(12). We looked for histopathologic
changes in the unoperated testis of uni-
laterally vasoligated guinea pigs; the
presence of these sorts of lesions has
been reported by others (5, 6), suggest-
ing that systemic rather than local patho-
genetic mechanisms are involved.

Lesions of allergic orchitis were
adoptively transferred to normal recipi-
ents by peritoneal exudate cells from
vasoligated syngeneic donors. Mineral
oil-induced peritoneal exudates in the
guinea pigs consist of more than 90 per-
cent macrophages or neutrophils (or
both), 7 percent T lymphocytes, and on-
ly a few B lymphocytes (/3). Peritoneal
cell mixtures from guinea pigs immu-
nized with testicular antigen in complete
Freund’s adjuvant have been shown to
adoptively transfer allergic orchitis in in-
bred guinea pigs (8); the adoptive trans-
fer is antigen-specific, requires donor T
lymphocytes, and is dependent on the
cell dose 8, 13).

Evidence is now available in support
of allergic orchitis as a possible sequel of
vasoligation in the guinea pig and the
rabbit. In rabbits, orchitis after vasoliga-
tion has been associated with immune
complex formation (7); allergic orchitis,
with an indistinguishable immunopath-
ologic picture, was also induced in rab-
bits by immunization with heterologous
guinea pig testicular antigen in com-
plete Freund’s adjuvant (/14). The immu-
nopathology of orchitis after vasectomy
is different in rabbits and guinea pigs;
however, each correlates well with ex-
perimental allergic orchitis in the corre-
sponding species. The results from va-
sectomized animals suggest that cell-me-
diated immune reaction is an important
pathogenetic mechanism in the testicular
lesions of guinea pigs. In the rabbit, the
formation an immune complex is prob-
ably an important pathogenetic factor,
although the role of cell-mediated immu-
nity in the initiation of the disease cannot
be ruled out. Since half a million men in
the United States undergo vasoligation
annually (/5), a critical evaluation of
both their humoral and cellular immune
responses to purified testicular antigens
should be studied in vitro.

KENNETH S. K. TUNG
Department of Pathology, University of
New Mexico, School of Medicine,
Albuquerque 87131
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Vitamin D: Two Dihydroxylated Metabolites
Are Required for Normal Chicken Egg Hatchability

Abstract. When hens are raised to sexual maturity from hatching with 1,25-dihy-
droxyvitamin D3 [1,25(0H).D3] as their sole source of cholecalciferol (vitamin Dj),
fertile eggs appear to develop normally but fail to hatch. When hens receive a combi-
nation of 1,25(0H),D; and 24R,25-dihydroxyvitamin D [24,25(0OH),Ds], hatchability
equivalent to that with hens given vitamin Dj is obtained. These results suggest a
biological role for 24,25(0OH),D4 not previously recognized.

The secosteroid vitamin Ds, or chole-
calciferol, is now known to undergo a se-
ries of hydroxylations prior to exerting
its biological effects on the intestine (to
promote absorption of dietary calcium
and phosphorus) and the bone (to stimu-
late mobilization of calcium) (I). The
first of these hydroxylations is at the C-
25 position on the side chain and takes
place in the liver; 25-hydroxyvitamin Dy
[25(OH)D;], the major circulating form
of the vitamin D steroids, is further
hydroxylated in the kidney resulting in
the renal production of either 1,25-
dihydroxyvitamin  D;  [1,25(0OH),D,]
or 24R,25-dihydroxyvitamin D, [24,25-
(OH),Ds].

(Liver)
25(0H)D3

time periods (3 to 4 weeks) early in life
which are short relative to the life-span
of the animal. Virtually nothing is known
about the ability of 1,25(OH),D; to sup-
port all the biological functions of the
parent vitamin D throughout growth, de-
velopment, and sexual maturation.

In contrast to the accumulated knowl-
edge regarding the short-term actions of
1,25(0H),D;, little is known of the bio-
logical function of 24,25(OH),D,. It is
known that 24,25(OH),D, is consid-
erably less active than 1,25(OH),D; in
stimulating the classical vitamin D re-
sponses of intestinal calcium transport
and bone mineral mobilization (5). That
24,25(0H),D; is of biological importance

_»Intestinal calcium absorption

/1,25(0H)2Da 2 ] i
(Kidney) Bone calcium mobilization

24,25(0H)Dy —e?

After the initial discovery of the bio-
logical activity of 1,25(OH),D; (2) many
investigations of the biological and bio-
chemical actions of this steroid were car-
ried out (3, 4). It is now widely accepted
that 1,25(0OH),D, generates its biological
response in the intestine through a cyto-
sol-nuclear receptor system in a manner
analogous to that of other steroid hor-
mones (3). Further, it has been shown
that 1,25(OH),D; is produced in a regu-
lated fashion by the kidney in response
to an increased requirement for calcium
). The study of the biological actions of
1,25(0OH),D;, while quite thorough in
some details, has been limited in experi-
mental animals to acute situations or to

was suggested to us by a series of experi-
ments in which the regression of chicken
parathyroid glands, which had under-
gone hypertrophy and hyperplasia due to
vitamin D deficiency (6), was measured
in response to various vitamin D metabo-
lites. Parathyroid gland regression re-
sulted from short-term treatment with vi-
tamin D; but not from the separate ad-
ministration of 1,25(OH),D; or 24,25-
(OH),D;; however when the dihydroxyl-
ated vitamin D steroids were adminis-
tered simultaneously, the parathyroid
gland regressed promptly in a fashion
identical to the response to vitamin D ad-
ministration (7).

The lack of information on the role of
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Table 1. Effect of daily doses of vitamin D and its dihydroxylated metabolites on adult hen
weight and egg production. Vitamin D and the dihydroxylated metabolites were given orally

daily from hatching in 0.2 ml of Wesson oil.

Dose (nmole kg~! day™?) Eggs Age at

Body weight per Eggshell estab-

: lished

Vita- 1,25- 24,25- at 34 weeks* group thickness¥ e

min  (Oh)-  (OH)- ® per (mm x 109 WS

D, D; Dy weekt (weeks)
10]| 0 0 1680 = 100 30 393 +26 26
0 0.24 0 12409 = 100 12 31.0 £ 5.2 29
0 1.2 0 1670 = 80 27 354+ 49 27
0 0 16.0 114090 = 40 5 34,5 + 2.7 30
0 0.24 3.2 12509 = 130 11 359 + 5.5 29
0 0.24 16.0 1540 = 100 31 36.0 = 4.3 29
0 1.2 3.2 1590 = 180 28 38.2 = 3.1 27
0 1.2 16.0 1540 = 130 30 38324 27

*Body weights are the mean of five hens per group * the standard deviation.
produced by a group of five hens during a representative week following established egg hatching.

+The total number of eggs
fThe

thickness of each egg shell was measured and the average and standard deviation for all the eggs produced by

the group in a week is given.
tion.

group that received vitamin Dy (P < .001).

1,25(OH),D; in the full course of growth,
development, and reproduction, the
poor understanding of the biological sig-
nificance of 24,25(0OH),D;, and the possi-
bility that both metabolites might be re-
quired for completely normal calcium
metabolism led us to investigate in detail
the ability of these two dihydroxylated
metabolites of vitamin D; to support
growth and reproduction in the chick. As
a part of these studies we are reporting
the requirement of hens for both dihy-
droxylated metabolites for production of
embryos capable of hatching.

Female White Leghorn chicks. ob-
tained at hatching were raised under our
usual conditions on a nutritionally ade-
quate diet devoid of vitamin D (8).
Groups of five chicks were given daily
oral doses of vitamin D or the dihydrox-
ylated metabolites, singly or in combina-
tion (see Table 1).

Table 1 shows that the hens receiving
the higher dose of 1,25(0OH),D; reached
the same adult weight as those hens giv-
en the parent vitamin Dj; this indicates
that no obvious growth retardation oc-
curs in the absence of 24,25(0H),D;.

Egg laying was initiated between 24
and 30 weeks (9). Distinct differences
were noted in the time required for es-
tablishment of steady-state egg produc-
tion between the various groups (see
Table 1). Hens receiving vitamin D; or
the combination doses of high levels of
24,25(0H),D; and 1,25(0OH),D; initiat-
ed egg production at weeks 26 to 27
while hens receiving the high dose
of 24,25(0H),D, or low dose of 1,25-
(OH),D; alone were delayed to week 29
to 30. Steady-state egg production was
established in all groups by week 30. At
the beginning of week 34, and again a

836

. §The age at which the hens in each group reached a plateau of egg produc-
[ |Ten nanomoles of vitamin D, per kilogram of body weight per day is equivalent to 154 I.U. per
kilogram per day; 1.0 I.U. of vitamin D; is 65 pmole or 25 ng.

fSignificantly different from the control

week later, hens were artificially in-
seminated with a pool of semen collected
from 15 normal White Leghorn roosters.
Eggs were collected and stored at 12°C
until the end of the 2-week period of fer-
tility.

Seven days after initiation of incuba-
tion, fertility was determined by can-
dling. As shown in Fig. | (shaded bars),
no marked differences in fertility were
observed for any groups; the percentage
of fertility ranged from 70 to 85 percent.

Low High
Control 1,25(0H), D5 125(0H),Dy
50 A 50 - B C
30 30k
10 10 —ﬂ %
sof D E
Low
2425(0H),Dy T -
C—INo. of eggs laid 0| 7
ISSSSSS No. of fertile eggs |
W No. of Chicks i 2
hatched !
® |
. o
High ° Fi_ ; G |[] H
24,25(0H),D; F 7
30
10 ~H @
=

Fig. 1. Influence of vitamin D or its dihy-
droxylated metabolites on egg production,
fertility, and hatchability. Hens were arti-
ficially inseminated at the beginning of weeks
34 and 35. The open bars indicate the number
of eggs collected per group during the 2-week
period of fertility (1 week following each in-
semination). The center shaded bar in (A) to
(H) is the number of eggs judged to be fertile 1
week after incubation. The solid bars repre-
sent the number of chicks that hatched. The
control group (A) received vitamin Dj.

There were marked differences, how-
ever, in total egg production for all
groups during the 2-week period of col-
lection. Essentially equivalent numbers
of eggs were produced in the 2-week in-
terval by the groups receiving Dj, high
1,25(0H),D;, and high 24,25(0OH),D;
with high or low doses of 1,25(OH),Ds.
All other groups produced significantly
fewer eggs, particularly those hens re-
ceiving only high 24,25(0OH),D; or only
low doses of 1,25(0OH),D;.

Striking differences were observed in
the hatchability of the fertile eggs from
the various groups. The eggs from hens
that received only the high dose of
1,25(OH),D; were virtually incapable of
hatching (Fig. 1C). Similarly, fertile eggs
from hens that received only the high
dose of 24,25(0OH),D; also had a low lev-
el of hatchability (Fig. 1F). The addition
of the lower dose of 24,25(0OH),D; to ei-
ther level of 1,25(OH),D; (Fig. 1, D and
E) had only a slight effect, but when the
higher dose of 24,25(0H),D; was given
with 1,25(0OH),D; (Fig. 1, G and H) nor-
mal hatchability was obtained.

These differences in hatchability can-
not be explained simply on the basis of
either early embryo mortality (10) or in-
appropriate shell thickness (see Table 1).
While the eggshells of some groups were
thinner than those obtained from the
hens receiving vitamin D;, none were
thicker.

Little specific information is available
on whether vitamin D or its metabolites
is transmitted to the egg to support cal-
cium metabolism and homeostasis dur-
ing embryo development. It has been re-
ported (/1) that both vitamin D; and, to a
much lesser extent, 25(OH)D; are incor-
porated into the chicken egg yolk. From
the results in Fig. 1 it must be concluded
that both 24,25(0OH),D; and 1,25(0OH),D;
are capable of being transferred to the
egg. Only in the groups of hens receiving
both metabolites were significant levels
of hatchability observed. If a problem in
transfer of either dihydroxylated metab-
olite to the egg yolk occurred, hatching
would not have been improved by the si-
multaneous administration to hens of
both vitamin D metabolites.

Our data demonstrate that (i) adminis-
tration of 1,25(OH),D; alone is not ca-
pable of providing all the biological re-
sponses that the parent vitamin D
supports, and (i) the metabolite 24,25-
(OH),D,, when administered in combina-
tion with 1,25(OH),D;, is capable of sup-
porting normal growth, development,
and reproduction. This clearly shows
that 24,25(0OH).D, has a biological func-
tion; heretofore it was proposed that
24,25(0H),D; existed only on a shunt

SCIENCE, VOL. 201



pathway of catabolism (/2). However,
the precise molecular role of 24,25-
(OH),D; remains to be elucidated.
These results are consistent with sev-
eral inferential reports of positive bio-
logical contributions of 24,25(0OH),Ds.
Miravet et al. (I13) found that 24,25-
(OH),D; administration to phosphate-de-
pleted, vitamin D-deficient rats resulted
in a decrease in serum calcium levels.
Also, Bordier et al. (14) reported that si-
multaneous oral administration of 1,25-
(OH),D; and 24,25(0OH),D; to human
sugjects with vitamin D-deficient osteo-
malacia was more effective than 25-
(OH),D; or 1,25(OH),D; alone in stim-
ulating the rate of bone mineralization.
Similarly Kanis et al. (15) reported pre-
liminary evidence in a limited number of
normal subjects and patients with chron-
ic renal failure that short-term oral ad-
ministration of 24,25(OH),D; stimulated
intestinal calcium absorption and re-
duced serum alkaline phosphate levels;
this would be consistent with an effect of
24,25(0OH),D; on bone mineralization.
When these reports (/3-15) are taken in
concert with our previous report con-
cerning the effectiveness of simultaneous
dosing of 24,25(0OH),D; and 1,25(0OH),D,
on parathyroid gland reduction (7) and
our present data, it seems clear that
24,25(0H),D; is an integral component,
along with 1,25(OH),Ds, of the vitamin D
endocrine system.
HELEN L. HENRY
ANTHONY W. NORMAN
Department of Biochemistry,
University of California,
Riverside 92521

References and Notes

1. A. W. Norman and H. L. Henry, Recent Prog.
Horm. Res. 30,431 (1974); H. F. DeLuca and H.
K. Schnoes, Annu. Rev. Biochem. 4§, 631
(1976).

2. J. F. Myrtle, M. R. Haussler, A. W. Norman, J.
Biol. Chem. 245, 1190 (1970); J. F. Myrtle and
A. W. Norman, Science 171, 78 (1971); A. W.
?llorrr;an and R. G. Wong, J. Nutr. 102, 1709

3. A. W. Norman, Biol. Rev. 43, 97 (1968); Vitam.
Horm. 32, 325 (1975); and W. R. Weck-
sler, Receptors and Hormone Action, B. W.
O’Malley and L. Birnbaumer, Eds. (Academic
Press, New York, 1977), pp. 533.

4. E.J. Fnedlander,H L. Henry, A. W. Norman,
J. Biol. Chem. 252, 8677 (1977),H L. Henry, R
J. Midgett, A. w. Norman, ibid. 249, 7584
(1974); D. R. Fraser and E. Kodicek, Nature
(London) 241, 163 (1973); N. Horiuchi, T. Suda,
S. Sasaki, I. Izawa, Y. Sana, E. Ogata, FEBS
Lett. 43, 353 (1974); L. Galante, K. W. Colston,
I. M. A. Evans, P. G. H. Byfield, E. W. Mat-
thews, I. MacIntyre, Nature (London) 244, 438
(1973); 1. T. Boyle, R. W. Gray, H. F. DeLuca,
Proc. Natl. Acad. Sci. U.S.A. 68, 2131 (1971).

5. H. L. Henry, A. W. Norman, A. N. Taylor, D.
L. Hartenbower, J. W. Coburn, J. Nutr. 106,
724 (1976); H. Y. Lam, H. K. Schnoes, H. F.
P‘gLu)ca T. C. Chen, Biochemistry 12 4851

6. A characteristic feature of the chronic hypocal-
cemia resulting from vitamin D deficiency is hy-
pertrophy and hyperplasia of the parathyroid
glands [J. F. Nonidez and H. D. Goodale, Am.
J. Anat. 38, 319 (1927); W. Y. Au and L. G.
Raisz, Am. J. Physiol. 209, 637 (1965)]. We have
shown that administration of vitamin D; for 4 to

SCIENCE, VOL. 201, 1 SEPTEMBER 1978

7 days to vitamin D-deficient chicks reduces by
50 percent not only parathyroid gland weight but
also gland content of DNA and protein (7).

7. H. L. Henry, A. N. Taylor, A. W. Norman, J.
Nutr. 107, 1918 (1977).

8. Chicks were housed in brooders in a room de-
void of sunlight and fluorescent lighting and fed
a standard rachitogenic diet [Norman and
Wong (2)] with 1.2 percent calcium and 1.0 per-
cent phosphorus.

9. After the age of 22 weeks the hens were housed
in individual cages designed for egg collection.
Dietary calcium was increased to 3.0 percent
and the lighting cycle was changed to 12 hours of
light and 12 hours of darkness (from 9 and 15
hours, respectively).

10. Hatching of viable chicks normally occurs after
21 to 22 days of incubation. The chicks in this
experiment hatched between 21 and 23 days. Af-
ter 23 days, chicks in eggs that had not hatched
were assumed to have died from lack of air and
the eggs were frozen for later analysis. These
chicks showed no gross structural abnormalities
that could explain their failure to hatch. When
candled at 20 days of incubation these chicks all
appeared to be normal and alive and could not
be distinguished from those chicks which sub-
sequently hatched successfully. It is interesting
to note that failure to hatch was absolute in that
no pipping (initial shell breakage) occurred.

Whether these chicks died prior to pipping or
were unable to pip is not clear.

11. D. R. Fraser and J. S. Emtage, Biochem. J. 160,
671 (1976).

12. J. C. Knutson and H. F. DeLuca, Biochemistry
13, 1543 (1974).

13. L. Miravet, J. Redel, M. Carre, M. L. Queille,
P. Bordier, Calcif. Tissue Res. 21, 145 (1976).

14. P. Bordier, A. Ryckwaert, P. Marie, L. Miravet,
A. W. Norman, H. Rasmussen, in Vitamin D:
Biochemical, Chemical and Clinical Aspects
Related to Calcium Metabolism, A. W. Nor-
man, K. Schaefer, J. W. Colburn, H. F. De-
Luca, D. Fraser, H. G. Grigoleit, Eds. (de Gruy-
ter, New York, 1977), p. 897.

15. J. A. Kanis, G. Heynen, R. G. G. Russel, R.
Sg;uh R. J. Walton, G. T. Warner, in ibid., p.

16. We thank T. Okamoto, B. Thuman, H. Ochoa,
and J. Bishop for exceptionally conscientious
technical assistance; A. Baumstock for the
rooster semen; and M. Swanson of the Univer-
sity of California, Riverside, and W. Rooney of
the University of California Agricultural Exten-
sion Service for helpful advice. This work was
supported by grants from Hoffman-LaRoche
and by PHS grants AM-09012 and AM-21398
and NSF grant PCM 76-24445.

17 May 1978

Phenylalanine Depletion for the Management of Phenylketonuria:

Use of Enzyme Reactors with Immobilized Enzymes

Abstract. Multitubular enzyme reactors with immobilized phenylalanine ammonia
lyase were tested in vitro and in vivo for depletion of phenylalanine in circulating
blood. Sustained reduction of phenylalanine was achieved in less than 30 minutes. A
50 percent decrease of phenylalanine was obtained with a 2-hour application of en-
zZyme reactors and was maintained for more than 2 days. Similar enzyme reactors
have therapeutic potential for temporary management of phenylketonuric patients
when their circulating phenylalanine becomes exceedingly high because of infection,

fever, or pregnancy.

A genetic deficiency of phenylalanine
hydroxylase, an enzyme that degrades
phenylalanine, is responsible for the clin-
ical entity of phenylketonuria (PKU), a
syndrome characterized by high levels of
circulating phenylalanine. The degree of
neuropsychiatric disorders, such as men-
tal retardation, confusion, and irritabili-
ty, correlate with the amount of phenyl-
alanine in the blood (/). In addition,
injection of phenylalanine into normal
volunteers decreases their mental acuity
and coordination 2). Even when symp-

toms in PKU patients are controlled by a
phenylalanine-poor diet, phenylalanine
in their blood rises during episodes of fe-
ver and infection (3). Increase in circu-
lating phenylalanine has also been re-
ported during pregnancy, resulting in
mental retardation in genetically normal
children because of their exposure in
utero to the high concentrations of
phenylalanine (¢).

Treatment of PKU patients with re-
placement of phenylalanine hydroxylase
does not seem practical because of the

Table 1. Metabolism of L-phenylalanine by phenylalanine ammonia lyase reactors, measured in
120 ml of blood circulating in vitro at a flow rate of 100 ml per minute at 37°C. Blood phenylala-
nine was assayed enzymatically (8) by measuring the rate of degradation by a standard amount
of lyase reactor. Results are expressed as the percent reduction of phenylalanine in times
given. Base line determinations were made before the addition of 30 mg phenylalanine per
100 ml of blood. The unit of activity of the lyase reactors is the number of micromoles of
phenylalanine metabolized per minute when a 1 mM phenylalanine solution in 50 mM borate
buffer, pH 8.5, is circulated through the reactor at a flow rate of S0 ml/min at 25°C.

Reactor Percentage of circulating phenylalanine metabolized
» Units of Base line After phenylalanine added
Series activit at 10
cuvity minutes S minutes 10 minutes 2 hours
HP-303 100 22 78 88 91
HP-304 10 33 83 84 90
HP-311 90 25 67 84 86
HP-312 180 19 83 83 86
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