 30,000
rod outer segment disks each day (9).
Given this high number, it is surprising
to find relatively few phagosomes within
pigment epithelial cells in most published
studies (3, 5, 8, 10, 11). Either (i) degra-
dation of ingested disks within pigment
epithelial cells is rapid, (ii) phagocytized
disks pass rapidly through the pigment
epithelial cells and are degraded else-
where, (iii) disks are degraded without
passage into the pigment epithelial cells,
(iv) most disks -are phagocytized at a
time when investigators usually have not
taken the eyes for cytological examina-
tion (for example, at night), or (v) some
combination of these factors occurs.

To explore this problem, I examined
rod outer segment disk shedding in the
rat retina in relation to the lighting cycle.
I found that (i) a burst of disk shedding
occurs soon after the onset of light in the
morning and far less occurs at any other
time of day or night (12), (ii) degradation
of large phagosomes within pigment epi-
thelial cells is rapid, and (iii) the burst of
disk shedding follows a circadian rhythm

since it occurs at the same time without
the onset of light.

Fischer inbred albino rats were main-
tained in an environment with 12 hours
of light and 12 hours of darkness (lights
on in the morning at 0700 hours, off at
1900 hours) at a room illumination of ap-
proximately 20 to 35 footcandles (215 to
375 lu/m? from overhead fluorescent
lamps. The illuminance levels within the
cages varied from front to back, but did
not exceed 15 footcandles (160 lu/m?).
The rooms were temperature-controlled
at 23° = 1°C, and the animals were fed
Purina Formulab freely. At various times
of the lighting cycle (/3), the rats were
killed, and their eyes were embedded
in plastic, sectioned at 1.5 wum, and
stained with toluidine blue (/4). For
quantification, all inclusion bodies in the
pigment epithelial cell somas and the in-
tensely staining structures among their
processes (15) (Fig. 1a) that were greater
in any dimension than 0.75 um (half the
diameter of the rod outer segments) were
defined as large phagosomes and were
counted as a measure of disk shedding
(Fig. 2a, legend).

Some large phagosomes were present
at all times of the lighting cycle. How-
ever, a sudden burst of outer segment
disk shedding occurred in the morning
soon after the lights were turned on
(Figs. la and 2a). Between 0.5 and 2.25
hours after the lights came on, the num-
ber of phagosomes was 2.5 to 5 times the
number found throughout the rest of the
day or night (Figs. 1b and 2a). This burst
of disk shedding occurred in both male
and female rats ranging from 2.5 to 8
months of age.

At the peak period of disk shedding, al-
most every cell contained large phago-
somes, and the number per 180-um field
was fairly uniform around the eye. For
example, in 44 consecutive fields around
a single section of an eye taken 2 hours
after the onset of light, the number of
phagosomes per 180-um field was
26.3 = 0.9 (mean = standard error of
the mean) with a range of 13 to 40. Con-
siderably more variation occurred
among animals than within an individual
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