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ABSTRACT

Chronic disease is marked by perturbations in both behavior and systemic
metabolism. A loss of muscle mass, decreased food intake, and decreases in daily
activity are collectively referred to as cachexia. The presence of cachexia likely has a
significant impact on disease survival. While the features of cachexia are conserved, the
underlying diseases that cause cachexia are varied. llinesses such as cancer, renal
failure, heart failure and chronic infection all result in sickness behavior and muscle
atrophy. Despite significant variation in the underlying disease pathology, conditions
associated with cachexia are all marked by systemic inflammation. The infusion of
inflammatory cytokines into experimental animals reproduces the features of cachexia.
Despite this, the mechanisms by which inflammation produces cachexia remain unclear
and treatment options are very limited. The goal of this thesis was to define the anatomic
sites where cytokines act to produce the different features of cachexia.

One of the primary focuses of the work described here was the investigation of
muscle atrophy from a systems perspective. The vast majority of work investigating the
mechanisms of inflammatory muscle atrophy has been appropriately performed at the
level of the skeletal myocyte. However, little attention has been directed at other tissues
as mediators of muscle wasting. We investigated the role of the brain as an intermediary
between inflammatory cytokines and the loss of muscle mass. This work demonstrated
that inflammation in the brain only was sufficient to produce rapid muscle atrophy at the
molecular and gross level. We further identified glucocorticoids as a fundamental
mediator of this process, as adrenalectomized animals fail to catabolize muscle in
response to central inflammation. We demonstrated that CNS cytokine signaling is an
essential player in the atrophy response to systemic inflammation as well. Muscle-

specific deletion of the glucocorticoid receptor prevents atrophy in response to systemic
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inflammatory challenges. Further, it appears that increased levels of glucocorticoids are
all that is required for muscle atrophy. Treatment of rats with glucocorticoids at a dose
that reproduces the circulating levels seen in response to inflammation produces severe
wasting of muscle mass.

We also performed a series of experiments to examine the cell types that
respond directly to cytokines and produce sickness behavior. WWe generated mice
lacking the adaptor protein MyD88 (which is requisite for interleukin-1 signaling) in
neurons. Despite the fact that mice lacking MyD88 in all tissues do not display any
features of cachexia in response to IL-1B administration, our data demonstrate that
MyD@88 is not required in neurons for sickness behavior.

The data described in this thesis provide insight into the cellular and tissue sites-
of-action for inflammatory cytokines in mediating cachexia. Collectively, they
demonstrate that the CNS is a fundamental regulator of cachexia, mediating both
sickness behavior and muscle atrophy. Furthermore, these data highlight the critical role
of glucocorticoids as mediators of inflammation-induced atrophy and support therapeutic

interventions targeting this hormonal system.



CHAPTER 1

INTRODUCTION



1. Significance

Decreased appetite (Anorexia) and catabolism of lean tissues are common co-
morbidities of a multitude of chronic diseases. In diseases such as cancer, congestive
heart failure (CHF), chronic renal failure and sepsis, the synergistic effects of
decreased energy intake on the one hand, and increased energy expenditure on the
other generate an ongoing loss of body weight (1). In contrast with starvation, where
weight is lost primarily in the form of fat, inflammation exhibits a special proclivity for
the loss of skeletal muscle mass (2). The loss of muscle mass accompanying
involuntary weight loss in chronic disease is known as cachexia. The consensus
definition of cachexia is “... a complex metabolic syndrome associated with underlying
ilness and characterized by the loss of muscle with or without loss of fat mass” (3).
Although cachexia is not always associated with overt anorexia, they often occur
together (4). Potentially exacerbated by decreased food intake, weight loss is a
serious contributor to the morbidity and mortality of inflammatory diseases. In cancer
patients, 30-80% experience weight loss depending on the type of cancer (5).
Patients diagnosed with pancreatic and gastric cancer are the most likely to
experience weight loss. In pancreatic cancer, weight |oss is a presenting symptom
with a median weight loss in 14.2% in patients with unresectable tumors, progressing
to 24 5% at the time of last assessment (6). Weight loss also occurs in many other
forms of chronic disease. In CHF, 16% of patients in ocne study were identified as
having undergone significant weight loss (7).

The presence of cachexia is a negative prognostic indicator in a multitude of
conditions including cancer (8-10), chronic renal failure (11), CHF) (7), and HIV (12).
These observations have lead to the suggestion that, in cancer, 20% of deaths are
the direct result of cachexia (13). It was recently found that the treatment of muscle

loss in experimental cancer cachexia dramatically improves survival independent of



tumor progression providing the first evidence of the causal relationship between
cachexia and disease mortality (14). Unfortunately, despite the clear clinical need,
successful pharmacotherapy for cachexia has been difficult to achieve. Given the lack
of treatment options and an incomplete understanding of disease mechanisms,

further work on the fundamental physiology of cachexia is needed.

2, Cachexia as an Inflammatory Disease

2.1 Circulating Inflammatory Cytokines are Markers of Cachexia

Cachexia is found in response to a multitude of primary disease states with
fundamentally different underlying pathology. Despite this, the behavioral and
metabolic features are markedly conserved between diseases states. Thus
commonalities between the conditions serve as an important guide to understanding
the fundamental mechanisms of cachexia. One of these shared features is an
increase in the levels of circulating inflammatory cytokines. In CHF, circulating levels
of tumor necrosis factor (TNF) (15-17) and interleukin-6 (IL-8) (16) are increased and
correlate with the degree of exercise impairment in these patients. In chronic renal
failure, increased levels of C reactive protein are correlated with increased mortality
(18). Likewise, in cancer patients suffering from cachexia, the cytokines IL-6 (19, 20)
and TNF (21, 22) have been found at increased levels relative to non-cachectic
cancer patients. Furthermore, multiple studies have implicated leukemia inhibitory
factor (LIF) as a pathogenic factor in cancer cachexia. LIF is found at high levels in
cancer patients (23) and is released from human tumor cell lines (24). While serum
LIF levels are a negative prognostic indicator in sepsis (25), no studies have been
performed to date correlating the circulating LIF levels with the degree of cancer

cachexia. Others have failed to find elevated levels of the aforementioned



inflammatory mediators in cancer cachexia, likely reflecting heterogeneity in the type
and severity of cancer studied as well as the intermittent nature of inflammatory

processes (22, 26).

2.2 Cachexia Is an Evolved Response to Infection

it has been argued that the behavioral and metabolic response to
inflammation is adaptive and evolved resulting in increased fitness. For instance, the
decrease in appetite associated with inflammation may function to decrease essential
nutrients (i.e. iron, zinc ect.) necessary for the growth of microorganisms (27).
Experimental evidence in support of this hypothesis has shown that decreases in food
intake are positively associated with survival during bacterial infection. Mice starved
prior to inoculation with Lysteria monocytogenes showed increased survival relative to
fed controls (28). When food intake in mice infected with Lysteria is maintained by
gavage feeding, increased mortality is observed relative to mice allowed to undergo
normal decreases in nutritional intake (29). It has also been suggested that anorexia
reduces foraging behavior during acute infection, offsetting an increase in the risk of
predation (27).

Understanding the teleology of muscle wasting is a less straightforward
proposition. It is tempting to explain inflammation-induced muscle wasting as a
mobilization of energy reserves consequent to the concurrent decrease in food intake.
However, inflammation consistently produces excessive muscle wasting when
compared to animals that have been restricted to a similar level of food intake (pair
feeding) (30). Furthermore, decreased food intake is not always associated with
muscle mass loss in cancer patients (31). Indeed, correction of the nutritional deficit

by IV nutrition in cachexia, while beneficial, has been unsuccessful in completely



reversing the catabolic features of this syndrome (32). Hence, decreased nutritional
intake alone cannot be the sole driver of wasting.

In cancer cachexia, the energy demands of the tumor provide another
potential explanation for muscle wasting. Cancer cells produce ATP predominantly via
glycolytic metabolism: a phenomenon known as the Warburg Effect. It has been
proposed that muscle atrophy occurs to liberate amino acids that can be utilized for
tumor glycolysis with hepatic gluconeogenesis as an intervening step (33). However,
this is a somewhat unsatisfying explanation for muscle wasting as it suggests that
preventing muscle wasting should prevent tumor growth. Multiple studies have
examined the growth of tumors in experimental animals in which lean mass loss was
attenuated or blocked, and decreased tumor growth has not been observed (14, 34-
38). Thus, it is unlikely that tumor metabolism and the subsequent flow of nutrients by
mass action can explain the totality of muscle atrophy in cancer cachexia.

An explanation that seems more in line with the evidence comes from the
comparison of the starved state and systemic inflammation, both of which induce
muscle atrophy. While starvation results in immunosupression (37) and decreases in
metabolic rate, inflammation resulls in an immediate acute phase and febrile
response, both of which have significant energetic demand. Fever is estimated to
result in a 13% increase in metabolic rate for every 1° rise in body temperature (38).
This would be expected to increase the utilization of all nutrient stores including
skeletal muscle, especially in the setting of decreased food intake. Additionally, nearly
every component of innate and adaptive immunity requires de-novo protein synthesis
(39). While it is nearly impossible to de-convolute the protein cost of immune
activation from the metabolic cost of fever, it is clear that significant protein mass is

produced acutely and that skeletal muscle represents the major body store for amino



acids. While all of these explanations are speculative and difficult to prove, they do

provide a conceptual understanding for the underlying purpose of cachexia.

3. Mechanisms of Muscle Catabolism

3.1 Protein Degradation Underlies Muscle Atrophy

In muscles undergoing rapid weight loss, myofibrillar atrophy is the
predominant feature. While the absolute number of muscle fibers does not change,
the individual fibers decrease in size with concurrent decreases in protein content
(40). This does not occur equally in all muscle. Fast twitch, glycoclytic muscle
undergoes atrophy at a far more rapid rate than does slow twitch, oxidative muscle
(41-43). Muscle atrophy in response to inflammation occurs as the concerted result of
increases in protein breakdown often accompanied by decreases in protein synthesis
(44-47). A common molecular mechanism is responsible for the degradation of
myofibrillar protein. The ubiquitin proteasome system is responsible for the
degradation of the majority of cellular proteins and contractile proteins are no
exception (48). This pathway requires adenosine triphosphate (ATP), the protein
ubiquitin, and the 26s proteasome (49). The 26s proteasome is a cylindrical, multi-
subunit complex which contains 3 distinct proteolytic activities. Protein substrates are
marked by the covalent attachment of a chain of ubiquitin in a process that requires
three enzymatic steps. The three enzymatic activities require 3 separate enzymes:
the ubiquitin-activating enzyme (E1) the ubiquitin conjugating enzyme (E2) and the
ubiquitin ligase (E3). The E3 is thought to confer a significant amount of specificity to
the proteasome pathway, by forming a bridge between the E2 and the substrate (49).
While there is only one E1 and several E2s, thousands of E3 ligases are encoded by

the genome reflecting the diversity of protein substrates degraded by the proteasome.



Work describing the molecular mechanisms of skeletal muscle atrophy began
to make rapid progress in the 1980s with the discovery that the increased rate of
myofibrillar protein breakdown observed in explanted muscles as a result of tumor
growth (43, 50, 51), acidosis (52), fasting (53), denervation (54) or disuse (55) was
largely blocked by ATP depletion. While the ATP dependence of protein breakdown
implicated the ubiquitin-proteasome system, confirmation of this fact awaited the
development of specific proteasome inhibitors. Once this was achieved, it was found
that muscle protein degradation in acute diabetes (56), metabolic acidosis (57),
denervation, hyperthyroidism and sepsis (48) was blocked by proteasome inhibitors.
Although multiple proteasomal subunits and ubiquitin itself are upregulated in
atrophying muscle, the factors controlling the specificity of this reaction for contractile
proteins were unclear (52, 56). Believing that the ultimate degradation of myofibrillar
protein constituted a conserved process regardless of the atrophic stimulus, two
groups examined genes that were similarly induced in several models of atrophy (58,
58). The result of these screens was the identification of two E3 ubiquitin ligases that
were expressed specifically in muscle and were dramatically upregulated in response
to atrophic stimuli. Muscle atrophy F box (MAFbx or Atrogin-1) is an E3 of the SCF
class of ubiquitin ligases and associates with Skp1 via its F box domain. MAFbx
expression increases at least 7-fold in response to fasting, as well as in response to
every other form of atrophy examined (58). Muscle ring finger protein-1 (MuRF1)
belongs to the family of ring-based ubiquitin ligases and is a member of a subfamily of
closely related E3 ligases MuRF1, MuRF2 and MuRF3. While MuRF2 and MuRF3
appear to be regulated under certain atrophic conditions, MuRF1 is the only member
of the subfamily that is consistently upregulated in atrophic muscle (59). MAFbx and
MuRF1 are both fundamental components of the atrophy process, as gene knockout

at either locus substantially protects against atrophy (59). While it has been largely



assumed that these E3 ligases are responsible for the degradation of contractile
protein via direct ubiquitin ligase activity, this is not exclusively the case. Prior to its
identification as an atrophy regulated gene, MuRF1 was identified by a yeast-2-hybrid
screen as associating with the M-line protein Titin, which forms a single continuous
filament system along the entirety of the myofibril (60). Over expression of MuRF1
results in destabilization of the sarcomeric structure, suggesting Titin as a MuRF1
target. However, in another report, over expression of MuRF1 failed to result in
atrophy, instead altering genes associated with carbohydrate metabolism (61).
MuRF1 is also critical for the organized disassembly of thick filament, first
ubiquitinating the stabilizing proteins myosin binding protein C and myosin light chains
1 and 2 (62). After the degradation of these stabilizing proteins, myosin heavy chain is
also ubiquitinated and targeted for proteasomal degradation (62, 63). This process is
summarized in Figure 1. There is some debate as to the involvement of MuRF1 in the
degradation of thin filament proteins. Some studies have demonstrated specific
ubiguitination of troponin | in cardiac muscle by MuRF1 (64), while there is no
evidence for this in skeletal muscle (62). Actin has also been proposed as a target of
MuRF1 (65), however actin was not been identified as a MuRF1 target in other
studies (62).

MAFbx on the other hand has never been associated with the ubiquitination of
contractile proteins. The only identified substrates for MAFbx are the regulatory
proteins such as elF3-f (66), the muscle differentiation transcription factor MyoD (67)
and IkBa (68). The targeting of I«kBa is of particular interest (as discussed below), as
MuRF1 is a known NFkB target gene, suggesting the possibility of crosstalk between
these two E3 ligases. Interestingly, MAFbx also is a co-activator of Foxo transcription
factors in cardiac muscle, suggesting possible feed forward activation of the atrophy

program (the role of Foxo transcription factors are discussed in detail below) (69).



MAFbx over expression alone does not result in atrophy in myotubes, however, these
data are only reported as an unpublished observation (70). Despite the fact that
MAFbx does not appear to target myofibrillar proteins for ubiquitination, it is a larger
contributor to denervation-induced atrophy. Mice lacking MAFbx demonstrate a 56%
sparing of muscle mass in response to denervation, while mice lacking MuRF1 only
demonstrated a 36% sparing (59). It is unclear whether this relative contribution is
unigue to denervation atrophy, or whether it extends to other forms of atrophy as well.
While MAFbx and MuRF1 are doubtlessly only a part of the mechanism by which
contractile elements are degraded, they are inseparable from the atrophy process.
There are no experimental models that have been reported to date that do not
demonstrate the induction of MAFbx and MuRF1 during the active loss of muscle
mass. Therefore, these two genes serve as excellent markers of active muscle

wasting.
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Figure 1. MuRF1 is an E3 ubiguitin ligase responsible for targeting the contractile
apparatus to the proteasome

(A) Under catabolic conditions, MuRF1 transcription increases. (B) MuRF1 first targets
structural and regulatory elements within the myofibril, such as myosin binding proteins and
Titan in the z-band. {C) Once these structural elements have been degraded, the thick
filament is freed and subsequently ubiguitinated under the direction of MuRF1 and subjected

to proteasomal degradation.



3.2 The Molecular Regulation of Atrophy: Cytokines, Hormones and
Transcription Factors

Despite the fact that cachexia is clearly a disease of systemic inflammation,
the means by which the atrophic signal is delivered to muscle is not necessarily
inflammatory cytokines themselves. Early studies utilizing parabiosis demaonstrated
that the signals mediating cachexia were contained within the systemic circulation
(71). As described above, inflammatory cytokines clearly fit this definition. However, a
number of other endocrine signals have important roles in the regulation of muscle
mass and are altered under conditions of inflammation. The following section will
discuss extracellular signals that regulate protein balance in skeletal muscle, as well

as the intracellular signaling networks that govern the process of atrophy.

3.2.1 Insulin-like Growth Factor Signaling at the Crossroads of Muscle
Anabolism and Catabolism

Insulin and Insulin-like Growth Factor (IGF-1) have been extensively studied
with regard to their role in regulating the anabolic/catabolic balance in skeletal
muscle. Insulin was shown very early on to stimulate protein synthesis and inhibit
protein breakdown in isolated muscle in short term culture (72). Interestingly however,
mice lacking insulin receptor in skeletal muscle do not demonstrate atrophy,
suggesting that the lack on insulin signaling per-se does not result in muscle
catabolism (73). IGF-1 signaling also significantly regulates muscle mass. Muscle
specific over expression of IGF-1 leads to massive hypertrophy (74, 75) and prevents
muscle atrophy in response to a variety of stimuli (76). The binding of insulin and IGF-
1 to their cognate receptors recruits insulin receptor substrate (IRS) proteins to the
membrane, activating phosphatidylinositol 3-kinase (PI13K) (40). The phosphorylation

of membrane inositides by PI3K creates a docking site for protein kinase B (PKB/Akt)
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which directly phosphorylates many downstream targets critical for cell growth. The
anabolic activity of IGF-1 requires activation of both PI3K and Akt (77). Furthermore,
isolated activation of Akt is sufficient to produce hypertrophy. The activity of the IGF-
1/PI13K/Akt pathway in muscle is actively restrained by proteasomal degradation of
IRS-1 mediated by the ubiquitin ligase Fbxo40 (78). When Fbxo40 is knocked down,
significant hypertrophy results.

A central regulator of the anabolic activity downstream of IGF-1/PI3K/Akt
signaling is the mammalian target of rapamycin (mTOR) complex, which occupies a
central position in multiple metabolic signaling cascades, integrating signals from
growth factors, nutrient availability, and energy status (79-81). Multiple signals
including increased levels of glucocorticoids and decreased insulin/IGF-1 signaling
result in the inhibition of MTOR. Two distinct protein complexes contain mTOR.: the
rapamycin sensitive mTORC1 that contains raptor and the rapamycin insensitive
mTORC2 that contains rictor. mTORC1 is generally agreed to be more important for
the maintenance of skeletal muscle mass, while mMTORC2 appears dispensable (82).
Signaling downstream of the |GF-1 receptor results in PI3K dependent
phosphorylation of Akt, and activation of mTOR signaling via the tuberous sclerosis
complex (40). mTOR then drives bulk protein synthesis via the regulation of
translation through several parallel pathways. mTOR inhibits 4E-BP1 binding to
elF4e, freeing it to participate in translational initiation (79). Furthermore, mTOR
activates p70°** which also drives translation (79). mTOR signaling is necessary for
muscle hypertrophy in response to IGF-1 or constitutively active Akt (77, 79). While
this process appears to be critical for adaptive hypertrophy, treatment with rapamycin
and subsequent mTOR inhibition does not lead to atrophy in adult animals,
suggesting it may not be critical to the normal maintenance of skeletal muscle (79).

The local levels of branched chain amino acids also regulate mTOR. It was recently



reported that the transcription factor Kriipple like factor 15 (KLF15) increases the
expression of branched chain amino transferase-2 (BCAT2), resulting in the
catabolism of branched chain amino acids and decreased mTOR activity (81).
Critical to the regulation of protein balance by Akt is a family of transcription
factors known as forkhead box or Foxo transcription factors. This family contains 3
members: Foxo1, Foxo3a and Foxo4. All three are phosphorylated by Akt and
excluded from the nucleus (70, 83, 84). When Akt signaling is lost, Foxo enters the
nucleus and drives the transcription of multiple genes. Both MAFbx and MuRF1
promoters contain forkhead binding sites, and are transcriptionally regulated by Foxo
(70, 84). Foxo transcription factors are sufficient to induce atrophy, as adenoviral
transduction of a constitutively active Foxo3a is sufficient to induce atrophy in cultured
myotubes and electroporetic transfection of adult myofibers in vivo results in
significant atrophy (70). Foxo transcription factors are also necessary for atrophy, as
transduction of myotubes with a dominant negative Foxo3a which lacks a
transactivation domain prevents atrophy in response to dexamethasone treatment
(70). Additionally, dominant negative inhibition of Foxo1, protects against sepsis and
tumor-induced muscle atrophy (85). The Foxo family members exert overlapping
control over the MAFbx gene, as RNAI against either Foxo1 or Foxo3a alone only
partially protects against the activation of a MAFbx-luciferase reporter in fasting
animals, while RNAi against both simultaneously completely prevents fasting
mediated induction of MAFbx-luciferase activity (70). Furthermore, mutation of
putative forkhead binding elements in the MAFbx promoter prevents activation of
MAFbx-luciferase activity in vivo (70). There is some debate as to whether Foxo
signaling is sufficient to induce atrophy, as different effects have been reported on

MAFbx expression after the transduction of myotubes with a constitutively active Foxo
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(70, 86). However, it is agreed upon that Foxo signaling is necessary for
dexamethasone-induced atrophy of myotubes.

MuRF1 is also a target of Foxo transcription factors. The MuRF1 promoter
contains numerous conserved forkhead-binding elements. Foxo1 is constitutively
present on the MuRF1 promoter, and it's binding increases with dexamethasone
treatment (84). The activity of MuRF 1 luciferase constructs can be increased by
Foxo1, Foxo3a and Foxo4 over expression in vitro (84). Consistent with the regulation
of the MAFbx gene, increased MuRF1 gene expression in response to
dexamethasone treatment is also blocked by IGF-1 treatment. Foxo1 transcription
factors also play a critical role in the atrophy process independent from their role in
transactivating MAFbx and MuRF1. Muscle specific over expression of Foxo1 in vivo
leads to reduced muscle size without increases in MAFbx or MuRF1 gene expression,
suggesting E3 ligase independent functions of Foxo1 (87). Furthermore, expression
of Foxo1 increases in numerous atrophy states, and unlike MAFbx and MuRF1 it

remains elevated after the bulk of protein loss (81, 88, 89).

3.2.2 Endogenous and Exogenous Glucocorticoids Promote Muscle Atrophy
Circulating glucocorticoids are also important systemic metabolic regulators.
Cortisol in humans or corticosterone in rodents is produced in the adrenal gland under
the neuroendocrine control of the central nervous system (CNS) (90). Corticotrophin
releasing hormone (CRH) neurons within the paraventricular nucleus (PVN) of the
hypothalamus release CRH into the pituitary portal vasculature. CRH acts on anterior
pituitary corticotrophs to release adrenocorticotropic hormone (ACTH) into the
systemic circulation. ACTH travels to the adrenal gland, where it acts on cells of the
zona fasciculata to release cortisol. Cortisol is released in response to a number of

psychological and physiologic stressors and mediates numerous stress responses



(90). Glucocorticoids also play a critical role in mediating normal metabolic function,
as they are released in a circadian fashion, with a zenith at dawn and a nadir at dusk
(This is reversed in rodents were activity and dormancy cycles occur during the night
and day respectively). This circadian variation in cortisol levels likely has a significant
impact on muscle physiology, as multiple metabolically active, glucocorticoid
responsive transcripts are regulated in skeletal muscle across the day/night cycle
including the muscle specific E3 ligases MAFbx and MuRF1 (91).

The role of glucocorticoids in mediating muscle atrophy has been studied in
two major paradigms: exogenous administration and blockade of signaling. In most
studies involving glucocorticoid administration the synthetic glucocorticoid
dexamethasone is predominantly utilized. While this has the advantage of being a
long haif-life compound and highly specific for the glucocorticoid receptor (GR), it has
the obvious caveat of overt pharmacology. When high dose dexamethasone is
administered to rodents, or applied to myotubes in culture, pronounced atrophy
occurs, accompanied by increased protein turnover (59, 92). Elevated glucocorticoid
levels are found in a number of animal models associated with overt muscle
catabolism, including sepsis (93), cancer (94), fasting (53, 95), metabolic acidosis
(96), and uncontrolled diabetes (95). When glucocorticoid signaling is blocked either
via pharmacologic antagonism or adrenalectomy in these conditions, muscle atrophy
is attenuated. Several studies have examined the contribution of glucocorticoid
signaling to muscle atrophy in cancer (97, 98). In both cases, no statistically
significant effect of glucocorticoid blockade was seen in any of the measured
parameters of muscle wasting, leading to the generally accepted conclusion that
glucocorticoids do not participate in cancer cachexia (33).

A conserved glucocorticoid response element (GRE) is present in the MuRF1

gene, immediately adjacent to a forkhead-binding site. This GRE is near perfectly

15



conserved between mouse, rat and human and is an essentially perfect consensus
GRE, which is quite rare in glucocorticoid response genes (84). Potent synergy exists
between GR and Foxo1 mediated activation of the MuRF1 gene, as demonstrated by
a dramatic increase in MuRF1-luciferase activity in the presence of both transcription
factors. MAFbx on the other hand does not contain a GRE, yet is dramatically induced
by glucocorticoid treatment. A possible explanation for the induction of MAFbx by
glucocorticoids is the degradation of IRS-1 by Fbxo40 (78). Although the regulation of
Fbxo40 in response to glucocorticoids has not been examined, it is theoretically
possible that decreased phosphorylated Akt levels are the result of increased Fbxo40
mediated degradation of IRS-1. Protein synthesis is also decreased by
glucocorticoids. Both KLF15 and regulated in DNA damage responses-1 (REDD1)
expression increases in muscle in response to glucocorticoid treatment. REDD1, a
direct inhibitor of mTOR, is directly transactivated by ligand bound GR (81). KLF15 is
also a directly transactivated by GR, influencing mTOR activity via alterations in the
levels of branched chain amino acids (81).

Glucocorticoids contribute to muscle atrophy in a number of disease states. In
acute diabetes, muscle wasting is prevented by adrenalectomy, yet glucocorticoid
signaling is not believed to be sufficient to explain this effect (95). Diabetic
adrenalectomized mice show a restoration of muscle wasting in response to a low
dose of dexamethasone, which is estimated to mimic endogenous pathophysiologic
concentrations of glucocorticoids. However, in non-diabetic animals, this dose is
insufficient to induce atrophy. The authors explain this effect via a non-genomic
interaction between glucocorticoid and insulin signaling at the level of IRS-1, where
GR competes with PI3K for the available IRS-1. The resulting decrease in Akt
phosphorylation increases Foxo transactivation of MAFbx. While this finding does

suggest an increased sensitivity to glucocorticoid-induced atrophy during diabetes, it



is impossible to know whether the dose of dexamethasone given accurately reflects
the endogenous production of glucocorticoids during stress. Further, dexamethasone
differs from the endogenous glucocorticoid corticosterone in a number of critical ways
including receptor affinity, biclogical half-life, and potency at other steroid receptors.
Given the synergy between Foxo1 and GR mediated transactivation of MuRF1, this
increased sensitivity to glucocorticoid-induced atrophy is not surprising in acute
diabetes, where profound insulinopenia would be expected to significantly increase

nuclear Foxo.

3.2.3 Inflammatory Cytokines as Direct Mediators of Muscle Atrophy

The direct action of inflammatory cytokines on the skeletal myocyte is the
dominant hypothesis for the mechanism by which inflammation mediates muscle
atrophy. The application of inflammatory cytokines onto cultured myotubes results in a
loss of cross sectional area and activation of the atrophy program at the molecular
level (42, 99, 100). In vivo, inflammatory cytokines are both necessary for tumor-
induced atrophy, and sufficient in isolation to cause atrophy (30, 101). The most
studied transcriptional mediator of inflammatory signaling in muscle atrophy is
Nuclear Factor Kappa-B (NFkB). Often referred to as the master inflammatory
regulator, NFkB signaling occurs via two principle pathways: canonical and non
canonical. The canonical pathway is the best characterized with regard to its role in
the atrophy process. The alternate or non canonical pathway appears to be more
relevant to the regulation of mitochondrial function (102). In the absence of
inflammatory signaling, the canonical NFkB heterdodimer composed of p65 (product
of the RelA gene) and p50 are retained in the cytosol via binding to inhibitor of kappa
B alpha (IkBa) (103). Inflammatory signals converge on the inhibitor of kappa B

kinase (IKK) complex. The beta subunit is phosphorylated, and then phosphorylates
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IkBa, targeting it for ubiquitination and subsequent proteasomal degradation, freeing
the p65/p50 heterodimer to translocate to the nucleus and drive inflammatory gene
expression. Muscle specific expression of a constitutively active IKKp results in a
profoundly cachectic phenotype with marked muscle atrophy (104). Furthermore,
muscle specific expression of a non-phosphorylatable dominant negative [kBa
protects against muscle atrophy in response to denervation and tumor growth.
Interestingly, in the setting of NFkB gain-of-function, MuRF1 but not MAFbx is
induced. Consistent with this the MuRF1 but not MAFbx promoter is transcriptionally
activated by NFkB (70, 104) and MuRF1 knockout mice resist the atrophy induced by
constitutive activation of NFkB signaling. Basal levels of MuRF1 transcription and
expression are also substantially decreased in the setting of dominant negative
inhibition of NFkB, demonstrating an important role for this pathway in the
maintenance of MuRF 1 expression independent from catabolic stimuli (104). Protein
synthesis is not decreased by constitutive activation of NFkB signaling and is instead
increased demonstrating that alternate signaling mechanisms underlie the decrease
in protein synthesis accompanying inflammation (104).

Signaling via the p38 mitogen-activated protein kinase (MAPK) pathway
downstream of inflammatory cytokine receptors has also been implicated in mediating
the atrophy response. In addition to the activation of NFkB, the binding of TNF to its
cognate receptor also activates p38 MAPK. In cultured myotubes, treatment with a
p38 MAPK inhibitor prevents in the induction of MAFbx mRNA and atrophy in
response to TNF stimulation (105). These findings have also been extended to
interleukin 1 beta (IL-1B) and LPS, which also activate MAFbx via p38 (99, 106).
Systemic treatment with p38 MAPK inhibitors also prevents muscle atrophy in
response to inflammatory stimuli (106). Recently, these findings have been extended

to cancer cachexia as well. Muscle atrophy in response to tumor growth can also be



prevented by systemic p38 inhibition (107). The p38 dependent activation of MAFbx
in tumor bearing mice is dependent on C/EBP, as C/EBP knockout mice also resist
tumor-induced atrophy. Caution must be used however in the interpretation of these
data. The in vitro studies clearly show an important role for p38 in mediating the direct
effects of cytokines on cultured muscle cells. However, systemic inhibition of p38
MAPK likely alters the action of inflammatory signaling in other cell types as well.
Cytokine production, HPA axis activation and |IGF production are all likely affected by
this treatment, yet they were not examined in these studies. It is therefore difficult to

describe the role of p38 MAPK in the skeletal myocyte in mediating atrophy in vivo.

3.2.4 Kriipple-Like Factor 15 in the Regulation of Muscle Mass

MAFbx and MuRF1 are also regulated by KLF15, a transcription factor that
was previously mentioned in relation to the regulation of protein synthesis. KLF15
binding sites are present in the promoters of MAFbx and MuRF1, and are requisite for
KLF15 mediated transactivation of both genes (81). Transfection of myotubes with
KLF15 siRNA, provides a near complete block to the induction of both MAFbx and
MuRF1 by dexamethasone. KLF15 over expression is sufficient to drive atrophy gene
expression and myofibrillar atrophy in adult skeletal muscle. Furthermore, synergy
exists between KLF15 and Foxo1, as AAV transduction of adult muscle with a
constitutively activate Foxo1 and KLF15 increases MAFbx and MuRF1 expression
more than the sum of either construct alone, Therefore it appears that KLF15

represents another critical node of regulation for the atrophy process

3.2.5 Activin and Myostatin in the Regulation of Muscle Mass
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clinical trial for this very indication. This generates further doubt about the true
etiology of improved survival in tumaor bearing mice treated with anti-myostatin
therapy (116, 117).

The lack of precise molecular mechanism by which myostain mediates muscle
atrophy further complicates our understanding of the role of myostatin signaling in the
pathogenesis of cachexia. As a member of the TGF family, myostain signals via
SMAD proteins. Forced activation of SMAD signaling in vivo produces muscle atrophy
with weak MAFbx activation and an absence of MuRF1 induction (118).Yet myostatin
treatment of cultured myotubes induces MAFbx and MuRF1 via decreases in Akt
mediated phosphorylation of the Foxo transcription factors (119). Consistent with this,
inhibition of myostatin signaling increases Akt and Foxo phosphorylation decreasing
E3 ubiquitin ligase expression in cancer cachexia (14, 113). Given the discrepancies
in the mechanistic studies, it is clear that further work is required to understand the
mechanism underlying myostatin signaling in muscle atrophy. Regardless of whether
myostatin over activation plays a key role in cachexia, it is clear that antagonism of
myaostatin signaling represents a significant therapeutic opportunity for the treatment
of muscle wasting diseases. Given the extensive interest in myostain biology from a
basic science and pharmaceutical standpoint additional future studies will likely detail

the role of myostatin signaling in cachexia.

3.2.6 The Autophagy-Lysosome System Plays an Emerging Role in Muscle
Atrophy

The lysosomal system was initially discounted as playing a major role in
mediating the loss of muscle protein during atrophy, due to the large component of
net protein degradation that was prevented by the use of proteasome inhibitors.

However, recent evidence suggests that lysosomal proteolysis and autophagy are an
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integral component of the atrophy response. While the proteasome is believe to be
responsible for the degradation of short-lived proteins, the autophagy-lysosome
system degrades mostly longer-lived proteins and organelles (120). Like the
proteasome system, autophagy is also an energy dependent process. Activated small
ubiquitin-like molecules such as microtubule-associated protein 1 light chain 3 (LC3)
and Gaba receptor A associated protein (GABARAP) (and others) are covalently
bound to phosphatidylethanolamine and are transferred from a conjugation system to
membranes, forming a critical step in the creation of the autophagosome (121).
Importantly, these proteins are short lived, as they are consumed by the process of
autophagosome formation. Autophagy genes are upregulated in muscle atrophy
(122). However, unlike the ubiquitin-proteasome system where critical regulatory
machinery is upregulated under conditions of atrophy, the autophagy system shows
selective upregulation of transcripts coding for these short lived ubiquitin-like
molecules.

Autophagy is induced in concert with activation of the ubiguitin-proteasome
system (85) and is regulated by the same families of transcription factors that also
control the proteasome system in muscle. The Foxo transcription factors are also
responsible for directing transcriptional activation of the autophagy system, as Foxo3a
is both necessary and sufficient for the induction of muscle cell autophagy in
response to starvation in vitro and in vive (123). In non-muscle cells, inflammatory
signaling pathways also play a role in the activation of autophagy. Hepatocyte-specific
deletion of IKK beta prevents autophagy induction in response to starvation (124).
Furthermore, the induction of autophagy in response to nutrient deprivation in vitro
depends on IKK activation but not on NF«B signaling (125). The precise role of
autophagy in the atrophy process has remained somewhat elusive. The overlapping

transcriptional control mechanisms make separation of the specific role of the



autophagy/lysosome system difficult. It is clear however, that complete absence of
autophagy in muscle results in multiple pathological features. Muscle specific deletion
of the unigue E1 enzyme Atg7 results in profound weakness and myopathy in mice,
underscoring the importance of autophagy in the maintenance of normal muscle

(126).

4. The Role of the Central Nervous System in Cachexia

4.1 Inflammatory Signaling in the Central Nervous System Regulates Sickness
Behavior

While skeletal muscle is the best described target of cytokine signaling with
regard to atrophy, inflammatory signaling in the CNS has been extensively studied in
mediating sickness behavior. The peripheral administration of cytokines such as IL-1B
(127-129) and TNF (129), or the inflammatory bacterial cell wall product
lipopolysaccharide (LPS) (127, 128) potently induce ancrexia in laboratory animals.
Furthermore, intercerebroventricular (i.c.v.) injection of inflammatory cytokines such
as IL-1B (130), LIF (131), and TNF (132) also reduce food intake, suggesting that the
brain can respond directly to inflammatory signals. Peripheral or central cytokine
injection leads to a rapid induction of cFOS immunoreactivity (cFOS-IR, a marker of
neuronal activation (133)) in multiple brain regions, including areas that are critical for
food intake and energy metabolism such as the ARC (134). A negative correlation
has been reported in tumor-bearing animals between food intake and interleukin 1
alpha (IL-1a) concentration, further implicating inflammatory cytokines in the
pathogenesis of anorexia (135).

Additional studies have shown that inflammatory cytokine production in the

CNS itself is critical in the generation of the anorectic response. Animals injected
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peripherally with LPS display a rapid increase in the expression of inflammatory
cytokines in the hypothalamus (127, 128). IL-1B is particularly critical, as i.c.v. infusion
of IL-1 receptor antagonist (IL-1Ra) significantly reduces the anorexia resulting from
peripheral LPS administration and normalizes hypothalamic cytokine expression
{138). Myeloid differentiation primary response protein 88 (MyDB88) is a signaling
adaptor downstream of Toll-Like Receptor-4 (the cellular receptor for LPS) and the
type 1 interleukin-1 receptor (IL-1R1). Mice lacking functional MyD88 are completely
resistant to LPS or IL-1B-induced anorexia and show attenuated induction of
hypothalamic cytokine production (127, 128). These results demonstrate that local
cytokine production within the brain may function as a critical signaling intermediate
and a feed forward mechanism for sustaining the response to inflammation.

The induction of IL-1 (137, 138) and TNF (138) expression in the
hypothalamus has been documented in tumor bearing animals as well. Further
support for the critical nature of hypothalamic cytokines comes from experiments
demonstrating that i.c.v. administration of the TNF neutralizing antibody infliximab or
IL-1Ra increases food intake and reduces the febrile response in a cecal ligation and
puncture model of sepsis modestly increasing survival (139). Additionally, ICV
infliximab or IL-1Ra improve food intake and survival in animals implanted with the
Walker-256 tumor (139), in which hypothalamic levels of TNF and IL-1B are both
increased. While promising, the modest effects seen in these experiments point to
likely redundancies in the inflammatory control of anorexia in more complex disease
models. Many cytokines have the capability of inducing anorexia when injected
centrally and the mRNA for multiple inflammatory mediators are simultaneously
induced in the hypothalamus after peripheral LPS challenge or in tumor-bearing
animals. It is therefore likely that anorexia in disease is due to the additive or

synergistic effects of multiple inflammatory cytokines. Indeed. infusion of multiple



cytokines at doses that provoke only slight anorexia alone, can lead to dramatic
anorexia when given in combination (130). Further, the chronic administration of IL-
1B, TNF, IL-6 or Interleukin-8 results in an initial anorectic period with rapid
desensitization and complete recovery of food intake by the end of one week (140,
141). In contrast, AAV-mediated delivery of LIF into the CNS can generate chronic
anorexia and weight loss that shows no signs of desensitization (142). These findings
indicate that the generation of long-lived disease-associated anorexia likely results
from the complex interplay of multiple CNS cytokines that are likely specific to the

patient and condition.

4.2 Afferent Pathways for the Detection of Systemic Inflammation

4.2.1 Neural Pathways

Visceral sensory afferents are a potential mechanism by which peripheral
inflammation generates an anorectic response. In particular, the vagus nerve appears
to play a role in mediating behavioral responses to inflammation. Sub-diaphragmatic
vagotomy attenuates the induction of IL-1p mRNA expression in the hypothalamus
after intraperitoneal (i.p.) LPS challenge (143) or IL-1B injection (144). However, other
studies have demonstrated that vagotomy does not prevent increases in
hypothalamic IL-1B protein content in i.p. LPS treated animals (145). Some have
shown that vagotomy attenuates the anorexia seen with i.p. LPS administration (146).
while others have seen no alteration in the anorectic response to i.p. LPS or other
peritoneal inflammatory stimuli in vagotomized animals (147). An explanation for the
discordance of these studies is not immediately apparent, however these data are
suggestive of a vagally mediated anorectic pathway in response to inflammatory

stimuli that may be critical under certain circumstances, particularly in the case of
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peritoneal inflammation. It seems clear however, that the vagus is not necessary for
the anorectic response to intravenous IL-13 (148). There is some evidence to
showing that tumor growth stimulates anorexia via a vagal pathway. Anorexia was
attenuated in tumor-bearing rats when a subdiaphragmatic vagotomy was performed

prior to tumor implantation, or when vagal afferents were chemically ablated (149).

4.2.2 Humoral Pathways

In contrast multiple lines of evidence demonstrate that circulating cytokines act
directly on CNS neurons. The best-studied cytokine with regard to its neuronal action
is leptin, a negative regulator of body mass and appetite. Leptin has been implicated
as a mediator of uremic cachexia (150) and elevated levels of leptin have been
reported in CHF (151). Studies demonstrating the critical role for leptin in the
pathogenesis of other forms of cachexia have yet to be performed. However, leptin is
closely related to IL-6 and LIF in structure and signaling (152). Thus leptin serves as
an effective prototype for cytokine access to the CNS, despite the lack of extensive
evidence for it being an essential mediator of cachexia. Inflammatory cytokines are
generally believed to be too large to cross the blood brain barrier (BBB) by simple
diffusion (153). However, CNS structures collectively referred to as circumventricular
organs have specialized fenestrated capillaries, The median eminence Is one such
region, where the permeable capillaries of the portal vasculature play a critical role in
the neuroendocrine communication between the hypothalamus and the anterior
pituitary. Neurons in the adjacent ARC are thought to have processes that lie outside
of the BBB (154) and are also responsive to circulating factors via median eminence
capillary fenestrations (153). Furthermore, the ARC is a critical site for the integration
of physiologic leptin signals, suggesting that it may also respond to inflammatory

cytokines. Additional areas of the brain respond directly to leptin signals (155, 156),



yet lie behind the BBB. Active transport across the BBB and the blood-CSF barrier is
well characterized for leptin (157, 158). In addition, cytokines such as IL-1B (159), IL-6
(160), and TNF (161) are also actively transported into the CNS. Collectively, these
data suggest that areas of the brain that are behind the BBB may be able to respond

to circulating cytokines.

4.2.3 Blood Brain Barrier Permeant Second Messengers

Another mechanism by which inflammatory cytokines can influence neuronal
activity is the synthesis of prostaglandins along the BBB, either in endothelial cells or
perivascular macrophages. Prostaglandins are small lipid soluble inflammatory
mediators that diffuse across the BBB (162, 163). Consistent with the notion that
prostaglandins serve as a signaling intermediate, endothelial and perivascular cells
express the receptors for inflammatory cytokines (164, 185), and are activated under
inflammatory conditions (164, 166). Further, inflammatory insults activate endothelial
cells more rapidly than neurons. This suggests that under inflammatory conditions,
endothelial cells may be responsible for conveying the activating signal to neurons
(168). In accordance with this, neurons are known to express receptors for
prostaglandins (167). Under inflammatory conditions, the biosynthetic enzymes for
prostaglandin E2 (PGEZ2, the most studied of the centrally acting prostaglandins), are
induced in endothelial cells and perivascular macrophages (168). When
cyclooxygenase (COX), the proximal biosynthetic enzyme for prostaglandins, is
blocked pharmacologically, animals display attenuated anorectic responses to
peripheral |IL-18 (169) and LPS (170, 171). In some studies, tumor-bearing animals
display attenuated anorexia and weight loss when treated with COX inhibitors (172,
173). The precise mechanisms by which COX inhibition is protective remains

somewhat unclear, as certain tumors show attenuated growth when treated with COX
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inhibitors (174), suggesting that tumor regression rather than inhibition of anorectic
pathways may be responsible for these effects, Further, some experimental tumors
produce anorexia and weight loss in a COX-independent manner, as COX inhibition is
not effective in reversing anorexia or weight loss in these models (172). Additional
evidence for the role of prostaglandins in driving anorexia and weight loss comes from
studies in mice lacking the terminal biosynthetic enzyme for PGE2, microsomal
prostaglandin E synthase. These mice display complete resistance to anorexia from
LPS injection or tumor implantation (175). Interestingly, hypothalamic expression of
inflammatory cytokines is normally induced under inflammatory conditions in these

animals suggesting parallel pathways for prostaglandin and cytokine signaling.

4.3 Neural Targets of Inflammatory Signaling

4.3.1 The Central Melanocortin System

One important target for inflammatory signaling in the CNS is the
hypothalamic central melanocortin system, which consists of two neuronal
populations expressing peptide neurotransmitters with opposing actions.
Proopiomelanocertin (POMC) neurons are located in the ARC, and the nucleus of the
solitary tract of the brain stem (176). These neurons express the POMC precursor
peptide, which is cleaved into many bioactive products including the ancrectic peptide
alpha melanocyte-stimulating hormone (a-MSH). The anorectic effect of o-MSH is
exerted by binding to its cognate receptor, the type four melanocortin receptor
{(MCA4R), which is expressed in a broad array of hypothalamic and extra-hypothalamic
areas in the CNS (177). The net effect of signaling at the MC4R is decreased appetite
(178) and increased energy expenditure (179). It should be noted that the POMC

peptide is cleaved into multiple smaller peptides with diverse CNS and peripheral



functions. However, these other cleavage products are not well described in cachexia,
and have been extensively reviewed elsewhere (180). Lying adjacent to the arcuate
POMC neurons, are the Agouti-Related Peptide/Neuropeptide Y (AgRP/NPY)
neurons, which have orexigenic activity (176). While NPY acts on specific NPY
receptors, AgRP is an inverse agonist at the MC4R, increasing food intake and
decreasing energy expenditure (181). Importantly, u—MSH and AgRP immunoreactive
fibers project to many of the same locations across the CNS, although AgRP
projections are less dense (182-184). In addition, AGRP neurons send inhibitory
projections to neighboring POMC neurons, creating an additional level of control
(185). Both neuronal populations are cytokine responsive. Further, both play a critical
role in normal energy homeostasis in the response to leptin and the maladaptive
energetic response to inflammatory cytokines. In particular, POMC neurons express
the IL-1R1, and increase their spontaneous firing rate in response to IL-1B
administration. The release of a-MSH from hypothalamic explants after IL-15
treatment is also increased (186). The converse is true of AGRP neurons, which, like
POMC neurons express the IL-1R1, but instead decrease the spontaneous release of
AgRP in response to IL-1B (187). Presumably, the net result of IL-1B action on these
two neuronal populations is to dramatically increase signaling at the MC4R,, resulting
in anorexia. In addition, recent work has shown that the acute ancrectic effects of
exogenous LIF are entirely mediated by LIF receptor signaling on POMC neurons
{(131), further underscoring the importance of the melanocortin system in mediating
the response to cytokines. Consistent with this mechanism, mice lacking functional
MCA4R resist anorexia associated with tumor growth (35, 188), chronic renal failure
(150), or LPS administration (35, 188). In addition, ICV administration of exogenous

AgRP, or synthetic melanocortin antagonists also ameliorates anorexia induced by
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LPS, inflammatory cytokines (129, 189, 190) chronic renal failure (150), and tumor
growth (35, 36).

As a result of these findings, multiple preclinical studies have begun to
examine the potential therapeutic benefit of melanocortin antagonism in cachexia.
Melanocortin antagonists have been developed that improve food intake and prevent
the loss of lean mass when administered peripherally to tumor bearing mice (180,
191). Recently, melanocortin antagonists have been developed with oral
bicavailability that attenuate anorexia and lean mass loss in tumor bearing animals
(192). Preclinical studies have also demonstrated the efficacy of melanocortin
antagonism in chronic renal failure. Peripheral administration of melanocortin
antagonists improves food intake and prevents the loss of lean mass in subtotal
nephrectomy-induced chronic renal failure (193, 194). As the preclinical data
demonstrate, melanocortin antagonism is an exciting treatment possibility for anorexia
associated with chronic disease. Future clinical studies will likely begin to explore the

efficacy of melanocortin antagonism as a therapeutic modality in human cachexia

4.3.2 Neuropeptide Y

NPY is another well-studied orexigenic neuropeptide, which increases food
intake when administered exogenously. Co-expressed in the same neurons as AgRP,
NPY is also regulated by inflammatory stimuli. Globally, NPY acts to increase food
intake and administration of exogenous NPY leads to hyperphagia and cbesity (195).
Unlike starvation, which induces NPY mRNA in the hypothalamus, inflammatory
stimuli such as LPS or IL-1B either produce no change (196) or demonstrate a
reduction (197) in NPY mRNA levels. Furthermore, tumor-bearing animals show
either no change (34), a decrease (198) or a slight increase (199) in NPY mRNA,

depending on the report. Irrespective of the directionality of the change, inflammatory



anorexia results in a marked suppression of NPY mRNA expression relative to that
seen in animals restricted to an equivalent level of food intake where NPY is
dramatically induced. This shows that inflammatory signaling disrupts the normal
regulation of NPY in response to negative energy balance. A functional antagonism
has been demonstrated between IL-13 and NPY, where |L-B decreases the NPY-
induced feeding response in a dose dependent manner (130). A reduction is seen in
the NPY content of hypothalamic microdialysates from tumor bearing animals,
suggesting impaired NPY release in cachectic states (200). However, several studies
have demonstrated a decreased efficacy of exogenous NPY in tumor bearing animals
as compared with healthy controls, suggesting functional resistance to the peptide in
cachexia (36, 200). Furthermore, resistance to continuous infusion of NPY develops
rapidly in tumor-bearing animals (200), demonstrating that an NPY deficiency is not
solely responsible for the ancrexia in tumor-bearing animals. In accordance with
these studies, radioligand binding assays performed in anorectic tumor bearing rats
showed a dramatic decrease in NPY receptor affinity with a moderate reduction in
receptor number (201). Finally, decreases in NPY immunoreactive projections to
various hypothalamic nuclei have been documented in anorectic animals (198).
These data collectively demonstrate that NPY is aberrantly regulated in cachectic
states. There is evidence for both a decrease in NPY production and a decreased
sensitivity to NPY in cachexia. Given the presence of apparent resistance to NPY in
cachexia, a therapeutic strategy involving exogenous NPY replacement without

correction of the underlying downstream defects may not be viable.

4.3.3 Ghrelin
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Ghrelin is a growth hormone releasing peptide, which is produced in the
stomach in response to hunger or starvation (202). Ghrelin is present in two forms:
acylated ghrelin, which is active, and desacyl ghrelin, which is inactive. Acyl ghrelin
binds to the growth hormone secretogogue receptor-1a (GHSR-1a) which is found on
ARC AgRP/NPY neurons, increasing their activity and peptide release (203). There is
some experimental evidence for the involvement of ghrelin the in the pathophysiology
of cachexia. Ghrelin exerts anti-inflammatory effects on immune cells and
endothelium (204), decreasing proinflammatory cytokine production. In animals and
humans experiencing anorexia due to inflammatory arthritis, serum ghrelin levels are
decreased compared with controls (205). Furthermore, ghrelin levels are acutely
decreased by LPS administration (206), as the result of a prostacyclin-dependent
signaling mechanism decreasing ghrelin secretion by the stomach (207). In addition,
exogenous ghrelin administration attenuates the anorectic response to LPS (204),
most likely due to an attenuation of the inflammatory response and activation of
hypothalamic AgRP/NPY neurons.

Despite the acute decreases in ghrelin brought about by inflammation, plasma
levels of ghrelin are increased in patients with cachexia from multiple etiologies as
compared with non-cachectic patients suffering from the same underlying conditions
(208-211). It has been reported however, that levels do indeed fall in advanced
cancer patients (212), Therefore, in cachexia ghrelin may be elevated as a
compensatory mechanism for negative energy balance. Based on these human data,
an overt ghrelin deficiency does not appear to be involved in the pathogenesis of
anorexia associated with chronic disease, although the possibility remains that the
ghrelin response is inappropriately low given the degree of negative energy balance.
Despite the lack of conclusive evidence for a clear role for ghrelin in anorexia of

chronic disease, multiple preclinical studies have demonstrated promising results in



experimental models of cachexia. When administered to tumor-bearing animals (34,
213, 214) or rats with chronic renal failure (215), ghrelin ameliorates anorexia and
improves lean mass. Ghrelin administration improves skeletal muscle mitochondrial
oxidative capacity independent of food intake (216), suggesting that ghrelin may have
peripheral anti-catabolic effects, or engage a presently unknown hypothalamic anti-
catabolic pathway. When utilized in an experimental model of CHF, ghrelin treatment
improves muscle mass (208) and overall lean mass (217). These promising data have
resulted in multiple clinical trials examining the efficacy of ghrelin in cachexia of

multiple etiologies.

4.3.4 The Hypothalamic-Pituitary-Adrenal Axis

One of the best-understood neuroendocrine responses to inflammation is the
activation of the hypothalamic-pituitary-adrenal axis (HPA), resulting in the release of
glucocorticoids. The reciprocal relationship between glucocorticoids and inflammatory
mediators was initially found in the fact that glucocorticoids inhibit the production of
chemotactic factors, as well as inhibiting their action on target cells (218). It was later
discovered that the degree of the immune response in vivo directly correlated with the
level of circulating glucocorticoids (219, 220). Causality was demonstrated by
experiments showing that monocyte culture supernatants administered systemically
could not activate the HPA axis in the presence of IL-1B neutralizing antibodies.
Administration of recombinant IL-1p was |ater shown to be sufficient to activate the
HPA axis (221). Furthermore, this appeared to occur at the level of the hypothalamus,
as both ACTH and CRH were released simultaneously with corticosterone, and
immunoneutralization of CRH blocked the release of corticosterone (222, 223). It also
appears that IL-1p does not activate the HPA axis via signaling at the level of the

pituitary as IL-1B fails to induce the release of ACTH from corticotroph cell lines or
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primary pituitary cultures. It also seems unlikely that direct IL-1B action on the adrenal
gland plays a significant role in this effect, since CRH neutralization completely blocks
the release of glucocorticoids. It has subsequently become apparent that other
cytokines can cause the release of glucocorticoids (224, 225). Furthermore it appears
that some cytokines can directly activate the pituitary gland. Both IL-6 and LIF appear
capable of direct stimulation of pituitary corticotrophs, releasing ACTH (228, 227).
Despite the potential for direct stimulation of the pituitary, the best-studied
mechanisms by which inflammation activates the HPA axis are those at the level of
the hypothalamus. Initially, believing that cytokines were too large to pass across the
blood brain barrier (228), work focused primarily on prostaglandins (163). Through a
series of detailed neuroanatomical studies using cFos as a marker of neuronal
activation, a mechanistic link was established between catecholaminergic neurons of
the ventrolateral medulla of the spinal cord and CRH neurons of the hypothalamus.
When ascending connections between these two cell groups are cut, intravenous
(i.v.) IL-1B fails to induce cFos in CRH neurons (229}. Implicating prostaglandins,
cyclooxygenase inhibition prevented the ability i.v. II-1B to induce cFos in the PVN.
Further studies have refined the cell types involved with this process, suggesting a
critical role for IL-1B signaling in both endothelium and perivascular macrophages in
activation of the HPA axis via prostaglandins (168, 230). Despite this extensive
histologic evidence for the importance of prostaglandins, the corticosterone response
to systemic inflammation is only modestly attenuated by systemic COX inhibition
(231). This suggests that alternate, prostaglandin independent pathways play a role in

mediating the HPA response to systemic inflammation.

5. An Integrated Model of the Systemic Physiology of Cachexia



5.1 Central Control of Peripheral Metabolic Function via the Autonomic Nervous
System

Sickness behavior and muscle atrophy are often considered to be isolated
processes of the brain and muscle respectively. Indeed, many studies of muscle
atrophy in particular focus on the cell autonomous action of inflammatory cytokines on
skeletal muscle. When considering cachexia from a systems perspective however, it
seems unlikely that any of these processes occur in isolation or without feedback
regulation. A growing body of evidence suggests that the CNS regulates peripheral
metabolic function in a coordinated manner. While the majority of the insight
regarding the central regulation of peripheral metabolism has come from the obesity
literature, the same principles are likely applicable in the context of cachexia. Indeed,
the ability to melanocortin antagonism to protect lean mass in experimental models of
cachexia suggests a hypothalamic mechanism for muscle catabolism.

While little data exists regarding the central control of muscle mass, the
obesity field has made great strides in understanding the regulation of body fat by the
brain. Such studies have demonstrated a role for CNS neuropeptide signaling in the
regulation of fat mass and cholesterol homeostasis (232, 233) via the autonomic
nervous system. In particular, there is extensive evidence to suggest that the process
of lipogenesis and lipolysis in white adipose tissue are regulated by preautonomic
MCA4R positive neurons in hypothalamus. Using retrograde tract-tracing with
pseudorabies virus, a series of elegant studies mapped the neuroanatomic circuit
between neurons of the PVN and adipose tissue (234-236). This innervation has
physiologic relevance, as the sympathetic nervous system (SNS) regulates fat cell
number (237). Stimulation of the MC4R increases white adipose tissue sympathetic
nerve firing, favering lipolysis via activation of beta adrenoreceptors (232). Given that

metabolic changes rarely occur in isolation, it is possible that the same neurocircuitry
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involved in the regulation of fat mass may also regulate the anabolic/catabolic
balance in skeletal muscle as a part of the concerted regulation of whole body energy

homeostasis.

5.2 Autonomic Regulation of Muscle Mass

5.2.1 Adregnergic Receptors and Skeletal Muscle

Very few studies have examined the role of the autonomic nervous system in
the regulation of muscle mass. Both the sympathetic and parasympathetic nervous
system have the potential to influence the metabolic activity of skeletal muscle. While
the sympathetic nervous system is well studied with regard to skeletal muscle, there
is almost no data with regard to parasympathetic nervous system providing input to
muscle. B-adrenergic receptors are present on skeletal muscle, with a preponderance
of the type 2-receptor (238). B receptor density is greater in slow than it is in fast
muscle (239), although paradoxically B agonists have greater effects in fast twitch
muscle (240, 241). a1 receptors are also present in the sarcolemma of skeletal
muscle, but are found almost exclusively in slow twitch muscle (242). B agonists are
anabolic to skeletal muscle and produce significant hypertrophy over time (243, 244).
Multiple preclinical studies have documented the potential of beta agonists to
increase skeletal muscle mass and function in numerous catabolic states such as
cancer (245, 246), muscular dystrophy (247), aging (248, 249) and burn injury (250).
Interestingly, drugs targeting the B2 adrenergic receptor have the opposite effects on
adipose tissue, decreasing fat mass and leading many to refer to beta agonists as
repartitioning agents (244), This of course is consistent with the known physiology of
B adrenergic receptors on adipose tissue as discussed above, However, this is not

entirely consistent with a model wherein melanocortin signaling in the brain increases



SNS output resulting in the mobilization of energy reserves from both adipose tissue

and skeletal muscle in concert,

5.2.2 Effects of Endogenous Autonomic Activity on Skeletal Muscle

Only a few studies have explored the role of endogenous catecholamines on
skeletal muscle. In rats, treatment with guanethidine {which depletes noradrenergic
terminals) results in significant increase in skeletal muscle protein breakdown (251).
Likewise, chemical or surgical sympathectomy results in significant decreases in
protein breakdown (252). What is difficult to discern from these two studies is whether
this effect is derived from autonomic nerve endings in skeletal muscle or from
circulating catecholamines. Both severing of the sympathetic trunk and administration
of guanethidine decrease circulating catecholamine levels which are derived from he
adrenal medulla. Regardless, these data demonstrate that muscle receives tonic
anabolic input from endogenous catecholamines,

Alpha-adrenergic receptors also influence the metabolism of skeletal muscle.
When administered into the CNS, leptin increases skeletal muscle glucose uptake via
the activation of AMPK. This effect can be blocked by surgical denervation of the hind
limb muscle, or by administration of the a antagonist phentolamine (253). Consistent
with the expression of the receptor primarily in slow twitch muscle, this effect occurs

predominantly in oxidative rather than glycolytic muscles.

6. Summary

Substantial evidence exists to implicate cytokine signaling in the CNS and in
particular the hypothalamus in the reguiation of skeletal muscle mass. Skeletal
muscle receives input in the form of hormonal signals from |GFs and glucocorticoids,

as well as receiving neural input. However, the role of the CNS in the regulation of
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muscle mass has not been completely described. Compounds with a CNS site-of-
action are being developed as therapeutic agents for cachexia, yet we know very little
about the underlying mechanisms by which metabolic signals are relayed from the
brain. Therefore, it was the purpose of this thesis to better characterize the CNS
substrates for cytokine action in mediating the metabolic response to sickness and to

delineate central pathways pathway mediating muscle atrophy.



CHAPTER 2

Manuscript #1

Central Nervous System Inflammation Induces Muscle Atrophy via
Activation of the Hypothalamic-Pituitary-Adrenal Axis

Theodore P. Braun'?, Xinxia Zhu', Marek Szumowskn Gregary D. Scott®?,
Aaron J. Grossberg'?, Peter R. Levasseur Kathryn Graham Sheehan
Khan®, Sambaswaraa Damaraju®, WIhamF Colmers®, VIGKiEE Baracos® and
Damel L. Marks'

Papé Family Pediatric Research Institute', MD/PhD Program? and Department
of Pulmonary and Critical Care®, Oregon Health & Science University,
Portland, Oregon, 9?239 USA.

Department of Gncology Department of Computer Science® and Department
of Pharmacology®, University of Alberta, Edmonton, Alberta, TEG 2H7,
Canada.

Chapter 2 is modified from the original paper published in The Journal of

Experimental Medicine Nov 14th, 2011,

39



Abstract

Skeletal muscle catabolism is a co-morbidity of many chronic diseases and is the
result of systemic inflammation. While direct inflammatory cytokine action on muscle
promotes atrophy, non-muscle sites of action for inflammatory mediators are less well
described. Here we demonstrate that central nervous system-delimited interleukin-1
beta (IL-1B) signaling alone can evoke a catabolic program in muscle, rapidly inducing
atrophy. This effect is dependent on hypothalamic-pituitary-adrenal (HPA) axis
activation, as CNS IL-1@-induced atrophy is abrogated by adrenalectomy.
Furthermore, we identified a glucocorticoid-responsive gene expression pattern
conserved in models of acute and chronic inflammatory muscle atrophy. In contrast
with reports suggesting that the direct action of inflammatory cytokines on muscle is
sufficient to induce catabolism, adrenalectomy also blocks the atrophy program in
response to systemic inflammation, demonstrating that glucocorticoids are requisite
for this process. Additionally, circulating levels of glucocorticoids equivalent to those
produced under inflammatory conditions are sufficient to cause profound muscle
wasting. Together, these data suggest that a significant component of inflammation-

induced muscle catabolism occurs indirectly via a relay in the central nervous system.



Introduction

Loss of muscle mass is a defining feature of cachexia of chronic disease.
Patients suffering from cancer, chronic heart disease, COPD, sepsis and many other
conditions experience involuntary weight loss and loss of muscle mass, which
contributes significantly to mortality (reviewed recently in (33, 254) ). A decrease in
volitional food intake is often associated with cachexia, but is not solely responsible
for the loss of muscle mass, as nutritional supplementation fails to substantially
reverse changes in body weight (32). A common pathologic feature of these disparate
conditions is an increase in circulating inflammatory cytokines. Systemic
administration of cytokines results in muscle catabolism in experimental animals (42).
Further, genetic (255)or pharmacologic blockade (101) of cytokine signaling
attenuates experimental cachexia. Numerous studies have demonstrated that
inflammatory cytokines can cause atrophic changes in cultured myotubes, and in vivo
studies have demonstrated that activation of inflammatory signaling pathways are
fundamental to the atrophy process (42, 106, 256, 257). However, the catabolic
effects of inflammation in vivo have not been shown to depend exclusively on direct
cytokine action on skeletal muscle.

Despite the well-documented role of the brain in regulating whole body
metabolism, the contribution of CNS inflammation to muscle atrophy has not been
examined. The central nervous system is a known target of cytokine signaling in
cachexia, where cytokines act on neural feeding circuits to mediate anorexia (131,
186). Multiple inflammatory cytokines are induced in the hypothalami of animals
treated peripherally with lipopolysaccharide (LPS) (127), or in tumor-bearing animals
(138). When CNS IL-1 receptors are pharmacologically antagonized during systemic

inflammation, anorexia and alterations in peripheral protein metabolism are
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ameliorated (136, 258), suggesting CNS inflammation plays a critical role in
integrating the host response to disease.

Here we present evidence that CNS inflammation is sufficient to induce
muscle atrophy independent of substantial peripheral inflammation. Activation of the
hypothalamic-pituitary-adrenal (HPA) axis is both necessary and sufficient to explain
the catabolic action of central inflammation. Consistent with the role of the brain as a
central regulator of metabolic homeostasis, this work implicates CNS cytokine

signaling in regulating the muscle catabolism in response to systemic inflammation.



Results

CNS Inflammation and Muscle Catabolism are Coincident States

CNS inflammation and muscle catabolism are common features in
experimental models of cachexia. Mice treated with LPS (250 pg/kg) or implanted with
the Lewis Lung Carcinoma (LLC) robustly increase the expression of inflammatory
cytokines in the hypothalamus (Figure 2 a, ¢). LPS administration results in
generalized inflammation, as evidenced by the upregulation of both IL-1p and TNF. In
contrast, tumor growth resulted only in the upregulation of IL-1B. Furthermore, after
systemic LPS administration, |L-1B expression is strongly induced within the
hypothalamic arcuate nucleus as shown by in situ hybridization, demonstrating
endogenous production within the CNS (Figure 2 b). Muscle loss in cachexia occurs
as a result of a decrease in protein synthesis and a concomitant increase in protein
degradation that occurs principally via the ubiquitin proteasome system (43, 52, 56).
Muscle-specific E3 ubiquitin ligases, muscle atrophy F-box (MAFbx or atrogin-1) and
muscle ring finger protein 1 (MuRF1) (58, 59) are induced in catabolic muscle and are
regulated by the Forkhead Box (Foxo) family of transcription factors (70). Increased
expression of MAFbx and MuRF1 occurs in all forms of atrophy studied (122).
Simultaneous with central inflammation, the atrophy program is activated in skeletal
muscle, marked by the upregulation of MAFbx, MuRF1 and Foxo1 (Figure 2 a, ),
which in the case of tumor-bearing animals occurs in the context of muscle mass loss

(Figure 2 d).

Acute and Chronic Central Administration of IL-18 Results in Muscle Atrophy

To determine whether inflammatory signaling in the CNS plays a role in

directing muscle catabolism, mice were administered IL-1B (10 ng) or vehicle (Veh) by

intracerebroventricular (i.c.v.) injection. To control for the anorectic effects of IL-1B,
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food was removed from all cages at the time of injection. Central administration of IL-
1B led to a significant and rapid induction of MAFbx, MuRF1 and Foxo1 mRNA in
gastroncnemius (Gn) muscle 4-8 h after the injection (Figure 3 a), demonstrating
rapid activation of the catabolic program in skeletal muscle in response to central
inflammation. Given the known role of PI3K/Akt signaling in the regulation of muscle
mass, we examined Akt phosphorylation in muscle by Western blot after acute i.c.v.
IL-1B (Figure 3 b). No changes were observed in the phosphorylation of Akt at any
time point after i.c.v. IL-1B injection. To rule out the possibility that centrally
administered IL-1f was |leaking into the systemic circulation and having a direct
impact on muscle, we examined p38 MAPK phosphorylation in muscle. Signaling via
this pathway occurs downstream of the type | IL-1 receptor (IL-1R1), and has been
implicated in the regulation of MAFbx {105, 106). No changes were observed in p38
phosphorylation at any time point after central IL-1p injection, suggesting that
centrally injected cytokine is unlikely to be directly signaling in muscle (Figure 3 b).
We also examined circulating IL-1B levels after acute central IL-1B injection, and
found no changes at any time point examined (Table 1).

We next examined whether the catabolic molecular mechanisms that are
rapidly engaged after bolus i.c.v. IL-1B injection can bring about muscle atrophy with
time. Rats were infused with IL-1B into the lateral ventricle for 3 days via osmotic
minipumps at a dose (10 ng/hr) thought to mimic endogenous pathophysiologic
concentrations under inflammatory conditions (141). This dose is also far below those
given peripherally to induce muscle catabolism or anorexia (59, 129). To control for
the effects of IL-1B on food intake, a subset of Veh treated animals were pair fed (PF)
to the IL-1P treated animals. Central IL-1B treatment led to a sustained decrease in
food intake over the course of the 3-day study. While Veh treated animals consumed

78.6%2.2 g of food over the 3-day period, IL-1B treated animals only consumed



45.29+4 0 g. Similar to acute injection, chronic i.c.v. infusion of IL-1p increased the
expression of MAFbx, MuRF1 and Foxo1 mRNAs in muscle (Figure 3 c). The most
pronounced differences were seen in the Gn and extensor digitorum longus (EDL),
which are predominantly composed of fast twitch fibers. These effects were largely
independent from food intake as PF animals failed to show similar changes in gene
expression. In contrast, the induction of MAFbx, MuRF1 and Foxo1 in the soleus was
relatively small. Central IL-1pB infusion also resulted in significant alterations in body
composition, resulting in significant food intake-independent losses of both body
weight and lean mass (Figure 3 d). While significant fat mass loss occurred with IL-1B
treatment, these changes were paralleled by the PF group. Concurrent with the
changes in body composition, significant food intake-independent loss of Gn and EDL
muscles were observed (Figure 3 e). To examine whether the loss of muscle mass
seen with i.c.v. IL-1B treatment is the result of myofibrillar atrophy, fiber cross
sectional area (CSA) was measured in regions of the Gn and soleus muscle
composed of fast (white Gn, WGn) and slow (soleus) fibers. WGn Fiber CSA was
significantly reduced by |L-1j treatment, but unaltered in PF animals (Figure 3 f, g). In
contrast, soleus fiber CSA was only mildly reduced (Figure 3 f).

To confirm that centrally infused IL-1pB is not diffusing systemically and acting
directly on muscle, we infused |L-1B intraperitoneally (i.p.) at the same dose given
i.c.v (10ng/hr) for 3 days. This peripheral IL-1B treatment did not induce MAFbx,
MuRF1 or Foxo1 mRNA in the Gn, soleus or EDL (Figure 4 a). Unlike i.c.v. infusion,
i.p. IL-1PB delivered at this dose did not affect Gn, soleus and EDL weights (Figure 4
b). In addition, peripheral IL-1p infusion did not significantly alter body weight, lean
mass or fat mass (Figure 4 ¢), and failed to alter fiber CSA in the WGn or soleus
(Figure 4 d, e). To determine whether low dose systemic IL-1B infusion was causing

increases in circulating IL-1B levels, we measured |L-1B in the plasma of these
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animals. Circulating IL-1B levels were below the limit of detection in all samples
(LOD= 93.6 pg/mL, data not shown). Collectively, these data demonstrate that
inflammation in the CNS is sufficient to induce muscle atrophy, predominantly in fast
twitch fibers. Furthermore, IL-1B is a far more potent catabolic mediator when

administered centrally than when given peripherally.

Central Melanocortin Signaling Is Not Necessary for IL-1B-Induced Muscle Atrophy

Pharmacologic blockade of the type 4 melanocortin receptor (MC4R) prevents

IL-1B-induced anorexia and attenuates lean mass loss in experimental cachexia (35,
36, 150). Furthermore, the MC4R is critical to the CNS regulation of many other
facets of metabolism (232, 233). Finally, inflammatory challenges specifically
upregulate IL-1g mRNA in the arcuate nucleus, which contains the proximal neurons
of the central melanocortin system. Based on this, we sought to examine whether the
acute, food intake-independent changes in muscle catabolism initiated by IL-1B are
dependent on signaling at the MC4R. WT mice and mice lacking a functional MC4R
(MC4RKO) were injected i.c.v. with IL-1B (10 ng) and were sacrificed 8 h after
injection. Surprisingly, |L-1B led to a similar increase in the mRNA for MAFbx, MuRF1
and Foxo1 in the Gn of both WT and MC4RKO mice (Figure 5 a). To further examine
the role of the central melanocortin system in regulating muscle catabolism
independent from its effects on food intake, rats were injected i.c.v. with melanotan II
(MTII, 1 nmol), an agonist at the type 3 and 4 melanocortin receptors, and were
sacrificed 6 h after injection. MTII failed to increase the mRNA for MAFbx, MuRF1 or
Foxo1 in the Gn (Figure 5 b). To determine the impact of increased signaling via the
MC4R in the chronic state, MTII (1 nmol) was administered i.c.v. every 12 h for 36 h
(4 injections), and animals were sacrificed 2 h after the final injection. To control for

the decreased food intake associated with MTII treatment, aCSF-injected control



animals were PF with MTll-treated animals. Chronic MTII failed to increase the mRNA
for MAFbx or Foxo1 relative to pair fed controls, but led to a small increase in MuRF1
mRNA in the Gn (Figure 5 ¢). No changes in the expression of MAFbx, MuRF1, or
Foxo1 were seen in the soleus (Figure 5 c). Both MTll-treated and pair fed animals
lost weight over the course of the experiment, but there was no difference between
groups (Figure 5 d). MTII treatment also did not lead to significant food intake-
independent losses of fat mass, lean mass, Gn or soleus weight (Figure 5 d, e).
These results argue that the CNS mechanism by which IL-1B induces food intake-

independent muscle catabolism is not dependent on signaling at the MC4R.

Central IL-1B Injection Induces a Transcriptional Program in Skeletal Muscle, Which
Is Analogous to That Seen in Other Forms of Atrophy

Changes in the mRNA profile of skeletal muscle undergoing atrophy have
been extensively characterized, revealing a conserved pattern of gene expression
(122). To gain insight into how central IL-1B induces muscle catabolism, we
performed cDNA microarray analysis of mouse skeletal muscle RNA at 2, 4 and 8 h
after i.c.v. IL-1P injection. Statistical analysis with a false discovery rate of 1% yielded
494 significantly regulated genes. This list was further narrowed to 100 genes by
restricting it to genes that were at least 1.75 fold up- or down-regulated at any of the
three time points (Figure 6, Figure 10 and Table 4). The expression pattern of 10% of
these genes was confirmed by real time PCR (denoted in red). The complete data set
has been deposited in the GEO Omnibus database (GEO Series accession number
GSE26766). Significantly regulated genes were grouped based on their known
functions in skeletal muscle. At the 2 and 4 h time points there was a pronounced
regulation of genes involved in regulating the inflammatory/anti-inflammatory balance.

At the 4 and 8 h time points, alterations in nutrient signaling were evident, with
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changes in mammalian target of rapamycin (mTOR) and AMP activated protein
kinase pathway members. An oxidative stress response was also observed at later
time points. Genes involved in cell cycle regulation and myogenic differentiation were
significantly affected, suggesting alterations in muscle regeneration. Comparison of
this data set with two separate gene expression array studies evaluating muscle gene
expression in response to glucocorticoid administration revealed multiple
glucocorticoid-responsive genes (marked by §) (259, 260). These data implicate HPA
axis activation in mediating the changes in gene expression in skeletal muscle after

central IL-1B treatment.

Requlation of Circulating Growth Factors and Cytokines After i.c.v. [L-1B

Plasma levels of IL-6 were examined by ELISA after acute i.c.v. IL-1B
injection, as circulating IL-8 increases after central IL-1p administration (261), and IL-
6 has been implicated in mediating muscle catabolism {101). A small induction of
circulating IL-6 was observed at early time points, with a peak of 298 £ 35 pg/mL at 2
h vs 13 £ 3 pg/mL in vehicle-treated animals, with levels returning to baseline by 8 h
(Table 1). Despite a marked increase, these levels of IL-6 are quite low in comparison
to those found in animals undergoing systemic inflammatory challenge, where peak
serum values approach 7,000 pg/mL. To examine whether significant IL-6 production
or signaling was occurring in muscle after central IL-1B treatment, we measured the
expression of IL-6 and its downstream feedback inhibitor suppressor of cytokine
signaling 3 (SOCS3). We found no changes in either IL-6 or SOCS3 gene expression
in muscle at any time point after central injection of IL-1B, suggesting that significant
IL-6 signaling does not occur in muscle after i.c.v. IL-1B injection (data not shown).
Additionally, sustained delivery of IL-1p into the CNS, did not lead to an increase in

circulating IL-8 levels at the end of three days of i.c.v. infusion (Table 2), suggesting



that the elevation of IL-6 after acute central IL-1[ treatment is a transient
phenomenon.

Circulating insulin-like growth factor-1 (IGF-1) contributes to the regulation of
the anabolic/catabolic balance in skeletal muscle (77). No differences in IGF-1 were
observed between vehicle and IL-1p treated animals at any time point, with all values
falling in the expected normal range (Table 1). IGF-1 levels were also measured in
animals infused i.c.v. with IL-1B for 3 days. Serum IGF-1 levels were unaffected by
chronic IL-1f administration relative to ad lib fed controls (Table 2).

Glucocorticoids are known mediators of muscle catabolism (59), and
inflammation activates the HPA axis. Given the significant glucocorticoid-regulated
gene expression signature seen in response to central inflammation, we measured
serum corticosterone (the predominant circulating glucocorticoid in rodents) by
radioimmunoassay. Similar to IL-6, serum corticosterone levels were highest at 2 h
after acute i.c.v. IL-1B, reaching 397 £ 30 ng/mL vs 104 +16 ng/mL in vehicle treated
animals, and had returned to baseline by 8 h after injection (Table 1). In contrast with
plasma IL-B levels, chronic i.c.v. infusion of IL-1B led to a sustained increase in
circulating corticosterone at the time of sacrifice relative to vehicle-treated animals,
(183 % 40 ng/mL for IL-1B infused animals vs 37 £ 21 ng/mL for vehicle treated

animals (Table 2))

Activation of the HPA Axis is Necessary for the Muscle Catabolic Effects of i.c.v. IL-1B

To explore the involvement of HPA axis activation in i.c.v. IL-1B-induced

muscle catabolism, mice received acute i.c.v. injections of IL-1B (10ng) and were
treated with the glucocorticoid/progesterone antagonist mifepristone. Mifepristone
treatment attenuated the induction of MAFbx, MuRF1 and Foxo1 mRNA by i.cv. IL-1B

(Figure 7 a and Table 3). To confirm these findings. we utilized adrenalectomized

49



(ADX) mice with low physiclogic corticosterone replacement. This allowed us to
examine whether tonic glucocorticoids are a permissive factor in muscle catabolism or
whether an increase in circulating corticosterone is the driver of atrophy. In ADX
animals, i.c.v. IL-1pB failed to induce MAFbx to the same degree as seen in sham-
operated animals, and the induction of MuRF1 and Foxo1 by i.c.v. IL-1p injection was
completely blocked (Figure 7 b and Table 3). In addition, the induction of the catabolic
transcription factor Krilpple-Like Factor 15 (KLF15), which transactivates MAFbx and
MuRF1 (81), was blocked by ADX. These data demonstrate that an increase in
circulating glucocorticoids is necessary for the acute activation of the atrophy program
in response toi.c.v. IL-1B.

To determine if intact adrenals are necessary for food intake-independent
myofibrillar atrophy, we infused i.c.v. IL-1B (10ng/ hr) or vehicle for three days in ADX,
corticosterone replaced rats. To control for the effects of food intake, Veh-treated
animals were PF to IL-1B treated animals. No significant differences were observed in
the expression of MAFbx, MuRF1 or Foxo1 in the Gn, soleus, or EDL (Figure 7 c).
There were statistically non-significant trends toward an increase in the levels of
MAFbx and MuRF1 mRNA in the Gn (MAFbx mRNA P=0.09, and MuRF1 mRNA
P=0.12) and EDL (MAFbx mRNA P=0.19, MuRF1 mRNA P=0.34). Central IL-1B
infusion failed to generate a significant decrease in body weight, fat mass or lean
mass beyond that seen in PF animals (Figure 7 d), although a statistically non-
significant trend was seen toward the loss of lean mass (P=0.13). No differences
were observed in the weights of Gn, soleus or EDL muscles (Figure 7 e). Muscle fiber
CSA was also not significantly decreased by IL-1B infusion relative to pair fed controls
in either the WGn or soleus (Figure 7 f-g). Centrally infused IL-1B was not leaking
systemically, as the majority (19/20) of animals had plasma IL-18 levels below the

limit of detection (LOD= 93.6 pg/mL, data not shown).



entral |L-1B Induces a Glucocorticoid-Dependent Transcriptional Program That Is

Common to Models of Acute and Chronic Systemic Inflammation

To study the extent to which the transcriptional program initiated by central IL-
1B is dependent on glucocorticoid signaling, we selected several genes identified by
the array analysis to examine in ADX mice. The adipokine lipocalin-2 (Lcn2), and the
stercid hormone responsive transcript decidual protein regulated by progesterone
(Depp) were highly induced by central IL-1p administration, a response only slightly
attenuated by adrenalectomy (Figure 8 a and Table 3). In contrast, the induction of
the oxidative stress response genes metallothionein-2 (Mt2) and uncoupling protein-3
(Ucp3) was completely blocked by ADX. The upregulation of mammalian target of
rapamycin (mTOR) pathway members sestrin-1 (Sesn1) and Regulated in
Development and DNA Damage Responses (REDD1 or Ddit4) as well as the
downstream target Foxo3 were also inhibited by ADX. The anti-myogenic basic helix-
loop-helix transcription factor inhibitor of DNA binding-3 (Id3) was also induced by
central IL-1p treatment in a glucocorticoid-dependent manner. The cytoskeletal
protein kyphoscoliosis peptidase (KY) is dramatically downregulated by central
inflammation an effect partially blocked by ADX. We also examined myostatin gene
expression in skeletal muscle, given its known critical role in the regulation of muscle
mass (14, 113). Myostatin was modestly induced by central IL-1B administration and
this induction was completely blocked by adrenalectomy (Figure 8a). Collectively,
these genes show a pattern of regulation that is largely dependent on an intact HPA
axis, although some features are independently regulated. To confirm this expression
pattern in a model of systemic inflammation, we examined the expression of these
genes in LPS and tumor-associated muscle catabolism (Figure 8 b, c). An identical

pattern of regulation was observed in LPS-treated animals, suggesting a significant
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glucocorticoid effect on skeletal muscle in response to peripheral inflammation.
Despite the low-grade peripheral inflammation in tumor bearing animals, many of the
genes examined (5/9) were regulated in skeletal muscle. Importantly, the
glucocorticoid dependent mTOR regulators Sesn1 and REDD1 were up regulated in
the muscle of tumor-bearing animals demonstrating that glucocorticoid signaling may

contribute to the pathogenesis of cancer cachexia.

HPA Axis Activation is Necessary and Sufficient for Muscle Wasting Driven by Central

and Peripheral Inflammation

To examine the role of HPA axis activation in peripheral inflammation-induced
activation of the atrophy program, LPS (250 pg/kg) was administered to ADX mice.
The LPS-mediated induction of MAFbx was attenuated in ADX mice, and the
induction of MuRF1 and Foxo1 were completely prevented in ADX animals (Figure 9
a). The induction of KLF15, REDD1 and Sestrin-1 by LPS was also completely
blocked in ADX mice. Collectively, this demonstrates that peripheral inflammation-
mediated activation of the atrophy program requires intact adrenal glands.

While high-dose administration of synthetic glucocorticoids induces substantial
atrophy, it remains unknown whether the lower levels of circulating corticosterone
evoked by inflammation are sufficient to induce atrophy. To examine this possibility,
rats were implanted with sustained release cort pellets at a dose known to produce
circulating concentrations approximating levels seen in inflamed animals (145, 262).
Rats were implanted with 100 mg or 2 X 100 mg {200 mg) corticosterone tablets,
achieving mean circulating levels of 321.8443.0 ng/mL and 908.5£223.7 ng/mL
respectively vs undetectable levels (LOD=25 ng/mL) in sham animals. Both
treatments significantly induced MAFbx, MuRF1 and Foxo1 to largely the same

degree (Figure 9 b). We additionally assessed the expression of the mTOR regulators



REDD1, Sestrin-1 and KLF15, as well as the glucocorticoid responsive anti-
inflammatory mediator |kBa (263), in Gn after corticosterone treatment. All 4 genes
were significantly elevated by 100 mg and 200 mg corticosterone treatment (Figure 9
b). Significant weight loss was observed in the Gn and EDL muscle with relative
sparing of the soleus (Figure 9 ¢). Both 100 mg and 200 mg treatments also resulted
in a significant loss of body weight, fat mass and lean mass (Figure 9 d). Significant
myofibrillar atrophy was evident in the WGn from both corticosterone treatment
groups, but was largely absent in the soleus (Figure 9 e, f). In nearly all cases, little
difference was seen between 100 mg and 200 mg treatments, demonstrating that the
atrophy program is maximally activated by corticosterone levels within the physiologic

range evoked by inflammation.
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Discussion

The CNS serves as a central regulator of whole body energy balance
coordinating metabolic homeostasis in multiple peripheral tissues (232, 253, 264).
Under normal physiologic conditions, anabolism and catabolism are regulated such
that energy needs are met. During acute infection, skeletal muscle is mobilized to
provide substrates to fuel the necessary increases in immune function. However, in
cases of chronic disease where inflammation persists, muscle protein is excessively
maobilized, leading to profound muscle atrophy. The regulation of protein mobilization
by inflammation occurs at numerous levels. The direct action of inflammatory
signaling molecules on skeletal muscle has been extensively examined, as has the
contribution of IGF1 signaling (42, 77, 99, 105, 106). The data we present here
demonstrate that CNS integration of inflammatory signaling also plays a critical role in
regulating the anabolic/catabolic balance in muscle via activation of the HPA axis.
Given that a multitude of inflammatory diseases with underlying muscle catabolism
are also marked by CNS inflammation, a central mechanism must now be considered
when describing muscle atrophy.

To model endogenous production of IL-1B in the CNS and its impact on
skeletal muscle, we utilized i.c.v. injection to deliver physiologically relevant doses of
this prototypical inflammatory cytokine, Central injection of IL-1B is believed to mimic
its production by the choroid plexus and circumventricular organs (265) and is
therefore a model of endogenous inflammation. Hypothalamic IL-1B production is a
conserved feature of a multitude of conditions associated with muscle catabolism,
including cancer cachexia (Figure 2 and (137, 138)), peripheral cytokine
administration (197) and endotoxemia (Figure 2 and (127)). Additionally, antagonism
of central IL-1 signaling attenuates many of the behavioral (136) and metabolic (258,

266) features of inflammatory disease. Our data show that central inflammation



initiates significant muscle atrophy. Although we have demonstrated that central IL-15
is sufficient for this effect, it is unlikely to be the only mediator during systemic
inflammation, as many cytokines activate the HPA axis (224). We demonstrate
specific production of IL-1B within the arcuate nucleus under inflammatory conditions.
The arcuate also contains two neuronal groups that are known to express the IL-1R1:
POMC and AgRP (187) neurons. The net effect of IL-18 on these two neuronal
groups is to increase signaling at the MC4R, decreasing food intake. In accordance
with this, the ancrexia associated with IL-1B administration is completely prevented by
blockade of the MC4R (129). Furthermore, the loss of lean mass associated with
cancer cachexia and LPS administration is prevented by blockade of the MC4R (35,
38). Surprisingly, we found that signaling at the MC4R is not necessary for central IL-
1B-induced muscle catabolism, and MC4R activation is not sufficient to produce
significant muscle catabolism. These results are in disagreement with previous work
showing a protective effect of melanocortin blockade on body weight and lean mass
in experimental cachexia. However, these prior studies did not separate the powerful
effects of melancortin blockade on food intake from its effects on body composition.
Given the minor regulation of MURF1 by the central melanocortin system, and the
effects of the melanocortin system on food intake, it is possible that the protective
effects of melanocortin blockade in experimental cachexia are the result of the
combination of these two factors alone.

The precise neuroanatomic substrate via which IL-1B exerts its catabolic effect
remains unknown. However, given that the major downstream mediator of central
inflammation-induced muscle catabolism is activation of the HPA axis, there is
significant evidence to implicate endothelial IL-1R1 as a crucial mediator of this effect.
Activation of corticotrophin releasing hormone neurons in the paraventricular nucleus

(the hypothalamic component of the HPA axis) by central or peripheral IL-1p is
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blocked by knockdown of endothelial IL-1R1 (230). Furthermore, a component of this
effect is mediated via endothelium-derived prostaglandin signaling in medullary
catecholaminergic neurons projecting to paraventricular neurons, activating the HPA
axis (163, 168). Future loss-of-function studies will likely examine the role of
inflammatory signaling at the level of the cerebrovascular endothelium in mediating
muscle catabolism. In addition, there is a great deal of evidence that pituitary
corticotrophs can be directly activated by inflammatory cytokines. Both leukemia
inhibitory factor and 1L-6 can directly activate pituitary corticotrophs, leading to the
release of ACTH independent of hypothalamic signaling (226, 227).

Increased levels of circulating glucocorticoid are necessary for muscle
catabolism due to fasting (53), sepsis (93) and acute diabetes (95), as adrenalectomy
or administration of mifepristone attenuates muscle wasting in these states.
Consistent with this, we found that central inflammation also requires an intact HPA
axis to induce muscle catabolism. Furthermore, models of peripheral inflammation-
induced muscle-wasting share a similar glucocorticoid-responsive gene expression
signature, suggesting this response relies on HPA axis activation. Surprisingly,
induction of the atrophy program by LPS was almost entirely blocked by
adrenalectomy. LPS has been proposed to induce muscle catabolism via direct action
on muscle, or via the production of cytokine intermediates such as TNF or IL-1j,
which act directly on muscle (99, 105, 106). Our data suggest that HPA axis activation
is an integral part of the catabolic response to inflammation and that glucocorticoids
may synergize with cytokines acting directly on muscle to promote atrophy.
Interestingly, muscle specific loss of function of the cytokine receptor adaptor protein
TRAF6 ameliorated tumor-induced muscle atrophy, implicating cytokine action on the
myocyte as a mediator of atrophy (267). However, atrophy due to denervation is also

attenuated in muscle specific TRAF6 knockout mice. Given that denervation atrophy



is not believed to occur via systemic inflammation, this finding suggests that TRAF6
may play some as yet unspecified role in muscle atrophy independent of its role in
transducing inflammatory cytokine signals. Indeed, the inflammatory signaling
apparatus has been generally implicated in mediating the atrophic response in
skeletal muscle. NF-kB activity is increased in the muscle of tumor-bearing mice, and
dominant negative inhibition of NF-kB signaling blocks tumor-associated muscle
atrophy (104). NF-xB also plays a critical role in the atrophy process in response to
denervation and unloading, both of which are not thought to rely on systemic
inflammation (268, 269). Therefore, it is likely that signaling via TRAF6 and NF-kB
plays a fundamental role in atrophy beyond their role in the transduction of systemic
inflammatery signals.

Despite the fact that elevated glucocorticoid levels are found in models of
cancer cachexia (270), it is widely accepted that they do not participate in muscle
atrophy associated with tumor growth (97, 98). However, it is difficult to rule out a role
for endogenous glucocorticoids on the basis of these studies. Two of these studies
utilized the same tumor model (YAH-130), which grows in the peritoneal cavity, and
likely directly impacts organ function. Furthermore, food intake was not removed as a
variable in these studies. Despite this, a trend toward improvement was observed in
ADX tumor-bearing animals with regard to skeletal muscle protein content (98).
Pharmacologic blockade of glucocorticoid receptors with mifepristone has been
unsuccessful in cancer cachexia, however given the 1-2 h half life of this drug in
rodents (271), the once daily dosing was likely sub-therapeutic in these studies. Given
the glucocorticoid responsive gene expression signature seen in the skeletal muscle
of tumor-bearing animals and the limitations of the aforementioned studies, the

involvement of glucocorticoids in tumor-associated muscle wasting appears likely.
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Future genetic loss-of-function studies will likely shed light on the contribution of
glucocorticoids to muscle wasting in cancer.

The molecular mechanisms underlying glucocorticoid-induced atrophy have
been extensively studied at the level of skeletal muscle, and are driven to a large
degree by transcriptional changes. Our array analysis is unigue in the literature in that
it offers insight into these early transcriptional events that take place after
endogenous activation of the HPA axis. The upregulation of catabolic machinery after
central IL-13 administration likely occurs via a number of molecular mechanisms.
Glucocorticoids directly transactivate the MuRF1 gene in synergy with Foxo1 (84). In
addition, Foxo1 expression is induced by both central IL-1§ and low-dose
glucocorticoids. While the principle mechanism for the regulation of the activity of
Foxo transcription factors with regard to their catabolic activity is via Akt-dependent
phosphorylation and nuclear exclusion (70), we saw no evidence for alterations in the
IGF1/Akt signaling pathway in response to central inflammation. However, increased
levels of Foxo1 have been extensively correlated with atrophy (81, 89, 122, 272).
Furthermore, over expression of Foxo1 in muscle is sufficient to produce atrophy (87).
Myostatin is another mediator of skeletal muscle catabolism that is induced by central
inflammation in an HPA axis-dependent manner. Blockade of myostatin signaling
attenuates the induction of MAFbx and MuRF1 in a variety of catabolic states (14,
113). KLF15 is another transcription factor that has recently been implicated in the
regulation of skeletal muscle catabolism. KLF15 is directly induced by glucocorticoids,
and transactivates both MAFbx and MuRF1 (81). The suppression of protein
synthesis by glucocorticoids is also executed via several distinct mechanisms, all
converging to inhibit mTOR signaling. REDD1 is directly transactivated by the
glucocorticoid receptor, and inhibits mTOR activity via the tuberous sclerosis complex

(273). Sestrin-1 is another negative regulator of mTOR signaling in response to



genotoxic stress via activation of the tuberous sclerosis complex and AMPK (274). An
integral role for sestrin signaling in the catabolic process has not yet been described,
however their role in metabolic signaling cascades make them likely targets of future
studies. Protein synthesis via the mTOR complex is also regulated by the
transcription factor KLF15 (81). The concerted upregulation of multiple inhibitors of
mTOR signaling suggests that central inflammation elicits concerted decreases in
protein synthesis and increases in protein breakdown to evoke atrophy.

We found a distinct set of genes that were regulated in skeletal muscle after
IL-1B treatment and were not returned to baseline by adrenalectomy. While a
causative role cannot be ascribed to any of these genes in central IL-1B-induced
muscle catabolism, this pattern does demonstrate a glucocorticoid-independent effect
of i.c.v. IL-1B on skeletal muscle. Recent work has shown that two discrete events are
necessary for muscle catabolism in acute diabetes, where both a loss of skeletal
muscle insulin signaling and pathophysioclogic levels of glucocorticoids are required
(95). Critical to the interpretation of these studies is the distinction between
physiologic levels and pharmacologic dosing of glucocorticoids. It is well known that
administration of the synthetic glucocorticoid dexamethasone, in doses far exceeding
the physiclogic range, is sufficient to induce muscle atrophy (58). However, when
dexamethasone is given at a dose estimated to mimic endogenous activation of the
HPA axis, no muscle atrophy is observed (95). In contrast, we demonstrated that
administration of the endogenous glucocorticoid corticostercne, at a dose that mimics
the inflammatory activation of the HPA axis, produces dramatic muscle atrophy. This
discrepancy is likely due to the differences between dexamethasone and
corticosterone including potency, metabolism and activity at the mineralocorticoid
receptor. Regardless, the levels of circulating corticosterone we achieved in this study

are well within the physiologic range, and comparable to those seen in a multitude of
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diseases associated with muscle wasting (97, 115). Therefore, it is likely that
glucocorticoids are necessary and sufficient to explain a significant portion of muscle
catabolism in many forms of chronic disease. However, the incomplete biockade of
atrophy gene induction by ADX during both central and systemic inflammation
demonstrates that other mechanisms play critical roles in regulating catabolism in
response to inflammation.

The finding that CNS inflammation elicits muscle atrophy illustrates a new
anatomic target for cytokine-induced muscle catabolism. This study is the first to
demonstrate that inflammatory cytokines cause muscle breakdown by acting within
the brain. In addition to the direct effects of inflammatory cytokines on skeletal
muscle, the action of cytokines in the CNS to influence skeletal muscle metabolism
must now be considered. The upregulation of inflammatory cytokines in the CNS in
disease models of cachexia is well documented, indicating that this pathway is
generally activated in diseases associated with muscle wasting. Further studies will
likely examine the general contribution of the CNS mediated muscle wasting in

cachexia, and may discover new therapeutic targets for muscle wasting diseases.



Materials and Methods
Animals

Wild type C57BL/6J mice (20-25g) were obtained from Jackson Laboratories
(Bar Harbor, ME). Sprague Dawley rats (250-350g) were purchased from Charles
River Laboratories (Wilmington, MA). MC4RKO mice were as used as previously
reported (275). MC4RKO mice were backcrossed at least 10 generations into the
C57BL/6J strain. All animals were maintained on a normal 12:12 hr light/dark cycle
and provided ad /ibitum access to water and food (Purina rodent diet 5001; Purina
Mills, St. Louis, MO), except in the case of pair fed animals in which food intake was
restricted to that consumed by the indicated group. Rats were sacrificed by
decapitation under isoflurane anesthesia, and mice were sacrificed by decapitation
under anesthesia from a ketamine cocktail. Experiments were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and approved by the Animal Care and Use Committee of Oregon

Health & Science University.

Real Time PCR

Total muscle RNA was extracted using the RNeasy fibrous tissue mini kit
(Qiagen, Valencia, CA) and hypothalamic RNA was extracted using an RNeasy mini
kit according to the manufacturer's instructions. cDNA was transcribed using Tagman
reverse transcription reagents and random hexamers according to the manufacturers
instructions. PCR reactions were run on an ABI 7300, using Tagman universal PCR
master mix, using Tagman gene expression assays: mouse GAPDH
(Mm999998915_g1), mouse MAFbx (Mm00489518_m1), mouse MuRF1
(Mm01185221_m1), mouse Foxo1 (Mm00480672_m1), Mouse Lcn2

(Mm01324470_m1), Mouse Mt2 (Mm00808556_s1), Mouse Sesn1
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(Mm01185732_m1), Mouse DEFPP (Mm04208895_m1), Mouse UCP3
(Mm00494077_m1), Mouse Foxo3 (Mm01185722_m1), Mouse Selp
(Mm00441295_m1), Mouse Nfkbia (Mm00477798_m1), Mouse 1d3
(Mm00492575_m1), Mouse Ky (Mm00600373_m1), Mouse REDD1
(Mm00512504_g1), Mouse KLF15 (MmQ00517792_m1), Rat GAPDH
(Rn99599916_s1) Rat MAFbx (Rn00591730_m1, Rat MuRF1 (Rn00590197_m1}, rat
Foxo1 (Rn01494868_m1), Rat IL-1B (Rn00580432_m1), Rat KLF15
(Rn00585508_m1), Rat REDD1 (Rn01433735_g1), Rat Sesn1 (Rn01440806_m1),
Rat Nfkbia (Rn01473657_g1), (Applied Biosystems, Carisbad, CA). Relative
expression was calculated using the delta-delta Ct method, and was normalized to
vehicle treated control. Statistical analysis was performed on the normally distributed
delta-Ct values. For analyses involving 2-variables, raw data and two-way ANOVA

results can be found in supplemental table 1.

Microarray Analysis

Gene expression microarrays were performed in the Department of Oncology
at the University of Alberta, Canada.
Synthesis of cRNA and cDNA, labeling and hybridization of arrays: Protocols and
temperature cycling conditions for cDNA synthesis and in vitro transcription of cRNA,
hydrolysis of cRNA (by RNase H) and fragmentation (by APE 1) as well as labeling of
single stranded cDNA were as described by the manufacturer (Ambion/Applied
Biosystems, Ontario, Canada) and the Ambion WT Expression Kit (Product Number
411974). The reaction mix contained 500 ng of total RNA. The reaction mix was
spiked with Poly-A RNA (Product Number 900433) to monitor the amplification and
labeling process independent of the quality of the initial total RNA used in the

reactions. Reaction products at each of the synthesis steps were guantified using the



NanoDrop 1000 spectrophotometer. Samples were biotinylated using the WT
Terminal Labeling Kit (Affymetrix, Product Number 80067 1) adhering to the
experimental protocols described by the supplier. Samples were hybridized using the
Affymetrix Gene Chip Hybridization Control Kit (Product Number 800454) and the
GeneChip Hybridization, Wash and Stain Kit (Product Number, 900720). Arrays were
scanned using the Affymetrix GeneChiP Scanner 3000 7G.

Gene expression arrays: The total RNA was quantified using a NancDrop 1000
Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and its integrity
evaluated using a Bioanalyzer 2100 (Agilent Technologies, Santa Clara , CA, USA)
according to the manufacturer's protocols. RNA samples with RNA Integrity Numbers
(RIN) greater than 5.0 were used in this study (average of 28 samples is 6.68;
maximum value at 8.3 and minimum at 5.1). Mouse expression array (GeneChip
Mouse Exon 1.0 ST Array, Affymetrix) were used to capture gene expression profiles
in the sample sets. These arrays are designed to capture all exons, each with multiple
probes per exon, and are amenable to analysis both for alternatively spliced
transcripts (all excons individually) as well as gene-level expression from multiple
probes from exons to yield a single expression level data point reflecting transcripts
derived from a single gene. For the current analysis, we used gene-level expression
analysis (core analysis) and deferred the exon/splice variant analysis for future data
mining pending development of new analytical tools. The complete data set has been
deposited in the GEO Omnibus database (GEO Series accession number
GSE26766).

Data processing: The gene expression data were normalized and transformed using
GeneSpring GX 11.5. Using a Core analysis, the data was summarized using
RMA18, log transformed and baselined tc the median in all samples. A one-way

ANOVA was performed on the logz.-normalized intensities. After correcting the p
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values for multiple comparisons using the Benjamini-Hochberg correction at a false
discovery rate of 1%, 494 probes were declared significantly expressed (p<2.8X10%).
Only probes that showed 1.75 fold up-or down-regulation at any of the time-points
were considered. Genes were organized into functional categories based on

GeneRIFs (NCBI) and reported function in skeletal muscle.

Immunchistochemistry

Cryosections of gastocnemius/soleus complex were cut in cross section. For
laminin staining, 20 pm sections were fixed for 15 minutes in 4% PFA, then blocked in
PBS (10 mM NaPO4, 150 mM NaCl)/ 10% BSA for 1 hour at room temperature.
Sections were then incubated overnight at room temperature with a rabbit anti-laminin
antibody (Sigma, St. Louis, MO) diluted 1:50 in PBS/0.1% BSA, washed with
PBS/0.025% triton-X-100, and incubated in a goat anti-rabbit Alexafluor-488 or 555
nm labeled secondary antibody (Invitrogen, Carlsbad, CA) diluted 1:500 in PBS/10%
BSA. Sections were mounted with Vectashield fluorescent mounting media (Vector
Labs, Burlingame, CA). For analysis of muscle fiber type, 9 um unfixed cryosections
were blocked for 1 hour in PBS/1% BSA/10% goat serum, and then incubated
overnight in primary antibody diluted 1:250 in PBS/1% BSA/10% goat serum. The
following primary antibodies were used: SC-71 for myosin lla, BF-F3 for myosin llb
(Developmental Studies Hybridoma Bank, University of lowa, lowa City, lowa), and
anti Myosin | (Vector Labs, Burlingame, CA). Sections were washed in PBS/0.025%
triton-X-100, and incubated with a goat anti-mouse Alexafluor-488 nm labeled
secondary antibody (Invitrogen, Carisbad, CA) diluted 1:500 in PBS/10% BSA.
Sections were mounted with Vectashield fluorescent mounting media (Vector Labs,
Burlingame, CA). Fiber area was measured in images that were acquired on a Leica

DM4000 B microscope, using a Leica DFC340 FX camera at ambient temperature at



100X magnification using Leica Applications Suit 3.6 software (Leica, Buffalo Grove,
IL). Images were segmented in ImageJ using a coherence enhanced diffusion filter
Images were pseudocolored using ImageJ. Images demonsirating fiber type
distribution were obtained using a FW1000 confocal microscope, at 100X using

Fluoview software (Olympus, Center Valley, PA).

Lewis Lung Carcinoma Tumor Implantation

C57BL/6J mice were injected with (1X10" cells per site) Tumors were allowed
to grow for 21 days and animals were sacrificed. Tumor weight at sacrifice averaged
2.4 +0 4g. Gastrocnemius muscle and hypothalamic blocks were stored in RNAlater

(Ambion, Austin, Tx) according to the manufacturer's instructions.

Intracerebroventricular Injection

26-gauge lateral ventricle cannulas (mice) and 22 gauge lateral ventricle
cannulas (rats) (PlasticsOne, Roanoke VA.) under isoflurane anesthesia, using a
stereotactic alignment instrument (Kopf, Tujunga, CA) at the following coordinates
relative to bregma: for mice, -1.0 mm X, -0.5 mm Y, and -2.25 mm Z; for rats, -1.5 mm
X,-1.0mmY, and 4.0 mm Z. 10 ng mouse IL-15 (R&D, Minneapolis, MN) injections
were given in 1 pL total volume. IL-1B was dissolved in artificial cerebrospinal fluid
(aCSF, 150 mM NaCl, 3 mM KCI, 1.4 mM CaClz, 0.8mM MgCl., 1.0 mM NaPQ,) with
0.1% endotoxin free BSA. MTII (Phoenix Pharmaceuticals, Burlingame, CA), was
dissolved in aCSF and administered at 1 nmol/5uL volume. Chronic injections were
performed by administering MTII every 12 h for 36 h (4 injections total). Mifepristone
(Sigma, St Louis, MO) (10 mg/kg) was dissolved in sesame oil, and administered 30

minutes prior to i.c.v. injection, and 4 h after i.c.v. injection.
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Chronic lateral ventricle infusions were performed in Sprague Dawley rats
using brain infusion kits (Brain Infusion Kit I1) and osmotic minipumps (Model 2001),
(Alzet, Cupertino, CA). Cannulas were implanted into the lateral ventricle under
isoflurane anesthesia, using a stereotactic alignment instrument (Kopf, Tujunga, CA)
at the following coordinates relative to bregma: -1.5 mm X, -1.0 mm Y, and -4.0 mm
Z. Mini osmotic pumps delivering 10 ng rat IL-1B per hour (R&D, Minneapolis, MN)
were connected via polyethylene catheters to the cannulas and implanted
subcutaneously. Body composition analysis was performed 2 days prior to surgery,
and again immediately before sacrifice using an EchoMRI 4-in-1 NMR system

{(EchoMRI, Houston, Tx).

Peripheral Infusions
Mini osmotic pumps (Model 1003D, Alzet, Cupertino, CA) delivering 10 ng rat

IL-1p per hour were implanted into the peritoneal cavity of Sprague Dawley rats under

isoflurane anesthesia. Body composition analysis was performed as per chronic i.c.v.

infusion.
LPS treatment:

Mice were injected with 250 pg/kg LPS (Sigma, St Louis, MO) dissolved in
normal saline/0.5% BSA, and sacrificed 8 h later. For studies examining hypothalamic
gene expression, animals were perfused with DEPC treated PBS prior to the

dissection of hypothalamic blocks, to remove circulating immune cells from the tissue.



Adrenalectomy

Adrenalectomized animals were purchased from Charles River Laboratories.
Animals were implanted with 21-day sustained release corticosterone tablets

{Innovative Research of America, Sarasota, FL) immediately after arrival.

Corticosterone Pellet Implantation

For corticosterone replacement in adrenalectomized animal, rats were
implanted with 35 mg tablets and mice were implanted subcutaneously with 1.5 mg
tablets, both of which are known to produce low physiologic levels of corticosterone
(262, 276). Animals were maintained with 0.9% saline drinking water, and allowed to
recover at least one week prior to cannula implantation. To achieve stressed levels of
circulating corticosterone, Sprague Dawley rats were implanted with 100 mg or 2X
100mg corticosterone tablets which are known to produce circulating levels

approximating those seen in stressed animals (262).

Western Blotting
Muscles were homogenized in RIPA buffer [S0mM Tris pH 7.4, 150mM NaCl,

1mM EDTA, 1% Triton X, 0.25% Na Deoxycholate, 1mM NaF, and supplemented with
Complete protease inhibitors and Phosphastop phosphatase inhibitor (Roche,
Indianapolis, IN)] for 5 minutes using a Polytron homogenizer (Kinematica, Bohemia,
NY). Samples were incubated on ice for 1 hr, and centrifuged at 13,000 RPM for 10
minutes at 4C. 50 ug of total protein per lane was run on NuPage Bis-Tris 4-12%
gradient polyacrylamide gels (Invitrogen, Carlsbad, CA), and transferred to
Immaobilon-FL PVYDF membranes (Millipore, Billerica, MA). Proteins were detected
using the following antibodies, and quantitated using an Odyssey System (Li-Cor,

Lincoln, NE): Rabbit anti phospho AKT Ser473 DSE, Mouse anti Pan AKT 40D4,

67



Rabbit anti phospho p38 Thr180/Tyr182 D3F9 (Cell Signaling, Danvers, MA), E7
Tubulin (Developmental Studies Hybridoma Bank, lowa City, lowa), IRDye 800CW

goat anti-mouse 1gG, IRDye 680LT Goat anti-Rabbit IgG (Li-Cor, Lincoln, NE).

Plasma ELISA and RIA

Interleukin-6 and IGF-1 were measured by ELISA (R&D, Minneapolis, MN)
according to the manufacturer's instructions. Plasma corticosterone levels were
measured by RIA {MP Biomedicals, Solon, OH) according to the manufacturer's

instructions.

In Situ Hybridization

Rats were injected with LPS (250ug/kg) and sacrificed 8 h after injection. Coronal
sections (20 um) were cut on a cryostat and thaw-mounted onto Superfrost Plus
slides (VWR Scientific, West Chester, PA). Hypothalamic sections were collected in a
1:6 series from the diagonal band of Broca (bregma 0.50 mm) caudally through the
mammillary bodies (bregma - 5.00 mm). Antisense 33P-labeled rat IL-1( riboprobe
(corresponding to bases 316-762 of rat IL-1b; GenBank accession no. NM_031512.2)
(0.15 pmol/iml) was denatured, dissolved in hybridization buffer along with tRNA (1.7
mg/ ml), and applied to slides. Slides were covered with glass coverslips, placed in a
humid chamber, and incubated overnight at 55 °C. The following day, slides were
treated with RNase A and washed under conditions of increasing stringency. Slides
were dipped in 100% ethanol, air dried, and then dipped in NTB-2 liquid emulsion
{Eastman Kodak Co., Rochester, NY). Slides were developed 4 d later and

coverslipped.



Statistical Analysis

Data are expressed as mean +SEM. Statistical analysis was performed using
Prism software (Version 4.0, Prism Software Corp., Irvine, CA). All data were
analyzed with either an unpaired t test, one-way ANOVA followed by a post hoc
analysis using a Bonferroni corrected t test, or a two-way ANOVA followed with post
hoc analysis using a Bonferroni corrected t test. For the measurements of serum
growth factors and hormones, some samples had undetectable levels of the analyte.
For these analyses, normal distribution of the data cannot be assumed, and a
Kruskal-Wallis test was utilized with a Dunn's multiple comparison post-test. For all

analyses, significance was assigned ai the level of P<0.05.
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Figure 2. CNS inflammation and muscle catabolism occur simuitaneously

{a) Atrophy gene expression in mouse gastrocnemius muscle (Gn) and cytokine expression in
mouse hypothalamic blocks (Hypo) 8 h after i.p. LPS (250 pg/kg) or vehicle (Veh) were
measured by real-time PCR (n=5-T/group for Gn and 5/group for Hypo). Values are relative to
GAPDH for Gn and 18s RNA for Hypo. (b) In situ hybridization far IL-18 mRNA in the arcuate
nucleus of the hypothalamus (-2.80 relative to bregma, 3V= 3" ventricle) 8 h after LPS
administration. Veh treated animals showed no specific signal at this exposure time. (¢)
Atrophy gene expression in Gn, and cytokine expression in hypothalamic blocks in mice
beanng LLC tumors {or sham) were measured by real-time PCR (n=5-9/group). Values are
relative to GAPDH for Gn and 18s RNA for Hypo. (d) Gastrocnemius muscle weight
normalized to initial body weight (BW) and muscle weight change relative to vehicle in LLC
tumor bearing animals (n=5-8/group). Scale bar =100 ym. Data represented as mean £ s.e.m.
*=P<0.05, ***=P<0.001 as calculated by unpaired t-test. Reprinted with permission from

Rockefelier University Press, Braun TP et al. J Exp Med. 2011;208(12):2449-2463.
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Figure 3. IL-1B signaling in the CNS produces muscle catabolism

(a) Atrophy gene expression in mouse gastrocnemius muscle (Gn) after acute
intracerebroventricular {i.c.v.) IL-1B injection (10 ng, n=6-8/group) or vehicle (Veh). (b) Akt and
p38 phosphorylation in Gn after acute i.c.v. IL-1B was measured by western blct (n=6-
9/group). (c-g) Rats were i.c.v. infused for 3-days with IL-1B (10 ng/h) or Veh (n=8-11/group).
A subset of Veh treated animals were pair fed (PF) to IL-1p treated animals. (¢) Atrophy gene
expression in rat muscle (Gn, Soleus, and extensor digitorum longus [EDL]) after 3-day i.c.v.
IL-18 or Veh infusion was measured by real-time PCR. Reporled values are relative to

GAPDH. (d) Body composition after 3-day IL-1B infusion. (e) Muscle weight normalized to
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initial body weight {BW) and weight change relative to vehicle. (f) Average fiber cross sectional
area (CSA) in white Gn (WGn) and soleus and frequency distribution in Gn. (g) WGn

immunostained for laminin (red) delineating fiber area, and Myosin |Ib (green). Scale bar =100
um. Data represented as mean t s.e.m. *=P<0.05, **=P<0.01, **=P<0.001 calculated by one-
way (c-f) or two-way (a, b) ANOVA with Bonferroni corrected t-test. Reprinted with permission

from Rockefeller University Press, Braun TP et al. J Exp Med. 2011,208(12):2449-2483.
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Figure 4, Peripheral infusion of low dose IL-1pB does not cause atrophy

Rats were i.p. infused (10 ng/h, n=7-8/group) for 3 days with IL-1B or vehicle (Veh) solution.
(a) Atrophy gene expression in rat muscle (Gastrocnemius [Gn], Soleus, and extensor
digitorum longus [EDL]) after 3-day i.p. IL-1B infusion was measured by real time PCR.
Reported values are relative to GAPOH. (b) Muscle weight normalized to initial body weight
(BW). (c) Body compaosition after 3-day IL-1p infusion. (d) Average fiber cross sectional area
(CSA} in white Gn (WGn) and soleus and frequency distribution in Gn. (e} WGn
immunostained for laminin (green) delineating fiber area. Scale bar =100 pm. Data
represented as mean £ s.e.m. Reprinted with permission from Rockefeller University Press,

Braun TP et al. J Exp Med. 2011;208(12):2449-2463.
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Figure 5. Signaling through the type 4 melanocortin receptor is not a major contributor
to the muscle catabolism independent of food intake
{a) Atrophy gene expression in WT and MC4RKO mouse gastrocnemius (Gn) 8 h after acute
intracerebroventricular (i.c.v.) IL-1B injection {10 ng, n=8-%/group)) and in (b) rat Gn & h after
acute i.c.v. melanotan Il (MTI, 1 nmol, n=6-8/group) or vehicle (Veh) injection was measured
by real-time PCR. (c-e) Rats were treated for 36 h (chronic) with MTII or Veh {1 nmol/12 hx4,
n=7-8/group). Veh treated animals were pair fed (PF) to the MTIl treatment group. (¢) Gene
expression in rat Gn and soleus after chronic MTII treatment was measured by real-time PCR.
Reported values are relative to GAPDH. (d) Body composition after chronic MTII treatment. (e)
Muscle weight normalized to initial body weight (EW). Dotted line in (a) represents Veh treated
controls at a relative quantity of 1. Data represented as mean £ s.e.m. **=P<0.01, as
calculated by unpaired t-test. (a) Analyzed by two-way ANOVA with Bonferroni corrected t-test
and no significant effect of genotype was found. (b, d, &) Analyzed by unpaired t-test, with no
comparisons reaching p<0.05. Reprinted with permission from Rockefeller University Press,

Braun TP et al. J Exp Med. 2011;208(12):2449-2463.
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Figure 6. Central IL-1f treatment induces rapid and dynamic changes in skeletal muscle
gene expression

Wild type mice received lateral ventricle injections of IL-1P (1) or vehicle (V). Food was
removed from the cages at the time of injection, and animals were sacrificed at 2, 4 and 8 h
after the injection (n=3-5/group). Skeletal muscle RNA was hybridized to Affymetrix Exon 1.0
ST arrays. Data was analyzed for a false discovery rate of 0.01, Genes that were greater than
1.75-fold up-or down-regulated at any time point were categorized based on their annotated
and published functions. Heat map values are log; normalized array intensities. Genes with
differential expression confirmed by real-time PCR are indicated in red. § Indicates genes that
are annotated as glucocorticoid responsive, or are regulated in muscle by glucocorticoids in
published array data sets. Reprinted with permission from Rockefeller University Press, Braun

TP et al. J Exp Med. 2011,208(12):2449-2463,
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Figure 7. HPA axis activation is necessary for i.c.v. IL-1B-induced muscle catabolism
(a) Muscle atrophy gene expression in mifepristone (Mife) or vehicle (Veh) treated (n=6-
B/group) and (b) ADX or sham (n=7-8/group) mouse gastrocnemius (Gn) 8§ h after acute
intracerebroventricular (i.c.v.} IL-1B injection (10 ng) was measured by real-time PCR. (c-g)
ADX rats were treated for 3 days with chronic i.c.v. IL-1B or Veh (10 ng/h, n=8-9/group). Veh
treated animals were pair fed (PF) to the |L-1B treated group. (c) Atrophy gene expression in
ADX rat muscle after 3-day chronic i.c.v. IL-1B infusion was measured by real-time PCR.

Reported values are relative to GAPDH. (d) Body composition. (e) Muscle weight nermalized
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to initial body weight (BW). (f) Average fiber cross sectional area (CSA) in white
gastrocnemius (WGn) and soleus, and frequency distribution in WGn. (g) WGn
immunestained for laminin (green) delineating fiber area. Dotted line in (a, b) represents Veh
treated controls at a relative quantity of 1. Scale bar =100 pm. Data represented as mean +
s.em. "=p<0.05, **=p<0.01, ***=p<0.001 by {a, b) two-way ANOVA with Bonferroni corrected
t-test (raw data in Supplementary Table 1). (d-g) analyzed by unpaired t-test, with no
comparisons reaching p<0.05. Reprinted with permission from Rockefeller University Press,

Braun TP et al. J Exp Med. 2011;208(12):2449-2463.
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Figure B. Glucocorticoid-driven gene expression signatures are present in skeletal
muscle during central and peripheral inflammation

{a) Gene expression in ADX mouse gastrocnemius muscle (Gn) 8 h after acute
intracerebroventricular (i.c.v.) IL-1p injection {10 ng) or vehicle (Veh) was measured by real-
time PCR (n=6-8/group). (b) Muscle gene expression in mouse Gn 8 h after i.p. LPS (250
pafka) or Veh was measured by real-time PCR (n=5-7/group). (¢} Gene expression in Gn in
mice bearing LLC tumors (or sham) was measured by real-time PCR (n=5-9/group). Reported
values are relative to GAPDH. Data represented as mean + s.e.m. Dotted line in (a)
represents Veh treated controls at a relative quantity of 1. *=p=<0.05, **=p=<0.01, ***=p=<0.001
by (b, ¢} unpaired t-test or (a) two-way ANOVA with Bonferroni corrected t-test (raw data in
Table 3). Reprinted with permission from Rockefeller University Press, Braun TP et al. J Exp

Med. 2011,208(12).2449-2483.
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Figure 8. Glucocorticoid signaling contributes to atrophy due to systemic inflammation
(a) Gene expression in ADX mouse gastrocnemius muscle (Gn) 8 h after i.p. LPS (250 pg/kg)
or vehicle (Veh) was measured by real-time PCR (n-6-8/group). (b-f) Rats were treated for 3
days with corticosterone (100 or 200 mg) (n=6-T/group). (b) Gene expression in rat muscle
(Gn, scleus and extensor digitorum longus [EDL]). Reported values are relative to GAPDH. (c)
Muscle weight normalized to initial body weight (BW) and weight change relative to vehicle.
{d) Body composition after 3-day corticosterone treatment. (e) Average fiber cross sectional
area (CSA) in white Gn (WGn) and soleus and frequency distribution in Gn. (f) WGn

immunostained for laminin (green) delineating fiber area. Dotted line in (a) represents Veh
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treated controls at a relative quantity of 1. Scale bar =100 um. Data represented as mean &
s.e.m. *=P<0.05, **=P<0.01, ***=P<0.001 calculated by one-way (b-f) or two-way (a) ANOVA
with Bonferroni corrected t-test (raw data in Table 3). Reprinted with permission from

Rockefeller University Press, Braun TP et al. J Exp Med. 2011;208(12):2449-2463.
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Table 1

Treatment IL-6 IL-13 IGF-1 (ng/mL) Corticosterone
(pg/mL) (pg/mL) (ng/mL)

2-hr Vehicle 13+3 22+6 225+ 11 104 = 16

2-hr 10 ng IL-1B 208 +£35 *** | 25+86 216 £ 18 397 £ 30 "

4-hr Vehicle 21+6 16x3 200 8 103 £ 14

4-hr 10 ng IL-1B 69 + 14 28+6 168+ 9 258 +35 ™

8-hr Vehicle 136 456 £ 15 17324 115+ 34

8-hr 10 ng IL-1B 8x2 32x5 206 +6 72+10

Table 1. Circulating cytokines, growth factors and hormones in acute IL-1p treated mice

Wild type mice received i.c.v. injections of IL-18. Animals were sacrificed at 2, 4 and 8 h after

the injection (n=6-8fgroup). Plasma IL-G, |IL-13 and IGF-1 levels were measured by ELISA and

Corticosterone was measured by RIA. (**=P<0.001 vs corresponding vehicle injected control

as calculated by 2-way ANOVA with Bonferroni post-test). Reprinted with permission from

Rockefeller University Press, Braun TP et al. J Exp Med. 2011;208(12):2449-2463.
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Table 2

Treatment IL-6 (pg/mL) IGF-1 (ng/mL) | Corticosterone
(ng/mL)
Ad Lib 106 + 44 1075 + 63 48 + 29
Pair Fed Undetectable 851 41" 70 £ 27
(LOD= 62.5)
IL-1B 102 + 26 1013 + 46 183 +40*

Table 2. Circulating cytokines, growth factors and hormones in 3 day IL-1B treated rats

Rats were infused for 3 days with IL-1B into the lateral ventricle using an asmatic minipump.

Control animals were infused over the same time period with a vehicle solution and were fed

ad lib, or pair fed with IL-18 treated animals (n=8-11/group). Plasma IL-6 and IGF-1 were

measured by ELISA, corticosterone was measured by RIA. Data represented as mean £ SEM.

(*=P=0.05 vs ad /ib control as calculated by one-way ANOVA and Bonferroni post-test or

Kruskal-Wallis test and Dunn's multiple comparison post-test where appropriate). Reprinted

with permission from Rockefeller University Press, Braun TP et al. J Exp Med,

2011,208(12).2449-2463.
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Figure 10. Central IL-1p treatment induces rapid and dynamic changes in muscle gene
expression.
Wild type mice received i.c.v. injections of IL-1B. Food was removed from the cages at the

time of injection, and animals were sacrificed at 2, 4 and 8 h after the injection (n=3-5/group).
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Gn RNA was hybndized to Affymetrix Exon 1.0 ST arrays. Data was analyzed by analysis of
variance with a Benjamini Hochberg correction for a false discovery rate of 0.01. Genes found
to have significant differential expression that were greater than 1.75-fold up or down
regulated at any time point were categorized based on their annotated and published
functions. Genes with differential expression confirmed by real-time PCR are indicated in red.
§ Indicates glucocorticoid responsive gene. Heat map values are log, normalized array
intensities. V=vehicle, I=1L-1B. Reprinted with permission from Rockefeller University Press,

Braun TP et al. J Exp Med. 2011:208(12):2449—2463.
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Table 3

[ dCT valuss relative to GAPDH [IL-1pAPS |ADXMIFE Interaction

Gene |Sham/ Sham/ [ADX/ ADX/ % Total |pValue |% Total |pValue |% Total |p Value
Veh IL-1B Veh IL-18 Variation Variation Variation

MAFDx |6.971+ |5.135: |7.132+ |6.164z |B279 =0.0001 |11.3 00003 |602 0.0054
0.134 (8) |0.094(8) [0.176(7} [0.167 (7}

MuRF1 |6.30B: |3.895: |B.337+ (5572 |41.1 <0.0001 | 2363 «0.0001 |22.35 <0.0001
0.078 (8) |0.107 (8) |0.163 (7) | 0.147 (7)

FOXO1 [11.728: |10.258: |11.969+ |11.891z |34.4 <0.0001 |3475 =0.0001 |18.92 =0.0001
0.144 (8) |0.176 (8) |0.089 (7} | 0.106 (7)

Len2 13526+ |900B+ |12693: |10784z |B86.54 =0.0001 [2.31 00152 |0.97 0.0011
0.130 (B) |0.111(8) |0.192 (6) |0.314 ()

Mt2 13934+ |10.009+ |14652: |13.978z |33.45 <0.0001 |35.09 00001 |13.51 =0.0001
0GB (B) |0.139(R) |0.263 (6} |0.354 ()

Sesni |10677x |B577+ |10995: |10626: |3572 <0.0001 3270 |<0.0001 |21.36 =0.0001
0.065 (B) |0.072(8) |0.125 () | 0.060(7)

Depp |10.323: |7.03%: [10.784x [B111x [77.35 <0.0001 |512 00080 |0.82 0.2605
0.190 (8) |0.267 (8) |0.371 (8) |0.243 (7 .

Foxo3a |11.420: |10.411x |11.828+ |11.674z |15.94 00002 |4003  |[=0.0001 [10.75 0.0037
{0101 (8) |o.104(8) |0.122(6) |0.196(7)

Ky 6874+ |B299: |7.0681= |7635¢ |61.20 <0.0001 |3.38 0.0720 [10.96 0.0024
0.131(8) |0.170(7) |0.088(7) |0.085 (7)

Id3 9108+ |BA397= |0.289: 5565+ |4.20 0.0965 |40.34 |<00001 |21.62 0.0006
0121 (&) |0.0131(7 0170 (8) |0.073(7)

Uopa  [5.939z 4673 |5915: |G6162+ |13.85 0.0016 |=28.61 <0.0001 |30.49 <0.0001
0.080 (8) |0.110(7) |0.173 (6} | 0.182 (7}

Ddita | 8.882+ 7022+ |10.140:0 [2.391x | 24.46 =0.0001 | 47.30 =0.0001 |4.43 0.0567
0.265 (8) |0.225(7) | 437 (8} |0.155(7)

Msin 8.362¢  |7.725:0. |B.691+0. |B.847x{0. [543 0.0231  |50.81 =0.0001 |15.82 0.0005
0.055(B) |O7B{R} [142(m [125(7%)

KLFi5 |8.46%: |7.961+ |10.041x (9795 [28.29 =0.0001 |51.72 <0.0001 |15.286 =0.0001

| 0.075 (B) |0.083 (7) |0.131 (6} |0.071 (7)
Veh/ Veh/ Mite/ Mife/

. Veh IL-1p Veh IL-18 |

MAFbx |5415« [4100+ |5598: |48651z |63.58 =0.0001 |6.69 0.0304 |1.68 '0.2590
0.290 (5) |0.141 (7) |0.144 () | 0.080 (8)

MuRF1 |6021= |3.835: [6.120: |4.998: |[59.21 =0.0001 |9.21 00102 512 0.0479
0.269 (5) |0.182 (7) |0.250 (8) |0.229 (8)

FOXO1 (10119« [B972¢ [10585: |9878x [5183 [<00001 (2843 <0.0001 (202 0.0422
0.119(5) |0.138(7) |0.084 (8) |0.085 (8)
Sham/ |Sham/ |ADX/ ADX/

_|Veh LPS Veh LPS

MAFbx | 7.061 5588: |7.277: |6700:x |2B.44 0.0015  [1182 0.0282 [543 0.1309
0.218 (7) |0.273(7) |0.240 (7) |0.361 (8)

MURF1 |6.824x 7.355: 4960+ [6831x |2671 0.0004 |26.89 0.0004 |B.41 00288
0.186 (7) |0.157 (7) |0.375(7) |0.351 (8)

FOXO1 |10.464+ |8.135: [10.825¢ |10.891x [11.31 0.0175  |31.81 00002 |1381 0.0084
0.164 (7) |0.378(7) |0.173(7) |0.221 (8)

KLF15 |B802: 7.740: |9.373x |9721x 440 0.0323 | 56.34 <0.0001 |i7.21 0.0001
0.157 {7} 10.188 (7) |0.073 (7} |0.175 (8)

REDD1 | 10587+ |B.235:+ |11.639+ |12613x |3.46 0.0570 [53.77 <0.0001 |2017 =0.0001
0.393 (7) |0.406(7) |0.164 {7) | 0.353 (8)

Sesn1 |11.725¢ |10.560+ |12378z |12881: |276 00847 |55.82 =0.0001 |17.55 0.0002
0.172(7) |0.311(7) |0.087 (7) [0.130 (8) ]




Table 3. Raw data from two-way ANOVA analysis of gene expression

All statistical analysis of differential gene expression was performed on dCT values relative o
the GAPDH endogenous control, as RQ values have non-normal distribution. Two-way
ANOVA analysis derived p values and % variation are indicated here. Reprinted with
permission from Rockefeller University Press, Braun TP et al. J Exp Med. 2011,208(12):2449—

2463
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Table 4

Giene Symbol Reizseq P

Slciad NM_016972 1.14E-12
Foxo1 MNM_019735 259E-12
Ali1 NM_001080798INM_133918 1.15E-11
Telcp2i NM_023755 2.12E-11
Usp54 MM_030180 4.04E-11
Glc38aid MK _ 144808 4.189E-11
Slcva2 MM_D07514INM_001044740 6.50E-11
Pppirdc NM_016654 8.32E-11
LrreS8lActb NM_177093 1.43E-10
ltght MK 021355 1.45E-10
Sleddal NM_001081349INM_001083808INM_024487 | 1.74E-10
Cdknia NM_007569INM_001111099 2.67E-10
Galntl2 NM_030166 2.85E-10
MNpci NM_D08720 3.67E-10
Azah3l MK 135306 3.77E-10
RAni1 44k NM_148042 6.27E-10
Cst2rb2 MNM_D07781 6.74E-10
MAil3ILOCT 00046232 MK_017373 7.64E-10
Pdeva NM_0D01122759INM_00880:2 8.08E-10
Slc2ba2b MM 146118 8.97E-10
5430548M0BRIKI Usp24 1.04E-08
Fhibxps MM_D10220 1.73E-09
Prickle3 MM _175087 2.04E-09
Ppargeib NM_133249 2. 20E-08
Dusp10 MM 022018 5.13E-09
Uep3 NM_D02464 7.54E-08
B430408G22Rik-DEFPP 8.39E-09
CihiEGE21697 NM_145953INM_001101561 8.49E-09
Ko MNM_013692 1.69E-08
Lom2 MM COB491 1.70E-08
Prodh MNM_011172 1.76E-08
Sic10a6 MM 025415 1.B1E-08
Ky MM _024291 1.92E-08
Tnfaip2 NM_009396 2.T2E-08
D19Wsui62e 2.73E-08
Foxoda NM_0r 740 2.84E-08
Map3ks MNIV_D1 6623 2.96E-08
Tacc2 Mh_001 004468IMM_206856INM_021314 3.79E-0B
Trib2 MNIM_144561 4 1BE-08
Kdr MM_010612 527E-08
Sorbs3 MM _011366 7.29E-08
Bacenl NM_011782 7 .69E-08
Trifaip3 MM 009357 9.96E-08
1110018MO3R1K NM_026271 1.05E-07
53-12 NM_020568 1.18E07
Didit4 MNM_029083 1.42E-07
¥dh NM_011723 1.45E-07
K15 NM_023184 1.53E-07
1d3 WM _008321 1.61E-07
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| M2 NM_008630 | 1.95E-07
Mt NM 013602 2.10E-07
Tiparp MM _178852 2 2BE-Q7
Agtri1 NM_0D11784 2.51E-07
Mycti NM_D25793 2.92E-07
Serpinei NM_D0BET1 3.02E-07
Tmem140 NM 197986 3.54E-07
E030010A14Rik NM_183160 4.03E-07
Osmr NM_011018 4. 49E-07
Mid1 NM_001082536INM_153049 5.13E-07
Pnmt MM_008890 5.24E-07
Sesni NM_001013370 5,B2E-07
BCOSS107 NM_183187 5.30E-07
Zip36 NM_0117586 6.92E-07
Inmit MM 009349 8.82E-07
Hbegf NM_010415 9.20E-07
1ii205 NM 172648 0.53E-07
leam1 NM_010493 0.60E-O7
E230001Na4Rik 1.05E-08
Selp NM 011347 1.79E-06
Nikbia NM_010907 1.73E-06
Fhxo32 NM 026348 1.07E-06
Serpinadn NM_008252 2 20E-06
Diapk1 NM_029653INM 134062 2.80E-08
| Tgitt NM_ 008372 2.32E-05
B230402K04Rik NM_177755 2. 7AE-08
Enox2 MNM_145851 2.95E-08
Hdacg NM_D24124 3.90F-06
Glul Mi_D08131 4 17E-DB
Tase22d3d MK_001 077364 INM_010286 4. B6E-06
Mz4add MM_026835 5. 50E-06
| Lrg1 NM 020796 5.75E-06
Slcdad NM_018760 5.80E-06
Bhihb3 MM 024459 G5.39E-06
Darc NM_010045 7.41E-06
Carl4 MM 011797 B8.09E-06
Theldi NM_019636 8.21E-06
Veam NM_011693 8.61E-08
Lyvei NM 053247 8.72E-08
Ferl Mh_011065 8.80E-06 |
Fatll NM_DOB047 9,BYE-06
Cilimizt NM 177068 1.03E-05
Hetnig NM_181596 1.15E-05
AgpT NM_007473 1.18E-05
Fbni NM_007993 1.24E-05
Gadd45a NM_007836 1.25E-05
Col15ai MM 009928 1.27E-05
Spshi NM_028035 1.37E-05
Gok NM_010292 1.46E-05
Ein NM_007925 2 53E-05
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Table 4. Significantly regulated genes from microarray analysis

Wild type mice received i.c.v. injections of IL-1B. Animals were sacrificed at 2, 4 and 8 h after
the injection (n=3-5/group). Skeletal muscle RNA was hybridized to Affymetrix Exon 1.0 ST
arrays. Data were analyzed by analysis of variance with a Benjamini Hochberg correction for a
false discovery rate of 1% (P<2.8X10™). Genes found to have significant differential
expression that were greater than 1.75-feld up or down regulated at any time point were
considered. Reprinted with permission from Rockefeller University Press, Braun TP etal. J

Exp Med. 2011;208(12):2449-2463.
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Introduction

Muscle atrophy in response to systemic inflammation is a common co-
morbidity of multiple diseases. While the mobilization of skeletal muscle protein is
likely beneficial to the immune response in acute infection, the loss of muscle mass
that occurs in sustained inflammation has a negative effect on disease survival.
Patients suffering from cancer, heart failure, renal failure, and sepsis all experience
increased mortality when muscle atrophy is present (10, 277, 278), yet treatment
options for this co-morbidity are limited.

Inflammatory cytokines are critical mediators of muscle atrophy. When
administered to experimental animals, inflammatory cytokines produce a rapid loss of
skeletal muscle. The activation of the ubiguitin-proteasome system is critical to this
process. The muscle specific E3 ubiquitin ligases muscle atrophy F box
(MAFbx/atrogin-1) and muscle ring finger protein 1 (MuRF1), are highly induced in
catabolic muscle and are critical for normal muscle atrophy in response to a variety of
stimuli (58, 59). These two genes are under the transcriptional regulation of the
forkhead box {(Foxo) family of transcription factors (70). Multiple in vitro studies have
demonstrated that the direct action of inflammatory cytokines is sufficient to produce
the cardinal molecular signs of muscle atrophy, and induce myofibrillar protein loss.
This process is dependent on both activation of nuclear factor kappa B (NFxB) and
p38 mitogen activated protein kinase (p38 MAPK) (104-108).

However, the picture in vivo is more complicated. NFkB and upstream
signaling proteins such as tumor necrosis factor receptor associated factor 6 (TRAFE)
are clearly requisite for atrophy in response to systemic inflammation (104, 267).
Despite this, there is ample evidence that cytokines mediate muscle atrophy by acting
at alternate sites. Inflammation in the central nervous system alone is sufficient to

induce muscle atrophy (279), an effect dependent on increases in circulating
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glucocorticoids. Inflammatory conditions including cancer, metabolic acidosis,
angiotensin treatment, endotoxemia, cytokine infusion and sepsis, all result in
increased levels of glucocorticoids (52, 76, 93, 96, 115, 222, 231). Many of these
conditions show an attenuation of the atrophy response when glucocorticoid signaling
is blocked (76, 93, 96). When glucocorticoid levels are increased to levels similar to
those occurring in the aforementioned inflammatory conditions, significant muscle
atrophy is observed (279).

Direct cytokine action and glucocorticoid signaling may represent independent
and additive or synergistic components of the atrophy process. This possibility is
somewhat contradictory given the fundamentally opposed nature of inflammatory and
glucocorticoid (anti-inflammatory) signaling. Alternately, one of these mechanisms
may be the dominant mediator in inflammation-induced muscle atrophy in vivo. To
explore these possibilities, we generated mice with targeted loss of function of the
glucocorticoid receptor (GR) or the inflammatory adaptor protein myeloid
differentiation factor 88 (MyD88) in skeletal muscle, and subjected them to a systemic

inflammatory challenge known to evoke muscle atrophy.

Results

Generation of muscle specific GR and MyD88KO mice.

To examine the isolated impact of glucocorticoid signaling in skeletal muscle,
we generated muscle specific glucocorticoid receptor knockout mice (MGRKO) by
crossing mice expressing Cre recombinase under the muscle creatine kinase (MCK-

R"*'** mice. The resultant mice have been independently

Cre) promoter with G
generated and are resistant to atrophy in response to acute diabetes and starvation
(95). To functionally examine whether the glucocorticoid receptor had been deleted

from skeletal muscle, mMGRKO mice were treated for 3 days with dexamethasone (5

92



mg/kg). Dexamethasone-induced muscle atrophy was markedly attenuated in
mGRKO mice which exhibited a 61% sparing of muscle mass (Figure 11 ¢, d).
Furthermore, dexamethasone treatment failed to induce MAFbx, MuRF1 and Foxo1
gene expression in mGRKO mice (Figure 11 e). However, other responses to
glucocorticoid treatment such as increased adiposity and increases in food intake
were intact in mGRKO mice (Figure 11 a, b). These results collectively demonstrate
specific deletion of GR in muscle. MyD88 is an essential signaling protein
downstream of both toll-like receptors (toll like receptors) and the type 1 IL-1 receptor
(IL-1R1). Both IL-1f and LPS (via TLR4) have been shown to myocyte atrophy in
vitro. To explore the role of the direct action of inflammatory mediators in muscle

atrophy we generated muscle-specific MyDB88KO mice (mMyD88KO).

GR but not MyD88 Signaling |s Reauired for the Acute Induction of Catabolic Genes

in Response to LPS

Circulating levels glucocorticoids and IL-1B are both increased in response to
systemic inflammation (280). We therefore examined the ability of LPS to induce
atrophy genes in the skeletal muscle of MGRKO and mMyDB8KO mice. As LPS
decreases food intake, and starvation alone can result in atrophy, mice were treated
with LPS (250 pg/kg) during the light cycle (when feeding does not normally occur)
and food was removed from cages at the time of injection. After 8 hours, LPS
significantly induced MAFbx, MuRF1 and Foxo1 mRNA in the skeletal muscle of
littermate control Lox/Lox mice of both genotypes (Figure 12 a, b). In mMyD8BKO
mice LPS induced MAFbx, MuRF1 and Foxo1 normally, while in mGRKQO mice, this
effect was completely blocked (Figure 12 a, b). The expression of the mTOR
regulators Kripple like factor 15 (KLF15) and regulated in DNA damage responses 1

(REDD1) are both increased by LPS treatment, which would be expected to exert a
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negative effect on the protein synthetic rate (Figure 12 a, b ) (81, 260). Both genes
were again normally induced by LPS in mMyD88BKO mice, but not in mGRKQO mice.
Myostatin has been proposed to play a critical role in mediating glucocorticoid-
induced muscle atrophy (114). Consistent with this, myostatin expression in muscle is
increased in response to LPS in mMyD88KO but not in mGRKO animals (Figure 12 a,
b). Activation of the autophagy-lysosome system also plays an important role in the
atrophy process (123, 126). Expression of the autophagy genes BCL-2/adenovirus
E1B-19kDA-interacting protein 3 (Bnip3), and GABA(A) receptor-associated protein
like 1 (Gabarapl1) were induced by LPS along with the lysosomal protease Cathepsin
L (CstL). This effect is attenuated in mGRKO mice, where LPS failed to induce Bnip3,
and induced Gabarapl1 to a lesser degree (Figure 12 a, b). In mMyD88KO mice
however, LPS-induced all three markers of autophagy normally relative to littermate
controls. Collectively these data demonstrate that glucocorticoid signaling in skelstal
muscle is necessary for the activation of the atrophy process by systemic
inflammation. MyD88 signaling however, is dispensable for induction of the catabolic

program by systemic inflammation.

MyD88 Reexpression in Skeletal Muscle Fails to Rescue LPS Mediated Requlation of
the MAFbx Gene

LPS has been proposed to act directly on skeletal muscle increasing MAFbx
expression via activation of p38 MAPK resulting in atrophy (106). MAFbx was slightly
induced in the mGRKQ mice, which may represent the effect of direct inflammatory
signaling on skeletal muscle. To explore this possibility, we re-expressed MyD88
selectively in the skeletal muscle of whole body MyD88KO mice by electroporation.
Transfected fibers were identified by expression of GFP via an internal ribosome entry

site (IRES) in the expression plasmid. To control for the effects of electroporation, the
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contralateral limb was electroporated with a plasmid containing mCherry-IRES-GFP.
(n wild type mice, LPS (250 pg/kg) significantly induced MAFbx expression in skeletal
muscle as measured by in situ hybridization 8 h after injection (Figure 13 a).
Importantly, this increase in signal was seen equally in fibers transfected with
mCherry and MyD88, as well as in surrounding untransfected fibers. Furthermore,
over expression of mCherry or MyD88 did not significantly induce MAFbx in muscle in
the absence of LPS treatment. In MyDBBKO mice, LPS failed to induce MAFbx mRNA
in skeletal muscle. Re-expression of MyD88 by electroporation failed to rescue LPS
mediated induction of MAFbx, demonstrating that the MyD&88 pathway is not sufficient
for LPS-induced activation of MAFbx gene expression. To confirm successful re-
expression of MyD88 in skeletal muscle, we examined MyD88 protein levels by
western blot (Figure 13 b). Electroporation of MyD88 resulted in a significant over

expression of the protein by western blot.

Muscle Atrophy in Response to Systemic Inflammation Depends on Glucocorticoid

not MyD88 Signaling

LPS failed to significantly induce gene expression changes consistent with the
atrophy process in mGRKO mice. To investigate whether this also results in
significant protection from skeletal muscle atrophy, mMGRKO mice were treated with a
higher dose of LPS (1 mg/kg) immediately before the onset of the dark cycle and
sacrificed 18 h later. LPS treatment resulted in a significant decrease in food intake in
both mGRKO mice and GR“* mice (Figure 14 a). The effects of food intake were
controlled for by pair feeding a subset of vehicle treated animals the LPS injected
animals. LPS treatment resulted in a similar decrease in body weight in both mGRKO
mice and GR** mice, while pair feeding resulted in a lesser degree of weight loss

(Figure 14 b). When the mass of the gastrocnemius muscle was examined, significant
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differences in the response to LPS emerged between genotypes. GR'"™"** mice lost
~10% of their muscle mass in response to LPS treatment relative to vehicle treated
controls, while mMGRKO mice lost only ~3% of their gastrocnemius weight relative to
vehicle treated controls of the same genotype (Figure 14 ¢, d). When skeletal muscle
gene expression was measured, results were consistent with the observed
differences in muscle mass (Figure 14 g). The induction of MAFbx, MuRF1 and Foxo1
gene expression by LPS was markedly attenuated in mGRKO mice when compared
with GR"™™ mice. KLF15, REDD1 and myostatin gene expression was significantly
induced by LPS in GR*™"** mice. However, this effect was almost completely absent
in mMGRKO mice, where LPS produced small inductions of KLF15 and REDD1 but no
change in myostatin expression. The induction of autophagy genes by LPS treatment
was also blunted in mMGRKQO mice. LPS produced a significant induction in Bnip3,
CstL, and Gabarapl1 in the muscle of GR* ™ mice. In mGRKO mice, LPS failed to
induce Bnip3 and induced CstL and Gabarapl1 to a lesser extent than in GR"™*
littermates. Cross sections of tibialis anterior muscle were also examined for signs of
myofibrillar atrophy in response to LPS. Glycolytic type llb fibers make up the vast
maijority of mouse tibialis muscle. Type lib fiber area was significantly reduced by LPS
in GR"™'™* mice but was reduced to a much lesser extent by LPS in mGRKO mice
(Figure f, g). The intermediate type lla and type lld/x fibers were unaffected by LPS

R“*°* animals. At baseline, type lla fibers in mGRKQ animals were

treatment in G
larger. With LPS treatment however, lla fiber area returned to the levels seen in
GR"™** animals.

The atrophy response to high dose LPS was also examined in mMyD88KO
mice. LPS produced a normal suppression of food intake and body weight loss in
mMyD8BKQO animals (Figure 14 h, i). In contrast with mGRKO mice, mMyD88KO

mice exhibited normal LPS-induced loss of muscle mass relative to MyD8g->**
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littermates (Figure 14 j, k). Similar to the results seen with lower doses of LPS and
shorter time points, 18h LPS treatment in mMyD88K O mice also produced equivalent
induction of atrophy and autophagy genes relative to their littermate controls (Figure
14 1). To confirm specific recombination of the MyD88 locus in mMyD88KO mice,
genomic DNA from various tissues was subjected to PCR amplification with primers
surrounding the site of recombination. Consistent with the known sites of cre
expression in the MCK-Cre mouse, exon 3 of the MyD88 gene was recombined in
skeletal and cardiac muscle but no other tissues examined (Figure 14 m).
Collectively, these results demonstrate that glucocorticoid but not MyD88 signaling is

required for atrophy in response to LPS administration.

Discussion

Experimentally inducing inflammation through a variety of methods rapidly
brings about muscle atrophy. Further, anti-inflammatory interventions have proven
successful in attenuating muscle atrophy in experimental modeis of cachexia (101,
104, 108). Numerous cell culture studies demonstrate that cytokines can act directly
on skeletal muscle to potentiate catabolism. However, the in vivo response to
inflammation results in numerous neuroendocrine changes that are not recapitulated
in cultured myocytes exposed to cytokines. Principal among these systemic changes
is a significant increase in the level of circulating glucocorticoids, which also
negatively impact skeletal muscle mass. While glucocorticoids are frequently listed as
potential mediators of muscle atrophy, their contribution to inflammation-induced
atrophy is incompletely described. Here we demonstrate that glucocorticoid signaling
in skeletal muscle is requisite for atrophy in response to systemic inflammation. We
further present evidence that direct cytokine signaling in muscie via MyD88

dependent pathways is dispensable for the atrophy response to inflammation in vivo.
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Cell culture experiments show that both IL-1B and LPS act directly on skeletal
muscle to evoke atrophy (99, 106). MyD88 plays a fundamental role in transducing
inflammatory signals as MyD88KO mice are unresponsive to IL-1B (281). In addition,
many of the effects of LPS (and other toll-like receptor agonists) require MyD88 as
well (282). MyD88KO mice fail to demonstrate increased levels of inflammatory
cytokines after IL-1B or LPS treatment, demonstrating the critical nature of this
pathway. While somewhat surprising, there are multiple possible explanations for the
failure of muscle specific knockout of MyD88 to alter LPS-induced atrophy. One
possibility comes in the overlapping and redundant properties of cytokines. Multiple
cytokines are capable of eliciting atrophy in vitro or in vivo (45, 105, 283), and LPS
treatment increases circulating levels of many cytokines including IL-18, IL-8, and
TNF (280, 282). Both TNF and IL-6 signal via pathways that do not involve MyD88.
Therefore, despite the fact that both IL-1B and LPS signaling on myocytes are
sufficient to induce atrophy, they may be dispensable components for the induction of
wasting by systemic inflammation. Alternately, it is possible that MyD88-independent
pathways play a role in mediating the atrophy process. It has been suggested, based
on evidence from cultured immune cells, that p38 MAPK mediated activation of the
MAFbx gene via TLR4 signaling occurs in a MyD88-independent manner (108).
However, our finding that whole body MyD88KO mice fail to induce MAFbx mRNA in
response to LPS shows that this is not the case. Therefore, while MyDB88 is requisite
in some cell type for muscle wasting in response to LPS, it is not necessary in skeletal
muscle for normal atrophy in response to systemic inflammation.

Glucocorticoids are appreciated to play a role in acute changes in protein
turnover resulting from a variety of conditions. Using adrenalectomized animals, or
pharmacologic antagonism of the glucocorticoid receptor, it has been shown that

atrophy in response to acute sepsis, starvation, metabolic acidosis and diabetes
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depend to some degree on glucocorticoid signaling (53, 93, 85, 96). However, this
approach is complicated in the setting of inflammation. Adrenalectomized mice
display a 1000 fold decrease in the LDz, of endotoxin (284), likely due to a
combination of cardiovascular instability and a loss of anti-inflammatory feedback
from glucocorticoids. Early studies examining the mechanisms of cytokine-induced
protein degradation found that concurrent cytokine administration and glucocorticoid
antagonism resulted in significant mortality (285). Therefore, the study of
inflammation-induced muscle atrophy in animals with systemic glucocorticoid
blockadefinsufficiency is confounded by the essential role of glucocorticoid signaling
in non-muscle tissue. As a result of this, such experiments have produced conflicting
results (285, 286). Deleting the glucocorticoid receptor specifically from skeletal
muscle allows for the clarification of the contribution of glucocorticoid signaling to
inflammation-induced muscle atrophy without the complication of complete adrenal
insufficiency. While it is clear that glucocorticoids are integral to inflammatory atrophy,
this may occur in synergy with the direct action of inflammatory cytokines. However,
recent data suggests that the levels of circulating glucocorticoids evoked by
inflammatory challenge are sufficient to produce substantial atrophy in isolation (279).
Future studies will likely expand on the interaction between the catabolic effects of

glucocorticoids and cytokines on skeletal muscle.

Materials and Methods:
Animals
Wild type C57BL/6J mice, MCK-Cre (Stock# 006405), MyD88 Flox (Stock#

008888) and MyB88KO mice (Stock# 009088) were obtained from The Jackson
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Laboratories (Bar Harbor, ME). GR Flox mice were provided by L. Muglia
{(Washington University, St. Louis, Missouri, USA). All animals were maintained on a
normal 12:12 hr light/dark cycle and provided ad libitum access to water and food
(Purina rodent diet 5001; Purina Mills, St. Louis, MO), except in the case of pair fed
animals in which food intake was restricted to that consumed by the indicated group.
Mice were injected with 250 pg/kg or 1 mg/kg LPS (Sigma, St Louis, MO) dissolved in
normal saline/0.5% BSA, and sacrificed 8 or 18 h later. Dexamethasone (Sigma, St
Louis, MO) was dissolved in peanut oil, and injected i.p at 5mg/kg daily for 3 days.
Mice were sacrificed by decapitation under anesthesia from a ketamine cocktail. Both
male and fermale mice were utilized for electroporation experiments, and were equally
represented in all experimental groups. No difference in any measures of atrophy was
observed as a result of animal sex. Experiments were conducted in accordance with
the National Institutes of Health Guide for the Care and Use of Laboratory Animals,
and approved by the Institutional Animal Care and Use Committee of Oregon Health

& Science University.

Expression Vectors

The complete MyD88 cDNA was purchase from Origene (Rockville, MD). The
coding region of MyD88 was then amplified with the following PCR primers containing
a Xhol restriction site and Kozak sequence on the 5' primer and an EcoRlI restriction
site on the 3’ primer: 5-AAAACTCGAGCGCCACCATGTCTGCGGGAGACCCC-3'
and §-TTTTGAATTCTCAGGGCAGGGACAAAGC-3'. MyD88 was then ligated into
the pCAG plasmid containing a CAG promoter and an IRES-GFP. For in vivo
electroporation, plasmids were prepared by EndoFree Giga kit (Qiagen, Valencia,

CA).
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Electroporation of Skeletal Muscle

Under isoflurane anesthesia, the region overlying the tibialis anterior muscle
was shaved, and the muscle was injected percutaneously with 25 pL of 0.4U/uL
bovine haluronidase (Sigma, St Louis, MO). After 2 hours, the tibialis was exposed
and 100 pg of expression plasmid in 50 pL normal saline was injected. The muscle
was then electroporated using stainless steel needle electrodes and an ECM 830
square wave pulse generator (Harvard Apparatus Inc, Holliston, MA). The following
parameters were used for electroporations: 50 V/cm, 5X50 ms pulses with an
interpulse interval of 200 ms. The incision was closed, and animals were allowed to

recover for 2 weeks prior to LPS treatment

Real Time PCR

Total muscle RNA was extracted using the RNeasy fibrous tissue mini kit
(Qiagen, Valencia, CA) and hypothalamic RNA was extracted using an RNeasy mini
kit according to the manufacturer's instructions. cDNA was transcribed using Tagman
reverse transcription reagents and random hexamers according to the manufacturers
instructions. PCR reactions were run on an ABI 7300, using Tagman universal PCR
master mix, using Tagman gene expression assays: mouse GAPDH
(Mm99999915_g1), mouse MAFbx (Mm00489518_m1), mouse MuRF1
(Mm01185221_m1), mouse Foxo1 (Mm00490672_m1), Mouse REDD1
(Mm00512504_g1), Mouse KLF15 (MmO0517792_m1), Mouse Myostatin
(Mm01254559_m1), Mouse Bnip3 (Mm01275600_g1), Mouse CsiL
(Mm00515557_m1), Mouse Gabarapl1 (Mm00457880_m1) (Applied Biosystems,
Carlsbad, CA). Relative expression was calculated using the delta-delta Ct method,
and was normalized to vehicle treated control. Statistical analysis was performed on

the normally distributed delta-Ct values.
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PCR Analysis of MyD88 Recombination

Genomic DNA was isolated from a variety of tissues using a DNeasy tissue
minikit (Qiagen, Valencia, CA). PCR primers were utilized which flank the LoxP sites
surrounding Exon 3 of the MyD88 gene. 5-TGGACCTGGGACCTTGGGCA-3', 5'-
TACCCAGGCGGGACAGAGCC-3'. The following thermocycling program was

utilized: 95°C for 45 s, 70°C for 30 s, 72°C for 60 s for 35 cycles.

immunohistochemistry

Cryosections of the tibialis anterior were cut in cross section at 10um. Unfixed
cryosections were blocked for 1 hour in PBS (10 mM NaPO4, 150 mM NaCl) /1%
BSA/10% goat serum, and then incubated overnight in primary antibodies diluted
1:250 in PBS/1% BSA/10% goat serum. The following mouse primary antibodies were
used: SC-71 for myosin lla, BF-F3 for myosin |Ib, BA-D5 for myosin | {Developmental
Studies Hybridoma Bank, University of lowa, lowa City, lowa). Basement membrane
was identified by staining with a rabbit anti-laminin antibody (Sigma, St Louis, MO).
Sections were washed in PBS, and incubated with the secondary antibodies diluted
1:500 in 1%BSA/10% goat serum. The following secondary antibodies were used:
goat anti rabbit Alexafluor 405, goat anti mouse IgM Alexafluor 488, goat anti mouse
IgG2b Alexafluor 555, and goat anti mouse IgG1 Alexafluor 633 (Invitrogen, Carisbad,
CA). Sections were washed in PBS and mounted with agua-poly mount
(Polysciences, Warrington, PA). Images were acquired on a Nikon Eclipse Ti confocal
flucrescence microscope (Nikon Instruments Inc., Melville, NY). Tiled images of entire
sections were captured at ambient temperature and at 200X, Images were processed
using Image J. An evenly spaced grid was placed over the section. Fiber area was

measured in fibers expressing Myosin llb, Myosin lla, or in fibers lacking expression
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of Myosin llb, lla and Myosin | (type Ild/x fibers) Fibers at grid crossing points were
measured along with all adjacent fibers of the same type. Grid size was adjusted for a
given fiber type such that ~100 fibers were counted per section. Representative
images were selected from the same anatomic region of the TA from animals

representative of the group mean fiber area.

Western Blotting

Muscles were homogenized in cell lysis buffer (Cell Signaling, Danvers, MA):
20mM Tris pH 7.5, 150mM NaCl, 1mM EDTA, 1mM EGTA 1% Triton X, 2.5 mM
sodium pyrophosphate, 1mM beta-glycerophosphate, 1mM Sedium Orthovanadate,
1ug/mL leupeptin, and supplemented with Complete protease inhibitors (Roche,
Indianapolis, IN}, 1 mM PMSF (Sigma, St Louis, MO), and 5 pL/mL phosphatase
inibitor cocktail 1l {(Sigma, St Louis, MO). Samples were homogenized for 30 s
minutes using a Polytron homogenizer (Kinematica, Bohemia, NY), then were
sonicated 2x10s. Samples were and centrifuged at 13,000 RPM for 10 minutes at 4C.
100 ug of total protein per lane was run on Criterion 4-15% gradient polyacrylamide
gels (Biorad, Hercules, CA), and transferred to Immobilon PVDF membranes
(Millipore, Billerica, MA). Proteins were detected using a Lumi-lmager (Roche,
Indianapolis, IN) and SuperSignal West Pico Chemiluminescent Substrate (Thermo,
Rockford, IL). The following antibodies were used: Rabbit anti MyD88(Cell Signaling,

Danvers, MA), Anti Rabbit HRP conjugate (Promega, Madison, WI).

In Situ Hybridization

Cryosections were cut at 20 uM for ISH analysis. Serial sections were cut and
immediately immersed in LN; for GFP visualization. Antisense 33P-labeled rat MAFbx

riboprobe (corresponding to bases 68-413 of mouse MAFbx) (0.12 pmol/ml) was



denatured, dissolved in hybridization buffer along with tRNA (1.7 mg/ ml), and applied
to slides. Slides were covered with glass coverslips, placed in a humid chamber, and
incubated overnight at 55 °C. The following day, slides were treated with RNase A
and washed under conditions of increasing stringency. Slides were dipped in 100%
ethanol, air dried, and then dipped in NTB-2 liquid emulsion (Eastman Kodak Co.,
Rochester, NY). Slides were developed 3 d later and cover slipped. Images were
acquired on a Leica DM4000 B microscope, using a Leica DFC340 FX camera at
ambient temperature at S0X magnification using Leica Applications Suit 3.6 software
(Leica, Buffalo Grove, IL). For visualization of GFP/mCherry in serial sections, slides
were fixed in a vapor chamber with filter paper soaked in 37% formaldehyde at -20°C
overnight. Slides were then post fixed in 4% PFA/PBS for 15 min, washed in PES and
mounted with aqua-poly mount (Polysciences, Warrington, PA). Fluorescent images
were acquired on a Nikon Eclipse Ti confocal fluorescence microscope (Nikon
Instruments Inc., Melville, NY). Tiled images of entire sections were captured at

ambient temperature and at 200X. Images were processed using Image J.

Statistical Analysis

Data are expressed as mean +SEM. Statistical analysis was performed using
Prism software (Version 4.0, Prism Software Corp., Irving, CA). All data were
analyzed with a two-way ANOVA followed with post hoc analysis using a Bonferroni

post-test. For all analyses, significance was assigned at the level of P<0.05.
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Figure 11. Muscle-specific deletion of the glucocorticoid receptor protects against
dexamethasone-induced muscle atrophy

GR"™* and mGRKO mice (n=5-6/group) were treated for 3 days with Dexamethasone (5
ma/kg). (a) Food weight and (b) Body weight were measured daily. (¢) Gastrocnemius muscle
was weighed after 3 days and normalized to pre treatment body weight. (d) Muscle mass loss

as a percentage of vehicle treated controls. (e) Gastrocnemius muscle gene expression
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measured by real time PCR with GAPDH as an endogenous control. (f) Tibialis anterior
muscles were cut in cross section and immunostained with antibodies against laminin, myosin
Ilb, myosin lia, and myosin |. Type llb and lla fiber area was measured. (g) Representative
images of tibialis muscle in a region of type lib fibers (Laminin=white, Myosin llb=green). ***=

P<0.001, **=P=<0.01, *= P<0.05 as measured by two-way ANOVA with Bonferroni post-test.

Scale bar represents 100 pm. V=Vehicle, D=Dexamethasone.
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Figure 12. Muscle-specific deletion of the glucocorticoid receptor but not MyD88
prevents atrophy gene induction by LPS

Gene expression in the gastrocnemius muscle of female (a) mGRKO (n=6-8/group) and (b)
mMyD88KO mice {(n=6-10/group) 8 h after i.p. LPS injection (250 pg/kg) measured by real
time PCR using GAPDH as an endogenous control. ***= P<0.001, **=P<0.01, *= P<0.05 as

measured by two-way ANOVA with Bonferroni post-test. Vi=Vehicle, L=LPS.
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Figure 13. MyD&8 signaling in muscle is not sufficient for LPS-induced atrophy

Wild type (n=2/group) and MyDBBKO (n=4/group) mice were electroporated in the tibialis
anterior muscle with plasmid containing mCherry-IRES-GFP or MyD88-IRES-GFP then
treated with LPS (250 pg/kg). (a) MAFbx mRNA levels were examined by in situ hybridization
in regions expressing GFP in serial sections 8 h after LPS treatment. For ease of comparison
between GFP and ISH sections, connective tissue boundaries and section edges have been
outlined (b) MyDB88 expression examined by western blot in WT and MyD88KO muscle

electroporated with mCherry and MyD88. Scale bar represents 400 pm.
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Figure 14. Muscle-specific deletion of the glucocorticoid receptor but not MyD88
muscle atrophy In response to LPS

Male mGRKO (n=6-8/group) and MyD88KO mice (n=7-11/group) were treated with LPS (1
mg/kg) and examined for signs of atrophy 18 h later. A subset of vehicle treated animals was
pair fed to the LPS treatment group. (a, h) Food weight and (b, i) Body weight were measured.
(€, j) Gastrocnemius muscle was weighed after 3 days and normalized to pre treatment body
weight. (d, k) Muscle mass loss as a percentage of vehicle treated controls. (e, I) Muscle gene
expression measured by real time PCR with GAPDH as an endogenous control. (f) Tibialis
antarior muscles were cut in cross section and immunostained with antibodies against laminin,
myasin llb, myosin lla, and myosin . Type lib, lld/x {absent lib, lla, or | staining). and lla fiber
area was measured. (g) Representative images of tibialis muscle in a region of type |lb fibers
{Laminin=white, Myosin llb=green). {m) Recombination mapping for the MyD88 locus using
PCR with primers outside the LoxP sites. ***= P<0.001, *=P<0.01, *= P<0.05 as measured

by two-way ANOVA with Bonferroni post-test. Scale bar represents 50pm. V=Vehicle, L=LPS.
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Introduction

Systemic inflammation elicits an evolutionarily conserved behavioral response,
including anorexia, lethargy, anhedonia, and hyperalgesia (287). Collectively known
as sickness behavior, this response is likely adaptive in the acute setting as it reduces
energy expenditure associated with foraging. However, it becomes pathological when
present for longer periods of time. Individuals suffering from chronic inflammatory
illnesses such as cancer, chronic renal failure, congestive heart failure and many
others exhibit decreased appetite and reduced ability to complete activities in the
course of daily living (254). Diminished nutritional intake consequent to decreased
appetite contributes to ongoing weight loss in such individuals. Both weight loss and
reduced activity not only negatively impact quality of life, but also are tightly correlated
with mortality (10, 14). Despite this, there are currently no effective therapeutic
interventions that alter the impact of sickness behavior.

One common feature of diseases associated with sickness behavior is an
increase in circulating inflammatory cytokines. Administration of inflammatory
cytokines to experimental animals recapitulates the major behavioral features of
sickness, and cytokine antagonism has shown some efficacy in reversing these
behaviors in models of inflammation and disease (136, 141). However, the
mechanism by which inflammatory cytokines mediate behavioral changes remains
incompletely described. Myeloid differentiation factor 88 (MyD88) is a signaling
protein downstream from toll-like receptor 4 (TLR4) and the type | interleukin 1
receptor (IL-1R1). MyD88 is a critical mediator of anorexia in response to the bacterial
cell wall product lipopolysaccharide, and the prototypical inflammatory cytokine
interleukin-1p (IL-1B) (127). Furthermore, MyD88 is required in a non-hematopoietic
derived cell population for LPS-induced sickness behavior, suggesting that MyD88

within the central nervous system is requisite for the behavioral response to these
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inflammatory stimuli (128). Cytokine receptors are expressed on neurons known to
regulate feeding and other behavioral responses (131, 186, 187). However, others
have provided evidence that cerebrovascular endothelial cells and perivascular
macrophages are the targets of inflammatory cytokines in mediating the behavioral
response to disease (163, 168, 230, 288).

To explore these distinct mechanisms of cytokine action and to establish the
necessity of CNS MyD88 expression, we performed intracerebroventricular (i.c.v.)
injections of IL-18 in MyD88 knockout mice (MyD88KQ) and mice with a targeted
deletion of MyD88 in the CNS only (MyD88““"%). Our work here describes the
behavioral response to CNS inflammation, and the role of MyD88 in mediating this

response.

Methods
Animals

Male C57BL/6J wild type and MyDB8KO (Stock# 009088) mice were
purchased from The Jackson Labs (Bar Harbor, ME). Nestin-cre mice (Stock#
003771), MyD88 Flox mice (Stock# 008888) and MyD88KO mice (Stock# 009088)
were obtained from The Jackson Labs (Bar Harbor, ME), and crossed to obtained

+i-

Nes-cre”” IMyD88 Flox™ mice. These mice were then crossed back to the original
MyD88 Flox™ line to obtain MyD88““™ and MyD88™™ littermate controls. Nestin-Cre
mice were also bred to mice harboring a Flox-Stop-Flox tdTomato behind a CAG
promoter knocked into the ROSA locus (The Jackson Labs, Bar Harbor, ME, Stock#
007908) to examine the cellular specificity of cre-mediated recombination. All mice
were genotyped using standard protocols from The Jackson Labs. Animals were

maintained on a normal 12:12 hr light/dark cycle and provided ad /ibitum access to

water and food (Purina rodent diet 5001; Purina Mills, St. Louis, MO). Mice were used
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for experiments between 6 and 10 weeks of age. Experiments were conducted in
accordance with the National Institutes of Health Guide for the Care and Use of
Laboratory Animals, and approved by the Animal Care and Use Committee of Oregon

Health & Science University.

Immunochistochemistry

For histology experiments, mice were deeply anesthetized using ketamine
cockiail and sacrificed by transcardial perfusion fixation with 15 mL ice cold 0.01 M
PBS + heparin sodium (15,000 U/L) followed by 25 mL 4% paraformadehyde (PFA) in
0.01 M PBS. Brains were post-fixed in 4% PFA overnight at 4°C and cryoprotected in
20% sucrose for 24 h at 4°C before being stored at -80°C until use for IHC. Free-
floating sections were cut at 30 um from perfused brains using a sliding microtome
(Leica SM2000R; Leica Microsystems, Bannockbumn, IL). Hypothalamic sections were
collected from the division of the optic chiasm (bregma -1.0 mm) caudally through the
mammillary bodies (bregma -3.0 mm). The sections were incubated for 1 h at room
temperature in blocking reagent (5% normal donkey serum in 0.01 M PBS and 0.1%
Triton X-100). After the initial blocking step, the sections were incubated in mouse
anti-NeuN (1:1000, Millipore, Billerica, MA), rabbit anti-GFAP (1:500, DAKO,
Carpinteria, CA), rabbit anti-Ibal {1:500, DAKO, Carpinteria, CA), rat anti-CD31
{(1:100, BD Pharmingen, Sparks, MD) in blocking reagent for 72 h at 4°C, followed by
incubation in donkey anti-rabbit Alexa 488 (1:500), donkey anti-mouse Alexa 647
(1:500), goat anti-rat 633 Alexa (1:500, Invitrogen, Carlsbad, CA) for 2 h at room
temperature. Between each stage, the sections were washed thoroughly with 0.01 M
PBS. Incubating the sections in the absence of primary antisera was used to ensure
specificity of the secondary antibodies. Sections were mounted onto gelatin-coated

slides and coverslipped using Vectashield mounting media (Vector Laboratories,
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Burlingame, CA). Images were acquired using a Nikon Eclipse Ti confocal

fluorescence microscope (Nikon Instruments Inc., Melville, NY).

Intracerebroventricular Injection

26-gauge lateral ventricle cannulas (PlasticsOne, Roanoke VA) were placed
under isoflurane anesthesia, using a stereotactic alignment instrument (Kopf,
Tujunga, CA) at the following coordinates relative to bregma: -1.0mm X, -0.5 mm Y,
and -2.25 mm Z. 10 ng mouse IL-1B or 500 ng TNF (R&D, Minneapolis, MN).
Injections were given in 1 uL total volume. IL-1B and TNF were dissolved in artificial
cerebrospinal fluid (aCSF, 150 mM NaCl, 3 mM KCI, 1.4 mM CaCl,, 0.8mM MgCls,

1.0 mM NaPQ,) with 0.1% endotoxin free BSA.

LPS Injection
LPS (Sigma, St. Louis, MO) was dissolved at 62.5 pg/mL in 0.9% Saline/ 0.5%

endotoxin free BSA, and injected intraperitoneally at 4 ulL/g body weight (250 pg/kg).

Locomotor Activity Measurement

Voluntary home cage locomotor activity (LMA) was measured using
implantable telemetric transponders (MiniMitter, Bend, OR). Animals were
anesthetized using 2% isoflurane, a small incision was made in the abdominal wall,
and transponders were implanted adjacent to the abdominal aorta in the
retroperitoneal space. The incision was then closed with 4/0 silk suture. Transponders
were implanted during the lateral ventricle cannulation surgery. Mice were individually
housed and allowed to acclimate for at least 5 days before temperature and net
movement in x-, y-, and z-axes was recorded in 1 min intervals (Vital View, MiniMitter,

Bend, OR).
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Overnight Feeding Studies

Animals were transferred to clean cages and injected i.c.v. with IL-1B (10 ng) ,
TNF (500 ng) or LPS (250 pg) 1 h prior to lights off. At 2, 6, 13, 24, 37 and 48 h after
the onset of the dark cycle, food was weighed and returned to the cage. Body weight

was recorded at 13, 24 and 48 h.

Fast-Refeed Studies

At lights out, food was removed from the cages and animals were fasted for
12h. At the start of the light cycle, animals were injected i.c.v with IL-1B (10 ng) and
food was retumed to the cages 15 min later. Food intake was measured at 1, 2, 5, 8,

12 and 24 h after the return of food to the cages.

Results

MyD88 is Requisite for Sickness Behavior in Response to Centrally Administered
IL-1

MyDB88 is an essential signaling molecule for conveying the anorectic signal in
response to peripheral inflammation. Despite this, it has been proposed that IL-1B
signaling on neurons is dependent on PI3K, not MyD88 (289). Peripherally
administered IL-1B may not directly reach neurons as it has been suggested that
cytokines are too large to cross the blood brain barrier (228). However, i.c.v injection
of IL-1B results in significant amounts of cytokine in the brain parenchyma via mass
action (265). To examine whether MyD88 is requisite for the behavioral response to
cytokines administered directly into the brain, we examined the response of
MyD88KO mice to i.c.v injection of IL-1B. Injections of IL-1B (10 ng) were performed

in the hour before lights off at Zeitgaber time (ZT) 11-12. While wild type (WT) mice
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showed a significant suppression of dark-phase food intake in response to IL-13
(Figure 15 a), My88KO mice showed no anorectic response to IL-18. WT mice lost
BW in response to IL-1B treatment, while MyD88 mice were undistinguishable from
\eh treated controls (Figure 15 b). WT mice treated with IL-1p showed a significant
suppression of home cage LMA for the first 8 h of the dark cycle, while MyD88KO
mice treated with IL-1B showed normal LMA (Figure 15 ¢, d). This result
demonstrates that MyD88 is required for sickness behavior in response to IL-1p

applied directly into the brain.

MyD88 Knockout Mice Display Sickness Behavior in Response to MyD88

Independent Inflammatory Signaling

MyDB88KO mice demonstrate normal sickness behavior in response to
peripheral tumor necrosis factor (TNF) administration, consistent with the MyD88-
independent canonical signaling pathway downstream from the TNF receptor. To
examine whether this is also the case with centrally administered TNF, we performed
i.c.v. injections of TNF (500 ng) in MyD88KO mice before the onset of the dark cycle
(ZT 11-12). TNF significantly attenuated nighttime feeding during the first 6 hours of
the dark cycle in both WT and MyD88KO mice (Figure 16 a). After 6 hours, the rate of
food intake in WT animals injected with TNF paralleled Veh treated animals.
However, MyD88KO mice treated with TNF showed a significant increase in food
intake during the second half of the dark cycle, such that 13 hours after treatment,
their cumulative food intake was roughly equivalent to Veh treated mice. TNF injection
resulted in decreased body weight relative to Veh treatment in both genotypes,
although this difference was only statistically significant in WT mice (Figure 16 b).
Central TNF treatment also significantly reduced LMA activity during the first 8h of the

dark cycle relative to Veh treated animals for both WT and MyD88KO mice (Figure 16



¢, d). These data demonstrate that MyD88KO mice display normal acute sickness
behavior in response to an inflammatory challenge that does not require MyD88.
However, MyD88 is essential for the maintenance of some aspects of sickness
behavior during the later phases of the dark cycle, irrespective of the signaling

mechanism of the initial inflammatory stimulus.

Generation of Mice Lacking MyD88 Exclusively in the CNS
To explore the identity of the cells requiring MyD88 to respond to

inflammation, we generated mice lacking MyD88 exclusively in the central nervous
system (MyD88"c"%) by crossing mice expressing Cre recombinase under the control
of the rat nestin promoter with mice harboring an allele of MyD88 where exon 3 is
flanked by LoxP sites. This mouse has no overt phenotype until challenge with a high
fat diet. despite displaying appropriate recombination (290). While the nestin-Cre
mouse has been utilized extensively and characterized in a variety of ways, reports
vary as to the precise identity of cells in the CNS expressing recombinase activity. To
clarify this issue, we crossed the Nestin-Cre mouse to a reporter line in which the
tdTomato fluorescent protein is present in cells that have expressed cre recombinase
at any point during their development. Both neurons (marked by NeuN) and
astrocytes (marked by GFAP) co-express tdTomato, demonstrating that Cre
recombinase activity is present in both these cell types (Figure 17). To confirm co
localization of GFAP and tdTomato, high magnification images are also provided. Cre
recombinase activity is not present in microglia (marked by Iba1) or endothelium
{marked by CD31). While the images shown in Figure 17 focus on the hypothalamic
arcuate nucleus (ARC), due to its known fundamental role in feeding, and expression
of cytokine receptors, these results are representative of all regions of the brain

examined (188, 187).
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Deletion of MyD88 From Neurcns and Astrocytes Does Not Alter Sickness Behavior

in Response to IL-18

As MyDB88 is absolutely requisite for the behavioral response to IL-1B, and
neurons can respond to cytokines, we assessed the behavioral response of
MyD88*“"* mice to IL-1B administered prior to the onset of the dark cycle (ZT 11-12).
MyD88*“" mice displayed a normal suppression of overnight feeding in response to
i.c.v. IL-1B (Figure 18 a, b). Spontaneous home cage activity was suppressed by i.c.v.
IL-1B equally in MyD88°“™S and MyD88"™"** mice (Figure 18 c, d). These data show
that the despite being essential for sickness behavior, MyD88 is not required in

neurons or astrocytes for this response.

MyD88 in Neurons and Astrocytes Is Not Reauired for the Suppression of Refeeding

by IL-1

Multiple cytokines are rapidly induced in the CNS after injection of IL-1B, many
of which produce anorexia, and do not signal via MyD88 (131, 291). Therefore, it is
possible that population of cells not expressing Cre, such as microglia, responds
rapidly to IL-1B injected i.c.v. and produces other cytokines which are sufficient for the
anorectic response. While some cell types are believed to store inflammatory
cytokines, releasing them upon stimulation, this does not appear to be the case for
macrophages/microglia (292). Therefore, it is possible that the behavioral response to
injected IL-1B acting directly on neurons would only be observable at early time-points
prior to amplification of this signal into a redundant cytokine response in other cell
types. To assess this possibility we examined the ability of IL-15 to suppress the
refeeding response after an overnight fast in MyD88““"® mice. Fasting overnight

increases food intake in the first several hours after food reintroduction, increasing the
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precision of food intake measurements at early time points. Animals were fasted for
12 h at the start of the dark cycle, and then injected with IL-1B immediately prior to the
return of food to the cages. IL-1B suppressed food intake equally in both MyD88*“"*
and MyD88""“'** Jittermates at early time points during refeeding with the suppression
of food intake becoming statistically significant in both groups 2h after IL-1B injection
(Figure 19 a, b). At later time points MyD88 2™ mice exhibited a subtle defect in
refeeding. MyD88"“"* littermates fed at an accelerated rate between 12-24 h after
IL-1B injection such that they had caught up with Veh treated animals by 24 h (Figure

19 c). MyD88 ““™* mice however continued to feed at the same rate, maintaining a ~1

g deficit in cumulative food intake (Figure 19 d).

MyD88 is Not Required in Neurons or Astrocytes for LPS-Induced Sickness Behavior

MyD88 is also an integral component of the signaling pathway downstream of

TLR4. While inflammatory signaling pathways downstream of TLR4 can be activated
independent of MyD88, MyD88KO mice fail to mount a cytokine response to LPS
injection (282). Therefore, we examined whether MyD88*“"* mice would display
altered behavioral responses to peripheral LPS injection. One hour prior to the onset
of the dark cycle, MyD88“°™® mice were injected i.p. with LPS (250 pg/kg). This

g->¥Lx ang

treatment resulted in a suppression of nighttime food intake in both MyD8
MyDE&wNS mice (Figure 20 a). LPS treatment produced a significant suppression of
food intake starting 2 h after the injection, however no differences were observed
between genotypes (Figure 20 b). LPS resulted in a significant loss of body weight
without any differences evident between genotypes (Figure 20 c). Home cage activity
was also equally suppressed by LPS administration in MyD88*“M® and MyD8g >
mice for the entire duration of the dark cycle (Figure 20 d). Cumulative dark cycle

LMA was significantly decreased in both genotypes without significant differences
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being evident between genotypes (Figure 20 e). These results demonstrate that
expression of MyD88 is not required in neurons or glia for LPS-induced sickness

behavior.

Discussion

Sickness behavior represents an important component of the adaptive
metabolic response to infection. In chronically ill patients this response becomes
maladaptive significantly worsening quality of life and potentially contributing to
mortality. Despite numerous mechanistic inroads into the pathogenesis of sickness
behavior, the neuroanatomic substrate upon which inflammation acts to produce this
behavior has remained elusive. In this work, we describe studies that localize the
target of inflammation-induced sickness behavior to specific cell types within the
brain. Despite the fact that MyD88 is required for the behavioral response to IL-1p
(128), we found that MyD88 in both neurons and astrocytes is completely dispensable
for the behavioral response to IL-18.

The receptor for IL-1p is expressed in multiple locations within the CNS (228),
many of which are known to regulate food intake. In particular, the type | IL-1 receptor
(IL-1R1) is expressed in the ARC on anorectic proopiomelanocortin (POMC) and
orexigenic Agouti Related Peptide (AgRP) neurons (186, 187). IL-1B increases the
firing of POMC neurons and increases the release of alpha-melanocyte stimulating
hormone {GJMSH}. the natural ligand of the type 4 melanocortin receptor (MC4R) from
hypothalamic explants. IL-18 simultaneously decreases the release of AgRP, the
endogenous antagonist of the MC4R. Consistent with this, blockade of the MC4R
prevents IL-1B and LPS-induced anorexia, demonstrating that alterations in

melanocortin signaling underlie changes in feeding in response te IL-1B (35, 129).
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However, despite clear recombination in ARC, MyD88““"* mice respond
normally to IL-1B. There are several possible explanations to resolve these apparently
conflicting results. It is possible that Cre mediated recombination of the MyD&8 allele
was incomplete, and a sufficient number of neurons remain responsive to IL-18 in the
MyD88““* mouse for a normal anorectic response. Indeed, POMC neurons maintain
their anorectic activity even after ablation of 90% of ARC POMC neurons (Malcolm
Low, personal communication). Alternately, it is possible that IL-1B produces anorexia
in a pathway that is dependent on the IL-1RI, but independent from MyD88. There is
some precedence for this, as it has been proposed that IL-1B signals via a PI3K
dependent mechanism in neurons, similar to the mechanism by which leptin mediates
electrophysiologic changes in neurons (289, 293). However, the MyD88KO mouse
fails to respond to IL-1B, even when it is delivered intracerebroventricularly and would
be expected to reach neurons. An additional possibility is that the signal from injected
cytokine has an obligate amplification step in a cell type that does not undergo
recombination in the MyD88““"® mouse, leading to the paracrine release of a second
messenger, which ultimately conveys the anorectic signal to the neurons regulating
sickness behavior.

One possible target for inflammatory signaling is cerebrovascular endothelial
cells. Endothelial knockdown of the IL-1RI prevents the activation of neurons in the
paraventricular nucleus (PVN) of the hypothalamus and blocks the suppression of
home cage LMA activity in response to i.c.v. IL-1B injection (230). Furthermore, brain
endothelial specific knockout of transforming growth factor B-activated kinase (TAK1)
attenuates the depression in LMA seen after IL-1p administration (288). Perivascular
macrophages have also been implicated as key intermediaries in the central response
to inflammation. Selective depletion of perivascular macrophages decreases the

activation PVN neurons in response to peripheral |L-1B but does not alter the
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depression of locomoter activity observed with this treatment (168). Therefore, it is
likely that endothelium and the associated perivascular macrophages represent
components of the cell population in which MyD88 is required for sickness behavior.

Prostaglandins are one of the key signaling intermediates that transmit
inflammatory signals from endethelium to neurons in mediating the sickness response
(163, 230, 288). While this is clearly the case for fever where genetic or
pharmacologic inhibition of prostaglandin signaling can completely attenuate the
febrile response (294), results are less impressive for other aspects of sickness
behavior. COX inhibition fails to substantially alter the changes in volitional activity
observed after i.p. LPS injection (291) and decreases but does not block the anorectic
response to peripheral and central inflammatory challenges (131, 169, 171).
Therefore, while prostaglanding play a role in mediating some of the behavioral
response to systemic inflammation, other second messengers also serve as a relay
between inflammatory cytokines and the neurons regulating behavior.

IL-1p itself has the potential to be the ultimate mediator of inflammation-
induced anorexia. The message for IL-B increases during inflammatory challenge
specifically in the parenchyma of the arcuate nucleus of the hypothalamus (279). It is
possible that |L-1p does not reach sufficient concentration after i.c.v. injection to
engage the IL-1RI on feeding center neurons, yet is produced in sufficient
concentration locally. There is some experimental evidence to support this
mechanism. When IL-1 receptor antagonist (IL-1Ra) is administered centrally at a
high dose during peripheral endotoxemia, anorexia is prevented, demonstrating that
endogenous brain IL-1 signaling is integral to the anorectic response. Furthermore,
endogenous |IL-1 signaling also plays a role in mediating protein catabolism in sepsis,
as i.c.v. infusion of IL-1Ra attenuates the loss of muscle mass during experimental

sepsis (258). However, in order for this mechanism to be consistent with the
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presented data, the induction of hypothalamic IL-18 would have to be dependent on
MyDB88, yet its ultimate action on neurons independent from MyD88. As evidence
exists from other cell types that cytokine production is dependent on MyD88 (281),
and IL-1B signaling on neurons is MyD88 independent (289), this remains a possible
explanation for the data presented here.

The concept that neurons are the substrate upon which cytokines act to
produce sickness behavior is suggested by many studies (136, 186, 295). Leptin, a
cytokine hormone extensively studied with regards to behavior effects is widely
accepted to produce many of its physiologic actions via direct action on neurons (185,
296). However, others have suggested that the induction of sickness behavior
requires an intermediary cell type such as endothelium (163, 228, 230, 288). The
results here demonstrate that the induction of sickness behavior by IL-1[ requires
MyDa88 in a non-neuronal cell type. While direct [L-1B action on neurons may
participate in the behavioral response to this inflammatory insult, MyD88 signaling in

at least one other cell population is also required as an obligate step.
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Figure 15. MyD88 is required for sickness behavior in response to central IL-1B
injection

WT and MyD88KO mice received i.c.v. injections of IL-18 (10 ng) 1 h before the cnset of the
dark cycle (n=5-6/group). (a) Cumulative food intake. (b) Overnight change in body weight ()
Hourly locomotor activity. (d) Cumulative locomoter activity over 8 h post injection.
KO=MyD88KO, ZT= Zeitgeber Time. *= P<0.05 as measured by two-way ANOWVA with

Bonferroni post-test.
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Figure 16. MyD88 is not required for sickness behavior in response to central TNF
injection

WT and MyDB8KO mice received i.c.v. injections of TNF (500 ng) 1 h before the onset of the
dark cycle (n=5-6/group). (a) Cumulative food intake. (b) Overnight change in body weight. (c}
Hourly locomotor activity. (d) Cumulative locomotor activity over 8 h post injection.
KO=MyD88KO, ZT= Zeitgeber Time. ***= P<0.001, **= P<0.01 as measured by two-way

ANOVA with Bonferroni post-test.
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Figure 17. Nestin Cre drives recombination in neurons and astrocytes but not
endothelium or microglia

Nes-Cre tdTomato reporter mice were immunostained with antibodies against (a) GFAP
marking astrocytes and NeuN labeling neuronal nuclei or (¢) Iba1 labeling microglia and CD31
labeling endothelium. Images seen in (b) show high magnification of GFAP and tdTomato to
examine co-expression in astrocytes. Representative images of the ARC at -1.46 to -1.70 mm
relative to bregma respectively. Scale bar in (a) and (¢) represents 100 um, and in (b)

represents 10 pm.
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Figure 18. MyD88 expression in the CNS is not required for IL-1B-induced sickness

behavior

WT and MyD8&8““"* mice recsived i.c.v. injections of IL-18 (10 ng) 1 h before the onset of the
dark cycle (n=4-8/group). (a) Cumulative food intake. (b) Cumulative food intake at 2 h post
injection. (¢) Hourly locomotor activity. (d) Cumulative locomotor activity over 8 h post
injection. Lox= MyD88"™™ ACNS=MyD88"“"*, ZT= Zeitgeber Time. ***= P<0.001, **=

P<=0.01, *= P<0.05 as measured by two-way ANOVA with Bonferroni post-test,
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Figure 19. MyD88 expression in the CNS is not required for IL-1B-induced suppression
of refeeding

WT and MyD88““™ mice were fasted for 12 h and then received i.c.v. injections of IL-1B (10
ng) 15 minutes prior to food being returned to the cages (n=4-5/group). (a) Cumulative food
intake 0-5 h. (b) Cumulative food intake at 2 h. (¢} Cumulative food intake 0-36 h. (d)
Cumulative food intake at 24 h. ACNS=MyD88"“"® ***= P<0.001, **= P<0.01, *= P<0.05 as

measured by two-way ANOVA with Bonferroni post-test.
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Figure 20. MyDB8 expression in the CNS is not required for LPS-induced sickness
behavior

WT and MyD88““"® mice received i.p. injections of LPS (250 pg/kg) 1 h before the onset of the
dark cycle (n=4-9/group). (a) Cumulative food intake. (b) Cumulative food intake at 2 h post
injection. (c¢) Change in body weight. {d) Hourly locomotor activity. (e) Cumulative locomotor
activity over the dark cycle. Lox= MyD88"™"** ACNS=MyD88%“"® ZT= Zeitgeber Time. ***=

P<=0.001 as measured by two-way ANOVA with Bonferrani post-test.
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Abstract

Signaling via the type 4-melanocortin receptor (MC4R) is an important
determinant of body weight in mice and humans, where loss-of function mutations
lead to significant obesity. In addition to dramatically increased adipose mass, a
significant increase in lean body mass is also observed. This increase in lean mass is
independent from increased body weight, as MC4R knockout (MC4RKO) mice display
increased fat free mass relative to diet-induced obese mice with equivalent body
weight. However, skeletal muscle mass is not increased in MC4RKQO mice. Bone
mass and strength do increase with age in MC4RKO mice, which likely contributes to
increases in lean body mass. MC4R deficiency also results in an increase in grip
strength and a dramatic decrease in exercise performance. No changes in the ratio of
oxidative to glycolytic fibers were seen, however MC4RKO mice demonstrate a
significantly reduced heart rate, which may underlie their deficient exercise
performance. This work demonstrates that although lean mass and muscle mass are
often equated, this is not true in the MC4RKO mouse. The impaired exercise
performance we report in the MC4RKO mouse has potential clinical ramifications, as
efforts to control body weight in humans with melanocortin deficiency may be

ineffective due to poor tolerance for physical activity.

Keywords: Melanocortin, Muscle, Bone, Exercise
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Introduction

The type 4-melanocortin receptor (MC4R) is a known regulator of somatic
growth. Genetic blockade (297) or loss of function of the MC4R results in increased
linear growth in rodents (275) and humans (298). Interestingly, humans with MC4R
deficiency have a lower body fat content, and therefore higher lean mass when
compared to leptin-deficient individuals with similar body mass index (BMI). MC4ARKO
mice resist lean mass loss due to tumor growth (35) and chronic renal failure (150).
Furthermore, pharmacologic blockade of the MC4R attenuates lean mass loss in a
multitude of catabolic conditions (35, 36, 150, 289, 300). This regulation of lean mass
has often been attributed to skeletal muscle (189, 301), however no studies to date
have examined whether skeletal muscle or some other component of lean mass is
increased in response to a loss of signaling at the MC4R.

Despite the significant contribution of skeletal muscle to overall lean mass,
many other lean tissues also contribute to fat-free body weight and are under the
regulation of the central melanocortin system. Increased bone mineral density has
also been reported in humans (298) and animals (302) with MC4R deficiency,
demonstrating that increases in bone mass accounts for some of the lean mass
phenotype seen in these cases. Further complicating the interpretation of increased
lean mass with melanocortin deficiency is the compensatory muscle hypertrophy and
bone mineralization that occur in parallel with increasing fat mass. As body weight
increases, muscle and bone mass increase, presumably in response to increased
mechanical loading. To address this complex issue, we examined skeletal muscle
and bone in MC4RKO mice at a series of developmental time-points.

Our results show that young MC4RKO mice initially have an increase in fat
mass without changes in lean mass relative to WT mice. However, increased lean

mass rapidly develops relative to WT mice with diet-induced obesity (DIO).
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Paradoxically, muscle weight is decreased in the MC4RKO mice. Additionally,
MC4RKO mice have a late onset increase in bone mass and strength. These results
challenge the notion that increased lean mass in MC4R deficiency is associated with
increased skeletal muscle mass, and point to other lean tissues as contributors to this

effect

Materials and Methods
Animals

Wild type C57BL/6J mice (20-25g) were obtained from The Jackson
Laboratory (Bar Harbor, ME). MC4RKO mice were used as previously reported (275).
MC4RKO mice were backcrossed at least 10 generations into the C57BL/6J strain. Al
animals were maintained on a normal 12:12 hr light/dark cycle and provided ad
fibitum access to water and food (Purina rodent diet 5001; Purina Mills, St. Louis,
MO). The high fat diet (HFD) (D12492, Research Diets, Inc.) contains 60% fat (5.24
kcallg). Mice were sacrificed by decapitation under anesthesia from a ketamine
cocktail. Experiments were conducted in accordance with the National Institutes of
Health Guide for the Care and Use of Laboratory Animals, and approved by the

Animal Care and Use Committee of Oregon Health & Science University.

Body composition

Mouse body composition analysis was performed using a 4-in-1 small animal

MRI (Echo Medical Systems, Houston, TX).

Treadmill
Exercise performance was measured with an Exer-3/6 treadmill (Columbus

Instruments, Columbus, OH). Animals were conditioned in the treadmill chamber
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every other day for one week prior to the experiment. At the start of training sessions,
animals were acclimatized to the treadmill chamber for ten minutes with the treadmill
off. The speed of the treadmill was started at 6 m/min was increased by 1 m/min
every min. Once 10 m/min was reached, the animals were run for 5 minutes. On the
day of the experiment, the treadmill was started at 6m/min, and the speed was
increased by 1 m/min every 10 minutes until 15 m/min was reached. Animals were

run at 15 m/min until exhaustion.

Fiber type analysis

For analysis of muscle fiber type, 9 um unfixed cryosections of gastrocnemius
were blocked for 1 hour in PBS/1% BSA/10% goat serum, and then incubated
overnight in primary antibody diluted 1:250 in PBS/1% BSA/10% goat serum. The
following primary antibodies were used: SC-71 for myosin lla, BF-F3 for myosin llb
(Developmental Studies Hybridoma Bank, University of lowa, lowa City, I1A), and anti
Myosin | (Vector Labs, Burlingame, CA). Sections were washed in PBS/0.025% triton-
X-100, and incubated with a goat anti-mouse Alexafluor-488 nm labeled secondary
antibody (Invitrogen, Carlsbad, CA) diluted 1:500 in PBS/10% BSA. Sections were
mounted with Vectashield fluorescent mounting media (Vector Labs, Burlingame,
CA). Images were acquired on a Leica DM4000 B microscope, using a Leica DFC340
FX camera at ambient temperature at 100X magnification using Leica Applications

Suite 3.6 software (Leica, Buffalo Grove, IL).

Grip Strength

Grip strength was measured using a Grip Strength Meter (Columbus
Instruments, Columbus, OH). Five measurements were collected per animal. The

high and low value for each animal were discarded, and the middle three values
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averaged.

Heart rate
Mouse heart rate was measured using a Vivo770 (Visualsonics, Toronto, ON)
under isoflurane anesthesia. Mice were maintained under anesthesia for one hour

prior to heart rate measurement to establish a stable baseline.

Bone Phenotype

Female mice from the wild type (WT, C57BL/6) and MCR4KO strains were
bred under identical conditions. All procedures were approved by the VA Institutional
Animal Care and Use Committee and performed in accordance with National
Institutes of Health guidelines for the care and use of animals in research.

At 5 and 10 months of age, both WT and MCR4KO mice were euthanized by CO:
inhalation and weighed to the nearest 0.1 g. Lumbar vertebrae and femora were
immediately harvested, wrapped in sterile gauze soaked in PBS, and stored frozen at
-20°C for subsequent biomechanical analyses. Prior to sacrifice, in vivo whole body
composition and BMD measurements were carried out on anesthetized mice using
dual-energy X-ray absorptiometry (pixiMus®, GE Medical Systems, Waukesha, WI)
after an overnight fast. Analysis was performed using the mouse whole body software
provided by the manufacturer. BMD of isolated femoral and L vertebral specimens
were determined as well,

Cortical femoral shaft bone geometry was assessed with a desktop x-ray
microtomographic scanner (SkyScan Model 1074, Aartselaar, Belgium). Images were
analyzed with Optimas software (version 6.2, Media Cybernetics, Silver Spring, MD).
To determine femoral structural properties, the left femur was tested te failure by

three-point bending on a high-resciution materials test apparatus (Model 4442,
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Instron Corp., Cantan, MA). Load and displacement data were recorded and failure
load was determined using system software. Vertebrae were evaluated using a
desktop yCT imaging system (uCT40; Scanco Medical AG, Bassersdorf, Switzerland)
equipped with a 10-mm focal spot microfocus X-ray tube and images acquired with a
12 pm isotropic voxel size, as previously described (303). Morphometric variables
describing bone microstructure were computed using direct 3D methods, including
bone volume fraction (BV/TV, %), trabecular number (Tb.N, mm™), trabecular
thickness (Tb.Th, ym), trabecular separation (Th.Sp, ym), connectivity density
(ConnD, mm™), and the structure model index (SMI), a measure of the plate- versus-
rod-like nature of the trabecular structure. All microCT analyses adhere to published

guidelines (304).

Statistics

Data are expressed as mean + SEM. Statistical analysis was performed using
Prism software (Version 4.0, Prism Software Corp., Irvine, CA). All data were
analyzed with an unpaired t test, or Pearson correlation. For all analyses, significance

was assighed at the level of P<0.05.

Results
Young MC4RKO Mice Have Normal Lean Mass, but Poor Exercise Endurance.

To examine the time course of the increased lean mass phenotype in MC4RKO
mice, we examined young WT and KO mice at 8 weeks of age. At this age, MC4RKO
mice were not significantly heavier than WT mice (21.7£0.5 g for KO vs 20.6+0.3 g for
WT, p=0.09) (Figure 21 a). Interestingly, at this time point, MC4RKO mice had
increased fat mass relative to WT mice (2.2+0.1 g for KO vs 1.8+0.1g for WT), but

equivalent lean mass (18.8+0.4 g for KO vs 18.1£0.3 g for WT) (Figure 21 b, c). This
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results in an increased fat mass percentage and a decreased lean body mass
percentage in KO mice relative to WT mice (Figure 21 d, e). To examine the
endurance capacity of the muscle in MC4RKO mice, they were subjected to treadmill
running. Despite only mild differences in body composition, MC4RKO mice showed a
dramatic reduction in treadmill running time, and distance covered (Figure 22 a, b).
MC4RKO mice ran for less than half the time and covered only one third of the
distance achieved by WT mice. There was no significant correlation between body
weight and either run time or distance covered in WT or MC4RKO mice (Figure 22 ¢,

d).

MC4RKO Mice Rapidly Develop an Increased Lean Mass While Maintaining Poor

Endurance

To determine whether an increased lean mass phenotype would occur with
aging in the MC4RKO mice, we examined MC4RKO mice one month later at 12
weeks of age. To control for the effects of increasing body weight and fat mass, we
placed WT control mice on a high fat diet (HFD) to generate DIO. Despite DIO mice
gaining significant weight over the month of high fat feeding, chow-fed MC4RKO mice
gained more weight and were significantly heavier than DIO WT mice at 12 weeks of
age (34.9+0.9 g for KO vs 31.5+0.4 g for DIO-WT) (Figure 23 a). Remarkably, WT
mice fed a HFD mice gained an equivalent amount of fat mass compared with chow-
fed MC4RKO mice over the 4-week period, such that there was no significant
difference in fat mass between the two groups at 12 weeks of age (8.9+0.5 g for KO
vs 9.1%£0.5 g for WT) (Figure 23 b, d). In contrast, MC4RKO mice gained nearly
double the lean mass over the one-month period (6.2+0.5 g for KO vs 3.5+0.4 g for
WT) (Figure 23 ¢, e). This resulted in a significantly increased lean mass (25.0£¢0.4 g

for KO vs 21.640.3 g for WT) and percent lean body mass in MC4RKO mice relative
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to DIO WT mice (Figure 23 f, g). When controlling for body weight by only considering
the 5 heaviest DIO WT mice and the 5 lightest MC4ARKO mice (32.4+0.3 g for KO vs
32.4+0.3 g for WT), the differences in body composition become even more
pronounced (Figure 23 h). MC4RKO mice show an increased lean mass (23.9+02g
for KO vs 21.5+0.4 g for WT) and decreased fat mass (7.520.4 g for KO vs 10.240.7 g
for WT) relative to weight-matched DIO WT mice (Figure 23 i, j). The endurance
performance of MC4RKO mice was examined again at 12 weeks and again a
significantly reduced run time and total distance traveled was observed in MC4RKO
mice (Figure 24 a, b). BW was not a determining factor in the running performance of
MC4RKO mice as it showed no significant correlation with run time or total distance
covered for either WT or MC4RKQ mice (Figure 24 ¢, d). When only weight matched
mice were considered, there was a trend toward decreased exercise performance in
the MC4RKO mice, but due to the inherent variability of treadmill performance and the
reduced sample size, the differences in run time did not rise to the level of statistical

significance (p=0.07 for time and p=0.08 for distance) (Figure 24 e, f).

MC4RKO Mice Have Decreased Muscle Weight and a Low Resting Heart Rate

To examine the possible causes for the reduced running performance in the

MC4RKO mouse, we examined 11-week-old MC4RK QO mice relative to chow fed WT
controls. Although the MC4RKO mice were heavier at this time point, an increase in
lean mass was not evident in MC4RKO mice relative to WT mice (22.610.5 g for KO
vs 21.8+0.4 g for WT) (Figure 25 a, c). However, MC4RKO mice did show an
increase in fat mass relative to controls (4.74£0.5 g for KO vs 1.520.1 g for WT),
resulting in a significantly increased fat mass and a decreased percent lean body
mass relative to non-obese controls (Figure 25 b, d, e). Gastrocnemius muscle weight

was surprisingly reduced in MC4RKO mice, despite having normal total lean body
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mass (Figure 25 f). To determine if a functional deficit in skeletal muscle might be
responsible for the poor exercise endurance phenotype of MC4RKO mice, we
measured grip strength and found that it was slightly increased in MC4RKO mice
relative to WT mice (Figure 25 g). We also examined the fiber composition of the
gastrocnemius and soleus muscles, as alterations in the relative abundance of
glycolytic versus oxidative fibers could potentially explain the poor exercise
endurance phenotype in the MC4RKQO mouse. The mouse gastrocnemius is
composed of predominantly type Ilb glycolytic fibers, with scattered centrally located
type lla intermediate fibers. In conirast the mouse soleus is made up of predominantly
type lla fibers at approximately a 2:1 ratio with type | oxidative fibers. We saw no
differences in the number of type lla immunoreactive fibers in the gastrocnemius or
soleus, and also saw no differences in the number of type | immunoreactive fibers in
the soleus between genotypes (Figure 25 i-q). This suggests that alterations in fiber
composition are not responsible for the reduced exercise performance in MC4RKO
mice. We also measured resting heart rate in MC4RKO mice and found a dramatic
reduction relative to WT controls, suggesting that impaired cardiac performance may

underlie the endurance deficit in these animals (Figure 25 h).

Aged MC4RKO Mice Have Increased Bone Mass and Strength

Bone mass is known to be elevated in MC4RKO mice, and skeletal mass is a

major contributor to non-muscle, whole body lean mass. Therefore, we examined the
skeletal phenotype in middle aged (20 weeks) and old (40 weeks) MC4RKO mice.
Despite the significant discrepancy in overall body size between the MC4RKO and
WT mice, there were no observed differences in femoral length at either 20 or 40
weeks of age (Tables 5 and 6). In 20-week-old MC4RKO mice, whole body and

femoral bone mineral density (BMD) were significantly increased (by 6% and 11%,



respectively) as compared to WT mice. By 10 months of age the markedly increased
body size of the MC4RKO mice precluded assessment by the pixiMus® densitometer,
but femoral and LS vertebral BMD were significantly increased (by 11% and 13%.
respectively) as compared to WT mice.

Although trends existed in bone strength and geometry, there were no
statistical differences in femoral geometry or strength at 20 weeks of age (Table 5).
However, by 40 weeks of age MC4RKQO mice exhibited 19% greater femoral cortical
area, 13% greater cortical thickness and 45% greater moment of inertia than WT mice
(Table 8). These differences in femoral geometry were accompanied by a 29%
increase in ultimate failure load and 21% increase in stiffness (Table 6). In addition to
the femoral morphological differences, the vertebral BV/TV and trabecular number of
10-month-old MC4R-KO L vertebrae compared to WT were 13% and 28% greater,
respectively. Consistent with the increased vertebral bone volume and trabecular
number, MC4R-KO mice exhibited a 57% increase in trabecular connectivity density
compared to WT mice. Representative two-dimensional frontal planar pCT images
illustrating the differences in bone integrity of the fifth lumbar vertebral body between
WT and MC4RKO mice are presented in Figure 26. These data demonstrate that
MC4RKO mice have increased bone mass that evolves in concert with the

development of severe obesity.

Discussion

Increased lean mass has been associated with MC4R mutations in humans
(298, 305) and melanocortin blockade protects against lean mass loss in
experimental cachexia in rodents (36, 188, 192). Furthermore, MC4RKO mice exhibit
increased body length, suggesting a role for signaling at the MC4R in restraining

somatic growth (275). Obesity results in an increase in both fat and lean body mass,

142



although fat mass increases to a larger extent, increasing the fat:lean ratio. While
MC4RKO loss of function has been associated with increased lean mass for a given
BMI, a thorough characterization of body composition has yet to be performed to
allow for the deconvolution of increasing adiposity from alterations in lean mass (35,
193, 194, 299). Furthermore, while it has been suggested that an increase in lean
mass associated with MC4R blockade is the result of increased muscle mass, the
function of skeletal muscle in this setting has not been examined. This work
demonstrates that MC4RKO mice accumulate lean mass at an accelerated rate,
independent from the accumulation of fat mass. While MC4R deficiency in humans is
associated with increased lean mass relative to leptin deficient individuals, we confirm
the association between MC4R loss-of-function and increased lean mass in MC4RKO
mice relative to DIO mice.

As skeletal muscle is a major contributor to whole body lean mass, we
examined skeletal muscle mass and function in MC4RKO mice. MC4RKO mice
demonstrated significantly reduced limb muscle mass. Multiple lines of evidence
suggest that signaling via the MC4R can influence metabolic pathways in peripheral
tissues via the autonomic nervous system (232, 306). Furthermore, both insulin and
circulating IGF-1 levels are elevated in humans with MC4R mutations, which would be
expected to exert powerful trophic effects on muscle (307). In total, these features of
MC4R deficiency would be expected to promote the accrual of muscle mass.
Importantly, while lean mass and skeletal muscle mass are often equated, these
results demonstrate dissociation between these parameters. This implies that the
increase in fat free mass in the setting of MC4R deficiency results from increases in a
non-muscle lean tissue. MC4RKO mice also demonstrate decreased locomotor
activity, which may play a role in mediating the decrease in muscle mass associated

with MC4R deficiency (304).
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Bone mass represents another significant component of total lean mass.
Elevated bone mass was found in multiple cohorts of MC4R deficient humans, and in
MC4RKO mice (302). Furthermore, MC4R deficient humans display isolated
decreases in circulating markers of bone resorption, without alterations in markers of
bone formation (302). Consistent with these findings, we found significant elevations
in bone mineral density in 5-month and 10-month-old MC4RKO mice. At both time
points examined, significant elevations in body weight were already present in
MC4RKO mice. Some controversy exists as to whether obesity is associated with
increased bone mass (308). Obese individuals demonstrate increased bone mass.
However, when the effects of mechanical loading due to increased body weight are
accounted for, this association is no longer present. As the MC4RKQO mice used in
our study were already obese when bone parameters were measured, it is difficult to
assess the role of decreased melanocortin signaling in regulating bone mass
independent from increases in body weight. It has been suggested that the elevated
bone mass in MC4RKO mice arises from elevated cocaine and amphetamine
regulated transcript (CART) levels (302). Indeed, mice lacking the prohormone
convertase carboxypeptidase E are obese with low bone mass and are unable to
produce mature a-melanocyte stimulating hormone (the primary MC4R ligand) or
CART (309). This suggests that CART signaling lies downstream of the MC4R in the
regulation of bone mass. Additionally, there is some evidence to suggest that
melanocortin signaling has direct influences on bone. The MC4R is expressed both
on osteoblasts and osteoclasts (310, 311), demonstrating the potential for
melanocortin peptides to directly influence bone metabolism. While increased bone
mass has been previously described in the MC4RKO mouse, our study is the first to
show that bone strength is also increased by MC4R deficiency. Importantly, this

demonstrates that in addition to regulating bone mass, melanocortin signaling is also
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an important determinant of bone quality.

To further evaluate the function of skeletal muscle in MC4RKO mice, we
assessed treadmill run time as a measure of endurance. MC4RKO mice were
markedly deficient in their exercise capacity. Furthermore, increased body weight
does not appear to be responsible for this effect, as there was no relationship
between body weight and treadmill run times. We also found that grip strength is
slightly increased in MC4RKO mice, suggesting a shift in the balance of muscle fiber
types. However, there were no differences in fiber type distribution in MC4RKO mice,
demonstrating that an overt change in the balance of oxidative and glycolytic fibers is
not responsible for the exercise phenotype of these animals. Interestingly, MC4RKO
mice have a dramatically decreased resting heart rate, consistent with previous
findings in MC4R deficient mice and humans (312, 313). It is possible that an inability
to achieve peak exercise-induced cardiac output underlies the exercise phenotype of
the MC4RKO mouse. The central melanocortin system is also a regulator of glucose
uptake by skeletal muscle. Central administration of melanocortin agonists increases
the activity of AMP-activated protein kinase (AMPK), which results in the translocation
of the type 4 glucose transporter to the cell membrane (306). Another potential
explanation for the reduced exercise performance of the MC4RKO mouse is impaired
glucose uptake in skeletal muscle consequent to decreased AMPK activity.

Signaling via the MC4R controls multiple facets of growth and metabolism.
While numerous studies have focused on the regulation of fat mass by the central
melanocortin system, the regulation of lean mass has not been previously explored.
While we demonstrate increased lean mass in the setting of MC4R deficiency, it
appears that bone mass but not muscle mass contributes to this effect. Furthermore,
MC4R deficiency results in impaired exercise performance. This result has important

clinical ramifications for the care of patients with the melanocortin obesity syndrome,
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where reduced ability to sustain physical activity may confound attempts to control

body weight via exercise.
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Figure 21. Fat Mass is increased in mice lacking the type-4 melanocortin receptor prior
to total body weight or lean mass

(a) Body weights of 8-week-old male MC4RKO mice (n=13) were compared with age and
weight matched WT mice (n=10), (b) MC4RKO mice have increased fat mass, (c) but normal
lean mass. {d) Fat mass as a percentage of body weight (BW) is increased in MC4RKO mice.
{e} Lean mass as a percentage of body weight is decreased in MC4RKO mice. Data

represented as mean + s.e.m. **=P=0.01, *=P=<0.05 as calculated by unpaired t-test.

147



a T b___ Distance
=1 . _E,t o
E — g T
ac =y L
E L]
£ =
£ 2
= =
= =
= WT MC4RKD £ WT  MCARKD
c d :
QWT, #=0,13, p=0.2 OwWT, #=0.14, p=0.3
_ 200y BKD, F=0.09, pe0.3  E goop M KO, =0.08, p=0.3
1 . w .

3 2 .
ol | - [=
RS

T & i
c
RN u§: 16 20 24 28

Body Weight {g)

Figure 22. The type 4 melanocortin receptor is a critical regulator of exercise
performance

8-week-old male MC4RKO mice (n=13) and age and weight matched WT controls (n=10)
were subjected to treadmill running at escalating speed. (a) MC4RKO mice showed decreased
total treadmill run time. (b) MCARKO mice showed decreased treadmill run distance. (¢) No
correlation between run time or (d) run distance with body weight was observed. Data

represented as mean + s.e.m. **= P<0.01 as calculated by unpaired t-{est
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Figure 23. MC4RKO mice gain lean mass at a more rapid rate than diet-induced obese
mice

B-week-old male WT mice (n= 10) age and weight matched to MC4RKO mice (n=13) were
placed on high fat diet (HFD, 60% calories from fat) for 4 weeks until 12 weeks of age
MC4RKO mice were maintained on a low fat control diet during this time. {a) MC4RKO mice
weighed more at 12 weeks of age than HFD fed mice. (b) MC4RKO mice have eqguivalent fat
mass st 12 weeks of age compared with HFD fed mice. (¢) MC4RKO mice have increased
lean mass relative to HFD fed mice at 12 weeks of age. (d) Mice fed a HFD for 4 weeks gain
an equivalent amount of fat mass as MC4RKO mice. (e) MC4RKO mice gain more lean mass
than mice fed a HFD for 4 weeks. (f) After 4 weeks of HFD, WT mice have an increased %
body fat, (g) and a decreased % lean mass compared with MC4RKO mice. (h} The 5 heaviest
HFD fed mice and the 5 lightest MC4RKO mice were matched for body weight. (i) Weight
matched MC4RKO mice have decreased fat mass (j) and increased lean mass. Data
represented as mean + s.e.m. *=P<0.05, **= P<0.01, ***=P=<0.001 as calculated by unpaired t-

test.
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Figure 24. Deficiency of the type 4 melanocortin receptor results in impaired exercise
performance despite increasing lean body mass

8-week-old male WT mice (n= 10) age and weight matched to MC4RKO mice (n=13) were
placed on high fat diet (HFD, 80% calories from fat) for 4 weeks until 12 weeks of age.
MC4RKO mice were maintained on a low fat control diet during this time. After 4 weeks, WT
and MC4RKO mice were subjected to a treadmill endurance test (a) MC4RKO showed a
significantly attenuated run time (b) and run distance compared with WT mice. (¢) There was
no significant correlation between run time or (d) run distance and body weight. (e) Run time
and () run distance for weight matched WT and MC4RKO mice. Data represented as mean +

s.em. "= P<0.04, **=P<0 001 as calculated by unpaired i-test.
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Figure 25. Mice lacking the type 4 melanocortin receptor have decreased muscle mass,
increased grip strength and normal muscle fiber type distribution with a decreased
resting heart rate

(a) Body weight in 11-week old male WT (n=5) and MC4RKO (n=6) mice. (b) Fat mass was
significantly increased in MC4RKO mice without changes in (c) lean mass. (d) Fat mass as a
percentage of total body weight was increased in the MC4RKO mice while (e) percent lean

mass was decreased. (f) Gastrocnemius weight was decreased in MC4RKO mice. (g) Grip
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strength was increased in MC4RKO mice. (h) Resting heart rate was decreased in MC4RKO
mice. (i-k) No differences were seen in type | fiber number in the soleus, (I-n) type lla fibers in

the soleus or (o-g) type lla fibers in the gastrocnemius.

152



C57BL/G MC4R-KO

Figure 26. Trabecular bone microarchitecture of WT and MC4RKO mice at 40 weeks.
Two-dimensional frontal planar pCT images of the fifth veriebral body were obtained as

described in the Methods sections
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Weight (g) 222403 31.5+15 < 0.0001

Length (cm) 9.51+010 |968x£0.09 |[NS

BMD (mg/em”) [49.2+04 |52.0+0.8 |<0.05
Femur

Length (mm) |155+0.01 [159+0.01 |NS

BMD (mg/cm®) |48.7 +0.5 54.1+ 1.0 < 0.0005

Ct. Ar. (mm?) |068+0.01 [072+0.03 |[NS

Ct. Th.(mm) |0.16+0.003 |0.17 £0.006 [NS

Ixx (mm*) 0.10+0.004 |0.11£0.007 | NS

Ult. Force (N) | 15.4+0.6 176 +1.2 NS

Stiffness 100.3+24 |[105.9+50 |NS

(N/mm)

Table 5: Skeletal phenotype of WT and MC4RKO mice at 20 weeks

The skeletal phenotype of twenty-week-old female WT (n=14) and MC4RKO mice (n=9) was
examined by DEXA and microtomography. Bone strength was determined by 3 point bending

to failure. Values are represented as mean + SEM. Statistical significance was assessad by

Students t-test, with significant differences assigned a p value <0.05.
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Weight (g) 245+0.4 61.4 + 2.1 < 0.0001
Length (cm) 9.44+0.07 |10.3+0.05 [<0.0001
Femur
Length (mm) |16.1+0.05 [16.2+0.05 |NS
BMD (mg/cm®) | 51.7 + 0.8 576+0.6 < 0.0001
Ct. Ar.(mm‘) |076+0.02 [081+002 |<0.0001
Ct. Th. (mm) |0.18+0.004 |0.20+0.004 | <0.0001
Ixx (mm®) 0.12 + 0.004 | 0.18 + 0.006 | < 0.0001
Ult. Force (N) [195+0.6 25.0+ 0.8 < 0.0001
Stiffness 1174+45 |[1425+43 |<0.0001
(N/mm)
L5 Vertebra
BMD (mg/cm®) [ 43.1+0.6 48.8+0.7 < 0.0001
BVITV (%) 20.7+08 257+1.0 < 0.005
Tb No 44+0.1 3.4+0.1 < 0.0001
Tb Th 61.5+0.7 60.8 1 1.0 N.S.
Conn Dens 135+7 86 +7 < 0.0001

Table 6: Skeletal phenotype of WT and MC4RKO mice at 40 weeks

The skeletal phenotype of forty-week-old female WT (n=11) and MC4RKO mice (n=12) was
examined by DEXA and microtomography. Bone strength was determined by 3 point bending
to failure. Vertebral morphometric variables describing bone microstructure were computed

using direct 3D methods. Values are represented as mean + SEM. Statistical significance was

assessed by Students t-test, with significant differences assigned a p value <0.05.
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CHAPTER 6

SUMMARY AND CONCLUSIONS
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Over the past 30 years the mechanisms of cachexia have been extensively
investigated. One of the conclusions of this work is that inflammation is an integral
component of cachexia. The various features of cachexia have been explained by the
inflammatory cytokine action on distinct anatomic and cellular substrates. For
example, muscle atrophy has been largely presumed to be dependent on the direct
action of inflammatory cytokines on muscle. Sickness behavior too has been
presumed to be the result of cytokines acting on distinct neuronal populations to
control different facets of the behavioral response to inflammation. Completely
dissociated control of the behavioral and metabolic responses to inflammation is not
consistent however with growing evidence of an integrated, top-down control of
behavior and metabolism by the brain. The hormone leptin (which based on its
homology to inflammatory cytokines, would likely have been classified as an
interleukin had it been discovered by an immunologist) regulates metabolism by
acting predominantly in the brain. By analogy, it seems logical to assume that other
cytokines similarly regulate metabolism via CNS action. The purpose of the
experiments described in this thesis was twofold. The first was to describe pathway
by which inflammation in the brain regulates lean body and muscle mass. The second
was to begin to define the CNS substrates for cachexia both with regard to the

regulation of skeletal muscle and sickness behavior.

The Central Melanocortin System as a Neural Substrate for Cachexia

At the outset of this work, one of our primary objectives was to understand the
basis of lean mass preservation in cachectic animals treated with melanocortin
antagonists. Our hypothesis was that inflammation resulted in increased melanocortin
signaling, activating a neural pathway that increased the catabolism of skeletal

muscle (potentially via the autonomic nervous system). Given that POMC and AgRP
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neurons both express IL-1R1 (186, 187), they represented prime candidates as the
neural substrate for inflammation-induced muscle wasting. This premise appeared to
be on strong ground. Skeletal muscle constitutes a large component of lean mass,
therefore protection of lean mass by melanocortin antagonism should be born out in a
preservation of muscle mass. Mice lacking the MC4R have increased linear growth
(275), and MC4R deficient humans have increased lean mass (298), suggesting that
melanocortins tonically restrain skeletal muscle mass. We therefore undertook a
series of studies to test this hypothesis, which are distributed throughout the chapters
of this thesis. Although the melanocortin system clearly regulates food intake, the
muscle mass in cachexia is lost independent from decreased food intake. Therefore,
we expected that the process of melanocortin regulation of muscle mass would be
independent to some degree from food intake. However, the melanocortin agonist
MTII failed to increase MAFbx and MuRF1 when food intake was removed as a
variable (Figure 5). Furthermore, no food intake independent loss of muscle mass
was observed when MTIl was administered chronically. Based on these data, we
were forced to conclude that melanocortin signaling alone is not sufficient to induce
muscle atrophy. These results are consistent published data in rats that underwent
chronic MTII or melanocortin antagonist treatment. While MTII decreased lean mass,
and melanocortin antagonism increased lean mass, both of these effects were shown
to be dependent entirely on food intake (232).

Despite these data, it remained possible that melanocortin signaling still plays
an integral role in mediating muscle catabolism. However, MC4RKO mice show an
equal induction of atrophy genes in response to i.c.v. IL-1B, demonstrating that
signaling at the MC4R is not required for the catabolic response to acute inflammation
{Figure 5). To examine the role of melanocortin signaling in a model of chronic

inflammation, we implanted rats with a syngenic sarcoma known to produce cachexia
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and muscle atrophy. On the first day that anorexia was observable, we began daily
i.c.v. treatment with the melanocortin antagonist AgRP. This treatment significantly
increased food intake in tumor bearing animals on all experimental days except the
day of sacrifice, when food intake dropped precipitously in all tumor-bearing animals
(Figure 28, Appendix A). This is a common finding in experimental models of cancer
cachexia, where progressive anemia and other non-specific factors can result in
multisystem organ failure on the final days of experiments. Therefore, every effort is
made to terminate the experiment prior to reaching this point, as it is generally
believed that the results are not meaningful at this stage. However, despite this fact,
review of this data does lead to some meaningful conclusions. In spite of the final day
of the experiment, AgRP treated tumor-bearing animals showed a significant
improvement in lean mass compared with Veh treated control animals. Muscle mass
however, was equally reduced in both groups irrespective of AgRP treatment. MAFbx
and MuRF1 were also equally induced in both AgRP and Veh treated tumor-bearing
animals. The protection of lean mass by melanocortin antagonism reproduces
previous work in our lab and others (35, 36). However, the muscle data would
suggest that improvements in lean mass are not necessarily correlated with changes
in muscle mass. These data suggest (but do not prove, given the experimental
caveats) that melanocortin antagonism preserves lean mass but not muscle mass in
cancer cachexia. In a separate experiment, chronic renal failure was induced in rats
by 5/6™ nephrectomy. These rats were then treated with ghrelin, a major function of
which is to activate AgRP neurons, significantly improving food intake. Ghrelin
treatment significantly improved body weight and lean mass in these animals (216).
However, when ghrelin treated, nephrectomized animals were pair fed to saline
treated controls, this protection of lean mass was lost. Furthermore, skeletal muscle

mass was not improved by ghrelin independent from foed intake (Figure 29, Appendix
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A). This finding of food intake dependent changes in muscle mass was not included in
the original publication, but further reinforces that the therapeutic properties of ghrelin
rely on increased food intake.

Simultaneous to the studies described above, we undertook an effort to
characterize the lean and skeletal muscle mass of MC4RKO mice, which is described
in chapter 5. It is commonly stated in passing that MC4R deficiency leads to
increased lean mass. Although no characterization of lean mass in these animals has
been performed, they do display increased linear growth, which is the source of these
claims (275). It is logical that a larger animal would have more lean mass, yet this
does not implicate the MC4R in playing a specific role in restraining muscle mass.
Consistent with the literature involving the MC4R and adipose tissue, the first
difference that arises in MC4RKO mice as they grow is an increase in fat mass
(Figure 21 and (232)). As they grow, they accumulate lean mass at an accelerated
rate relative to wild type mice, and even DIO mice (Figure 23). Despite the frequently
cited relationship between lean mass and muscle mass, MC4RKO mice do not
demonstrate increased skeletal muscle mass. This finding, and the data discussed
above showing divergence of lean mass and muscle mass in the setting of
melanocortin blockade suggest that caution should be used when interpreting
alterations in body compeosition in isolation.

Muscle wasting in cachexia has both nutritionally dependent and independent
components. Since the discovery that parenteral nutrition does not completely reverse
atrophy, the field has focused on disease mechanisms (and therapeutics) for food
intake-independent muscle wasting. Activation of the central melanocortin system
represented a promising mechanistic explanation for disease-related
hypermetabolism. However, the data presented in this thesis do not support the

concept that hyperactivity of the melanocortin system underlies food intake-
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independent loss of muscle mass. On the other hand, the data do support a
mechanism whereby melanocortin signaling underlies decreases in appetite in
cachexia and in this way influences lean body mass. These revelations do not alter
the enthusiasm for therapy aimed at decreasing melanocortin signaling in cachexia.
Indeed, clinical trial data shows that ghrelin administration can significantly improve
muscle strength in cachexia and will likely be widely useful to combat disease

associated wasting (314, 315).

Cytokine Signaling on Neurons in the Generation of Sickness Behavior
Previous work from our lab has demonstrated that both POMC and AgRP
neurons, which regulate signaling at the MC4R, express the IL-1RI, and modulate
their activity in response to IL-1B (186, 187). It was somewhat surprising therefore,
that deletion of MyD88 from all neurons did not prevent IL-1B-induced anorexia nor
did it alter any other measure of sickness behavior. MyD88KO mice are completely
resistant to the behavioral effects of IL-13, even when IL-1B is applied directly into the
brain, demonstrating the necessity of MyD88 for this response. This data is clearly in
conflict with a model where cytokines act directly on neurons to mediate behavior.
While the explanation that is most consistent with the data is presented in Chapter 3,
several other potential explanations exist which need to be expanded upon. Firstly, it
is possible that nestin-cre mediated recombination of the MyD88 allele was
incomplete, and that residual MyD88 is present and sufficient to induce normal
behavioral responses to inflammation. This is a difficult possibility to address, as
MyD88 immunohistochemistry is not routinely performed. In situ hybridization
represents another possible technique to detect MyD88 expression. However despite
several attempts with multiple different riboprobes, we were also unable to detect

MyD88 expression in a reliable or convincing manner. Data from the td tomato
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reporter line however, shows that recombinase activity is present broadly across the
CNS. In no case did we observe any evidence of cells labeling with the neuronal
marker NeuN that did not also express the td tomato protein. While this is not
definitive proof of recombination at the MyD88 locus in all neurons, it does provide
evidence that nestin-cre does not have anatomically restricted expression. The nestin
cre mouse has been previously reported to recombine with varied efficiency at
different floxed alleles when assessed by western blot on tissue homogenates (316,
317). The MyD88°“™ mouse has been previously reported and western blot showed
an almost complete loss of MyD88 protein in brain homogenates that contain both
cells derived from nestin positive and negative sources (290). Therefore, apparent
differences in recombination with different floxed alleles are likely the result of the
starting abundance of the targeted gene in nestin positive vs negative cells rather
than actual differences in recombination efficiency. It is unclear what fraction of
residual MyD88 is sufficient for IL-1B to induce behavioral changes and therefore it is
impossible to rule out incomplete deletion of MyD88 as an explanation. However, the
floxed MyD&8 line we utilized has produced a phenotype when crossed to many other
cre lines (318-320), and the nestin-cre driver has been successfully utilized to delete
numerous floxed alleles sufficiently to produce a phenotype (316, 321). Finally, these
lines have been previously intercrossed, producing a metabolic phenotype when the
resulting mouse was challenged with a high fat diet (290). Therefore, while incomplete
deletion remains a possibility, it is not among the most likely explanations for these
data.

The second possible explanation for the failure of MyD88*“"® mice to resist IL-
1B-induced behavioral changes is developmental compensation. This is an argument
that is often evoked when data from knockout mice fail to support the existing

paradigm about the function of a gene. This term has become a catch-all for
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adaptations that occur during the course of development that mask or alter the effect
of gene loss of function. The clearest example of compensation is when a highly
related member of a gene family takes over for the function of the lost gene. In
hypothalamic neuroscience, one of the most commonly cited examples of this is the
lack of a phenotype of the AgRP knockout mouse, which would be expected to be
relatively lean (322). Despite this, ablation of AgRP neurons results in significant
decreases in food intake and loss of body weight in adult animals (323). However, in
early postnatal animals, AGRP neuron ablation was not accompanied by effects on
ingestive behavior or body weight, suggesting that compensation can occur early in
development. It has later become evident that AgRP neurons are also GABAergic,
and that this property is likely more critical for the effects of AgRP neuronal ablation
on feeding behavior, than the neuropeptide itself (324, 325). While this example
makes it clear that neuronal networks can compensate for perturbations that occur
early in life, the mechanisms by which this occurs are not as straight forward as one
gene compensating for another. When we consider the case of nestin-cre mediated
deletion of MyD88 only in the CNS, it is difficult to explain how developmental
compensation could be responsible for the observed results. It is possible that MyD88
loss in neurons is compensated for by a MyD88 independent pathway for IL-1B
signaling in neurons. Yet no evidence exists for such compensation in the whole body
MyD88KO. As a result, in order to argue developmental compensation in the
MyD88“™ mouse, one evokes a mechanism in which MyD88 loss in neurons can be
compensated for only in the presence of MyD88 in other cell types. While this is
certainly possible it is not a straightforward explanation and would require some form
experimental proof to validate it.

Given the unsatisfactory nature of the above explanations, we are left with the

original conclusion of the data. It appears that cytokines do not mediate sickness

163



behavior via direct action on neurons, or at least that a MyD88 dependent
amplification step is required in another cell type. The only cell types that we found
conclusively to not express cre recombinase within the CNS are endothelium and
microglia. As a result, it appears likely that one of these two cell types is the target of

MyD88 dependent cytokine action in mediating sickness behavior.

Understanding the Role of Glucocorticoids in Muscle Wasting

In papers describing the inflammatory basis of muscle atrophy, glucocorticoids
are frequently mentioned as likely contributors to the loss of muscle mass. However,
little effort has been made in the last decade to account for their contribution to
inflammation-induced wasting. In the early 90s, several studies were performed that
attempted to assess the contribution of glucocorticoids to cytokine-induced muscle
wasting. It was discovered that pharmacologic glucocorticoid antagonism with
mifepristone blocked the changes in protein turnover in response to TNF
administration (285). However, the increase in skeletal muscle protein breakdown
seen in response to IL-1a administration was not blocked by mifepristone or
adrenalectomy (285, 286). These studies are confounded by the fact that both
adrenalectomy and mifepristone result in systemic glucocorticoid insufficiency. This
point is emphasized by the fact that 33% of animals treated with both mifepristone
and IL-1a died during the course of the 18 h experiment, while no mortality was noted
when either agent was given alone. Given that glucocorticoids are necessary for
maintaining vasomotor tone during inflammation, it is likely this mortality was the
result of cardiovascular collapse. The survivors were likely near death at the time this
result was obtained; therefore it is difficult to attribute any significant meaning to these

results. The same group subsequently went on to demonstrate a role for
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glucocorticoids in mediating the changes in muscle protein turnover in sepsis (93).
Interestingly, mortality was not reported in this study.

Simultaneous to the work on the role of glucocorticoids in inflammation-
induced muscle atrophy, others were describing a role for glucocorticoids in mediating
muscle atrophy in response to acute diabetes or metabolic acidosis (96, 326). One of
the fundamental conclusions of this work was that elevated levels of glucocorticoids
were necessary but not sufficient to explain muscle wasting. The experimental
evidence for this concept was that adrenalectomy prevented muscle wasting in
response to acidosis or acute diabetes. However, administration of low-dose
dexamethasone restored wasting in both models. This dose of dexamethasone alone
however, was insufficient to induce wasting in healthy animals. The authors argue
that this dose of dexamethasone replicates endogenous levels of glucocorticoids
present in stressed rodents. The basis for this is the work of Slusher and Roberts,
who measured the production of corticosterone in anesthetized rats (327). This
endogenous corticosterone production was then converted into a dexamethasone
dose by accounting for a 265:1 relative potency of dexamethasone to corticosterone,
normalized to rat body weight, and injected as a daily bolus dose in mice. However,
they provided no evidence that this level of dexamethasone approximated the level
seen in their disease models (i.e. measured ACTH levels). Therefore, the only
conclusion that can be drawn is that acidosis and diabetes are states of increased
sensitivity to the catabolic effects of low-dose dexamethasone. The results from these
studies potentially shed some light on the lack of interest in glucocorticoids as
mediators of inflammation-induced muscle wasting. While glucocorticoids appear to
provide a component of the catabolic stimulus these papers argue that there are other

factors that are required for the atrophy process to occur.

165



It should not be surprising therefore, that the catabolic effects of centrally
administered IL-1B are also dependent on an intact HPA axis (Figure 7). Given the
modest levels of glucocorticoids found after central IL-1p administration (Table 1, 2),
and the precedent set in the literature, it seemed more likely that glucocorticoids were
only a part of the mechanism behind central inflammation-induced muscle wasting.
We therefore expected that central inflammation would also be a state of increased
glucocorticoid sensitivity, mediated by some as-yet un-described factor. It was
surprising therefore when we found that low-dose dexamethasone failed to restore
the normal atrophy gene response to ADX mice treated i.c.v. with IL-1B, although
subtle effects were seen (Figure 30, Appendix A). We therefore treated animals with
sustained release corticosterone pellets allowing us to measure the resultant
circulating levels and compare with those obtained during inflammation. We found
that circulating levels of corticosterone equivalent to those seen afteri.c.v. IL-1B
infusion were sufficient to promote dramatic muscle wasting (Figure 9). These levels
of corticosterone were also comparable to those found in many states associated with
muscle wasting including endotoxemia, cancer and sepsis (115, 127, 328). This result
suggests that glucocorticoids might not only be necessary but also sufficient to
explain a large portion of muscle wasting in cachexia.

As was mentioned in the introduction, the generally held conclusion has been
that glucocorticoids, despite being found at elevated levels, do not participate in
muscle atrophy in cancer. However, the ramifications of our corticosterone treatment
study suggest that the data excluding this possibility be examined in more detail. Both
studies that examined this question utilized a rat model of cancer cachexia: the
YAH130 ascites hepatoma, which grows aggressively in the peritoneal cavity. Death
from this tumor will result within one week of inoculation, and food intake (in our

hands, a very sensitive metric of the animals general well being) is significantly
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suppressed (40% reduction on day 3, 60-70% reduction by day 7) starting within 1-2
days of inoculation. Furthermore, despite widespread use, the rapid intraperitoneal
growth of this tumor complicates the interpretation of results due to direct interference
with organ function. One of the studies implanted tumors in adrenalectomized (ADX)
animals, and demonstrated a trend toward the protection muscle protein content by
ADX (98). Adrenalectomy exerts powerful effects on body weight and body
compaosition alone, yet ADX animals without tumors were not used as controls, nor
were the appropriate sham-cperated control animals. Furthermore, ADX animals
demonstrate earlier mortality in response to starvation, presumably due to an inability
to mobilize energy reserves. The maintenance of cardiovascular stability in response
to inflammatory challenge is also n::m:npmrnisad in ADX animals. Given all the
confounding factors present in this study, the potential importance of glucocorticoids
is highlighted by the marginal protection of muscle mass seen in ADX animals. The
second study utilized the glucocorticoid/progesterone antagonist Mifepristone, and
also used the YAH130 hepatoma tumor (37). In our hands, and in the hands of
others, the effects of mifepristone are relatively subtle compared with adrenalectomy
(78, 279). Mifepristone treatment never completely blocks the effects of increased
endogenous glucocorticoids on muscle, but it does prevent muscle catabolism in
response to exogenous dexamethasone administration (329). Furthermare, at the
time that Llovera et al. published their study, it was assumed that the half life of
mifepristone in rodents was similar to that in humans (~24 hours, (330)), and dosing
was exirapolated from studies examining shorter time points (93). It was subseguently
discovered that the half life of mifepristone is only 1-2 h in rodents (271) and as a
result the once daily dosing in this study may have been sub-therapeutic. Finally, the

authors of this study performed no measurement of glucocorticoid receptor
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occupancy and no positive control for the success of their glucocorticoid blockade,
even further complicating the interpretation of these studies.

While adrenalectomy prevents the acute changes atrophy gene expression
associated with LPS treatment (Figure 9), the aforementioned limitations associated
with adrenal insufficiency in inflammation prevent the study of longer time-points and
therefore actual atrophy using adrenalectomized animals. Our muscle specific GR
knockout mice provide just such an opportunity and allowed us to demonstrate that
inflammation-induced myofibrillar atrophy requires glucocorticoid signaling to occur.
Ultimately, the goal of generating the mGRKO mouse was to explore the contribution
of glucocorticoids to muscle wasting in a more relevant model of human disease than
LPS injection. While several attempts were made at models of both cancer cachexia
and polymicrobial sepsis, the inherent difficulties of the model and time constraints
prevented us from having a completed answer to this question at the time of the
writing of this thesis. While the results from these experiments are included in
Appendix B as a reference, at this time, no definitive statements can be made about

the involvement of glucocorticoids in muscle wasting in either disease state.

A Role for Direct Cytokine Action on Skeletal Myocytes in Mediating Atrophy

It was somewhat surprising to find that MyD88 expression in muscle was
neither necessary nor sufficient for LPS-induced muscle atrophy (Figure 14). While
the lack of an LPS response in the MyD88 knockout mouse (Figure 13) is likely the
result of impaired HPA axis activation, these findings must still be resolved with the in
vitro data from other groups. Both IL-1B and LPS have been shown to directly
promote atrophy in cell culture, and this has been shown to be dependent on NFkB
and p38 MAPK activation of MURF1 and MAFbx transcription respectively (99, 106).

The direct action of LPS on skeletal muscle to alter myocyte metabolism is the subject
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of an extensive number of reviews and primary research articles (80, 331). LPS
accumulates at significant levels in muscle after parenteral administration
demonstrating that sufficient ligand should be present to activate TLR4 signaling
(332). Therefore, the MyD88 reexpression experiment was designed to simulate
these in vitro conditions where the skeletal myocyte was the only possible signaling
location for LPS. Our findings demonstrate that whatever metabolic actions LPS may
have by direct signaling in skeletal muscle in vivo, activation of MAFbx gene
expression and bulk atrophy are not the result of direct action.

An explanation for the lack of a discernible effect of the loss of MyD88 in
skeletal muscle is that other cytokines such as TNF can activate p38 and NFkB
independent of MyD88. Such cytokines are induced by LPS and may be able to
compensate for a loss of IL-1/TLR signaling in muscle (100, 105). The simplest
experiment would be to examine p38 and NFkB activation in the muscle of
mMyD88KO mice after LPS treatment. However, NFkB activation seems to be
inexorably linked to muscle atrophy. Every form of atrophy examined including
denervation and disuse all involve NF«B signaling (104, 268, 269, 333). However, no
evidence for classic inflammatory signaling has been found in muscle undergoing
disuse atrophy (334). Because of this fundamental association between NFxB and
atrophy, it is very likely that LPS increases NFkB activity in the muscle of mMyD88KO
mice. Yet, such a finding would only reinforce this association and would do little to
expand upon the mechanisms of inflammation-induced atrophy.

The E3 ligase TRAFSE is also part of the canonical TLR/IL-1R signaling
pathway downstream of MyD88. Muscle specific TRAF6 knockout mice are
completely resistant to tumor-induced muscle wasting (267), again supporting the
notion of cytokines acting directly on skeletal muscle to mediate atrophy in cachexia.

However, like skeletal muscle specific NFkB inhibition, muscle TRAFSKO mice resist
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denervation-induced wasting as well, which again is not classically thought to depend
on systemic inflammation. This finding makes the lack of an atrophy resistant
phenotype in the mMyD88K0O mouse even more remarkable. Furthermore, it
suggests that atrophy, independent from its root cause, requires activation of the
TLR/IL-1R signaling pathway upstream of TRAF6 but downstream of MyD88.
However, the precise constituents of this pathway, or the mechanism by which they
are activated remain unknown at this time.

One possible candidate is the generation of reactive oxygen species (ROS),
which occurs in atrophy triggered by denervation, angiotensin Il infusion or
inflammatory cytokines (335-338). Importantly, ROS have the ability to activate both
NFkB and Foxo signaling (337, 339) pointing to a potential causative role in atrophy,
A plausible resolution to the conflict between our in vivo data with the in vifro cytokine
data is that inflammatory signaling is required under both conditions, but the point of
activation differs. While in vitro cytokines and LPS can activate inflammatory
pathways, this may occur via alternate mechanisms in vivo. It is possible that culture
conditions do not accurately reflect the tissue concentration of cytokines that are seen
in animals undergoing inflammatory challenge, resulting in such experiments
modeling pharmacology rather than physiclogy. Alternately, the immortalized cell lines
{mouse C2C12 cells and rat L6 myoblasts) used for the vast majority of experiments
may not be representative of mature skeletal muscle, even when differentiated. This
potentially could result in alterations in cytokine/LPS sensitivity or altered receptor
expression allowing for the activation of the TRAF6-NFkB pathway by direct
engagement of cell surface inflammatory receptors. Indeed, cytokine application to
adult muscles in explant culture fails to increase protein degradation, consistent with

our data regarding direct cytokine action on muscle (340).
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Interactions Between Inflammatory Glucocorticoids and Inflammatory Signaling
Pathways

A fundamental contradiction arises from the finding that glucocorticoids are
integral to the atrophy process in response to inflammation yet are generally regarded
as antagonistic to inflammatory signaling. The classical view of GR signaling is that it
transrepresses NFkB and AP-1 activity while simultaneously up regulating IkBa to
shut off inflammatory gene expression (263, 341). However, both glucocorticoids and
constitutive activation of NFkB signaling produce muscle atrophy (Figure 9 and (104)).
Furthermaore, dominant negative inhibition of NFkB signaling and deletion of the
glucocorticoid receptor in skeletal muscle both prevent inflammation-induced atrophy
(Figure 14 and (104)). Therefore, a full mechanistic description of the role of
glucocorticoids in inflammatory muscle atrophy requires the resolution of this paradox.

There is some data to suggest that signaling in the TLR/IL-1R kinase cascade
has effects independent from activation of NFkB. The transgenic methods that have
demonstrated that NFxkB activation is sufficient to produce muscle atrophy have relied
on activating mutations of | kappa kinase-B (IKKB) (104, 333). Interestingly, in vitro
studies have shown that IKKB mediates autophagy in response to nutrient deprivation
independent from NFkB (125). Furthermore, liver specific deletion of IKKE prevents
starvation-induced autophagy in hepatocytes (124).

A second potentially more controversial possibility is that glucocorticoids
activate NFkB in skeletal muscle. While certainly not consistent with the prevailing
view, this idea has some merit. As the relationship between glucocorticoids and NFkB
signaling has been largely worked out in immune cells, it is possible a distinct
relationship exists in skeletal muscle. For some time it has been known that
glucocorticoids also have the ability to stimulate the immune response (Reviewed in

{342)) Glucocorticoids exhibit a U shaped curve with regard to concentration and
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effect on inflammation. Low stress levels of glucocorticoids are pro-inflammatory while
basal and high concentrations of glucocorticoids both exert restraining effects on the
immune system. Part of this may be explained by the fact that cortisol and
corticosterone bind both to the GR and to the mineralocorticoid receptor (MR).
However, the MR has a 10 fold higher affinity for cortisol than does the GR. Given this
difference in affinity the receptors are differentially occupied at lower concentrations of
ligand. Once bound to cortisol, both the GR and MR bind the same consensus
sequence in the promoters of target genes. Dramatically different transcriptional
responses occur in response to GR vs. MR binding. While the GR transrepresses
inflammatory genes, the MR is widely considered to be pro-inflammatory. While the
inflammatory nature of MR signaling is less well described, there is abundant
evidence from the heart failure literature showing that MR signaling is an important
mediator of renal inflammation (343-346). Interestingly, MR signaling is proposed to
activate NFkB via the generation of reactive oxygen species (346, 347). An alternate
mechanism for NFkB activation is serum and glucocorticoid-inducible kinase-1
(SGK1), which activates NFkB signaling in response to aldosterone treatment in the
renal tubular epithelium (343, 348). While best characterized with its role in regulating
ion flux, SGK1 is expressed in a multitude of tissues and exerts diverse control over a
multitude of processes (Reviewed in (349)). SGK1 phosphorylates IKKa, creating a
potential mechanistic link between cortisol and NFkB activation (350). However, a
purely MR dependent mechanism would not be consistent with the data obtained from
the mGRKO mouse (Figure 12, 14). However, the GR and MR are known to
heterodimerize, suggesting that some of the effects seen in the mGRKOQ mice may be
dependent on the MR (351). Irrespective of the MR, the pure glucocorticoid agonist
dexamethasone potently induces SGK1, and in certain situations promotes the

generation of ROS and also induces muscle atrophy (352-354). At this time, no data
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exists regarding the relationship between NFkB and glucocorticoids in skeletal
muscle. The mGRKO mouse represents an ideal system to explore this relationship
and studies are currently ongoing to investigate this potential interaction. To
summarize the TLR4/IL-1R signaling pathways discussed throughout the last few
sections and demonstrate the potential mechanisms for GR crosstalk with

inflammatory pathways, a summary figure is presented below (Figure 27).
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Figure 27. TLR/IL-1R signaling in muscle atrophy

In response to extracellular inflammatory signals, MyD88 is recruited to membrane bound IL-1
and Toll-like receptors. The resulting kinase cascade culminates in the activation of NFkB and
p38 MAPK. (1) Muscle specific deletion of MyDE8 does not prevent inflammation-induced
atrophy (Figure 14). (2) Loss of TRAFE in skeletal muscle prevents muscle atrophy in
response to denervation and tumor growth (267). (3) Constitutive activation of the IKK
complex produces atrophy (104, 333). (4) Dominant negative inhibition of |kBa prevents
denervation and tumer-induced atrophy. (5) Systemic inhibition of p38 MAPK inhibits LPS-
induced atrophy (106). Glucocorticoids mediate atrophy via direct transactivation of MuRF1
and glucocorticoid response genes such as KLF15 that have the ability to directly transactivate
the E3 Ligases. In addition, a number of glucocorticoid response genes have the potential to
enhance inflammatory signaling either via the direct activation of the IKK complex or via the

production of ROS.
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Therapeutic Potential of Targeting Glucocorticoids in Cachexia

As described in previous sections, systemic inhibition of glucocorticoid
signaling would likely result in a significant number of untoward side effects in the
setting of inflammation. However, agents are currently under development that have
the potential to block only the catabolic effects of endogenous glucocorticoids. It was
observed that a point mutation in GR that prevents homodimerization (GRdim) and
the stimulation of the classical GRE, is still able to transrepress NFkB (355, 358). This
lead to the hypothesis that the negative side effects of glucocorticoids are mediated
by transactivation of the GR, while the anti-inflammatory properties are mediated by
transrepression. Consistent with this, we observed that the majority of significantly
regulated genes identified in our array analysis were increased rather than decreased
in expression (Figure 6). It has become evident that this model is overly simplistic, as
some anti-inflammatory genes are under the stimulatory control of glucocorticoids and
the GRdim mouse still experiences some side effects from glucocorticoid treatment
(357, 358). Regardless, the finding that the effects of glucocorticoids could be
separated on the basis of transactivation and transrepression led to the development
of a series of ligands for the glucocorticoid receptor known as selective glucocorticoid
receptor modifiers (SERGMs) with the ability to differentially modify these parameters
(359-362), (Recently reviewed in ({(363)). The binding of each of these agents to the
glucocorticoid receptor results in a distinct combination of DNA binding, dimerization
and recruitment of cofactors to target gene promoters (362, 364-366).

The ability of such compounds to selectively maintain anti-inflammatory
activity while minimizing negative side effects is exciting with regard to their use in the
treatment of inflammatory muscle atrophy. While, systemic blockade of glucocorticoid
receptors using the classic antagonist mifepristone leads to unfavorable side effects

in the setting of inflammation, SERGMs have the potential to both be both anti-
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inflammatory and anti-catabolic. By inhibiting inflammatory cytokine production, a
SERGM would address the proximal cause of muscle wasting. By occupying the GR,
a SERGM would also block access of endogenous glucocorticoids to the receptor,
preventing glucocorticoid-mediated transactivation of atrophy genes. Despite the
promise of such agents, caution must be used in this approach. While none of the
agents described have been examined with regard to muscle wasting, at least one of
these compounds still results in weight loss (367). The cause of weight loss in this
report however was not described and may or may not be related to muscle atrophy.
More concerning is a recent report demonstrating that dexamethasone treatment fails
to induce MuRF1 gene expression in GRdim mice, but induces equal loss of muscle
mass to that seen in WT mice (84). It is unclear how this situation relates to the effect
of endogenous glucocorticoids on muscle owing to the innate differences between
dexamethasone and corticosterone as well as the ever-confounding presence of the
MR. Despite this, SERGMs represent an exciting class of novel therapeutic agents
with the potential to reverse muscle wasting in response to endogenous

glucocorticoids.

Summary

The work described in this thesis covers many aspects of the pathophysiology
of cachexia. Its underlying goal however was to describe neural mechanism by which
systemic inflammation is sensed by the brain using skeletal muscle as a physiologic
readout. The major result of this work was something that had been understood for
decades: inflammation elicits increases in circulating glucocorticoids. While this fact is
not particularly novel, it led to a completely unexpected finding. The breakdown of
skeletal muscle in response to inflammation appears to be driven primarily by

glucocorticoids. There are two obvious ramifications of this finding. Firstly, while
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muscle atrophy in response to inflammation has previously been considered to be a
purely peripheral (outside the CNS) phenomenon, this can no longer be considered to
be the case. It is clear that one of the major sites of cytokine action in mediating
muscle atrophy is the CNS. Despite this, the precise neural target of cytokine
signaling remains obscure, and is complicated by the overlapping nature of
inflammatory cytokines. From a purely scientific standpoint an inflammatory loss-of-
function experiment in a specific CNS cell type would be satisfying proof of the central
regulation of muscle atrophy. Despite this, such an experiment may not ultimately
prove possible owing to the redundant nature of inflammation. However, activation of
the HPA axis appears to be a point of integration, leading to the second major
ramification of these studies. If future work continues to support the mechanisms

proposed here, glucocorticoids represent an exciting therapeutic target in cachexia.
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APPENDIX A

Supplemental Figures referred to in main text.

Figure 28. Melanocortin Blockade Protects Lean Mass, but Not
Skeletal Muscle Mass in Experimental Cancer Cachexia

Figure 29. Ghrelin treatment fails to improve muscle mass and
lean mass in chronic renal failure independent from food intake

Figure 30. Low Dose Dexamethasone Does Not Restore the
Catabolic Response to i.c.v. IL-1f in ADX Mice
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Figure 28. Melanocortin blockade protects lean mass, but not skeletal muscle mass in
experimental cancer cachexia

Male F344 rats were implanted with a syngenic methyl cholanthrene induced sarcoma or were
subject to a sham surgery (n=7). Tumor bearing rats were treated with 1 nmol AgRP (n=8) or
saline (n=8) by i.c.v. injection in the evening starting on day 10. (a) Food intake and (d) body
weight were measured daily. (b) AgRP treatment improved tumor free lean mass, (c) fat mass
and (e) Body weight on the final day of the experiment as measured by NMR. (f) AgRP did not
prevent the loss of skeletal muscle mass or (g) the induction of MAFbx or (h) MUuRF1 mRNA in
gastrocnemius muscle. **= P<0.01, ***=P<0.001 as calculated by one way ANOVA with

Bonferroni post-test. S=Sham/Saline, T=Tumor/Saline, A=Tumor/AgRP.
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Figure 29. Ghrelin treatment fails to improve muscle mass and lean mass in chronic
renal failure independent from foed intake

Male F344 rats were subjected to 5/8™ nephrectomy or sham surgery (n=5). Nephrectomized
rats were treated with ghrelin (n=10) or saline (n=8) by subcutanscus osmotic mini pump.
Ghrelin treated animals were pair fed to the saline/nehrectomy group. (a) Ghrelin treatment
failed to improve lean mass, (b) fat mass and (c) body weight on the final day of the
experiment as measured by NMR. (d) Ghrelin did not prevent the loss of skeletal muscle
mass. "=F<0.05, **= P<0.01, ***=P<0.001 as calculated by one way ANOVA with Bonferroni

post-test. S=Sham/Saline, N=Nephrectormy/Saline, NG=Nephrectomy/Ghrelin/Pair Fed.
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Figure 30. Low dose dexamethasone does not restore the catabolic response to i.c.v.
IL-1B in ADX mice

Male C57BL/8 mice were adrenalectomized, replaced with low endogenous corticosterone,
and injected i.c.v. with IL-1P (10 ng, n=5-6/group). A subset of the animals were injected with
low-dose dexamethasone (20 pg/kg). Atrophy gene expression in gastrocnemius muscle 8 h
after injection relative to GAPDH as an endogenocus control. *= P<0.05, ***=P<0.001 as

calculated by one way ANOVA with Bonferroni post-test. V=Vehicle, |=IL-1p.

208



APPENDIX B

Studies examining the role of glucocorticoid signaling in skeletal muscle in

experimental models of muscle atrophy.

Background

Our studies utilizing ADX animals as well as the mGRKO mouse have
demonstrated that muscle atrophy in response to LPS depends on intact
glucocorticoid signaling in muscle (Figure 14). Further, levels of circulating
corticosterone similar to those seen in a multitude of disease states are sufficient to
produce significant atrophy in isolation. Therefore, in the studies detailed below, we

attempted to extrapolate these findings in two disease models.

Study 1- LLC Cancer Cachexia in mGRKO Mice.

Materials and Methods

Six-week old male mGRKO and GR"™"*" littermates were injected
subcutaneously with 5x107 LLC cells in 100 uL PBS, in the left flank. Animals were
sacrificed 16 days after injection, as some animals had begun to demonstrate
significant weight loss. Food intake and body weight were recorded daily.
Gastrocnemius muscles were weighed at the time of sacrifice and preserved in

RNALater (Ambion). Real time PCR was performed as described in chapter 2.
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Results

Similar to our previous experiments with the LLC tumor (Figure 2), tumors
were palpable several days after implantation. After one week of growth, the skin
overlying the tumor began to ulcerate in some animals in a manner unrelated to
genotype. This was not seen when the tumors were implanted suprascapularly
(Figure 2). Food intake and body weight were unaffected throughout the course of the
experiment, until the final day of the experiment where several LLC/mGRKO animals
unexpectedly lost weight overnight (Figure 31 a, b). Weight loss was not observed at
this or any tumor size in previous experiments with suprascapular tumors. At the time
of sacrifice, many of the tumor bearing animals were profoundly anemic, in a manner
that appeared to correlate more with the degree of ulceration than with tumor burden.
Specifically, the three animals that were undergoing rapid weight loss were most
affected. While weight loss is a feature of cachexia, the rapid weight loss seen in
these animals is atypical of LLC cachexia. When these animals are included in the
data, few differences are evident between genotypes. However, when these animals
are excluded, trends become evident which suggest that mGRKO mice may resist
LLC cachexia to some degree. Tumor weight was roughly equivalent between groups
(Figure 31 c). Muscle weight was significantly reduced in GR™"™ mice, which lost
~8% muscle mass relative to controls (Figure 31 d, €). In contrast, mGRKO mice lost
~4% muscle mass. When skeletal muscle gene expression is examined however,
tumor growth increased MAFbx gene expression in both GR*™'** and mGRKO mice
(Figure 31 f). MuRF1 and Foxo1 were not significantly induced by tumor growth, likely

owing to the small tumor size at which this experiment was terminated.
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Conclusions

The involvement of glucocorticoids in cancer cachexia is a subject of debate in
the literature. Unfortunately, this study cannot shed any definitive light on the subject
owing to the presence of anemia and uiceration. The LLC tumor line is syngenic to
C57/BL6 mice. However, our mGRKO mice were only ~90% BL6, owing to the
contribution of the FBYV line in which the MCK-Cre transgenic was derived. Itis
possible that the ulceration and anemia are a result of this minor histoincompatability.
Alternately, it is possible that these findings are the result of the tumor site (flank vs
suprascapular), although the flank is the most common site of implantation for this
tumor. Regardless, due to the development of anemia, this experiment had to be
stopped early prior to the full development of wasting. When animals exhibiting the
worst anemia (and weight loss) were excluded, mGRKO mice appeared to experience
a 50% protection of muscle mass. However, due to the large variability of muscle
mass lost in response to tumor growth in both genotypes, and the relatively small
absolute magnitude of weight loss exhibited, it is difficult to make any definitive
statements about this finding.

The E3 ligases expression, in contrast, did not reflect this protection of muscle
mass. MAFbx was the only atrophy gene induced by LLC growth, in contrast with our
published study in chapter 2 (Figure 2), likely owing to the relatively small tumor mass
achieved by this study. Both genotypes exhibited an equal induction of MAFbx,
demonstrating that the induction of this gene by tumor growth does not depend on
glucocorticoids. The dissociation between the degree of wasting and the expression
of the E3 ubiquitin ligases is not surprising given our experience with tumor models. In
the MCA sarcoma model and also the walker 256 tumor model in rats, muscle mass
loss is evident prior to significant inductions in E3 ligase expression. As it is the

general habit to push tumeor models as close as possible to the end of life, E3 ligases
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are generally elevated in experimental models of cancer cachexia, despite not being
present longitudinally. Furthermore, a recently published report using the LLC model
demonsirated that myostatin antagonism reverses muscle mass loss but not atrophy
gene expression in mice growing LLC tumors (368). In human cancer cachexia,
MAFbx and MuRF1 expression has not been associated with ongoing weight loss
(369, 370). Therefore, it is unclear whether E3 ligase expression truly is a marker of
ongoing muscle loss in response to tumor growth, or whether it simply represents
elevated proteolysis in response to multi system organ failure in the hours preceding
death. This guestion is unanswerable without the development of animal models that
more closely recapitulate the human condition. Regardiess, while these data are
suggestive of a contribution of glucocorticoids to muscle wasting in cancer cachexia,

further studies are required to explore this subject.

Study 2- Experimental Sepsis in mGRKO Mice.

Materials and Methods

Female mGRKO mice at 12-14 weeks of age were subject to cecal ligation
and puncture (CLP). Under isoflurane anesthesia, a midline laparotomy was
performed, and the cecum was externalized and ligated just proximal to the ileocecal
valve. The cecum was punctured through and through with a 19 gauge needle, and
intestinal contents were extruded to maintain patency of the needle tract. The cecum
was then returned to the abdominal cavity and the wound was closed with 4/0 silk
suture. Mice received 1 cc of sterile normal saline subcutaneously immediately
following the procedure. Sham surgeries were performed in the same manner except
that the cecum was neither ligated nor punctured. Survival, food intake and body

weight were followed daily. Muscle mass was recorded at the time of sacrifice.
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Results

Significant mortality was observed in both genotypes on the second day after
CLP (Figure 32 a). Food intake and body weight were both significantly decreased
from baseline in both genotypes (Figure 32 b, c). At sacrifice, muscle mass was
higher in mGRKO mice compared with littermate GR"*** mice (Figure 32 d),
although this did not rise to the level of statistical significance. In some cohorts of
mGRKO mice, significantly increased muscle mass is observed at baseline.
Therefore, it is unclear whether this trend toward increased muscle mass in the
mGRKQO mouse after CLP is the result of a baseline phenotype in this cohort of
animals, or a differential response to sepsis.

To avoid the mortality associated with the CLP procedure, and the
complication of 3 days with near zero food intake, we examined mice at a 24 hour
time point after CLP. At this time point, CLP has been demonstrated to significantly
increase proteolysis in rat muscle in a manner dependent on glucocorticoids (93).
CLP lead to an equivalent suppression of food intake in both genotypes relative to
sham operated control animals (Figure 32 e). Interestingly, body weight was lost
equally in all 4 groups (Figure 32 f). Consistent with this, muscle mass was not
different between sham and CLP animals within a genotype, although mGRKO mice

had larger muscles irrespective of treatment (Figure 32 g).

Discussion

Despite the clearly established role for glucocorticoids in mediating increases
in muscle proteclysis in experimental sepsis, we were unable to demonstrate
protection from muscle atrophy in the mGRKQO mouse in response to CLP. One

possible explanation is the significant stress of laparotomy. Mice are extremely
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sensitive to stress, which is marked by increased levels of circulating glucocorticoids.
Thus, one possible interpretation of the data in Figure 32 g is that both sham and CLP
GR'™'** animals experienced significant atrophy. It is likely that if a longer time point
were examinead, sham animals would have recovered from the stress of surgery, and
differences in atrophy would have become apparent. However, in order to accomplish
this, the CLP model would need to be titrated to increase survival at longer time
paints. Unfortunately, due to time constraints, this was not possible. Therefore,
conclusive evidence linking glucocorticoids to muscle atrophy in sepsis cannot be

found in this data.
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Figure 31. Glucocorticoids and muscle atrophy in cancer cachexia

Male mGRKO mice and GR“"""* littermate controls were implanted with the lewis lung
carcinoma (5X107) cells or were subject to a sham surgery (n=6-12/group). (a) Food intake
was measured daily and was normal until the final day of the experiment. (b) Body weight was
normal until several animals in the mGRKO/LLC group lost weight (circled). These animals
were profoundly anemic at sacrifice and are excluded from the results below. (c) Tumor weight
was slightly higher in mMGRKQ mice. (d) Gastrocnemius muscle weight normalized to initial
body weight and {e) muscle mass loss relative to controls. (f) Atrophy gene expression in
gastrocnemius muscle relative to GAPDH as an endogenous control. *= P<0.05, **=P<0.001

as calculated by two-way ANOVA with Bonferroni post-test. S=Sham, L=Lewis Lung

Carcinoma
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Figure 32. Glucocorticoids and muscle atrophy in sepsis

Male mGRKO mice and GR"™"" littermate controls were subjected to cecal ligation and
puncture or were subject to a sham surgery (n=5-6/group). Two time points were examined: a
3-day time point and a 24 h time point. {(a) Survival, (b) Food intake and (c) body were
measured daily. (d) Gastrocnemius muscle weight normalized fo initial body weight. (e) Food
intake 24 h after CLP. (f) Body Weight change 24 h after CLP. (g) Gastrocnemius muscle

weight normalized to initial body weight. S=Sham, C=Lewis Lung Carcinoma.
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