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The effects of lead on growth in female rats and on growth
and skeletal development in their offspring were investigated.
No alteration in growth rate, compared to the growth rate in
paic-fed controls, was observed in 48 weanling females continu-
ously exposed to 250 or 1{}} ppm lead in drinking water and
fed a replete diet. After 49 days of exposure, all rats (24 pair-fed
controds, 12 exposed to 25G ppm lead, and {2 exposed to 1000
ppm lead) were mated with control males. At parturition, six
lactating dams each from the 250 and 1000 ppm lead groups
were removed from lead exposure and given control drinking
water, and six lactating dams each from the control group were
given either 250 or 1000 ppm lead in drinking water. Exposure
conditions for the remaining dams in the controt, 250, and 1000
ppm groups were not changed, Maternal blood lead in the con-
tinuously lead-exposed groups was higher at the end of lactation
than prior to mating. Lead exposure prior to parturition caused
greater maternal tibial lead accumulation than lead exposure
after parturition. In contrast, lead exposure prior to parturition
had a lesser impact on offspring tibial lead accumulation than
lead exposure after parturition. Decreases in tibial calcium and
phosphorus were observed in dams exposed continuously to 250
or 1000 ppm lead; however, there was no apparent effect of Jead
on maternal growth-plate morphology or on growth-plate
width. Offspring body weight was depressed relative to controls
during suckling (Day 11} and alter weaning {Day 24} in high-
dose and continuously lead-exposed groups, Continuous lead
exposore caused a greater decrease in offspring body weight
than [ead exposure only prior to or after parturition. Decreased
tail length growth suggested possible eflects of lead on tail verte-
bral bone growth. While tibial calcium and phosphorus levels
were not changed in the weanlings, increased weanling growth-
plate width, with disruption of chondrocyte organization, and
wider metaphyseal trabeculae were observed, Although the
mechanisms of these effects are not known, the results suggest
that Jocal lead-refated eifects on growth-plate chondrogenesis
and metaphyseal mineralization may be involved.  © 1994 Society of
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The skeleton is increasingly recognized as an important
target for lead toxicity (Nordberg ef af., 1991; Silbergeld,
[991), Analysis of the National Health and Nutrition {1
Survey has demonstrated a negative relationship of blood
lead in the range of 8 10 35 ug/d} with height, chest circum-
ference, and body weight in children (Schwartz ez al., 1986).
A pilot retrospective study of growth in children has re-
centiy shown that blood lead levels over 30 ug/dl and persis-
tently high erythrocytic protoporphyrin (EP) levels were as-
sociated with reduced height and weight gain after age 24
months (Angle and Kunzelman, 1989), In addition, mater-
nal lead exposure during pregnancy has been associated
with increased cranial vault densities (abniormai mineraliza-
tion of the skull) and delayed body development at birth
{Pearl and Boxt, 1980). Lead is associated with reduced
growth during early chiidhood (Mooty et al., 1975), and
lead exposure in urero may enhance lead-related growth
retardation when continued postnatally (Shukla er al,
1989).

Lead administered intravenously to the dam causes skele-
tal malformations in fetal mice and rats (McClain and
Becker, £975; Kennedy et al., 1975). Increased trabecutar
width and osteoclast inclusion bodies were observed in fe-
murs from pigs given lead in the diet (Hsu ¢f al., 1973).
Bone formation was decreased in dogs exposed to dietary
lead for 7 months; this effect was accompanied by de-
creased osteoblast activity for up 1o 6 months after cessa-
tion of exposure (Anderson and Danylchuk, 1980). Evi-
dence of Jead-related skeletal growth retardation has been
reported, as indicated by nonclosure of vertebral growth
plates in dogs fed lead (Stowe ef ¢/, 1973). The *“lead line™
can be observed by radiography of the epiphyseal growth
plate in long bones of lead-exposed humans (Park ef al.
1933), and a recent study has shown that lead can bind to
growth-plate cartilage matrix sites normaily associated with
calcium and phosphorus (Arsenault and Hunziker, 1988).

In utero lead exposure combined with exposure after par-
turition has caused decreased body weight gain in rat ofl-
spring (Grant et ai., 1980). Results from a study with rats
fed ad libitum supgest that lead-related effects on food in-
take should be considered in studies of lead effects on
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growth (Hamilton et al,, 1994). However, mechanisms of
lead-related effects on growth and skeletal development are
not well understood. Lead exposure has been associated
with decreased growth rate in pair-fed weanling rats ex-
posed to 50 or 250 ppm lead in drinking water (Grant et al.,
1980). Reduction in growth (body weight and tail length)
associated with up to 1000 ppm lead in drinking water has
also been observed in weanling rats fed ad libitum (Hamil-
ton et al., 1994). This study provides an assessment of the
effect of lead on growth of pair-fed female rats exposed to
250 or 1000 ppm lead in drinking water and on skeletal
development in their offspring.

METHODS

Prior to parturition. Forty-cight female and 15 male Sprague-Dawley
cesarean-delivered (CD) rats (Charles River, Poriage, MI) were obtained at
age 21 days and singly housed in stainless sieel wire cages. The housing
cyclie was 12 hr light and 12 hr dark under controlled temperature (22—
25°C). After 4 days to allow acclimatization, the rats were assigned ran-
domly 1o study groups. Twelve males and 24 females were assigned to the
control group, and |2 fernales each were assigned to the 250 and 1000 ppm
lead exposure groups (Fig. 1). Initial (Day 0) weights were matched as
closely as possible within pair-fed control and lead-exposed female pairs.
Twelve females in the control group were pair-fed daily to weight-matched
250 ppm group females, and the remaining 12 females in the control group
were pair-fed daily to weight-matched 1000 ppm group females. Daily
food intake correction was made to account for exposure-group food wast-
age. All males were fed ad [ibitum for later use in mating, Prior-to-parturi-
tion study groups are shown in Fig. 1.

Lead acetate trihydrate was dissolved in deionized water to give drinking
water concentrations of 250 or 1000 ppm lead. Acetic acid (0.00125%) was
added to aid in dissclution; the control group drinking water was 0.00125%
acetic acid in deionized water. These solutions were provided as drinking
water ad libitum beginning at Day 25 of age, designated as Day 0 of treat-
ment.

The rats were fed a pelleted semipurified defined diet (Test Diet No.
5755, Purina Mills, Richmond, IN) containing 0.60% calcium, 0.40% phos-
phorus, and 2200 IU/kg vitamin D,. The diet was chosen because it is
considered nutritionally adequate (replete) for both growing and pregnant

48 female rats
Pair-ted control feeding

! !

Control 250 ppm 1000 ppm
n=24 n=12 n=12
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l 7 weeks axposure
Mating
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Ne change in exposure groups until parturition
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= —
K ' Y \ [
Control 250 ppm 1000 ppm  Control 250 ppm Control 1000 ppm
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FIG. 1. Animals and exposure groups for assessment of the growth of
lead-exposed female rats and skeletal development in their offspring.
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rats according to National Research Council (NRC) guidelines (NRC,
1978), but does not provide supplementary amounts of nutrients normally
found in laboratory rat chow. The same production batch of diet was used
throughout the study.

Prior to mating, weekly body weight and tail length of the female rats
were measured beginning at initiation of exposure (Day 0). An adapted
25-cm ruler (1 mm scale) was used to measure rat tail length. Blood was
taken by tail section at Days 0, 21, and 49 for blood lead analysis by atomic
absorption spectrophotometry (Pruszkowska ef a/., 1983). The blood sam-
ples were collected in 0.1-m] capillary pipets (Environmental Health Asso-
ciates, Rochester, NY) from incisions made at the base of the tail after the
tail had been cleaned with a 0.5% disodium ethylenediaminetetraacetate
(EDTA) solution and rinsed with deionized water.

After 49 days of exposure, mating was initiated. Each female rat was
taken when proestrous and mated overnight with a control male. Vaginal
smears were read on the following morning. The day of appearance of
sperm in the vaginal smears was designated as Day 0 of gestation. A4
libitum feeding conditions began at pregnancy {Gestation Day 0). The
pregnant females were singly housed until Gestation Day 18. On Day 18,
the pregnant females were transferred to baskets with wood chip bedding.
Exposure conditions did not change during gestation. Six of the 48 rats
found proesirous and which did not become pregnant after three mating
attempts were removed from the study.

At parturition. At parturition, the number of pups in each litier was
culled by random selection to eight. As shown in Fig. 1, 20 of 24 control
dams had litters, and 22 of 24 lead-exposed dams had litters. Six dams each
from the 250 and 1000 ppm lead groups were removed from lead exposure
and given control drinking water. Six dams each from the control group
were given 250 or 1000 ppm lead in drinking water. Exposure conditions
for the remaining dams in the control, 250, and 1000 ppm groups were not
changed, Ad libitum feeding conditions continued duning lactation. Partu-
rition study groups are shown in Fig. 1. They are: Group 1, control/control
(0/0);, Group 2, 250 ppm/control (250/0); Group 3, 1000 ppm/control
(1000/0); Group 4, control/250 ppm (0/250); Group 5, control/ 1000 ppm
(0/1000); Group 6, 250 ppm/250 ppm (250/250); and Group 7, 1000
ppm/ 1000 ppm (1000/1000}.

Within 12 to 24 hr after parturition, Day | pup body weight of all pups
{including culled pups) was measured, and gestation time (days to partuni-
tion) and gestation rate {number of dams with litters) were recerded.

After parturition. The dams were kilied by asphyxiation with carbon
dioxide on Day 21 of lactation, and the weanlings were killed with carbon
dioxide 3 days later. During the 3 days, the weanlings were given the same
drinking water previously received by their dams to assess the effect of lead
on early weanling growth and mortality rate.

Body weight of the suckling pups were measured on Day 11 of lactation.
At Day 21, blood was taken by tail section from the dams for blood lead
analysis and determination of serum calcium and phosphorus by atomic
absorption spectroscopy. The dams were then killed by asphyxiation with
carbon dioxide, and both tibias were taken. The left tibia was used for
determination of tibial ash weight and tibial lead (Wittmers et al., 1981),
phosphorus {Chen ef @i, 1956), and caicium (Hailoran and DeLuca,
1981). The right tibia was used for measurement of growth-plate width (see
below).

Three days later, body weight and tail length of Day 24 weanlings were
measured, and serum was taken by tail section for calcium and phosphorus
measurement, The weanlings were then killed by asphyxiation with carbon
dioxide, and tibias were taken for determination of tibial ash weight, tead,
calcium, and phosphorus (left tibia), or for measurement of growth-plate
width (right tibia).

The methods used for tibia specimen fixation, embedding, and section-
ing are based on previously described procedures (Schenk et al., 1984),
Proximal tibia specimens were fixed in Millonig’s fixative (Sheehan and
Hrapchak, 1980} for 24 hr, dehydrated, and embedded in polymerized
methyl methacrylate. Thick (approximately 0.5 mm) sagittal sections of
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the proximal tibial epiphysis were sectioned with a diamond-tipped saw to
reach the growth plate and upper metaphyseal region. Sequential sagittal
sections 7 um thick were then taken with a sliding microtome fitied with a
tungsten—carbide knife. Four sections were prepared from each specimen.

The embedded tibia sections were deplasticized with three 15-min
changes of 2-methoxyethyl acetate and hydrated in graded ethanol solu-
tions {70% for 5 min, 40% for 5 min, and deionized water for 1 hr). For
examination of trabecular morphology in the metaphysis and growth-plate
width measurement, the hydrated sections were stained using the Von
Kossa reaction for phosphate with McNeal's tetrachrome counterstain,
and growth-plate morphology was examined with Movat’s stain for miner-
alized and nonmineralized cartilage (Schenk et al,, 1984). All photomicro-
graphs were taken at 100X magnification with a camera-mounted micro-
scope using a green light filter.

For determination of growth-plate width, five transversely equally
spaced measurements were taken on each stained section with a calibrated
evepiece micrometer by light microscopy at 40X magnification. The mea-
surements were taken along the longitudinal axis of the tibia from the first
layer of germinal chondrocytes to the last layer of terminal chondrocytes.
Preliminary analysis of variance (ANOVA) showed that there were no
differences among the five growth-plate width measurements per section.
Therefore, the mean of the five growth-plate width measurements was
recorded as section growth-plate width,

Preliminary statistical analyses indicated that no sex-related effects were
associated with lead exposure in this study. All data were pooled within
each treatment group and expressed as the treatment group means =+ stan-
dard error (SE), The effects of lead were evaluated across treatment groups
by ANOVA with the Duncan-Bonner multiple range / test to determine
significance (p < 0.05).

RESULTS

Prior to Parturition

Dam body weight, tail length, and blood lead (Table
I). No lead-related effects on pair-fed female rat body
weight and tail length were observed. Body weights and tail
lengths measured on Day 0 {exposure initiation) and on
Day 49 are presented (Table 1). Blood lead levels in the 250
and 1000 ppm groups at Day 2| were higher {(p < 0.05) than
the blood lead levels in the same groups on Day 49.

At Parturition

Lead did not affect gestation time (average 22 days), ges-
tation rate (20 litters of 24 controls, 11 litters of 12 in 250
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ppm group, 11 litters of 12 in 1000 ppm group), number of
live pups per litter (12.6 pups in control group, 13.2 pupsin
250 ppm group, 12.2 pups in 1000 ppm group), or pup
mortality (less than 1% mortality from Day 1 to 24 across
all study groups). No abnormalities were evident at parturi-
tion.

After Parturition

Offspring body weight and dam blood lead (Table
2). Day 1 suckling body weight was not affected by lead.
However, Day 11 suckling body weight was decreased (p <
0.05) in Group 7 (1000/1000). By Day 24, decreased (p <
0.05) weanling body weight was evident in Groups 5 (0/
1000), 6 (250/250), and 7 (1000/1000). Mean maternal
blood lead levels at termination (i.e., end of lactation) in
Groups 5, 6, and 7 were 77.9 ug/dl or higher.

Serum calcium and phosphorus (Table 3). 'With contin-
uous 1000 ppm lead exposure, serum calcium was reduced
{p < 0.05) in Group 7 (1000/1000} dams, and both serum
phosphorus and serum calcium were decreased (p < 0.05)
in Group 7 weanlings. Although statistically significant, the
changes were not substantial and the calcium and phospho-
rus levels in all groups were within expected serum calcium
and phosphorus ranges for rats (Kaneko, 1989).

Tibial ash weight, calcium, and phosphorus (Table
4). There was no effect of lead on tibial ash weight or on
weanling tibial calcium and phosphorus levels. However,
tibial calcium and phosphorus levels were decreased (p <
0.05) in Group 6 (250/250) and Group 7 (1000/1000)
dams.

Tibial lead, growth-plate width, and tail length (Table
3). Although dams in Groups 2 (250/0) and 3 (1000/0)
were removed from lead at parturition, their tibial lead lev-
els were much greater (p < 0.05) than those in dams ex-
posed to lead only after parturition. In contrast, Groups 2
and 3 weanling tibial lead levels were much less (p < 0.05)
than tibial lead levels in weanlings exposed to lead only
after parturition. When measured on Day 24 of lactation,

TABLE 1
Dam Body Weight, Tail Length, and Blood Lead Prior to Mating
Number Body weight (g) Tail length (cm) Blood lead {ug/dl)
prior to
Group mating Day 0 Day 49 Day 0 Day 49 Day 0 Day 21 Day 49

Control 24 63.9 (1.1) 217.9 (4.2) 10.6 (0.3) 19.8 (0.3) 3.6(0.7) 2.3 (0.6) 2.7 (0.6)
250 ppm 12 64.3 (1.3) 2222 (8.1) 10.5 (0.3) 20.0 (0.1) 2.9(0.8) 50.0 (1.8)* 39.9 (3.5yh**
1000 ppm 12 63.3 (1.0} 2240 (7.7) 10.5 (0.2) 19.9(0.2) 3.9(0.5) 93.4 (8.6)* 73.5 (9.3)4**

Note. Values are means {+SE).
* Significantly (p < 0.05) greater than control.
** Significantly {p =< 0.05) less than Day 21 blocd lead.



LEAD EXPOSURE AND SKELETAL DEVELOPMENT

597

TABLE 2
Number of Litters, Offspring Body Weight, and Dam Blood Lead
Offspring body weight (g}
Dam blood lead*
Number Suckling Suckling Weanling at euthanization
Group of litters (Day 1) {Day 11) {Day 24) (ug/dl)
1 8 5.74(0.2) 23.6 (0.4) 59.4(1.9) 1.6 (0.4)
2 6 5.51(0.1) 23.1{0.6) 60.9 (0.9) 17.5 (1.6}
3 6 5.82(0.2) 239 (1.4) 63.2(3.0) 40.8 (7.1)
4 6 5.68 (0.1) 22.2 (1.6) 53.5(2.8) 71.7 (28.6)
5 6 6.11 (0.3) 23.0 (1.4) 50.9 (3.8 119.7 (17.4)
6 5 5.52(0.2) 21.4(1.7) 49.9 (1.5 77.9 (16.9)
7 5 5.69 (0.1) 20.7 (0.8)** 49.3 (1.2y%* 114.3(8.8)

Note. Values are means (+SE).

* Group 2 to 7 blood lead levels were significantly (p < 0.05) greater than control.

** Significantly (p < 0.05) less than control.

weanling tail length was decreased (p < 0.05) in Groups 5
{0/1000), 6 (250/250), and 7 (1000/1000).

No alteration in growth-plate width was apparent in the
dams. However, increased (p < 0.05) growth-plate width
was observed in weanlings continuously exposed to 1000
ppm lead {(Group 7).

Growth-plate and metaphyseal morphology.  Tibial me-
taphyseal trabeculae below the growth plate appeared to be
wider in dams in Groups 6 (250/250) and 7 (1000/1000),
but alterations in growth-plate morphology in the dams
were not apparent. In the weanlings, control group growth-
plate regions contained orderly columns of growth-plate
chondrocytes (Fig. 2) and generally longitudinal metaphy-
seal trabeculae with few branches (Fig. 3), whereas Group 7
{1000/ 1000} weanling growth-plate regions were character-
ized by disrupted orientation of growth-plate chondrocytes,
reduced mineralization of the cartilage matrix (Fig. 4), and
increased branching with possibly increased width of the

metaphyseal trabeculae (Fig. 5). Increased branching of
metaphyseal trabeculae was also evident in weanlings in
Groups 5 (0/1000) and 6 (250/250). A reduction in the
number of hypertrophying chondrocytes and an increase in
the amount of nonmineralized cartilage were judged 1o be
evident in Group 7 weanling growth plates.

DISCUSSION

The physiological interaction of lead and food intake has
received attention in studies of the mechanisms of lead-re-
lated effects on growth (Hammond et al., 1989). Results
from pair feeding in this study and results from previous
studies (Hamilton et al., 1994; Hammond et a/., 1989) sug-
gest that lead-related effects on food intake may be a compo-
nent of the effects of lead on growth rate. It has been shown
{Hamilton ef al., 1994) that with weanling rats fed ad libi-
tum, reduced growth rate (body weight and tail length) asso-

TABLE 3
Serum Calcium and Phosphorus at Euthanization
Dams Weanlings
Serum calcium Serum phosphorus Serum calcium Serum phosphorus

Group (mg/dl) (mg/dl) {mg/dl) (mg/di)

1 11.4(0.3) 8.2 (0.6} 1.7 (0.1) 11.5(0.1)

2 11.0(0.9) 8.4 (0.8) 11.2(0.1) 11.940.1)

3 11.2(0.1) 8.7 (0.8) 11.5(0.1) 10.9 {(0.1)

4 11.6 (0.3) 9.3(1.8) 11.0(0.2) 10.6 (0.4)

5 11.2 (0.4) 7.9 (0.6} 10.9(0.1) 10.8 (0.2)

6 11.0 (0.4) 7.9(0.7) 10.9 (0.1} 10.6 (0.1}

7 10.4 (0.3)* 8.1 (0.5) 10.6 (0.2)* 10.1 (0. 1)*

Note. Values are means (+5E).
* Significantly (p < 0.05) less than control.
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TABLE 4
Tibial Ash, Calcium, and Phosphorus

Dams Weanlings
Ash Ca P Ash Ca P
Group (mg) (mg/g ash) (mg/g ash) (mg} (mg/g ash) {mg/g ash}
1 243.1(10.1) 435.8 (20.4) 195.4 {12.5) 34.1 (4.1} 421.9(15.3) 238.8(11.3)
2 2422 (13.1) 383.2 (22.6) 175.4(11.6) 38.0(3.3) 384.8 (15.5) 209.8 (18.6)
3 253.2(14.2) 384.2(20.7) 174.6 (14.3) 38.5(4.3) 3789 (17.3) 207.9 (16.8)
4 241.1 (15.6) 401.5 (36.9) 190.8 (13.2) 36.3(6.2) 407.1{14.7) 216.0 (16.5)
5 250.1 (13.7) 383.9 (26.4) 187.2 (14.6} 33.2(4.2) 441.4(18.2) 202.0(25.2)
6 260.4 (18.2) 355.1 (28.1)* 161.5 (13.8)* 29.1(5.1) 463.9 (13.2) 241.4 (17.5)
7 262.4(17.5) 359.5 (214 163.1 (14.4)* 304 (5.6) 451.4 (21.1) 216.0 (14.1)

Note. Values are means (+SE).
* Significantly {p < 0.05) less than control.

ciated with up to 1000 ppm lead in drinking water was
maintained because of a high correlation between growth
and food intake, not because of a continuous negative effect
of lead directly on growth. In the current study, weanling
growth (i.¢., of females prior to mating) was not altered by
up to 1000 ppm lead in drinking water when food intake
was controlled by pair feeding a nutritionally adequate diet.

Blood lead concentrations in the female rats prior to mat-
ing were significantly and markedly higher after 21 days of
lead exposure starting at weaning than after 49 days of lead
exposure (Table 1). This seemingly anomalous observation
is probably a consequence of the sharp reduction in frac-
tional absorption of lead from the gastrointestinal tract that
follows weaning in rats (Kostial ez al., 1978).

Absence of lead-related effects on gestation time, gesta-
tion rate, litter size, and offspring mortality in this study is
consistent with results from a previous study in rats with
continuous lead exposure (Grant et al., 1980). However,
absence of effects on reproduction does not imply an ab-
sence of cffects on early postnatal development. Continu-

ous lead exposure in drinking water caused a greater de-
crease in offspring body weight than lead exposure only
prior to parturition or lead exposure only after parturition.
The contribution of in wtero exposure to postnatal growth
reduction has also been observed in lead-exposed human
infants. Combination of in utero exposure and lead expo-
sure after parturition was associated with more severe re-
ductions in statural growth and body weight gain in infants
than in utero exposure or postparturition lead exposure
alone (Shukla et al., 1989).

Reduction in offspring body weight began at relatively
high maternal blocd lead levels, equal to or greater than
77.9 wpg/dl at the end of lactation. Reduction in offspring
body weight at relatively high maternal blood lead levels
has been observed in other studies with rats, although ear-
lier and at lower administered doses. Offspring body weight
was reduced beginning at Day 1 of age in a chronic study
with 50 or 250 ppm lead in drinking water (Grant ¢f al.,
1980). Average maternal blood lead concentrations in that
study were 50 ug/dl in the 50 ppm group and 99 ug/dl in the

TABLE 5
Tibial Lead, Growth-Plate Width, and Weanling Tail Length

Tibial lead (ug/g ash)

Growth-plate width (um) Weanling Day 24

tail length
Group Dams Weanlings Dams Weanlings (cm)

1 38.3(5.5) 41.1(3.9) 82.5(8.5) 572.8 (12.3) 9,77 (0.15)
2 786.4 (15.1)* 97.4 (8.9)* 78.3 (6.6) 571.7(13.3) 10.14 (0.06)
3 981.9 (19.6)* 163.2 {10.1)* 83.4(7.9) 554.7 (13.8) 10.12 (0.27)
4 273.4 (10.6)* 1932.8 (24.2)* 76.3 (9.2) 538.7 (19.6) 9.95(0.22)
5 403.6 (15.4)* 3196.9 (100.2)* 87.6 (10.2} 581.4 (9.6) 9.56 (0.13)*
6 970.0 (26.8)* 2096.6 (97.1)* 89.1(17.3) 598.1 (15.5) 9.43 (0.04)*
7 1101.9 (30.2)* 2950.0 (66.4)* 83.9(20.5) 630.9 (8.3)* 9.46 (0.06)*

Note. Values are means (+SE).
* Significantly (p < 0.05) different from control.
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FIG. 2. Light microscopy of the proximal tibial growth-plate region (Movat's stain; 100X magnification) from a Group 1 (controf) Day 24 weanling

offspring.

250 ppm group at parturition, so that they were in the range
associated in the current study with higher drinking water
lead concentrations. The dict (as defined in Kimmel et al.,
1980) contained somewhat lower levels of calcium, phos-
phorus, and other nutrients than the diet used here and
lower than those recommended for rats (NRC, 1978). Low-
ering dietary calcium or phosphorus will increase lead ab-
sorption, milk lead transfer, and offspring bone lead accu-
mulation (Quarterman et al., 1973; Mahaffey, 1981). Irre-
spective of possible diet-related influences on lead
absorption, however, the current and previous (Grant ef a/,
1980) studies together indicate that in utero exposure com-
bined with postnatal exposure can cause substantial reduc-
tions in early postnatal growth. It is noteworthy that mater-
nal blood lead concentration on Day 21 after parturition
does not correlate particulariy well with the magnitude of
reduction in offspring body weight, but instead tends to
reflect recent maternal exposure (Table 2}, The pattern and
magnitude of maternal lead ingestion during the total pe-
riod from conception to Day 24 postparturition are the de-
terminants of weanling body weight.

It has been suggested that maternal skeletal lead may be
mobilized in conditions, such as lactation, in which bone
demineralization may occur (Silbergeld, 1991). As shown
in a previous study (Keller and Doherty, 1980), blood lead
in the contineously lead-exposed dams at the end of lacta-
tion was higher than blood lead measured prior to mating.

The continuous increase in blood lead levels would be ex-
pected in these females, who were still growing during the
course of pregnancy and lactation and were therefore ac-
tively depositing lead in mineralizing bone, Continuous in-
terchange between blood and bone lead causes the two
measures to track each other, Other contributors to the ob-
served increase in blood lead concentrations in the continu-
ously lead-exposed dams could have been increased lead
absorption (Kostial and Momcilovic, 1974) and/or in-
creased maternal fluid consumption as well as skeletal lead
remobilization during lactation.

Lead exposure prior to parturition caused greater mater-
nal tibial lead accumulation than lead exposure after partu-
rition. This observation is consistent with a decline in ma-
ternal growth rates during the course of the study, as well as
with the lengths of exposure. Those dams whose controlled
exposure covered only lactation were older, and therefore
growing less rapidly, at the end of their exposure period
than the dams exposed only before and during pregnancy.
They also had been exposed to lead for a shorter time (21
rather than 70 days). Therefore, it is to be expected that
relatively less tibial lead would have accumulated during
lactation than before and during pregnancy. Other factors
may also contribute to the difference in rates of lead uptake
by the tibia. The female rat skeleton will increase in mineral
content during gestation (Quan-Sheng and Miller, 1989),
but skeletal demineralization occurs in the rat during lacta-
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FIG. 3. Light microscopy of the proximal tibial metaphyseal region (Von Kossa with McNeal's tetrachrome stain; 100X magnification) from a

Group 1 (control) Day 24 weanling offspring.

tion (Halloran and Del.uca, 1980). Through increasing de-
mands for calcium, lactation is likely to increase mobiliza-
tion of bone lead. Bone lead mobilization has been demon-
strated in vitro with low concentrations of calcium in a bone
culture medium (Rosen and Wexler, 1977). It is possible
that by mechanisms such as these, the net rate of maternal
tibial lead accumulation may be reduced during lactation.

The timing of maternal exposure also had an impact on
offspring tibial lead levels. Dams exposed to lead prior to
parturition had higher tibial lead levels than dams exposed
to lead only after parturition. However, in the case of the
pups, exposure prior to parturition had a much smaller im-
pact on tibial lead accumulation than exposure after parturi-
tion (Table 5). Lead transferred to the sucklings via mater-
nal milk, as well as possible lead from drinking water during
late stages of lactation, was by far the most important
source of weanling tibial lead in this study (Table 5). In-
deed, maternal blood lead concentration, also determined
largely by postpartum exposure, correlates almost perfectly
with weanling tibial bone lead in the four groups exposed
after parturition (Groups 4-7). Postnatal bone mineraliza-
tion is very rapid in rats (Baron e al., 1984). When rapid
bone growth is combined with high fractional absorption of
lead from the gastrointestinal tract, it can be predicted that
lactation should be a period of particularly rapid incorpora-
tion of orally administered lead into bone. In confirmation
of this expectation, comparison of total tissue levels with

the amount of lead ingested has demonstrated that femurs
of weanling rats exposed 1o lead in drinking water con-
tained a much greater fraction of the ingested lead than
femurs of adult rats (Rader e af., 1981). In addition, it has
been reported that a greater amount of maternal lead is
transferred in milk 10 mouse offspring during lactation than
1s transferred transplacentally during gestation (Keller and
Doherty, 1980).

The statistically significant reduction in maternal and
weanling serum calcium levels caused by continuous 1000
ppm lead exposure (Table 3) were slight and probably not
biologically significant (Kaneko, 1989). Up to 1000 ppm
lead in drinking water had not been expected to alter wean-
ling serum calcium or phosphorus levels because alter-
ations in milk volume and nutrient content were not ob-
served below approximately 1300 ppm lead (0.2% lead ace-
tate) in drinking water in lactating rats (Bornschein et al.,
1977).

More substantial changes in calcium and phosphorus
were recorded in maternal tibia (Table 4). Continuous ex-
posure to lead may have accelerated maternal bone calcium
and phosphorus loss through actions of lead on vitamin
D-dependent bene formation and/or gastrointestinal up-
take of calcium. 1,25-Dihydroxyvitamin D; may be essen-
tial for normal maternal bone formation rates during preg-
nancy and lactation (Marie et al., 1986), and lead has been
shown to reduce 1,25-dihydroxyvitamin D, levels and in-
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FIG. 4. Light microscopy of the proximal tibial growth-plate region (Movat’s stain; 100 magnification) from a Day 24 weanling offspring

continuously exposed to 1000 ppm lead (Group 7).

hibit 1,25-dihydroxyvitamin D;-dependent intestinal cal-
cium uptake (Gruden, 1975; Smith er al., 1981).

Reduced maternal tibial calcium and phosphorus was
not associated with ajterations in offspring tibial calcium
and phosphorus concentrations, which were normal in the
lead-exposed weanlings (Table 4), indicating that adequate
calcium and phosphorus had been provided to the offspring
during gestation and lactation. However, although wean-
ling total tibial calcium and phosphorus levels were not
affected, bone mineral utilization was altered by lead. In-
creased tibial growth-plate width, indicative of skeletal
growth retardation (Greenspan et g/, 1949}, was apparent
in those weanlings continuously exposed to 1000 ppm lead.
Increased growth-plate width was consistently associated
with altered chondrocyte orientation and decreased carti-
lage matrix mineralization. The nature of these changes is
also suggestive of growth retardation. Decreased tail length,
possibly indicative of lead-related effects on tail vertebrae,
was noted in weanlings continuously exposed to lead or
exposed to 1000 ppm lead after parturition. Increased ver-
tebral growth-plate widths have been reported in lead-ex-
posed dogs (Stowe et al., 1973). It is possible that the de-
creased statural growth seen in lead-exposed infants
(Shukla er al.. 1989) may be associated with lead-related
effects on vertebral and long bone growth plates.

The current study does not support a hypothesis that a
lead-related maternal deficiency in vitamin D, if it oc-

curred, inhibited weanling growth-plate development. Al-
tered skeletal development seen in rat offspring from vita-
min D-deficient dams is caused by a marked reduction in
milk production (Mathews er al., 1986). The proportional-
ity of maternal blood lead and weanling tibial lead in the
continuously exposed groups suggests that there was little
or no effect of lead on milk production in the current study
nor would any have been expected in view of Bornschein et
al’s (1977) observation that concentrations up to approxi-
mately 1300 ppm lead (0.2% lead acetate) in drinking water
did not alter milk volume in lactating rats. Growth-plate
development may have been altered through mechanisms
local to the growth plate, possibly including effects on the
process of growth-plate chondrocyte maturation, required
for normal long bone growth and mineralization (Hun-
ziker, 1988). This study provides a site-specific initial mor-
phologic assessment of bone lead toxicity. Measurements
based on quantitative histomorphometry (Hunziker et al.,
1987; Baron er al., 1984) could more precisely define the
dose-response of lead in growing bone.

Increased branching of Von Kossa stain-positive meta-
physeal trabeculae was observed in weanlings with continu-
ous exposure or with 1000 ppm postparturition exposure,
and wider trabeculae were observed in dams with continu-
ous exposure. Although weanling tibial calcium and phos-
phorus analyses did not suggest altered total tibial mineral-
ization, lead may have affected trabecular development by
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FIG. 5. Light microscopy of the proximal tibial metaphyseal region (Von Kossa with McNeal’s tetrachrome stain; 100X magnification) from a Day

24 weanling offspring continuously exposed to 1000 ppm lead (Group 7).

altering resorption and mineralization. Impaired resorp-
tion of metaphyseal trabeculae in the presence of increased
numbers of osteoclasts has been ¢bserved in lead-exposed
rats {(Eisenstein and Kawanoue, 1975; Hsu et al., 1973).
However, it should be noted that the Von Kossa stain in-
volves the reaction of silver 1ons with phosphate-based (e.g.,
hydroxyapatite) salts (Schenk et al., 1984) and will not dis-
tinguish between sites of lead hydroxyapatite deposition
and sites of calcium hydroxyapatite deposition (McClure,
1980). Lead can induce calcium deposition (McClure,
1980; Gabbiani ¢f gl., 1970} and can deposit in bone as lead
hydroxyapatite (Verbeeck er al, 1981). Lead fragments
may cause abnormal mineralization in bone (Windler et
al., 1978), Therefore, the altered trabecular histomorpho-
logy seen in the weanlings and dams at high-lead exposure
may be the result of the combined effects of lead deposition,
lead-induced calcium deposition, and inhibition of resorp-
tion,

Growth-plate activity (e.g., rate of chondrocyte produc-
tion and mineral turnover) is reported to be substantially
increased in pregnant rats and to drop to prepregnancy lev-
els by the end of lactation (Redd et al., 1984). Although no
lead-related effects on growth-plate morphology were ob-
served in the dams in the present study, it is possible that
they occurred but were reversible by the end of lactation.
Although trabecular widths appeared to be increased, total
tibial calcium and phosphorus levels were significantly re-

duced in dams continuously exposed to lead, indicating
that lead exposure had accelerated maternal bone mineral
loss during lactation.

The effects of lead on the dams in this study were clearly
different from its effects on their offspring. Given an experi-
mental design that controlled for food intake, lead exposure
from weaning onward had no effect on female rat body
weight. After pregnancy and lactation, maternal blood lead
levels tended to reflect largely recent exposure (i.e., expo-
sure dunng lactation), although a significant influence of
bone lead stores on blood lead concentration was also appar-
ent. Maternal tibial lead reflected exposure during both
pregnancy and lactation. Accumulation of lead in weanling
bone was determined largely by postnatal exposure; Le.,
lead was most rapidly incorporated into bone during the
period when the offspring were growing rapidly and were
absorbing a large fraction of the lead present in the mother’s
milk. Lead dose-dependent reductions in maternal tibial
calcium and phosphorus levels suggested the possibility of
acceleration by lead of maternal bone calcium and phospho-
rus loss during gestation and/or lactation. Weanling total
tibial calcium and phosphorus levels were not affected by
lead exposure, demonstrating that adequate quantities of
bone minerals were made available during lactation for
bone formation, perhaps at the expense of maternal cal-
cium and phosphorus stores. Nonetheless, weanling bone
mineral utilization was altered, as demonstrated by disrup-
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tions in growth-plate morphology and in metaphyseal re-
gion effects reported in other mammalian species.

Both prenatal and postnatal lead exposure contributed to
a dose-related reduction in growth rate and body weight of
weanling offspring; in utero lead exposure enhanced lead-
related growth retardation when exposure was continued
postnatally. Although the mechanisms of these effects are
not known, the results suggest that local effects on growth-
plate chondrogenesis and metaphyseal mineralization may
be involved. An ectopic bone induction method (Urist,
1965; Muthukumaran and Reddi, 1985) has been used to
simulate regions of bone growth where chondrogenesis 1s
followed by cartilage mineralization, and the local effects of
lead on ectopic bone chondrogenesis and mineralization
will be described in a future publication.
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