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Abstract We have previously identified a potential TGF-b activation element (TAE) in the rat collagen a1(I)
promoter at 21624 upstream of the transcriptional start site [Ritzenthaler et al., 1991, 1993]. To determine the
importance of the TAE in vivo, we produced transgenic mice carrying 3.6 kb of the rat collagen a1(I) promoter linked to
the reporter gene chloramphenicol acetyl transferase with and without site-directed mutations that eliminate DNA-
protein binding at the TAE site. Tissue-specific expression of the reporter gene in transgenic mice with the mutated
collagen promoter was similar to that of transgenic mice with the normal promoter in two genetic backgrounds as judged
by in situ hybridization, reporter assays, and immunochemistry. Endotracheal instillation of bleomycin induces lung
fibrosis, mediated in part by TGF-b. Earlier studies indicated that expression of wild-type collagen-reporter gene was
upregulated in transgenic mice lungs in response to endotracheal instillation of bleomycin. A similar level of reporter
gene upregulation was observed in transgenic mice carrying the mutation in the TAE. Two lines of transgenic mice
carrying the mutated promoter construct displayed unexpected neurological abnormalities. In the FVB genetic
background, there was a higher than normal incidence of mortality, spontaneous seizures, and an inability to nurture
offspring. Histological evidence demonstrated clear abnormalities, including disorderly arrangement of neurons in the
hippocampus and significant laminar cortical necrosis in the cerebrum in animals after seizures. In the C57Bl/6
background, there was a high incidence of severe communicating hydrocephalus, early runting, and increased mortality
similar to that in transgenic animals with astroglial overexpression of TGF-b. These animals provide an interesting model
system to investigate molecular mechanisms responsible for seizures and hydrocephalus. J. Cell. Biochem. 77:135–148,
2000. r 2000 Wiley-Liss, Inc.
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The expression of extracellular matrix pro-
teins is tightly regulated in complex tissue-
specific and developmental patterns. Inappro-
priate expression of matrix proteins in different
tissues is associated with developmental abnor-
malities and disease states, including pulmo-
nary fibrosis, sclerosis, and Alzheimer’s disease
[Fillit and Leveugle, 1995; Gauldie et al., 1993].
Type I collagen, composed of two a1(I) and one

a2(I) polypeptides, is one of the most abundant
extracellular matrix proteins in the body found
in high amounts in bone, skin, and tendons
with lower amounts in lung. Although ex-
pressed in low amounts in brain tissue, type I
collagen is a vital component of the extracellu-
lar matrix of the central and peripheral ner-
vous systems, and thus plays a role in the
development of the nervous system [Rutka et
al., 1988].

The collagen type I genes (COL1A1 and
COL1A2) are on separate chromosomes with
clearly different promoter sequences, although
the two genes are usually coordinately regu-
lated. The primary site of regulation of this
molecule is believed to be transcriptional. Sev-
eral groups have analyzed the transcriptional
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regulation of COL1A1, using transgenic ani-
mals with various portions of the COL1A1 gene
linked to reporter genes [Bedalov, 1995; Bogda-
novic et al., 1994; Dodig et al., 1996; Pavlin et
al., 1992; Rossert et al., 1995, 1996; Slack et al.,
1991; Sokolov et al., 1995]. Transcriptional regu-
lation of COL1A1 is influenced by distal up-
stream regions of the promoter [Dodig et al.,
1996; Ritzenthaler et al., 1991, 1993], the first
intron [Bornstein, 1996], the body of the gene
[Breault et al., 1997], and in the 38 flanking
region [Rippe et al., 1997; Stefanovic et al.,
1997]. The murine COL1A1 promoter (3.6 kb)
confers tissue-specific expression of type I colla-
gen [Liska et al., 1994; Pavlin et al., 1992;
Rossert et al., 1995, 1996] with expression pat-
terns of reporter genes similar but not identical
to known distributions of type I collagen. Ex-
pression of reporter genes was high in bone,
teeth, tendon or skin and very low in certain
adult organs (liver and brain) similar to the
endogenous gene. Expression was not detected
in selected tissues known to express type I
collagen such as the aorta [Bedalov et al., 1994].

Using deletion analysis and co-transfection
studies with the rat collagen a1(I) promoter
driving the CAT gene, we previously located a
cis-acting DNA element 1.6 kb upstream of the
transcription start site that confers a three- to
fourfold stimulation in the presence of trans-
forming growth factor-b (TGF-b) [Ritzenthaler,
1991]. This element, referred to as a(I)-TAE, is
a binding site for a unique protein complex, as
judged by DNA electrophoretic mobility shift,
cross-linking, and Southwestern assays [Ritzen-
thaler et al., 1993]. The TAE sequence has
consensus binding sites for the transcription
factor AP-2, although this protein does not ap-
pear to be expressed in lung fibroblasts [Ritzen-
thaler et al., 1993]. In addition, bleomycin
stimulates collagen expression through this el-
ement in cell culture [King et al., 1994]. Several
different TGF-b response elements have been
described in collagen type I genes. For example,
a SP-1 site may be involved in the human
COL1A1 promoter [Jimenez et al., 1994]. In the
COL1A2 promoter, there is a more active site
described as an NF1-like site [Rossi et al., 1988],
an Sp-1 site [Chung et al., 1996], a Jun binding
site [Chung et al., 1996], or SMAD-dependent
element [Chen et al., 1999]. This region, which
is not well conserved in the COL1A1 gene, may
bind several proteins that act cooperatively to
activate transcription. These findings suggest

that more than one transcription factor may be
activating collagen type I gene expression dur-
ing TGF-b stimulation. There are certainly ma-
jor differences between the two type I promot-
ers and there may be species differences
between human and murine promoters.

We employed transgenic animals to examine
the function of the collagen a1(I) promoter frag-
ment in vivo [Agarwal et al., 1996]. When trans-
genic mice carrying 3.6 kb of rat collagen pro-
moter driving CAT reporter gene (ColCAT3.6)
were challenged with subcutaneous injections
of TGF-b or endotracheal instillation of bleomy-
cin to induce lung fibrosis, CAT expression in
skin, and lung was increased [Agarwal et al.,
1996]. Our results indicated in vivo activation
of a1(I) promoter by bleomycin treatment in a
subset of lung fibroblasts. In order to determine
whether the TAE in COL1A1 promoter func-
tions in vivo during fibrosis, we generated trans-
genic mice containing 3.6 kb of the rat COL1A1
promoter mutated at the TAE site linked to
CAT (mTAEColCAT3.6). The mutated trans-
gene was generally expressed in a tissue-
specific manner similar to that of the normal
transgene (ColCAT3.6). The mutation did not
abolish the upregulation of reporter gene ex-
pression in lungs of transgenic mice instilled
with bleomycin in a model of pulmonary fibro-
sis. Furthermore, the introduction of the mu-
tated transgene produced unexpected pheno-
types in animals including seizures, increased
mortality, and hydrocephalus.

MATERIALS AND METHODS
DNA Construct Description and Transgenic

Animals

The ColCAT3.6 plasmid containing 3.6 kb of
the rat COL1A1 promoter [Lichtler et al., 1989]
was kindly provided by A. Lichtler and D. Rowe
(University of Connecticut, Farmington, CT).
The mTAEColCAT3.6 construct was prepared
by site-directed mutagenesis [Kunkel et al.,
1987], using a commercial kit according to the
manufacturer’s instructions (Bio-Rad, Her-
cules, CA). The primer used to generate the
mutation was 58-AGCTTGTGCGCGGCCGCT-
38. The mTAEColCAT3.6 differs from the nor-
mal ColCAT 3.6 in 6 base pairs (bp) starting at
position 21624 (Fig. 1). The sequence of the
mutated construct was verified by DNA se-
quencing. In addition, the mutation introduced
a NotI restriction site in the plasmid that was
used for routine screening of the plasmid. Plas-
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mid DNAs were prepared by standard proce-
dures including double cesium chloride fraction-
ation. The transgene used for microinjection
was prepared by HaeII digestion and isolation
of the 5.3-kb fragment containing the 3.6-kb
promoter and CAT coding sequence from an
agarose gel.

Transgenic mice were generated at the Bos-
ton University transgenic facility by microinjec-
tion of fertilized pronuclei eggs of the FVB or
C57Bl/6 strains (Taconic). Microinjected eggs
were then implanted into outbred Swiss Web-
ster FBr (Taconic) foster mothers. Transgenic
mice were identified by CAT assay of tail homog-
enates from 18- to 22-day old animals. Cells
used for primary culture were obtained from
the brains of newborn (1- to 3-day) transgenic
animals according to previously described meth-
ods [Arenander and de Vellis, 1992], and cul-
tured in Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS).

Histology and In Situ Hybridization

The tails of newborn (2- to 3-day-old) animals
were fixed in fresh, 4% paraformaldehyde/
phosphate-buffered saline (PBS), embedded in
paraffin, and cut into sections of 4-µm thick-
ness. Animals used for brain histology were
placed under anesthesia with pentobarbitol (60
mg/kg body weight) and transcardially per-
fused with 5.0 ml heparinized saline, followed
by 10 ml Bouin’s solution (Polysciences, War-
rington, PA), then stored in Bouin’s solution for

at least 10 days for complete fixation. Mouse
brains were embedded in paraffin and cut into
10-µm serial sections. Samples were processed
for in situ hybridization of a1(I) collagen or
CAT [Agarwal et al., 1996]. Sections were also
stained with hematoxylin & eosin (H&E) or ver
Hoff’s van Geisen stains as recommended by
the manufacturer (Sigma Chemical Co., St.
Louis, MO). Immunofluorescence for CAT anti-
gen was performed by incubating tissue sec-
tions with a rabbit anti-CAT antibody (5 Prime,
3 Prime Corp., Boulder, CO) at 1:300 or 1:50
dilution (where indicated) in PBS overnight at
4°C, followed by a goat anti-rabbit Alexa 488
secondary antibody (Molecular Probes, Eugene,
OR) at 1:100 dilution in PBS for 2 h at room
temperature in the dark. Fluorescence in situ
hybridization of primary brain cultures was
performed with a digoxygenin-labeled CAT
probe (the 1.4-kb EcoRI fragment of ColCAT3.6)
and fluorescein-labeled anti-digoxygenin sec-
ondary antibody, followed by counterstaining
with propidium iodide [Wyandt et al., 1998].
Microscopy was performed on an Olympus IX70
or an Olympus BH-2 microscope using a Kodak
EOS DCS 5C digital camera utilizing Adobe
Photoshop software.

CAT Assays

Protein extracts were obtained from mouse
tissues homogenized with a Brinkman polytron
at high speed in Tris buffer (0.25 M Tris pH 8.0,
with freshly diluted phenylmethyl sulfonyl fluo-
ride [PMSF], 1 mM), and sonicated 15–20 s
with a Bronson 450 sonifier. Extracts were then
centrifuged for 10 min at 12,000g to remove
particulate particles. Protein concentrations
were determined by Bradford method (Bio-
Rad). The amount of protein analyzed for CAT
activity was typically 5–10 µg per high-express-
ing tissue (tail, skin, and bone), and 50–100 µg
per low-producing tissue (lung and brain).

The primary method to assay for CAT activ-
ity involved measuring acetylated chloram-
phenicol isolated by an organic extraction. In
brief, protein to be analyzed was pre-heated at
65°C for 10 min, then incubated with (0.15 µCi)
[3H]-labeled acetyl CoA (New England Nuclear,
Boston, MA), 1 mM unlabeled acetyl CoA, and
1.5 mM chloramphenicol in 0.25 M Tris buffer,
pH 7.6, in a total volume of 0.10 ml for 60 min
at 37°C. The reaction mixture was extracted
with ethyl acetate and the radioactivity in the
organic phase, containing [3H]-acetylated chlor-

Fig. 1. Depiction of the normal (ColCAT3.6) and mutated
(mTAEcolCAT3.6) collagen promoter constructs used to pro-
duce transgenic mouse lines. The normal and mutated promoter
transgene constructs contain 3.6 kb of the COL1A1 promoter
(shaded box), including 115 base pairs of the gene downstream
of the transcriptional start site (diagonally shaded box), followed
by the chloramphenicol acetyl transferase coding sequence
(CAT), the SV40 T antigen splice site (T), and polyadenylation
signal (pA). The numbers above the promoter indicate position
relative to the transcriptional start site (11). The nucleotide
sequences of the TAE and corresponding mutated TAE are
indicated, where (*) highlights bases altered from the wild-type.
Values on the right with standard error indicate CAT activity of
constructs transfected into fibroblasts.
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amphenicol, was measured by liquid scintilla-
tion. Purified chloramphenicol acetyl transfer-
ase standards (Pharmacia, Uppsala, Sweden)
were included for each experiment. There were
typically 365,000–465,000 cpm per CAT unit.
Samples were assayed in duplicate.

An alternative method used to analyze CAT
activity involved measurement of acetate into
[14C]-labeled chloramphenicol by thin-layer
chromatography (TLC) as described [Agarwal
et al., 1996]. Quantitation was performed by
counting radioactivity on chromatographic
plates by an InstantImagery electronic autora-
diography recorder (Packard, Meriden, CT). In
control experiments, it was determined that
normal nontransgenic tissues had no detect-
able CAT activity, and no detectable chloram-
phenicol de-acetylase activity (data not shown).

Southern Blotting

Genomic DNA isolated from tail was ana-
lyzed for transgene copy number by Southern
blotting with one of two probes as described
[Pavlin et al., 1992]. In brief, mouse genomic
DNA digested with either PvuII or EcoRI was
separated on 1.0% agarose gel and transferred
to nylon membranes (Hybond N1; Amersham)
by capillary blotting in 103 SSC solution. Hy-
bridization with radiolabeled probes was per-
formed in the presence of 23 SSC, 1% dextran
sulfate, 10% sodium dodecyl sulfate (SDS), and
1 mg/ml salmon sperm DNA at 65°C for 18 h
and washed under stringent conditions: 0.23
SSC, 1% SDS, at 65°C. The PvuII-XbaI pro-
moter fragment of COL1A1 (containing only
collagen sequence 2944 to 1115) or the 1.4-kb
EcoI fragment of ColCAT3.6 (containing only
the CAT coding sequence) were radiolabeled
with the [32P]-a CTP (Multi-prime TM kit, Am-
ersham). PvuII-digested genomic DNA was hy-
bridized with the PvuII-XbaI probe, yielding
the endogenous promoter at 2.6 kb and trans-
genic promoter at 1.0 kb. The ratio of transgene
to endogenous collagen promoter was calcu-
lated as an index of transgene copy number.
EcoRI-digested genomic DNA was analyzed for
transgene copy number using the CAT-derived
probe and measured using serial dilutions of
CAT DNA. Radioactivity signals were analyzed
by the InstantImagery (Packard). The two ap-
proaches yielded similar results. Several indi-
viduals from the F1 and subsequent genera-
tions were evaluated for DNA copy number.

Bleomycin Experiments

Adult transgenic mice were treated with bleo-
mycin by endotracheal instillation as described
[Agarwal et al., 1996], then sacrificed at 7–21
days, as indicated in the text. CAT enzyme
activity present in whole lung homogenates
was determined as described above. There were
at least four animals in each group. In selected
experiments, animals were anesthetized and
perfused with 4% paraformaldehyde and their
lungs were processed for in situ hybridization
as described.

RESULTS

We have previously identified a cis-acting
site at position 21624 of the COL1A1 promoter
that showed selective responsiveness to TGF-b
in cell culture [Ritzenthaler et al., 1991, 1993].
To determine whether this site is active in vivo,
we have prepared transgenic mice carrying 3.6
kb of the promoter with mutations in the TAE
region linked to the CAT reporter gene. Repre-
sentation of the wild-type (ColCAT3.6) and mu-
tated (mTAEColCAT3.6) transgene constructs
are depicted in Figure 1. The mTAEColCAT3.6
differs from the wild-type ColCAT3.6 by six
base substitutions as indicated. These muta-
tions were chosen based on our results that this
particular mutated 14-bp sequence does not (1)
abrogate the TGF-b response in co-transfection
assays, (2) compete for protein binding, or (3)
form a binding site for proteins by gel-shift
assays or Southwestern analysis [Ritzenthaler
et al., 1993]. The mTAEColCAT3.6 construct
was tested by transient transfection of human
lung fibroblasts. There was a higher baseline
CAT activity in mTAEColCAT 3.6-transfected
fibroblasts than in ColCAT3.6-transfected fibro-
blasts (Fig. 1). In addition, there was no TGF-b
stimulation of the mTAEColCAT3.6 construct.
Since the construct was active in transfection
assays, we sought to determine whether the
mutation would change expression of CAT in
vivo.

In order to test the TAE site during injury in
this model of fibrosis, transgenic mouse lines
were established in two genetic backgrounds,
FVB and C57Bl/6. The FVB background, used
extensively for transgenic animal production,
was selected because the FVB egg nuclei are
easily injected with DNA and the strain breeds
more vigorously than most other strains. The
C57Bl/6 strain was also selected since earlier
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bleomycin studies were performed in this back-
ground. Four separate transgenic lines from
independent founders were generated in FVB
background: two carrying the mTAEColCAT3.6
transgene (designated lines 1 and 2), and two
carrying the normal ColCAT3.6 (designated
lines 3 and 4). In the C57Bl/6 background, one
line with mTAEColCAT3.6 (line 5) and two
lines carrying ColCAT3.6 (lines 6 and 7) were
produced. Transgenic founders were bred with
wild-type animals, which produced heterozy-
gote offspring in typical Mendelian ratios. To
produce a second strain in C57Bl/6 carrying
mTAEColCAT3.6, we backcrossed the line 1
transgene (mTAEColCAT3.6/FVB) into wild-
type C57Bl/6, and designated this line 1B. After
four generations, greater than 90% of the ge-
netic background from line 1B was derived
from C57Bl/6.

The relative transgene copy numbers and
expression of CAT in each of the lines are shown
in Table I. The CAT activity values were deter-
mined from the tails of weanling animals in
each line. There was an overall linear relation-
ship between transgene copy number and rela-
tive expression of CAT protein for most of the
lines produced with line 6 as the exception.
High levels of transgene expression were ob-
served in both backgrounds of mice (FVB and
C57Bl/6) with normal or mutated promoters. In
general, the transgene copy numbers and CAT
activity within each line did not change through
four to five generations suggesting transgene
integration into the mouse genome at a single
locus and segregation as a unit. The restriction
digest patterns from southern blots of each line
were consistent with multiple copies of trans-
gene arranged in a head to tail fashion. Flank-
ing regions were different sizes, suggesting sepa-
rate integration sites. Karyotype analysis by

fluorescence in situ hybridization (FISH) per-
formed on cultured astrocytes derived from
transgenic lines 1, 4, and 5 suggested single,
unique transgene integration sites with each
line in different chromosome locations.

High levels of CAT enzyme activity were ob-
served in bone and skin, and very low levels
were found in lung, liver, and brain for all lines
carrying the normal or mutated promoter. Ex-
pression of the CAT reporter gene in the tails of
newborn (2- to 3-day-old) transgenic animals
was examined further by histological methods.
CAT protein was observed in the dermis (par-
ticularly the papillary dermis) and outlining
regions of developing bone, as judged by immu-
nofluorescence of CAT protein. The staining
pattern observed in line 1 (mTAEColCAT3.6)
tail (Fig. 2a) was identical to that observed in
line 4 (ColCAT3.6) tail (Fig. 2b). The distribu-
tion of CAT and collagen RNA in representative
tail sections by in situ hybridization under dark
field microscopy is shown in Figure 3. CAT
mRNA was primarily located in the papillary
dermis (Fig. 3a,b), whereas collagen mRNA was
located in the reticular dermis, deep dermis,
and tendon (Fig. 3c,d). Notably, the CAT mRNA
levels were low in tail tendon. The staining
patterns for CAT mRNA or protein were similar
for animals carrying the mutated or normal
promoter transgene and absent in nontrans-
genic mice.

Animals were instilled by intratracheal instil-
lation with bleomycin and sacrificed after 11
days to determine the activity of the reporter
gene. At 11 days after bleomycin treatment,
there was significant development of fibrosis in
the lungs of mice from both FVB and C57Bl/6
backgrounds with either transgene construct
as judged by histology. The CAT enzyme activ-
ity of lung homogenates from treated animals is

TABLE I. Transgene Copy Number and Expression in Transgenic Mouse Lines

Line Mouse background Transgene Copy no.a
CAT expressionb

CAT U/mg tail proteinc (6SE)

1 FVB mColCAT3.6 50–100 79.3 6 8.06 (n 5 18)
2 FVB mColCAT3.6 3–10 0.43 6 0.04 (n 5 31)
3 FVB ColCAT3.6 5–20 42.6 6 5.76 (n 5 24)
4 FVB ColCAT3.6 20–50 51.8 6 5.02 (n 5 24)
5 C57Bl/6 mColCAT3.6 20–50 41.5 6 3.25 (n 5 30)
6 C57Bl/6 ColCAT3.6 50–100 4.43 6 0.55 (n 5 35)
7 C57Bl/6 ColCAT3.6 40–80 39.0 6 2.84 (n 5 66)

aTransgene copy number determined by Southern blotting as described under Materials and Methods.
bExpression in weanling animals. CAT assays typically yielded 365,000–465,000 CPM per CAT unit.
cn 5 number of animals.
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shown in Figure 4. The data are expressed as a
ratio of the relative CAT activity from the lungs
of bleomycin-treated animals compared with
saline-treated animals of the same strain in
order to normalize for differences in CAT activ-
ity between transgenic lines. Bleomycin treat-
ment caused an increase in CAT activity in
lungs of all transgenic animals, although the
fold increase varied from between 3- to 16-fold
in the different lines. There was no significant
loss of CAT induction in transgenic mice carry-
ing the mutated promoter.

Animals carrying the normal promoter trans-
gene in the FVB and C57Bl/6 backgrounds ap-
peared normal and bred successfully, in agree-
ment with the work of others who have produced
transgenic mouse lines with this construct [Be-
dalov et al., 1994; Pavlin et al., 1992]. However,

a significant number of animals carrying the
mutated promoter transgene in lines 1 and 5
displayed unusual behavior and increased mor-
tality. Several line 1 female mice failed to nur-
ture their litters, demonstrating inattention to
pups scattered about the cage. The non-nurtur-
ing trait was observed through the course of
many (at least seven) generations for a subset
of line 1 mothers. The lack of nurturing was
generally followed by death of most or all pups
in the non-nurtured litter. The frequency of line
1 animals born that were not nurtured (and
therefore died) was significantly higher (22%)
than control transgenics (2–4%). Matings be-
tween two heterozygote line 1 mice were less
successful at yielding viable offspring than were
matings between a transgenic heterozygote and
a wild-type animal. Homozygotes of line 1 or

Fig. 2. CAT protein levels in tails of trans-
genic mice detected by immunofluorescence.
Immunofluorescence staining of CAT protein
in newborn tails from a line 1 animal (mTAE-
ColCAT3.6/FVB) (a), line 4 animal (Col-
CAT36. FVB) (b), and nontransgenic control
(d). CAT antibody was used at 1:200 dilution.
Also shown is a ver Hoff’s van Geisen stained
tail from a nontransgenic mouse (c). Images
in each panel were made from composites of
three individual digital images. Scale bar 5

250 µm.
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line 5 animals (mTAEColCAT3.6 in C57Bl/6)
have not been produced. By contrast, all the
control transgenic lines carrying ColCAT3.6
have included several homozygote animals that
have bred normally.

The second striking behavioral anomaly ob-
served in a portion of line 1 animals was the
appearance of seizures that often resulted in
death within several (3 to 10) days. During
seizures there was extensive visible muscula-
ture contraction of the forelimbs and hind-
limbs, excessive salivation, and abnormal pos-
ture and countenance. Unusual behavioral
patterns associated with seizures included ex-
treme hyperactivity in response to movement of
the cage or touch, alternating with a lethargic,
catatonic disposition. Several instances of self-
scratching to the point of bleeding were ob-
served. Over the course of several generations,
the frequency of animals which displayed sei-
zures or related signs was significantly higher
for line 1 (24%) compared with control transgen-
ics (1–3%). Animals that displayed these abnor-

mal features were adults, generally between
60–120 days of age. In several instances, both
males and females were observed to undergo
seizures immediately following mating situa-
tions.

Histological analysis was performed on brains
of line 1 mice after seizures. As compared with
a phenotypically normal transgenic mouse (Fig.
5a), the cerebrum from a line 1 mouse that
underwent seizures displayed significant lami-
nar cortical necrosis (Fig. 5b). In addition, the
orderly dense arrangement of neurons in the
CA3 region of the hippocampus normally pre-
sent and seen in the control animal (Fig. 5c)
was lost in the line 1 animal (Fig. 5d). The
hippocampus of the line 1 animal showed signifi-
cant neuronal cell death and loss of tissue archi-
tecture. This region of the brain is particularly
sensitive to damage induced by seizures and/or
hypoxia [Klempt et al., 1992; Nichols et al.,
1991].

Although most mTAEColCAT3.6/C57Bl/6
(line 5) mice appeared normal, a subset of ani-

Fig. 3. CAT and collagen mRNA levels in the tails of transgenic
mice. In situ hybridization performed on tail of newborn trans-
genic line 4 (ColCAT3.6) mouse for CAT mRNA (a,b) or collagen
mRNA (c,d) shown under dark field (a,c) or phase contrast (b,d).

Signal of CAT mRNA was intense in the dermis (indicated D)
and of collagen mRNA was intense in the dermis and tendon
(indicated T). The staining pattern in the tail for all transgenics
(normal or mutated promoter) was similar. Scale bar 5 250 µm.
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mals displayed a developmental defect(s), in-
cluding hydrocephalus. Selected line 5 off-
spring had small body size with dome-shaped
enlarged heads. An elevated level of cerebrospi-
nal fluid (CSF) released during autopsy of se-
lected line 5 animals was consistent with hydro-
cephalus. Histological analysis was performed
on several line 5 transgenic animals, some of
which appeared to have hydrocephalus. The
brain of a 30-day-old line 5 mouse exhibited
greatly enlarged lateral ventricles, as com-
pared with controls, as shown in Figure 6a,b.
The arrow in Figure 6a points to a normal
lateral ventricle from a nontransgenic litter-
mate. In addition, the cerebellum of the af-
fected animal was reduced in size with corre-
sponding reduced number of folia (Fig. 6c,d). In
another extreme case, a severely hydrocephalic
30-day-old line 5 animal possessed brain tissue
in the region of the nasal cavity (data not
shown), suggesting that elevated cerebral spi-
nal fluid pressure dramatically affected the nor-
mal brain development. Several additional ani-
mals derived from line 5 transgenic parents
were sacrificed and the heads serially sec-
tioned. Hydrocephalus was evident at birth,
and no obstructions were observed in the serial

sections which is consistent with nonobstruc-
tive/communicating hydrocephalus.

The hydrocephalus defect was observed pri-
marily in mice derived from matings between
two line 5 heterozygote parents, a situation
expected to produce 25% homozygote offspring.
There was a higher incidence than normal of
early mortality from such litters (approxi-
mately 15% of total). In addition, viable homozy-
gote line 5 animals (similar to line 1) have not
been produced despite many breeding attempts.
These observations raised the possibility that
the phenotypic conditions may have been re-
lated to the dosage of transgene.

The C57Bl/6 mice carrying mTAEColCAT3.6
did not have the apparent nurturing defect or
seizures present in the selected FVB/mTAECol-
CAT3.6 mice. To determine whether the nurtur-
ing/seizure defect could be observed in the
C57Bl/6 background, we monitored the line 1B
animals (original line 1 transgene backcrossed
in the C57Bl/6 background). Through greater
than six generations, there have been no obser-
vations of seizures or related symptoms in line
1B animals, female or male. Breeding of line 1B
females has proceeded normally in seven out of
nine females tested. In addition, there have
been no apparent cases of hydrocephalus in the
line 1B animals. The non-nurturing phenotype
was more consistently observed in the FVB
background carrying mTAEColCAT3.6 (line 1),
suggesting that the mouse genetic background
may play a role in the susceptibility to the
condition.

To determine whether the abnormal neuro-
logical conditions observed were associated with
elevated expression of CAT in the brain, whole
brain extracts from adult transgenic animals
were analyzed for expression CAT activity. The
CAT activities from the brains of all transgenic
strains were within the same range. Thus there
was no apparent global increase in reporter
gene expression in the brains of these animals.
In situ and immunohistological analysis also
did not indicate any localized increase in CAT
activity or increase in collagen deposition in the
brain.

DISCUSSION

We have produced transgenic mice carrying
3.6 kb of the rat COL1A1 promoter with (or
without) mutations to characterize regulatory
elements of the COL1A1 gene. The element we
have analyzed in our transgenic mice was origi-

Fig. 4. CAT activity in the lungs of transgenic mice treated with
bleomycin. Adult transgenic mice were treated by intratracheal
instillation with bleomycin or saline. After 11 days, animals
were sacrificed and the CAT activity from whole lung homoge-
nates was determined as described under Materials and Meth-
ods. Data are expressed as relative fold increase in CAT activity
after bleomycin treatment for each transgenic line as compared
with saline-instilled animals from the same line. Transgenic
construct mColCAT3.6 is carried by lines 1, 2, 5, and 1B, and
control construct ColCAT3.6 is carried by lines 3, 4, 6, and 7.
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nally identified as a region responding to TGF-b
in lung fibroblasts [Ritzenthaler et al., 1991,
1993]. This element, called TAE, is located be-
tween two tissue-specific regulatory regions con-
taining an osteoblast specific element [Dodig et
al., 1996; Rossert et al., 1996] and an enhancer-
like element [Rossert et al., 1996]. In addition,
it was described as a region that responds, in
part, to bleomycin treatment of fibroblasts in
culture [King et al., 1994]. To evaluate the
potential function of this element, we produced
a promoter-reporter construct with site di-
rected mutations designed to eliminate DNA
protein binding [Ritzenthaler et al., 1991, 1993].
This construct in transient transfection assays
did not respond to TGF-b and the mutations
conferred a higher level of basal activity (Fig.
1), suggesting that this is an inhibitory region,
rather than and an activation region. It is pos-
sible that a repressor complex is present at this
site, which becomes inactivated by the muta-

tion. Therefore, this mutated construct was used
to produce transgenic mice to determine its
activity in vivo as well as in cell culture.

We found that the transgene driven by the
mutated promoter was expressed in a tissue-
restricted pattern similar to transgenic lines
with wild-type promoter [Bedalov et al., 1995;
Bogdanovic et al., 1994; Dodig et al., 1996;
Houglum et al., 1995; Pavlin et al., 1992; Slack
et al., 1991]. Absolute levels of expression var-
ied between transgenic lines, in which CAT
activity was typically related to transgene copy
number (Table 1). The mutations did not cause
a dramatic increase in activity in vivo. Our
observations concur with previous reports that
ColCAT3.6 has cis-acting elements necessary
for specificity within most connective tissues
with the exception of vascular smooth muscle
[Bedalov et al., 1994; Pavlin et al., 1992]. It is
noteworthy that expression of the transgene
(normal or mutated) in the tendon of all lines

Fig. 5. Neuropathology characteristic of seizures evident in
brains of transgenic mTAEColCAT3.6/FVB (line 1) animal. Hema-
toxylin/eosin stained transverse sections of the cerebrum
from line 4 transgenic control (ColCAT3.6/FVB) (a) and line 1
(mTAEColCAT3.6/FVB) transgenic mice (b). Loss of neurons and
tissue necrosis are evident in the brain from the line 1 animal.

Matching transverse sections from the CA3 region of the hippo-
campus of line 4 (c) and line 1 mice (d). The orderly array of
viable neuronal nuclei normally observed in control animals (c,
arrow) is missing in the brain from the line 1 mouse. Scale
bars 5 125 µm (a, b) or 62.5 µm (c,d).
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we produced was lower than expected (Fig. 3).
This observation is in contrasts with previous
investigations by others who observed that 3.6
Kb of the COL1A1 promoter directed expres-
sion to tendon [Houglum et al., 1995; Liska et
al., 1994; Pavlin et al., 1992]. The reason for
this disparity remains unclear.

The pulmonary response after bleomycin
treatment is associated with elevated expres-
sion of a variety of extracellular matrix compo-
nents, including alpha 1(I) and alpha 2(I) colla-
gens, elastin, tenascin, and proteoglycans.
[Lucey et al., 1996; Shahzeidi et al., 1994; West-
ergren-Thorsson et al., 1993; Zhang et al., 1995;
Zhao et al., 1998]. We have previously demon-
strated that collagen promoter-reporter activ-
ity increased in certain lung cells in response to
bleomycin treatment of transgenic mice and in
skin after TGF-b injections [Agarwal et al.,

1996]. TGF-b is a primary intercellular media-
tor involved in bleomycin-induced fibrosis.
TGF-b levels are elevated after bleomycin treat-
ment [Gauldie et al., 1993], and antibodies
against TGF-b partially prevent the onset of
fibrosis [Giri et al., 1993]. Since TAE element
responds to TGF-b and bleomycin in cell cul-
ture, we instilled bleomycin into transgenic mice
with mutated and wild-type collagen promoters
to ascertain whether the TAE element plays a
role in the response to fibrotic signals in vivo.
Transgenic animals carrying the mutated pro-
moter construct (mTAEColCAT3.6) developed
lung fibrosis with an upregulation of reporter
gene similar to control mice (Fig. 4). The muta-
tions did not block the fibrotic response of the
transgene which is consistent with the idea
that bleomycin mediates its effect in part
through the action of cytokines other than

Fig. 6. Evidence of hydrocephalus in brain of line 5 (mTAECol-
CAT3.6/C57Bl/6) animal. Hematoxylin & eosin (H&E)-stained
transverse sections of brains of a 30-day old nontransgenic (a)
and line 5 (mTAEColCAT3.6/C57Bl/6) transgenic littermate (b).
The lateral ventricle of the control animal (a, arrow) is greatly

enlarged in the line 5 transgenic (b). H&E-stained transverse
sections of the cerebellum of nontransgenic littermate (c) and
line 5 transgenic mouse (d) showed that the cerebellum of the
transgenic mouse was significantly smaller, with a reduced
number of folia. Scale bars 5 1.00 mm.
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TGF-b. For example, it is known that bleomy-
cin treatment is associated with increased lev-
els of chemokines MIP-1a and MCP-1 [Smith et
al., 1996], as well as circulating levels of the
proinflammatory cytokine TNF [Gauldie et al.,
1993].

Alternatively, the COL1A1 promoter may con-
tain other elements outside of the TAE region
that contributes to the control of expression
during bleomycin-induced injury. Most likely,
these additional elements are not in the first
intron. The role of the first intron in tissue-
specific expression has remained controversial.
Selected reports have shown that the COL1A1
first intron was required for tissue specificity
[Liska et al., 1990, 1992, 1994], although others
have not observed this requirement [Olsen et
al., 1991; Sokolov et al., 1993, 1995]. Recently it
was demonstrated that genetically engineered
mice lacking the COL1A1 first intron expressed
a reduced amount of collagen in the lung of
adult animals and were otherwise normal [Hor-
muzdi et al., 1998]. However, intratracheal in-
stillation of bleomycin in mice with the intron
targeted deletion caused increased collagen syn-
thesis in fibrotic lungs, suggesting that the
fibrotic response elements are not in the intron
but elsewhere in the promoter or gene [Hor-
muzdi et al., 1999].

Neurological abnormalities, including a high
rate of mortality, seizures, a nurturing prob-
lem, and hydrocephalus were observed in a
subset of two independent transgenic lines car-
rying mTAEColCAT3.6. The integration sites of
all the lines were different as judged by FISH
analysis that demonstrated separate chromo-
some integration sites and by Southern analy-
sis with different-sized flanking sequences. The
neurological findings were unexpected, as sev-
eral lines of transgenic mice carrying the non-
mutated and mutated ColCAT3.6 constructs
never had these abnormalities. [Bedalov et al.,
1995; Bogdanovic et al., 1994; Dodig et al.,
1996; Pavlin et al., 1992] Furthermore, other
similar constructs with mouse [Rossert et al.,
1995, 1996], or human COL1A1 promoter re-
porter genes [Houglum et al., 1995; Slack et al.,
1991] have not resulted in abnormal pheno-
types. It seemed unlikely that the same con-
struct was coincidentally located in two differ-
ent genes that caused neurological symptoms.

We considered the hypothesis that the pheno-
type was related to the transgene per se, as
opposed to a DNA integration effect. Two obser-

vations suggested that the phenotype might be
related to transgene ‘‘dosage’’. First, the abnor-
malities were observed in two lines carrying an
elevated copy number (lines 1 and 5), but not a
third line with a low copy number (line 2).
Second, viable homozygote animals from the
high copy number affected lines could not be
produced, despite many attempts, whereas sev-
eral viable homozygotes carrying elevated copy
numbers of the control transgene and homozy-
gotes from line 2 carrying low copy numbers of
the mutated transgene have been produced.

Next, we investigated the possibility that mul-
tiple copies of the mutated promoter transgene
may have reduced or altered the levels of cellu-
lar transcription factors. There is precedence
for induction of an altered neurological pheno-
type through genetic manipulation of transcrip-
tion factor levels. For example, mice deficient in
fosB have a nurturing defect similar to that in
line 1 [Brown et al., 1996]. The TAE sequence
has a binding site for AP-2 protein [Ritzentha-
ler et al., 1993], which is a retinoic acid-
responsive protein produced by epithelial and
neuroepithelial cells involved in development.
Knockouts of AP-2 protein cause defects in neu-
ral tube closure, eye, craniofacial, and skeletal
development [Schorle et al., 1996; Zhang et al.,
1996]. We have recently cloned and character-
ized a fibroblast TAE binding protein, YB-1,
that also binds to this DNA sequence (unpub-
lished data). Therefore, the mutation we intro-
duced in the COL1A1 promoter removed a YB-1
and an AP-2 binding site. In addition, a consen-
sus sequence for CREB/ATF transcription fac-
tors was also inadvertently created. Mice defi-
cient in activating transcription factor-2 (ATF-2)
also have severe defects on the development of
the skeletal and central nervous systems [Re-
imold et al., 1996], including enlarged brain
ventricles and decreased epiphyseal plate ossi-
fication. We found that the mutated promoter
sequence did not bind AP-2 and appeared to
bind a CREB or a CREB-like protein in the
brains of transgenic animals. However, the rela-
tive amounts of CREB, YB-1, and AP-2 in the
brain nuclear extracts were not significantly
different between transgenic and nontrans-
genic groups, as judged by Western analysis
and gel-shift data (unpublished data).

The abnormalities present in some of our
transgenic mice were remarkably similar to
those seen in transgenic mice overexpressing
TGF-b, specifically in astrocytes. These mice
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displayed seizures, hydrocephalus, uncoordi-
nated movement, and early runting [Galbreath
et al., 1995; Wyss-Coray et al., 1995]. To investi-
gate whether our transgenic mice had altered
TGF-b signaling, we used primary cultured as-
trocytes from newborn transgenic and control
mice. Cells were treated with TGF-b in culture
and RNA was analyzed by Northern blot. The
induction of plasminogen activator inhibitor
(PAI-1), a TGF-b-regulated gene, and collagen
was similar for control and transgenic cell cul-
tures (unpublished data). These observations
suggest that a potential defect of the TGF-b
signaling pathways would be modest at best.

We considered the possibility that there were
alterations in gene expression in the brains of
these animals. The TAE element is located
within a potentially critical region of the pro-
moter between two tissue-specific elements: an
osteoblast-specific element at position 21683 to
21670 [Dodig et al., 1996] and an enhancer-like
element 21617 to 21582 [Rossert et al., 1996].
A homeo-domain like protein present in osteo-
blasts [Dodig et al., 1996] interacts with the
sequence from 21670 to 21683.Amutant trans-
gene construct made with a deleted TAE se-
quence was inappropriately expressed in the
brains of 15.5-day transgenic embryos [Rossert
et al., 1996]. The abnormally high expression in
the brains of transgenic animals raises the pos-
sibility that the deleted region may normally
serve as a binding site for a repressor protein
and, in its absence, allows expression in brain.
Thus, it is possible that mutation of this region
of the promoter is involved in tissue specific or
developmental regulation of collagen expres-
sion in the brain. Collagen mRNA isolated di-
rectly from mouse brains or associated calvaria
bones from transgenic (either normal or mu-
tant construct) was similar to controls. In addi-
tion, histological analysis of newborn trans-
genic mouse brain sections did not demonstrate
differences of connective tissue levels, as judged
by Masson-trichrome staining or in situ hybrid-
ization. In addition, we could not detect a signifi-
cant elevation in expression of CAT in whole
brain extracts. It is possible that subtle local-
ized or developmental-specific changes could
have gone undetected. Tissue-specific elements
may be necessary during development for cer-
tain cells to express collagen, and further stud-
ies will be required to determine whether the
promoter TAE element is involved in subtle

tissue-specific regulation of COL1A1 during de-
velopment.

It remains possible that the altered pheno-
type observed in a subset of the mice were
related to their specific genetic backgrounds.
The seizure/non-nurturing defect observed in
FVB (line 1) was not apparent in the C57Bl6
background (lines 5 and 1B), and the hydro-
cephalus condition in the C57Bl6 background
(line 5) was not apparent in the FVB lines.
Notably, it has recently been demonstrated that
FVB mice are more susceptible to seizures than
are other backgrounds of mice [Goelz et al.,
1998]. FVB mice undergo seizures at lower
doses of kainic acid than do C57Bl/6; they also
display a higher degree of excitotoxic cell death
than C57Bl/6 after having comparable seizures
[Schauwecker and Steward, 1997]. Thus, the
most logical explanation may be that the ge-
netic background contributed to the pheno-
types observed in these transgenic mice.

In conclusion, several transgenic animal lines
have been established with multiple copies of a
mutated collagen promoter driving the CAT
reporter gene. The mutation, situated between
critical regulatory elements of the COL1A1 pro-
moter, was originally identified on the basis of
conferring responsiveness to TGF-b. All lines of
transgenic mice carrying either ColCAT3.6 or
mTAEColCAT3.6 demonstrated up-regulation
of reporter gene expression in the lung follow-
ing bleomycin treatment. This suggests that
there are additional elements of the promoter,
which confer responsiveness to TGF-b in vivo,
and/or that other cytokines in addition to TGF-b
play a role in the bleomycin response. Trans-
genic lines harboring high levels of the mutated
construct displayed abnormalities including sei-
zures, hydrocephalus, and a high rate of mortal-
ity, a phenotype remarkably similar to that
observed in mice that overexpress TGF-b in
astrocytes. However, our experiments did not
demonstrate a difference in TGF-b signaling
among transgenic or control mice. Further, there
appeared to be no difference of endogenous lev-
els of transcription factors capable of binding
the mutated promoter sequence in the brains of
transgenic and normal mice. A logical explana-
tion of the phenotype may relate to the genetic
backgrounds of the animals used in this study.
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