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Fetal Development in Experimental Uremia *
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Summary. Uremic women on hemodialysis with metabolic bone disease (hy-
perparathyroidism, osteomalacia resulting from defective vitamin D metabo-
lism) and anemia (erythropoictin deficiency) are known to give birth to
infants without bone disease or anemia. Therefore, skeletal development
(enchondral and desmal bone formation) and hepatic erythropoiesis were
evaluated in fetuses of uremic rats. These fetuses failed to show defective
mineralisation or evidence of bone disease. Bolus injection of high doses
of exogenous PTH into the maternal or fetal organism did not affect fetal
bone histology. In addition, no apparent defect of bone mineralisation or
bone formation was found in fetuses of ricketic rats. Normal mineralisation
in the offspring of uremic rats may be explained by fetal hyperphosphatemia
and/or insensitivity of fetal (woven) bone mineralisation to vitamin D.

Absence of fetal anemia (normal hematocrits, normal density of hemato-
poietic cells in the liver) in the presence of maternal anemia is presumably
due to the insensitivity of fetal erythropoiesis to erythropoietin.

Key words: Uremia — Uremic osteodystrophy — Parathyroid hormone —
Vitamin D — Erythropoietin.

Zusammenfassung. Neugeborene urdmischer himodialysierter Miitter zeigen
weder eine Knochenerkrankung noch eine Andmie, obwohl eine metabolische
Osteopathie des miitterlichen Skelets (sekundirer Hyperparathyroidismus,
Osteomalacie infolge gestorten Vitamin-D-Stoffwechsels) und eine Andmie
(Ausfall der Erythropoetinsynthese) bestehen. An Feten urdmischer Ratten
wurden daher Knochenbildung und Erythropoese untersucht. Die Knochen-
entwicklung war in Skeletabschnitten mit enchondraler und desmaler Ver-
knécherung unauffillig. Die Mineralisation von Knorpel (prdparatorische
Verkalkungszone) und Osteoid erfolgte regelrecht. Nach einer StoBinjektion
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hoher Dosen exogenen Parathormons in den miitterlichen oder fetalen Kreis-
lauf wurde keine Abweichung des fetalen Knochenaufbaus beobachtet. In
den Feten rachitischer Mutterratten konnte kein typischer rachitischer Mine-
ralisationsdefekt nachgewiesen werden. Die unauffillige Mineralisation im
Skelet von Feten urdmischer Ratten — bei nachweisbaren Mineralisationsde-
fekten im Skelet ausgewachsener urdmischer Ratten — wird auf die fetale
Hyperphosphatemie und/oder die Fahigkeit des embryonalen Faserknochens,
auch bei fehlender Vitamin-D-Einwirkung zu mineralisieren, zuriickgefiihrt.

In recent years several pregnancies with successful outcome have been reported
in dialysed uremic women (Herwig et al., 1965; Orme et al., 1968; Mitra et al.,
1970; Confortini et al., 1971 ; Goldsmith et al., 1971; Parsons et al., 1975). The
offspring did not show roentgenological signs of bone disease, although rapid
development of the fetal skeleton occured in a biochemical environment that
causes metabolic bone disease in the maternal skeleton, despite the comparatively
slower turnover of the latter. In addition, anemia was not an outstanding feature
in the newborn, although their mothers exhibited the characteristic anemia
of endstage renal failure.

Uremia in the adult rat causes (1) parathyroid hyperplasia (as shown by
Jastak et al., 1968, confirmed by ourselves), (2) a reduction in the rate of osteoid
mineralisation (Krempien et al., 1972), (3) a depression of bone collagen synthe-
sis (Krempien et al., 1972a) and (4) abnormal histology of growth apparatus
and bone (Mehls et al., in press). Using this well established model of experimen-
tal uremia, we investigated whether impaired renal function in the mother animal
affects osteogenesis and erythropoiesis in the fetus.

Table 1
Al A A Sf AA-S Length Body
mosm/1 (Na) (Urea) (Urea) (Urea) cm weight
mval/l mg% mg% mg% (wet)
g
Control* 370 195 56.9 57.3 0.079 3.66 3.58
+8.12¢ +3.29 +1.59 +1.06 +1.59% +0.0233 +0.041
(a)
Uremia® 417 193 113 106 7.53 3.51 2.7
+9.81 +4.40 +3.48 +3.17 +2.01° +0.0264 +0.086
(b)
pe 0.001 N.S. 0.001 0.001 (a) N.S.*  0.001 0.001
(b) 0.01°
*  Fetuses of sham-op mother rats (7 litters; n=49)
®  Fetuses of uremic mother rats (7 litters; n=48)
¢ Wilcoxon-test
4 A=amniotic fluid

Mean + standard error (X -£SEM)
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Material and Methods

Experimental Uremia

200 g inbred Sprague.Dawley rats were given free access to food (Altromin 1324; 13,700 mg/kg
Ca; 9350 mg/kg P; 1000 IU vitamin D3/kg) and distilled water throughout the experiment. 5 female
rats and 2 male rats were housed in one cage. The onset of pregnancy was determined by monitoring
for the presence of spermatocytes in vaginal smears (unstained; airdried; obtained daily at 8 h
a.m.). Pregnant animals were subjected to 5/6 nephrectomy in the morning of the 13th day after
conception, when skeletal mineralisation is known to begin. Since the aim of the investigation
was to study possible abnormalities in skeletal mineralisation and development, this time was
chosen for nephrectomy. Under ether anesthesia, the left kidney was decapsulated through a dorsal
incision and removed after ligation of the renal artery. The right renal artery was clipped temporarily.
The upper and lower poles of the right kidney were removed. Hemorrhage was prevented by
topical application of Histoacryl® (Braun Co., Melsungen). Serum urea rose to 124+ 17 mg%,
when measured 7 days after the operation. Every other pregnant animal was sham-operated (decapsu-
lation of both kidneys). On the morning of the 2Ist day (spontaneous delivery: afternoon of
the 21st day) the fetuses were removed surgically under Nembutal® anaesthesia. Fetal blood was
collected after incision of the neck. 0,2 ml amniotic fluid were removed with a suction pipette.
Na, urea and osmolality were measured by micromethods. Hematoctit was determined by the
use of a microcentrifuge. The fetuses were cleaned with a swab and weighed immediately on
an electrical balance. Organs were weighed wet and after drying for 12 h under red light. Bones
were fixed with 70% alcohol, parenchymatous organs with 5% formalin. The material was subse-
quently dehydrated, embedded in methylmetacrylate and cut using a Jung microtome K. The sections
were stained after Masson-Goldner, hematoxilin-eosin, alcian blue — PAS and Krutsay (1963). Micro-
radiographs were prepared from fetal tibiae using undecalcified ground sections (Kodak high resolu-
tion plates; 15kV; 30 mA; fine focus Cr-anode; section thickness 100 p). Sections of the liver
(10 p; embedded in methylmetacrylate; stained after Giemsa) were evaluated at x 1000 magnification
using a measuring eye-piece with a counting grid (Wild u. Co., Heerbrugg). Nuclei of the hepatocytes
and hematopoietic cells were counted in 100 fields (80 x 80 ).

Hema- Kidneys Kidneys Liver Liver Adrenals Adrenals
toerit mg dw mg/g" mg dw mg/g" mg dw mg/g"
%
37.4 4.11 1.15 71.5 18.3 0.654 0.189
+0.072 +0.072 +0.014 +1.37 +0.354 +0.204 +0.0061
36.9 2.93 1.09 55.7 17.3 0.481 0.181
+0.568 +0.103 +0.017 +1.51 +0.454 +0.0231 +0.0055
N.S. 0.001 0.01 0.001 N.S. 0.001 0.01
(N.A)! (N.S)! 0.1 < P<0.05°

S=fetal serum

& Wilcoxon test for paired differences (measurements in individual feti)
" Organ weight (dry weight) x 1000/body weight (wet weight)

' Difference between litter means



148 E. Ritz et al.

Fig. 1. Vertebral body of a fetus of a uremic rat (undecalcified section, Krutsay-stain, microphoto-
graph x 110). Prospective intervertebral discs on top and bottom; growth cartilage underneath
intervertebral discs; ossification center in the middle of the vertebral body. Note the orderly minerali-
sation of cartilage between hypertrophic cartilage cells and of the primary spongiosa trabeculae

Tetracycline Labelling. In additional experiments, pregnant rats were given 1.0 mg/100 g tetracycline
(Reverin®) intraperitoneally on the 20th and 21st day of their pregnancies. The 2nd injection
was administered 3 h before the fetuses were removed surgically.

Injection of PTH to Fetuses. On the 19th day of pregnancy, fetuses of pregnant SD rats (320 g)
were given 0.3 ml, 0.6 ml or 0.9 ml PTH Lilly (1 ml=100 IU USP) intrahepatically. The abdomen
of the mother animal was opened surgically; the fetuses could be identified through the myometrium.
Those in the right horn of the uterus were given saline and those in the left horn were given
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Fig. 2. Calvaria of a fetus of a uremic rat (undecalcified section, Krutsay-stain, microphotograph
% 120). Formation of the calvaria directly from fibrous tissue (in membrane) without intervention
of a cartilaginous mould (desmal bone formation). Note the well mineralized bone trabeculae
in the anlage of the calvaria (skin on top anlage of the calvaria in the middle, brain on bottom)

e 28

Fig. 3. Dental development in a fetus of a uremic rat (undecalcified section, Krutsay-stain, micro-
photograph x 300). Ameloblasts (forming enamel) on top, odontoblasts (forming dentin) on bottom.
Note the presence of mineral to the right of the ameloblasts
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Fig. 4. Tibia of fetus of uremic rat (undecalcified section, Krutsay stain, microphotograph x 78)

rising doses of PTH. The puncture site was closed with Histoacryl® to prevent leakage of the
amniotic fluid. In the morning of the 21st day of pregnancy. the fetuses were removed and worked
up as described above.

Administration of PTH to Pregnant Rats. Pregnant rats were given 5ml (=5001U USP) PTH
Lilly intraperitoneally. Fetal and maternal material was removed as described above in the morning
of the 21st day of pregnancy.

Fetuses of Ricketic Rats. The animals studied were the 3 generation of rats who had been put
on vitamin D3 deficient diet (Altromin C 1017; Ca/P-ratio 1.1). The respective mother/animals
(f 2 generation) were weaned 20 days after birth; they were kept on vitamin D3 free diet and
housed in closed boxes without access to UV-light. The animals were handled by one person
wearing gloves throughout the experiment. These vitamin D deficient animals were mated with
male rats kept under identical conditions. Fetuses (f 3 generation) of the ricketic mother rats
(f 2 generation) were removed on the 21st day of pregnancy as described above.

Results
Body and Organ Size (Table 1)

The maximal length of the extended fetuses (hind foot-snout) was only slightly,
although significantly, diminished in those from uremic rats, pointing to almost
unimpaired longitudinal growth. In contrast, body weight was considerably
reduced, possibly an indication of placental malfunction. Placental wet weight
was 371 £ 51.4 mg in control and 314 +44.3 mg in uremic rats (P <0.01), whereas
placental dry weight was 62.4+9.33 mg in control and 52.9+6.71 in uremic
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Fig. Sa and b. Fetus of control rat (a) and fetus of uremic rat (b). Microradiograph of tibia.
(Embedding in methylmetacrylate, undecalcified section (100 p), microradiograph x 40). Enchondral
ossification with formation of metaphyseal spongiosa (on top and bottom); diaphyseal collar (cortical
bone) in the middle. No difference of cortical width or cortical mineralisation and no difference
of enchondral ossification

rats (P<0.01). In normal animals, the relation between organ weight and body
weight was linear (r [kidneys]=0.807). While the absolute weight of the kidneys,
livers and adrenals was considerably diminished in uremic animals, the reduction
was roughly proportional to the reduction of body weight, the ratio of organ
weight/body weight being almost normal. Specifically there was no compensatory
hypertrophy of the kidneys.
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Fig. 6. Fetus of ricketic rat. Proximal tibia.
(undecalcified section (5 p),
Masson-Goldner-stain, microphotograph
x 60). The zone of proliferating and
hypertrophic growth cartilage is not
enlarged; no accumulation of
chondroosteoid

Skeletal Development

In fetuses from uremic rats the rate of cartilage growth in the epiphyseal plate
was unimpaired, as shown by almost normal fetal length. Histological analysis
of enchondral (vertebrae, tibiae, metaphyses) and desmal (calvaria) bone forma-
tion centers, as well as studies of dental development revealed essentially no
difference between fetuses of uremic and sham-operated rats (Figs. 1-3). Bone
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mass seemed to be somewhat reduced in fetuses of uremic rats, presumably
a consequence of slower fetal development (also indicated by lower birth
weights).

Studies of ossification centers with Krutsay stain gave no evidence of defec-
tive mineralisation of the provisional zone of calcification in epiphyseal cartilage
(Fig. 4). Similarly, there was no excess of osteoid in metaphyseal spongiosa.
The presence of normal amounts of mineral in the provisional zone of calcifica-
tion and in the primary spongiosa could also be demonstrated directly by micro-
radiography (Fig. 5a-b).

It was impossible to judge mineralisation with the tetracycline labelling tech-
nique, since tetracycline was diffusely taken up throughout the entire skeleton
(““diffuse staining”) presumably because mineral content and diffusion imped-
ance of the skeleton were both low.

Histological examination of the proximal tibia of mothers with uremia did
not show evidence of uremic bone disease, i.e. fibroosteoclasia or disturbed
mineralisation.

In contrast to preliminary impressions in non-quantitative studies (Ritz et al.,
1973) semiquantitative evaluation did not show any abnormality of skeletal
histology in either the fetuses of rats who had received PTH i.p. or in those
who had received PTH intrahepatically.

In fetuses of ricketic mother rats, although bones were rarefied, provisional
calcification and mineralisation of primary spongiosa proceeded in an orderly
fashion without demonstrable accumulation of chondro-osteoid which is typi-
cally seen in postnatal rickets of the rat (Park, 1954). Impaired mineralisation
was neither found with the Krutsay stain nor with microradiography (Fig. 6).

Hepatic Hematopoiesis (Table 2)

Uremic mother animals were definitely anaemic (U: 28+2.6% Hkt; Co:
354+1.5% Hkt). However, hematocrit values did not differ significantly between
the fetuses of uremic and of normal mother animals. In accordance with this
hematopoietic cells in the livers of uremic fetuses when expressed both as number
of nuclei per unit area (cell density) and as number of nuclei per 100 hepatocytes
(cell fraction), did not differ significantly between fetuses of uremic rats and
normal rats.

Table 2. Hepatic erythropoiesis in fetuses of uremic rats

Hematopoietic cells Hepatocytes Ratio hematopoietic
(cells/6400 u?) (cells/6400 p2) cells/hepatocytes
Uremic 1858 +193 918472 2.03+0.23
(n=12)
Control 1652 +196 908 188 1.83+0.23

(n=17) NS. NS. : N.S.




154 E. Ritz et al.

Discussion

This study demonstrates that fetal osteogenesis is little affected by uremia
of the mother animal with its attendant hyperparathyroidism, lowering of ionised
plasma Ca levels and defective vitamin D metabolism (Massry, 1972). This
result explains the failure of newborns of uremic hemodialysed mothers to develop
metabolic bone disease.

The absence of fibroosteoclastic or osteomalacic changes in the maternal
skeleton is hardly surprising, since the growth and turnover rates of the maternal
skeleton are far below those of the fetal skeleton. It appears that the duration
of uremia was too short to permit the appearance of bony changes. However,
in short term uremia, although histological abnormalities were not demonstrable
by light microscopy, histodynamic studies (Krempien et al., 1972) revealed a
decrease in mineralisation rate. Definite bone discase was shown in long term
uremia (Mehls et al., 1977).

In uremic rats, parathyroid glands are hyperplastic (Raisz, 1969) and circulat-
ing plasma parathyroid hormone levels must be elevated (Mehls, 1976). How-
ever, the placenta seems to be relatively impermeable to maternal PTH as shown
by Hoskins and Snyder (1933), Krukowski and Lehr (1963) and Garel et al.
(1971). An clevation of maternal PTH levels can therefore not be transmitted
to the fetus.

In addition, the depression of ionised serum Ca levels in the maternal circula-
tion is unlikely to stimulate fetal PTH secretion. In the rat, fetal parathyroid
glands have been shown to be definitively functional at term (Pic et al., 1965;
Garel etal., 1971). Yet it is questionable whether maternal hypocalcemia of
moderate intensity is transmitted into amniotic fluid. Active transport of Ca
has been demonstrated in the placenta (Alexander et al., 1973) so that fetal
plasma Ca levels are maintained in the presence of large fluctuations of maternal
plasma Ca levels (Bawden et al., 1965; Bawden and Wolkoff, 1967; Greeson
et al., 1968). This is in agreement with the finding that transplacental isotopic
exchange of Ca is slow (Plumlee et al., 1952; Wassermann et al., 1957). A
homeostatic mechanism within the placenta was suggested by the finding of
Alexander et al. (1973) that plasma Ca returned to the fetal level within short
time when the fetus was replaced with a pump and a reservoir of maternal
blood. These compensatory mechanisms may fail in the presence of prolonged
severe maternal hypocalcemia. Sinclair (1941) found stimulation of fetal parathy-
roid glands when parathyroidectomised pregnant rats were given low Ca diets.
Intrauterine hyperparathyroidism has also been observed in the newborns of
patients with untreated hypoparathyroidism (Aceto et al., 1966). Hypocalcemia
of such intensity does not occur, however, in experimental uremia (Mehls et al.,
1976) and in dialysed uremic women (Confortini, 1971).

Although pharmacological doses of exogenous PTH raise plasma Ca levels
in the fetus (Hoskins and Snyder, 1933; Garel et al., 1971), a high intrahepatic
dose of exogenous PTH failed to affect the development of fetal bone tissue.
However, this negative finding may merely result from the short half life of
PTH when it is given as a bolus injection. There is suggestive evidence that
the fetal skeleton is responsive to prolonged PTH excess; for instance prolonged
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stimulation of fetal parathyroid glands has been shown to result in osteitis
fibrosa of the skeleton (Aceto et al., 1966).

It is remarkable that in this study no mineralisation defects or defective
transformation of cartilage into bone were found. This finding is the more
remarkable since clearcut ricketic change are found in 200 g Sprague-Dawley
rats with uremia resulting from 5/6 nephrectomy (Mehls, 1976). In human
beings defective mineralisation (rickets) is observed in newborn infants of mo-
thers with vitamin D deficiency osteomalacia (Maxwell and Turnbull, 1932;
Ford etal., 1973; Moncrieff, 1974; Russel, 1974). In this study, fetal rat bone
mineralised even when the mother animal was severely vitamin D deficient;
in addition, epiphyseal cartilage of the fetus was transformed into primary
spongiosa in an orderly fashion.

Several hypotheses may be advanced to explain the paradoxical absence
of rickets in the fetuses of both vitamin D deficient and uremic mother animals.

When ricketic rats are fasted, hyperphosphatemia ensues and rickets heal
as evidenced by the reappearance of mineral deposits in the provisional zone
of calcification (Park, 1954). Fetal Ca and phosphorus levels are kept above
maternal levels, presumably by placental transport processes (Alexander, 1973),
and this may contribute to the preservation of mineralisation.

Lamellar bone with an ordered suprafibrillar collagen structure requires
vitamin D for mineralisation. In contrast, woven bone with an irregular suprafi-
brillar collagen structure has been shown to mineralise even in the absence
of vitamin D (Ball and Garner, 1966). Since the fetal skeleton comnsists of very
immature woven bone, it is likely that the fetal skeleton depends less on vitamin
D for mineralisation than does the adult skeleton.

Finally, we cannot exclude the possibility that in fetuses of uremic rats
the kidney is able to synthesize 1.25-dihydroxycholecalciferol. The precursor,
25-hydroxycholecalciferol, is present in normal concentrations in uremic rats
(Mehls etal., 1976) and is available to the fetus by transplacental transfer
(Haddad etal., 1971).

The absence of anemia in fetuses of uremic rats is in striking contrast to
its presence in the uremic mother animals. Fetal erythropoiesis has been shown
to be relatively independent of stimulation by erythropoietin (Zanjani, 1973).
Fetal erythropoietin production can be stimulated by experimentally induced
haemolytic anemia when the erythropoietin produced appears to be of extrarenal
origin, since its production is not affected by nephrectomy. It is less likely,
therefore, that the absence of fetal anemia is due to erythropoietin synthesis
in the kidneys of the feti of uremic mother rats.

In addition to the fall of erythropoietin levels, retention of toxic substances
has been implicated in the pathogenesis of the anemia of renal insufficiency.
This study does not document toxic inhibition of erythropoiesis.
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