
Cutaneous manipulation of vascular growth factors leads to
alterations in immunocytes, blood vessels and nerves: evidence
for a cutaneous neurovascular unit

Nicole L Ward1,2,4, Denise A Hatala1, Julie A Wolfram1,3, Dorothy A. Knutsen1, and
Candace M Loyd1

1Department of Dermatology, Case Western Reserve University, Cleveland, OH 44106, USA
2Department of Neuroscience, Case Western Reserve University, Cleveland, OH 44106, USA
3Department of Pathology, Case Western Reserve University, Cleveland, OH 44106, USA
4The Murdough Family Center for Psoriasis, University Hospitals, Case Medical Center,
Cleveland, OH 44106, USA

Abstract
Background—Skin cells produce soluble factors which influence keratinocyte proliferation,
angiogenesis, nerve innervation and immunocyte response.

Objective—To test the hypothesis that epidermal-dermal interactions influence neural
outgrowth, vascular survival, immunocyte recruitment and keratinocyte proliferation.

Methods—We genetically manipulated the epidermis to express excess vascular endothelial
growth factor (VEGF) and/or angiopoietin-1 (Ang1) and then examined the epidermal and dermal
phenotypes. We compared these findings with those occurring following overexpression of the
Ang1 receptor Tie2 in endothelial cells or keratinocytes.

Results—Keratinocyte-overexpression of Ang1 resulted in increased epidermal thickness
compared to control littermates. Keratinocyte-specific overexpression of Ang1 or VEGF increased
dermal angiogenesis compared to control animals and combined Ang1-VEGF lead to further
increases. Cutaneous leukocyte examination revealed increases in CD4+ T cell infiltration in mice
with keratinocyte-specific overexpression of Ang1, VEGF and Ang1-VEGF combined; in contrast
only keratinocyte-specific Ang1 overexpression increased cutaneous F4/80+ macrophage numbers.
Interestingly, combined keratinocyte-derived Ang1-VEGF overexpression reduced significantly
the number of F4/80+ and Cd11c+ cells compared to mice overexpressing epidermal Ang1 alone.
Endothelial cell-specific Tie2 overexpression increased dermal angiogenesis but failed to
influence the epidermal and immune cell phenotypes. Keratinocyte-specific Tie2 expressing mice
had the highest levels of CD4+, CD8+ and CD11c+ cell numbers and acanthosis compared to all
animals. Finally, increases in the number of cutaneous nerves were found in all transgenic mice
compared to littermate controls.

Conclusion—These findings demonstrate that change to one system (vascular or epidermal)
results in change to other cutaneous systems and suggest that individual molecules can exert
effects on multiple systems.
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Introduction
Nervous system components and blood vessels develop similar anatomical patterning in the
adult body, follow similar routes and modes of migration during development; and in skin,
epithelial skin stem cells, neuronal stem cells (neuroblasts) and vascular stem cells
(angioblasts/hemangioblasts) all localize to regions undergoing repair [1]. In spite of the
blatant similarities between the vascular and nervous systems, and the extensive
examination of each system independently, little is known about the co-dependence and/or
interactions between the two systems [2–4]. Even less well understood is how these
interactions are influenced within a specific environmental niche, such as that found in the
skin.

Secreted growth factors mutually affect and are released by both blood vessel components
(endothelial cells (ECs), pericytes, smooth muscle cells) and nervous system components
(neurons and Schwann cells) (i.e. the neurovascular unit). In skin, KCs also secrete soluble
factors that influence vessels and nerves, and conversely growth factors secreted by vessels
and nerves can in turn influence epidermal KCs (i.e. the cutaneous neurovascular unit,
CNU) [2–4]. The regulated expression of these factors and their cellular interactions
ultimately dictates cutaneous homeostasis.

The vascular growth factor, Angiopoietin-1 (Ang1) is a member of the angiopoietin family
and has been shown to play a role in vascular development and vascular related disease
processes [5]. Ang1 is the best characterized member of the angiopoietin family and binds to
Tie2, a receptor tyrosine kinase that is expressed on ECs lining blood vessels [6, 7]. In the
vascular system, Ang1 is involved in EC survival and migration and peri-endothelial cell
recruitment and tubule formation [5]; moreover Ang1 can elicit context dependent pro-
inflammatory [8, 9] or anti-inflammatory events [10–12], is expressed by KCs [13]
(unpublished observations) and is capable of inducing neurite outgrowth of cultured dorsal
root ganglion (DRG) neurons [3, 14]. Overexpression of Ang1 in KCs results in increases in
dermal angiogenesis [15, 16]; however the ability to affect other members of the CNU
remains unclear. Transgenic overexpression of the Ang1 receptor, Tie2 in skin also changes
multiple members of the CNU. We recently demonstrated that transgenic expression of Tie2
in ECs or KCs significantly increases dermal angiogenesis and that KC proliferation and
immunocyte infiltration occurs in the animals where Tie2 was expressed in the KCs (KC-
Tie2) but not in mice where Tie2 was expressed in ECs (EC-Tie2)[17]. Whether KC-Tie2 or
EC-Tie2 expression leads to alterations in cutaneous innervation remains unknown.

The vascular growth factor, vascular endothelial growth factor (VEGF) also has distinct and
overlapping roles in the skin including its expression by KCs [18], dermal nerves [19],
vascular pericytes and smooth muscle cells [20, 21] and almost all immunocytes [22–24].
Originally identified for its role in vascular permeability and vascular development [25],
overexpression of VEGF in KCs results in increases in dermal angiogenesis [26, 27], and
sustains a pro-inflammatory environment following exposure to oxazolone [28], after
wounding or in aged mice that leads to the development of a thickened epidermis [29].
Some reports suggest it has the ability to induce KC proliferation directly [30]. Recent work
has detailed roles for VEGF in the nervous system, including neurotrophic, neuroprotective,
and neurogenic functions such as axonal growth and cell survival [31–37]. However its
effects on cutaneous innervation remain unknown. Overexpression of VEGF in combination
with Ang1 leads to the development of larger and more blood vessels that are less leaky than
in VEGF overexpressing animals [15, 38] however the effect of this combination on other
members of the CNU has not been reported.
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We hypothesized that epidermal-dermal interactions govern neural outgrowth, vascular
survival, immunocyte recruitment and KC proliferation and that modification of one system
within the CNU would result in alterations to the others. To test this hypothesis we
genetically overexpressed Ang1, VEGF, and combined Ang1-VEGF in KCs and determined
the effects on the cutaneous vasculature, innervation, immunocyte infiltrate and epidermal
phenotypes. These findings were compared and contrasted with our previously reported
cutaneous phenotypes resulting from overexpression of Tie2 in KCs or ECs [17].

Materials and Methods
Transgenic mice

A conditional mouse model approach [39, 40] was developed and utilized for the current
experiments. This approach uses a doxycycline-based binary transgenic expression system
[39], in which controlled expression (on/off) of a transgene occurs by exposure to
doxycycline. Two individual lines of mice are used, with cell specificity dictated by a
“driver” mouse line, using an appropriate promoter upstream of a tetracycline transactivator
(tTA). Transgene specificity is dictated by the “responder” mouse, using the transgene of
interest downstream of the tetracycline operator sequence (TetOS). On their own, each gene
is silent. Following the appropriate matings, mice containing both genes express the
transgene in a cell specific manner.

Driver lines used included the previously engineered KC-specific, K5-tTA mouse [41] and
the EC-specific, Tie1-tTA mouse [39] lines. KC-specific overexpression of Tie2, Ang1 and
VEGF was accomplished by breeding the K5tTA driver line with the TetosTie2, TetosAng1
and TetosVEGF responder lines which have been previously described [42–44]. The
TetosAng1 and TetosVEGF lines were mated to each other to generate a new TetosAng1-
VEGF double responder line which was then mated with the K5tTA driver line resulting in
concurrent overexpression of both Ang1 and VEGF in KCs. EC-specific overexpression of
Tie2 was accomplished by breeding the Tie1tTA driver line with the TetosTie2 responder
line.

Mice were genotyped using polymerase chain reaction (PCR) using DNA extracted from ear
biopsies. DNA was prepared and PCR performed using primers as previously described [42,
44]. Littermates that inherited one or no transgenes served as experimental controls. All
animal protocols were approved by the Case Western Reserve University institutional
animal care and use committee (IACUC) and conformed to the American Association for
Accreditation of Laboratory Animal Care guidelines.

Tissue collection, histology, immunofluorescence and image analyses
Sexually mature adult mice were euthanized; their hair shaved and skin from the back was
processed for either thin frozen, thick frozen or paraffin sectioning. For paraffin sectioning,
skin was placed in 10% buffered formalin (Surgipath Medical Industries, Richmond, IL),
overnight at 4º Celsius (C) prior to dehydration and embedding (Sakura Finetech, Torrance,
CA). For frozen sectioning, skin was either fixed in the non-cross-linking fixative
Histochoice (Amresco, Solon, OH) for 4 hours at 4ºC or in Zamboni’s Fixative (Newcomer
Supply, Middleton, WI) overnight at room temperature, and then transferred to 5% sucrose
for 1 hour at 4ºC and placed in 20% sucrose overnight at 4ºC, and then embedded in Tris
buffered saline (TBS) Tissue Freezing Medium (TFM; Triangle Biomedical Sciences,
Durham, NC), and then flash frozen in liquid nitrogen.

H&E staining was completed on 5μm thick paraffin sections using standard protocols [45].
Images were captured using a Leica DM L82 microscope with an attached Q Imaging
MicroPublisher 3.3 Mega Pixel camera and Q-capture Pro software. Epidermal thickness
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was quantified using Image Pro Plus software (MediaCybernetics, Bethesda, MD). For each
animal, 5 measurements were taken from at least five different fields of view from one
section (25 measurements per animal). Epidermal thickness was measured from the stratum
basale to stratum granulosum, and excluded the stratum corneum and hair follicles.

Immunohistochemistry against CD4, CD8, CD11c, F4/80 and NCAM (CD56) was
performed on TFM-embedded frozen skin sectioned at 8 μm, using specific anti-CD4, anti-
CD8, anti-CD11c, anti-CD56 (BD Biosciences, San Jose, CA), and anti-F4/80 (eBioscience,
San Diego, CA) antibodies. Antibodies were detected using either rabbit anti-rat IgG
biotinylated (CD4, F4/80, CD56; Vector Labs, Burlingame, CA) or goat anti-hamster IgG
biotinylated (CD11c; Jackson Immunoresearch Labs, West Grove, PA), amplified with
Avidin/Biotinylated Enzyme Complex (Vector Labs) and were visualized using the enzyme
substrate diaminobenzidine (Vector Labs). The slides were counterstained with hematoxylin.
Images were captured as above. For quantification of CD11c+ and F4/80+ cells, image
analyses was completed in a blinded fashion using an automated Metamorph software
program (Molecular Devices, Sunnyvale, CA) from at least five fields of view per animal.
Quantification of CD4+ and CD8+ cells were hand counted in blinded fashion from at least
five fields of view per animal.

Blood vessel analyses was completed on histochoice fixed tissue sectioned at 8μM using a
specific primary antibody targeting the pan mouse endothelial cell antigen (MECA;
Developmental Studies Hybridoma Bank, Iowa City, IA), followed by detection using a
rabbit anti-rat IgG biotinylated antibody, amplified with Avidin/Biotinylated Enzyme
Complex, and visualized using the enzyme substrate diaminobenzidine. The slides were
counterstained with hematoxylin. Photographs were taken and image analyses completed in
a blinded fashion using an automated Metamorph software program (Molecular Devices,
Sunnyvale, USA). Background staining was minimal therefore colour thresholds were not
altered between samples. Four fields of view from 4 individual sections were analyzed per
animal. A separate set of thickly cut (50 μM) histochoice fixed skin sections was examined
using the same antibody (MECA) with immunofluorescence. Visualization was completed
using Texas Red Streptavidin (Vector) or goat anti-rabbit Alexa Flour 488 (Molecular
Probes, Eugene, OR).

Immunofluorescence staining using two independent nerve markers was completed using
the pan neuronal marker protein gene product (PGP)9.5 on free-floating Zamboni fixed
tissue sectioned at 50μM using a specific antibody (Ultraclone, UK), or using the non-C
fiber cutaneous nerve marker, neurofilament (NF) 200 (Sigma, St. Louis, MO) on fresh
frozen tissue sectioned at 8μM followed by labeling with AlexaFluor 488 goat anti-rabbit
IgG (Invitrogen, Carlsbad, CA). The slides were cover-slipped with Vectashield mounting
medium (Vector Labs) and antigen-antibody complexes were detected under a Carl Zeiss
Axiophot fluorescent microscope and images captured with Carl Zeiss Axiocam HRC.
PGP9.5+ nerve fiber staining was quantitated in a blinded fashion using the Metamorph
program and reported as number of PGP9.5+ nerves per field of view.

Statistical analysis
All data are represented as mean ± standard error of the mean (SEM). At least four animals
for each group were used for statistical analyses. Between group comparisons were analyzed
using an unpaired, two tailed Student’s t-test and statistical significance was defined as
p<0.05.
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Results
Overexpression of Ang1, VEGF, Ang1-VEGF and Tie2 in skin leads to increased dermal
angiogenesis compared to littermate controls

The phenotypic characteristics of the dermal vasculature was analyzed in skin sections
collected from KC-Ang1, KC-VEGF, KC-Ang1-VEGF and littermate controls and was also
compared with newly collected, stained and analyzed skin tissues from our previously
published KC-Tie2 and EC-Tie2 mice [17]. Mouse endothelial cell antigen (MECA) stained
sections demonstrated that skin from all lines of mice had more numerous vessels (Figure
1A-D, Supplemental Figure 1). All of the KC-driven transgenic mice showed altered blood
vessel patterns compared to littermate controls and EC-Tie2 mice, that included larger and
more numerous blood vessels running parallel to, and just below, the dermal epidermal
junction (DEJ; Figure 1C-D, Supplemental Figure 1A). The vessels in KC-VEGF and KC-
Ang1-VEGF mice also appeared more tortuous and more tightly abutted to the DEJ
compared to all other mouse lines (Figure 1C-D).

Quantitative analyses of the vasculature revealed a 1.8-, 2.5-, and 2.8-fold increase in blood
vessel number in KC-Ang1, KC-VEGF, and KC-Ang1-VEGF mice, respectively when
compared to control animals (CD1 background littermates; p<0.002; Figure 1E). In addition,
the combined expression of Ang and VEGF also lead to an amplified angiogenic response
compared to Ang1 expressing mice alone (p=0.038), providing independent confirmation of
work done by others [15]. Similar observations were found for total stained-vessel area
(Figure 1F) and average vessel length (Figure 1G) for KC-Ang1, KC-VEGF and KC-Ang1-
VEGF mice. Confirming our prior work, KC-Tie2 and EC-Tie2 mice had a 1.5- and 1.6-fold
increase in the number of MECA-stained vessels in the dermis compared to littermate
controls (p=0.002; Supplemental Figure 1C)[17]; however only EC-Tie2 and not KC-Tie2
animals had significantly longer MECA-stained vessels compared to controls (Supplemental
Figure 1E), and these were significantly shorter than all other animals (p<0.004) except KC-
Tie2 mice. These findings indicate that alteration of either the KC environment or the
vasculature itself results in increased dermal angiogenesis.

Ang1 or Tie2 overexpression in KCs leads to modest and robust epidermal hyperplasia
respectively

To study whether altering KCs alone would lead to epidermal hyperplasia, or whether
changes in the vasculature resulted in increased KC proliferation, we measured the thickness
of the epidermis from each line of transgenic mice and compared it to littermate controls. A
modest, but statistically significant increase in the epidermis was observed in KC-Ang1
mice compared to littermate controls (19.9±1.3 vs. 15.3±0.8; p=0.018; Figure 2). KC-VEGF
and KC-Ang1-VEGF skin appeared extremely thin, with only a single layer of KCs visible,
and was not significantly different from controls (p=0.07 and p=0.08, respectively), but was
thinner compared to KC-Ang1 animals (p<0.0001). KC-Tie2 animals had the thickest
epidermis compared to all animals (Supplemental Figure 2; p<0.003) consistent with
previous findings [17]. Taken together, these results suggest that altering KCs alone can, in
some instances lead to changes in KC proliferation and in others not; whereas increasing the
vasculature alone appears to be insufficient to induce epidermal hyperplasia.

Mice with increased dermal angiogenesis have more cutaneous nerves
We hypothesized that changes in the dermal vasculature or epidermal environment would
result in changes to the cutaneous nerve. KC-Ang1, KC-Tie2, EC-Tie2 and KC-VEGF mice
showed a 2.4-, 2.5-, 1.8- and 2.8-fold increase in the number of total cutaneous nerves as
indicated by staining with the pan neuronal marker, PGP9.5+ compared to littermate controls
(Figure 3; 24.7±1.5 vs KC-Ang1 59.9±7.0 vs KC-Tie2 61.5±4.5 vs EC-Tie2 45.2±4.2 vs
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KC-VEGF 69.4±4.6, p<0.0006). Interestingly, unique changes in nerve patterning detected
between the different transgenic lines mimicked the patterns observed for the dermal
vasculature (Figure 3R-V). Mice with increased cutaneous angiogenesis also demonstrated
increases in their innervation. The increase in the number of PGP9.5+ nerves in both KC-
Ang1 and KC-VEGF animals was apparent in both the dermis (Figure 3A-E) and epidermis
(Figure 3F-J) with many nerve fibers localized to the dermal-epidermal junction (DEJ) and
significantly more fibers penetrating into the epidermis in KC-Ang1 and KC-VEGF mice.
KC-Tie2 animals also had increases in the number of PGP9.5+ nerves in the dermis with
these fibers appearing more tortuous, similar to what was seen for the dermal vasculature
(Figure 3N). In addition, many fibers lined up at the DEJ and more fibers were observed
penetrating into the epidermis, although not to the same degree as observed in KC-Ang1
animals (Figure 3F-G). EC-Tie2 mice showed thin linear nerves projecting towards the
epidermis imitating the cutaneous vasculature (Figure 3D, O), and despite an overall
increase in the number of PGP9.5+ nerves in the skin compared to control mice, no obvious
change in the number of fibers was seen projecting into the epidermis in these mice when
compared to control animals (Figure 3I). EC-Tie2 mice had significantly fewer PGP9.5+

nerves than KC-Tie2 (p=0.014) and KC-VEGF (p=0.013) animals (Figure 3K). These
results were confirmed using a second independent neural specific marker, neurofilament
200 (NF200), which stains larger caliber nerve fibers and does not stain C-fibers. KC-Ang1,
KC-Tie2, EC-Tie2 and KC-VEGF animals all had more NF200+ cutaneous nerve fibers than
control mice (Figure 3L-P) and KC-VEGF animals had significantly more NF200+ fibers
than KC-Ang1, KC-Tie2 and EC-Tie2 mice (Figure 3Q) consistent with increases in the
larger lightly myelinated cutaneous nerve population. The alterations in both nerve and
vessel phenotypes within the CNU of transgenic mice was further confirmed in tissues
stained with antibodies targeting neural cell adhesion molecule (NCAM; CD56), a marker of
both neural and vascular tissues in mice (Supplemental Figure 3).

Genetic manipulation of KCs or ECs changes the cutaneous immune cell environment
We previously reported that KC-Tie2 overexpression results in increased inflammatory
infiltrates consisting of T cells, dendritic cells, neutrophils, and macrophages [17] when
compared to littermate controls. Although Ang1 and VEGF combined with Ang1 have been
genetically overexpressed in KCs previously [15, 16], alterations to the cutaneous immune
cell milieu under non-pathological conditions has not been reported, we therefore
quantitated the inflammatory cell infiltration in KC-Ang1, KC-VEGF, and KC-Ang1-VEGF
animals and compared these findings with that observed for KC-Tie2, EC-Tie2 and control
animals. KC-Ang1, KC-VEGF and KC-Ang1-VEGF animals had 3.4-, 2.75- and 2.3-fold
more CD4+ T cells compared to control littermates (p<0.004; Figure 4A-E) and no
differences in the number of CD8+ T cells (Figure 4F-J). KC-Tie2 animals (Supplemental
Figure 4) had a 9.8-fold increase in CD4+ and a 6.5-fold increase in CD8+ T cells, however
no change in either cell population was found for EC-Tie2 animals, consistent with our
previous report [17]. KC-Tie2 animals had significantly more CD4+ and CD8+ T cells than
any of the other transgenic mouse lines (p<0.05) and were the only animals showing any
accumulation of epidermal T cells amongst the lines (Supplemental Figure 4). Analyses of
CD11c+ antigen presenting cells revealed no differences between control littermates and
KC-Ang1, KC-VEGF and KC-Ang-1-VEGF mouse lines; however KC-Ang1-VEGF mice
had fewer positively stained cells (p=0.035) compared to KC-Ang1 mice (Figure 4K-O).
Analyses of the F4/80+ cell population failed to identify differences between control
littermates, KC-VEGF and KC-Ang1-VEGF animals; however KC-Ang1 mice had a 3-fold
increase in the number of F4/80+ cells compared to control littermates (p=0.0048) and a 2.5-
fold increase compared to KC-Ang1-VEGF animals (p=0.013) (Figure 4P-T). Consistent
with prior observations [17], we confirmed a 3.2- and a 2.6-fold increase (p<0.002) in the
number of CD11c+ and F4/80+ cells in KC-Tie2 animals (Supplemental Figure 4), and no
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differences between EC-Tie2 and control animals. KC-Tie2 animals had significantly more
CD11c+ cells than any of the other transgenic mouse lines (p<0.05) except KC-Ang1 mice
(p=0.07); and EC-Tie2 mice had significantly more CD11c+ cells than KC-Ang1-VEGF
animals. KC-Tie2 and EC-Tie2 mouse skin both showed significant increases in F4/80+ cell
numbers compared to KC-Ang1-VEGF mice (p=0.03).

Discussion
We demonstrated that genetic alterations to either KCs or ECs results in changes to the
CNU. Alteration of KCs themselves, via the overexpression of Ang1, VEGF, or Ang1-
VEGF or by the ectopic expression of Tie2 resulted in changes to each of the CNU systems
regardless of which protein was expressed. In contrast, modification of ECs via the
overexpression of Tie2 only lead to changes in the vasculature and the cutaneous
innervation, with little change observed to the immune cell milieu or the epidermal anatomy.

KC-specific overexpression of Ang1, VEGF and Ang1-VEGF all resulted in increases in
angiogenesis, with the combined Ang1-VEGF further amplifying this response compared to
Ang1 alone, confirming prior reports [15, 16, 27, 38], Moreover, all three lines of mice also
had increases in cutaneous innervation, thus providing further in vivo evidence for Ang1
[46–49] and VEGF [19, 31, 50, 51] as neurotrophic factors, specifically in skin. This
innervation may occur via Tie2, VEGFR2 or neuropilin receptors on the neurites themselves
[14, 50, 51] or possibly, via Ang1-β1 integrin signaling, which we recently have shown to
induce neurite outgrowth in an in vitro neurite outgrowth assay utilizing differentiated rat
pheochromocytoma PC12 neurons [48].

We observed subtle but significant increases in epidermal thickness of KC-Ang1 mice
compared to control littermates perhaps reflective of downstream mitogenic signaling events
resulting from autocrine Ang1-β1 integrin interactions [52], or alternatively via mitogenic
signals derived from the cutaneous nerves, such that the presence of nerves is positively
correlated to epidermal thickness [53], and that derived peptides including CGRP can
directly elicit KC proliferation [54]. Our work suggests it is more complicated than that, as
KC-Tie2 animals have more nerves and have a thicker epidermis; however KC-VEGF and
EC-Tie2 animals also have more cutaneous nerves, but fail to demonstrate epidermal
hyperplasia.

The lack of acanthosis we observed in KC-VEGF mouse skin contradicts previous reports
[29] yet is consistent with others [26, 28, 38]. The different outcomes obtained amongst
groups most likely reflect expression levels of VEGF. Animals engineered to express very
high levels of VEGF in the skin during development die embryonically [26], and adult mice
receiving moderate to high levels of exogenous VEGF-containing adenovirus became
moribund and died within days in a dose-dependent manner [38], resulting most likely from
pervasive tissue edema, tissue swelling and separation of cellular elements by interstitial
fluid. In contrast, mice containing lower levels of VEGF [28, 29] survive, and with time or
an inflammatory stimulus eventually develop acanthosis. Despite the increase in dermal
angiogenesis and innervation in addition to the influx of CD4+ T cells, KC-VEGF animals
failed to develop epidermal hyperplasia; this may be a reflection of insufficient time for this
to occur, but may also reflect the lack of CD8+ cytotoxic T cells, as others have previously
demonstrated the importance for and presence of CD3+ or CD8+ T cells in the epidermis
when it is hyperplastic [28, 55, 56].

Although Ang1 has previously been shown to be capable of eliciting an inflammatory
response, this effect appears to be context dependent, such that it can serve as either a pro-
inflammatory molecule [8, 9] or as an anti-inflammatory agent [10–12]. In our case, Ang1
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on its own appears to increase the number of immune cells infiltrating into the skin, either
directly by Ang1 binding to Tie2 on monocytes [57], or indirectly via increasing the
numbers of nerves and their derived neuropeptides, which in turn can recruit leukocytes to
the skin [58–60]. However, these pro-inflammatory effects, specifically on myeloid cells,
disappear when combined with VEGF. This would be consistent with what others have
reported for VEGF, such that pathophysiologic levels of VEGF are capable of inhibiting
dendritic cell maturation, function and infiltration [61–65]. It can not be ruled out that Ang1
and VEGF overexpression in KCs also leads to increases in other KC-derived factors that
themselves can draw in immune cells, induce angiogenesis, and affect neurite outgrowth.

KC-Tie2 expression also resulted in increases in angiogenesis confirming our previous
findings [17], an increase in cutaneous innervation, a large influx of immune cell infiltrate
and the highest levels of acanthosis. Time course analyses on the KC-Tie2 mice indicate that
immune cell infiltration preceded epidermal hyperplasia, followed by increases in nerve
innervation and then increases in dermal angiogenesis (data not shown). These data suggest
that a soluble factor derived from transgenic KCs may recruit immune cells into the skin
which then contribute to the development of epidermal hyperplasia which in turn provides
additional KC-derived soluble factors which then increase cutaneous innervation. VEGF is a
solid candidate for the KC-derived soluble factor, as we previously demonstrated this factor
to be significantly increased in the epidermis of KC-Tie2 mice [17] and VEGF can serve
directly and indirectly as a chemoattractant for immune cells [66–68], is capable of eliciting
KC proliferation [30] and is a potent angiogenic and neurogenic factor [69]. It is also
plausible that cutaneous nerves increase in number at the same time as CD8+ cells increase,
perhaps reflecting neurogenic-mediated inflammation and subsequent immunocyte
recruitment via nerve derived factors, including neuropeptides. These findings are in
contrast to what was observed in KC-VEGF animals, where increased dermal angiogenesis,
cutaneous innervation and influx of CD4+ T cells occurred despite the lack of acanthosis,
perhaps reflective of direct influences of VEGF on both the vascular and neural systems.

As expected, modification of ECs alone (EC-Tie2) lead to increases in dermal angiogenesis,
however this change also lead to increases in the number of cutaneous nerves, consistent
with the idea that vessel-derived factors can mediate nerve-vessel interactions. Of further
interest was the observation that in EC-Tie2 mouse skin, vessels and nerves appeared to
pattern each other, with the appearance of both vessels and nerves projecting in a linear
pattern towards the epidermis. The concept of nerves and vessel patterning off each other is
a relatively new concept. Mukoyama et al. [19] originally showed sensory nerves determine
the pattern of arterial differentiation and blood vessel patterning, that arteries, and not veins,
were specifically aligned with the peripheral cutaneous nerves in embryonic mice, and that
the elimination of the nerve itself or the surrounding support (Schwann) cells resulted in
disorganized nerves and improper arteriogenesis. Others however, have shown that in
grafted skin, angiogenesis precedes innervation [70, 71] and that both are influenced by the
presence or absence of KCs [72]. The differences reported between these studies may reflect
events that occur embryonically [19] versus those occurring in adult skin [70–72].
Interestingly, during embryonic skin development, it is nerve-derived VEGF that leads to
the parallel patterning of the arteries [73] and examination of nerve and vessel patterns in the
KC-VEGF mice show similar areas of dermal vascularization and innervation.

As the etiology and treatment strategies of many dermatologic diseases involve and target
the epidermal KCs, dermal blood vessels and nerves, the infiltrating and resident immune
cells and their derived products, understanding the individual contributions to the
homeostasis of the CNU becomes important. Skin xenografts used for treating severe burns
have intrinsic challenges associated with vascularization, reinnervation of dermal structures,
immune response, trophic support, and cell survival of the grafted skin [1, 74]. Psoriasis is
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characterized by recurrent erythematous lesions, KC proliferation, inflammatory cell
accumulation, unscheduled angiogenic growth and alterations to the dermal nerves [17, 75–
84]. Wound healing is impaired in individuals with decreased angiogenesis, compromised
immune response and in denervated skin [85–92]. Moreover other roles for the CNU in skin
disease or in skin manifestations also exist outside of the obvious. Port wine stains contain a
significant reduction in nerve density which has been correlated to blood vessel size,
consistent with the idea that vascular ectasia observed in port wine stain birthmarks occurs
as a result of reduced autonomic neural innervation and stimulation [93]. Rosacea is also
well known to have increased angiogenesis, increases in VEGF [94], and contains
vasodilation that could be mediated by autonomic nerve innervation. One study reported
increased nerve fiber density and neuropeptides, including substance P in patients with
Rosacea [95] and patients with rosacea often complain of more sensitive skin [96, 97] and
that their rosacea is exacerbated when they are under stress [98].

Our results suggest that that each system within the CNU has the ability to affect the others
and that individual molecules exert effects on multiple systems. Future experiments will
allow a better understanding of the basic mechanisms underlying the relationship between
members of the CNU, will enable a clearer comprehension of how CNU components
interact, and will define whether one compartment leads and others follow, or perhaps (and
most likely) that all compartments of the CNU are in constant communication with each
other, responding both interdependently and independently to similar and different growth
factors.
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Figure 1. KC-Ang1, KC-VEGF, and KC-Ang1-VEGF animals have increased dermal
angiogenesis compared to CD1 control mice
(A–D) Back skin sections from control (A), KC-Ang1 (B), KC-VEGF (C) and KC-Ang1-
VEGF (D) mice were immunostained with antibodies targeting the pan EC marker, MECA.
Distinct and unique changes in blood vessel number, size and location were found between
the different mouse strains (A–D). Quantification of blood vessel number (E), total blood
vessel area (F) and blood vessel diameter (G) revealed KC-Ang1, KC-VEGF and KC-Ang1-
VEGF mice have increases in the number, area and diameter of blood vessels compared to
control mice. KC-VEGF mice have increases in vessel area and vessel length and KC-Ang1-
VEGF mice have increases in vessel number and vessel area compared to KC-Ang1
animals. * p<0.05 compared to control mice; ** p<0.05 compared to KC-Ang1 mice.
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Figure 2. Histological analyses of KC-Ang1, KC-VEGF, and KC-Ang1-VEGF and CD1 control
mouse skin demonstrates modest levels of epidermal hyperplasia in KC-Ang1 mouse skin
H&E stained skin taken from backs of control (A) KC-Ang1 (B), KC-VEGF (C) and KC-
Ang1-VEGF (D) mice. Epidermal thickness (in μm) was quantified using Adobe Photoshop
Analysis Ruler Tool software (E). KC-Ang1 mice have a slightly thicker epidermal
thickness compared to control, KC-VEGF and KC-Ang1-VEGF skin. * p<0.05 compared to
control mice.
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Figure 3. Cutaneous nerves are increased in number in KC-Ang1, KC-Tie2, EC-Tie2, and KC-
VEGF skin compared to CD1 control animals and pattern similarly to cutaneous vessels
Cutaneous nerves stained with the pan peripheral nerve marker PGP9.5 in (A, F) control, (B,
G) KC-Ang1, (C, H) KC-Tie2, (D, I) EC-Tie2, and (E, J) KC-VEGF mice. Low
magnification (A-E) images of thick skin (50μm) demonstrate PGP9.5+ nerve patterning
throughout the dermis and epidermis and high magnification (F–J) images at the dermal-
epidermal junction illustrate epidermal-specific nerve staining. Quantification of the number
of nerves in each mouse strain (K) reveals all transgenic mice have more PGP9.5+ cutaneous
nerves than control mice and KC-Tie2 and KC-VEGF animals have significantly more
nerves than EC-Tie2 animals. Thin (8um) skin sections stained with antibodies targeting
neurofilament 200 (NF200), a non-C fiber sensory nerves marker and quantitation
demonstrates increases in NF200+ nerve fibers in all transgenic mice compared to control
animals (L–Q). KC-VEGF mice have significantly more NF200+ nerves than KC-Ang1,
KC-Tie2 and EC-Tie2 mice. Back skin sections stained with MECA antibodies (R–V)
demonstrate moderate similarities between vascular and neural patterning as compared with
the PGP9.5+ stained sections. * p< 0.05 compared to control animals; + p<0.05 compared to
EC-Tie2 mice; ** p<0.05 compared to KC-Ang1, KC-Tie2 and EC-Tie2 mice.
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Figure 4. Inflammatory cell infiltrates in KC-Ang1, KC-VEGF, KC-Ang1-VEGF and control
CD1 mouse skin
Back skin from KC-Ang1 (B, G, L, O), KC-VEGF (C, H, M, R), KC-Ang1-VEGF (D, I, N,
S) and control animals (A, F, K, P) was stained for CD4+ T cells (A–D), CD8+ T cells (F–I),
CD11c+ (K–N) and F4/80+ macrophages (P–S). The mean number of cells present per field
of view was quantified (E, J, O, T). KC-Ang1, KC-VEGF and KC-Ang1-VEGF mice have
increases in the number of CD4+ T cells (E) compared to control mice. No differences were
observed between any mice for CD8+ T cells (J) and KC-Ang1-VEGF animals have
significantly fewer CD11c+ cells than KC-Ang1 mice alone (O). KC-Ang1 mice have
significantly increased F4/80+ macrophages compared with control and KC-Ang1-VEGF
mice (T). * p<0.05 compared to control mice; ** p< 0.05 compared to KC-Ang1 mice.
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