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The EGF family comprises a network of ligands and receptors
that regulate proper development and elicit diverse functions
in physiology and pathology. Betacellulin (BTC) is a rather
poorly characterized member of the EGF family whose in vivo
effects have been linked mainly to endocrine pancreas, intes-
tine, and mammary gland function. In vitro studies revealed
that this growth factor is a potent mitogen for diverse cell
types and suggested unique receptor-binding properties. Ge-
netic ablation of BTC in mice yielded a mild phenotype, prob-
ably because of opportunistic compensation by other EGF
receptor ligands. To study the biological capabilities of BTC
in vivo, we generated transgenic mice overexpressing BTC
ubiquitously, with highest expression levels in heart, lung,
brain, and pancreas. Mice overexpressing BTC exhibit high
early postnatal mortality, reduced body weight gain, and im-

paired longitudinal growth. In addition, a variety of patho-
logical alterations were observed. Cataract and abnormally
shaped retinal layers as well as bone alterations leading to a
dome-shaped, round head form were hallmarks of BTC trans-
genic mice. The most important finding and the cause of re-
duced life expectancy of BTC transgenic mice were severe
alterations of the lung. Pulmonary pathology was primarily
characterized by alveolar hemorrhage, thickening of the al-
veolar septa, intraalveolar accumulation of hemosiderin-con-
taining macrophages, and nodular pulmonary remodeling.
Thus, our model uncovers multiple consequences of BTC over-
expression in vivo. These transgenic mice provide a useful
model for examining the effects of BTC excess on different
organs. (Endocrinology 146: 5237-5246, 2005)

HE EGF FAMILY of tyrosine kinase receptors comprises
four members: epidermal growth factor receptor
(EGFR)/ErbB1/HER1, ErbB2/neu/HER2, ErbB3/HERS3,
and ErbB4/HER4 (the EGFR/ErbB terminology will be used
in this report). Ligand binding to these receptors induces
formation of homo- and heterodimers resulting in autophos-
phorylation of specific tyrosine residues in the cytoplasmic
domain. A highly complex network of downstream signaling
pathways accounts for a multitude of biological effects dur-
ing development, physiology, and pathology (1, 2). Notably,
each receptor has unique signaling properties and can be
activated in a specific way by different ligands (3-5). At least
10 different growth factors are able to bind the ErbB recep-
tors, and they can be divided into three groups according to
their binding specificity: the first group includes EGF itself,
TGF-a, epigen, and amphiregulin, which bind specifically to
ErbB1; heparin-binding EGF-like growth factor, epiregulin,
and betacellulin (BTC) bind both ErbB1 and ErbB4 and rep-
resent the second group; the third group is composed of the
neuregulins and forms two subgroups based on their capac-
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ity to bind ErbB3 and ErbB4 or only ErbB4 (2, 6). EGF and
BTC have been shown to additionally activate the oncogenic
ErbB2/ErbB3 heterodimer (7). Because it has no known li-
gand, ErbB2 requires dimerization with a different ligand-
activated ErbB receptor to mediate signaling (8). Most EGFR
ligands are synthesized as a transmembrane type I protein
that is cleaved by cell surface proteases to release the mature
growth factor (soluble form). They share a domain of ho-
mology encompassing about 50 amino acids featuring six
characteristically spaced cysteines that form three intramo-
lecular disulfide bonds defining a three-loop secondary
structure. This consensus sequence (known as the EGF motif)
is both required and sufficient for ErbB family receptor bind-
ing and activation (6).

BTC was initially isolated and characterized as a mitogen
in the conditioned medium of a mouse pancreatic B-cell
carcinoma cell line (9). At the structural and functional level,
BTC displays some unique properties (reviewed in Ref. 10).
In addition to the six-cysteine consensus EGF motif, it con-
tains two additional cysteines that may form a fourth disul-
fide bridge. BTC is subjected to extensive glycosylation, and
the human membrane-bound precursor form contains an
Arg-Gly-Asp (RGD) sequence, suggesting an active role of
this form in mediating cell-cell interactions. Recently, a dis-
integrin and metalloprotease (ADAM10) was identified as
the main sheddase for both BTC and EGF (11). When added
to cultured cell lines, BTC exerts effects on cell proliferation,
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differentiation, and survival that can mostly be reproduced
by other members of the EGF family (10). This apparent high
degree of functional redundancy within the family of EGF
ligands is corroborated by in vivo studies involving the ge-
netic ablation of TGF-a, EGF, or amphiregulin in mice, caus-
ing only moderate phenotypes (12). Similarly, mice lacking
BTC are viable and fertile and display no overt defects (13).

In the mouse, BTC is expressed in several tissues with
particularly high levels in the lung, kidney, and uterus (9).
Regarding the latter finding, a role for BTC in blastocyst
implantation has been proposed (14). High expression is also
found in the pancreas, where BTC appears to play a role in
islet regeneration (15-18). The presence of BTC in milk (19)
suggests a role in the mammary gland or in the gastrointes-
tinal tract of newborn animals. In fact, administration of
recombinant BTC to rats promoted the growth of gastroin-
testinal organs (20). Furthermore, BTC has been discussed to
play a role in the pathogenesis of atherosclerosis (21).

To further clarify the functions of BTC in vivo, we gener-
ated transgenic mice overexpressing BTC under the control
of a ubiquitously active promoter. In this first report we
analyze the most prominent alterations of BTC transgenic
mice and discuss them in the context of alterations observed
in transgenic mouse models overexpressing other ligands of
the EGF family.

Materials and Methods
Transgene construction

The BTC-coding sequence was amplified from mouse lung cDNA by
PCR (BD Advantage cDNA PCR; Clontech, Palo Alto, CA) using the
primers BTCno. 1,5'-GGC CCA GGA AGG GCA TAG AGA-3',and BTC
no. 2, 5'-ATG AGT CAG GTC TTT TGT AGC TTG-3'. The product was
inserted into the pCR II-TOPO cloning vector (Invitrogen, Carlsbad, CA),
released as an EcoRI fragment and cloned downstream of the cytomeg-
alovirus enhancer, chicken B-actin promoter, and rabbit B-globin splice
acceptor, and upstream to the rabbit g-globin 3’-flanking region and
polyadenylation signal in the expression vector pUC-CAGGS (a cour-
tesy of Dr. Jirgen Bachl, GSF, Munich, Germany; see Fig. 1A and Ref.
22). Orientation and amplification fidelity were checked by sequencing
using the primer pTORUseq: 5'-CTA CAG CTC CTG GGC AACGTG-3'.
The relevant sequence was released from the vector backbone by Sall/
HindIII double digestion

Generation of transgenic mice

Transgenic mice were generated by pronuclear injection of the con-
struct (diluted to 1-3 ng/ul) into zygotes from superovulated FVB/N
dams mated to males of the same strain. Founders were identified by
PCR and Southern blot analysis and mated to wild-type FVB/N animals.
Genomic DNA was isolated from tail clips using the Wizard DNA
Extraction Kit (Clontech). Routine identification of transgenic mice was
done by PCR using the primers pTORUseq and BTC no. 2 (see above).
Integrity of the DNA was confirmed by parallel amplification of a
sequence of the B-actin gene (23). For Southern blot analysis, 10 ug
genomic DNA was digested overnight with Ncol and separated by
agarose gel electrophoresis. Blots were hybridized with a random prime-
labeled (rediprime II; Amersham Biosciences, Freiburg, Germany)
mouse BTC cDNA. Mice were maintained in a specific-pathogen-free
unit and received water and standard laboratory diet ad libitum.

RNA expression analysis

Total RNA was isolated from homogenized tissue samples by using
the TriPure reagent (Invitrogen). RT-PCR was performed as described
previously (23). For detection of transgene-specific BTC mRNA, the
primer BTC no. 1 was used together with the rabbit g-globin 3’ flanking
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region-specific antisense primer glob-pA: 5'-AGA TCT CAG TGG TAT
TTG TGA GCC-3'. Northern blot analysis was done as described pre-
viously (23) using a random prime-labeled BTC cDNA probe.

Western blot analysis

Protein was extracted from the different organs as previously de-
scribed (24), and 20 pg was subjected to SDS-PAGE and blotted to
polyvinylidene difluoride membranes. Immunodetection was per-
formed with goat antimouse BTC polyclonal antibodies (R&D Systems,
Minneapolis, MN) or antimouse actin (loading control) monoclonal an-
tibody (Cell Signaling Technology, Beverly, MA), appropriate peroxi-
dase-labeled secondary antibodies, and luminol reagent as substrate
(Santa Cruz Biotechnology, Santa Cruz, CA).

Growth analyses and pathology

Litters were weighed either once or twice a week from birth to 9 wk.
Animals used in further analysis were bled from the retroorbital plexus
under ether anesthesia and killed by cervical dislocation. Organs were
dissected, blotted dry, and weighed to the nearest milligram. Tissue
samples were taken and either frozen at —80 C or fixed in 4% parafor-
maldehyde in PBS (pH 7.4), routinely processed, and embedded in
paraffin or plastic medium [hydroxymethylmetacrylate (Fluka, Deisen-
hofen, Germany) and methylmetacrylate (Riedel de Haen, Seelze, Ger-
many)] for histological examination. Histological sections were stained
with hematoxylin/eosin and Masson’s trichrome. Turnbull staining was
used to detect hemosiderin. The carcass was incubated at 80 C for 2 h,
muscle tissue was removed using forceps, and the bones were main-
tained at 1% papain (Sigma, Taufkirchen, Germany) at 37 C overnight.
Individual bones were cleaned with water and a brush and treated with
6% H,O, for 5 h at room temperature. Bone dimensions were measured
as previously described (25). The morphometrical analysis of the heart
was based on the procedure described by Tsoporis et al. (26) with the
following modifications. The right ventricle of paraformaldehyde-fixed
hearts was separated from the left ventricle with a fine dissection scis-
sors. Then the right ventricle and the left ventricle (including the septum)
were weighed. The right ventricle was cut longitudinally in the midline
and fixed between two microscope slides. The ventricle wall thickness
was measured at two points of the cut surface equidistant from the
edges. The left ventricle (plus septum) was cut transversely two times
at one third and two thirds of its length. Eight measurements at equi-
distant points were performed on every side of each cut surface. For
measurements, photographs including a scale were taken with a digital
camera connected to a stereomicroscope and were printed with an
enlargement factor of X28.

For the morphological analysis of ocular anomalies, eyes were fixed
for 24 h in Davidson solution (31.4% ethanol, 8.3% formaldehyde, 11.1%
acetic acid), dehydrated, and embedded in plastic medium (JB4-Plus;
Polysciences, Inc., Eppelheim, Germany). Sectioning was performed
with an ultramicrotome (Ultratom OMUS3; Reichert, Walldorf, Ger-
many). Serial transverse 2-um sections were cut with a dry glass knife
and collected in water drops on glass slides. The sections were stained
with methylene blue and basic fuchsin.

Statistical analysis

To verify effects of BTC overexpression on body weight gain, weight
data were transformed to a weighing age of n X 3 d by linear interpo-
lation and evaluated by ANOVA (generalized linear model procedure)
(SAS Release 8.2; SAS Institute Inc., Cary, NC). Effects of BTC overex-
pression on organ weights and organ weight/body weight ratios (rel-
ative organ weights) were evaluated by ANOVA (generalized linear
model procedure, taking the effect of gender into account. Significant
differences in morphometric data of bones and heart between BTC
transgenic and control mice were detected by using Student’s ¢ tests.
Deviations from the expected proportions of transgenic mice in L2 and
L4 litters were tested for statistical significance using x* tests.

Results and Discussion
Generation of BTC-overexpressing mice

Three different BTC-overexpressing lines were established
(L2, L4, and L5). Southern blot analysis revealed different
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integration sites for each line (Fig. 1B). In L5, the transgene
appears to be X-linked because its transmission through
males is restricted to female offspring (data not shown).
Thus, to avoid complications related to the transmission pat-
tern and expression levels (because of functional mosaicism
in transgenic females), animals from L2 and L4 were used for
additional studies. We observed similar alterations in these
two independent transgenic lines carrying the transgene at
different integration sites, indicating that the effects de-
scribed below are indeed the consequence of increased BTC
expression and not caused by random integration events.

Ubiquitous transgene expression

Tissues from heterozygous descendants of the founder
animals were examined to detect transgene expression. RT-
PCR analysis of tissues from 9-wk-old L2 animals revealed
that the transgene was expressed in stomach, small and large
intestine, kidneys, adrenal gland, liver, pancreas, spleen, thy-
mus, gonads, lung, heart, brain, eyes, bone, and muscle (data
not shown). Northern blot analysis of tissues from the same
animals showed a readily detectable transgene-specific BTC
mRNA (~1 kb) in several of these organs (Fig. 2A). The
endogenous BTC mRNA (~3 kb) had a much weaker inten-
sity compared with the transgene-derived mRNA. BTC pro-
tein expression was highest in lung, heart, brain, and pan-

Ncol

BTC cDNA

Hind lll

[

Fic. 1. Construct structure and integration properties. A, Schematic
of the BTC overexpression construct. CMV-IE, Immediate early cy-
tomegalovirus enhancer. B, Southern blot of genomic DNA digested
with Ncol and probed with betacellulin cDNA confirms three different
construct integration sites in each line of transgenic (tg) mice. The
endogenous BTC restriction fragments migrate at approximately 8,
3.5, and 2.8 kb. The construct-specific fragment migrates at approx-
imately 1.8 kb (arrow).
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Fic. 2. Expression of the transgene. A, Northern blot showing the
abundant expression of transgene-derived BTC mRNA (~1 kb) com-
pared with the endogenous BTC mRNA (~3 kb). The ethidium bro-
mide-stained 28S rRNA demonstrates equal loading. in, Small intes-
tine; ki, kidney; li, liver; sp, spleen; th, thymus; he, heart; lu, lungs;
br, brain; te, testes. B, A representative result of Western blot analysis
showing increased expression of BTC in heart, lung, eyes, and pan-
creas of transgenic mice from L2 and L4. ey, Eyes; pa, pancreas.

creas but was also detectable at lower levels in other tissues
such as stomach, intestine, muscle, bones, liver, thymus,
spleen, kidneys, adrenal glands, ovaries, brain, and eyes.
Figure 2B shows representative Western blots of protein
extracts from heart, lungs, pancreas, and eyes of transgenic
and control mice from L2 and L4. Although increased levels
of the precursor form of BTC were detected in many tissues,
it was not possible to detect the circulating mature BTC
consistently in serum or plasma samples. This may be related
to limited sensitivity of Western blot analysis or short half-
life of mature BTC. However, we cannot exclude that, to
some extent, the effects described in this report are caused by
the membrane-bound BTC precursor or the cell-associated
BTC fragment that remains after shedding. An independent
function has recently been assigned for the cell-associated
heparin-binding EGF-like growth factor remnant (27).

Growth retardation and increased mortality

BTC transgenic mice from L2 exhibited reduced body
weight gain from early postnatal life in both genders (Fig. 3,
A and B). At 9 wk of age, this weight difference was readily
visible (Fig. 3C). Longitudinal growth of transgenic mice was
also affected as demonstrated by reduced nose-rump length
(NRL) (Fig. 3D) and reduced relative NRL (Fig. 3E). Growth
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Fic. 3. Stunted growth in transgenic mice. A, A pair of approximately 6-wk-old mice from L2 showing obvious difference in size between the
transgenic (tg) animal and its control (wt) littermate. Note the round, dome-shaped head of the transgenic mouse. B, Postnatal growth curves
of mice from L2. Reduction in body weight of transgenic females (n = 7) compared with control females (n = 9) was significant during the whole
observation period. In males, the reduction in weight of transgenic mice (n = 7) compared with wild-type mice (n = 9) was significant during
the whole recorded period except for d 39—45. Significant differences between genders were present at days later than 27 in the wild-type group
and from the beginning of the weighing period in the transgenic group. Significant reduction of body weight (C), NRL (D), and relative NRL
(RNRL; E) in transgenic males (n = 8) and females (n = 9) from L2 compared with gender-matched 9-wk-old control littermates (n = 10 for
each gender). Relative NRL was calculated as NRL/body weight? to keep the same dimension. *, P < 0.05; **, P < 0.01; *** P < 0.001.

reduction was similar in transgenic animals from L4. Their
body weight at the age of 9 wk was significantly reduced, and
the same was true for the NRL and relative NRL (data not
shown). Stunted growth was also reported in transgenic mice
ubiquitously overexpressing other ligands of the EGF family
such as TGF-a (28) or EGF (29, 30).

Analysis of 20 L2 and 12 L4 litters revealed that average
litter size (9.0 and 9.3, respectively) was in the normal range
for the FVB strain (9.5 animals per litter, http://www jax.
org). However, daily observation of the animals revealed a
particularly high number of spontaneous deaths during the
early postnatal period. More precisely, 35 dead animals in 20
L2 litters and 15 dead animals in 12 1.4 litters were observed
before weaning. Genotyping of a subset of dead animals
showed that the majority was transgenic (27 of 33, 82%). This
proportion was significantly (x> = 7.35; P < 0.01) greater than
the expected 50% in the case of genotype-independent causes
of death. At weaning, only 31% (45 of 145) and 27% (26 of 97)
of the mice in L2 and L4 litters were transgenic, which is a
significantly (x* = 10.79 and 10.98, respectively; P < 0.01)
smaller proportion than the 50% expected according to Men-
delian rules. Because the mothers were always nontrans-
genic, maternal effects of the transgene can be excluded.

Altered organ growth and bone proportions

Transgenic mice and control littermates were killed at the
age of 9 wk, and their organs were weighed. Despite the
significantly reduced body weight of BTC transgenic mice,
only pancreas and kidneys were reduced in weight com-
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pared with controls. The reduction of kidney weight was
proportionate to body weight, whereas pancreas weight was
disproportionately decreased (Table 1). BTC is known for its
mitogenic properties on B-cells. In the adult mouse, the vol-
ume fraction of B-cells in the pancreas is known to account
for less than 1% (31). Therefore, the weight reduction of the
pancreas is a result of a negative effect of BTC on the exocrine

TABLE 1. Absolute and relative organ weights of control and
BTC transgenic mice at the age of 9 wk

Weight (mg) % Body weight

wt tg wt tg
Liver 1342 (47) 1323 (51) 5.37(0.12)  6.06 (0.13)°
Kidneys 367 (11) 323 (11)° 1.46 (0.04)  1.46(0.04)
Eyes 40 (1.2) 51 (1.4)° 0.16 (0.07)  0.23 (0.08)°
Heart 122 (5.0) 134 (5.0) 0.49 (0.03)  0.63 (0.03)°
Lungs 145 (27) 285 (29)° 0.59(0.15)  1.37(0.16)°
Spleen 106 (5.0) 130 (6.0® 0.43 (0.02)  0.60 (0.02)°
Pancreas 227 (11) 164 (12)° 0.91 (0.04) 0.75 (0.05)*
Testes 177 (7.1) 155 (7.9) 0.65(0.02)  0.66 (0.03)
Ovaries 9.7(1.1) 13.0(1.2)  0.04(0.004) 0.06 (0.004)°
Carcass 9510 (170) 7880 (190)°  38.3 (0.5) 36.2 (0.5)°

The table shows least-squares means calculated for BTC trans-
genic (tg, n = 17) and wild-type (wt, n = 20) mice, taking the effect
of gender into account. The SE of least-squares means are shown in
brackets. ANOVA was used to determine the absence or presence of
a statistically significant difference between transgenic and wild-type
mice.

“P < 0.05.

P <0.01.

¢P < 0.001.
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pancreas. Future stereological investigations need to clarify
the effects of BTC on both the endocrine and exocrine
pancreas.

The absolute weights of several other organs were either
unchanged or increased in BTC transgenic mice. For the
weights of eyes, lung, and spleen, the increase reached sta-
tistical significance. The relative weights of these organs as
well as those of liver, heart, and ovaries were also signifi-
cantly increased in BTC-overexpressing mice. In contrast,
BTC transgenic mice exhibited significantly reduced abso-
lute and relative carcass weights (Table 1). The carcass is
composed of muscle, bone, fat, and connective tissue and
comprises a large portion of total body weight. A dispro-
portionate reduction in carcass weight associated with in-
creased weights of several internal organs was also reported
for transgenic mice ubiquitously overexpressing TGF-a (28).

The skull of 9-wk-old BTC transgenic mice was reduced in
length (particularly visible in the length of the nasal bone)
and increased in width (especially of the region formed by
parietal and interparietal bones), leading to an overall round
head shape (Fig. 4A). This dome-shaped head, which was
also visible in live animals (Fig. 3A), is a hallmark feature of
BTC transgenic mice and is evident enough to enable the
animal facility crew to correctly distinguish transgenic mice
from wild-type littermates before genotyping. The dimen-
sions of flat and long bones were also reduced in transgenic
mice. Pelvis and scapula (Fig. 4B) as well as femur and

Fic. 4. Bone alterations in transgenic mice.
A-C, Representative bones from L2 transgenic
(tg) and wild-type (wt) mice: skull (A), pelvis and
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humerus (Fig. 4C) are shown as examples. Quantitative anal-
yses revealed that the absolute length of different bones was
significantly reduced in transgenic mice (Fig. 4D). However,
when the bone lengths were corrected to the NRL, the dif-
ferences disappeared, indicating that the length was reduced
proportionally to the body size. The absolute widths of bones
such as the humerus, femur, and skull were also significantly
different between BTC transgenic and control mice, as were
the ratios between length and width/height/diameter of
every bone investigated, indicating that BTC overexpression
causes overall disproportionate skeletal growth (Fig. 4D).
Until recently, no specific function in bone cells has been
reported for any member of the EGF family. Although most
Egfr—/— mice die within the first postnatal week because of
respiratory problems and epithelial immaturity (32), surviv-
ing animals display craniofacial alterations and cleft palate
(33). Notably, surviving Egfr—/— animals can be identified
by their elongated snouts, exactly the opposite feature of BTC
transgenic mice. Egfr—/ — mice and mice humanized for the
EGEFR (34) also showed bone defects, and it was concluded
that signaling through this receptor negatively regulates
bone cell differentiation. Overexpression of EGF in trans-
genic mice resulted in abnormal osteoblast proliferation and
reduced cortical bone thickness (29). Thus, increased activa-
tion of the EGFR is the most probable reason for some of the
bone alterations described in this report.

scapula (B), and femur and humerus (C). The

scale shows 1-mm intervals. D, Measurement of
bone length, relative length, width, and length/

width ratios indicating disproportionate skeletal
growth. *, P < 0.05; ** P < 0.01; *** P < 0.001.
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Heart and lung pathology

Respiratory distress, characterized by rapid and short
breathing movements, in some cases accompanied by cya-
nosis, was a common observation in adult BTC transgenic
animals from L2 and L4. Often affected animals had to be
killed to avoid further suffering. In total, 36 transgenic mice
from L2 and L4 with ages ranging between 45 and 219 d
showed these symptoms and had to be euthanized. During
the same period of time, none of the control animals showed
any respiratory abnormality. At the necropsy of these trans-
genic animals, increased weight of the lungs was a regular
finding. More than half of the affected BTC transgenic mice
(25 of 36) had a lung weight over 400 mg (mean lung weight
of controls, 151 mg; Fig. 5A). Histological analysis of lungs
of BTC transgenic mice with strongly elevated lung weights
and respiratory distress revealed nodular pulmonary remod-
eling, consisting of multiple foci, mainly composed of fibro-
blasts, collagen fibers, large macrophages, and some pro-
teinaceous deposits. Adjacent distal airspaces were almost
completely filled with macrophages and demonstrated small
accumulations of eosinophilic and neutrophilic granulo-
cytes. Macrophages frequently contained hemosiderin, as
evidenced by Turnbull staining, and were undergoing eryth-
rophagocytosis. Furthermore, numerous crystal-laden mac-
rophages were noted. In addition, alveolar septa were thick-
ened and distal air spaces were severely enlarged with little
septation (Fig. 5C). Associated with these severe lung alter-
ations of BTC transgenic mice, their hearts were mostly in-
creased in weight (Fig. 6A) and round shaped (Fig. 6C), with
marked hypertrophy of the right ventricle and thickening of
the atrioventricular valves, particularly the mitral valve (Fig.
6D).

To get insight into the development of pulmonary and
cardiac changes of BTC transgenic mice, we systematically
analyzed the sequence of alterations in animals of different

A 1000+
FiG. 5. Lung pathology of BTC trans- 5
genic mice. A, Distribution of the weight E 750
of the lungs of transgenic (tg) mice from =
L2 and L4 euthanized because of respi- -] 500- ?
ratory distress (n = 36) and their con- g
trol (wt) littermates. The horizontal g‘
barsindicate the median. B, Age-depen- = 2501 "
dent increase of the lung weight of

transgenic mice (n = 5) and control lit-
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ages. No obvious pulmonary alterations were found in new-
born transgenic mice. At the age of 2-3 d, all transgenic mice
(17 of 17) exhibited pulmonary lesions including small hem-
orrhagic foci, small clusters of macrophages undergoing
erythrophagocytosis and occasionally containing hemosid-
erin. One animal showed widespread pulmonary hemor-
rhage and alveolar edema. At the age of weaning (3 wk), the
lungs of BTC transgenic mice frequently (eight of 10) dem-
onstrated enlarged distal airspaces, suggesting an arrest of
septation. Diffuse thickening of alveolar septa, areas of hem-
orrhage, granulocytic inflammation, and macrophages un-
dergoing erythrophagocytosis or containing hemosiderin
were frequently observed. At 8 wk of age, the severity of
pulmonary lesions was variable, ranging from relatively
mild lesions as in the 3-wk age group (10 of 12) to severe
changes (two of 12) similar to those in animals that had to be
euthanized because of respiratory distress symptoms. The
severity of pulmonary changes correlated with the increase
in pulmonary weight, which was also variable between an-
imals. Single animals that died spontaneously exhibited se-
vere lesions already at a young age. Figure 5D shows a
histological section of the lung of a 7-d-old BTC transgenic
mouse with massive accumulation of macrophages under-
going erythrophagocytosis and hemorrhage in enlarged dis-
tal airspaces and severe thickening of alveolar septa.
Complex structural and functional pulmonary alterations
including enlargement of alveolar airspaces and fibrosis
have been described in transgenic mice overexpressing
TGF-a in pulmonary epithelial cells under the control of the
surfactant protein C promoter (35, 36). Additional studies
revealed a disrupted pulmonary vascular development, ab-
normal muscularization of distal pulmonary arteries, and
hypertension resulting in right ventricular hypertrophy (37).
Notably, these effects were reversed by overexpressing a
dominant-negative form of the EGFR in the same cell pop-
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termates (n = 5); C, lungs of transgenic
mice (right panel) euthanized because
of respiratory distress present alveolar

remodeling, thickening of alveolar
septa, and massive accumulation of
macrophages, frequently containing he-
mosiderin in the distal airspaces (inset);
D, histological section showing massive
accumulations of macrophages under-
going erythrophagocytosis in enlarged
distal airspaces and alveolar hemor-
rhage as well as severe thickening of
alveolar septa of a 7-d-old BTC trans-
genic mouse that died spontaneously.
Bar indicates magnification.
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stained histological section (D) of the
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genic mice. Note the hypertrophy of
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ulation, indicating that these alterations are mediated
through the EGFR (37, 38). Hemorrhagic lung lesions strik-
ingly similar to the pulmonary alterations displayed by BTC
transgenic mice were observed after transient expression of
TGF-a during the beginning of the alveolar stage of lung
development, using the Clara cell secretory protein gene
promoter (39). At this age, pulmonary lesions became also
apparent in BTC transgenic mice. The EGFR and its ligands
are known to play a role in lung remodeling and disruption
of lung morphogenesis (40). Aberrant EGFR activation leads
to chronic airway inflammation and remodeling, suggesting
that in the lungs of BTC transgenic mice, EGFR activation by
the (overexpressed) ligand BTC, in the alveolar phase of lung
development, might lead to the severe changes observed.
Lung tissue seems especially sensitive to BTC and TGF-«
during this delicate phase of postnatal lung maturation.
Although the weight of the lungs of transgenic mice was
already increased at the age of 3 wk (Fig. 5B), the heart weight
of BTC transgenic mice at the age of 3 d and of 3 wk was not
different from that of control animals. Histologically, no
heart valve alterations of these young (<3 wk old) BTC
transgenic mice were observed, which does, however, not
exclude some valvular dysfunction. There was a more
marked increase in heart weight of BTC transgenic than of
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control mice between weaning and 9 wk of age (Fig. 6B). This
disproportionate increase in heart weight was reflected in a
29% higher (P < 0.01) relative heart weight in 9-wk-old BTC
transgenic mice vs. age-matched controls (Table 1). The
marked cardiac hypertrophy was observed only in older BTC
transgenic mice demonstrating severe pulmonary remodel-
ing and is therefore most likely a consequence of the severe
lung alterations, finally leading to a cor pulmonale. This is
supported by quantitative measurements of weight (Fig. 6E)
and thickness (Fig. 6F) of the left and right ventricle. The
underlying cause for pulmonary hypertension in BTC trans-
genic mice is most likely related to disruption of postnatal
lung morphogenesis.

Eye pathology

Eye opacity resembling cataract was present in most trans-
genic mice from L2 even in very young animals. To gain
additional insight into the nature of these alterations, we
performed a morphological analysis of the eyes from trans-
genic mice and littermate controls of L2. The eye morphology
of a nontransgenic FVB/N mouse at the age of 8 wk is
demonstrated in Fig. 7A. In particular, cornea, iris, and lens
are without major abnormalities (Fig. 7, A, Al, and A3). The
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FiG. 7. Eye morphology of the FVB control strain and the BTC transgenic mouse. A, Overview of the FVB control eye; magnified areas (A1-A3)
are boxed: A1, cornea and iris; A2, lens bow region; A3, retina. B, Overview of the BTC transgenic mouse eye; magnified areas (B1-B5) are boxed:
B1, cornea and continuous iris; B2, lens bow region; B3 and B4 retina; B5, lens core; the arrows indicate nondegenerated lens fiber cell nuclei.
CB, Ciliary body; C, cornea; GCL, ganglion cell layer; INL, inner nuclear layer; IPL, inner plexiform layer; I, iris; L, lens; OFL, outer fiber layer;

R, retina. Bar indicates individual magnifications.

lens bow is correctly formed by the cell nuclei of the lens
epithelial cells and the lens fibers are properly arranged (Fig.
7A2). Mitochondria and cell nuclei of the terminally differ-
entiated lens fibers are completely degenerated. The FVB/N
strain is known to be homozygous for the Pde6b™! mutation
(http: /www jax.org). This retroviral insertion in the Pde6b
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gene leads to a complete loss of the photoreceptors (41). The
histological sections of the wild-type control FVB/N mice
showed a typical morphology for the Pde6b™"-allele-evoked
retinal degeneration (Fig. 7A3). The outer nuclear layer and
outer plexiform layer representing the photoreceptor cells
are missing. In contrast to the FVB control, eyes of 9-wk-old
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BTC transgenic mice show obvious malformations in the lens
and additional effects on the development of the retina. No
major differences from the wild type can be detected in the
cornea and iris of the BTC transgenic mouse eye (Fig. 7B1).
In the lens, the lateral and anterior part is disrupted by strong
intercellular clefts and vacuoles (Fig. 7, B, B2, and B5). The
remaining lens fiber cells in the nonvacuolated center and
posterior region are severely swollen and irregularly ar-
ranged. A magnified view of the lens core (Fig. 7B5) indicates
that these fiber cells still contain the cell nucleus. In addition,
a lens bow structure formed by lens epithelial nuclei curving
into the cortex cannot be identified in the equatorial region
of the transgenic lens (Fig. 7B2). The remaining retinal layers
have an abnormal shape, especially the inner nuclear layer
shows a disrupted lamination with a wave-like structure
(Fig. 7, B, B3, and B4). Compared with wild-type FVB/N, the
retina of the BTC mice had about half the thickness. In par-
ticular, the inner nuclear layer varied from one to seven cell
layers and showed sporadically thinning, seemingly to be
replaced by the inner plexiform layer. The ganglion cell layer
does not show a consistent line of cells as is seen in FVB/N]J
controls. To demonstrate that the alterations observed in
transgenic mice are a consequence of BTC excess, we crossed
transgenic FVB/N mice with wild-type C57BL/6 animals.
Although both transgenic and control hybrid animals dis-
played photoreceptors, the lens alteration and the disrupted
lamination of the inner nuclear layer were still present in
transgenic mice (data not shown). Transgenic mice from L4
did not display a macroscopically visible eye alteration.
However, histological examination revealed comparable al-
terations affecting mainly the lens and retina (data not
shown).

Lens-specific overexpression of TGF-a (42-44) or EGF (44)
in transgenic mice resulted in a series of complex eye mal-
formations including microphthalmia, alterations of the cor-
neal opacity, corneal endothelial cell differentiation, cataract,
and changes of the retina.

In summary, the analysis of the first BTC transgenic mouse
model revealed that ubiquitous overexpression of BTC
causes a plethora of phenotypic changes, partially overlap-
ping with those observed in transgenic mice overexpressing
other ligands of the EGF family. This wide range of effects
may be related to the broad potential signaling spectrum of
BTC, a pan-ErbB ligand capable of activating all functional
homo- and heterodimers except for ErbB-2 and ErbB-3 ho-
modimers (7). An important observation is that BTC excess
did not result in obvious effects in every organ. It is possible
that the specific effect of this growth factor in individual
organs is conferred by the availability of responsive receptors
or more effective signal transduction pathways. Some tissues
may also have cells more capable of processing the mem-
brane-bound BTC precursor into the soluble form. Another
possibility is a variation in the tightness of organ homeostatic
control, which may limit effects of or compensate for ele-
vated BTC levels. Future studies employing an inducible
tissue-specific expression system (45) for BTC will clarify the
molecular mechanisms underlying specific BTC effects in
individual organ systems.
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