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ABSTRACT OF THE DISSERTATION

Systemic role of oxygen responsiveness in the skin

by

Adam T. Boutin

Doctor of Philosophy in Biology

University of California, San Diego, 2007

Professor Randall S. Johnson, Chair

This research explores a novel function of mammalian skin in sensing and
responding to a hypoxic environment. Skin plays an essential role in the
response and adaptation to environmental stimuli such as heat, that is mediated
in part by its remarkable vascular plasticity. Some vertebrates respond to hypoxia
in part through the skin; but it is unknown whether this tissue can influence
mammalian systemic adaptation to low oxygen levels. We have found that
epidermal deletion of the hypoxia responsive transcription factor HIF-1a blocks
erythropoietin (EPO) synthesis, an important aspect of the systemic hypoxic
response. Conversely, mice with an epidermal deletion of the von Hippel Lindau

(VHL) factor, a negative regulator of HIF, have increased EPO synthesis and

Xiv



polycythemia. We show that nitric oxide (NO), a vasodilator and product of the
inducible NO synthase gene (iINOS), a downstream target of HIF, can act on
cutaneous vascular flow to increase renal erythropoietin expression through a
novel physiological mechanism. The complexity of the regulation of EPO
production by the skin is exemplified by data showing that an acute hypoxic
response can also reduce renal EPO production by dermal vasoconstriction.
These results together demonstrate that in mice, the skin is a critical mediator of
systemic responses to environmental oxygen.

In the third chapter, | demonstrate the critical importance of skin
vasodilation state in thermoregulation and energy balance. We created a mouse
model with a deletion of the tumor suppressor gene VHL in the epidermis; this
deletion results in up-regulation of the HIF transcriptional pathway of hypoxic
response. Because of the increase in HIF-driven gene expression, the mutation
gives rise to striking increases in skin vasculature and blood flow. This altered
vascular flow in the skin affects the systemic physiology to an unexpected
degree; growth is stunted and lifespan severely shortened. This is the result of
profound and sustained heat loss though the dilated blood vessels of the skin.
Through this mutant mouse we have demonstrated the critical importance of skin
blood flow in thermoregulation, and developed the first genetic animal model of
hypothermia.

In the fourth chapter, | connect the phenotype of NO induced skin
vasodilation, described above, to a human phenomenon of clinical importance:

septic shock.
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CHAPTER 1

General Introduction



HIF is a cellular oxygen sensor

Oxygen, that element of utmost importance for life, is regulated at the
vertebrate organismal level by the cardiovascular system. The oxygen
concentration, or oxygen partial pressure, of the blood is constantly sensed by
the carotid body, a tiny bundle of chemoreceptors and nerves near the carotid
artery in the neck. When the carotid senses lowered blood oxygen, it sends
signals to the brain, which elevates the breathing rate and the heart rate '. A
second known sensor of systemic blood oxygen concentration is the kidney.
When the kidney senses decreased blood oxygen, or hypoxia, it produces the
hormone erythropoietin (EPO) and secretes it into the blood stream. When this
EPO circulates to the bone marrow, it stimulates production of red blood cells
(RBCs). The increased number of RBCs raise the oxygen carrying capacity of
the blood and help to reduce the hypoxia initially detected by the kidney (figure
1.1) 2

However, oxygen is also regulated at the cellular/tissue level by the
Hypoxia Inducible Factor (HIF). HIF is a transcription factor that is degraded
under normal cellular oxygen levels (normoxia). However, when oxygen levels
fall (hypoxia), HIF binds and activates genes, which allows the cell to alleviate or
adapt to the low oxygen conditions. This hypoxic response enables a tissue to
survive the lack of oxygen caused by a wound, vessel blockage, high altitude, or

anaerobic exercise.



HIF in cancer

Unfortunately, this hypoxic response which is normally beneficial in
helping cells adapt to and recover from hypoxic damage, is a double-edged
sword because it also allows cancerous tumors (massive clusters of hypoxic
cells) to be maintained and even grow *>*. All solid tumors are hypoxic to some
degree due to the fact that millions of cancer cells now occupy the space of one
predecessor cell, and the native vessels cannot supply all the new cells with
adequate oxygen. Due to the diffusion limits of oxygen in vivo, tumors become
hypoxic very early in their development — when they reach about 2 mm in
diameter. It is at this point that HIF is activated in many tumor types >’. HIF
allows the cancerous cells to continue making ATP in the absence of oxygen by
upregulating genes in the glycolysis pathway. Even after oxygen becomes
available cancer cells tend to remain glycolytic, a hallmark of cancer known as
the Warburg effect 8.

Probably more important to tumor progression is HIF’s role in stimulating
angiogenesis (the growth of new blood vessels). HIF transcribes a number of
proangiogenic factors, most famously the vascular endothelial growth factor
(VEGF) °. These angiogenic factors are secreted by the hypoxic cancer cells, or
the surrounding tissue, which may also become hypoxic. The formation of new
blood vessels feed the tumor and allow it to grow many times larger than that
initial 2 mm diameter. Importantly, these newly formed vessels are more leaky
than normal vessels and allow cancer metastasis to enter them more easily, and

10

thus spread cancer around the body HIF is so important to cancer



development that high levels of HIF in a tumor is an independent indicator of
poor prognosis "%,

An enticing way to fight cancer is to cut off it's blood, and therefore,
oxygen supply. This idea was first proposed 30 years ago by Judah Folkman .

We can now propose, with a higher resolution understanding of the problem, that

an enticing way to fight cancer is to block, or inactivate HIF.

Regulation of the HIF transcription factor

HIF is in reality a family of proteins including 3 alpha and 1 beta subunits.
For transcriptional activation to occur an alpha and beta subunit must form a
dimer. The alpha subunit is the oxygen sensitive component and degraded in
normoxia. This degradation occurs when prolines in the HIF-alpha polypeptide
are hydroxylated by prolyl hydroxylation domain proteins (PHDs). The
hydroxylated protein is then recognized by the von Hippel-Lindau (VHL) tumor
suppressor which ubiquitinates it, targeting it for degradation. However, when
cellular oxygen is low, HIF-alpha is not hydroxylated and escapes degradation. It
can then bind with the HIF-beta subunit (also known as ARNT), which is not
regulated (figure 1.2). The dimer activates transcription of target genes involved
in red blood cell production (EPO), angiogenesis (VEGF), glycolysis (PGK,
GLUT1), cell proliferation (IGF2, Cyclin G2), and many others (table 1.1) '".

Of the 3 HIF-a subunits, HIF-1a is the most well characterized, the most
ubiquitously expressed, and the main oxygen regulated subunit in most cells 2.

HIF-2a. has complimentary function, but its expression may be more limited °.



Little is known about HIF-3a, and it may actually be a repressor of the HIF
transcriptional response %°.

The VHL protein (pVHL) is an E3 ubiquitin ligase. Regulating HIF seems
to be its main function discovered to date. It is surely conceivable that it can
target other proteins for degradation, but they have yet to be found. One other
known function of pVHL is its involvement in extra cellular matrix

formation/maintenance, specifically by regulating the secretion of fibronectin.

Research Goal

The goal of my thesis research was to study the physiological effects of
HIF activation in mouse skin, as a model tissue, in order to better understand HIF
activation in cancer. | wanted to see if HIF activation in one cell type or tissue
could affect the surrounding tissue microenvironment, or perhaps even affect the

organism as a whole.

Mouse model

To further understand the function of HIF in cancer it is useful to
manipulate it in vivo in mammalian models. The mouse is a well established
model organism, that has been utilized scientifically for 100 years, since the first
inbred strain was produced by Clarence Cook Little in 1909. Mice share many
genetic and physiological traits with humans. The mouse genome has been

sequenced and virtually all mouse genes have a human homolog ?".



Using the mouse to mimic the activation of HIF in a hypoxic tumor, one
may genetically activate it by removing its negative regulator — VHL. Since
global VHL mouse knockouts are embryonic lethal, conditional knockouts are
required to study the effects of VHL loss. By using the Lox-Cre system it is
possible to knock out VHL in a specific cell or tissue type. First, mice are created
by embryonic stem cell manipulation to contain loxP sites flanking a portion of the
VHL gene in every cell. LoxP sites are 34 bp long DNA sequences that are
recognized by the bacteriophage enzyme — Cre recombinase (Cre). When the
Cre finds two loxP sites in close proximity to each other, it recombines out the
stretch of DNA that was in between them. The mice with VHL flanked by loxP
sites are then crossed to mice expressing the Cre recombinase under the control
of a tissue specific promoter. Therefore, in the progeny, Cre will remove the
flanked VHL fragment, effectively knocking out the gene in the tissue where Cre
is expressed %2,

The keratin promoter K14 is only expressed in the basal keratinocytes of
the epidermis (with reported leakage in the tongue, oral epithelium, esophagus,
cornea, and to a lesser extent in the cervix and mammary epitheliam) %>2°.
Crossing a K14 driven Cre mouse strain to a VHL double floxed (DF) strain yields

viable mice with VHL knocked out. Thus HIF is constitutively active, only in the

epidermis.

Skin morphology



Mammalian skin is comprised of two main layers: the dermis and the
epidermis. The dermis contains connective tissue, blood vessels, sweat glands,
hair follicles, and sensory nerves. The epidermis is much thinner and serves as
a tight protective layer against pathogens, water loss, and UV radiation. The
epidermis consists of four sub layers of cells. The major cell type in the
epidermis is the keratinocyte, so named for their fibrous keratin proteins. The
dividing keratinocytes of the basal layer move up toward the surface and
differentiate as they go. From the basal layer, they next form the spinous layer,
then move up into the granular layer, then finally move up to form the cornified

layer of dry scaly cells which eventually flake off.

Relevance

These knockout keratinocytes will model the conditions of HIF being
activated under hypoxic conditions such as wounding, ischemia, or tumor growth.
The skin is an accessible and relevant tissue in which to study HIF function. Skin
cancer is the most common of all human malignancies %°. If we could understand
how a tissue like the skin responds to perceived hypoxia we may be able to learn

something about how tumors are sustained and how to block that sustenance.



Figure 1.1: The kidney senses blood oxygen concentration and regulates RBC production
via EPO. A decrease in blood oxygen is sensed by the kidney and in some cases the liver. The
organs then secrete the EPO hormone into the bloodstream. When EPO reaches the bone
marrow, it stimulates the production of more red blood cells.
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Figure 1.2: Regulation of HIF by cellular oxygen levels. Under normal cellular oxygen
conditions HIF-1alpha is hydroxylated by PHD. Only then is it bound by VHL, polyubiquinated,
and degraded. In a hypoxic cellular environment, HIF-1alpha escaped hydroxylation and
therefore escapes degradation. It is then free to heterodimerize with HIF-1beta, translocate to
the nucleus, and upregulate its target genes.



Table 1.1: HIF regulated genes.
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HIF regulates dozens of genes in many gene families.

Angiogenesis | Glycolysis | Erythropoiesis | Vascular | Cell Apoptosis
tone proliferation
VEGF PGK1 EPO ADM Cyclin G2 NIP3
EG-VEGF GLUTI NOS2 IGF2 NIX
ENG PKM ET1 IGF-BP1 RTP801
LEP LDHA Haem WAF1
LRPI GAPDH oxygenasel | TGF-a
TGF-33 HK1 alb- TGF-33
adrenergic

receptor




CHAPTER 2

Epidermal sensing of oxygen is essential for systemic hypoxic response

11



12

Introduction

Mammalian skin acts as an essential buffer against the environment #’. In
this role, the skin can act to protect internal tissues as a barrier, e.g., by
conserving water and guarding against pathogens. It can also respond to
environmental stresses. These latter changes are accomplished in part by
regulated alterations in blood flow through the cutaneous circulation.

Cutaneous vascular flow in mammals controls a wide range of
physiological parameters such as body heat, through an intricate system of

vascular plexi ?’.

Body heat is tightly linked to both the external environment and
internal metabolic processes and the relationship of skin and surface area to
metabolism is one of the oldest concerns of biology. For example, some of the
first formulas relating oxygen use, skin/surface area, metabolism and heat were
proposed in the mid-1800’s in the pioneering work of Bergmann and Rubner 22°.

Amongst vertebrates, systemic metabolism is closely tied to dermal
physiology, particularly in amphibians where the skin has a clear and important
respiratory function. In mammals this relationship has been relatively
unexplored. However, one recent study has argued that human epidermis does
not obtain its oxygen from the dermal circulation, but rather utilizes oxygen
directly from the atmosphere *°. Thus, skin may be unique as
a tissue in not being directly reliant on cardiopulmonary delivery of oxygen for its

survival. Interestingly, when the air overlying the epidermis becomes hypoxic,

keratinocytes are able to induce vasodilation in the underlying dermal
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31 This vasodilation is

vasculature, in a nitric oxide-dependent fashion
independent of changes in respiration or temperature, and may allow oxygen
delivery to the keratinocytes under circumstances where insufficient oxygen is
present in the atmosphere.

A primary mammalian response to hypoxia is the increased synthesis of
the hormone erythropoietin (EPO): an erythropoietic agent that is chiefly
produced by the kidney and liver *2. Several non-erythropoietic roles for EPO
have been demonstrated *%, and it has also been shown that a number of tissues
and cells outside of the hematopoietic system express the EPO receptor (EPO-
R) *3. These include neurons as well as vascular endothelial cells and cardiac
myocytes, all of which are susceptible to damage during hypoxic insult®.

Recent work has shown that the EPO and its receptors are key factors in

336 EPQ itself has been shown to interact

ventilatory adaptations to hypoxia
with the brain stem and carotid bodies to alter catecholaminergic metabolism,
and facilitate alterations in pulmonary adaptation to low environmental oxygen
levels®”. Thus the induction of EPO synthesis may be one of the most primary
responses of the body to lowered oxygen levels, influencing or even coordinating
the cascade of systemic responses to hypoxia that extend beyond erythropoiesis.

Differential vascular flow in the kidney can influence EPO expression,
which is coupled to changes in renal blood gas levels acting on oxygen sensing

%2 The molecular

cells near the proximal tubules of the renal nephron
mechanisms for this involve hypoxia inducible transcription factors (HIFs), which

are primary modulators of the transcriptional hypoxic response® and are
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negatively regulated by the von Hippel Lindau (VHL) factor®. The VHL gene
acts to ubiquitinate the HIF-a transcription factors (HIF-1a and HIF-2a), and
induce their turnover in normoxia due to recognition of a prolyl hydroxylation
motif, wherein oxygen-dependent hydroxylases modify the HIF-a proteins.

Loss of VHL prevents the ubiquitination of hydroxylated HIF-o proteins,
and causes increases in HIF-mediated transcription due to accumulation of the

3940 Increased HIF-a levels in the skin can contribute to

transcription factors
vascular expansion, and thus alteration of cutaneous vascular flow'>*'. We
wished to determine whether this altered HIF-a function can influence
physiological homeostasis, and, more generally, whether the skin plays a role in
hypoxic adaptive responses in mammals.

We provide evidence that the skin is a primary coordinator of the systemic
hypoxic response, and acts to modulate cutaneous blood flow to potentiate renal
and hepatic EPO synthesis. This occurs both acutely and chronically, the latter
in a clearly HIF-dependent manner. These findings indicate a previously

unappreciated and fundamental role for mammalian skin in responding to

environmental oxygenation.

Results
HIF-1a is extensively expressed in the normal epidermis

It has been previously shown that normal rodent and human skin has
many characteristics of a constitutively hypoxic tissue, including the binding of

hypoxia-detection agents, e.g., the nitroimidazole EF5 “***. Mouse epidermis
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demonstrates extensive binding of this hypoxia-sensitive compound, particularly
in basal keratinocytes (figure 2.1A); this has been shown previously in human
tissue samples **. Consistent with a constitutive low level of tissue oxygenation
are high levels of expression of the hypoxia-inducible transcription factor HIF-1a

in the nuclei of keratinocytes (figure 2.1A).

Loss of HIF-1a in the epidermis

To determine the role of HIF-1a expression in the epidermis it was deleted
tissue-specifically by crossing the HIF-10+7+" allele with a strain expressing cre
recombinase driven by the keratin-14 (K14) promoter *°. This transgene limits
expression to basal keratinocytes and a small number of other epithelial lineages
45 We verified tissue-specificity of cre recombinase expression by a cross of this
transgene into the ROSA26 cre reporter strain*®, which gave rise to cre-induced
beta-galactosidase expression in epidermis (Figure 2.1B). No beta-
galactosidase expression was seen in brain, liver, kidney, lung, or other visceral
organs (data not shown), indicating the K14cre transgene is not active in those
tissues. Deletion analysis of genomic DNA by real time-PCR also indicated
extensive deletion in the epidermis of K14cre-HIF-1a+7+ mice, and no deletion
was detectable in liver or kidney (Figure 2.1B and data not shown). The tissue-
specificity of K14 promoter-driven transgene expression described here is

consistent with the work of a number of other investigators ***’.

Loss of HIF-1a in keratinocytes prevents a systemic hypoxic response
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K14cre-HIF-1a+7+" mutant animals develop normally and no changes in
skin structure, vascular density, or differentiation were seen following loss of HIF-
1a in the skin (data not shown). Because of the link between skin oxygenation
and HIF expression, we wished to determine whether systemic responses to
hypoxia were affected by the deletion of HIF-1a in the epidermis. Given the
central role for EPO in the physiological response to hypoxia, including its
modulation of adaptive mechanisms such as erythropoiesis and ventilation®°,
we focused on it as a key readout of systemic responses to hypoxia.

Basal expression of EPO was unchanged in K14cre-HIF-10+7+" mutant
animals when compared to wild type littermates, and the hematocrits of these
animals were also identical to wild type controls under basal conditions,
indicating that normal erythropoiesis was unaffected by the loss of HIF-1a in the
epidermis (data not shown). To test hypoxic response, we placed K14cre-HIF-
10+7+" mice in chambers in which they were subjected to normobaric hypoxia
(9% 0O2) for 14 hours. This level of hypoxia induces an approximately 30-fold
increase in plasma levels of EPO in wild type mice, an increase from basal levels
of approximately 100pg/ml plasma to a mean of approximately 3500 pg/ml (figure
2.1C). We found that blood EPO concentration in the mutants following this
hypoxic challenge were only 30% of those found in wild-type animals (figure
2.1C). This was correlated with a loss of hypoxically-induced EPO expression in
the kidney: we found that renal EPO mRNA expression was not significantly
induced compared with the level found in kidneys in normoxic wild type mice

(figure 2.1D), or normoxic K14cre-HIF-1a+7+ mutant mice. Since EPO has still
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increased moderately in these mice, renal EPO mRNA expression may have
returned to normal levels following an acute triggering of renal EPO synthesis
such as that we document below, and plasma EPO levels are reflective of that
earlier synthesis of EPO in the kidney.

This demonstrates that a HIF-1a-dependent response in the skin is
essential for triggering renal synthesis of EPO in response to changes in
environmental oxygen levels. To determine whether epidermal HIF-2a also plays
a role in this response, we carried out similar experiments on K14cre-HIF-2a+7+'
mutants; however, we saw no difference in hypoxia-induced plasma EPO levels
in these animals when compared to wild type littermates (data not shown). This
indicates that the epidermal induction of EPO up-regulation is a HIF-1a-mediated
response, differentiating it from the role played by HIF-2a in the direct regulation

of EPO in the kidney*?.

Deletion of VHL in the epidermis

To further study the mechanisms underlying HIF response in the
epidermis, a model for constitutively increased HIF expression was employed.
This utilized a tissue-specific deletion of a negative regulator of HIF-a function,
the von Hippel-Lindau gene (VHL) *°. This deletion results in up-regulation of
both HIF-10. and HIF-2a in keratinocytes 49°°.

Loss of VHL in the epidermis causes an approximate 20% increase in
vascularization of the skin, without concomitant increases in vascular

1

permeability *'. As shown in figure 2.2A, it also causes increases in HIF target
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gene expression, including expression of the phosphoglycerate kinase (PGK),
vascular endothelial growth factor (VEGF), glucose transporter-1 (GLUT1) and

inducible nitric oxide synthase (iINOS) genes.

Constitutive or induced loss of VHL in the epidermis dramatically increases
blood EPO levels

Constitutive deletion of the VHL gene in the skin is evident from
approximately two weeks of age, when K14cre-VHL+"/+" animals begin to show
an increased redness in the ears and snout (data not shown). Adult K14cre-
VHL+7+" mutant animals have high levels of plasma EPO (figure 2.2B). This is
accompanied by an increase in reticulocytes (figure 2.7A) and a significant
increase in hematocrit, to an approximate level of 0.70 (figure 2.2D). Skin barrier
function is normal, and there is no evidence of dehydration (data not shown),
indicating that the high hematocrit is due to a high level of erythropoiesis. Blood
volume is significantly higher than that found in wild type animals, and is
consistent with a non-leaky vasculature and an expansion of blood volume due to

an increase in erythrocyte mass (figure 2.7A).

Induced deletion of VHL also induces EPO expression
Since the K14cre transgene begins to act prenatally at embryonic day

14.5 during differentiation and development of the skin *’

, it was important to
ascertain whether this dramatic increase in EPO production was related to the

role for HIF described above, and thus represented a physiological stimulation of
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the EPO pathway via the skin, or whether it is due to some developmental
alteration in EPO regulation.

To separate physiological from developmental effects, we crossed the
VHL+7+" allele into a transgenic strain background where cre recombinase
expression is driven by the keratin-14 promoter, and the cre recombinase itself is
fused to a tamoxifen-binding fragment of the estrogen receptor*’.  This
transgenic strain allows tamoxifen treatment to be used to induce keratinocyte-
specific deletion of a loxP-flanked allele in adults *’. As seen in figure 2.2B, 6
weeks after tamoxifen-induced cre recombinase activation in 4 week old mice,
plasma EPO levels have risen significantly, when compared to wild type control
littermates treated with tamoxifen. This demonstrates that loss of VHL in the skin
induces systemic EPO elevation even when the epidermis has developed
normally.

Extensive analysis of protein and mRNA found no evidence that either
skin or isolated keratinocytes are capable of expressing EPO under normoxia or
hypoxia, or when VHL deletion occurs (data not shown). All EPO expression is

thus generated in these mutant mice through physiological signaling.

Hepatic EPO expression in constitutive VHL mutants is correlated with high
hematocrit

We found that in the constitutively deleted, K14cre-VHL+7+ mutant
animals, the liver has the highest levels of increased EPO expression (figure

2.2C). Generally, the kidney, rather than the liver, is the predominant site of
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basal and induced EPO synthesis. To determine whether this shift in site of EPO
expression was specific to the epidermal signaling in this mutant, tissue EPO
expression levels in K14TAMcre-VHL+7+' mice were analyzed 6 weeks after
induced deletion. As can be seen in figure 2.2C, mean expression levels are
increased in the kidney, and not the liver, of these mice, indicating that hepatic
expression in the constitutive knockout mice is not absolutely linked to epidermal
signaling mechanisms.

Next we analyzed EPO levels, synthesis, and hematocrit in wild type and
K14cre-VHL+"/+" weanling mice, and in mature animals at 10 weeks (figure
2.2D). In the 10 day old pups, hematocrits are not different, although K14cre-
VHL+7+" mutant plasma EPO levels are significantly elevated. At this early age,
both hepatic and renal EPO mRNA synthesis is slightly elevated. However, at 10
weeks of age, renal EPO mRNA expression has been suppressed compared to
wild type; and only hepatic EPO mRNA levels are still high. This is correlated
with a high hematocrit in the adult K14cre-VHL+7+" mutant. Suppression of renal
EPO mRNA synthesis by a high hematocrit has been documented by others in
studies of hypobaric hypoxia®'°?; since young K14cre-VHL+"7+" mice and induced
deletion K14TAMcre-VHL+/+" mice both have elevated renal EPO mRNA

expression, the epidermal VHL mutation can affect both the kidney and the liver

physiologically.

Double and triple deletions of HIF-a’s and VHL in skin demonstrate a

predominant role for HIF-2a



21

To address the mechanisms responsible for EPO response induced by
VHL deletion in the skin, a genetic analysis was carried out to determine whether
the effects from VHL deletion are directly HIF-related, since the VHL gene
product has been proposed to regulate non-HIF targets 3 Double and triple
deletions were carried out, by crossing HIF-1a and HIF-2a conditional alleles
alone, and in combination, into the background of the VHL conditional and
K14cre alleles. As shown in figure 2.3A, while deletion of HIF-1a lowers mean
serum EPO levels, deletion of HIF-2a. causes a dramatic reduction, restoring
them to wild type levels. Interestingly, deletion of both HIF-1a and HIF-2a
causes a decrease in EPO to levels significantly below those seen in wild type
mice (figure 2.3A).

In figure 2.3B it can be seen that loss of HIF-2a., but not HIF-1a., restores
hematocrit in K14cre-VHL+7+" mice to wild type levels. This indicates that the
drop in EPO seen in figure 2.3A, following loss of HIF-1a, was not sufficient to
affect erythropoiesis. These data together indicate that VHL deletion is acting to
effect changes in EPO expression through HIF-2a.. As discussed above, the
epidermal deletion of HIF-1a (and not HIF-2a) alone affects systemic hypoxic
response; but as shown here VHL deletion causes HIF-2¢, to act as the primary
transcription factor in the same response. Thus this is evidence that gene
regulation via the HIF pathway can differentially employ HIF-1a or HIF-2a.,

dependent on VHL status. This coincides with experimental observations in
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other settings of VHL loss of function, that indicate that loss of VHL preferentially

increases HIF-2a activity *"**%®,

NO levels and blood flow shifts correlate with increasing EPO levels

To further address physiological mechanisms underlying this HIF-
mediated effect on systemic erythropoiesis, we assayed blood oxygen and blood
pressure levels in K14cre-VHL+7+" mutants (figure 2.3C). Here we saw no
significant effects on overall blood oxygenation, but a highly significant decrease
in blood pressure in K14cre-VHL+7+" mutants (figure 2.3C). Since blood flow
through the renal and hepatic circulatory beds is a key determinant of organ
oxygenation and hypoxic response, we wished to determine whether differential
changes in blood flow could be occuring in K14cre-VHL+7+" mutant mice. To
assay this, we injected fluorescent microspheres into the left atria of experimental
mice; these microspheres lodge in capillaries and their distribution relative to
tissue mass within an animal gives a ratio of differential blood flow to differing
tissues. As can be seen in figure 2.3D, there is a significant shift in flow towards
the skin, and away from the liver and kidney, in K14cre-VHL+7+" mutant mice.

To assay whether this shift in blood flow was accompanied by a change in
tissue oxygenation, we injected animals with the nitroimidazole EF5 to determine
whether there was an increase in the binding of this hypoxia marker in K14cre-
VHL+7+" mutant kidney and liver, and thus a change in tissue oxygenation (figure
2.3E). Interestingly, while there was a trend to increased hypoxia in the kidney, it

was only significantly increased in the liver of K14cre-VHL+7+" mutant mice
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(figure 2.3E). This agrees with data (figure 2.3C) demonstrating that the liver has

a 25-fold increased EPO expression in the K14cre-VHL+7+" mutant animals.

Role of NO in mediating cutaneous induction of EPO synthesis

Nitric oxide (NO) is a critical mediator of cutaneous vasodilation in
response to local heat, injury, and hypoxia **®°*' and can induce vascular
hypotension. One key target gene of the HIF transcriptional response in many
tissues is the inducible nitric oxide synthase gene (iNOS) (figure 2.2A). As can
be seen in figure 2.3F, K14cre-VHL+7+ mice have a highly significant increase in
plasma NO, indicating a large increase in NO synthesis has occurred in mutants
relative to wild type animals.

We next wished to determine the role played by increased NO levels in
the increased synthesis of EPO, and in particular establish whether an NO-
induced shift in dermal circulation could act to reduce blood flow to tissues such
as the liver and kidney. We first established whether alterations in systemic as
opposed to tissue-specific NO would increase EPO synthesis. This is important
in part because significant evidence indicates that NO is capable of inducing HIF

activation/stabilization ¢'°°.

In addition, although NO signaling is necessarily
local, due to the short half-life of the molecule, a number of mechanisms for long-
range NO signaling via reversible nitrosylation of macromolecules have been

proposed %6¢7

. It has been shown in rats that broad pharmacological inhibition of
NO synthesis causes systemic increases in EPO production ®®. We found the

same to be true of mice (figure 2.4A): after 4 days of treatment with the NO
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synthesis inhibitor L-NAME, plasma EPO levels rise approximately 20%. Thus
systemic inhibition of NO synthesis acts to raise EPO production. A simple
explanation for this observation would be a role for NO-mediated vasorelaxation
in directly increasing blood flow to the kidney and liver; absence of NO

decreasing flow and increasing EPO response.

Inhibition of NO synthesis specifically blocks dermal induction of EPO
synthesis

To determine more specifically the role of the HIF target gene iINOS in
EPO regulation, we assayed the hypoxic response of mice with a global deletion
of the NOS2 gene encoding iNOS %. These mice showed no differences in
basal levels of plasma EPO or in hematocrit relative to wild type mice (data not
shown); but they did show a highly significant increase in EPO response
following 14 hours of hypoxia (figure 2.4A). This demonstrates again that
reduced systemic NO can increase EPO signaling. The global nature of the
iINOS knockout does prevent drawing conclusions about tissue-specific effects of
NO production, however.

To assay for the role of NO production via epidermal deletion of VHL, we
treated the K14cre-VHL+/+' mice with the NO synthase inhibitor L-NAME, and
found that 4 days of treatment significantly lowered EPO levels in mutant mice,
reducing them to levels seen in wild type mice treated with this compound (figure

2.4B). This is the opposite of the effect of L-NAME seen in either the wild type
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mice described above, or the INOS -/- mice; and indicates that NO signaling is
essential in the special case of HIF-mediated up-regulation of EPO via the skin.
That this effect is the opposite of that seen in wild type animals treated
with L-NAME, or in iNOS global KO animals, demonstrates that there is a specific
effect of NO, mediated through the skin, on EPO synthesis; only when epidermis
lacks VHL is the inhibition of NO synthesis able to reduce EPO expression. This
in turn argues for a direct link between VHL deletion in the skin, NO synthesis,

and changes in physiology leading to EPO expression.

Dermal but not systemic administration of NO donors increases EPO levels

Because this observation suggested an intriguing new method to induce
EPO expression, we treated C57BI6 mice with either a systemic nitric oxide
donor (nitroglycerine) via oral gavage; or used a similar dosing of the nitric oxide
donor through the skin (figure 2.4C). The systemic administration utilized a slow
release formulation of nitroglycerine, designed to administer a dose of 0.1
mg/hour through the gut. For cutaneous administration, we employed a dermal
patch formulated to give a 0.1 mg/hour dose; the patch was placed caudodorsally
and covered approximately 3.5 cm? of skin. Thus dosing rates were similar for
both methods, with the difference lying in the site of administration.

As is shown in figure 2.4C, systemic administration of the NO donor does
not result in an increase in EPO after 7 hours of treatment; however, epidermal
administration causes an almost 7-fold rise in plasma EPO levels. Plasma NO

levels are similar following both treatments (data not shown), however, only
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epidermal administration causes a significant rise in renal EPO synthesis (figure
2.4D). It was subsequently found that other stimuli of epidermal NO release,

such as mustard oil "

, also induce significant renal EPO synthesis when
administered cutaneously, and that concurrent L-NAME treatment partially blocks
this induction (data not shown).

As can be seen in figures 2.4E and 2.4F, the epidermal administration of
nitroglycerin significantly shifts blood flow away from the splanchnic sites of EPO

production, and significantly induces hypoxia in those organs, in a manner highly

reminiscent of that seen in K14cre-VHL+/+" mice.

Acute hypoxic response regulates EPO in a non-HIF dependent manner

The data above demonstrate an important role for HIF response in the
skin in the regulation of EPO synthesis. However, a great deal of adaptation to
hypoxia occurs immediately upon exposure to low oxygen, through changes in
heart and respiration rates, and through pulmonary vasoconstriction . As part
of this physiological response, EPO synthesis begins almost immediately and
likely prior to transcriptional adaptations through HIF activation >"*.

In acute hypoxia, blood is distributed toward the brain and liver, and is
shunted away from the skin °. Acute hypoxia also induces an immediate, ion-

76,77.

channel mediated vasoconstriction in the lung ; interestingly, this same

phenomenon has been shown to occur within seconds in the skin of amphibians

78
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We wished to determine whether acute responses to hypoxia are
influenced by changes in skin oxygenation. To test this, we placed C57BI6 wild
type mice in chambers that enclosed their heads in one compartment, and their
bodies in a separately ventilated compartment (figure 2.5A, figure 2.7C). We
then determined the level of EPO response following respiration and skin
exposure to different levels of normobaric oxygen for 5 hours. As can be seen in
figure 2.5B, although there is no effect from changing skin exposure when mice
are breathing normally oxygenated air, as expected, a large increase in EPO
levels is seen when mice respire in a hypoxic environment.

Surprisingly, when mice have their bodies exposed to normoxia while they
breath hypoxic air, the hypoxic EPO response is more than doubled relative to
animals that are both breathing and have body exposure to hypoxia. It is clear
that this exposure affects renal EPO synthesis, since there is a correlated
doubling of EPO mRNA in the kidney in these mice with disparate
respiration/body exposure (figure 2.5C).

We wished to determine whether these changes were also correlated with
a shift in vascular flow from the skin towards splanchnic organs. Repeating the
experiment above, with a shorter (1 hour) time of exposure, it was found that in
this acute response, normoxia surrounding the body caused a shift in blood flow
towards the skin, and significantly reduced relative flow to the liver. The mean
shift was an almost 10-fold change relative to mice both breathing and
surrounded by a hypoxic environment. This finding demonstrates that there is an

acute hypoxic response in the skin that modulates vascular flow, and regulates
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systemic hypoxic response. Interestingly, there is evidence that this acute
response may be mediated by the same oxygen-sensitive potassium channels
that control pulmonary vasoconstriction. We found that Kv1.5 potassium
channels, which are essential for hypoxia-induced pulmonary vasoconstriction”’,

are also present in cutaneous blood vessels in the skin (figure 2.7D).

Discussion

The physiologic response to hypobaric/hypoxic environments was thought
to be solely the province of the respiratory system in mammals, acting through
diminished blood oxygenation or flow to stimulate increased respiratory
frequency, and ultimately increased blood oxygen carrying capacity, along with
alterations in red blood cell number and iron distribution. For the first time, we
provide evidence that skin in a mammal can play a major role in responding to
environmental oxygen levels.

Although the skin is essential for adaptation to environmental oxygenation
in some other vertebrates, notably amphibians, no such role has been proposed
before for mammals. Clearly, the physiologic function of mammalian skin differs
in some respects from that of other vertebrates. It is also certain that an
organism’s surface to volume ratio and the capillary density of its dermal
vasculature, as well as metabolic rate, will influence how vascular conductance
affects the hypoxic response that we demonstrate here; all of these will need to
be taken into account in considering the relevance of these observations to other

mammals.
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We show here that acute hypoxia reduces blood flow to the skin and that
this in turn correlates with decreased renal EPO production; a longer term
hypoxic challenge requires a HIF response in the skin to potentiate EPO
production. These apparently disparate results both demonstrate an essential
role for the skin in hypoxic EPO synthesis. It should be born in mind that in one
case there is a physiologic separation of skin and respiratory O2, while in the
second case there is a genetic separation of hypoxic/HIF response amongst
tissues. Although this leads to the possibility of numerous complex models of
response, a simple model to explain this disparity would be a dual role for the
dermal hypoxic response in modulating circulation and EPO production (shown in
figure 2.6). Initially, hypoxic vasoconstriction acts in a rapid and presumably HIF-
independent manner in the skin to increase flow to the kidney, and modulate
effects of decreases in blood pO2. Transcriptional response through HIF in a
more chronic hypoxic state would subsequently act to modulate this acute dermal
vasoconstriction, and over a period of hours gradually lessen blood flow to the
kidney, acting to increase EPO production. This model argues for a dynamic role
for skin response to hypoxia in regulating internal blood flow during hypoxic
response.

Hypoxia-induced vasoconstriction (HPV) is essential to maintain blood
flow to aerated sections of the lung following injury or blockage of other regions.
However, in generalized hypoxia, and in states of chronic and pervasive lung
damage, it can lead to pulmonary edema and death™. Although a number of

mechanisms to explain HPV have been proposed, there is still considerable
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controversy about the nature of the oxygen sensing mechanisms involved, as
well as the various components required for the response’®. We have
demonstrated the presence in dermal vasculature of one key modulator of HPV,
the potassium channel Kv1.5. Interestingly, Kv1.5 is also a HIF transcriptional
target’’. Further work on smooth muscle-specific knockouts of HIF factors may
prove useful in delineating how the hypoxic response in the vasculature of the
skin impacts the physiological response we have described.

Durand and Martineaud first showed in 1969 that humans demonstrate an
immediate and persistent cutaneous vasoconstriction when exposed to high
altitudes®. Weil and colleagues subsequently found that although high altitudes
resulted in cutaneous vasoconstriction in human subjects, similar levels of
hypoxia inhaled at normal altitudes through breathing tubes did not alter dermal
vascular tension®'. These data correspond to our findings in mice following acute
exposure, and indicate that similar mechanisms for hypoxia-induced skin
vasoconstriction exist in humans. Further study will need to be done to show
whether EPO levels are similarly regulated by dermal vascular flow in human
subjects.

One indication that this may be true is the intriguing relationship in the
clinical literature between altered cutaneous vascular flow and erythropoiesis. An
example is the induction of EPO that occurs in patients with extensive dermal
burn injuries ®. In these cases, the overall level of EPO induction is significantly

correlated with the amount of skin that has been burned, with patients having the

greatest area of burn injury having the highest amounts of EPO expression®.
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Importantly, this may have an important role in the response to burn injury: one
recent study showed that burn injuries healed more rapidly when EPO levels
were high®®.

Heat is a primary physiological inducer of vascular flow in the skin. Heat
stress is a potent inducer of both renal and hepatic HIF stabilization®.
Interestingly, one recent study showed that animals subjected to heat stress
demonstrated increased levels of renal EPO expression, and had high levels of
HIF induction in cardiac myocytes that correlated with increased expression of
HIF target genes®®. K14cre-VHL++" mutant mice have significant defects in heat
retention and cold tolerance (A.T.B. and R.S.J., unpublished observation), and
these results together with those discussed above argue further for an intriguing
relationship between dermal vascular flow, and physiological responses via EPO
signaling.

We demonstrate here for the first time a novel pharmacological
mechanism for induction of EPO expression, application of a nitric oxide donor to
the skin. We have also found that a number of factors that increase skin blood
flow increase EPO expression in mice; one such factor is the compound allyl
isothiocyanate (mustard oil). It is interesting to note that mustard oil massage of
newborns is a wide-spread folk tradition amongst millions of people in Asia 8%’
It is intriguing to speculate that this massage could in part also influence neonatal
erythropoietin synthesis.

In summary, we demonstrate here that mice regulate the EPO response,

and by extension systemic response to hypoxia, through a mechanism that is
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dependent on the skin and is correlated with changes in cutaneous blood flow.
We show that this involves epidermal HIF expression; and that the systemic EPO
response can be constitutively up-regulated by increased HIF expression. This
change is in turn dependent on NO synthesis. We have shown that increased
EPO expression is easily induced pharmacologically by dermal, but not systemic,
administration of an NO donor compound. Finally, we have uncovered evidence
that an acute change in blood flow to the skin is induced by hypoxia in the
environment over the skin, and that this is also a potent modulator of renal EPO
expression. In this case, a clear role for the skin as an independent oxygen
sensor is seen. These data together demonstrate a novel role for the skin as a

regulator of systemic response to environmental hypoxia.
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Figure 2.1: Loss of HIF-1a in the epidermis diminishes renal EPO production during
hypoxia. A, The normal mouse epidermis is hypoxic, based on EF5 binding (red), and
expresses HIF-1a protein (red). B, K14 cre recombinase transgene deletes the loxP-flanked
allele in the epidermis and hair follicle with 70% efficiency. C, EPO protein in the plasma
foIIowmg hypoxic exposure is significantly reduced in mice lacking HIF-1a in the epidermis (wt n
= 25, K14cre-HIF-1a+7/+ n = 11). D, Renal EPO mRNA expressmn is reduced to normoxic
levels in hypoxic K14cre-HIF- 1a+f/+ mice (wt n = 6, K14cre-HIF-1a+ 1+ n = 3).
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Figure 2.2: Deletion of VHL in the epidermis induces EPO production during normoxia. A,
Upon deletion of VHL in the epidermis, HIF-1a protein (red) is stabilized and HIF target gene
expression is increased in the skin (for each graph wtn = 3, K14cre-VHL+7+" n = 3, for RNA
isolation). B, Constitutive or Tamoxifen- mduced P|dermal deletion of VHL results in highly
elevated plasma EPO (wt n = 36, K14cre-VHL+ 1+ n = 23, K14TAMcre-VHL+"/+'n = 5). C,Inthe
K14cre-VHL+"/+  mouse, EPO mRNA expression |s suppressed in the kidney but increased in the
liver. In the tamoxifen inducible K14TAMcre-VHL+7+', where deletion occurs in the adult EPO
expression is mcreased in the kidney, and unaffected in the liver (wt n = 9, K14cre-VHL+ 1+ n =
6, K14TAMcre-VHL+ /+ n =5). D, As blood hematocrit Ievels increase in the constltutlvely
deleted K14cre-VHL+7+" mice (wtn =43, K14cre-VHL+ 1+71.5 wks n = 3, K14cre-VHL+7+ 10
wks n = 32), renal EPO mRNA expression is suppressed and hepatic EPO i mcreases |nd|cat|ng
that hematocrit can selectlvely affect renal EPO expression (wt n =9, K14cre- VHL+7+" 1.5 wks n
= 3, K14cre-VHL+7+ 10 wks n = 6).
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Figure 2.3: K14cre-VHL+'/+' demonstrates altered blood flow, increased internal hypoxia,
and increased EPO expression. Restoration to wild type levels by co-deletion of HIF-2a.
A, Deletion of HIF-2a but not HIF-1a in the K14cre-VHL+ [+ background restores plasma EPO
(wt n = 36, K14cre-VHL+7+' n = 23, K14cre-VHL+7+ HIF-1a+7+" n = 15, K14cre-VHL+/+ HIF-
2a+'/+"n = 3, K14cre-VHL+"/+ HIF-1a+"/+ " HIF-2a++" n = 3) and blood hematocrit (B) to wild
type levels (wt n = 43, K14cre-VHL+"/+" n = 32, K14cre-VHL+/+ HIF-1a+7+ n = 17, K14cre-
VHL+7+" HIF-2a+"/+" n = 3, K14cre-VHL+7+' HIF-1a+7/+ " HIF-2a+"/+' n = 3). Deletion of both HIF-
1a and HIF-2 a is similar in effect to deletion of HIF-2q alone. C, Blood oxygen saturation is
normal in K14cre-VHL+7+" animals (wt n = 7, K14cre-VHL+"/+" n = 6), but animals are
hypotensive (wt n = 17, K14cre-VHL+7+"n = 10). D, Blood flow in the K14cre-VHL+7+"is shifted
away from the liver and kidney, and toward the skin, as measured by microsphere distribution
(wt n = 11, K14cre-VHL+7+" n = 4). E, The shift in blood flow corresponds to increased EF5
binding/hypoxia in the kidney and liver of K14cre-VHL+7+" (wt n = 8, K14cre-VHL+7+ n = 4). F,
Nitric oxide metabolites are increased in K14cre-VHL+/+' plasma, demonstrating increased NO
production (wt n = 33, K14cre-VHL+7+"n = 8).
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Figure 2.4: Nitric Oxide production in the skin mediates shift in blood flow and renal EPO
expression in K1 4cre-VHL++ mice. A, Systemic inhibition of NO synthesis by L-NAME
increases plasma EPO in wild type mice (wt n = 36, wt + L-NAME n = 12). Global iNOS
knockout mice show significantly elevated EPO plasma levels following hypoxia relative to wild
type mice (wt n = 25, iINOS-/- n = 7). B, NO synthesis inhibition by treatment with L-NAME
restores plasma EPO levels to levels similar to L-NAME-treated wild type mice, when
administered to K14cre-VHL+7+' mice (K14cre-VHL+7+' n = 23, K14cre-VHL+7+" + L-NAME 3
days n =3, K1 4cre-VHL+7+" + L-NAME 4 days n =4). C, NO donor (nitroglycerine) applied to
the skin of wild type mice increases plasma EPO levels; similar systemic doses of NO donor do
not significantly affect plasma EPO levels (control n = 20, Systemic nitroglycerine n = 3,
Epidermal nitroglycerine n = 9). D, Epidermal NO donor administration induces renal EPO
mRNA expression (control n = 9, Epidermal nitroglycerine n = 3). E, Epidermal nitroglycerin
shifts blood flow (control n = 11, Epidermal nitroglycerine n = 6) and increases renal and hepatic
hypoxia (F), in a manner similar to that seen in K1 4cre-VHL+7+ mice (control n = 8, Epidermal
nitroglycerine n = 5).
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mice exposed to acute hypoxia. A, Special chambers were constructed to isolate inhaled
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oxygen concentration from the oxygen concentration exposed to the skin. B, In mice breathing
21% O,, making the skin hypoxic was not enough to induce increased EPO synthesis. However,
in mice breathing 10% O, plasma EPO levels were significantly elevated when skin was

normoxic (Respired 21% O, Skin 21% O, n = 2, Respired 21% O, Skin 10% O, n = 3, Respired

10% O, Skin 10% O, n = 8, Respired 10% O, Skin 21% O, n =9). C, Renal EPO expression was
higher in mice breathing 10 % O, while exposed to 21% O, (Respired 10% O, Skin 10% O, n = 6,

Respired 10% O, Skin 21% O, n = 7). D, Blood flow is shifted from the skin to the kidney and
liver when the skin is hypoxic for 5 hours. This shift is absent when the skin is exposed to

normoxia (Respired 10% O, Skin 10% O, n = 7, Respired 10% O, Skin 21% O, n = 8).
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Figure 2.6: Acute and hypoxia adaptation to hypoxia is influenced by dermal response.
Hypoxia may act through mechanisms similar to those found in the lung to induce pulmonary
vasoconstrictions under acute hypoxic stress; a more chronic stress allows a HIF-induced
modulation of response that also affects blood flow and EPO expression. This latter cannot

begin before transcription factor activation, and then transcription factor target gene expression
occurs, but would be delayed at least by these mechanisms; while acute adaptation would occur
within seconds. Utilizing at least these two mechanisms allows the skin to act as a regulator of
systemic response to low oxygen levels in a complex and dynamic manner.
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histology demonstrates significant levels of this hypoxia-sensitive ion channel in skin in
keratinocytes, subcutaneous smooth muscle, and dermal vasculature (higher magnification box).
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The importance of cutaneous vascular flow in systemic homeostasis
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Introduction

One of the most basic functions of animals is to maintain a viable body
temperature in the face of fluctuating environmental temperatures. Maintaining
this homeostasis requires a precise balance of heat loss and heat gain.
Endotherms, such as mammals, thermoregulate through five broad mechanisms:
insulation, circulatory adaptations, evaporative cooling, behavioral responses,

8  For small mammals, like mice,

and adjusting metabolic heat production
temperature homeostasis is more challenging due to their high surface-to-volume
ratio. It is mainly for this reason that metabolic rate is inversely related to body
size, i.e. the smaller the animal (endotherm), the higher the metabolic rate. For
example, mice expend 12 times more energy than humans per kg per day. And
while energy spent on thermoregulation makes up only a small fraction of the
total energy expenditure for humans, it is the single largest energy expenditure
for mice . In fact, the relationship of surface area to metabolic heat production
is one of the oldest problems in biology, and has been studied for more than 200
years, beginning with Lavoisier and LaPlace’s earliest investigations of the role of
oxygen in living systems, and first formulated in the pioneering studies of
Bergmann and Rubner 2%,

For rapid thermoregulatory adjustments, the blood circulation is of chief
importance. Specifically the distribution of blood to the animals surface, the skin.

The skin is an excellent thermoregulator due to its highly plastic blood flow and

large surface area. For heat conservation, blood vessels in the skin are
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constricted, and blood flow significantly reduced. Conversely, for heat
dissipation, skin vessels vasodilate, and blood flow to the surface increases up to
16 fold *'. This is thought to be under the control of the autonomic nervous
system, specifically the hypothalamus. To further study the role of blood
circulation in thermoregulation we created a mouse model with a deletion of the
tumor suppressor gene VHL in the epidermis; this deletion results in up-
regulation of the HIF transcriptional pathway of hypoxic response % Because of
the increase in HIF-driven gene expression (VEGF, iNOS) ", the mutation gives
rise to striking increases in skin vasculature and blood flow ®. This altered
vascular flow in the skin affects the systemic physiology to an unexpected
degree; growth is stunted and lifespan severely shortened, a result of profound
and sustained heat loss.

For mice, in a laboratory environment, the thermoregulatory mechanism of
insulation is held constant, behavioral responses are limited, and evaporative
cooling is nonexistent. This leaves only circulatory adaptations and metabolic
heat production to regulate body temperature.

There has previously been no genetic animal model of hypothermia. The
animal models that have been used involve reducing body temperature with cold

air or water %1,

Results

Deletion of VHL in the epidermis increases skin vascularization
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The Hypoxia Inducible Factor (HIF) is targeted for degredation under
normal oxygen conditions by the von Hippel-Lindau (VHL) tumor supressor

protein “°.

To study the role of skin vascularization on thermoregulation, a
conditional knockout of VHL in the epidermis was employed. A mouse strain with
both copies of VHL flanked by LoxP sites was crossed to a mouse strain
expressing the Cre recombinase under the control of the keratin 14 (K14)
promoter “>*°. This drives excision of VHL only where the K14 promoter is active
- the epidermis .

Loss of VHL in the epidermis leads to stabilization of HIF and increased
HIF target gene expression in the skin . The K14cre-VHL+"+" conditional
knockout mouse has a dramatic epidermal phenotype (figure 3.1A) consisting of
extremely red skin. This is not surprising considering that target genes of HIF
include VEGF, which stimulates angiogenesis, and iNOS, which causes
vasodilation . It is evident by visually inspecting the mutant ear that there is a
marked vasodilation (figure 3.1B). When quantified, the average ear vessel
diameter in the K14cre-VHL+/+" is twice as large as the wt (figure 3.1C).

Histologic analysis of the skin confirms that the cutaneous vascular density is

also significantly increased in the mutant (figure 3.1D).

Increased skin vascularization stunts growth and shortens lifespan
What was wholly unexpected, is the effect VHL deletion in the skin has on
the mouse as a whole. Growth is severely stunted in the K14cre-VHL+"/+" mouse

(figure 3.1E). The mice grow fairly normally until the age of weaning at 3 weeks.
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At that point the growth curves grossly diverge, and mutant growth is basically
flat. Lifespan of the K14cre-VHL+7+" mice is also drastically reduced, 80% of the

mutants die before 5 months of age (figure 3.1F).

Increased skin vascularization causes hypothermia

These substantial reductions in growth and survival from a simple
activation of HIF in the skin, were initially confounding, until the amount of heat
loss through the vascularized skin became evident. Using a thermal infrared
camera, the surface temperature of the K14cre-VHL+7+" mice is significantly
colder than wt (figure 3.2A,B). Initially, we expected to see a warmer surface
temperature from the mutants; however, core body temperatures reveal that the
mutants become hypothermic early on (figure 3.2C). The adult K14cre-VHL+/+
mice are nearly 4 degrees C colder than their wt littermates. To further
demonstrate that these mice are indeed loosing excess heat through the vessels
of the skin, they were subject to a cold intolerance test. This test measures the
amount of body heat lost during a 1 hour exposure to a 4 degree C cold
environment. Amazingly, the mutants lose 4.5 degrees C of core body heat
during this hour, while the wt are able to regulate their body temperature, and
lose only a fraction of a degree (figure 3.2D). It is this propensity to lose heat

through the dilated skin vessels that is the likely cause of death, by hypothermia.

K14cre-VHL+'/+f mice have an elevated metabolic rate
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The reduced body weight of the mutants is apparently not due to a lack of
food intake, as their food consumption is not significantly different from wt (figure
3.3A). What is different is how they utilize that food. Based on analysis of VO2
and VCO2 in a metabolic chamber (figure 3.3B), the K14cre-VHL+7+" mice have
a significantly higher basal metabolic rate (figure 3.3C). This is presumably an
attempt to compensate for sustained heat loss by making more heat. Raising the
metabolic rate is an established response to decreased body temperature in
mammals 2. The increased metabolic rate without an increased food intake
corresponds to a reduced blood glucose level in the mutants (figure 3.3D). This
excessive heat loss causes an energy deficit in the mutants which explains their
stunted growth. The K14cre-VHL+7+ mutants are, in fact, completely devoid of

adipose tissue energy stores.

Supplemental heat partially rescues mutants

To test the theory that the stunted growth and early death in the K14cre-
VHL+"7+" mice is due to heat loss, the mice were provided supplemental heat to
reduce heat loss. A heating pad was placed under one half of each mouse cage,
which heated the bedding on that half to 35 degrees C. The other half of the
cage remained at room temperature so the mice could self-select a desirable
temperature environment. The mutant mice reside almost exclusively on the
heated side, while the wt mice roam around the entire cage. This supplemental
heat significantly increased the lifespan of the K14cre-VHL+7+ mice (figure

3.4B). It did not, however, have much effect on mutant growth (figure 3.4A).
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Core body temperature of the mutant mice on the heating pad were elevated by
only 1 degree C (figure 3.4C). This brought their average core temp to 35
degrees C, which exactly matches the ambient temperature of the heated cage.
This suggests that the K14cre-VHL+/+" mice lose so much heat to the
environment that they essentially equilibrate their body temperature to the
environment, within a viable range. The next logical step was to house mice at
an ambient temperature equal to body temperature. However, when mice were
housed at 37 degrees C, they became hyperthermic, and the experiment was
terminated (data not shown). Throughout the heating pad experiments, wt mice
were unaffected in the parameters of growth, survival, or core temperature (figure

3.4A-C).

Supplemental energy is a better rescue than heat

If K14cre-VHL+"/+" mice indeed suffer from an energy deficit, then simply
increasing energy input could restore the balance. Mice were put on a high
fat/high calorie diet. Mutant mice benefited substantially from this increased
energy intake. K14cre-VHL+7+" mice put on weight and grew at a rate similar to
wt mice (figure 3.5A). Survival was also increased in the mutants on the high fat
diet (figure 3.5B), more so than with heat. Surprisingly, supplementing calories
caused core body temperature to rise in the mutant mice more than
supplementing heat itself (figure 3.5C). The heat loss/energy deficit phenotype is
most elegantly seen by looking at the surface temperature of K14cre-VHL+/+'

mice on high fat diets (figure 3.5D). Their surface temperature is now warmer
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than wt even though their core temp is still cooler. This is a recipe for heat
dissipation, and can only be maintained to this degree by providing extra caloric
energy for metabolic heat production. The high fat diet did not increase blood
glucose levels (figure 3.5E). Similar to the heating pad experiment, wt mice were

relatively unaffected by the high fat diet in all measured parameters.

Discussion

Here we describe the first genetic mouse model of hypothermia. It arises
from perturbing just one of the many thermoregulation mechanisms — skin
vasodilation. It is well known that skin vasodilation leads to heat loss . What is
surprising is that misregulated skin vasodilation perturbs homeostasis so much
that it is lethal. Skin vasodilation is thought to be under the control of the
autonomic nervous system, which monitors and coordinates thermoregulation.
Here we show that local skin signals, from HIF activation in the skin, override
autonomic control and keep skin vessels dilated even when the animal is
hypothermic.

In response to this sustained heat loss though the skin, the mutant mice
produce more metabolic heat. This leads to an energy imbalance, as the mice
expend more energy without increasing energy intake. The energy imbalance
can be corrected simply by providing the K14cre-VHL+7+" mice with a high
fat/high calorie chow. Mammals in cold environments are known to increase

their metabolic heat production as much as 10 fold. For example, the chickadee,
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which weighs only 20 grams, can maintain a body temperature of 40 degrees C
in an environment of -40 degrees C, as long as it consumes enough energy .

It is interesting to note that hypoxia causes anapyrexia (the regulated loss
of body mass), and that this hypoxic anapyrexia is regulated by nitric oxide (NO)
signaling (NNOS) ®*. The mutant mice may be mimicking this hypoxic anapyrexia
as the constitutive HIF activation simulates hypoxia and is known to increase NO
in the blood ®. Also, hypoxia/HIF has been shown to inhibit PPARg

% which is consistent with the K14cre-VHL+/+" reduction in

adipogenesis
visceral and subcutaneous fat.

This K14cre-VHL+7+" mouse could be utilized as a genetic model for
hypothermia, to study the acclimatization to cold, like nonshivering
thermogenesis.

Theoretically, causing sustained skin vasodilation in humans would
increase metabolic heat production and reduce fat stores, as it does in the mice.
This could have implications in therapeutic treatment of the growing obesity
epidemic in the U.S. It would, of course, have some of the same side effects on
body temperature as other proposed fat reducers like metabolic uncoupling or

switching adipose tissue to brown adipose tissue %>%.
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Figure 3.1: VHL loss in the epidermis increases skin vascularization, impairs growth and
viability. A, Mice with VHL deleted in epidermis (K14cre-VHL+f/+f) and wt littermate at 12 weeks
of age. B, Blood vessels of the ear at 12.5X magnification. C, Average ear vessel diameter is
doubled in the mutant (wt n = 19, K14cre-VHL+/+ n = 6). D, Vessel density is increased in the
mutant skin as determined by Chalkley analysis (wt n = 4, K14cre-VHL+/+ n = 3). E, Growth is
severely stunted in the K14cre-VHL+/+" mutants (wt n = 28, K14cre-VHL+7+"n = 20). F, Survival
is also starkly reduced with 50% of the mutants dying before 8 weeks of age (wt n = 65, K14cre-
VHL+7+" n = 55).
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Figure 3.2: K14cre-VHL+'/+' m|ce are hypothermic. A-B, Surface temperature is 3 degrees C
below normal |n the K14cre-VHL+7+" mice as measured by a Thermal IR Camera (wt n = 29,

K14cre-VHL+/+ n = 8).

(wt n = 43, K14cre- VHL+7+' n = 20).

Cf, Rectal temperature is in the hypothermic range at 34.4 degrees C
D, Mutant mice are cold intolerant as they lose an

additional 4.5 degrees C after a 1 hour challenge in a 4 degree C cold room (wt n = 23, K14cre-

VHL+7+ n = 6).
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Figure 3.3: Sustained heat loss increases metabolic rate. A, Food consumption is not
significantly different in the mutants (wtn =9, K14cre-VHL+7+ n = 7). B, VO2 and VCO2 are
increased in the mutants at rest, which reveals the metabolic heat production or basal metabolic
rate is increased (C) (wt n = 14, K14cre-VHL+7+ n = 8). D, Blood glucose levels are significantly
lower in the mutants (wtn =17, K14cre-VHL+/+ n = 9).
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Figure 3.4: Hypothermia is partially rescued by increasing ambient temperature. A, Mice
housed in a warm (35 degree C) cage do not gain additional weight (Heat wt n = 22, Heat
K14cre-VHL+7+ n = 20). B, Mutant mice in the warm cage do live significantly longer (Heat wt n
= 7, Heat K14cre-VHL+7+ n = 21). C, Core body temperatures are not significantly altered by
the warm cages (35C wt n = 10, 35C K14cre-VHL+/+ n = 8).
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Figure 3.5: Hypothermia is rescued by increasing caloric intake. A, K14cre-VHL+/+'

mice

grow much better on a high fat diet — similar to wt growth (Fat wt n = 12, Fat K14cre-VHL+/+ n =

12). B, Survival is substantially increased on the high fat diet (Fat wt n = 6, Fat K14cre-VHL+/+

f

n = 6). C, Core body temperature in the mutants is increased more by supplementing calories

than by supplementing heat (Fat wt n = 2, Fat K14cre-VHL+"/+ n = 3). D, A hi

gh fat diet provides

enough energy to sustain heat radiation through the skin of K14cre-VHL+7+ mice, which now
have a warmer surface temperature than wt. E, Blood glucose levels remain low in mutant mice
on the high fat diet (Fat wt n = 2, Fat K14cre-VHL+7+ n = 3).
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Introduction
Septic shock is a clinical syndrome characterized by hypotension, altered
tissue distribution of blood flow, high levels of NO release, and body temperature

097 " These symptoms mirror the phenotype of the K14cre-VHL+7+'

fluctuations
mice. We explored whether similar mechanisms were controlling the condition of
septic shock, and whether experimentally induced septic shock could trigger an
EPO response similar to the one seen in K14cre-VHL+7+" and nitroglycerine
patch treated mice.

There is significant evidence that much pathology resulting from sepsis
may be alleviated through the use of nitric oxide synthase inhibitors, and nitric
oxide scavenging agents®®. A number of clinical studies have also shown that
patients with acute septicemia have strikingly increased levels of serum EPO%
191 |n fact, patients with the most severe septic shock have been shown to have
the highest levels of EPO induction®®. Sepsis induces hypotension and altered
vascular flow patterns, and given the clear role for EPO in protecting tissues from
ischemic damage, it may be that this response is itself protective during the

hypotension, hypoperfusion and NO release that occurs during sepsis'%%"%.

Results
In a preliminary series of experiments, we have observed that
lipopolysaccharide (LPS) induced sepsis causes a blood EPO spike in mice

(figure 4.1A). To determine if this is also an NO-dependent response, we
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cotreated mice with the nitric oxide inhibitor L-nitroarginine methyl ester (L-
NAME). Surprisingly, L-NAME did not mitigate the EPO induction but actually
increased it (figure 4.1A). L-NAME treatment alone had no effect on blood EPO
levels.

We looked at the levels of vasodilatory NO during these experiments. As
expected, LPS treatment significantly raised NO levels in the blood, while
treatment with L-NAME decreased them (figure 4.1B).

Consistent with the exacerbating effect L-NAME has on LPS induced EPO
production, L-NAME cotreatment also lead to increased mortality. After 24 hours
only 20% of the LPS + L-NAME treated mice survived, while there were no
mortalities in any other group (figure 4.1C). This increased mortality correlates
with core body temperature cooling and hypothermia. Mice treated with LPS
alone lose 4 degrees C on average after 24 hours, while mice treated with LPS +
L-NAME lose 10 degrees C (figure 4.1D). L-NAME treatment alone had no effect

on body temperature.

Discussion

Here we show for the first time that experimentally induced septic shock
causes an increase in blood EPO. Presumably, this occurs through the same
mechanisms described in the K14cre-VHL+7+" mice: NO mediated vasodilation,
decreased blood pressure, a shift in blood flow toward the skin and away from
the central organs, and a hypoxic induction of EPO expression in the kidneyl/liver.

It has been proposed that NO inhibitors could alleviate the symptoms of septic
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shock. Here we show that the global inhibitor of nitric oxide synthase, L-NAME,
does not reduce the severity of septic shock, but actually increases it. This
suggests that the role of NO in sepsis is more complicated because specific
inhibition of the inducible nitric oxide synthase (INOS) does improve mortality
104105 The increased mortality of the LPS + L-NAME group could simply be due
to the severe hypothermia seen in that group. It is difficult to say whether
hypothermia is the cause of death, or merely correlates with it. It has been
shown previously that L-NAME reduces LPS induced fever, and can produce
marked hypothermia in rats, demonstrating the importance of NO in
thermoregulation and production of fever '°°.

As for the clinical implications of this in treating septic patients, L-NAME
does reduce sepsis associated fever, however it also increases mortality. The
iINOS specific inhibitors like aminoguanidine, seem more promising as they

reduce systemic NO levels and also improve mortality in rodents.
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Figure 4.1: LPS induced septic shock triggers a spike in plasma EPO. A, Plasma EPO
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levels are significantly increased 24 hours after LPS injection. L-NAME did not prevent the EPO
induction but exacerbated it further, while L-NAME alone had no effect B, NO levels in the blood

were increased after LPS injection, and reduced by L-NAME treatment. C, Surprisingly 80% of
mice cotreated with LPS and L-NAME died within 24 hours, while mice injected with LPS alone
all survived 24 hours post injection. D, Mice injected with LPS lose body temperature and

become hypothermic, this is worsened by cotreatment with L-NAME.



CHAPTER 5

General Discussion

61



62

The data in the first chapter demonstrate, for the first time, that
mammalian skin can sense atmospheric oxygen levels and help the animal adapt
to hypoxic environments. In the second chapter, we see how important proper
skin vascular tone is to thermal and energy homeostasis. Finally, the third
chapter shows that the phenotype of the K14cre-VHL+7+" mouse parallels an

important clinical condition, septic shock.

All of these functions taken together should inspire a renewed
appreciation for the importance of the body’s largest organ — the skin. Not only is
it a protective barrier, but it actively functions to respond to oxygen fluctuations

and temperature fluctuations.

A major question remaining to be answered is whether this skin oxygen
responsiveness of the mouse pertains to other mammals including humans.
Human skin is different from mouse skin in several ways. It is thicker, has better
barrier function, contains sweat glands, and has much less hair. Human
experiments will be necessary to verify homologous function. Although, we do
have some clues from the literature that human skin does vasoconstrict upon
exposure of the entire body to hypoxia, but not when a person simply breathes

hypoxic air through a tube 28"

We also show for the first time that cutaneous application of a vasodilatory

agent can induce a systemic EPO response through physiological alterations in
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blood flow. It will also be interesting to test whether this treatment can have the
same effect in humans, and whether it could be therapeutically practical to treat
anemia. This skin triggered EPO production would nicely explain the health
benefit behind the folk tradition in northern India of rubbing mustard oil (one of

the vasodilatory agents used in our experiments) on newborn babies %%’

In making the K14cre-VHL+/+" mouse to study HIF activation and
angiogenesis in the skin, one of the side effects was a continuous and profound
heat loss through the skin. We, in effect, unintentionally generated the first
genetic animal model of hypothermia. This model could be used to study clinical
aspects of hypothermia especially as they pertain to neonatal care, as newborns
are particularly susceptible to hypothermia. They have a higher surface-to-
volume ratio, and may fail to properly regulate their skin vasodilation state,

similar to the mice.

On a more fantastical note, if simple dilation the cuatneous vessels in the
K14cre-VHL+7+" mouse is really sufficient to increase metabolic heat production
and deplete fat stores, then it is conceivable that inducing skin vasodilation in
humans could be used as weight loss therapy. This of course could have some
negative side effects like erythema (skin redness), decreased blood pressure,

and reduced body temperature.

Finally, a clinical application of more immediate relevance is the role of

NO vasodilation in septic shock. Septic shock from bacterial infection or
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anaphylactic shock from an allergen both induce a massive immune response
resulting in systemic vasodilation which is at the root of the classic symptoms like
hypotension, tachycardia, respiratory distress, edema, and fainting. Blocking NO
induced vasodilation in these shock patients, could mitigate many of the
symptoms. The K14cre-VHL+7+" mice share many of the same symptoms as
shock patients and both stimulate EPO, likely though NO vasodilation. These
mice could be used as a model system to study vasodilation from septic shock,

and to find more effective drugs to treat it.

In conclusion, the aim of this research was to study the physiological
effects of HIF activation in the skin, and we found more than we were looking for.
The first surprise was that cutaneous angiogenesis and vasodilation could be
lethal. This turned out to be due to heat loss though the skin, eventually resulting
in hypothermia. The second surprise was that HIF activation in the skin was
modulating EPO production in the kidney and liver. This, we discovered, was
due to a shift in blood flow toward the skin and away from the central organs,
causing a relative hypoxia in the kidney and liver and triggering EPO expression.
Since HIF activation in the skin had this ability, we further hypothesized that the
skin could actually sense environmental oxygen concentrations, via HIF, and
help the animal to adapt to hypoxic conditions. We demonstrated that this is
indeed the case by showing that mice lacking HIF-1a in the skin, have a
diminished response to hypoxia, and that wild type mice have different responses

to inspired hypoxia depending on whether or not the skin is also hypoxic.



MATERIALS AND METHODS

Mouse Breeding

The K14 Cre mouse line*>1%”

was obtained from A. Berns (Netherlands
Cancer Institute). Mice heterozygous for the K14/Cre transgene were crossed
with mice homozygous for the loxP-flanked allele of VHL generated by V. Haase
%(University of Pennsylvania). HIF-1a and HIF-2a loxP-flanked intercrosses
were generated by standard genetic techniques. K14 Tamoxifen-inducible Cre
mice*” were a kind gift of E. Fuchs (Rockefeller). Mice were genotyped via PCR

on genomic DNA obtained from tail tissue lysis.

Nitroimidazole staining and detection

The nitroimidazole EF5 and the anti-EF5 antibodies were provided
generously by C. Koch(University of Pennsylvania). Mice were injected
intraperitoneally with 0.1 ml/10 grams body weight of 10mM EF5 in 1x phosphate
buffered saline (PBS). After 3 hours, mice were sacrificed and tissues were
incubated in 30% sucrose overnight. Tissues were frozen in OCT and 14 um
sections were cut on a cryostat. Sections were fixed on the slide in 4% PFA for 1
hour. Sections were blocked overnight in 5% mouse serum. Anti-EF5-Cy3
primary antibody or competed antibody (75 ug/ ml) was allowed to bind for 6
hours. EF5 signal was quantified using identical exposures of all primary
antibody bound sections as well as their competed antibody-bound counterparts.

The competed antibody serves as a negative control for autofluorescence and
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nonspecific binding. The software program ImagedJ was used to assign an
average fluorescence intensity for each section. EF5 fluorescence for each
section was calculated by subtracting the competed antibody intensity from

primary antibody intensity.

Immunohistochemistry

Rabbit polyclonal HIF-1alpha antibody, R. Abraham (Burnham Institute),
was used 1:100 overnight, on paraformaldehyde-fixed, paraffin embedded skin
sections. These were developed with Vector NovaRed, counterstained with
hematoxylin. Anti-potassium channel Kv1.5 antibody (Chemicon) used at 1:100,
on paraformaldehyde fixed, paraffin embedded skin sections. Developed with

Vector DAB, counterstained with hematoxylin.

p-Galactosidase Staining

Organs were fixed in 4% paraformaldehyde at 4°C for 2 h. After 3 washes
in PBS at 4°C, organs were incubated in permeabilization solution (2 mM
MgCI2/0.01 % sodium deoxycholate/0.02% Nonidet P-40 in PBS) 3 times for 15
min at room temperature. Organs were stained for 2 h at 37°C in staining solution
(2 mg MgCI2/5 mM potassium ferricyanide/5 mM potassium ferrocyanide/20 mM
Tris, pH 7.4/1 mg/ml X-gal/0.02% Nonidet P-40/0.01% deoxycholate in PBS).

Staining was stopped by several washes in PBS.

Gene Deletion Efficiency
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Deletion efficiency was determined by quantitative real time PCR on
genomic DNA isolated from the adult mouse epidermis. The epidermis was
separated from the dermis by incubating in Dispase Il overnight at 4 degrees C.
The epidermis was minced and digested with Proteinase K overnight at 55
degrees C. DNA was harvested by EtOH precipitation. Real Time reactions
utilized Invitrogen qPCR supermix and run on an ABI 7700. Calculations were

made using the delta delta Ct method.

EPO ELISA
EPO protein levels in blood plasma were determined according to the

Quantikine Mouse EPO ELISA kit (R&D Systems).

MRNA Expression

RNA was harvested from flash frozen tissues using the Trizol reagent and
protocol from Invitrogen. RNA was reverse transcribed using the Fisrt-Strand
Synthesis kit from Invitrogen. Real Time PCR was done on an ABI 7700. Real
Time reactions were done with SYBR Green chemistry (Invitrogen) and
normalized to Beta-actin cDNA. Primers were taken from '%:

Epo FWD 5-TGCGACAGTCGAGTTCTGGA-3’

Epo REV 5-TGCACAACCCATCGTGACAT-3’

Beta-actin FWD 5-AGGCCCAGAGCAAGAGAGG-3’

Beta-actin REV 5-TACATGGCTGGGGTGTTGAA-3’
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Blood Hematocrit and Volume

Hematocrit was measured by retro-orbital bleed into heparinized
hematocrit tubes. Tubes were sealed and spun down 10 min at 2700 x g.
Plasma volume was calculated by injecting 50ul of 10mg/ml Evans Blue dye i.v.
into the tail vein. After 3 minutes, a retro-orbital blood sample was taken. The
absorbance of the plasma was measured at 630 nm — the absorption maxima for
Evans Blue dye. The dilution factor of the dye is proportional to the volume of

blood plasma in the circulation.

Blood Oxygen Saturation
Measurements were made by pulse oximetery, using the MouseOx by
Starr Life Sciences Corp. Mice were put under light Ketamine/Xylazine

anesthesia, and measurements were taken from the femoral artery.

Blood Pressure

Tail cuff measurements were made on the Kent Scientific XBP1000. Each
mouse data point was an average of 15 measurements with the first 5 discarded
while the mouse acclimated to the chamber. Mean Blood Pressure = Diastolic +

[(Systolic — Diastolic) / 3].

Blood flow analysis
Red fluorescent 15um (FluoSpheres) from Molecular Probes, Inc. were

used. 50ul of the microsphere mixture (50,000 spheres) was injected into the left
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atrium/ventricle. After 3 min. mice were sacrificed and organs harvested.
Organs were dissolved in 2.3 M ethanolic KOH, 0.5% Tween 80 at 60°C
overnight. Microspheres were isolated and washed by centrifugal sedimentation.
The isolated microspheres were then dissolved in 3 ml of 2-Ethoxyethyl acetate.
Fluorescence was quantified in a 96 well plate on a Typhoon 9400 imager
(Amersham Biosciences). Flow values are given as a unitless ratio between
organs in each individual mouse; ratios were then pooled and compared to

normalize for variations in microsphere injection efficiency in individual mice.

Griess Assay
The measurement of plasma nitric oxide species was carried out

according to .

L-NAME
NG-nitro-L-arginine methyl ester (L-NAME; Sigma) was administered in

drinking water at 0.5 g/ L for 1, 3, or 4 days.

Nitroglycerin experiments

Nitroglycerin patches (Hercon Laboratories) 3.5 cm? releasing 0.1 mg/hr
for 7 hours were used for skin administration. To test the same dose orally we
administered 0.7 mg of slow release Nitroglycerin (Ethex Corp.) by gavage.

Blood was taken at the end of 7 hours by retro-orbital bleed or cardiac puncture.
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Mustard Oil
Mustard oil (allyl isothiocyanate; Sigma) was diluted 1:10 in mineral oil.
The dorsal skin of nude mice or shaved C57BL mice was painted with 10%

mustard oil (MO) or mineral oil. Mice were painted 5 times over 7 hours.

Inhaled vs. Skin Hypoxia Chambers

Individual mouse chambers were constructed from 50 ml Falcon tubes
and plastic jars. Latex gaskets separated the body chamber from the head
chamber. Mice were anesthetized with Ketamine/Xylazine during the
experiment. Head and body chambers were perfused alternatively with 10%
oxygen or 21% oxygen with significant positive pressure. Exhaled air was

captured by a nose cone for metabolic measurements.

Reticulocyte Count
The number of nucleated RBCs were counted on a slide smear stained

with New Methylene Blue (Sigma).

Measuring Blood Vessel Density and Diameter

Vessel density was measured by Chalkley analysis on fresh frozen ear
sections cut to a 10 micrometer thickness using a cryostat. Sections were
stained for CD31 by first fixing sections on the microscope slide with cold
acetone for 10 minutes at —20 degrees C. Anti-mouse biotin CD31 antibody

(PECAM-1) from BD Pharmingen was used at 1:100. Staining was done with the
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ABC kit AK-5000 from Vector and the Alkaline Phosphatase Blue substrate kit
SK-5300 from Vector. Sections were counterstained with Nuclear Fast Red. A
Chalkley eye-piece was used on a microscope at 100X magnification. The
maximal number of Chalkley points that fell on or within a blood vessel were
counted in 5 different fields for each section. Counts were made by the first
author and by a blinded technician. Vessel diameter was measured in the ear by
anesthetizing mice with .2ml/10g avertin injected i.p.. Mice were placed on a
dissecting scope and a transmitted light photograph was taken at 12.5X
magnification. Vessel diameters at the base of the ear were measured with the

ruler tool in Adobe Photoshop 7.0.

Mouse Temperatures

Surface temperatures were measured with a FLIR Thermovision A20
thermal infrared camera. All core body temperatures were taken rectally with an
Oakton Temp 4 Acorn Series Thermistor Thermometer and a Yellow Spring
Instruments probe #555. Cold intolerance test was done by taking core

temperatures before and after a 1 hour challenge at 4 degrees C.

Food Consumption

Mice were housed individually and fed standard chow ad libitum. Food

was weighed each week to determine amount eaten.

Metabolic Measurements
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Mice were place in rapid response gas exchange chambers (Columbus
Instruments) and allowed to acclimate for 5 minutes. VO2 and VCO2 were
measured with the Paramax and CO2 sensors from Columbus Instruments every
5 minutes for 1/2 hour. The data was analyzed with Oxymax software

(Columbus Instruments).

Blood Glucose
Mice were measured in the unfasted state. A drop of blood was taken
from a tail nick and measured using the One Touch Ultra glucometer

(Johnson&Johnson).

Supplemental Heat
Heat was provided by an electrical heating pad on the medium setting
placed under one half of the mouse cage (to allow mice to self select a

comfortable temperature).

High Fat Diet
Mice were fed Research Diets D12451 chow with 45% kcal from fat ad

libitum.

LPS
15 mg/kg of lipopolysaccharide (LPS, Sigma) was injected i.p. and blood

samples taken 24 hours post injection.
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Statistics

All statistical analysis performed using GraphPad Prism version 4.0c for
Mac, GraphPad Software, San Diego California USA, www.graphpad.com. All
error bars = s.e.m. All t-tests are two-tailed unpaired t-tests unless otherwise

stated. All one-way ANOVAs include Bonferroni’s multiple comparison post test.
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