
ages. The complete lack of altitude infor- 
mation severely limits our ability to 
make definitive statements about most of 
the features in these images. This prob- 
lem will be at least partly solved by the 
Pioneer Venus orbiter, which is cur- 
rently supplying altitudes at approxi- 
mately 120-km spacings over the region 
covered by the Arecibo images. The 
combination of the two data sets should 
lead to a much better understanding of 
the nature of the large surface structures 
visible in the radar images. 
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Dynamic Changes in Circulating 1,25-Dihydroxyvitamin D 

During Reproduction in Rats 

Abstract. The concentrations of 1,25-dihydroxyvitamin D [1,25-(OH)2D], calcium, 
and phosphorus were measured in the serum of rats during pregnancy and at various 
stages of lactation. The concentration of 1,25-(OH)2D hormone increased almost two- 
fold during pregnancy and the latter part of lactation, but decreased to control levels 
or very low values immediately after birth and weaning, respectively. Furthermore, 
the concentration of 1,25-(OH)2D was inversely correlated with the concentration of 
calcium, suggesting that circulating 1,25-(OH)2D fluctuates in concert with calcium 
demands during the reproductive cycle. Parathyroidectomy in lactating rats caused 
a 70 percent inhibition of the normally observed 1,25-(OH)2D increase, indicating 
that parathyroid hormone, in response to changes in serum calcium, is a primary 
modulator of 1,25-(OH)2D during lactation. 
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The mineral requirements of the fetus 
during pregnancy and the high rates of 
mineral transfer to milk during lactation 
impose substantial drains on maternal 
calcium and phosphorus stores (1). 
These stores are maintained and replen- 
ished by increases in intestinal absorp- 
tion of calcium and phosphate, processes 
known to be mediated by 1,25-dihy- 
droxyvitamin D [1,25-(OH)2D] (2). This 
active vitamin D metabolite, which also 
participates in calcium homeostasis, is 
formed in a tightly controlled fashion in 
the kidney (3) under the influence of a 
host of regulators including calcium (4), 
phosphate (5), parathyroid hormone 
(PTH) (5, 6), growth hormone (7), estro- 
gen (8), and prolactin (9). 
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Near the end of pregnancy in humans 
(10) and late in lactation in rats (11), 
striking increases are observed in the 
concentration of 1,25-(OH)2D in the 
serum. Little is known about the factors 
responsible for triggering the increase in 
circulating 1,25-(OH)2D during the re- 
productive period. We therefore con- 
ducted experiments in rats to monitor 
serum 1,25-(OH)2D, calcium, and phos- 
phorus at a number of periods between 
late pregnancy and the termination of 
lactation and to determine if, during lac- 
tation, the absence of PTH might signifi- 
cantly alter serum 1,25-(OH)2D and 
therefore implicate PTH as a major regu- 
lating factor. 

Female rats (Holtzman) were obtained 
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Female rats (Holtzman) were obtained 

when they were 6 or 14 days pregnant, 
when they had litters of ten 7- to 15-day- 
old pups, or when they were non- 
lactating adults. All rats arrived in the 
laboratory 6 days or more before the be- 
ginning of the experiment and were 
maintained on a diet (11) consisting of 75 
percent whole wheat flour, 13 percent 
casein, 4.4 percent fat (mostly as corn 
oil), 2 percent salt mixture, 1.3 percent 
of vitamin D-free vitamin mixture (ICN 
Life Sciences), and 0.8 percent CaCO3, 
with final calcium and phosphorus con- 
tents of 0.37 and 0.32 percent, respec- 
tively. Vitamin D3 was added at 5 I.U. 
per gram of diet. 

Calcium, phosphorus, and 1,25- 
(OH)2D were determined in the serum of 
rats at different reproductive stages (six 
to eight animals per group). The stages 
used were pregnancy (at 21 days), short- 
ly after birth (1 to 2 days), lactation (7 to 
8 days and 13 to 16 days), and post- 
lactation (2 and 7 days after weaning). 
Nonlactating controls, in which lactation 
had been terminated 2 weeks or more, 
were also included. Control rats for indi- 
vidual reproductive groups were killed at 
times ranging from 6 to 20 days after 
receipt in the laboratory, corresponding 
to the time the pregnant and lactating 
rats were killed. Serum calcium was de- 
termined in a lanthanum chloride solu- 
tion (1 percent lanthanum) by atomic 
absorption spectrometry with a Perkin- 
Elmer 305 instrument. Phosphate (as in- 
organic phosphorus) was determined col- 
orimetrically (12). The remaining serum 
(3 to 5 ml per rat) was frozen (-90?C) 
for subsequent determinations of 1,25- 
(OH)2D, which was measured by a 
radioreceptor assay with the chick in- 
testinal cytosol-chromatin receptor sys- 
tem as originally described by Brum- 
baugh et al. (13) and modified as detailed 
elsewhere (9). 

Recently, we have used 1,25-(OH)2- 
[3H]D3 of very high specific activity (94 
Ci/mmole) to increase the sensitivity of 
the assay to 1 pg of 1,25-(OH)2D 
which allows analysis of individual 
rat serum samples. The 1,25-(OH)2D was 
isolated from serum prior to assay 
either as described by Hughes et al. (14) 
or by recent modifications incorporating 
high-pressure liquid chromatography 
(15). Standard errors were calculated 
from analysis of variance of the data in 
each experiment and a one-tailed Stu- 
dent's t-test was used to test significance 
of differences between mean values. Sig- 
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Table 1. Effect of parathyroidectomy on the concentrations of 1,25-(OH)2D, calcium, phosphorus, and body weight in lactating rats. 

Serum calcium Serum phosphorus Body weights Serum 

Number (mg/dl) (mg/dl) 48 hours after 1,25-(OH)2D 
Group of rats surgery (g) 48 hours 

Before 48 hours Before 48 hours after surgery 
surgery later surgery later Mothers Litters (pg/ml)* 

Nonlactating with 10 10.2 + 0.1 9.9 + 0.2 5.6 + 0.4 4.4 + 0.3 335 + 9 39 ? 9 
sham operations 

Lactating with 12 9.6 ? O.lt 9.4 + 0.2t 6.4 + 0.3t 5.8 + 0.3t 385 + 8 250 + 10 220 ? 8t 
sham operations 

Lactating para- 8 9.8 + 0.1 4.5 + 0.3 6.7 + 0.4 8.4 + 0.3 370 + 10 235 + 12 95 + 9t, ? 
thyroidectomized 

*Average value from triplicate assays of four to six pools of serum from two to three rats each. tSignificantly different (P < .01) from value for nonlactating group 
with sham operations. (Values before and after surgery were combined.) tSignificantly different (P < .01) from value for nonlactating group with sham opera- 
tions. ?Significantly different (P < .01) from value for lactating groups with sham operations. 

crease appears to be approximately 80 
percent above the nonpregnant control 
levels and supports the belief that fetal 
demands for minerals during pregnancy 
lead in some way to enhance the syn- 
thesis of 1,25-(OH)2D. By 1 to 2 days 
postpartum, 1,25-(OH)2D decreased to 
control levels, then increased again so 
that by 7 to 8 days of lactation the con- 
centration of circulating hormone was 
nearly equal to that during pregnancy. 
The concentration of 1,25-(OH)2D re- 
mained high throughout lactation only to 
fall again precipitously 1 to 2 days after 
weaning (Fig. 1). A small but significant 
reduction in serum calcium was ob- 
served during the later stages of lacta- 
tion, as documented previously (11, 17), 
but significant hypercalcemia and hyper- 
phosphatemia occurred after weaning 
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(Fig. 1). This physiological rebound phe- 
nomenon, seen also in cows (18), is ap- 
parently caused by the sudden absence 
of a lactation-associated calcium drain 
into the milk with continued high rate of 
calcium absorption and may be respon- 
sible for the low concentration of 1,25- 
(OH)2D. Finally, by day 7 after weaning, 
1,25-(OH)2D and calcium returned to 
control levels. These data illustrate the 
fluctuations in 1,25-(OH)2D that occur 
during the physiological changes of re- 
production and emphasize the control 
exerted over this hormone during states 
of enhanced mineral need. 

We also tested statistically the possi- 
bility that the concentrations of either 
calcium or phosphorus in the serum cor- 
relate strongly with the circulating con- 
centration of 1,25-(OH)2D. A linear re- 

Pregnant 
(21 day) 

It----0 Lactating *-I.- 

10.2?0.2 10.2?0.2 

0 4 8 12 16 0 2 

Day number 
10.4*0.2 10.1?0.2 9.6?0.2* 13.0?0 .2* 10.5'0.2 

Serum P 5.303 5.5?0.3 4.4-0.3 5.1?0.3 5.0t0.3 7.730.3* 4.1?0.3' 
(mg/dl) 

Fig. 1. Serum concentrations of 1,25-(OH)2D, calcium, and phosphorus in pregnant, lactating, 
and weaned rats. Control rats were nonlactating, nonpregnant, age-matched female animals, 
three of which were bled on the same day as the 7- to 8-day lactating group; the five remaining 
rats were bled on the same day as the 13- to 16-day lactating group. All numbers were the 
average of triplicate determinations on each of seven to eight individual rat serum samples 
(+ standard error). Values designated with an asterisk are significantly different from the con- 
trol, P < .01. 
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gression analysis of individual 1,25- 
(OH)2D values against the corresponding 
calcium or phosphorus levels (N = 55) 
revealed a correlation coefficient of 
- 0.6 (P < .001) for calcium and - 0.3 
(P < .05) for phosphorus. The strong 
negative correlation with calcium over a 
wide range of serum values supports the 
idea that this ion modulates the biosyn- 
thesis or degradation of 1,25-(OH)2D, 
but does not rule out an influence of 

phosphate. 
Since calcium is thought to regulate 

renal 1,25-(OH)2D production by way of 
alterations in circulating PTH (2), para- 
thyroidectomy was performed in lactat- 
ing rats in an attempt to reduce the con- 
centration of serum 1,25-(OH)2D. Two 

days before the experiment the para- 
thyroid glands were removed by excision 
from rats suckling ten 12- or 13-day-old 
pups. Another group of lactating rats as 
well as a group of nonlactating rats of 
similar age were subjected to sham oper- 
ations. Completeness of the parathyroid- 
ectomy (PTX) was assumed when a post- 
operative (48 hours) decrease in serum 
calcium of at least 3 mg/dl was observed. 
The mean decrease in serum calcium for 
the PTX group was actually 5.4 mg/dl in 
contrast to no significant change in the 
two groups with sham operations (Table 
1). Six of the 11 rats showed some degree 
of tetany; three, sufficient to require 
their elimination from the experiment. 
The data in Table 1 illustrate that PTX 
has a marked inhibiting effect on the nor- 
mal increase in serum 1,25-(OH)2D oc- 
curring in late lactation. Rats with sham 

operations at 12 to 13 days of lactation 
exhibited the characteristic hypocal- 
cemia of lactation, a mild hyper- 
phosphatemia not detected in the first 

experiment (Fig. 1) but reported pre- 
viously (11), and a fivefold increase 
in serum 1,25-(OH)2D over nonlactat- 

ing controls (somewhat greater than 
that shown in Fig. 1). The PTX group 
displayed the expected hypocalcemic 
and hyperphosphatemic responses and 
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showed a 70 percent reduction of the 
1,25-(OH)2D increase that occurred in 
the lactating rats with sham operations. 
These results indicate that PTH may 
control 1,25-(OH)2D synthesis during 
lactation, as well as in other situations 
observed previously (5, 6), although it is 
possible that the high phosphate concen- 
tration in the PTX group (Table 1), as 
well as in the group that had been 
weaned 2 days previously (Fig. 1) may 
also serve to depress the hormone. In ad- 
dition, these findings do not rule out still 
other regulators because the PTX group 
retained concentrations of 1,25-(OH)2D:3 
that were twice that of the nonlactating 
group. 

Since Bouillon et al. (19) have demon- 
strated that the serum vitamin D-binding 
protein, which transports 1,25-(OH)2D in 
the blood, does not increase in either 
pregnancy or lactation in the rat, the ob- 
served changes in circulating 1,25- 
(OH)2D (Fig. 1) could not be the result of 
increased plasma carrier protein syn- 
thesis. We propose that the increases in 
1,25-(OH)2D in pregnancy and lactation 
are produced by increased biosynthesis 
of the hormone as catalyzed by the re- 
nal 25-hydroxyvitamin D-1-hydroxylase. 
This enzyme is probably stimulated by 
augmented calcium requirements, with 
the parathyroid glands acting as an inter- 
mediary to sense low serum calcium and 
elaborate PTH which in turn increases 
the activity of the 1-hydroxylase. Other 
evidence suggests that prolactin can also 
influence the 1-hydroxylase (20) and cir- 
culating 1,25-(OH)2D (9), at least in 
birds. Further, bromocriptine, a drug 
that inhibits prolactin secretion, can 
drastically reduce 1,25-(OH)2D concen- 
trations in early lactation in rats, an ef- 
fect that is reversed by administration of 
prolactin (21). Since serum prolactin 
concentrations are maximum at 2 days of 
lactation in rats (22), it is therefore prob- 
able that any effect of prolactin on 1,25- 
(OH)2D occurs during early lactation and 
that PTH is primarily responsible for the 
increased 1,25-(OH)2D in late lactation. 
A synergistic affect of PTH and prolactin 
is also conceivable. The physiological 
function of the elevated 1,25-(OH)2D 
concentration in lactation is probably to 
maintain a normal serum calcium level, 
since vitamin D-deprived lactating rats 
with reduced 1,25-(OH)2D concentra- 
tions develop severe hypocalcemia (1I). 
This action of 1,25-(OH)2D may be by in- 
testinal absorption of calcium, although 
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tions develop severe hypocalcemia (1I). 
This action of 1,25-(OH)2D may be by in- 
testinal absorption of calcium, although 
direct evidence for this in lactating rats is 
not yet available. 
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(OH)2D (18) are both increased near term 
in human pregnancy, suggesting that 
PTH is again functioning to stimulate 
1,25-(OH)2D formation. It is interesting 
that neither PTH (1) nor 1,25-(OH)2D 
(23) are increased in women with well- 
established lactation (6 weeks post- 
partum)-again pointing to the inex- 
tricable association of PTH and in- 
creased 1,25-(OH)2D in the calcium al- 
terations of health and disease. 
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that in this organism N2 fixation is depen- 
dent on the availability of a reductant 
uniquely produced by the photosynthetic 
apparatus. We report experiments dem- 
onstrating that R. capsulata can grow on 
N2 as sole nitrogen source anaerobically 
in darkness; thus, a "photoreductant" is 
not obligatory. 

Rhodopseudomonas capsulata grows 
anaerobically in darkness on N2 in a 
completely defined medium with fruc- 
tose as the sole source of carbon, ener- 
gy, and reducing power (Fig. 1). The 
doubling time is approximately 12 hours, 
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Dark Anaerobic Dinitrogen Fixation by a 

Photosynthetic Microorganism 
Abstract. Photosynthetic purple bacteria can grow with dinitrogen gas as the sole 

nitrogen source under anaerobic conditions with light as the energy source. The 
bacterium Rhodopseudomonas capsulata can fix nitrogen in darkness with alterna- 
tive energy conversion systems, namely, anaerobic sugar fermentation and aerobic 
respiration at low oxygen tension. Although growth on dinitrogen is optimal under 
photosynthetic conditions, the results show that reduction of dinitrogen is not 
obligatorily coupled to activity of the photosynthetic apparatus. 
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