
ible, aryl hydrocarbon hydroxylase may 
be induced in the lung, kidney, and skin. 
In addition, Burki et al. (13) 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 (15), 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 
drug intake, 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 (1). 
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(OH)2D31, have been shown to be active 
forms of the parent vitamin in the promo- 
tion of bone resorption (1, 2,), possibly 
by acting as permissive agents for the ac- 

Table 1. The incorporation of 25-(OH)[3H]D3 
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 Grains per 
Epiphyseal zone or per cell unit area of 

cell population (No) matrix (No.) 
(No.) 

Resting zone 0 0 
Proliferating zone 2 1 
Hypertrophic zone 18* 4 
Provisional 

calcification 9t 38 
Osteoblasts 13 36t 
Osteocytes 15 28 
Osteoclasts 0 4 

*Viable cells. tNonviable cells. tOsteoid. 
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tion of parathyroid hormone (3). The cal- 
cium-transporting function of such me- 
tabolites has usually been studied in the 
intestine (4). Recently, attention has 
turned to the binding of 25-(OH)D3 and 
1,25(OH)2D3 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 14C-labeled vita- 
min D (7). However, no direct histo- 
logical evidence documents the effects of 
25-(OH)D3 on bone or cartilage, and the 
possible sites of action of 25-(OH)D3 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)D3 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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25-Hydroxyvitamin D3: Autoradiographic Evidence 

of Sites of Action in Epiphyseal Cartilage and Bone 

Abstract. Tritiated 25-hydroxyvitamin D3 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. 
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Searle, specific activity 1.1 c/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 

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)[3H]D3 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)[3H]D3 is incorporated at the level of primary mineralization in the matrix regions (x200). 
(B) Photomicrograph showing the autoradiographic image of incorporation of 25-(OH)[3H]D3 
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 (x 560). 

2 A 

Fig. 2. (A) Photomicrograph of an autoradiograph demonstrating 25-(OH)[3H]D3 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)[3H]D3 (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 uLC of the purified 25- 
(OH)[3H]D3. 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 ,tm. 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)[3H]D3 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)[3H]D:3 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)[3H]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:3 
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)[3H]D3 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 (10). Similar- 
ly, all regions of active mineralization on 
bone spicule surfaces gave evidence of 
large amounts of 25-(OH)[3H]D3 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)[3H]D3 was ob- 
served in osteoclasts. Labeled metabo- 
lite was present in persistent cartilage 
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strated. This investigation documents 
histologically the specific sites of action 
of 25-(OH)D3 in growing rat bone and 
cartilage. 

Tritiated 25-(OH)D3 (Amersham/ 

P 

a? 



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)[3H]D3 to its 
target tissue reflects the demand by grow- 
ing bone and cartilage for the metabolite. 
Quantitatively, 25-(OH)D3 is the major 
metabolite found in bone (11) 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)D3 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)D3 
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)[3H]D3 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 

References and Notes 

1. R. G. Wong, J. F. Myrtle, H. C. Tsai, A. W. 
Norman, J. Biol. Chem. 247, 5735 (1972); H. 
Plavovitch, M. Garabedian, S. Balsan, J. Clin. 
Invest. 52, 2656 (1973); J. W. Blunt and H. F. 
DeLuca, in The Fat Soluble Vitamins, H. F. 
DeLuca and J. W. Suttie, Eds. (Univ. of Wiscon- 
sin Press, Madison, 1970), pp. 67-79. 

2. E. Kodicek, in Hard Tissue Growth, Repair, 
and Mineralization (Excerpta Medica, New 
York, 1973), p. 359. 

3. H. Rasmussen and P. Bordier, The Physi- 
ological and Cellular Basis of Metabolic Bone 
Disease (Williams & Wilkins, Baltimore, 1974), 
pp. 207-249. 

4. J. F. Myrtle, M. R. Haussler, A. W. Norman, J. 
Biol. Chem. 245, 1190 (1970); D. A. Procsal, W. 
H. Okamura, A. W. Norman, ibid. 250, 8382 
(1975). 

5. J. G. Haddad and S. J. Birge, ibid., p. 299; J. J. 
Reynolds, M. F. Holick, H. F. DeLuca, Calcif. 
Tissue Res. 12, 295 (1973); J. C. Weber, V. 
Pons, E. Kodicek, Biochem. J. 125, 147 (1971). 

6. L. G. Raisz, C. L. Trummel, M. Holick, H. F. 
DeLuca, Science 175, 768 (1972); C. L. Trum- 
mel, L. G. Raisz, J. W. Blunt, H. F. DeLuca, 
ibid. 163, 1450 (1969). 

7. E. Kodicek, in Bone Structure and Metabolism 
(Excerpta Medica, New York, 1956), p. 161. 

8. W. L. Meyer and A. S. Kunin, Arch. Biochem. 

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)[3H]D3 to its 
target tissue reflects the demand by grow- 
ing bone and cartilage for the metabolite. 
Quantitatively, 25-(OH)D3 is the major 
metabolite found in bone (11) 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)D3 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)D3 
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)[3H]D3 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 

References and Notes 

1. R. G. Wong, J. F. Myrtle, H. C. Tsai, A. W. 
Norman, J. Biol. Chem. 247, 5735 (1972); H. 
Plavovitch, M. Garabedian, S. Balsan, J. Clin. 
Invest. 52, 2656 (1973); J. W. Blunt and H. F. 
DeLuca, in The Fat Soluble Vitamins, H. F. 
DeLuca and J. W. Suttie, Eds. (Univ. of Wiscon- 
sin Press, Madison, 1970), pp. 67-79. 

2. E. Kodicek, in Hard Tissue Growth, Repair, 
and Mineralization (Excerpta Medica, New 
York, 1973), p. 359. 

3. H. Rasmussen and P. Bordier, The Physi- 
ological and Cellular Basis of Metabolic Bone 
Disease (Williams & Wilkins, Baltimore, 1974), 
pp. 207-249. 

4. J. F. Myrtle, M. R. Haussler, A. W. Norman, J. 
Biol. Chem. 245, 1190 (1970); D. A. Procsal, W. 
H. Okamura, A. W. Norman, ibid. 250, 8382 
(1975). 

5. J. G. Haddad and S. J. Birge, ibid., p. 299; J. J. 
Reynolds, M. F. Holick, H. F. DeLuca, Calcif. 
Tissue Res. 12, 295 (1973); J. C. Weber, V. 
Pons, E. Kodicek, Biochem. J. 125, 147 (1971). 

6. L. G. Raisz, C. L. Trummel, M. Holick, H. F. 
DeLuca, Science 175, 768 (1972); C. L. Trum- 
mel, L. G. Raisz, J. W. Blunt, H. F. DeLuca, 
ibid. 163, 1450 (1969). 

7. E. Kodicek, in Bone Structure and Metabolism 
(Excerpta Medica, New York, 1956), p. 161. 

8. W. L. Meyer and A. S. Kunin, Arch. Biochem. 
Biophys. 129, 438 (1969). 

9. M. Holick and H. F. DeLuca, J. Lipid Res. 12, 
406 (1971). 

10. H. C. Anderson, J. Cell Biol. 41, 59 (1969); E. 
Bonucci, Z. Zellforsch. Mikrosk. Anat. 103, 192 
(1970). 

11. M. R. Haussler and H. Rasmussen, J. Biol. 
Chem. 247, 2328 (1972). 

12. R. J. Majeska and R. E. Wuthier, Biochim. 
Biophys. Acta 391, 51 (1975). 

1 June 1976; revised 9 July 1976 

3 DECEMBER 1976 

Biophys. 129, 438 (1969). 
9. M. Holick and H. F. DeLuca, J. Lipid Res. 12, 

406 (1971). 
10. H. C. Anderson, J. Cell Biol. 41, 59 (1969); E. 

Bonucci, Z. Zellforsch. Mikrosk. Anat. 103, 192 
(1970). 

11. M. R. Haussler and H. Rasmussen, J. Biol. 
Chem. 247, 2328 (1972). 

12. R. J. Majeska and R. E. Wuthier, Biochim. 
Biophys. Acta 391, 51 (1975). 

1 June 1976; revised 9 July 1976 

3 DECEMBER 1976 

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. 
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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 (1-6). 
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 
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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/m2) from overhead fluorescent 
lamps. The illuminance levels within the 
cages varied from front to back, but did 
not exceed 15 footcandles (160 lu/m2). 
The rooms were temperature-controlled 
at 23? + 1?C, and the animals were fed 
Purina Formulab freely. At various times 
of the lighting cycle (13), the rats were 
killed, and their eyes were embedded 
in plastic, sectioned at 1.5 /tm, and 
stained with toluidine blue (14). For 
quantification, all inclusion bodies in the 
pigment epithelial cell somas and the in- 
tensely staining structures among their 
processes (15) (Fig. la) that were greater 
in any dimension than 0.75 ,pm (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. lb 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-/tm 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-,tm 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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