American Journal of Pathology, Vol. 157, No. 1, July 2000
Copyright © American Society for Investigative Pathology

In Vivo Detection of Human Vascular Endothelial
Growth Factor Promoter Activity in Transgenic

Mouse Skin

Jiro Kishimoto,* Ritsuko Ehama,* Yimin Ge,*
Takashi Kobayashi,* Toshio Nishiyama,
Michael Detmar,* and Robert E. Burgeson*

From the Department of Dermatology,* the Cutaneous Biology

Research Center, Massachuselts General Hospital and Harvard
Medical School, Charlestown, Massachuselts; and the Shiseido

Life Science Laboratories," Yokobama, Japan

We have generated transgenic mice expressing green
fluorescent protein (GFP) driven by 2.453-kb (—2,362
to +91) of the 5’ -upstream region of the human vas-
cular endothelial growth factor (VEGF) promoter to
monitor changes of VEGF gene transcription in situ.
Neonatal transgenic mice exhibited GFP-derived fluo-
rescence in tissues that have been previously re-
ported to express VEGF mRNA expression, including
lung, cartilage, and brain. In normal skin during
postnatal development, moderate fluorescence was
observed in the upper epidermis and, more promi-
nently, in the outer root sheath keratinocytes of hair
follicles. Strong up-regulation of GFP fluorescence
was observed in the hyperplastic epidermis of the
wound edge at 48 hours after wounding, whereas
little GFP fluorescence was detected in the dermis. In
situ hybridization confirmed an identical expression
pattern of VEGF mRNA in these wounds. Topical ap-
plication of 12-O-tetradecanoylphorbol-13-acetate
(TPA) induced strong VEGF-GFP expression in supra-
basal epidermis. Little or no fibroblast-derived fluo-
rescence was seen both in the wound model and after
TPA application. By confocal laser microscopy, in-
creased GFP fluorescence was detectable in the epi-
dermis of intact mouse ear skin as early as 6 hours
after topical TPA treatment. Importantly, GFP fluores-
cence was also measurable in the skin of living trans-
genic mice. These results resolve the present contro-
versy regarding the ability of VEGF-GFP transgenic
mouse models to correctly reflect established pat-
terns of VEGF expression, and show the model to be
a powerful tool for the in vivo monitoring of VEGF
gene expression. (Am J Patbol 2000, 157:103-110)

Vascular endothelial growth factor (VEGF), also known as
vascular permeability factor, plays an important role in
the angiogenesis occurring under both physiological and

pathological conditions. In particular, up-regulation of
VEGF has been observed in the majority of human can-
cers, as well as in several inflammatory diseases and in
ischemia-associated pathologies.’ ® In the skin, up-reg-
ulation of VEGF has been demonstrated in the hyperplas-
tic epidermis of healing wounds,”® psoriatic lesions,®
viral warts'® and papillomas,’" in several blistering dis-
eases,® and in squamous cell carcinomas.’®'? In con-
trast, adult skin expresses little VEGF under normal con-
ditions. As a general finding, pathological expression of
VEGF mRNA has been predominantly detected in the
epidermal (epithelial) skin compartment, and little or no
VEGF mRNA expression has been found in dermal cells
such as fibroblasts or vascular endothelial cells. A num-
ber of recent in vitro studies have demonstrated that
VEGF expression in epidermal keratinocytes is potently
up-regulated by growth factors that also induce epider-
mal hyperplasia, including transforming growth factor-
a,2'® epidermal growth factor,' keratinocyte growth
factor,™ and the tumor promoter 12-O-tetradecanoyl-
phorbol-13-acetate (TPA).'® Based on these findings, it
has been suggested that the avascular epidermis satis-
fies its increased nutritional needs during hyperplasia via
a paracrine mechanism that involves secretion of VEGF
by keratinocytes and binding of VEGF to its receptors on
dermal microvessels, leading to increased skin vascular-
ity.’® Indeed, selective overexpression of VEGF in the
epidermis of transgenic mice resulted in increased num-
bers of tortuous and hyperpermeable cutaneous mi-
crovessels.’”

VEGF is a homodimeric, heparin-binding glycoprotein
occurring in at least four isoforms of 121, 165, 189, and
201 amino acids, because of alternative splicing of a
single gene.'®' VEGF binds to two type Ill tyrosine
kinase receptors on vascular endothelial cells, Flt-1 and
KDR/FIk-1.2%2" Although tissue-specific differences of
the relative expression levels of these isoforms have been
reported, with predominant expression of VEGF121 and
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VEGF165 in the skin, the different VEGF isoforms seem to
respond equally well to up-regulation by growth factors,
TPA, or hypoxia.' Increased stability of VEGF mRNA
contributes to the enhanced VEGF mRNA expression
observed under hypoxic conditions.>?? However, the
transcriptional regulation of the VEGF gene seems to play
the pre-eminent role in the control of VEGF expression,
and several response elements within the VEGF promoter
region have been characterized in vitro.'325-2°

Localization of the site of origin of VEGF transcription to
distinct cell populations in situ, together with a quantita-
tive temporal analysis of VEGF gene expression, would
enable a much more thorough analysis of the role of
VEGF during the angiogenic process. However, monitor-
ing of VEGF transcription in vivo has been complicated by
the inability to distinguish between the relative contribu-
tion of modified transcription or mRNA stability, using
standard techniques such as in situ hybridization. More-
over, immunohistochemical studies frequently detect
VEGF immunoreactivity at sites distant from VEGF mRNA
expression, because of secretion and binding of VEGF
protein to its receptors on endothelial cells. To circum-
vent this problem, transgenic mice expressing green flu-
orescent protein (GFP), driven by a portion of the VEGF
promoter have been generated.?® Surprisingly, the ex-
pression observed deviated significantly from the pre-
dicted pattern.

We have also generated a transgenic mouse model in
which the gene expression of GFP is controlled by the
VEGF promoter (VEGF/GFP mice). Here, we demonstrate
a distinct expression pattern of GFP fluorescence in dif-
ferent tissues of these mice, which are in accordance
with previously reported patterns of VEGF mRNA expres-
sion. Up-regulation of VEGF gene transcription was easily
detectable in epidermal keratinocytes after wounding of
the skin; these cells also strongly expressed VEGF mRNA
as assessed by in situ hybridization. GFP fluorescence
was also detected in outer root sheath keratinocytes of
hair follicles, but little or no fluorescence was detected in
dermal cells. Importantly, TPA-induced up-regulation of
VEGF/GFP fluorescence could be detected by confocal
laser microscopy in living transgenic mice, thereby allow-
ing real-time monitoring of VEGF gene expression in vivo.

Materials and Methods
Transgene Construct

Because polymerase chain reaction (PCR)-based ampli-
fication of the entire VEGF promoter was difficult due to
the existence of the GC-rich region near the transcrip-
tional starting site, initially, a 1.6-kbp fragment of VEGF
genomic DNA (—2362 to —783; GenBank accession
#M63971, nucleotide position is numbered from the tran-
scriptional start site;'® nt 1042 in ref. 42) was obtained by
genomic PCR amplification. Using this fragment as a
probe, a clone containing a 5.0-kb fragment of the VEGF
sequence, including the 5'-flanking DNA of human VEGF,
was isolated from a human placenta genomic library
(Clontech, San Francisco, CA). The sequence was con-
firmed by multiple restriction enzyme analyses and by
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Figure 1. Construction of the VEGF transgene. VEGF-GFP transgene con-
tains 2,453 bp of human VEGF promoter (open box) linked to the red-
shifted variant green fluorescent protein (EGFP) gene (stippled box). SV40
sequences (black boxes) include synthetic splice donor and acceptor sites
(SD/SA) and a polyadenylation signal sequence (pA). The transgene was
obtained by EcoRI (small black circle) and AfII (small rectangle box)
digestion. The number indicates the nucleotide position from transcriptional
start site as +1. The arrow indicates the transcriptional start site.

direct sequencing. A 2,453-bp EcoRI-Agel fragment
(—2362 to +91) was excised from the agarose gel. This
promoter fragment was inserted into a GFP vector
(PEGFP-1, Clontech; digested with EcoRl and Xbal) and
was designated as pVEGF-GFP. The transgene cassette
used for the VEGF-GFP transgene was described previ-
ously.?”

In Vitro Transfection Experiments

Primary murine keratinocyte cultures and dermal fibroblast
cultures were prepared as previously described.?®2° Cells
were grown to semiconfluence and 2 ug per 60-mm dish
of VEGF-GFP vector or control pEGFP-N1 (GFP under
cytomegalovirus promoter control) vector plasmid DNA
were introduced using the Fugene 6 transfection reagent
(Boehringer, Mannheim, Germany). After 48 hours, epif-
luorescent and phase contrast pictures were taken, using
a Nikon microphot-FXA microscope.

Generation of Transgenic Mice

The fragment for pronuclear injection was excised with
EcoRI and Aflll from the pVEGF-GFP plasmid vector (Fig-
ure 1). This transgene fragment was injected into fertil-
ized oocytes of DBA2XC57BL/6 (DBF1) mice (Charles
River, Wilmington, MA) and the eggs were implanted into
pseudopregnant foster mothers. The offspring (FO) were
tested for chromosomal integration of the transgene by
genomic PCR and Southern blot analysis using a Hincll
VEGF fragment as a probe following a protocol previously
established.®° All experiments were done with F1 to F3
offspring mice.

For confocal microscopic observation of intact skin,
VEGF-GFP transgenic mice were generated in the hair-
less genetic background by breeding transgenic
founders with SKH-1 hairless mice (Charles River). Male
hemizygous transgenic mice (v/-HH) were mated with
female hairless mice (—/—hh). Transgene-positive pups
(v/-Hh) were selected by genomic PCR and mated back
to hairless mice (—/—hh) to obtain the F2 generation of
VEGF-GFP hairless mice (v/-hh), which could be easily
selected by PCR detection and their hairless phenotype.

Tissue Preparation for GFP Detection and
Epifluorescence Microscopic Observation

Freshly dissected, unfixed tissue was snap-frozen and
immediately cut into 12-um thick frozen sections using a



Reichert (Leica, Deerfield, IL) cryostat. Epifluorescent mi-
croscopic observation was performed immediately after
sectioning, using a fluorescein isothiocyanate/tetrameth-
ylrhodamine B isothiocyanate double excitation and
emission filter (Chroma, Brattleboro, VT). This double-
bandpass filter enabled us to distinguish GFP-derived
fluorescence from tissue autofluorescence because the
GFP signal remained green whereas autofluorescent
structures such as hair shafts exhibited orange color
under double fluorescence.

Wounding and TPA Treatment

Full-thickness skin wounds were produced with a 4-mm
biopsy punch on the shaved back skin of 4- to 6-week-old
transgenic mice (n = 5). After 48 hours, normal and
wounded tissues were collected and 10-um cryostat sec-
tions were prepared and analyzed as described above.

For induction of VEGF gene expression by TPA, 5 ug of
TPA or acetone alone were applied to the dorsal side of
transgenic mouse ears (n = 6, mouse age ranged from 6
weeks to 3 months) and skin biopsy samples were col-
lected at 4.5 hours, 6 hours, 12 hours, and 24 hours after
treatment. For additional noninvasive in vivo experiments,
a single dose of 5 ug of TPA in 50 ul of acetone or
acetone alone were topically applied to the back skin of
transgenic mice and mice were subjected to confocal
microscopic observation after 12 hours. All animal pro-
cedures were approved by the Massachusetts General
Hospital Committee on Research Animal Care.

Anti-Keratin 5 Immunostaining

Freshly cut frozen sections were incubated with a keratin
5-specific polyclonal antibody (1:1000 dilution, kindly
provided by Dr. P. Dotto, Harvard Medical School, Bos-
ton, MA) for 4 hours, washed briefly with phosphate-
buffered saline (PBS), and were then incubated with
1:100 diluted lissamine rhodamine-conjugated second-
ary antibodies to distinguish the resulting fluorescence
signal from the GFP fluorescence signal. After three
washes with PBS, slides were coverslipped and were
immediately observed under the microscope.

In Situ Hybridization

In situ hybridization was performed on 5-um thick sec-
tions of paraffin-embedded tissue as described."”
Briefly, slides were processed through xylene to remove
paraffin, then passed sequentially through graded alco-
hols; 0.2 mol/L HCI; Tris/ethylenediaminetetraacetic acid
(EDTA) with 3 mg/ml proteinase K; 0.2% glycine; 4%
paraformaldehyde in phosphate-buffered saline, pH 7.4;
0.1 mol/L triethanolamine containing 1/200 (v/v) acetic
anhydride; and 2X standard saline citrate (SSC). Slides
were hybridized overnight at 50°C with 3>S-labeled ribo-
probes in the following mixture: 0.3 mol/L NaCl, 0.01
mol/L Tris, pH 7.6, 5 mmol/L EDTA, 50% formamide, 10%
dextran sulfate, 0.1 mg/ml yeast tRNA, and 0.01 mol/L
dithiothreitol. Posthybridization washes included 2X
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SSC/50% formamide/10 mmol/L dithiothreitol at 50°C; 4 X
SSC/10 mmol/L Tris/1 mmol/L EDTA with 20 pg/ml ribo-
nuclease at 37°C; and 2X SSC/50% formamide/10
mmol/L dithiothreitol at 65°C, and 2Xx SSC. Slides were
then dehydrated through graded alcohols containing 0.3
mol/L ammonium acetate, dried, coated with Kodak NTB
2 emulsion (Eastman Kodak, Rochester, NY) and stored
in the dark at 4°C for 2 weeks. The emulsion was devel-
oped with Kodak D19 developer and the slides were
counterstained with hematoxylin. Antisense and sense
single-stranded 2°S-labeled RNA probes for VEGF were
prepared from a 393-bp rat VEGF cDNA fragment,
cloned into pGEM-3Z (Promega, Madison, WI).

Confocal Microscopy In Situ and In Vivo

For confocal microscopy, sections were fixed with 4%
paraformaldehyde for 5 minutes. To visualize cell nuclei,
sections were counterstained with 7-aminoactinomycin D
(7-AAD) (5 ng/ml; Sigma, St. Louis, MO) for 20 minutes at
ambient temperature, washed with PBS, and mounted
with fluoromount-G (Southern Biotechnology, Birming-
ham, AL). Five-mm biopsies of ear skin of TPA- or ace-
tone-treated hairless transgenic mice were dissected,
placed on glass slides, and were coverslipped for in-
verted positioning on the confocal microscope plate.

To examine intact skin in living transgenic mice by
confocal microscopy, hairless transgenic mice were
anesthetized with avertin by intraperitoneal injection and
were placed directly on a Petri dish in a dorsal position,
and directly examined by confocal microscopy, using a
Leica DM IRBE inverted microscope and a Leica TCS
NT4D confocal microscopic system (Leica, Heidelberg,
Germany) with a 530/30 nm band-pass filter, detecting
emission at wavelengths between 515 to 545 nm.

Quantification of Fluorescence Intensity

The images obtained with the confocal laser microscope
were digitized and stored as 768 X 512 pixel files. Leica
Confocal Microscope System TCS/NT (Version 1.6.568)
software program was used to quantify the intensity of
GFP fluorescence in each of the files, and the average of
pixels with fluorescence intensity was measured. To
avoid the signal being saturated because of the bright
fluorescence in the TPA-induced ear skin tissue, the
same threshold value was chosen for each file and for
deducted signal levels.

Results

In Vitro Expression of Transgenic GFP in
Epidermal Keratinocytes, but not in Dermal
Fibroblasts

The function of the pVEGF-GFP transgene construct was
confirmed by transfection of the pVEGF-GFP plasmid into
primary murine keratinocytes, demonstrating strong cell-
based fluorescence in keratinocytes (Figure 2, a and b).
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Figure 2. VEGF-GFP expression in cultured keratinocytes. This fig-
ure shows representative pictures of cells transfected with the VEGF-
GFP construct. a and b: Primary murine keratinocytes transfected
with the pVEGF-GFP vector (a—d) showed bright fluorescence,
whereas murine dermal fibroblasts transfected with the same vector
showed no expression (¢ and d). Keratinocytes (e and f) or fibro-
blasts (g and h), transfected with a control CMV promoter-GFP
vector both showed bright fluorescence, indicating that both cell
types could be transfected under the conditions used, but only the
keratinocytes activated the VEGF promotor. a, ¢, e, and g: Fluores-
cence microscopy; b, d, f, and h: phase contrast microscope. Scale
bar, 50 wm.

The promoter activity of the VEGF vector was as strong as
the activity of a cytomegalovirus promoter vector that was
used as a control (Figure 2, e and f). In contrast, virtually
no signal was observed when the VEGF promoter vector
was transfected into dermal fibroblasts (Figure 2, ¢ and
d), although control transfection with a CMV promoter
construct exhibited strong GFP fluorescence in fibroblast
cultures (Figure 2, g and h). Although the transfection
efficiency seemed to be low (~3 to 5%), flow cytometric
analysis also showed that the VEGF promoter gave higher
GFP fluorescence signals when transfected into keratino-
cytes than into fibroblasts (data not shown). These findings
suggested that the VEGF promoter activity was stronger in
keratinocytes than in fibroblasts in vitro.

Expression of GFP in Transgenic Mice

Out of 30 FO mice, three founders positive for chromo-
somal transgene insertion were detected by PCR (data
not shown) and Southern analysis (Figure 3a). The num-
ber of integrated transgene copies varied from a single
insertion to >10 copies as measured by comparison with
a copy number standard (Figure 3a). These lines showed
GFP-derived fluorescence in the epidermis as assessed
by epifluorescence microscopy of intact tail tissue. In
contrast, no fluorescence was detected in wild-type lit-
termates (Figure 3b). The expression pattern of VEGF
promoter activity was evaluated in neonatal F1 mice of
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Figure 3. VEGF-GFP expression in newborn transgenic mice.
a: Southern blotting analysis of founder transgenic line. The
copy number standards from the same transgene plasmid DNA
were loaded on the same gel with transgenic mouse genomic
DNA. b: Fluorescence micrograph of intact tail tissue of a
newborn VEGF-GFP transgenic mouse (left) and of a wild-type
litter mate (right). The orange color in wild-type indicates
background autofluorescence. c—e: Fluorescence micrographs
of tissue sections taken from neonatal VEGF-GFP transgenic
mice: lung (c¢; arrowhead indicates fluorescence in alveoli;
note autofluorescence can be distinguished by its orange col-
or); lateral ventricle (LV) of the brain (d; arrowhead indicates
fluorescence in lateral epithelium); vertebral cartilage (e; note
that the chondrocytes in mineralizing regions were GFP-posi-
tive, indicated by arrowhead). *, intervertebral disk. Scale bar,
100 pm.

these three lines. The lung, kidney, and brain, previously
shown to express VEGF by in situ hybridization stud-
ies®'32 were chosen for initial examination of GFP fluo-
rescence. Fluorescence was observed in lung alveoli
(Figure 3c) and in the lateral ventricle wall in the brain
(Figure 3d). Detection of fluorescence in the glomeruli of
the kidney was complicated by strong autofluorescence
(data not shown). Strong GFP fluorescence was also
detectable in chondrocytes of developing cartilage tissue
(Figure 3e). All three transgenic lines showed similar ex-
pression patterns, but the intensities of the fluorescent sig-
nals differed (data not shown). Further analyses were per-
formed in line J108, which gave the most intense GFP signal
and had multiple transgene integrations (Figure 3a).

Expression of GFP in the Skin

VEGF-GFP expression was further evaluated in the skin of
young and adult transgenic mice. Unfixed frozen sec-
tions of skin from 7-day-old transgenic mice revealed
strong GFP fluorescence in the outer root sheath of grow-
ing hair follicles, mostly at the lower part (Figure 4A). The
dermal papilla, derived from condensed mesenchyme in
the embryonic hair germ, was GFP-negative (Figure 4A).
Also, weak GFP signals were occasionally observed in
the epidermis (Figure 4B). The hair follicle-specific fluo-
rescence was also observed in 4-week-old transgenic
mice (Figure 4B). However, hair follicle fluorescence was

copy number std.
P
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not seen in the skin of 7-week-old animals (data not
shown). Higher magnification of confocal microscopic
images revealed that the follicular fluorescence was likely
confined to the nucleus, as assessed by double labeling
with 7-AAD that stains nuclei (Figure 4C). Double labeling
with keratin 5-specific antibodies showed that hair folli-
cle-derived GFP signals partially overlapped with K5 ex-
pression. GFP fluorescence was localized within the K5
signal (Figure 4D).

GFP Is Expressed in Epidermal Keratinocytes at
the Edge of Healing Wounds

Because normal epidermal keratinocytes showed only
weak GFP fluorescence, we tested the inducibility of
VEGF-driven GFP during wound healing. Forty-eight
hours after wounding, the new epidermis beneath the
scab showed a very strong and distinct fluorescent signal
as compared with the adjacent unwounded epidermis
(Figure 5a). For nuclear counterstaining, fresh cryostat
sections were briefly fixed and incubated with 7-AAD and
were examined by laser confocal microscopy (Figure
5b). Only little up-regulation of VEGF-specific fluores-
cence was observed in the granulation tissue of full-
thickness wounds, mainly localized to single cells. A
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Figure 4. GFP fluorescence in transgenic mouse skin.
Fluorescence photomicrographs of VEGF-GFP trans-
genic mouse skin. A: Seven-day-old skin. Strong fluores-
cence is observed in the outer root sheath of the hair
follicles as shown by the arrowhead). The orange color
in the hair shaft is because of autofluorescence which is
easily distinguishable from GFP-derived fluorescence
with double band-pass filter. B: Four-week-old skin.
Hair follicles (arrowheads) are fluorescence-positive
This fluorescence is considerably weaker in 6-week-old
mice. * Indicates occasional GFP signals in the epider-
mis. C: Confocal image of the outer root sheath of the
hair follicle with nuclear counter staining. Note the yel-
low signal indicating that the GFP fluorescent signal
co-localized with the nuclear staining (arrowheads). D:
Confocal image of the hair follicle double-labeled with
K5 immunostaining with rhodamine. E, epidermis; D,
dermis. Scale bars: 100 um (A, B) and 25 um (C, D).

similar VEGF mRNA expression pattern was found in the
epidermis by in situ hybridization (Figure 5, ¢ and d).

Topical TPA Application Enhances Keratinocyte
GFP Expression

To confirm that TPA can induce GFP expression in the
epidermis via the VEGF promoter used, and to establish
a noninvasive monitoring technique for changes of VEGF
gene expression, we studied the effect of topical appli-
cation of TPA on the skin. Acetone or TPA were applied to
the dorsal ear skin of transgenic hairless mice, and ear
skin samples were examined by confocal imaging at 4.5
hours, 6 hours, 12 hours, and 24 hours after treatment.
The first and highest induction of GFP expression was
observed at 6 hours. At 6 hours, the induction of VEGF
was significantly higher compared with the acetone-
treated control side of the same mouse (Figure 6a) and
this induction could be quantified by image analysis (Fig-
ure 6b). Background levels of GFP fluorescence differed
between individual mice.

We next examined whether the detection of GFP signal
could be directly detected in the skin of living mice. A
horizontal optical view through the living epidermis
treated with acetone (Figure 6¢) or TPA (Figure 6d) re-

Figure 5. GFP expression induced by skin wound healing. Four- to
six-week-old VEGF-GFP transgenic mice were wounded by 4-mm
punch biopsy. a: Healing wound edge 48 hours after biopsy. Strong
fluorescence is observed in the neoepithelium. A dotted line
indicates unwounded epidermis. E, epidermis; D, dermis. Nonspe-
cific autofluorescence in the scabs (*) was distinguishable from the
GFP signal. b: Confocal imaging with nuclear counterstaining
clearly showed GFP induction in the neoepithelium in wound site
and in hair follicles. In the wound, fluorescence is strongly evident
in the neoepithelium (arrowhead) and in the hair follicles (ar-
rows). Red indicates 7-AAD nuclear staining. E, epidermis; D,
dermis. ¢ and d: In situ hybridization for VEGF mRNA. The stron-
gest signals overlie the epithelial cells. Bright-field (¢) and dark-
field (d) photograph. *, Indicates scab; arrows, hair follicles; large
arrowhead, wound edge; small arrowheads, neoepithelium; E,
epidermis; D, dermis. Scale bars: 50 um (a); 100 um (b—d).
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Figure 6. Detection of GFP expression in intact skin of living hairless transgenic mice by confocal microscopy. The epidermis of intact ear skin from a hairless
transgenic mouse (11 weeks old) was treated with TPA or acetone and scanned using laser confocal microscopy. Horizontal optical sections of the epidermis of
the acetone treated control skin (a; top) show basal levels of fluorescence. The epidermis of the same mouse treated with TPA (a; bottom) showed significantly
increased fluorescence after 6 hours. Large holes are utricles, which are characteristic premature follicle structures of the hairless mouse. b: Quantification of
fluorescence intensity. The epidermis of a living hairless transgenic mouse was scanned using laser confocal microscopy. Horizontal optical sections of the
epidermis of acetone treated control skin (¢) show detectable basal levels of fluorescence, whereas the epidermis of the same mouse (d) showed significantly

increased fluorescence at 12 hours after TPA treatment. Scale bar, 25 um (c, d).

vealed a similar induction as that seen in ear skin sec-
tions. In contrast, wild-type littermates showed no detect-
able specific fluorescence (data not shown).

Discussion

In this study, we show that the GFP fluorescent signal
resulting from VEGF promoter activity was readily detect-
able in live cultured keratinocytes, in sectioned trans-
genic mouse skin, and in the epidermis of living mice.
Furthermore, up-regulation of VEGF gene expression ei-
ther induced by wound healing or by TPA treatment was
readily detected. Summarized findings for VEGF mRNA
induction in skin tissue in vivo using this transgenic model
are as follows: 1) in normal skin, VEGF/GFP fluorescence
message was observed in the follicular epithelium up to
~6 weeks of age; 2) VEGF induction by TPA took place in
the suprabasal epidermis and was detectable as early as
6 hours after treatment; and 3) induction of VEGF/GFP
fluorescence mainly occurred in epidermal keratinocytes
during wound healing, whereas no significant increase
was detected in fibroblasts and stromal cells.
Previously, prominent VEGF mRNA expression has
been reported in lung alveoli®! and in the lateral ventricle
of the brain®2 by in situ hybridization. Evaluation of neo-
natal VEGF-GFP transgenic mice confirmed these find-
ings. Recently, a similar tissue distribution pattern of

B-galactosidase activity was reported in a VEGF-LacZ
“knock-in" mouse model.®® The detection of VEGF pro-
moter activity in developing cartilage is also consistent
with the recent findings of VEGF immunoreactivity in hu-
man neonatal cartilage.®* The failure to detect fluores-
cence in the kidney glomeruli was most likely because of
the strong autofluorescence of this tissue, although we
cannot exclude the lack of a tissue-specific response
element in the 2.3 kbp of 5'-flanking region of VEGF DNA
used for injection. However, this region includes the
TGF-a responsive region (—88 to —65),"® the presum-
able hypoxia-inducible responsive element (—2013 to
—2006),%2 the platelet-derived growth factor-responsive
element (—85 to —50),%° and the von Hippel-Lindau re-
sponsive element (—194 to —50).2° Nucleotide positions
are numbered from the transcriptional start site.

In skin from 1- or 4-week-old transgenic mice, normal
epidermal keratinocytes showed basal levels of GFP ex-
pression, whereas bright fluorescence was observed in
the outer root sheath of hair follicles. This GFP signal
overlapped with keratin 5 expression which is a charac-
teristic marker for keratinocytes,®® confirming that the
source of GFP signal in hair follicles did not originate from
the surrounding dermal fibroblast sheath. The skin of
older mice (7 weeks old) did not show equivalent GFP
expression in the hair follicles, suggesting that VEGF
expression in the follicles may be correlated with the hair



cycle. Because of the stability of GFP protein (~2 days
half-life),?® determining the precise timing of the turn-off
of VEGF gene expression during the hair cycle may be
difficult. Although VEGF expression in hair dermal papilla
cells (specialized mesenchymal cells in the hair follicle)
has been previously reported by immunohistochemistry
and by PCR-based detection methods,®”~2° we could not
detect a significant VEGF signal assessed by GFP fluo-
rescence in this transgenic model.

We have shown the acute inducibility of GFP during
wound healing (within 48 hours) and after TPA treatment
(within 6 hours), confirming that the GFP expression pat-
tern is highly VEGF promoter-dependent.® " These data
exclude a possible delay of fluorescent signal production
because of slow chromophore formation as reported in
Drosophila embryos.“° In anticipation of this difficulty, we
had selected the red-shifted variant of GFP for these
studies, and the correct folding of the chromophore ap-
pears to occur in skin as well as in internal tissues.

In both the wound model and after TPA treatment, our
transgenic model showed little or no fibroblast-derived
VEGF expression. These findings differ from the previ-
ously reported fibroblast-derived GFP fluorescence in
VEGF promoter-driven GFP transgenic mice,?® but are in
accordance with previous studies showing primarily ep-
ithelial expression of VEGF.®8-1014.17.31 This discrep-
ancy may be because of the different promoter regions
used to generate the transgenic mice. The promoter we
used for the studies described above includes an addi-
tional 500-bp sequence of the 5’-upstream region of the
VEGF promoter which was absent in the previously re-
ported transgenic model. This region may contain cell
type-specific suppressor elements.

Laser confocal microscopic evaluation of living trans-
genic mouse skin indicates that GFP is readily detectable
within the epidermis. These results suggest the potential
use of GFP transgenic mice for noninvasive monitoring of
long-term gene expression in vivo. When the transgenic
GFP reporter gene is combined with confocal micros-
copy, the system has a great advantage over conven-
tional transgenic reporter gene methods in animals be-
cause it reduces the number of animals used, utilizes a
simple monitoring system, and allows long-term monitor-
ing of changes in gene expression in the same individual.
However, several limitations of this model should be men-
tioned. 1) Posttranscriptional control mechanisms of
VEGF expression act by stabilizing VEGF mRNA 224142 g
process that is not detected in our transgenic system. 2)
Reporter molecules might not completely represent en-
dogenous gene expression correctly in all tissues and
cell types, because regulatory elements for transcrip-
tional control might exist far from the promoter region,
and such factors might be present within intronic regions,
making it nearly impossible to insert the complete tran-
scriptional control unit into the transgene cassette. 3) This
type of transgenic model does not allow protein localiza-
tion of the target gene product in tissue.

In conclusion, the detection of GFP in transgenic
mouse skin will facilitate the examination of the regulation
of VEGF gene expression in inflammatory and neoplastic

VEGF-GFP Expression in Mouse Skin 109
AJP July 2000, Vol. 157, No. 1

skin diseases, providing a powerful in vivo monitoring and
screening tool.
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