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Transforming growth factor-beta 1 (TGF-�1) is a cytokine
member of the TGF-� superfamily involved in the control of
proliferation and differentiation of various cell types.
TGF-�1 plays an important role in bone formation and
resorption. To determine the effect of TGF-�1 deficiency on
bone mineral and matrix, tibias from mice in which TGF-�1
expression had been ablated (TGF-�1 null) were analyzed
and compared with background- and age-matched wild-type
(WT) control animals by Fourier transform-infrared imag-
ing (FTIRI) and histochemistry. FTIRI allows the character-
ization of nondemineralized thin tissue sections at the ultra-
structural level with a spatial resolution of �7 �m. The
spectroscopic parameters calculated were: mineral-to-matrix
ratio (previously shown to correspond to ash weight); min-
eral crystallinity (related to the crystallographically deter-
mined crystallite size and perfection in the apatite c-axis
direction); and collagen maturity (related to the ratio of
pyridinoline:deH-DHLNL collagen cross-links). Several
fields were selected to represent different stages of bone
development within the same specimen from the secondary
ossification center to the distal diaphysis. Anatomically
equivalent areas were compared as a function of age and
genotype. The spectroscopic results were expressed both as
color-coded images and as pixel population distributions for
each of the three parameters monitored. Based on compari-
sons of histochemistry and FTIRI, there were distinctive age
and genotype variations. At all ages examined, in the TGF-�1
null mice growth plates, alkaline phosphatase (ALP) activity
and collagen maturity were reduced, but no effect on mineral
content or crystallinity was noted. In the TGF-�1 null mice
metaphyses, there was a persistence of trabeculae, but no
significant alterations in mineral content or crystallinity. In
contrast, mineral content, mineral crystallinity, and collagen
maturity were reduced in the secondary ossification center
and cortical bone of the TGF-�1 null mice. These results,
consistent with a mechanism of impaired bone maturation in
the TGF-�1 null mice, may be directly related to TGF-�1

deficiency and indirectly to increased expression of inflam-
matory cytokines in the TGF�1 null mice. (Bone 31:675–684;
2002) © 2002 by Elsevier Science Inc. All rights reserved.
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Introduction

Transforming growth factor-beta (TGF-�), as reviewed else-
where,30,40,53 is an important local regulator of bone metabolism.
First isolated from tumor extracts, it was thought to induce a
“transformation” between normal and neoplastic cell growth.
Since then, TGF-� expression and its role have been examined in
essentially every tissue in the body. There are three primary
mammalian isoforms (TGF-�1, -�2, and -�3) and distinctive
activities for individual members of the TGF-� supergene family
and their receptors exist.9,15–17,27,34,43,48,55 TGF�1 affects skel-
etal development and bone homeostasis,5 playing an important
role in the regulation of bone density through its effects on
proliferation and differentiation of osteoblasts and on the activity
of osteoclasts.11,20,21,26,56

TGF-�1 has several effects on cell function that are not
directly related to its action on proliferation and differentiation.
It influences collagen production and processing by stimulating
collagen I peptide synthesis and transcription of collagen I
mRNA.11 Because it has a stimulatory effect on bone regenera-
tion, TGF-�1 has been studied extensively in the field of bone
repair,10 and has been reported to promote fracture healing.36,44

Because of its involvement in the balance between bone forma-
tion and resorption, TGF-�1 has also been studied in the context
of osteoporosis.33,58 The association of variants of the TGF-�1
gene with bone mass indicated a significant association of
TGF-�1 polymorphism with osteoporosis.

TGF-�1 also plays an essential role in maintaining normal
immune function.14,15 Approximately 3 weeks after birth, mice
having a TGF-�1 null mutation (TGF-�1 knockout) succumb to
an inflammatory disease-related organ failure and death.40

TGF-�1 null mice survive longer if weaning is delayed, provid-
ing evidence of a contribution of maternal TGF-�1 to null
newborn mice.35

D’Souza et al.19 studied the role of TGF-�1 in tooth miner-
alization. Dental abnormalities in TGF-�1 null mice were ob-
served and the role of TGF-�1 investigated in odontogenesis at
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Figure 1. Comparative histology: TGF-�1 null (KO) and WT bones. (a) Panoramic view of KO tibia (25-day-old) stained for mineral. Osteopenia
(decreased bone mass) and growth retardation are evident by comparison to WT (b). Labels 1–7 indicate anatomic sites for FTIRI. (1) Calcified articular
cartilage in continuity with epiphyseal trabecula; (2) epiphyseal trabeculae; (3) early metaphysis, mainly calcified cartilage cores from epiphyseal
growth plate; (4) lateral metaphyseal trabeculae, primary spongiosa; (5) late metaphyseal trabeculae; primary spongiosa; (6) proximal diaphysis
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advanced stages by comparison with wild-type mice. A related
comparison was used in the present work to investigate the
importance of TGF-�1 deficiency for bone mineralization and
collagen maturation. The technique of choice was Fourier trans-
form-infrared imaging (FTIRI), a newly developed technique in
which an array detector is coupled to an infrared microscope
(FTIRM) allowing acquisition of 4096 spectra from 400 �m �
400 �m areas. The advantage of FTIRM and FTIRI over clas-
sical FTIR spectroscopy is the detection of the distribution of
different chemical species within a spatially inhomogeneous
sample.41,42,50 It was previously shown that both FTIRM and
FTIRI analyses of thin tissue sections provide parameters that
can be used as a sensitive index of changing mineral proper-
ties.41,42,50 FTIRM and FTIRI of bone can be used to monitor the
amount of mineral present,49 the collagen maturity,47 and the
crystallinity (apatite crystal size and perfection) in bone sec-
tions.22,45,46

Materials and Methods

TGF-�1 null mice were generated following targeted disruption
of the TGF-�1 gene in mouse embryonic stem cells as described
elsewhere.32 Mouse genotype was verified by polymerase chain
reaction (PCR) analysis of tail DNA.28 The mice were weaned
between days 14 and 21. Tibias from TGF-�1 null mice (stored
before analyses in 90% ethanol) were analyzed and compared
with background- and age-matched controls (WT). Animals 7–25
days of age were examined and tibias from three animals were
studied for each age and each genotype. Mice aged 7–12 days
had no apparent differences relative to controls, and mice typi-
cally die after day 26, so this study focused on specimens from
19–25-day-old mice. Tibias from WT and TGF-�1 null mice
(KO) were fixed in 70% ethanol, and embedded in glycol
methacrylate. Multiple 2 �m sections, obtained using a heavy-
duty microtome (Microm HM350, Walldorf, Germany),
equipped with a 4 mm blade length diamond knife (Diatome,
Switzerland), were used for histology and FTIRI analyses.

Histology

Nondecalcified 2 �m sections were stained with von Kossa,
methylene blue, and toluidine blue for routine histology to follow
bone growth. The multiple morphologic areas examined included
upper epiphysis, epiphyseal plate, metaphysis, and diaphysis. In
addition, five tibias from 24- and 25-day-old animals were fixed
in 10% phosphate-buffered neutral formalin at 4°C for 6 h and
embedded under vacuum with reduced level of catalyst for glycol
methacrylate.25 In this case, 2 �m nondecalcified sections were
stained using a simultaneous azo-dye coupling method for alka-
line phosphatase (ALP) as an osteoblastic lineage marker, for
tartrate-resistant acid phosphatase (TRA-AcP) as an osteoclast
marker, or double-stained (ALP/TRA-AcP).2

FTIRI

Sections from each of the ethanol-fixed and glycol methacrylate-
embedded bones (2 � thick) were placed on 25 � 2 mm BaF2

optical disks (windows) and analyzed by means of FTIRI. Seven
fields were selected to represent different stages of bone devel-
opment within the same specimen from epiphysis to distal
diaphysis. Anatomically equivalent areas in WT and TGF-�1
null mice were analyzed (Figure 1a,b).

Images were collected using a Bio-Rad FTS-6000 Stingray
FTIR imaging spectrometer (Bio-Rad, Cambridge, MA), which
consists of a step-scan interferometer interfaced to a mercury
cadmium telluride (MCT) focal plane array detector imaged to
the focal plane of an infrared microscope. Interferograms were
simultaneously collected from each element of the 64 � 64 array
to provide 4096 spectra at a spectral resolution of 16 cm�1. The
array detector enabled spectra from all pixels to be collected
simultaneously, yielding an image in which a spectrum could be
obtained at each pixel (hyperspectral image). The sample size
imaged (400 �m � 400 �m) in a single data collection corre-
sponded to a spatial resolution ranging from 6–10 �m, depend-
ing on the wavelength monitored. The instrument software used

(proximal shaft); (7) distal diaphysis (distal shaft). von Kossa stain; bar � 200 �m. (b) Panoramic view of WT tibia (25-day old) stained for mineral.
(2)–(7) as in (a). von Kossa; bar � 200 �m. (c) Epiphyseal growth plate of KO (24-day old) is thinner than that of age-matched WT (d). Proliferating
and hypertrophic zones are altered. Toluidine blue; bar � 40 �m. (d) Epiphyseal growth plate of WT (24-day-old). Toluidine blue; bar � 40 �m. (e)
Detail of growth plate of KO stained for alkaline phosphatase activity (blue) to follow chondrocyte differentiation. Proliferative columns are lacking
and hypertrophic chondrocytes are small. Bar � 10 �m. (f) Detail of early metaphysis of KO (24-day-old). Osteogenic cells are located at bone surface
but failed to differentiate into osteoblasts. Vessels appear dilated. Alkaline phosphatase staining (red)/ methylene blue; bar � 10 �m. (g) Detail of early
metaphysis of WT (24-day-old). In contrast to KO (f), groups of preosteoblastic and osteoblastic cells are present between the two calcified cores. An
osteoclast is eroding the tip of both cores. Alkaline phosphatase staining (red)/methylene blue; bar � 10 �m. (h) Detail of early metaphyseal trabeculae
in KO tibia (25-day-old). Two osteogenic ells are detected. One is directly located on the bone surface, and the other rests between the existing space
limited by the vessels. Note that cytoplasmic prolongation gives them a dendritic habit. These types of cells are unique survivors in the absence of
TGF-�1. Alkaline phosphatase staining (blue); bar � 5 �m. (i) Detail of late metaphyseal trabeculae in KO tibia (25-day-old). As in (h), two different
osteogenic cells are seen. The first is located on the bone surface and has a running cytoplasmic elongation. The second is in the middle of the marrow
cells and may represent an osteoprogenitor reticular cell. No osteoblasts are visible. Alkaline phosphatase staining (blue); bar � 5 �m. (j)Detail of
proximal diaphysis at the endosteal side in KO tibia (24-day-old). Note bone surface is quiescent; a lining cell covers a residual osteoid-like layer.
Toluidine blue; bar � 5 �m. (k) Epiphyseal trabeculae in KO tibia (24-day-old). Alkaline phosphatase-positive cells are shown on the bone surface.
The dilated vessels have reduced the hematopoietic space considerably. Alkaline phosphatase staining (red)/ methylene blue; bar � 10 �m. (l)
Panoramic view of proximal diaphysis in KO tibia (24-day-old). Periosteal side is eroding (left). Endosteal side lacks osteoblasts, as contrasted with
the WT (m). Alkaline phosphatase (blue)/tartrate-resistant acid phosphatase (red); bar � 20 �m. (m) Panoramic view of proximal diaphysis in WT
(24-day-old). Periosteal side is eroding (left). Endosteal side has new bone deposition and an active osteoblast layer. Alkaline phosphatase
(blue)/tartrate-resistant acid phosphatase (red); bar � 20 �m. (n) Detail of proximal diaphysis at the periosteal side in KO (24-day-old). Adjacent to
a vessel, a recently formed resorption lacuna with an osteoclast shows the presence of periosteal progenitor cells. Preosteoblastic spindle cells are
lacking, indicating a retardation of the osteoblastic lineage. Alkaline phosphatase (blue)/tartrate-resistant acid phosphatase (red); bar � 10 �m. (o) Detail
of proximal diaphysis at the periosteal side in WT (24-day-old). Adjacent to a vessel, a recent resorption lacuna with an osteoclast is covered by
progenitor periosteal cells that proliferate as spindle cells occupying the whole periosteal layer. Alkaline phosphatase (blue)/tartrate-resistant acid
phosphatase (red); bar � 10 �m. (p) Detail of the periosteal layer of the distal diaphysis in KO (24-day-old). Osteoclasts persist as well as periosteal
progenitor cells. No signs of further proliferation and differentiation of these cells are apparent. Alkaline phosphatase (blue)/tartrate-resistant acid
phosphatase (red); bar � 10 �m. (q) Detail of periosteal layer of distal diaphysis in WT (24-day-old). Spindle cells are seen on the outer side, and
osteoblast differentiation on the inner. Alkaline phosphatase (blue)/tartrate-resistant acid phosphatase (red); bar � 10 �m.
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Figure 2. Typical IR images for day 19, day 22, and day 25 WT and KO tibia. (a) Mineral-to- matrix distribution in the secondary ossification
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permits straightforward imaging of infrared band areas. For
images of peak height ratios and integrated area ratios (see later),
software developed in-house was used, based on GRAMS/32
(Galactic Software, Salem, NH), and color-coded images were
obtained using MICROCAL ORIGIN (Microcal Origin, Northamp-
ton, MA). Histograms were generated with EXCEL 2000 (Mi-
crosoft Corp., Redmond, WA), and statistical comparisons per-
formed using INSTAT2 (GraphPad, Inc., Carlsbad, CA).

The spectroscopic parameters calculated were mineral-to-
matrix ratio,49 collagen maturity,47 and mineral crystallini-
ty.41,42,45,46,52 The spectroscopic results were expressed both as
color-coded images of the three parameters calculated and as
pixel population distributions. Mineral-to-matrix ratio was cal-
culated by integrating the area under the peaks at 900–1200
cm�1 (phosphate �1,�3) and �1590–1720 cm�1 (Amide I)
following subtraction of the contribution from glycol methacry-
late. The ratio of the integrated phosphate �1, �3 and Amide I
peaks provides a measure of the relative amount of mineral
present, a parameter directly related to “ash weight.”49 Crystal-
linity was expressed by the ratio of the absorbance values at 1030
and 1020 cm�1, respectively. The ratio of the relative areas of
these two peaks has previously been shown to provide a sensitive
and reproducible index of crystal size and perfection45,46 and
there is a high correlation between peak area and intensity
ratio.41,42 Collagen maturity,47 expressed in terms of the 1660
and 1690 cm�1 intensities, provided an index of the relative ratio
of pyridinoline and dehydrodihydroxylysinonorleucine, nonre-
ducible, and reducible collagen cross-links,31 respectively.

Data Analyses

Baseline correction, integrated peak areas, and intensities (peak
heights) were calculated using GRAMS/32 (Galactic). The color-
coded images of the three parameters, mineral-to-matrix, 1660/
1690, and 1030/1020, were calculated using MICROCAL ORIGIN.
The same software was used for the subtraction of the contribu-
tion of glycol methacrylate to the mineral and the Amide I
absorption. The processed images were expressed as percentage
of the pixel population distribution for each of the three param-
eters monitored. Means and standard deviations were calculated
for multiple sections in each animal, and among three different
animals for each age using EXCEL (Microsoft). Tests for signif-
icant differences between means for the three TGF-�1 null and 3
WT animals at each site and each age were performed using the
Bonferroni multiple comparisons test with p � 0.05 considered
statistically significant (INSTAT, GraphPad).

Results

Our study demonstrated that, after 3 weeks of postnatal devel-
opment, the TGF-�1-deficient mouse fails to show the pattern of
bone mineralization and bone development noted in the age- and
background-matched WT animals. This finding was based on
histological evaluations, qualitative comparison of infrared im-
ages, and quantitative comparisons of pixel histograms derived
from the images, and underscores the contribution of TGF-�1 to
bone development and homeostasis.

Histology

The first histologically evident differences in bone architecture
between TGF-�1 null and WT mice occurred on or after 3 weeks
of age. Microscopically, tibias from 22-day-old mice exhibited
slightly narrowed growth plates (about 10% that of WT); in early
metaphysis, osteoblasts were smaller in size. In the TGF-�1 null
epiphyseal trabeculae, osteoblasts were surprisingly lacking, in
contrast to the WT epiphyseal trabeculae, which were character-
ized by active bone remodeling, forming surfaces covered by
osteoid borders, and plump osteoblasts. At later timepoints (	24
days), these bone changes were even more dramatic in tibias
from TGF-�1 null mice. In these animals, growth retardation was
macroscopically evident. Tibias were shorter in length, being
9–11 mm (KO) vs. 12–13 mm (WT). TGF�1 null tibias had
decreased bone mass, apparently at the expense of osteolysis,
which was easily detected by comparing von Kossa-stained
sections (Figure 1a,b). Growth plate thickness was reduced by
about 40%–50% in the TGF-�1 null mice, and chondrocyte
alterations such as absence of proliferating columns and absence
of full hypertrophic differentiation were striking (Figure 1c–e).

Trabecular bone. Changes were evident in newly formed
TGF-�1 null metaphysis, where, in the WT, an area of active
bone formation was seen (Figure 1f,g). In the TGF-�1 null mice,
capillary vessels appeared dilated, and the osteoblastic popula-
tion was reduced to the presence of spindle cells, whereas
alkaline phosphatase in the preosteoblasts and osteoblasts was
completely lacking (Figure 1f). In contrast, numerous osteoblas-
tic clones (osteoprogenitors, preosteoblasts, and osteoblasts)
were observed in the WT (Figure 1g). In the rest of the trabecular
bone regions (lower metaphyses, epiphyses) the absence of
osteoblasts was also noted. However, two types of alkaline
phosphatase-positive cells were identified in trabecular bone as
survivors of TGF-�1 deprivation. An osteoprogenitor cell, with
dendritic cell morphology (Figure 1h,i), was found in the middle
of the bone marrow, and a lining cell was found on the miner-
alized bone surface (Figure 1i). The deficiency of TGF-�1
seemed not to affect osteocytes, because they looked morpho-
logically normal (Figure 1j). A related abnormal architecture was
observed at the epiphysis, where the outlined changes of 22-day-
old null animals were now easily recognized. Marrow sinusoids
were very dilated, and bone marrow cells were enclosed in a
reduced space (Figure 1k). The same cavernous aspect was
observed in the lower metaphyses and diaphyseal bone marrow
(not shown).

Cortical bone. In the endosteum of proximal diaphyses,
osteoblasts and osteoid had disappeared in the TGF-�1 null
mouse, in contrast to WT (Figure 1l,m). On the periosteal side,
the WT proximal diaphyses showed intense modeling activity
(Figure 1l,m), characterized by osteoclasts eroding the external
cortex, active bone resorption, and proliferating and differenti-
ated osteoblastic cells that produced new bone refilled resorption
spaces. This was not the case for TGF-�1 null periosteum
(Figure 1l,n). In TGF-�1 null cortex, Howship
s lacunae per-
sisted unfilled, in spite of the finding that, behind the osteoclasts,
osteoprogenitor periosteal cells had arrived within the lacuna, but
failed to proliferate, as occurs in the WT (Figure 1n,o). As a
result of this continued osteoclastic activity, also persistent along

center. (b) Collagen maturity distribution in the growth plate. (c) Mineral-to- matrix distribution in the proximal diaphysis. (d) Collagen maturity in the
secondary ossification center. (e) Collagen distribution in the proximal diaphysis. (f) Crystallinity distribution in the same site as in (c). Each area shown
represents a 400 �m � 400 �m area. Color scale kept constant for all each parameter.
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the distal diaphyses (Figure 1p), cortical thinning was noted, a
situation worsened by the absence of forming activity evident in
WT (Figure 1q). In TGF-�1 null periosteum neither preosteo-
blasts nor secretory osteoblasts were identified.

Collectively, these data demonstrate that, at 24 and 25 days
postnatally, bone growth and bone formation in the TGF-�1 null

mice were practically nonexistent. Trabecular and cortical bone
surfaces appeared quiescent and depleted of osteoblastic cells;
preexistent osteoblasts were not maintained, having disappeared
or transformed into lining cells; and osteoprogenitor cells, al-
though recruited at the proper sites, were unable to sustain any
new proliferation.

Figure 3. Pixel distribution histograms for all the images from triplicate samples for which individual images are shown in Figure 2. WT, solid bars;
KO, open bars. The x axis shows the range of values for each parameter; y axis shows percent of total number of pixels corresponding to the bone image.
(a) Crystallinity distribution for the secondary ossification center (22 and 25 days). (b) Mineral-to-matrix distribution for the proximal diaphysis (22
and 25 days). (c) Crystallinity distribution for the proximal diaphysis (22 and 25 days). (d) Mineral-to-matrix distribution for distal diaphysis (22 and
25 days). (e) Crystallinity distribution for the distal diaphysis (22 and 25 days). (f) Collagen maturity distribution for the secondary ossification center
(22 and 25 days). (g) Collagen maturity distribution for the proximal diaphysis (22 days). (h) Collagen maturity for the distal diaphysis (22 days). (i)
Collagen maturity for the growth plate (25 days).
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FTIRI

Examination of infrared images allowed a qualitative comparison
of the spatial variation of mineral content, collagen maturity, and
crystallinity. The spectroscopic results expressed both as color-
coded images of the three parameters calculated (mineral-to-
matrix peak area ratio and 1030/1020 and 1660/1690 intensity
ratios) and as pixel population distribution for each of the three
parameters monitored are summarized in Figures 2 and 3. The
pseudo-color of the calculated mineral-to-matrix, collagen ma-
turity, and crystallinity images denote the intensity of the three
parameters. The maximum value for all comparable WT and
TGF�1 null mice images was kept constant to facilitate compar-
ison. Statistical evaluation of pixel distributions quantitatively
confirmed the qualitative differences in different bone sites
examined, without the spatial resolution provided by the images.
Visual comparison of images from three replicate bone speci-

mens in the secondary ossification center of 19-day-old animals
of the same genotype revealed that the mineral-to-matrix ratios
were not different (Figure 2a), although consistently there was
less calcified matrix and this matrix indicated reduced mineral
content in the TGF-�1 null mice. At 22 days, in contrast to 19
days, the relative mineral content increased in both the WT and
the TGF�1 null mice, but the WT calcified tissues continued to
be thicker. The same trends persisted at day 25.

In the proximal diaphysis (Figure 2c) of the 19-day-old WT,
there was a lower mineral-to-matrix ratio on the periosteal side,
and maximum values on the endosteal side of the bone. Inter-
estingly, the mineral distribution in the TGF-�1 null mice was
more uniform. Nonetheless, by day 22, the TGF-�1 null bones
tended to be more fragile, and it was difficult to find sections that
had not fractured during sectioning. The TGF-�1 null mineral-
to-matrix ratio remained low, and comparable to the day 19

Table 1. Calculated parameters from FTIRI data of TGF-�1 null (KO) and wild-type (WT) mice

Day 19 Day 22 Day 25

(A) Mineral: Matrix
Upper sec. ossif. cen. KO 3.96 � 0.98 4.79 � 1.33 4.19 � 1.9

WT 3.06 � 1.13 3.36 � 0.95 2.85 � 1.10
Lower sec. ossif. cen. KO 3.97 � 0.31 4.74 � 1.92 1.96 � 0.92

WT 3.88 � 0.30 4.89 � 1.63 3.19 � 0.87
Growth plate KO 3.77 � 1.12 3.35 � 0.10 3.18 � 1.15

WT 3.81 � 0.94 3.40 � 1.02 4.46 � 1.55
Newly form. cort. KO 4.62 � 0.96 7.76 � 0.89a 5.84 � 1.07

WT 4.97 � 1.22 4.62 � 0.99 4.96 � 0.53
Trabecular bone KO 3.61 � 0.23b 5.00 � 3.17 3.13 � 0.62

WT 6.17 � 0.37 3.75 � 1.02 3.60 � 2.02
Proximal diaphysis KO 5.37 � 3.17 3.20 � 1.36 3.20 � 0.9a

WT 5.43 � 1.72 4.42 � 0.95 8.90 � 2.3
Distal diaphysis KO 4.51 � 1.60 2.52 � 2.78a 4.58 � 1.86

WT 6.49 � 2.75 8.08 � 2.45 7.75 � 1.78
(B) Crystallinity

Upper sec. ossif. cen. KO 0.40 � 0.03 0.50 � 0.02 0.33 � 0.06
WT 0.53 � 0.10 0.58 � 0.07 0.46 � 0.08

Lower sec. ossif. cen. KO 0.31 � 0.05b 0.54 � 0.04a 0.32 � 0.13a

WT 0.55 � 0.03 0.69 � 0.06 0.62 � 0.07
Growth plate KO 0.31 � 0.07 0.34 � 0.10 0.38 � 0.07

WT 0.43 � 0.08 0.33 � 0.03 0.52 � 0.17
Newly form. cort. KO 0.31 � 0.04a 0.59 � 0.07 0.53 � 0.04a

WT 0.47 � 0.08 0.52 � 0.05 0.42 � 0.05
Trabecular bone KO 0.56 � 0.10 0.57 � 0.06 0.46 � 0.13

WT 0.47 � 0.10 0.48 � 0.06 0.50 � 0.19
Proximal diaphysis KO 0.84 � 0.03b 0.74 � 0.05b 0.69 � 0.06a

WT 0.76 � 0.16 0.93 � 0.03 0.93 � 0.06
Distal diaphysis KO 0.86 � 0.08 0.86 � 0.03b 0.80 � 0.04a

WT 0.96 � 0.09 1.02 � 0.03 0.92 � 0.03
(C) Collagen maturity

Upper sec. ossif. cen. KO 0.40 � 0.12a 0.55 � 0.02a 0.46 � 0.17
WT 0.61 � 0.06 0.69 � 0.08 0.68 � 0.09

Lower sec. ossif. cen. KO 0.30 � 0.10b 0.58 � 0.08a 0.42 � 0.21a

WT 0.67 � 0.05 0.79 � 0.10 0.77 � 0.06
Growth plate KO 0.23 � 0.02a 0.35 � 0.18 0.46 � 0.08a

WT 0.53 � 0.10 0.30 � 0.04 0.29 � 0.05
Newly form. cort. KO 0.26 � 0.07a 0.59 � 0.08 0.55 � 0.08

WT 0.50 � 0.06 0.55 � 0.09 0.46 � 0.06
Trabecular bone KO 0.57 � 0.11 0.63 � 0.12 0.51 � 0.11

WT 0.48 � 0.11 0.59 � 0.10 0.55 � 0.22
Proximal diaphysis KO 0.90 � 0.07 0.78 � 0.11a 0.83 � 0.15

WT 0.90 � 0.14 1.03 � 0.12 1.04 � 0.17
Distal diaphysis KO 1.06 � 0.12 0.83 � 0.07a 0.75 � 0.17

WT 1.07 � 0.10 1.1 � 0.06 0.94 � 0.11

ap � 0.05 related to WT at the same age.
bp � 0.005 related to WT at the same age.
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cortices, whereas the WT showed an increase in mineral-to-
matrix ratio. Mineralization appeared ablated in the TGF�1 null
bones, because, by day 25, the TGF-�1 null did not have a
mineral content that differed from day 19 cortices, whereas the
mineral-to-matrix ratio was visually increased in the WT.

The crystallinity images corresponding to the mineral-to-
matrix distributions in Figure 2c are represented in Figure 2f. The
apparent difference in crystallinity implied that mineral crystals,
where present, were maturing differently in WT and TGF-�1 null
mice. The same pattern was found for the secondary ossification
center (images not shown). No significant differences in mineral-
to-matrix ratio and crystallinity were observed in the growth
plate for all ages.

Figure 2b,d,e illustrates the collagen maturity in these bones.
The distribution of mature collagen in the secondary ossification
center and proximal diaphysis is shown in Figure 2d,e. Repre-
sentative patterns are shown for 22- and 25-day-old animals.
Significant differences in collagen maturity can be noted upon
comparison of WT and TGF-�1 null animals, with the intensity
of the collagen maturity parameter higher for WT. Figure 2b
shows the distribution of collagen maturity in the growth plate of
a 25-day-old animal. The growth plate appears shorter in the
TGF�1 null animal and the collagen appears less mature, com-
parable to that observed in the 22-day-old animals.

These typical results (which, due to space limitations, are not
presented for all sites or ages examined) were confirmed by
statistical analysis of the pixel histograms from the combined
images. Table 1 summarizes the results of all ages and areas
analyzed for each of the three parameters monitored. First, in the
secondary ossification center, there were no significant differ-
ences in mineral-to-matrix ratio when age-matched WT and
TGF-�1 null were compared (not shown). Crystallinity shifted to
lower values in the TGF-�1 null mice (Figure 3a). Analysis of
collagen maturity revealed differences between WT and TGF-�1
null animals (shift toward lower values for TGF-�1 null animals)
(Figure 3f). Second, trabecular bone did not show differences
between age-matched WT and TGF-�1 null animals in the three
parameters studied, except for a higher mineral-to-matrix ratio
for the WT at day 19. Third, in the proximal diaphysis, a
significant shift toward lower values of mineral-to-matrix ratio at
25 days and crystallinity at all ages for the TGF-�1 null mice
occurred when contrasted with their age-matched WT (Figure
3b,c). Fourth, the distal diaphysis showed a shift toward lower
values of mineral-to-matrix ratio at all ages for TGF-�1 null
animals, accompanied by the same trend for crystallinity (Figure
3d,e). In the proximal and distal diaphysis, only the 22-day-old
TGF-�1 null mice showed a shift toward lower values of colla-
gen maturity (Figure 3g,h). Finally, analysis of the growth plate
showed differences in collagen maturity (Figure 3i), but not in
mineral-to-matrix ratio and crystallinity.

Discussion

This study has demonstrated the impact of TGF-�1 deficiency on
bone mineralization and collagen maturation. Histochemical data
suggest a delayed maturation in the TGF-�1-deficient animals,
which was confirmed by quantitative infrared spectroscopy. The
technique used, FTIRI, allowed for simultaneous and spatially
resolved assessment of the mineral and matrix components of
bone. Amount of mineral present, mineral crystallinity, and
collagen maturity were evaluated for the first time in TGF-�1
null and WT mice by FTIRI, providing new insights into the
effect of deficiency of TGF-� on bone development. The inabil-
ity to detect significant differences in bone development between
TGF-�1 null and WT mice prior to weaning (�14–19 days) may
reflect, in part, the protective effect of maternal transfer of

TGF-�.35 Only upon withdrawal of this source of TGF-� did the
true phenotype of the animals become evident. Moreover, prod-
ucts of the emergent inflammatory response14,15,28,48 may also
contribute to bone pathology, although bone is not a typical site
of inflammation in these animals. Nonetheless, these changes
collectively represent the phenotype of animals deficient in the
critical cytokine/growth factor TGF-�1.

TGF-�1 has been shown to have a variety of regulatory
actions and represents one of the factors implicated in the
regulation of bone turnover. TGF-�1 is a powerful modulator of
both bone resorption and bone formation.5 TGF-�1 influences
the mechanisms that regulate skeletal development and skeletal
disease, such as osteoporosis. In the TGF-�1-deficient animals,
the histochemical features indicated both retarded bone forma-
tion and retarded bone remodeling.

The effects of TGF-�1 deficiency on bone maturation iden-
tified in this study imply at least two roles for TGF-�1. First, an
inductive role for osteogenic cell proliferation (marrow and
periosteal), and second an autocrine signal to maintain osteo-
blasts in a secretory status. In parallel with cessation of maternal
TGF-� rescue,24,35 TGF-�1 null animals, unable to produce
endogenous TGF-�, showed growth retardation, as well as chon-
drocyte and osteoblast aberrancies. It is known from studies
combining bromodeoxyuridine incorporation to measure cell
proliferation, and assays of alkaline phosphatase activity and
bone sialoprotein expression,2,8 that the osteoblastic lineage
includes three important components: osteoprogenitors (stem
cells); preosteoblasts (proliferating cells); and osteoblasts (se-
creting cells). Using alkaline phosphatase (ALP) as an earlier
marker for osteoblastic lineage, we demonstrated that, in sites
where bone formation is initiated de novo, such as in the primary
spongiosa or following bone resorption in Howship
s lacuna,
ALP-positive osteoprogenitor cells3 were present in TGF-�1 null
mice, but they failed to proliferate completely and differentiate
into new preosteoblasts. An autocrine role was suggested be-
cause otherwise secretory osteoblasts were absent, perhaps be-
cause of apoptosis or because of transformation to lining ALP-
positive cells.3 However, it was evident in the TGF-�1 null mice
that many osteoblasts must die, whereas only a few differentiate
into lining cells. In normal bone, the fate of the active osteoblast
is either to be buried as an osteocyte, to become a quiescent
lining cell, or to die. What regulates this fate is not known.
However, TGF-� may influence these pathways because it in-
duces expression of periostin by preosteoblasts,29 and tenascin-C
by osteoblasts.37

Our data suggest that secretory osteoblast function is altered
in the TGF-�1 null mice and that matrix deposition and miner-
alization are also dramatically affected. This is particularly evi-
dent from 19 to 25 days after birth following weaning. As
previously described, the growth plate was also severely altered
within both the proliferating compartment and hypertrophic
zone, contributing to impaired longitudinal growth.24 The FTIRI
findings suggest a stronger effect of TGF-�1 on collagen matu-
ration rather that on mineralization per se. Only slight differences
in the mineral-to-matrix ratio between WT and TGF-�1 null
mice were quantitated, even though a trend toward lower values
of the mineral-to-matrix and crystallinity parameters was ob-
served. The mineral content appeared to be influenced by the
absence of TGF-�1, mainly in the secondary ossification center
and cortical bone, wherein mineral apposition appeared slower
for the TGF-�1 null animals and bone maturation was impaired.
These results are consistent with studies on the effect of TGF-�1
on biomineralization of other tissues such as dentin and enam-
el.19

Disturbances in collagen maturation can also affect mineral-
ization, eventually having an effect on the biomechanical and
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functional properties of the tissue. Because TGF-�1 deficiency
has been shown in this work to affect collagen maturation, our
findings appear consistent with previous studies associating
TGF-�1 with osteoporosis, a condition in which collagen matu-
ration is often altered.47 Collagen I is the predominant extracel-
lular matrix protein component in bone and provides the tissue
with tensile strength. TGF-�1 was previously shown to increase
collagen production and impact collagen processing.11 Not only
does TGF-�1 stimulate collagen I peptide synthesis and tran-
scription of collagen I mRNA, and enhance the association of
secreted collagen,11 it also influences collagen cross-linking, by
affecting the post-translational modification of lysine residues in
the newly synthesized collagen � chains.54 By decreasing the
steady-state levels of lysyl hydroxylase mRNA,54 TGF-� can
decrease hydroxylysine residues in bone and consequently influ-
ence the properties and biological functions of collagen. Because
collagen is important for mineral deposition,7 disturbances in the
post-translational modification of collagen may affect down-
stream mineralization,31 although an indirect effect cannot be
excluded. If collagen I facilitates the initiation of mineralization
and regulates the growth, proliferation, or agglomeration of
mineral crystals, then TGF-�1 may be considered to play a
crucial role in bone development, addressing its use in a thera-
peutic approach for osteoporosis.6,51

TGF-�1 also influences the osteoblastic production of other
bone proteins, such as osteonectin and osteopontin,4 important
for bone mineralization.7 Thus, the absence of TGF-�1 could
lead to alterations in other extracellular matrix components.
Consequently, our findings suggest a direct relationship between
collagen maturation and TGF-�1 expression, but only imply such
a relationship between collagen maturity and mineralization.

TGF-�1 has potent immunomodulatory effects32,57 with a
prevalent suppressive action on proliferating and differentiated
inflammatory cells. Although nearly 50% of the homozygous
null mice die in utero, those born appear to be normal, and begin
to develop inflammatory symptoms within the first week.38,40

This inflammatory phenotype is exacerbated after weaning,
which is likely due in part to the loss of maternal TGF-�1
transferred through the milk.35 However, immune abnormalities
have been detected in day 18 gestation animals,13 consistent with
a requisite role of TGF-�1 in immune development and ho-
meostasis. By 3–4 weeks of age, in the absence of TGF-�1, the
TGF-�1 null mice die of a wasting syndrome that resembles an
autoimmune syndrome, with a massive infiltration of lympho-
cytes and macrophages in several genera organs and release of
proinflammatory cytokines.14,15,28 Some of these regulatory
molecules, such as interleukin (IL)-1 and IL-6, are potent bone-
resorbing factors,38,39 which may conceivably influence growth
retardation and chondrocyte and osteoblast aberrancies. This
issue has been investigated previously by Geiser et al.24 None-
theless, our data support a pivotal role for TGF-�1 in normal
bone development and in crystallinity, collagen deposition, and
mineralization. Whether direct or indirect, these fundamental
defects in bone biology associated with TGF-�1 deficiency
provide insight into possible therapeutic interventional strategies.
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