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Abstract

Bone formation is impaired in aluminum-associated bone disease.
Reductions in the number of osteoblasts or in the function of
individual osteoblasts could account for this finding. Thus, quan-
titative bone histology and measurements of bone formation were
done at three skeletal sites in piglets given aluminum (Al) par-
enterally, 1.5 mg/kg per d, for 8 wk (Al, n = 4) and in control
animals (C, n = 4). Bone Al was 241±40 mg/kg per dry weight
in Al and 1.6±0.9 in C, P < 0.001. All Al-treated animals de-
veloped osteomalacia with increases in osteoid seam width, os-
teoid volume, and mineralization lag time at each skeletal site,
P < 0.05 vs. C for all values. Mineralized bone formation at the
tissue level was lower in Al than in C, P < 0.05 for each skeletal
site, due to reductions in active bone forming surface. Bone for-
mation at the cellular level was similar in each group, however,
and total osteoid production by osteoblasts did not differ in C
and Al. Aluminum impairs the formation of mineralized bone in
vivo by decreasing the number of active osteoblasts, and this
change can be distinguished from the effect of aluminum to in-
hibit, either directly or indirectly, the calcification of osteoid.

Introduction

Reductions in the rate of formation of bone are a hallmark of
aluminum-related bone disease, but the pathogenesis ofthis dis-
turbance remains uncertain (1-6). In aluminum-associated os-
teomalacia, bone formation is markedly reduced from normal
values when evaluated by the technique of double tetracycline
labeling ( -5). Histologic evidence of osteoid accumulation and
widened osteoid seams are also prominent features of this dis-
order (1, 3, 5). In contrast, the volume of osteoid is normal or
reduced in the aplastic lesion of aluminum-associated bone dis-
ease despite reductions in the rate of bone formation similar to
those observed in osteomalacia (3, 5, 6). Since bone formation
may be suppressed in aluminum-related bone disease without
concurrent histologic evidence of osteoid accumulation, it is
possible that aluminum adversely affects the formation of bone
and/or the synthesis ofcollagen in a manner independent ofthe
putative role of aluminum to inhibit the process of mineraliza-
tion.

Bone formation at the tissue level may be impaired as a
result of reductions in the cellular activity of individual osteo-

Address reprints requests to Dr. Goodman, Nephrology Section (1 11 R),
Sepulveda Veterans Administration Medical Center, 161 1 1 Plummer
Street, Sepulveda, CA 91343.

Receivedfor publication 8 October 1985 and in revisedform 1I July
1986.

blasts or as a consequence of reductions in the total number of
active osteoblasts (7, 8). Observations from clinical bone biopsy
material indicate that the extent of active bone-forming surface
is reduced in both the osteomalacic and aplastic lesions of alu-
minum-associated bone disease as judged by diminished or ab-
sent tetracycline uptake into bone (3, 5, 6, 9). Such findings
suggest that the number of osteoblasts is reduced in these two
disorders. However, several investigators have reported that the
rate of apposition of mineralized bone is diminished in alumi-
num-related bone disease (2, 4, 6, 10, 11). These data are con-
sistent with the view that the cellular activity of individual os-
teoblasts is adversely affected by the accumulation ofaluminum
in bone.

Previous studies of bone formation and bone histology in
experimental animals given aluminum for varying periods have
been hampered by the virtual absence of tetracycline uptake
into bone at sites of skeletal remodeling (12-14). Precise mea-
surements of the rates ofbone formation and apposition during
aluminum loading thus are limited, particularly for trabecular,
or cancellous bone where the histologic changes of aluminum-
related bone disease are most prominent (15). In the current
investigation, growing piglets were given repeated intravenous
injections of aluminum for 8 wk. Despite the development of
overt histologic osteomalacia, double tetracycline labeling of
bone was achieved, and measurements of the rates of bone for-
mation and apposition were possible in this experimental model.
The results indicate that the formation of bone at the cellular
level is not impaired during aluminum loading; however, the
number of active bone forming sites within skeletal tissue is
diminished. This disturbance is primarily responsible for the
low rate of mineralized bone formation in aluminum-related
bone disease.

Methods

Experimental protocol. Eight littermate pigs (Yorkshire strain, Amo
Farms, Ann Arbor, MI) were obtained at 5 wk of age and housed in
individual pens for the duration of study. All animals had free access to
water and were maintained on standard pig chow (Pig Growena, Ralston
Purina Co., Chicago, IL) containing 1.6% calcium and 0.57% phosphorus.
Prior to study, indwelling polyethylene catheters were surgically placed
in the left jugular vein of all animals while under anesthesia with ketamine
and halothane. The catheters coursed through the subcutaneous tissue
and exited externally from the skin at a site above the left shoulder.
Patency of the venous catheters was maintained throughout the study
by daily irrigations with heparinized saline.

Individual pigs were matched by weight and assigned to one of two
study groups, control (C,' n = 4) and aluminum-treated (Al, n = 4). 1
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wk after the placement ofintravenous catheters, injections ofaluminum
were begun. Aluminum chloride was added to deionized water as the
vehicle, and the solution was administered to animals in Al by slow
intravenous injection over a 10-min period 7 d each week for 8 wk. The
daily dose of aluminum was adjusted to provide 1.5 mg of elemental
aluminum/kg body per d. Control animals received daily infusions of
vehicle only. To assure similar degrees of weight gain between groups,
animals in C were pair-fed with those in Al.

All animals were given single intravenous injections of tetracycline
HCl, 20 mg/kg, 8 d and 1 d, respectively, before killing at the conclusion
of the study (10, 11, 14). 2 d before termination of the animals, 24-h
collections ofurine were obtained, the volume was measured, and aliquots
were saved for subsequent biochemical determinations. The animals were
killed by exsanguination by cardiac puncture while under anesthesia
using ketamine and pentobarbital. Samples ofserum were saved for bio-
chemical determinations.

Histologic techniques. Recent observations from this laboratory in-
dicate that the histologic findings in bone may differ at various sites
within the skeleton following the administration ofaluminum to exper-
imental animals (15). In the current study, therefore, quantitative his-
tology was done on specimens of trabecular bone obtained from three
different skeletal sites, two in the proximal tibia and one in the distal
femur. Each site was selected on the basis ofpreliminary studies in normal
pigs similar in age to the animals used in the current investigation. These
studies indicated that the areas within the skeleton chosen for histologic
evaluation were comprised exclusively of trabecular bone.

Immediately after the animals were killed at the conclusion of the
study, bone biopsies were obtained from the metaphysis of the distal
femur using a Bordier trephine. The site of biopsy was standardized to
an area on the lateral surface of the left femur 4 cm proximal to the
lateral femoral condyle; the biopsy was taken with the trephine oriented
perpendicular to longitudinal axis of the bone and directed medially.
Bone biopsy specimens were fixed for 24 h in 10% phosphate-buffered
formalin, dehydrated in ethanol, infiltrated with glycol-methylmethac-
rylate, and polymerized at 40C as described previously from this labo-
ratory (14, 15).

The left tibia was also removed intact from all animals, stripped of
soft tissue, wrapped with gauze saturated with 10% formalin, and stored
at 40C until blocks of tissue were prepared for embedding. Bone for
histologic evaluation was obtained from both the epiphysis ofthe proximal
tibia, above the growth plate, and the metaphysis of the proximal tibia,
-4 cm beneath the growth plate. Cuboidal specimens oftrabecular bone
measuring 1.0-1.5 cm were prepared from each site using a circular saw
(Beuhler Isomet, Beuhler Lid., Evanston, IL). These were placed in 70%
ethanol, dehydrated, and processed for tissue embedding as outlined
above for specimens of femoral bone (14, 15).

Sections of nondecalcified bone were prepared from plastic embedded
tissues using a sledge microtome (June Autocut 1140, Reichert-Jung,
Vienna, Austria) (14, 15). The plane of section for all specimens was
parallel to the longitudinal axis of the bone. 5-rum sections of bone were
stained using the modified Goldner technique and examined by light
microscopy (14-16); 10-/im sections were mounted unstained in 10%
glycerol and viewed by ejifluorescent illumination for the evaluation of
tetracycline labels (14, 15). 5-,um sections were also stained by the aurine
iricarboxylic acid method for histochemical determinations of the alu-
minum content of bone (9, 14, 15).

Bone measurements. Quantitative histology of bone was done using
a digitizer (Summagraphics Corp., Fairfield, CT) interfaced with a mi-
crocomputer (IBM PC, IBM Instruments, IBM Corp., Danbury, CT)
and a series of measuring programs (10, 11, 14, 15). All measurements
of length, width, and area for trabecular bone were determined directly
from images projected to the surface of the digitizer tablet using a pro-
jection prism and drawing tube attached to a microscope (Dialuz, Leitz,
Wetzlar, Federal Republic of Germany) (10, 11, 14, 15).

The following measurements were obtained for trabecular bone from
each skeletal site: (a) total bone area (percent), the area ofbone, including
both mineralized bone and osteoid, expressed as a percentage ofthe total

tissue area; (b) osteoid area (percent), the area of osteoid expressed as a
percentage of the total bone area; (c) osteoid seam width (micrometer),
the mean width of osteoid seams and determined by dividing the total
osteoid area, in square millimeters, by the length, in millimeters, ofosteoid
surface; (d) osteoid surface (percent), the percentage of trabecular bone
surfaces covered by osteoid; (e) resorption surface (percent), the percentage
of trabecular bone surfaces characterized by the presence of scalloped
bone resorptive lacunae; (f) double tetracycline labeled surface (percent),
the percentage of trabecular bone surfaces that exhibited double bands
of tetracycline fluorescence; (g) single tetracycline labeled surface (per-
cent), the percentage of bone surfaces that exhibited single bands of tet-
racycline fluorescence; and (h) osteoblastic osteoid surface (percent), the
percentage of osteoid surfaces characterized by the presence of a layer
of large cuboidal cells at the surface of the osteoid seam. The bone alu-
minum content, determined by histochemical methods, was expressed
as a percentage of the total bone surface staining positive for aluminum
(14, 15).

Additional 5-,Mm sections of bone from the epiphysis were stained
with toluidine blue (17) and examined by concurrent light and epiflu-
orescence microscopy. The distance of the osteoid surface from the ce-
ment line, in micrometers, was determined at a minimum of20 separate
osteoid seams in tissue sections from each animal. Measurements were
done both at osteoid surfaces adjacent to double tetracycline labels and
at osteoid surfaces adjacent to unlabeled bone. The width of osteoid
seams was also measured along each type of osteoid surface.

The rate of mineralized bone apposition was determined by dividing
the width of separation ofdouble tetracycline labels by the time interval
between the administration of the two labels; the results are expressed
in micrometers per day (14, 18). The width of separation of tetracycline
labels was not corrected for obliquity of the plane of section (18). The
rates ofbone formation were calculated according to methods published
previously (7, 8, 18). Bone formation at the tissue level was expressed
as the area of bone formed per unit area of existing trabecular bone, in
square millimeter per square millimeter per day, and per unit length of
osteoid surface, in square millimeter per millimeter per day; bone for-
mation at the cellular level was expressed per unit length of active bone
forming surface, in square millimeter per millimeter per day, as judged
by the presence of double tetracycline labels adjacent to surface osteoid
seams. Corrected rates of bone apposition were also determined using
the formula: MARC = MAR,*Fract1.b where MARC is the corrected rate
of mineralized bone apposition, MARU is the uncorrected rate of min-
eralized bone apposition as determined from the width of separation of
double tetracycline labels, and Fract1,b is the fraction of osteoid surfaces
labeled with tetracycline (7, 8). The total length of double tetracycline-
labeled bone surface plus one-half of the length of single tetracycline-
labeled surface was used for the calculation ofFract, (7, 18). The values
for MARC represent the rate of apposition of mineralized bone averaged
over the life span of an osteoid seam (7, 8). The mineralization lag time
was calculated by dividing the mean osteoid seam width by the corrected
rate of mineralized bone apposition; the results are expressed in days.

Biochemical measurements. The concentrations of calcium and
phosphorus in serum were determined by automated methods (Auto-
Analyzer, Beckman Instruments, Inc., Fullerton, CA) (19, 20). Serum
and urine creatinine concentrations were measured using the modified
Jaffe method (21). The aluminum content of bone was determined by
flameless atomic absorption spectroscopy in specimens oftrabecular bone
from the metaphysis ofthe left femur (22). The levels of 1,25-dihydroxy-
vitamin D in serum were measured by methods described in detail else-
where (23-25).

Statistical analysis. All results are expressed as the mean± 1 SD. Sta-
tistical analysis ofthe data was done using the t test for unpaired samples
and linear regression analysis (26). The Wilcoxon rank-sum test was
used for comparisons between groups with unequal within-groups vari-
ances (26). One bone biopsy from the femoral metaphysis in Al contained
only cortical and subcortical bone, and the values from this specimen
were excluded from statistical analysis of the histologic and dynamic
data for femoral bone.
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Table I. Serum Biochemistries and
Weight Gains in C and Al Pigs*,*

C Al

(n = 4) (n = 4)
Serum calcium, mg/dl 9.2±0.3 10.3±0.91
Serum phosphorus, mg/dl 7.7±0.5 8.5±0.6§
Serum creatinine, mg/dl 1.2±0.1 1.2±0.1
Serum 1,25 (OH)2 D, pg/ml 65.4±13.0 76.6±42.3
Weight gain, kg 8.8±5.9 7.9±1.1

* Values are the mean±I SD.
Probabilities determined by the t test for unpaired samples.
P <0.05 vs. C.

Results

The serum concentrations ofcalcium and phosphorus increased
from control values in animals given aluminum, but serum cre-
atinine concentrations were similar in each group (Table I). The
levels of 1,25-dihydroxyvitamin D in serum were also similar
in C and Al (Table I). Seruni immunoreactive parathyroid hor-
mone (iPTH) levels were measured in all animals, but further
validation of the results using various antisera to the PTH mol-
ecule in this species is required. Weight gains during the exper-
iment did not differ between groups (Table I).

The aluminum content of bone, determined by chemical
methods, was 1.6±0.9 mg/kg dry wt in C and 241±40 mg/kg
dry wt in Al, P < 0.001. In control animals, the histochemical
stain for aluminum was negative in all sections ofbone examined.
However, intense histochemical staining for aluminum was seen
at 55.6±15.4% of trabecular bone surfaces in the femoral me-
taphysis, at 52.3±7.1% of bone surfaces in the tibial epiphysis,
and at 57.2±12.5% of bone surfaces in the tibial metaphysis
in Al.

Osteomalacia was documented by histologic criteria in all
aluminum-treated animals. At each skeletal site, the volume of
osteoid was greater in Al than in C (Table II). The higher values
for osteoid volume in Al were due both to increases in the width
ofosteoid seams and to increases in the extent ofosteoid surface
in trabecular bone (Table II). Consistent with the histologic find-
ings of osteomalacia, the mineralization lag time was prolonged
in Al when compared to control animals. In contrast to the
increase in the values for percent osteoid surface in Al, percent
resorption surface at the epiphysis of the tibia and at the me-
taphysis of the femur was lower in Al than in C (Table II).

Double bands of tetracycline fluorescence were seen in sec-
tions of bone obtained from each skeletal site in all animals
studied, but the extent of trabecular bone surface that exhibited
double tetracycline labels was reduced from control values in
Al (Table II). This finding was noted at each skeletal site. Thus,
the number of sites of active bone formation was diminished in
Al after 8 wk of aluminum administration. Values for the per-
centage of osteoid surfaces covered with osteoblasts were also
lower in Al than in C. In the metaphysis ofthe femur, 37.7±4.1%
of osteoid surfaces in control animals were characterized by the
presence of osteoblasts whereas only 10.3±9.7% of osteoid sur-
faces exhibited osteoblasts in animals given aluminum, P < 0.01.
The values for percent osteoblastic osteoid correlated with the
percentage ofosteoid surfaces that exhibited double tetracycline
labels (r = 0.92, P < 0.01).

At all sites evaluated, the rate ofmineralized bone formation
was lower in Al than in C (Figs. 1 and 2). This was true whether
the results were expressed per unit area of trabecular bone (Fig.
1) or per unit length of osteoid surface (Fig. 2). These findings
indicate that mineralized bone formation at the tissue level was
substantially reduced in animals given aluminum. The corrected
rates of bone apposition were also lower in Al than in C, and
these data reflect the marked reduction in the extent of double
tetracycline-labeled bone surface in Al (Fig. 3, Table II). How-
ever, the uncorrected rates of mineralized bone apposition, de-
termined from measurements ofthe width ofseparation ofdou-

Table II. Bone Histology and Tetracycline-based Bone Dynamics at Three Skeletal Sites in C and Al Pigs*-*

Femoral metaphysis Tibial epiphysis Tibial metaphysis

C Al C Al C Al
(n = 4) (n =3) (n = 4) (n = 4) (n = 4) (n = 4)

Bone area, % tissue area 17.2±1.4 21.7±4.1 16.9± 1.0 18.8±2.1 18.5±2.0 21.3±2.8
Osteoid area, % bone area 2.7±0.7 12.1±4.5§ 2.8±0.9 14.4+5.lI 3.1±1.5 20.8±10.3§
Osteoid seam width, um 4.4±0.8 10.0±4.81 4.2±1.0 7.7+1.8§ 3.6±1.1 12.7±2.5**
Osteoid surface, % bone

surface 21.2±6.4 54.4±3.81" 22.4±13.9 61.0±12.9** 27.3±8.3 57.9±21.7§
Resorption surface, % bone

surface 3.0±0.4 1.3±0.6** 3.5±1.4 1.2±0.3§ 6.7±2.5 3.8±2.2
Double tetracycline labeled

surface, % bone surface 8.2±0.9 3.7±3.7 15.7±3.9 3.9±3.0f 18.4±1.4 4.6±2.5**
Single tetracycline labeled

surface, % bone surface 7.5±2.0 2.4±1.3 3.6±1.0 2.1±3.0 4.5±2.6 3.1±2.7
Mineralization lag time, days 3.6±0.8 73.6±55.8' 1.5±0.2 40.4±30.4' 1.7±0.9 47.5±26.5'

* Values are the mean± I SD. $Probabilities determined by the t test for unpaired samples except as indicated. P < 0.05 vs. C. 'P < 0.05 vs.
C by Wilcoxon rank-sum test. "P < 0.001 vs. C. ** P < 0.01 vs. C.
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ble tetracycline labels, were not different in C and Al (Fig. 4).
When expressed per unit length of active bone forming surface,
the rate of mineralized bone formation was also similar in C
and Al (Fig. 5). Thus, at sites of continued osteoblastic activity
within the skeleton, the formation of mineralized bone at the
cellular level was not impaired during the administration of alu-
minum.

The mean distance of the osteoid surface from the cement
line was similar in C and Al at osteoid seams adjacent to double
tetracycline labels (Table III). In contrast, the mean distance
from the cement line to the osteoid surface was greater in Al
than in C at osteoid seams that did not label with tetracycline
(Table III). In control animals, osteoid surfaces adjacent to dou-
ble tetracycline labels were located further from the cement line
than osteoid surfaces that did not label with tetracycline. This
difference was not observed in Al (Table III). Moreover, whereas
the width of osteoid seams was similar at tetracycline-positive
and at tetracycline-negative osteoid surfaces in C, osteoid seams
were wider along unlabeled osteoid surfaces than at tetracycline-
labeled osteoid surfaces in Al (Table III).

Discussion

The results of the current investigation are consistent with pre-
vious reports in the dog (14) and in the rat (12, 13, 15, 27) and
demonstrate that the administration of aluminum to experi-
mental animals is associated with the development of osteo-
malacia in conjunction with evidence of aluminum deposition
in bone. All aluminum-treated animals developed osteomalacia
during the course of study as judged by established histologic
criteria despite increases in the serum levels ofboth calcium and
phosphorus and maintenance of normal renal function. The
uptake of tetracycline into bone and the extent of osteoid seams
covered with osteoblasts were each substantially reduced after
8 wk of parenteral aluminum loading; these findings are quali-
tatively similar to results reported in clinical bone biopsy material
from patients with aluminum-related osteomalacia (1, 4, 6). The
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and Al pigs at each of
three skeletal sites. The
results represent the av-
erage width of mineral-
ized bone deposited per
day at osteoid surfaces
during the time required

FI~1 1tocomplete the calcifi-
cation of an osteoid

_
rF < All A ~~~seam. Values are the

C AL C AL C AL mean±1 SD. *P < 0.05
Femoral Tibial Tibial

metaphysis epiphysis metaphysis vs. C; tP < 0. 1 vs. C.

aluminum content of bone in Al was also similar to values pre-
viously reported in such patients (9, 28). Consistent with obser-
vations in humans and in experimental animals with aluminum-
associated osteomalacia, the rate ofmineralized bone formation
was markedly diminished in all aluminum-treated animals (1-
5). Thus, both the histopathology of bone and several of the
serum biochemical features in this experimental model of met-
abolic bone disease in the pig correspond to findings described
in humans with aluminum-associated bone disease.

Reductions in the formation of mineralized bone are a
prominent feature of aluminum-related bone disease (1-5). This
change has been documented in both clinical and experimental
studies (1-5, 10-14), and several groups of investigators have
reported an inverse relationship between the aluminum content
of bone and the rate of bone formation in patients with alu-
minum-associated bone disease (2-4, 28). The results ofthe cur-
rent investigation are consistent with these earlier observations,
but they also suggest that the disturbance in mineralized bone
formation during aluminum administration is mediated by re-
ductions in the number ofsites ofactive bone formation, whereas
the function of bone cells at these sites is not impaired.

In control animals, the rate of mineralized bone formation
per unit area oftissue correlated with the percentage oftrabecular
bone surface that exhibited double tetracycline labels (r = 0.93,
P < 0.001). In contrast, no relationship was observed between
the uncorrected rate ofmineralized bone apposition and the rate
of bone formation. Such findings indicate that the major deter-
minant of mineralized bone formation at the tissue level in nor-
mal pigs is the number of active bone-forming sites, i.e., the
total length of osteoid surface engaged in new bone formation,
rather than variations in the specific cellular activity ofosteoblasts
at these sites. In aluminum-loaded animals, mineralized bone
formation at the tissue level was substantially reduced from con-
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trol values in conjunction with reductions in the extent of double
tetracycline labeling, and fewer osteoid seams were characterized
by the presence of osteoblasts in Al. Thus, the number of sites
of active bone formation was markedly altered by the admin-
istration of aluminum (7, 8, 1-8). The corrected rates of miner-
alized bone apposition were also low in Al, but the calculation
of this variable of bone dynamics is based upon the fraction of
osteoid surfaces that label with tetracycline (7, 8). Therefore,
the corrected values for bone apposition only confirm the tissue-
based measurements of bone formation in animals given alu-
minum.

In contrast to the findings at the tissue level, mineralized
bone formation at the cellular level was not adversely affected
by the administration of aluminum. The rate of bone formation,
expressed per unit length of double tetracycline labeled bone
surface, was similar in control and aluminum-treated animals.
Both the width of separation of double tetracycline labels and,
therefore, the uncorrected rates of mineralized bone apposition
were similar in C and Al. These results indicate that the function
of osteoblasts was maintained at control levels along osteoid
surfaces actively engaged in the formation of new mineralized
bone in aluminum-treated animals (7, 8).

In the current study, reductions in the uptake oftetracycline
into bone in Al could not be attributed to the presence of lo-
calized deposits of aluminum at the junction between miner-
alized bone and osteoid. An inverse relationship between the
aluminum content of bone determined by histochemical meth-
ods and the extent of double tetracycline labeling was not ob-
served; this was true whether the values for double tetracycline-

Table III. Estimates ofBone Matrix
(Osteoid) Production by Osteoblasts at the Epiphysis of the
Proximal Tibia in C and Al Pigs**

Tetracycline positive Tetracycline negative
osteoid surfaces osteoid surfaces

C Al C Al
(n = 4) (n = 4) (n = 4) (n = 4)

Distance of the osteoid
surface from the
cement line, Am 40.5±4.4 49.6±8.8 27.7±4.5' 42.1±12.0

Osteoid seam width,
Jm 5.3±0.5 7.5±1.711 5.8±0.9 16.5±3.6'

*Values are the mean±l SD.
tProbabilities determined by the I test for unpaired samples.
'P < 0.01 vs. tetracycline-positive C.
P < 0.05 vs. tetracycline-positive C.
'P < 0.01 vs. tetracycline-negative C.

labeled surface were expressed as a percentage of the total bone
surface or as a percentage of the osteoid surface. Also, in serial
sections of bone obtained from each skeletal site and stained
either for aluminum or examined by fluorescence microscopy,
louble tetracycline labels were identified at osteoid seams that
exhibited deposits of aluminum. The uptake of tetracycline into
bone thus was not confined to osteoid seams at which aluminum
had not deposited.

The current findings in experimental aluminum-induced
osteomalacia are analogous to results previously reported using
histomorphometric analyses in humans with early vitamin D-
deficient osteomalacia (8). In these studies, cellular indices of
bone formation were normal despite substantial reductions in
the rate of mineralized bone formation at the tissue level. As in
the current experiment, the state of low bone formation in early
vitamin D-deficient osteomalacia was also due primarily to re-
ductions in the extent of active bone-forming surface (8). The
relatively short duration of aluminum administration in the
current study may account for the similarity between the dy-
namics of mineralized bone formation in aluminum-loaded pigs
and those of early vitamin D-deficient osteomalacia in humans.
Such observations suggest that reductions in the number of active
bone-forming surfaces and in the total number of active osteo-
blasts represent important early changes in the evolution ofboth
types of osteomalacia (7, 8). In support of this contention, Rob-
ertson et al. reported lower values for osteoblastic osteoid surface
in rats with histologic osteomalacia induced by 12 wk of daily
intraperitoneal injections of aluminum (13). Reductions in the
number of osteoblasts have also been described in bone biopsy
material from patients with aluminum-associated osteomalacia
(3, 5, 6). Although aluminum may directly inhibit the miner-
alization of osteoid, the current experimental results thus suggest
that the state of low bone formation in aluminum-induced os-
teomalacia is primarily due to fewer sites of active, cell-mediated
osteoid formation and mineral deposition.

To further evaluate the cellular response of bone to alumi-
num administration, several indices of osteoblastic cell work
were determined in each study group. For mineralized bone to
form, an unmineralized collagenous bone matrix must first be
deposited. The total volume ofbone matrix, or osteoid, deposited
at bone-forming surfaces is a function of the work of osteoblasts
during periods of active collagen synthesis (7, 8, 29). Therefore,
measurements of the distance of the osteoid surface from the
adjacent cement line represent the cumulative production of
bone matrix by osteoblasts at existing osteoid seams. Based upon
data obtained in humans with various types of metabolic bone
disease, the distance of the osteoid surface from the cement line
is diminished in conditions where the production of bone matrix
by osteoblasts has terminated prematurely or under circum-
stances where the onset of calcification within newly formed
osteoid seams has been substantially delayed (7, 8). Conversely,
the distance of the osteoid surface from the cement line is normal
if the progress of mineralized bone formation at existing bone-
forming surfaces has been slowed during the completion of an
osteoid seam because of increased periods of cellular quiescence
or temporary interruptions in mineralization (7, 8).

To distinguish among these possibilities, the distance of the
osteoid surface from the cement line was determined both at
tetracycline-positive and at tetracycline-negative osteoid surfaces
in control and aluminum-treated animals. Double tetracycline
labels were identified at various distances from the cement line
in both groups of animals, and the mean distance of the osteoid
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surface from the cement line was not different in control and
aluminum-treated animals at sites ofdouble tetracycline labeling.
These results suggest that the deposition of mineralized bone
persisted throughout the course of osteoid synthesis at sites of
continued bone formation in aluminum-treated animals. The
modest increase from control values in osteoid seam width at
double tetracycline-labeled osteoid surfaces in aluminum-loaded
animals indicates that the rate of mineralized bone apposition
was only slightly less than the rate of matrix apposition at sites
of active mineralized bone formation.

In contrast, osteoid seams that did not show evidence of
tetracycline uptake were identified at greater distances from the
cement line in Al than in C. Thus, the absence of tetracycline
labeling along osteoid seams could not be attributed solely to
delays in the initiation of calcification within newly formed os-
teoid seams or to the premature cessation of bone matrix syn-
thesis at tetracycline-negative osteoid surfaces. Although not
conclusive, the data are consistent with the interpretation that
the accumulation ofaluminum in bone leads to more prolonged
periods of arrest of osteoblast function and to the temporary
cessation of calcification along osteoid seams during the course
of skeletal mineralization (7, 8, 30). Such changes delay the
completion of individual osteoid seams and lead an increase in
the extent of osteoid surface in trabecular bone. Increases in the
width of osteoid seams are particularly prominent at osteoid
surfaces where mineralization has been interrupted (Table III).

The current data suggest that the total production ofosteoid
by osteoblasts within individual osteoid seams is not impaired
during the administration of aluminum; however, the overall
rate of deposition of new bone matrix by osteoblasts is almost
certainly reduced. Considerable experimental evidence has been
presented to indicate that matrix synthesis is impaired in alu-
minum-related bone disease (10, 1 1). Moreover, as shown in
Fig. 3, the corrected rates of mineralized bone apposition in Al
fall below those determined in C by a minimum of 1 Mm/d at
each skeletal site. Without concurrent and substantial reductions
from control values in the linear rate of matrix deposition by
osteoblasts in aluminum-loaded animals, the extent of osteoid
accumulation and the width of osteoid seams would have con-
siderably exceeded the values actually observed in aluminum-
treated pigs.

Despite the similarity between the current experimental data
and the skeletal findings in early vitamin D deficiency, it is un-
likely that the histologic and dynamic response of bone to alu-
minum loading represents resistance to the actions of vitamin
D at the tissue level. Hypocalcemia almost invariably occurs in
vitamin D deficiency, and this disturbance is a major determinant
of the defect in the calcification of osteoid in this disorder (31-
34). In contrast, the lesion of aluminum-related osteomalacia
develops in the presence ofnormal or increased levels ofcalcium
in serum (35). Quarles et al. noted that the accumulation of
aluminum in bone did not prevent the resolution of vitamin D-
deficient osteomalacia in dogs treated with vitamin D (36), and
similar observations were reported by Hodsman et al. in the rat
(37). However, the respective mineralization defects of vitamin
D-deficient osteomalacia and aluminum-induced osteomalacia
may not share a common mechanism. The reversal ofa vitamin
D-mediated disturbance in skeletal mineralization following
treatment with vitamin D does not, therefore, exclude alterations
in the calcification of osteoid that may occur by other mecha-
nisms in association with aluminum accumulation in bone. This
issue will require further study using in vitro techniques.

Both resorption surface and active formation surface de-
creased in aluminum-treated animals, and similar findings have
been noted in bone biopsies from patients with aluminum-related
bone disease (3, 5). It is possible that aluminum diminishes the
formation of bone, and also its resorption, by affecting the dif-
ferentiation of cellular precursors into osteoblasts and/or osteo-
clasts rather than by modifying the function of existing bone
cells (38-40). Osteoclasts may be derived from precursor cells
of bone marrow origin, most probably of the monocyte-mac-
rophage series (38, 39). Changes in the differentiation of osteo-
clastic precursors into mature osteoclasts could account for re-
ductions in the extent of resorption surface in aluminum-treated
animals. Concurrent decreases in osteoblast numbers might oc-
cur secondarily by the mechanism of coupled bone resorption
and bone formation (30) or directly by disturbances in the dif-
ferentiation of mature osteoblasts (7, 40). This issue has yet to
be evaluated experimentally, but alterations in the secretion of
PTH (41-43), in the metabolism of vitamin D (14), or in the
response ofbone to either ofthese hormonal modulators ofbone
formation and resorption represent potential mechanisms by
which both the number of osteoblasts and the number of osteo-
clasts may be reduced in aluminum-related bone disease.

In summary, the administration of aluminum reduces the
number of sites of active bone formation in an experimental
model of aluminum-related osteomalacia in the pig. The effect
ofaluminum on bone formation is mediated by decreases in the
number of metabolically active osteoblasts and in the extent of
active forming surface within bone. The mechanism responsible
for such changes remains uncertain, but the function of active
osteoblasts is not impaired during experimental aluminum
loading. Whether similar reductions in the number of active
osteoblasts are also present in the aplastic lesion of aluminum-
related bone disease remains to be established, but findings con-
sistent with the current experimental results have been reported
in bone biopsy material from such patients. The current data
suggest that the accumulation of aluminum in bone may modify
the function of osteoblasts in a manner distinct from a direct
physical-chemical effect of aluminum to impair in the miner-
alization of osteoid.
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