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Preface

During the last two decades, the prevalence of obesity has dramatically increased in
western and westernized societies. Its devastating health consequences include
hypertension, cardiovascular diseases, or diabetes and make obesity the second
leading cause of unnecessary deaths in the USA. As a consequence, obesity has a
strong negative impact on the public health care systems. Recently emerging
scientific insight has helped understanding obesity as a complex chronic disease
with multiple causes. A multileveled gene—environment interaction appears to
involve a substantial number of susceptibility genes, as well as associations with
low physical activity levels and intake of high-calorie, low-cost, foods. Unfortu-
nately, therapeutic options to prevent or cure this disease are extremely limited,
posing an extraordinary challenge for today’s biomedical research community.

Obesity results from imbalanced energy metabolism leading to lipid storage.
Only detailed understanding of the multiple molecular underpinnings of energy
metabolism can provide the basis for future therapeutic options. Numerous aspects
of obesity are currently studied, including the essential role of neural and endocrine
control circuits, adaptive responses of catabolic and anabolic pathways, metabolic
fuel sensors, regulation of appetite and satiation, sensory information processing,
transcriptional control of metabolic processes, and the endocrine role of adipose
tissue. These studies are predominantly fuelled by basic research on mammalian
models or clinical studies, but these findings were paralleled by important insights,
which have emerged from studying invertebrate models.

The sense of taste is a vigilant gatekeeper of our body as it provides important
information about substances in our diet, thereby influencing our decisions as to
what to eat and drink. The gustatory system has been selected during evolution to
detect nonvolatile nutritive and beneficial compounds, e.g., sweet and umami taste
identifies the caloric content of food and the sensing of salt plays a crucial role in
electrolyte homeostasis. In contrast, sour and bitter tastes have evolved as central
warning signals against the ingestion of sour-tasting spoiled food or unripe fruits, as
well as potentially toxic substances, including plant alkaloids and other environ-
mental toxins. Consequently, taste perception is coupled to a certain hedonic tone,
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with sweet taste being generally perceived as most pleasant and bitter taste causing
usually strong aversive reactions.

As important entities in metabolic regulation, taste receptors and their cells
appear to be critical elements in efficient feedback control loops allowing dynamic
regulations of the gustatory system in response to metabolic signals. For instance, in
the mouse, sweet taste sensitivity (via the sweet taste receptor) is inversely corre-
lated with circulating leptin levels, a major satiety factor mainly secreted by adipose
tissue. In man, sweet sensitivity is coupled to diurnal variation in leptin levels, and
leptin gene, as well as leptin receptor gene, polymorphisms modulate sweet taste
sensitivity.

The role of taste receptor genes in gastrointestinal tissue as well as their dynamic
regulation in gustatory and nongustatory tissues in response to metabolic cues
establishes an entirely new and fast developing research field with impact on fuel
sensing, metabolic control, and ingestive behavior. This volume reflects the recent
scientific progress in the field of fuel sensing in the mouth, GI tract, and brain. It
extends to the olfactory bulb as a metabolic sensor of endocannabinoids or brain
insulin and glucose concentrations and the brain—gut endocrine axis. The unexpect-
ed finding of the association between autophagy and lipid metabolism in adipose
tissue not only provides new insights in the regulation of these complex processes
but also highlights possibly novel therapeutic approaches to tackle the metabolic
syndrome. This volume also touches relevant novel molecular and cellular mechan-
isms regulating energy metabolism and causes and consequences of obesity, as well
as the identification and functional characterization of obesity genes. Finally, the
volume contains chapters illustrating the use of insect models to study relevant
problems of energy homeostasis.

The idea for this book developed during the organization of the 30th Blankenese
Conference, an international meeting that was sponsored by VolkswagenStiftung
and held in May 2010 in Blankenese, a suburb of Hamburg, located in a picturesque
setting above the river Elbe. This Conference acknowledged the aforementioned
progress we have seen in the fields of sensory and metabolic regulation.

Postsdam, 2010 Wolfgang Meyerhof, Postsdam
Hamburg, May 2010 Ulrike Beisiegel, Hamburg
Hans-Georg Joost, Potsdam
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The Genetic Basis of Obesity and Type

2 Diabetes: Lessons from the New Zealand
Obese Mouse, a Polygenic Model

of the Metabolic Syndrome

Hans-Georg Joost

Abstract The New Zealand obese (NZO) mouse is a polygenic model of severe
obesity and type 2 diabetes-like hyperglycaemia. Outcross experiments with lean
strains have led to the identification of numerous susceptibility loci (quantitative
trait loci (QTL)) for adiposity and/or hyperglycaemia. Several major QTL were
successfully introgressed into lean strains, and two responsible genes, the Rab-
GAP Tbhcldl and the transcription factor Zfp69, were so far identified by a
conventional strategy of positional cloning. Thcldl controls substrate utilization
in muscle; SJL mice carry a loss-of-function variant that shifts substrate oxidation
from glucose to fat and suppresses adiposity as well as development of diabetes.
The zinc finger domain transcription factor Zfp69 appears to regulate triglyceride
storage in adipose tissue. Its normal allele Zfp69 causes a redistribution of
triglycerides from gonadal stores to liver, and consequently enhances diabetes
when introgressed from SJL into NZO, whereas the loss-of-function variant
present in NZO and C57BL/6J reduces the prevalence of diabetes. Data from
human patients suggest that the orthologs of both genes may play a role in the
pathogenesis of the human metabolic syndrome. In addition to Thcldl and Zfp69,
variants of Lepr, Pctp, Abcgl, and Nmur2 located in other QTL were identified as
potential candidates by sequencing and functional studies. These results indicate
that dissection of the genetic basis of obesity and diabetes in mouse models can
identify novel regulatory mechanisms that are relevant for the human disease.

H.-G. Joost
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1 Introduction

In previous years, mouse models have been shown to be of particular value for the
elucidation of the pathogenesis of metabolic diseases such as obesity and diabetes.
In 1994, the gene responsible for extreme obesity in the ob/ob mouse was cloned and
shown to encode leptin, an anorexigenic peptide secreted from the adipocyte (Zhang
et al. 1994). This landmark discovery was soon followed by identification of other
obesity gene in monogenic mutant strains, namely the db (leptin receptor), agouti
yellow, tubby, fat, and mahogany mutations (Friedman 1997; Leibel et al. 1997).
These findings led to the elucidation of the neuro-endocrine regulation of hunger
and satiety controlled by peptides such as MSH and NPY (Woods and D’Alessio
2008). Subsequently, it was shown that mutations of human orthologs (LEP, LEPR)
or functionally associated genes (POMC, MCR4) produced phenotypes comparable
with that of the respective mouse models (Clement et al. 1998; Santini et al. 2009).

1.1 Monogenic vs. Polygenic Traits

Monogenic obesity is a very rare abnormality in humans as well as in mice, and it
became soon apparent that genes causing monogenic obesity were not involved in
the development of the common polygenic obesity. Furthermore, identification of
the genes responsible for polygenic obesity in mice proved to be difficult and time
consuming. Nevertheless, several groups tried to identify these genes, assuming
that they would be informative for the human disease. The conventional strategy for
identification of mouse disease genes is the genome-wide linkage analysis of
outcross populations. This approach led to numerous susceptibility loci (quantita-
tive trait loci, QTL) of obesity and diabetes-related traits such as body weight, fat
mass, plasma glucose or insulin levels, B-cell mass [for review and meta-analysis of
these studies see Wuschke et al. (2007) and Schmidt et al. (2008)]. However, so far
only few responsible gene variants have been identified in these QTL.

1.2 The New Zealand Obese Mouse Model

New Zealand obese (NZO) mice present a syndrome of morbid obesity, insulin
resistance, hypertension, and hypercholesterolemia, which resembles the human
metabolic syndrome (Bielschowsky and Bielschowsky 1953; Herberg and Coleman
1977; Ortlepp et al. 2000). Obesity develops in males and females within 4-8 weeks
after weaning and can reach a body fat content of 40-50%. The positive energy
balance is due to a moderately increased food intake and reduced energy expenditure
with reduced body temperature (Koza et al. 2004; Jiirgens et al. 2006). As a conse-
quence of the syndrome, male NZO mice develop type 2-like diabetes characterized
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by marked hyperglycaemia, low serum insulin levels, and B-cell destruction (Leiter
et al. 1998). The syndrome has a polygenic basis, and outcross progeny of the strain
has previously been used for identification of QTL associated with adiposity, hyper-
cholesterolemia, and hyperglycaemia (Leiter et al. 1998; Reifsnyder et al. 2000; Plum
etal. 2000, 2002; Kluge et al. 2000; Taylor et al. 2001; Giesen et al. 2003; Vogel et al.
2009). By combining QTL from NZO and NON mice in different congenic lines,
Reifsnyder and Leiter (2002) dissected the genetic interactions of the QTL and
partially dissociated obesity and diabetes.

1.3 Consequences of Obesity on Glucose Homeostasis

Obesity exerts different effects on glucose homeostasis in mice. Most, if not all,
obese mice are insulin resistant and therefore more or less glucose intolerant.
In some of these models, insulin resistance is compensated by hyperinsulinemia,
and plasma glucose is only moderately elevated. Only a few models such as db/db
and NZO, however, present overt diabetes mellitus as defined by a threshold of
16.6 mM (300 mg/dl) plasma glucose (Leiter et al. 1998). Mice crossing this
threshold usually exhibit progressive B cell failure and subsequent B cell loss.
In the C57BLKS-db/db strain, diabetes begins as early as at weeks 10—12 with a
prevalence of 100%, whereas in other models such as NZO diabetes starts later
(week 16-22) and reaches a prevalence of 40-60%. In NZO, onset and prevalence
can be increased by feeding a high caloric, high-fat diet (Plum et al. 2002).
In contrast to the db/db mutation (background strain C57BLKS), ob/ob (back-
ground strain C57BL/6J) failed to produce diabetes, glucose levels were normal
because of massive B-cell proliferation and high serum insulin levels (Coleman
1978). This discrepancy led to the discovery of the diabetes-sensitive and diabetes-
resistant backgrounds: introgression of the ob mutation into the BLKS (Coleman
1978) or BTBR background (Stoehr et al. 2000) resulted in diabetic lines, whereas
the db allele introgressed into C57BL/6J failed to cause diabetes. Recently, two
genes were identified that are presumably responsible for diabetes sensitivity of
background strains: Sorcs!/ in BTBR mice (Clee et al. 2006) and Lisch-like in
BLKS (Dokmanovic-Chouinard et al. 2008).

2 Identification of Gene Variants Responsible for Obesity
and Diabetes in the NZO Mouse

Figure 1 depicts all significant and suggestive QTL we identified in crosses of NZO
with lean strains. In order to identify the genes that are responsible for effects of
individual QTL, we have employed three different strategies. First, we sequenced
all candidate genes that were known to modify energy balance and were located in
a QTL. By this approach, we identified variants of the leptin receptor (Igel et al. 1997)
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Lepr I Blood glucose Body weight/fat ' Plasma cholesterol
(V5411, V6511,
A720T, T10441)
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Fig. 1 Chromosomal localization of QTL and candidate genes identified in genome-wide linkage
analysis of outcross populations of NZO with SIL, NZB, and C57BL/6J. Encircled loci were
successfully introgressed in a different strain

and the Nmu receptor 2 (Schmolz et al. 2007) that exhibited discrete functional
alterations. Second, we took advantage of previous genome-wide mutagenesis
(Drosophila melanogaster) and siRNA approaches (Caenorhabditis elegans).
Mouse orthologs of genes that were found to be associated with adiposity in these
studies, and that were located in one of the QTL, were sequenced and analyzed.
By this approach, we identified a variant of the cholesterol transporter Abcgl from
NZO which increased adiposity (Buchmann et al. 2007). Third, we employed the
conventional strategy of positional cloning and successfully introgressed three of
the QTL (Nobl, Nidd/SJL and Nob3) into a different background (Chadt et al. 2008;
Scherneck et al. 2009; Vogel et al. 2009). This strategy led to the identification of
two candidate genes (Thcldl from Nobl and Zfp69 from Nidd/SJL). Attempts to
isolate a fourth QTL from chromosome 13 on the C57BL/6J background were not
successful, because the resulting recombinant line showed no difference in adipos-
ity as compared with controls (Vogel et al. unpublished).

2.1 The Obesity Gene Thcldl and Its Function as a Regulator
of Substrate Oxidation in Skeletal Muscle

By genome-wide linkage analysis of an outcross population of NZO with lean SJL
mice, we identified a major QTL for body weight on chromosome 5 (Kluge et al. 2000).
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Muscle contraction Insulin
Fatty acids p — \ " Glucose
+ AMPK Akt

RabGTP \ /
active
Tbc1d1
L inactive L

Fax oxidation © > Glucose oxidation

Fig. 2 Presumed function of Tbcldl in the regulation of substrate utilization in muscle. When
Tbcldl is inactive, RabGTP is not hydrolyzed, causing enhanced transport and oxidation of fatty
acids which in turn reduces glucose transport

Additional outcross experiments with other lean strains suggested that the allele
responsible for the weight difference was unique for SJL, and thus represented an
obesity suppressor. Consequently, recombinant congenic lines were generated by
introgression of the SJL allele of the QTL into C57BL/6J mice, and these lines were
subsequently crossed with NZO in order to produce obesity. Characterization of the
lines led to the definition of a critical region of the QTL that was characterized by
sequencing and gene expression profiling with a custom-made array. By this
approach, it was shown that SJL mice carry a loss-of-function variant of the
RabGAP Thcldl generated by a 7 bp in-frame deletion, which produces a truncated
protein (Chadt et al. 2008). Introgression of the variant into NZO reduced body
weight and suppressed the development of diabetes. In C57BL/6J mice, the variant
enhanced in vivo as well as ex vivo fat oxidation and reduced glucose oxidation.
Similarly, knockdown of endogenous Thcldl in C2C12 muscle cells increased
palmitate uptake and oxidation and reduced glucose oxidation (Chadt et al. 2008).
In conclusion, adiposity and diabetes in obese mice are modified by disruption of
Thcldl through a metabolic shift from glucose to fat oxidation (Fig. 2). This
mechanism may also explain the previously reported association of a R125W
variant with human obesity in Utah (Stone et al. 2006) and French families
(Meyre et al. 2008).

2.2  Zfp69, a Transcription Factor Associated with Altered
Triglyceride Distribution and Enhanced Diabetes
Susceptibility

The genome-wide linkage analysis of a backcross population of NZO with SJL had
shown that SJL contributed a diabetogenic allele located on distal chromosome 4
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(Nidd/SJL). This QTL was responsible for acceleration and aggravation of the
diabetes in the backcross population (Plum et al. 2000). The diabetogenic effect
of the QTL was markedly enhanced by NZO chromosome 4 (Thbcldl) and a high-fat
diet (Plum et al. 2002): 70% of the mice carried both diabetogenic alleles (Thcldl
and Nidd/SJL) but only 10% of the controls developed diabetes by week 23.

A critical interval of distal chromosome 4 (2.1 Mbp) conferring the diabetic
phenotype was identified by interval-specific congenic introgression of SJL into
diabetes-resistant C57BL/6J and by subsequent reporter cross with NZO. Analysis
of the ten genes in the critical interval by sequencing and qRT-PCR revealed a
striking allelic variance of the zinc finger domain transcription factor 69 (Zfp69); in
NZO and C57BL/6J, mRNA of Zfp69 was nearly undetectable. Analysis of the
c¢DNA by 5 and 3’'RACE-PCR indicated a premature polyadenylation of the
mRNA that was due to the presence of a retroviral transposon (IAPLTR1a) in
intron 3 of the gene in NZO and C57BL/6J. The transposon disrupted the gene by
the formation of a truncated mRNA that lacked the coding sequence for the KRAB
and Znf-C2H2 domains of Zfp69. In contrast, the diabetogenic alleles from SJL,
NON, and NZB lacked the transposon and generated a normal mRNA. When
combined with the B6.V-Lep®” background, the diabetogenic Zfp69>'“ allele pro-
duced hyperglycaemia, reduced gonadal fat, and increased plasma and liver trigly-
cerides. mRNA levels of the human ortholog of Zfp69, ZNF642, were significantly
increased in adipose tissue from patients with type 2 diabetes.

We conclude that Zfp69 is the most likely candidate for the diabetogenic effect
of Nidd/SJL. Expression of the transcription factor in adipose tissue may play a role
in the pathogenesis of type 2 diabetes. In addition, retrotransposon IAPLTR1a
appears to contribute substantially to the genetic heterogeneity of mouse strains,
since we found that it produced aberrant mRNA species in seven other genes
(Scherneck et al. 2009).

2.3 Identification of Other Candidates Potentially Contributing
to Obesity and Diabetes in NZO

2.3.1 Leptin Receptor (Lepr)

It has been suggested that leptin resistance is a primary cause of the obesity in NZO
mice (Halaas et al. 1997; Igel et al. 1997). Consistent with this finding, sequencing
revealed that NZO carries a leptin receptor variant with four amino acid exchanges
including two nonconservative substitutions (A720T and T10441) (Igel et al. 1997).
In order to assess the contribution of Lepr to the obesity syndrome of the NZO
strain, female (SJLxNZO)NZO backcross mice were genotyped for the Lepr locus
(Kluge et al. 2000). The variant allele appeared to enhance the effect of the QTL
Nobl (wild-type Thcldl) on body weight. Females with homozygosity at both loci
(Lepr N/N and Thcldl N/N) exhibited an average 22-week body weight of 60.6 g,
whereas animals heterozygous at both loci (Lepr S/N and Thcldl S/N) showed an
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average 22-week body weight of only 51.9 g (p = 0.0002). Accordingly, homo-
zygotes exhibited 2.2-fold higher serum insulin levels (35.7 ng/ml) than hetero-
zygotes (16.0 ng/ml). Functional studies of the receptor variant expressed in COS-7
cell indicated only small reduction of its signaling potential (Kluge et al. 2000).
Furthermore, the contribution of the receptor variant to the obesity syndrome of the
NZO mouse appears to depend on other adipogenic alleles, since the variant is also
present in the related New Zealand Black (NZB) strain, which shows neither
obesity nor insulin resistance.

2.3.2 Phosphatidyl Choline Transfer Protein (Pctp)

It has been suggested that an abnormal phosphatidyl choline metabolism is involved
in the development of diabetes in NZO mouse, since the hepatic activities of its two
key enzymes were lower in NZO xNON mice than in the parental strains (Pan et al.
2005). Consequently, the genes involved in phosphatidyl choline metabolism and
located in the QTL identified with this cross were further analyzed. Indeed, the
phosphatidyl choline transfer protein (PC-TP) is located in the QTL Nidd3, which is
responsible for hyperglycaemia and hypoinsulinemia. PC-TP is a specific phospha-
tidyl choline-binding protein and regulates hepatic lipid metabolism (Pan et al.
2006). Sequencing and functional studies indicated that NZO carries an inactive
variant (R120H), which could be responsible for the diabetogenic effect of Nidds3.

2.3.3 ATP-binding Cassette Transporter G1 (Abcgl)

The ATP-binding cassette transporter G1 (Abcgl) catalyzes export of cellular
cholesterol. Its association with obesity was discovered in a screening approach
that compared data from D. melanogaster and mouse genomes (Buchmann et al.
2007): Drosophila genes involved in triglyceride storage were identified in a
mutagenesis screen, and their mouse orthologs that are located in QTL were further
analyzed. Overexpression of CG 17646, the Drosophila ortholog of Abcgl,
generated lines of flies with increased triglyceride stores. Abcgl is located in a
suggestive obesity QTL on proximal chromosome 17, and NZO mice carry a
variant that was associated with higher expression of the gene in white adipose
tissue, presumably because of an insertion containing multiple LXR-responsive
elements. Targeted disruption of Abcg/ in mice reduced adipose tissue depots,
decreased the size of the adipocytes, and prevented high-fat diet-induced insulin
resistance and fatty liver, corresponding with an increased expression of glucose
transporter GLUT4, fatty acid transporter FATP1, and short chain 3-hydroxyacyl-
CoA-dehydrogenase in adipose tissue. Furthermore, mRNA levels of the choles-
terol-regulated transcription factor LXRa, and its downstream target ABCAI, were
increased in adipose tissue of male Abcg! ~/~ mice. Thus, it has been suggested that
ABCGI regulates triglyceride storage by controlling intracellular cholesterol as a
key regulator of gene expression in the adipocyte.
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2.3.4 Neuromedin U Receptor 2 (Nmur2)

By sequencing of genes that are known to be involved in the regulation of energy
balance, a variant of the neuromedin U receptor 2 (NmurZVI oM/ IZOZM) was identi-
fied (Schmolz et al. 2007). The Nmur2 gene is located in a suggestive obesity QTL
on chromosome 11, proximal to the diabetes QTL Nidd3. The receptor mediates a
hypothalamic, anorexigenic effect of icv-administrated neuromedin on meal fre-
quency. This effect was markedly reduced in NZO as compared with lean C57BL/
6J mice (15% vs. 60% reduction in C57BL/6J). Transfection of HEK293 cells with
wild-type Nmur2 cDNA resulted in a dose-dependent calcium increase in response
to a stimulation with NmU with an effective concentration (ECsg) of 3.0 &= 1.3 nM.
In contrast, cells expressing the NmuR2Y"**/1202M yariant exhibited significantly
(p < 0.001) higher EC5q of 8.7 + 3.9 nM. These data suggest that resistance to the
anorexigenic effect of NmU contributes to the polygenic obesity of NZO mice and
that it may reflect an impaired signal transduction of the NmuR2Y'?OM/1202M y 4 pjant
(Schmolz et al. 2007).

3 Conclusions and Future Perspectives

The identification of the adipogenic/diabetogenic alleles of Thcldl and Zfp69
supports the concept that fat oxidation and fat storage are crucial determinants of
obesity and diabetes (Fig. 3). In addition, there is evidence that both genes can play

Hyperglycaemia
g| ~~ Insulin resistance

Hepatosteatosis

Adiponectin .
/ TN%—aIpha# Inflammation‘ B-cell failure
Triglycerides et -~ /
IL-1-beta
Lipotoxicit
Fatty acids T l i & L
Reduced fat oxidation ; /
Reduced fat storage Fatty acids

Adipose tissue

™~

Zfp69

Fig. 3 Pathogenesis of insulin resistance and B-cell failure. In this process, Tbcldl and Zfp69
play a major role by reducing fat oxidation and storage, respectively
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a role in the human disease. Thus, the identification of mouse obesity and diabetes
genes is a reasonable strategy to study the pathogenesis of both mouse and human
disease.

In addition, the data have confirmed that conventional positional cloning is the
preferable strategy to identify mouse genes that are responsible for a quantitative
trait: By this strategy, small critical regions that harbor the gene in question can
be identified with certainty. This strategy may not be applicable for minor QTL
whose effects require the presence of other variants (epistasis) that are therefore lost
upon introgression into another background. For identification of these genes,
strategies for the screening of larger chromosomal intervals have to be developed.

The data also indicate that variants can be contributed by a presumed “healthy”
strain; the obesity-suppressing, loss-of-function mutation of Thcldl was contributed
by the lean SJL strain. Furthermore, the nondiabetic SJL strain contributed a diabe-
togenic allele (wild-type Zfp69). Loss-of-function mutations may reduce disease
susceptibility rather than increase it, as was the case with ThcldI*"" and Zfp69°°
NZ0 ' where the “normal” alleles are adipogenic or diabetogenic, respectively.
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Regulation of Nutrient Metabolism
and Inflammation

Sander Kersten

Abstract Metabolic and immune-related pathways intersect at numerous levels.
Their common regulation is effectuated by several hormonal signaling routes that
involve specific nuclear hormone receptors and adipokines. Glucocorticoids and
leptin are hormones that play a key role in coordinating energy metabolism and
food-seeking behavior during energy deficiency as does the nuclear hormone recep-
tor Peroxisome Proliferator Activated Receptor o (PPARa). Importantly, the gluco-
corticoid, leptin, and PPAR« signaling routes share a profound role in governing
inflammation and other immune-related processes. Using specific examples, this
chapter aims at illustrating the interplay between metabolism and immunity/inflam-
mation by discussing common endocrine and transcriptional regulators of metabo-
lism and inflammation and by highlighting the interaction between macrophages and
metabolically active cells in liver and adipose tissue. Convergence of metabolic and
immune signaling is likely at least partially driven by the evolutionary need during
times of food insufficiency to minimize loss of energy to processes that are tempo-
rarily nonessential to the survival of the species.

1 General Introduction

The present-day abundance of highly palatable foods combined with the astounding
number of people suffering from diseases of affluence makes it hard to imagine that
mankind evolved under less favorable nutritional circumstances. Most of our
ancestors had to cope with repeated and prolonged periods of caloric insufficiency
or even starvation, especially during winter or when traveling long distances.
In fact, even in western societies, general food security was only attained two to
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three generations ago, and undernutrition is still common in many parts of the
world. As a consequence, caloric insufficiency and starvation have served as key
evolutionary pressures throughout history that have shaped energy metabolism in
humans and determined our metabolic response to the current food excess (Prentice
et al. 2008).

In addition to food insufficiency, our ancestors were subjected to numerous
infectious challenges, ranging from pathogenic bacteria to viruses and parasites,
which triggered the evolution of a highly complex immune defense system that is
able to ward off all but the most formidable pathogens. But although an efficiently
working immune system was critical for the long-term survival of the human
species, it was likely of lesser importance during period of energy shortage, when
energy conservation must prevail. In Drosophila, immunodeficient mutant flies that
do not have to invest into immunological maintenance were found to have an
extended lifespan under starvation conditions compared to wild-type flies, whereas
the opposite occurred under fed conditions (Valtonen et al. 2010). The pressure to
conserve energy may explain why starvation and undernutrition can wreak havoc
on the immune system and give rise to general immunosuppression.

But the interaction between metabolism and immunity is not just a one-way
street. Indeed, infections are well recognized to have a major impact on nutrient
metabolism, increasing energy requirements and, depending on the severity of
infection, cause significant protein catabolism and cachexia (Goldstein and Elwyn
1989). Given the important links between metabolism and immunity, it comes as no
surprise that the regulatory mechanisms that govern metabolism and immunity
intersect at numerous levels. In fact, many of the endocrine factors that are respon-
sible for coordinating metabolic pathways also directly govern inflammatory routes.
Conversely, a growing list of circulating inflammatory and immune modulators has
been shown to impact metabolic pathways. This chapter is aimed at illustrating the
interplay between metabolism and immunity/inflammation by discussing common
endocrine and transcriptional regulators of metabolism and inflammation and by
highlighting the interaction between macrophages and metabolically active cells in
liver and adipose tissue. The chapter does not aim to be exhaustive but rather uses
specific examples to emphasize the importance of cross-talk between metabolic and
immune regulation in response to disturbances of homeostasis.

2 Common Endocrine and Transcriptional Regulators
of Metabolism and Inflammation

2.1 Regulation of Metabolism and Immunity by Leptin

Although energy conservation is of prime importance to any organism at risk of
experiencing major food scarcity to assure the survival of the species, the need to save
energy becomes especially important during actual episodes of caloric insufficiency.
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Under those circumstances, limiting energy usage and shifting metabolism toward
oxidation of stored nutrients take precedence, while nonessential processes such as
the immune response become deprioritized. The parallel changes in energy metab-
olism and the immune system are effectuated by a number of hormonal systems,
three of which are discussed in more detail below.

One major hormone that aptly embodies the convergence of metabolic and
immunological regulation is leptin (Fig. 1). Leptin is a 16-kDa protein predomi-
nantly secreted by adipocytes (Zhang et al. 1994). Consequently, plasma leptin
levels are positively correlated with body fat mass. Moreover, plasma leptin levels
acutely decrease during fasting, which via the leptin receptor OB-Rb triggers
neuronal circuits in the arcuate nucleus of the hypothalamus (Friedman and Halaas
1998). Specifically, leptin increases production of satiety-inducing signals o Mela-
nocyte-Stimulating Hormone and Cocaine- and Amphetamine-Regulated Tran-
script and decreases production of hunger-provoking peptides Neuropeptide Y and
Agouti-Related Protein. Absence of leptin causes severe hyperphagia in mouse and
humans, which combined with reduced energy expenditure leads to morbid obesity
in both species (Farooqi and O’Rahilly 2009). Leptin increases energy expenditure
in part by stimulating uncoupling in white and brown adipose tissue (Commins et al.
1999), as well as via increased spontaneous activity (Pelleymounter et al. 1995). The
metabolic effects of leptin appear to be mediated by Adenosine MonoPhosphate-
dependent kinase and by the signal transduction cascades that are also involved in
the immune-modulating actions of leptin (Minokoshi et al. 2002).

[lustrating the close ties with immune function, the receptor for leptin is a
member of the class I cytokine receptor family and is homologous to gp-130, the
signaling transducing subunit of IL-6 family cytokines (Tartaglia et al. 1995).
In addition to the hypothalamus, the leptin receptor can be found on numerous
types of immune cells including subpopulations of T cells, B cells, dendritic cells,
monocytes, neutrophils, macrophages, and natural killer cells (Fig. 1) (Gainsford
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et al. 1996). Binding of leptin to the receptor and subsequent activation of down-
stream effector JAK2 causes phosphorylation and concurrent activation of STAT
transcription factors, which are also targeted by other cytokines (Ghilardi et al.
1996). STAT proteins play a central role in the immune response by regulating the
expression of numerous cytokines and other immunologically relevant genes.
Phosphorylated JAK?2 also activates other pathways including Mitogen-Activated
Protein kinase/Extracellular signal-Regulated Kinase (ERK) and Phosphatidyl-Ino-
sitol 3-Kinase/Protein Kinase B. The latter pathway represents a key signaling
cascade that mediates effects of various proinflammatory cytokines and bacterial
and viral stimuli in a variety of immune cells. Through these mechanisms, leptin
targets both innate and acquired immunity. With respect to innate immunity, leptin
has been shown to enhance phagocytosis by monocyte/macrophages. Moreover,
leptin stimulates secretion of proinflammatory mediators of the acute-phase
response and the expression of adhesion molecules (La Cava and Matarese 2004).
With respect to acquired immunity, a wealth of data is available showing that leptin
impacts diverse aspects of T cell-mediated immunity, as first revealed by the higher
number of circulating regulatory T cells in mice lacking leptin. Strikingly, the
alterations in immune function in mice lacking leptin resemble the state of immu-
nodeficiency observed with caloric insufficiency and starvation (Howard et al.
1999), suggesting that decreased leptin is a key mediator of the immune suppres-
sion of malnutrition (Lord et al. 1998).

Leptin can thus be regarded as a primordial hunger/satiety hormone that
responds to acute and chronic energy shortage by promoting food-seeking behavior
and energy conservation. It is likely that its immune-modulating function was
acquired during the course of evolution as a mechanism to minimize energy losses
via redundant processes. The alternative scenario in which leptin initially func-
tioned as immune modulator that later adopted the ability to govern food intake
seems much less plausible. Interestingly, similar convergence of metabolic and
immune regulation is found for other adipokines such as adiponectin and resistin
(Trayhurn and Wood 2004).

2.2 Regulation of Metabolism and Immunity by Glucocorticoids

Another group of hormones that have a central role in regulation of metabolism
and inflammation are the glucocorticoids (Fig. 1). Befitting their name, glucocor-
ticoids, including its principal representative cortisol, stimulate processes that
collectively serve to maintain blood sugar levels during fasting, thus opposing the
action of insulin. Moreover, glucocorticoids cause release of stored energy via
stimulation of adipose tissue lipolysis and muscle proteolysis. As a consequence,
pathologically increased circulating cortisol concentration 2 give rise to dysmeta-
bolic features such central obesity, insulin resistance, and dyslipidemia (Mattsson
and Olsson 2007). Apart from its role in nutrient metabolism, glucocorticoids



Regulation of Nutrient Metabolism and Inflammation 17

have a major impact on inflammatory and immune-related processes (Cupps and
Fauci 1982). Oral glucocorticoids represent the most widely used treatment for a
great variety of acute and chronic inflammatory disorders, including chronic
obstructive pulmonary diseases, inflammatory skin disorders, and rheumatoid
arthritis. At the cellular level, glucocorticoids inhibit the access of leukocytes to
inflammatory sites, interfere with the functions of leukocytes, endothelial cells,
and fibroblasts, and suppress the production and the effects of humoral factors
involved in the inflammatory and immune response (Boumpas et al. 1993). The
pleiotropic effects of glucocorticoids, which extend far beyond inflammation and
metabolism and also include effects on fetal development, brain function, and
bone formation, are reflected in the diverse genes and processes controlled by the
glucocorticoid receptor (GR), a member of nuclear receptors superfamily (Beck
etal. 2009). While normally residing in the cytosol, GR translocates into the nucleus
upon binding of glucocorticoids. There, GR serves as transcriptional activator of
distinct glucocorticoid-responsive target genes via direct DNA binding to GR-
responsive elements (GRE), in conformance with the general mechanism of gene
regulation by nuclear receptors. Absence of GR in liver leads to fasting hypoglyce-
mia, illustrating the importance of GR in maintaining blood glucose concentrations
via stimulation of hepatic gluconeogenesis and its key targets phosphoenolpyruvate
carboxykinase and glucose 6-phosphatase (Imai et al. 1990; Opherk et al. 2004).
With respect to lipid metabolism, glucocorticoids have been shown to raise plasma-
free fatty acid levels, reflecting increased whole body lipolysis, yet promote central
fat deposition (Macfarlane et al. 2008).

Whereas glucocorticoids influence nutrient metabolism primarily by directly
stimulating gene transcription, the anti-inflammatory and immune-suppressive
effects of activated GR are mainly mediated by altering the activity of other
DNA-bound transcription factors via a mechanism that does not require DNA
binding of GR referred to as transrepression. Indeed, using mice with a mutation
in the GR gene that prevents transcriptional activation of classical GRE-regulated
genes, it was shown that repression of inflammatory responses by glucocorticoids
is independent of GR binding to DNA (Reichardt et al. 2001). Many transcription
factors are targeted for transrepression by GR, including NF-kB, AP-1, NF-AT,
T-bet, GATA-3, and IRF3, thereby explaining the diverse effects of glucocorti-
coids on inflammation and immunity observed in a variety of different cell types.
GR represses NF-kB transcriptional activity by physically interacting with the
p65 subunit, preventing it from gaining access to DNA. Additionally, GR and NF-
kB may compete for mutual cofactors required for transcriptional activation
(Smoak and Cidlowski 2004).

Similar to the situation for leptin, the question can be raised why regulation of
metabolism and inflammation is effectuated by a single hormone via a single
receptor. Glucocorticoids allow the body to respond adequately to physical or
emotional stress via adjustments in the metabolic flux to support those processes
that are essential for the immediate survival of the organism. Although this may be
the evolutionary basis for the comprehensive properties of GR, it seems plausible
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that additional immune-modulating functions of GR have evolved that are not
strictly connected to the starvation response.

2.3 Regulation of Metabolism and Immunity by PPAR«

Analogous to GR, another nuclear receptor governing both metabolic and immune-
related processes is PPARa, which serves as the molecular target for hypolipidemic
fibrate drugs. PPARo can be considered the master regulator of fatty acid meta-
bolism in liver. It is especially active in the fasted state, giving rise to induction of
numerous genes involved in fatty acid uptake, fatty acid oxidation, triglyceride
synthesis and hydrolysis, and other fatty acid metabolic pathways (Kersten et al.
2000). Additionally, activation of PPARa has a major impact on inflammatory
processes in liver, which is mainly accomplished via downregulation of gene
expression by interfering with specific inflammatory signaling pathways, leading
to attenuation of cytokine-induced production of acute-phase proteins such as
fibrinogen, haptoglobin, and serum amyloid (Gervois et al. 2004; Mansouri et al.
2008). Similarly, the presence of PPARa protects against obesity-induced hepatic
inflammation (Stienstra et al. 2007). With respect to the mechanisms involved, it
has been shown that activated PPAR« binds to c-Jun and the p65 subunit of NF-kB,
thereby inhibiting AP-1- and NF-kB-mediated signaling (Delerive et al. 2001).
Recent high throughput DNA binding studies of PPARa via ChIP on CHIP revealed
that PPARa activation in hepatocytes causes the dissociation of STAT transcription
factors from the DNA, resulting in downregulation of gene expression (van der
Meer et al. 2010). As mentioned above, STATs are also targeted by leptin,
suggesting potential synergy between the PPARa and leptin pathways to suppress
STAT-dependent inflammatory signaling during fasting. In general, the mecha-
nisms underlying the anti-inflammatory effects of PPARo are reminiscent to those
of GR, and indeed cooperation between anti-inflammatory activities of the two
receptors has been demonstrated (Bougarne et al. 2009).

Although synthetic fibrates potently activate PPARa to cause suppression of
inflammation in liver and the vascular wall, it should be stressed that the receptor
did not evolve as a drug target but rather as a lipid target with a preference for long
chain unsaturated fatty acids and its derivatives. Numerous studies using a variety
of biochemical techniques have firmly corroborated direct physical association
between fatty acids and PPARs and have established fatty acids as bona fide
PPAR ligands (Jump et al. 2005). Recently, it was shown that the effects of dietary
unsaturated fatty acids on hepatic gene expression are almost entirely mediated
by PPARa (Sanderson et al. 2008). PPARo may thus serve as mediator of the
inflammatory activity of dietary fatty acids and thereby link diet composition to
regulation of the inflammatory response in liver. A similar scenario can be envi-
sioned for PPARP/6 and PPARY, which also function as lipid sensors and have
major anti-inflammatory properties in several cells and tissues (Bishop-Bailey and
Bystrom 2009; Straus and Glass 2007).
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3 Interaction Between Macrophages and Metabolically Active
Cells in Liver and Adipose Tissue

While there are thus numerous examples for coordinated regulation of metabolism
and inflammation/immunity as part of normal homeostasis, cross-talk between
metabolism and inflammation can also be triggered by specific disease conditions
representing perturbations of homeostasis. Indeed, deviations of metabolic homeo-
stasis as in obesity elicits marked changes in inflammatory pathways, and vice versa
a strong inflammatory response can have a major impact on numerous metabolic
processes, including lipoprotein metabolism, insulin signaling, and energy expen-
diture. Below, it is discussed how in the state of obesity interactions exist in liver
and adipose tissue between macrophages and the metabolically active main cell
types, which importantly contributes to some of the complications of obesity.

3.1 Role of Adipose Tissue Macrophages in Obesity

Contradicting the widespread connotation of body fat with inactivity, over the last
two decades, it has become evident that the adipose tissue is anything but inactive
and represents a highly dynamic organ that rapidly adapts to changes in nutritional
status via alterations in secretory profile, blood flow, and cell composition. Tradi-
tionally viewed as an organ composed almost entirely of adipocytes complemented
with some vascular cells and fibroblasts, it is now commonly accepted that numerous
types of leukocytes are present in between the adipocytes (Anderson et al. 2010).
This pool of white blood cells expands dramatically upon obesity, creating an
optimal forum for exchange of signals between immune cells and metabolically
active cells. Most of the attention has been focused on macrophages, which were
shown to infiltrate the adipose tissue and account for production of specific cyto-
kines (Weisberg et al. 2003; Xu et al. 2003). In addition, adipocytes themselves are
capable of secreting a variety of proteins, including TNFa and leptin (Hotamisligil
et al. 1993; Zhang et al. 1994). During adipose tissue expansion, changes in the
secretory profile of adipocytes and incoming and resident leukocytes lead to altered
release of numerous (adipo)cytokine. Accordingly, obesity is nowadays considered
a state of chronic low-grade inflammation, illustrating the intimate relationship
between metabolism and inflammation.

How obesity leads to enhanced macrophage abundance is not clear but a role for
adipocyte cell death, hypoxia, and local insulin resistance has been surmised, the
latter being possibly related to ER stress, ROS formation, and mitochondrial dys-
function (Lee et al. 2009). A number of chemotactic signals including Monocyte
Chemoattractant Protein 1 likely contribute to macrophage recruitment in adipose
tissue (Kamei et al. 2006; Kanda et al. 2006; Yu et al. 2006). Recently, it was shown
that T cells are also actively regulated in adipose tissue and contribute to obesity-
induced inflammation (Feuerer et al. 2009; Nishimura et al. 2009; Winer et al. 2009).
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Studies have also indicated that macrophages present within adipose tissue
display pronounced heterogeneity and can roughly be separated into classically
activated proinflammatory M1 macrophages and alternatively activated anti-
inflammatory M2 macrophages. While adipose tissue of lean mice mainly contains
M2 macrophages, diet-induced obesity was shown to specifically increase adipose
abundance of M1 macrophages via recruitment from the circulation (Lumeng et al.
2008). The activation state of adipose tissue macrophages may in part be deter-
mined by T cells via specific T helper type 1 or T helper type 2 cytokines (Strissel
et al. 2010). M1 macrophages are thought to contribute to development of insulin
resistance in obese animals via production of proinflammatory cytokines, which
negatively impact peripheral and hepatic insulin signaling. These effects are
mediated by specific kinases such as Inhibitor of NF-kB Kinase § (IKKf), c-Jun
N-terminal Kinase (cJNK), ERK, mammalian Target Of Rapamycin (mTOR), and
p70 ribosomal S6 protein Kinase (S6K) that cause phosphorylation of insulin
receptor substrate 1 and 2 at specific serine residues, leading to their inactivation
(Shoelson et al. 2007). Normally, binding of insulin to its receptor triggers phos-
phorylation of insulin receptor substrates at specific tyrosine residues, leading to
their activation. In recent years, this so-called inflammatory hypothesis has gained
acceptance as an at least partial explanation for the link between obesity and local
and possibly systemic insulin resistance (Lee et al. 2009).

3.2 Cross-talk Between Hepatocytes and Kupffer Cells

The close proximity and the chemical interaction between leukocytes and metabol-
ically active cells is not an exclusive phenomenon of the obese adipose tissue. The
liver represents a unique system in which the metabolically relevant hepatocytes
coexist with resident macrophages referred to as Kupffer cells (Fig. 2). Kupffer
cells are derived from circulating monocytes that arise from bone marrow progeni-
tors. Once in the liver, the cells differentiate to Kupffer cells and acquire the ability
to perform various functions, including phagocytosis, antigen processing, and
antigen presentation. Via the generation of different products, including cytokines,
prostanoids, nitric oxide, and reactive oxygen intermediates, Kupffer cells influence
the phenotypes of other immune cells and neighboring hepatocytes. Recent studies
point to important cross-talk between Kupffer cells and hepatocytes in the regula-
tion of lipid metabolism in the context of nonalcohol fatty liver disease (NAFLD).
NAFLD represents the most common liver disorder in industrialized countries and
is highly correlated with obesity. It is characterized by accumulation of fat in
hepatocytes and can vary from the relatively benign hepatic steatosis to severe
steatohepatitis, which might progress to end-stage liver diseases such as cirrhosis
and liver cancer. Several studies (Huang et al. 2010; Neyrinck et al. 2009; Rivera
et al. 2007; Stienstra et al. 2010), though not all (Clementi et al. 2009; Lanthier et al.
2009), found that when liver was depleted of Kupffer cells using clodronate
liposomes or gadolinium chloride, hepatic lipid accumulation in mouse models of
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steatosis or steatohepatitis was reduced, leading to improved insulin sensitivity
(Huang et al. 2010; Neyrinck et al. 2009). Kupffer cells may stimulate triglyceride
storage and suppress fatty acid oxidation in hepatocytes via TNFa (Huang et al.
2010). Alternatively, a role for Kupffer cell-derived IL-1P in promoting lipid
accumulation via induction of Dgat2 expression or suppression of PPARa-dependent
regulation of hepatic fatty acid oxidation has been proposed (Fig. 2) (Miura et al.
2010; Stienstra et al. 2010). The specific impact of Kupffer cells on lipid metabo-
lism in hepatocytes may depend on their polarization state and inflammatory status.
A recent study provided compelling evidence that the transcription factor PPAR /0
may stimulate fatty acid oxidation and thereby protect against hepatic steatosis by
promoting a M2-like phenotype in Kupffer cells (Odegaard et al. 2008).
Conversely, altered lipid metabolism and lipid accumulation in the hepatocyte
may affect Kupffer cell activity (Baffy 2009). It is well established that hepatic
steatosis increases the risk for inflammatory complications leading to nonalcoholic
steatohepatitis. First, the increased space occupied by fatty hepatocytes may lead
to impaired sinusoidal perfusion and entrapment of leukocytes, thereby engaging
Kupffer cells. Second, impaired fatty acid uptake in hepatocytes and/or elevated
lipolysis may increase exposure of Kupffer cells to fatty acids, leading to modulation
of inflammatory pathways via interaction with cell surface receptors such as Toll-like
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receptor 4. Toll-like receptor 4 has been proposed as a relay system that mediates
the proinflammatory effects of saturated fatty acids (Lee et al. 2001), although this
concept has been challenged (Erridge and Samani 2009). Finally, excess lipids in
hepatocytes may trigger lipotoxicity reflected by formation of reactive oxygen
species, disturbances in cellular membrane fatty acid and phospholipid composi-
tion, and alterations of cholesterol content and ceramide signaling. These lipotoxic
changes may cause hepatocellular damage and ultimately death, leading to activa-
tion of Kupffer cells (Trauner et al. 2010).

It is thus evident that throughout the various stages of NAFLD, signals traveling
from Kupffer cells to hepatocytes and vice versa play a key role in determining the
course of the disease. To what degree these mutual interactions between hepato-
cytes and Kupffer cells influence lipid metabolism under more physiological con-
ditions will require further study.

4 Concluding Remarks

Over the past decade or so, metabolism and immunity have turned from vague
acquaintances into best friends. Although it has been recognized for a long time that
inflammatory conditions profoundly disturb metabolic regulation, the notion that
metabolic diseases are often associated with marked changes in the immune system
only gained acceptance more recently. The examples outlined above illustrate our
rapidly growing insight into the molecular mechanisms that govern cross-talk
between metabolic and immune-related signaling. These interconnections likely
originated from the need of an organism to balance the energetic costs of immune
responsiveness with its core mission of survival. It is expected that future research
will further clarify specific mechanism of cross-talk between metabolic and
immune regulation.
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Lipid Storage in Large and Small Rat
Adipocytes by Vesicle-Associated
Glycosylphosphatidylinositol-Anchored Proteins
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and Gabriele Biemer-Daub

Abstract Adipose tissue mass in mammals expands by increasing the average cell
volume and/or total number of the adipocytes. Upregulated lipid storage in fully
differentiated adipocytes resulting in their enlargement is well documented and
thought to be a critical mechanism for the expansion of adipose tissue depots during
the growth of both lean and obese animals and human beings. A novel molecular
mechanism for the regulation of lipid storage and cell size in rat adipocytes was
recently elucidated for the physiological stimuli, palmitate and H,O,, and the anti-
diabetic sulfonylurea drug, glimepiride. It encompasses (1) the release of small
vesicles, so-called adiposomes, harboring the glycosylphosphatidylinositol-anchored
(¢)AMP-degrading phosphodiesterase Geel and 5'-nucleotidase CD73 from donor
adipocytes, (2) the transfer of the adiposomes and their interaction with detergent-
insoluble glycolipid-enriched microdomains of the plasma membrane of acceptor
adipocytes, (3) the translocation of Geel and CD73 from the adiposomes to the
intracellular lipid droplets of the acceptor adipocytes, and (4) the degradation of (c)
AMP at the lipid droplet surface zone by Geel and CD73 in the acceptor adipocytes,
leading to the upregulation of the esterification of fatty acids into triacylglycerols and
the downregulation of their release from triacylglycerols. This mechanism may
provide novel strategies for the therapy of metabolic diseases, such as type 2 diabetes
and obesity.

1 Introduction

It seems very likely that the size of adipocytes is regulated by multiple mechanisms,
among them paracrine and endocrine feedback mechanisms (Raff 1996), which are
currently understood as best for skeletal muscle. Here, growth and differentiation
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factor 8 (GDF8), also known as myostatin, is secreted from myocytes and nega-
tively regulates the generation of new muscle cells and thereby sets the size of the
individual myocyte as well as that of the total muscle (Joulia-Ekaza and Cabello
2006). Loss-of-function mutations in GDF8 result in large increases in the size of
the myocyte and muscle in animals and humans. The operation of similar feedback
mechanisms that control adipocyte size is conceivable. It will be important to
identify them at the molecular level since they may offer novel targets for pharma-
cological therapy when obesity is established after the final number of adipocytes in
the body had been set.

2 Lipogenic and Antilipolytic Information Transfer
Between Adipocytes

The following experimental evidence reported previously (Aoki et al. 2007; Miiller
et al. 2008a—e, 2009a, b, 2010a, b) suggests that there is communication between
differently sized adipocytes about their esterifying and lipolytic states both in the
absence and, considerably more pronounced, in the presence of certain stimuli via
small vesicles, i.e., microvesicles and exosomes, harboring glycosylphosphatidyli-
nositol-anchored proteins (GPI-proteins)(Nosjean et al. 1997), so-called adipo-
somes (ADIP)(Aoki et al. 2007): (1) Older and larger adipocytes are more
efficient in releasing the GPI-proteins, Geel and CD73, incorporated into ADIP
than younger and smaller ones and thus operate as the “better” donors. (2) Upon
incubation with those ADIP younger and smaller adipocytes are more efficient in
translocating Geel and CD73 from the ADIP to cytoplasmic lipid droplets (LD)
than older and larger adipocytes and thus operate as the ‘“better” acceptors.
(3) Mixed populations of about equal numbers of large and small adipocytes are
more efficient in esterification stimulation and lipolysis inhibition in the basal state
(Fig. 1) as well as in response to palmitate, the antidiabetic drug glimepiride, and
H,O, (Fig. 2) than separate populations of the same total number of large and small
adipocytes (calculated as the arithmetic means) with regard to both maximal
responsiveness (i.e., increase in fold-stimulation and %-inhibition at maximally
effective concentrations) and sensitivity (i.e., decrease in ECsy-values). (4) The
responsiveness of mixed populations of about equal numbers of large and small
adipocytes for esterification stimulation and lipolysis inhibition by palmitate,
glimepiride, and H,O, becomes reduced upon removal of the Geel- and CD73-
harboring ADIP, which in contrast does not affect populations of either large or
small adipocytes.

The apparent dependence of the basal as well as palmitate-, glimepiride-, and
H,0O,-regulated lipid metabolism on the presence of differently sized adipocytes and
of Geel- and CD73-harboring ADIP in the incubation mixture is compatible with a
hypothetical model (Fig. 3) for transferring ADIP-encoded information about the
relatively high esterifying and lipolytic states from older and larger adipocytes (a) to
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Fig. 1 Basal esterification and lipolysis in separate vs. mixed populations of large and small
adipocytes. Separate or mixed (2:1) populations of large and small adipocytes were assayed for
esterification (3 h, 37°C) or isoproterenol (0.1 uM)-induced lipolysis (2 h, 37°C). Esterification
and lipolysis were calculated as the amounts of [U-'#C]palmitate, fluorescently labelled fatty acid
(NBD-FA) or [3-°H] glucose incorporated into triacylglycerol and the amounts of fatty acids or
glycerol released into the incubation medium, respectively, by identical cell numbers of the
separate and mixed populations, each. The arithmetic means calculated for the separate small
and large adipocytes (open bars) and the values measured for the mixed populations of small and
large adipocytes (filled bars) are given for identical total cell numbers. Means + SD were derived
from 3 to 5 incubations, each, with determinations in triplicate with significant differences of the
mixed vs. the separate populations indicated by *p < 0.05. In addition, esterification and lipolysis
rates of the mixed populations are given as percentages of the arithmetic means calculated for the
separate populations

younger and smaller adipocytes, which exhibit relatively low esterification and
lipolysis (c). This ADIP-based information transfer operates even in the basal state
but is considerably upregulated by certain exogenous esterifying and antilipolytic
stimuli, such as palmitate, glimepiride, or H;O, (b), but not insulin. Following
information transfer from the large donor (b) to the small acceptor (d) adipocytes,
the latter acquire the potential for more pronounced esterification and less pro-
nounced lipolysis. This is based on the upregulated degradation of (c)AMP at
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Fig. 2 Esterification stimulation and lipolysis inhibition by palmitate, glimepiride and H,O, in
separate vs. mixed populations of large and small adipocytes. After incubation (30 min, 37°C) of
separate or mixed (2:1) populations of large and small adipocytes in the absence (basal state) or
presence of increasing concentrations of palmitate, glimepiride, glucose oxidase (GO; for the
generation of H,O, in the incubation medium) or insulin. The adipocytes were recovered by
flotation (500 g, 2 min, 20°C) and then assayed for esterification (3 h, 37°C) or isoproterenol
(0.1 pM isoproterenol)-induced lipolysis (2 h, 37°C). Esterification stimulation and lipolysis
inhibition in response to each stimulus are given as percentages of the amounts of NBD-FA
incorporated into triacylglycerol (left panels) and of the reductions in the amounts of glycerol
released into the incubation medium (right panels) by the separate small (triangle) or large
(square) adipocyte populations or the mixed populations (circle) with basal set at 0 and the
maximally effective concentration of this stimulus in the mixed populations set at 100. Mean +
SD were derived from 2 to 3 adipocyte incubations, each, with determinations in duplicate with
significant differences of the mixed populations vs. both separate small and large adipocyte
populations indicated by *p < 0.05
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Fig. 3 Hypothetical model for the paracrine regulation of lipid storage within adipose tissue
depots by palmitate, glimepiride and H,O,. (a and c¢) In the basal state Gecel and CD73 are
predominantly located at plasma membrane lipid rafts of large and small adipocytes, which display
basal esterification and lipolysis at medium and low rates, respectively. (b) Upon exposure of large
(donor) adipocytes to palmitate (Palm), glimepiride (Glim) and H,0,, esterification becomes
upregulated and lipolysis downregulated to moderate degrees, each, with Gcel/CD73 being
incorporated into the phospholipid bilayer of ADIP and then released into the interstitial space.
(d) Upon exposure of small (acceptor) adipocytes to palmitate, glimepiride and H,O,, esterifica-
tion becomes upregulated and lipolysis downregulated to a high degree. This is accompanied by
the release of ADIP-associated Geel and CD73 into the interstitial space which subsequently
interact with plasma membrane lipid rafts and finally translocate to cytoplasmic LD of the small
adipocytes. (e) Upon anchorage of Gcel/CD73 at the LD phospholipid monolayer in small
adipocytes cAMP/AMP are degraded leading to decreased cAMP/AMP concentrations at the
LD surface zone. (f) The resulting diminished cAMP-dependent phosphorylation of key enzymes
of lipid metabolism, such as glycerol-3-phosphate acyltransferase and hormone-sensitive lipase,
located at the LD surface zone triggers the coordinated upregulation of esterification and down-
regulation of lipolysis, respectively, to a very high degree, each. The consequent stimulation of LD
biogenesis is paralleled by increase in size of the (initially small) adipocytes

the LD surface zone by (c)AMP-degrading phosphodiesterase Geel and 5'-
nucleotidase CD73 (e). The fostered accumulation of triacylglycerol in concert
with enhanced LD biogenesis ultimately leads to size enlargement of basal and,
more pronouncedly, stimulus-induced adipocytes (f).

The increase in cell size in course of coordinated esterification (stimulation) and
lipolysis (inhibition) via the transfer of ADIP-associated Gecel and CD73 to young
and small adipocytes is thus compatible with their physiological function, i.e., the
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net storage of fatty acids upon esterification into triacylglycerol rather than the net
release of fatty acids from triacylglycerol. This postmaturation increase in adipose
tissue mass by hypertrophy, i.e., generation of large adipocytes in either primary or
secondary adipose tissue depots, is characteristic of the peoples of the modern
world and driven by the need to accommodate excess energy intake. On the basis of
the finding of small adipocytes operating as better acceptors for ADIP than large
ones, it is tempting to speculate that the transfer and translocation of Geel and
CD73 to cytosolic LD and the resulting degradation of (c)AMP at the LD surface
zone, impaired phosphorylation and increased/decreased activities of acyltrans-
ferases/lipases makes the difference between small and large adipocytes. It would
guarantee the coordination and coupling of esterification stimulation and lipolysis
inhibition which results in net fatty acid storage in small adipocytes compared to
that of large ones with their strong upregulation of both esterification and lipolysis
which results in net fatty acid release. In fact, the observed considerably higher
efficacy of large adipocytes compared to small ones in operating as donors, i.e., in
releasing Geel and CD73 following their translocation from plasma membrane
lipid rafts to LD and subsequent incorporation into ADIP, may indicate a shorter
residence period of the GPI-proteins at the LD of large compared to that of small
adipocytes.

The importance of adequate modulation of lipid metabolism for the pharmaco-
logical treatment of metabolic disorders, such as metabolic syndrome, type 2 diabe-
tes, and obesity, has been fully recognized during the last decade (Moller 2001; Shi
and Burn 2004; Langin 2006, 2010; Pilch and Bergenheim 2006; Pfeiffer 2007;
Ahmadian et al. 2009; Fernandez-Veledo et al. 2009; Chavez and Summers 2010).
The putative paracrine and/or endocrine transfer of lipogenic and antilipolytic
information via ADIP-associated GPI-proteins may shift the burden of lipid loading
and storage from large to small adipocytes within the same or distinct adipose tissue
depots (Fig. 3). It is also conceivable that ADIP manage to leave the adipose tissue
depots and be distributed via the circulation as is true for microvesicles and
exosomes released from blood, endothelial and solid tumor cells (Freyssinet
2003; Fevrier and Raposo 2004; Janowska-Wieczorek et al. 2005; Koga et al.
2005). Thereby, ADIP may reach insulin target tissues, such as muscle and liver,
and even insulin-producing pancreatic -cells. In case of operation of those cells as
acceptor cells for the ADIP-associated GPI-proteins as has been demonstrated so
far for adipocytes, Geel and CD73 would be transferred to the plasma membrane
lipid rafts and then translocated to the existing, albeit small, LD of muscle, liver and
B-cells (Bjorntorp and Karlsson 1970), where they degrade cAMP at the LD surface
zone. The resulting upregulation of esterification and downregulation of lipolysis
would ultimately lead to growth of the LD in these nonadipose tissue cells and
impair their insulin responsiveness and sensitivity. The underlying lipotoxic
mechanisms are ill-defined at the molecular level, but seem to encompass inter-
mediates of the synthesis and degradation of triacylglycerol rather than triacylgly-
cerol molecules themselves. Thus, the putative transfer of antilipolytic and
lipogenic information between adipose tissues and from adipose tissues to meta-
bolically relevant nonadipose tissues could per se or in combination contribute to
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the development of obesity-driven insulin resistance and thus may provide novel
targets for the pharmacological therapy of metabolic diseases. Moreover, a multi-
tude of novel roles for LD in adipose and nonadipose cells is currently being
elucidated. These encompass, but apparently are not restricted to, the storage and
scavenging of lipophilic and toxic substances as well as to the sequestration,
chaperoning and release for translocation to other compartments, such as the
nucleus (e.g., histones) or plasma membrane lipid rafts and adiposomes (e.g.
Gceel, CD73) of a variety of regulatory, signaling and metabolic proteins. This
strongly argues for the usefulness of targeting LD for the therapy of a number of
diseases by the transfer and translocation of appropriate GPI-proteins from in vitro
reconstituted ADIP upon their administration to the patient. The feasibility of this
exciting putative mode for the controlled expression of (recombinant and modified)
proteins at the cytoplasmic face of LD in diseased adipose and nonadipose cells
without the use of gene therapy has to be addressed in future preclinical and clinical
studies.

3 Conclusion

Taken together, the recent findings argue for the transfer of information coding for
esterification stimulation and lipolysis inhibition from large to small adipocytes via
microvesicles and/or exosomes harboring glycosylphosphatidylinositol-anchored
proteins, so-called adiposomes. Since this transfer ultimately leads to the formation
of lipid droplets and the maturation of small to large adipocytes, its tissue-specific
modulation may represent a novel target for the pharmacological therapy of meta-
bolic diseases, such as obesity and type 2 diabetes.
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Autophagy and Regulation of Lipid Metabolism

Rajat Singh

Abstract Macroautophagy (henceforth referred to as autophagy) is an in-bulk
lysosomal degradative pathway that plays a crucial role in the maintenance of
cellular homeostasis through the removal of damaged proteins and aged organelles.
Following nutrient deprivation, a primary cellular response is the induction of
autophagy that breaks down redundant cellular components and provides amino
acids and additional precursor molecules for processes critical for cellular survival.
In parallel, nutrient depletion leads to the mobilization of cellular lipid stores to
supply free fatty acids for energy, thus pointing to regulatory and functional simila-
rities between autophagy and lipid metabolism. The current chapter discusses the
novel and mutually exclusive roles of autophagy in the regulation of lipid metabo-
lism in the liver and of fat storage within the adipose tissue. Our studies in cultured
hepatocytes and the murine liver have demonstrated that autophagy serves to
degrade intracellular lipid stores through a process that we have termed “macro-
lipophagy” and that ablation of liver-specific autophagy leads to excessive hepatic
lipid accumulation and the development of fatty liver. In contrast, preadipocytes in
culture that lacked autophagy failed to differentiate into mature adipocytes and
exhibited a reduction in fat storage that translated to decreased adipose tissue mass
in an in vivo mouse model. These recent findings establish an association between
autophagy and regulation of hepatic lipid metabolism and adipose tissue biology,
thus providing new mechanistic insights into the regulation of these complex
processes. These findings also highlight the possibility of novel therapeutic
approaches, such as differential organ-specific regulation of autophagy to solve
problems that arise from lipid over accumulation that occur in the metabolic
syndrome and with aging.

R. Singh

Department of Medicine (Endocrinology) and Molecular Pharmacology, Albert Einstein College
of Medicine, Forchheimer 505, 1300 Morris Park Avenue, Bronx, NY 10461, USA

e-mail: rajat.singh@einstein.yu.edu

W. Meyerhof et al. (eds.), Sensory and Metabolic Control of Energy Balance, 35
Results and Problems in Cell Differentiation 52,
DOI 10.1007/978-3-642-14426-4_4, © Springer-Verlag Berlin Heidelberg 2010



36 R. Singh

1 An Introduction to Autophagy

Autophagy or “self-eating” is a conserved cellular process critical for maintaining
cellular homeostasis (Cuervo 2008) through the targeting of altered cytosolic
proteins, aged organelles and redundant cytosol, and even pathogenic organisms
to the lysosomes for degradation. Besides this crucial role in quality control,
autophagy has also been shown to be involved in a host of other functions such
as growth and differentiation (Mizushima 2009), metabolic regulation (Singh et al.
2009a, b) and as an alternative energy source following nutrient deficiency. Three
different forms of autophagy have been described in mammalian systems (Fig. 1),
macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA)
(Esclatine et al. 2009; Kon and Cuervo 2010). These three forms of autophagy
co-exist in most cells at a given moment, although the induction of these discrete
forms of autophagy differs temporally. For instance, under baseline cellular condi-
tions all forms of autophagy functions at a basal level, however, following nutrient
deficiency, macroautophagy is induced first and acquires maximal activation at
6-8 h of continuous stress (Esclatine et al. 2009). If the given stress persists beyond
6-8 h, macroautophagy gradually tapers off and induction of CMA occurs that

@\/ @\/ CMA Microautophagy

Hsc70
\4 LAMP-2A O
F
ATG7 % D
— 4 :
J N\ Macroautophagy
LCa-| ATGS LC3-II
e © /
\ ./ -
s -
— o Lysosome
~
Phagophore S
Limiting Autophagosome
membrane

Fig. 1 Types of autophagy in mammalian cells. Three types of autophagy have been described in
mammalian cells, macroautophagy, an in-bulk degradative pathway that requires the de novo
synthesis of a limiting membrane for sequestration and delivery of cargo to the lysosome.
Microautophagy involves engulfment of cytosolic material by the lysosomal membrane itself.
Chaperone-mediated autophagy targets specific proteins containing the recognition template,
KFERQ motif to lysosomal membrane-associated translocation complex, LAMP-2A, for substrate
internalization and degradation
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attains maximal activation by 12-24 h (Kon and Cuervo 2010) and is maintained
until the stress dissipates. Autophagy can also be qualitatively classified based upon
the type of cargo that is being degraded, for instance, mitophagy mediates mito-
chondrial degradation (Tolkovsky 2009). Likewise, ribophagy (Beau et al. 2008),
reticulophagy (Tasdemir et al. 2007), and pexophagy (Manjithaya et al. 2010) are
required for the degradation of ribosomes, endoplasmic reticulum, and peroxi-
somes, respectively. Very recently, macroautophagy has also been shown to medi-
ate the degradation of cellular lipid droplets under basal conditions as well as when
macroautophagy is induced following lipogenic stimuli, by a process termed
macrolipophagy (Singh et al. 2009a). This function of macroautophagy in the
regulation of cellular lipid stores will be the focus of part of this chapter.

1.1 Types of Autophagy

Macroautophagy is an in-bulk lysosomal degradative pathway that involves the
initial de novo formation of a phagophore (He and Klionsky 2009), which then
adds on additional membranes through yet unclear mechanisms and forms a limiting
membrane. The limiting membrane sequesters portions of the cytosol destined for
degradation and eventually seals upon itself to form a double-walled autophagosome
(He and Klionsky 2009). The autophagosome lacks the acidic environment and the
enzymes required for terminal digestion of the engulfed contents; thus, content
degradation occurs via the fusion of the autophagosome with the lysosome that
supplies the acidic environment as well as a battery of hydrolases. Microautophagy,
a second form of autophagy, involves engulfment of cargo by the lysosomal mem-
brane itself (Esclatine et al. 2009). Single-membrane vesicles that contain the cargo
are pinched off the lysosomal membrane and rapidly degraded in the lysosomal
lumen. A third form of autophagy, CMA, is highly specific for an estimate of 30% of
the soluble cytosolic proteins (Kon and Cuervo 2010). In CMA, proteins that contain
arecognition template, the KFERQ motif, are recognized by the cytosolic chaperone
hsc70 and directed to the lysosome (Kon and Cuervo 2010). Upon the lysosomal
surface, the protein—hsc70 complex is recognized by the lysosome-associated mem-
brane protein (LAMP-2A) membrane receptor. The protein is then unfolded and
internalized into the lysosome through the translocation complex comprised mainly
of the LAMP-2A receptor (Cuervo and Dice 1996). The current chapter focuses on
the role of macroautophagy in lipid metabolism; thus, the two additional forms of
autophagy, microautophagy, and CMA will not be discussed any further.

1.2 Regulation of Macroautophagy

The induction of macroautophagy (henceforth termed autophagy) occurs following
conditions such as cellular stress or starvation leading to the formation of
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autophagosomes. Autophagosome formation is a complex and highly regulated
process that requires more than 30 autophagy-related proteins (ATG) that were
identified by molecular dissection of the autophagic process through yeast genetic
screens (He and Klionsky 2009). These ATG proteins form functional complexes
that mediate individual steps of autophagy; initiation or induction, nucleation,
membrane elongation, cargo recognition, and the fusion of autophagosomes with
lysosomes.

The induction of autophagy requires the activation of the autophagy initiation
complex or the class III phosphatidylinositol-3-kinase (PI3K) (Fig. 2a), which
occurs through the release of Beclin-1 (ATG6 in the yeast) from the Bcl-
2-Beclin-1 complex through starvation or stress-induced phosphorylation of Bcl-
2 (Wei et al. 2008). Beclin-1 is then recruited along with additional molecules,
vpsl35, vps30, vps34, ATG14L, and UV radiation-resistance associated gene protein
(UVRAG) to form the active class III PI3K complex (Petiot et al. 2000; Tassa et al.
2003). The activation of class III PI3K allows the mobilization of this induction
complex to the site of autophagosome formation. A process called nucleation
involves the mobilization of this initiation complex to the site of the limiting
membrane formation (He and Klionsky 2009). In addition, lipid phosphorylation
by the PI3K complex is critical for the recruitment of additional ATG molecules to
the phagophore leading to elongation of the limiting membrane. The formation of
the limiting membrane requires two parallel conjugation cascades, the microtubule-
associated protein 1 light chain 3 (LC3) or ATGS8 and the ATG5-12 conjugation
cascades (Fig. 2b) that are similar to the ubiquitin conjugation system involving
discrete ligases for activation and enzymatic conjugation of substrates (He and
Klionsky 2009). These conjugation events occur on the surface of the limiting
membrane and are crucial for membrane elongation. The ubiquitin-like ligase
ATGT7 is required for conjugation of ATGS and ATGI12 to form the ATG5-12
complex. Independently, cleavage and activation of cytosolic LC3-I occurs by the
proteolytic cleavage of a cysteinyl residue by the protease ATG4. Activated LC3-1
acquires a phosphatidylethanolamine residue that then forms the membrane-asso-
ciated LC3-II (Kabeya et al. 2000) through a reaction that requires ATG7, in
addition to the E2-like activity of ATG3. The molecular mechanisms of the later
steps that mediate sealing of the limiting membrane to form autophagosomes and
fusion events that form autophagolysosomes are yet unclear. However, it is thought
that additional ATGs, specific SNARE, and Rab proteins as well as cytoskeletal
elements may be involved in these fusion events (He and Klionsky 2009).

Autophagy is centrally regulated by the upstream serine/threonine kinase mTOR
(mammalian target of rapamycin) (Jung et al. 2009). Under conditions of nutrient
deprivation or following rapamycin treatment, inhibition of mTOR occurs leading
to activation of Unc-51-like kinase-1 and -2 (ULK) that phosphorylates and acti-
vates ATG13 and FIP200 (focal adhesion kinase family-interacting protein of
200 kDa), thus, leading to the induction of autophagy (Jung et al. 2009). Nutritional
excess, in particular, amino acids activate mTOR that phosphorylates and inacti-
vates the ULK-ATGI13-FIP200 complex resulting in the switching off of
autophagy (Jung et al. 2009). Another crucial regulator of starvation-induced



Autophagy and Regulation of Lipid Metabolism 39

! stress/starvation TOR

Bd2 —> Bol2 .

\‘—/ ./ Et-like "\,

- @
@ll ATGS5
E2-like

|

———

E2-like

l

lipid
" _ <

Phagophore \) Limiting membrane

Fig. 2 Autophagy induction complex (a) and (b) conjugation cascades that lead to autophago-
some formation. The induction of autophagy requires release of Beclin-1 from Bcl-2 and its
binding to vpsl15, vps30, vps34, and UVRAG to form the active Class III PI3K complex. Lipid
phosphorylation by active class III PI3K recruits the two conjugation cascades to the site of
autophagosome formation. The LC3 and ATG5-12 conjugation cascades require the ubiquitin-like
ligase activity of ATG7. Products of these two cascades, LC3-II and the ATG5-12—-16 conjugate,
form structural components of the limiting membrane

autophagy is c-Jun N-terminal kinase that mediates the phosphorylation of Bcl-2 to
release Beclin-1 in response to nutrient deprivation (Wei et al. 2008).

2 Autophagy and Lipid Metabolism

An established role of autophagy is the degradation of cellular organelles,
redundant cytosol and proteins. However, only in these recent years, some
reports have demonstrated a novel relationship between autophagy and cellular
lipid metabolism, thus unfolding a new area of research.
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2.1 Autophagy and Regulation of Intracellular Lipid Stores

A recently reported function of autophagy within hepatocytes is the degradation of
intracellular lipid stores (Singh et al. 2009a). Although, the lipolytic function of
lysosomes had been known earlier, the mechanism of delivery of lipids into the
lysosome was unclear. As mentioned in the earlier sections, the lysosomes contain
numerous hydrolases and lipases that function in an acidic environment (pH < 5.2)
to breakdown the delivered cargo.

In this recent report (Singh et al. 2009a), it has been demonstrated that the
delivery of cellular lipid droplets to the lysosomes occur through the sequestration
of lipid droplets by autophagosomes and the subsequent fusion of these autophago-
somes with lysosomes leading to degradation of lipid droplets (Fig. 3). Studies in
cultured hepatocytes that lacked autophagy by pharmacological inhibition with
3-methyladenine or by using RNA interference against ATGS5 and ATG7 have
revealed that inhibition of autophagy leads to increased hepatocellular triglyceride
(TG) accumulation (Singh et al. 2009a) when compared to controls. Increased TG
accumulation occurs under both basal condition and when hepatocytes are provided
a lipogenic stimulus, such as treatment with physiological concentrations of oleic
acid or following culture in a lipogenic medium, methionine, and choline-deficient
medium. Electron microscopic studies demonstrated that inhibition of autophagy in
hepatocytes and liver leads to marked increase in the number and size of lipid
droplets demonstrating that accumulation of lipids occur in the form of lipid
droplets (Singh et al. 2009a). Interestingly, increased hepatocellular TG stores
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Fig. 3 The process of macrolipophagy occurs by the de novo formation of a limiting membrane
that sequesters cytosolic lipid droplets and delivers the lipid cargo to the lysosomes for degradation
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results from decreased lipolysis of lipid stores due to decreased delivery of lipid
cargo into the lysosomes, and not from increased hepatocellular TG synthesis or a
reduction in secretion in the form of VLDL. Immunofluorescence co-localization
experiments between a neutral lipid dye (bodipy 493/503) and the autophagosomal
marker (LC3) or the lysosomal marker (LAMP1) have revealed co-localization of
cellular lipids with components of the autophagosomal and lysosomal system under
conditions that activate autophagy (Singh et al. 2009a), such as treatment with
rapamycin (inhibitor of TOR) or provision of a lipid stimulus. Furthermore, phar-
macological or genetic ablation of autophagy decreased the observed bodipy-LC3
and bodipy-LAMP1 co-localizations.

In mammals, induction of autophagy occurs in response to starvation and conse-
quently, lipid droplet components such as structural proteins TIP47 and adipophilin
(ADRP) could be detected within isolated autophagic vacuoles and lysosomes from
starved mice liver (Singh et al. 2009a). Conversely, immunoblotting demonstrated
increased autophagosome-associated LC3-II levels within lipid droplets fractions
isolated from livers of starved rodents (Singh et al. 2009a). Additionally, immuno-
electronmicrographs demonstrated increased presence of LC3-positive membranes
on lipid droplets in liver sections from starved animals. Thus, these in vivo studies
have demonstrated a functional interaction between cellular lipid stores and the
autophagic machinery that effectively allows the targeting of a lipid cargo to the
lysosomes for degradation. A final confirmation of the process of “macrolipophagy”
was obtained through studies in genetically modified mice that lacked autophagy
within the liver (ATG7 conditional knockouts) (Singh et al. 2009a). These animals
exhibit markedly enlarged livers that are lipid laden as demonstrated biochemically
by increased TG and cholesterol levels (Singh et al. 2009a). In addition, Oil Red O
staining of autophagy-deficient livers revealed marked increase in the number and
size of lipid droplets when compared to control littermates (Singh et al. 2009a).
Interestingly, the differences observed between controls and autophagy-ablated
mice increased further when mice were fed a diet that provided 60% of calories in
the form of fat. Although the lipophagic function of autophagy was initially demon-
strated in cultured hepatocytes, in the liver, and in fibroblasts in culture (Singh et al.
2009a), it is now clear that macrolipophagy also regulates lipid stores in neurons
(Martinez-Vicente et al. 2010).

Despite these exciting advances, a number of questions need to be addressed. It is
still unclear how autophagosomes sequester lipid droplets given the enormous size
of these lipid stores. An interesting possibility is that unconjugated LC3-I, which
localizes on lipid droplets in basal condition, could acquire a phosphatidylethanol-
amine to form LC3-II that then generates a limiting membrane in situ sequestering
the lipid droplet. Another integral question is to explore the possibilities of cross-
talks between lysosomal lipases that degrade sequestered lipids and cytosolic neutral
lipases. It is conceivable that smaller lipid droplets are engulfed completely by the
autophagic apparatus, whereas larger lipid droplets are perhaps broken down into
smaller droplets by autophagy that promotes further sequestration as well as increase
the net lipid droplet surface area for efficient cytosolic neutral lipase activity.
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2.2 Intracellular Lipids and Regulation of Autophagy

In contrast to the induction of autophagy observed following acute lipogenic stimu-
lus, sustained lipogenic challenge or even acutely elevated abnormal lipid levels
lead to compromised macrolipophagic function. Studies in cultured hepatocytes and
mice fed a high-fat diet for prolonged periods have revealed that in these model
systems there is a failure to mobilize intracellular lipid stores by macroautophagy
(Singh et al. 2009a). This was reflected by electron microscopic evidence of
decreased LC3-positive membranes on lipid droplets, as well as reduced areas of
degeneration on lipid droplets following chronic lipogenic stimulus. Interestingly, a
recent study by Koga et al. demonstrates that this autophagic defect following high-
fat diet feeding is not limited to degradation of lipid cargo, but also alters degrada-
tion of all forms of autophagic cargo, including proteins, highlighting the fact that
the primary defect lies in the autophagic apparatus (Koga et al. 2010). In this
remarkable study, a dissection of the individual steps that mediate autophagy has
demonstrated that high-fat diet feeding has no effect on induction or limiting
membrane/autophagosome formation. In fact, the defect occurs at the level of
autophagosome—lysosome fusion (Koga et al. 2010). The authors put forth an
attractive possibility that alterations in membrane lipid composition following
chronic high-fat diet feeding could potentially lead to decreased autophagosomal
and lysosomal fusion. A crucial membrane lipid, cholesterol, plays an important role
in membrane structure and function including membrane fusion events. Pharmaco-
logical agents that alter the concentration of autophagosomal and lysosomal mem-
brane cholesterols resulted in altered membrane fusion events (Koga et al. 2010).

This dynamic cross-talk between autophagy and liver lipids has direct bearing to
nonalcoholic fatty liver disease (NAFLD), the hepatic manifestation of the metabolic
syndrome. The first step in the pathogenesis of NAFLD is the development of a fatty
liver or hepatic steatosis that then predisposes to a “second hit,” which is development
of oxidative stress and inflammation leading to steatohepatitis and liver injury
(Day and James 1998). In the human, it is conceivable that prolonged consumption
of processed diets rich in fat, such as the western diet, can impair autophagy through
the effects of lipids on autophagosome-lysosome fusion perpetuating a vicious circle
of further hepatic fat accumulation. In addition, it remains to be explored whether
compromised autophagy in the setting of fatty liver predisposes to the second hit that
then leads to the development of steatohepatitis. In other words, is autophagy a central
process that not only confers protection against steatosis but also blocks the develop-
ment of steatohepatitis and end-stage liver disease in the setting of steatosis?

3 Autophagy and Adipose Tissue

The lipophagic function of autophagy demonstrated in the liver raised yet another
critical question. Does autophagy play a similar role in the major fat-storing tissue
in mammals, the adipose tissue?
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3.1 Autophagy and White Adipose Tissue

As discussed in the previous section of this chapter, macrolipophagy has been
demonstrated to be one of the mechanisms that mediate mobilization of intracellu-
lar lipid stores in hepatocytes, fibroblasts, and neurons. However, the function of
autophagy in the dedicated fat-storing cell, the adipocyte, appears to be paradoxical
to what has been observed in the aforementioned cell types. Recent studies by two
independent groups have demonstrated a novel role of autophagy in the regulation
of adipocyte differentiation and fat storage (Singh et al. 2009b; Zhang et al. 2009).
In a study by Singh et al., inhibition of autophagy by RNA interference against
ATG proteins in 3T3-L1 preadipocytes blocked the differentiation of preadipocytes
into mature adipocytes (Singh et al. 2009b). This inhibition of differentiation of
preadipocytes was associated with reduced expression of key adipogenic factors,
CEBP-o and PPAR-y. In addition, differentiation failure was associated with
reduced TG storage, and at the molecular level by reduced levels of terminal
differentiation markers, such as fatty acid binding protein-4 (FABP-4/aP-2),
stearoyl-CoA desaturase, fatty acid synthase, and glucose transporter-4 in the
autophagy-deficient adipocytes (Singh et al. 2009b).

White adipose tissue (WAT)-specific inhibition of autophagy in vivo by abla-
tion of ATG7 not only reduced adipose tissue mass and differentiation but also
imparted a remarkable brown adipose tissue (BAT)-like phenotype (Singh et al.
2009b). Reflective of this WAT to BAT transdifferentiation in the autophagy-
deficient adipose tissue was histological evidence of smaller adipocytes with
rounded nuclei that contained smaller, numerous multiloculated lipid droplets
as opposed to control adipocytes with flattened nuclei containing a single large
lipid droplet. In addition, morphometric analyses demonstrated increased mito-
chondrial content within the autophagy-deficient WAT (Singh et al. 2009b).
To conclusively claim that inhibition of autophagy results in transdifferentiation
of WAT into BAT-like tissue, it is imperative to demonstrate the expression of
BAT-specific markers within the WAT. Indeed, immunoblotting demonstrated
increased molecular markers of BAT; the PPAR-y transcriptional coactivator
(PGC)-1a is crucial for brown adipogenesis and mitochondrial biogenesis,
as well as presence of the specific BAT marker uncoupling protein-1 (UCP-1)
(Singh et al. 2009b). One might argue that increased mitochondrial content could
perhaps be a result of reduced mitophagy and not from increased biogenesis?
However, if such a scenario were to be true, one would observe accumulation of
predominantly dysfunctional mitochondria that would contribute to reduced oxi-
dative function and cellular toxicity. Evidence against this possibility has been the
demonstration of increased P-oxidation rates in adipose tissues of autophagy-
ablated animals, regardless of whether mice were fed regular chow or high-fat
diet. The physiological consequence of this dramatic alteration in WAT morphol-
ogy including the acquisition of BAT-like properties is a remarkably lean mouse
(Singh et al. 2009b) and maintained insulin sensitivity despite high-fat diet
feeding (Singh et al. 2009b).
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Despite these developments, it remains to be determined how absence of WAT-
specific autophagy regulates adipose tissue differentiation and modulates the switch
from WAT to a BAT-like phenotype. Recent studies have identified a number of
proteins that regulate adipocyte biology (Lefterova and Lazar 2009). It could be
possible that inhibition of autophagy blocks degradation of these critical adipocyte
proteins that regulate adipogenesis and differentiation. Conversely, inhibition of
autophagy could accumulate factors that impart BAT-like characteristics. An attrac-
tive candidate is PRD1-BF1-RIZ1 homologous domain containing 16 (PRDM-16),
a transcriptional regulator that has recently been shown to promote a BAT-like
phenotype through its interaction with PPAR-y and transcriptional upregulation of
BAT-specific genes (Seale et al. 2008). A second possibility is a putative function of
autophagy on adipocyte proliferation through effects on a subpopulation of adipose
stromal vascular cells that are lineage — CD29+, CD34+, Sca-1+, and CD24+ and
have been identified recently as WAT progenitor cells (Rodeheffer et al. 2008).
However, since no differences have been observed in the relative percentage of
these progenitor cells between control and autophagy-deficient fat pads (Singh et al.
2009b), a possibility exists that qualitative differences in progenitors may contribute
to reduced adipose mass in WAT-specific autophagy null animals. It may also be
possible that inhibition of autophagy perhaps alters the adipocyte metabolic milieu
that exerts an indirect effect on fat storage. Despite all these possibilities, one
cardinal question remains: how can one explain the differential roles of autophagy
in the liver and adipose tissue? A plausible explanation for the divergent roles of
autophagy in the liver and adipose tissue is the presence of an efficient lipolytic
mechanism in the adipose tissue, i.e., the presence of the adipose TG lipase and
hormone-sensitive lipase that act in tandem to mobilize adipose fat stores and
liberate free fatty acids. Thus, a lipolytic function of autophagy in the adipose tissue
akin to what has been described in the liver would prove to be redundant. Moreover,
it can be envisioned that the mutually exclusive roles of autophagy in the liver and
the adipose tissue could appear to be complementing each other to protect against fat
storage in organs not functionally suited to store fat, such as liver and heart. In other
words, the function of autophagy to promote adipose mass and differentiation
allows efficient sequestration of excessive fat away from circulation, thus sparing
the metabolic insult of fat accumulation in organs such as liver and heart.

3.2 Autophagy and Brown Adipose Tissue

The fact that inhibition of autophagy within WAT promotes the dramatic remodeling
of WAT into a BAT-like phenotype does make one wonder: what would be the
outcome of regulating autophagy within the interscapular BAT per se? The study by
Singh et al. used a transgenic Cre mouse, the expression of which was driven by the
aP2 promoter. The expression of aP2-driven Cre recombinase occurs in both WAT
and BAT allowing the deletion of floxed ATG7 and hence autophagy in both
adipose tissue compartments (Singh et al. 2009b). Interestingly, the inhibition of
autophagy induced morphological and functional changes in BAT as well. This was
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suggested by the findings of a modest yet significant increase in the interscapular
BAT mass in the autophagy null animals (Singh et al. 2009b). Histological sections
of interscapular BAT from regular chow- and high-fat diet-fed autophagy null mice
were remarkable for a reduction in the number of lipid droplets. Autophagy-
deficient BATs demonstrated modest increases in UCP-1 and PGC-1a, as well as
increased levels of mitochondrial markers cytochrome oxidase and cytochrome c,
regardless of whether the mice were fed regular chow or a high-fat diet (Singh et al.
2009b). This was associated with a twofold increase in oxidative capacity of the
autophagy-ablated BAT (Singh et al. 2009b). Thus, changes in BAT in animals
lacking autophagy were consistent with those found in WAT but less significant
because they occurred in the background of a fat depot already composed of brown
adipocytes. A striking question is: why such a similar change, as observed in
autophagy-null WAT, is occurring in autophagy-deficient BAT that is functionally
and developmentally discrete from WAT? Is the fundamental mechanism increased
retention of PRDM16 in both WAT and BAT that drives BAT gene expression? Only
future studies will delineate the complex roles of autophagy in the regulation of
adipocyte differentiation and fat storage and metabolism.

4 Conclusion

These exciting developments present autophagy as an organ-specific therapeutic
target, which can be potentially manipulated to maintain energy homeostasis. In the
liver, it is beneficial to upregulate autophagy that increases disposal of hepatic fat.
In contrast, inhibition of adipose-specific autophagy enhances tissue oxidative
capacity by imparting BAT-like properties that in turn promotes a lean insulin-
sensitive phenotype. In addition, the effect of modulation of autophagy on the
quantity and functioning of existing brown fat may have important implications
for the development of novel therapeutic options for conditions that stem from
increased adipose expansion such as the metabolic syndrome.
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Gene Co-Expression Modules and Type
2 Diabetes

Alan D. Attie and Mark P. Keller

Abstract Although most people with type 2 diabetes are obese, most obese people
never develop diabetes. They are able to compensate for the insulin resistance that
usually accompanies obesity by producing more insulin. We have replicated this
obesity/diabetes dichotomy in mice by studying mouse strains that differ in diabetes
susceptibility when made obese with the Leprin®® mutation; the C57BL/6 (B6) mice
are resistant whereas the BTBR mice are susceptible. We have used this model
system to search for genes that are causal for diabetes susceptibility. To find genes
whose sequence variation leads to this phenotype, we have carried out positional
cloning projects. To find genes that are responsive to genetic variation with respect
to gene expression and are on pathways leading to diabetes, we have studied gene
expression relative to gene variation; i.e., expression quantitative trait loci. We
have used these data to generate network models, which incorporate gene loci,
mRNA abundance, and other phenotypes. One of these networks is involved in the
regulation of B-cell proliferation.

1 Gene Expression Profiling in Diabetes Research

The advent of microarray technology unleashed a torrent of surveys of gene
expression in a wide array of human diseases, including obesity and diabetes
(Attie and Keller 2010). Many key insights emerged from these studies, each
from focusing on a particular tissue type. Below, we list selected examples from
four different tissues.

In adipose tissue, the expression of genes involved in lipogenesis and adipo-
genesis is decreased in obese animals (Nadler et al. 2000; Soukas et al. 2000);
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(Dubois et al. 2006; Ducluzeau et al. 2001; Sewter et al. 2002). Microarray experiments
revealed a strong increase in the expression of genes associated with inflammation
(Lumeng et al. 2007a, b; Schenk et al. 2008; Weisberg et al. 2003; Xu et al. 2003).
This is mainly due to an increase in the number of macrophages in adipose tissue
rather than a change in the expression of these genes in adipocytes. It is now widely-
accepted that obesity evokes an inflammatory response in adipose tissue. In fact,
it has been suggested that the insulin resistance that accompanies obesity is a
consequence of this inflammatory response.

In muscle, diabetes is associated with a coordinated, but subtle decrease in the
expression of genes encoding enzymes involved in mitochondrial respiration
(Mootha et al. 2003; Patti et al. 2003). Studies in muscle of old versus young
individuals indicate that older people have a reduction in mitochondria number and
muscle respiratory function (Petersen et al. 2003). It has been suggested that
incomplete B-oxidation in muscle mitochondrial could produce byproducts of
fatty acids that act to blunt insulin signaling (Koves et al. 2008). Paradoxically,
several mutations that impair mitochondrial function are associated with improved
insulin signaling (Hui et al. 2008; Pospisilik et al. 2007; Wredenberg et al. 2006).
Thus, the relationship between mitochondrial function and insulin signaling is still
not clearly understood.

In the liver, there is evidence of selective insulin resistance associated with
insulin resistant states. The ability of insulin to suppress glucose production is
diminished, but insulin is still able to induce de novo lipogenesis, a pathway largely
driven by insulin’s induction of SREBP-1c, a transcriptional activator of the entire
pathway of lipogenesis. Recent studies attribute the selective insulin resistance to a
branch in the insulin signaling pathway downstream of Akt (Li et al. 2010).
Inhibitors of mTor block the induction of SREBP-1c, indicating that the induction
of lipogenesis involves activation of mTor.

In PB-cells, genes that have become prominent for their dysregulation in
diabetes including thioredoxin interacting protein (Txnip) and Arnt/Hiflf are
dysregulated in diabetes (Gunton et al. 2005; Shalev et al. 2002). These genes
have been knocked out in mice. Knockout of Txnip, a gene induced by glucose,
potently rescues several different animal models from diabetes (Chen et al.
2008). Knockout of Arnt, a gene suppressed by diabetes, leads to impaired
insulin secretion (Gunton et al. 2005).

2 Coordinated Changes in Gene Expression Provide
Physiological Clues

Although testing for differential gene expression in microarray studies is extremely
useful, it has some limitations and is by no means the only information that can be
extracted from microarray experiments. A major limitation stems from the fact that
the technology enables the interrogation of tens of thousands of mRNA transcripts.
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This results in a large multiple testing penalty and reduces the power to detect
subtle changes in expression, which may be physiologically important.

One approach to overcome this problem is to reduce the dimensionality of the
data. In one study, Mootha and co-workers showed that this could be done by
curating the transcripts into just 146 categories, defined by physiological functions
(Mootha et al. 2003). Then, they examined whether samples obtained from muscle
biopsies of diabetic subjects contained an enrichment of transcripts of a particular
functional category. Although the samples did not show statistically significant
differential expression, there was very strong evidence that, as a group, genes
encoding mitochondrial proteins were downregulated, albeit modestly.

Another approach to inferring altered physiological function from microarray
experiments is to study the correlation structure of the data. This involves comput-
ing two-way correlation coefficients and then modifying the numbers so that
they provide a larger separation of highly correlated from less highly correlated
transcripts. These groups of transcripts are termed as “modules” (Zhang and
Horvath 2005).

3 Genetics of Diabetes Susceptibility

Many physiological processes and organ systems contribute to diabetes-related
phenotypes. These include, but are not limited to fuel partitioning, control of
gluconeogenesis and lipogenesis, cytokines and their signaling pathways, and the
function and growth dynamics of pancreatic B-cells. Thus it is no surprise that
genome-wide association studies have identified many genes whose variants make
relatively small contributions to diabetes risk. But, the one striking outcome of
these studies is that a large proportion of the genes that have emerged are involved
in some aspect of islet function. Many are genes related to cell proliferation,
implying that control of B-cell proliferation plays a role in diabetes susceptibility
in humans.

A problem at the heart of type 2 diabetes and central to our laboratory is to
understand why some, but not all individuals who are obese develop type 2 diabetes.
Our model system consists of two mouse strains that, when made obese with the
Leptin®” mutation, differ in diabetes susceptibility. Thus, C57BL/6 (B6) mice are
relatively diabetes-resistant while BTBR mice are develop severe diabetes when
they become obese with the LeptinOb mutation (Clee and Attie 2006).

We bred the B6 and BTBR mouse strains carrying the Leptin®® mutation for two
generations to generate an F2 population. This enabled us to map diabetes-related
traits to polymorphic DNA markers distributed throughout the genome (Stoehr
et al. 2000). We obtained quantitative trait loci (QTLs) for glucose and insulin,
as well as many other phenotypes derived from measuring plasma analytes. As
described below, these QTLs serve as anchor points for us to develop network models
of diabetes causation.
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4 Age, Obesity, and Strain Effects on Gene Expression
and Diabetes

We surveyed gene expression in six tissues (adipose, liver, gastrocnemius and
soleus muscle, hypothalamus, and islets) as a function of three variables; age,
obesity, and mouse strain (Keller et al. 2008). Thus, we surveyed the tissues in
the B6 and BTBR strains, lean or obese, at 4 weeks of age (when none of the
mice are diabetic) and at 10 weeks (when the obese BTBR mice are diabetic). When
we analyze the data, we hypothesize that changes in gene expression unique to the
BTBR strain that occur at 4 weeks of age are potentially causative for diabetes
whereas those changes occurring at only 10 weeks, after the onset of diabetes, are
most likely consequences rather than causes of the disease (Fig. 1). This would also
include gene expression changes observed in B6 but not in BTBR mice, or the
reverse; changes observed in BTBR but not in B6, in response to obesity, since
obesity unmasks the diabetes susceptibility of BTBR mice.

We used a method developed by Horvath to compute gene co-expression modules
(Zhang and Horvath 2005). The connection strength between each transcript as well
as the partial correlation coefficients between modules was computed, both within
and between tissues. Altogether, we obtained 105 modules and created a connection
map for each mouse strain (Fig. 2).

S A Module Enriched in Cell Cycle Transcripts Predicts
Diabetes

Of special interest, we identified a module in each of the tissues that was enriched
for transcripts involved in cell cycle control (Fig. 3). In islets and adipose tissue, the
expression of the genes in this module was coordinately increased by obesity.
However, in islets, the induction by obesity was restricted to the B6 strain,
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Fig. 1 Effect of mouse strain, obesity, and age on serum glucose, insulin, and number of islets
harvested. Clinical phenotypes are shown for 5-7 animals for each of the eight groups of mice used
for study [Reprinted with permission from: Keller et al. (2008)]
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Negative Pacor N—" Negative Pacor
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Fig.2 A gene—gene network model is distinct between B6 and BTBR mice. A gene—gene network
was constructed based on the partial correlation (PaCor) between the strain-specific PC1 calcu-
lated between all modules identified in the six tissues profiled. Modules are illustrated as bricks
along the inside and outside of the network wheels. Intertissue edges within the network are shown
as lines connecting inside modules; intratissue edges are depicted as arcs connecting the outside
modules. The cell cycle regulatory module in islet and those modules that form a direct connection
to the cell cycle islet module are highlighted with open arrow heads. Network hot spots are
indicated with asterisks. Line thickness is proportional to the magnitude of the PaCor, which
ranged from 0.487 to 0.093 in B6 and from 0.303 to 0.086 in BTBR, for maximum and minimum
respectively [Reprinted with permission from: Keller et al. (2008)]

suggesting that the diabetes susceptibility of the BTBR strain could be a conse-
quence of a failure to respond to the insulin resistance brought about by obesity, by
increasing the proliferation of pancreatic B-cells. In short, the gene expression
patterns predicted that obesity stimulates B-cell expansion via [-cell replication
in B6 mice (this was already known), but failed to do so in BTBR islets. In contrast
to the islets, obesity induced the expression of the cell cycle module in adipose
tissue in both B6 and BTBR mice.

To test the predictions of the cell cycle module, we carried out a direct measure
of B-cell proliferation using a method developed by Hellerstein and co-workers
(Macallan et al. 1998). The method involves administration of deuterium-labeled
water to the mice for 2 weeks preceding sacrifice. The enrichment of deuterium in
islet DNA is then determined by mass spectrometry and corrected to the enrichment
in bone marrow DNA, to correct for differences in water consumption (especially
important in diabetic mice) and to calculate the percentage of new islet cells (bone
marrow cells undergo full turnover during the 2-week period). The direct measure
of percentage of new cells showed ~2.5-fold increase in B6 islets and no increase in
BTBR islets (Fig. 4), confirming the predictions of the gene expression studies. The
deuterium-based proliferation measure in adipose tissue confirmed the prediction of
the cell cycle modules; both strains showed increased adipocyte proliferation in
response to obesity.
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Fig. 3 Co-expression modules enriched with cell cycle regulation accurately predict diabetes and
obesity. Expression heat maps (a) and the first principal component (PC1) on log, scale (b) of the
cell cycle regulatory modules in islets (217 transcripts) and adipose (96 transcripts) are shown. Bar
plots in b show the PCI1 for individual mice and correspond to an expressed decrease for negative
values and increased expression for positive values [Reprinted with permission from: Keller et al.
(2008)]
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Fig. 4 The percentage of new cells, derived from an in vivo measure of H incorporation into
newly synthesized DNA, in islets and adipose tissue. Where significant obesity-dependent differ-
ences were observed, p values are shown. Arrows are used to show influence of obesity. NS not
significant [Reprinted with permission from: Keller et al. (2008)]
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6 Cell Cycle Module Shows Heritability

A major goal in diabetes research is to understand the pathways that regulate
B-cell proliferation. It is possible that these pathways begin with some kind of
communication between insulin’s target tissues and the B-cells. This would ask how
B-cells could “tune” their level of insulin output to the changes in insulin require-
ments, which are affected by changes in insulin sensing. Downstream of the signal
to the B-cell are the pathways that stimulate the program of cell replication.
Although the cell replication program itself is probably not unique in the B-cell,
the pathways responsible for its regulation almost certainly are. We obtained some
indication of this when we observed that obesity induces proliferation of adipocytes
in both the B6 and BTBR strains but only induces proliferation of B-cells in the B6
strain.

To determine if there is heritability of the cell cycle gene expression module
described above, we created a new F2 population (n = 500) of obese mice derived
from the B6 and BTBR strains. An F2 population is one in which each animal is
genetically unique, owing to the shuffling of chromosomal segments brought about
by meiosis. Thus, if there are genomic regions that control groups of genes for a
particular function, then that function should be stratified across the F2 population.

Remarkably, the islet and adipose cell cycle modules persisted in the F2 mice,
despite the fact that all mice were obese and 10 weeks of age when sacrificed,
suggesting that genetic differences between the strains were the primary driving
force behind the coordinated gene expression changes reflected in the modules. We
sorted the F2 population based solely on the expression of the islet cell cycle
module. The F2 mice stratified into physiologically distinct subgroups. The mean
glucose, insulin, number of islets harvested, C-peptide, and serum triglyceride
levels were all significantly different between mice having high versus low expres-
sion of the cell cycle transcripts. As seen in Table 1, all five of these phenotypes
were stratified.

In an F2 population, if phenotypes stratify, then there is a strong likelihood that
there are distinct loci whose genotype correlates with the phenotype; i.e., linkage.
Indeed, when we searched for “hot spots,” i.e., genomic regions where many cell
cycle transcripts linked, we found them on chromosomes 2, 4, 7, 10, and 17, with
the largest number of transcripts mapping to chromosome 17.

When mRNA transcripts map to a particular region, they can do so in cis
(proximal) or in frans (distal). When a transcript maps near the genomic region

Table 1 Clinical phenotypes co-stratify with cell cycle module in F2 population

Phenotype Highest expression Lowest expression p value
Glucose (mg/dl) 432 528 107¢
Insulin (ng/ml) 19 7 107¢
Islets (#) 257 179 1071°
C-peptide (nM) 5 3 10710

Triglycerides (mg/dl) 170 277 1077
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where the gene encoding that transcript is physically located, then we denote that
linkage as cis. The simplest example of such linkage is a polymorphism in a
promoter region or a 3’-UTR that affects the rate of transcription or the stability
of the mRNA transcript. When a transcript maps to a site that is distinct from the
genomic region containing the gene encoding the transcript, we denote that linkage
as trans. A simple example would be a transcript under the control of a transcript
factor; i.e., a protein that is produced and can conceivably act at any gene locus.
This analysis becomes a hypothesis generator when multiple transcripts map in
trans to a single locus. Such mapping is consistent with the presence of one or more
genes in the locus that coordinately regulate the abundance of many mRNA
transcripts (e.g., a master regulator).

7 Future Prospects: Heritability Data Can Be Used to Create
Network Models

One of the limitations of analysis of the high-volume data derived from the various
types of — omics technologies is that it is quite easy to identify large numbers of
correlated phenotypes, but it is much more difficult to define which of those
correlations truly define causality. One of the reasons for this is that when two traits,
designated “A” and “B,” are correlated, A-B, it is impossible to infer whether or not
A is causal for B (A — B), B is causal for A (A « B), or if they are independent of
one another and responding to another agent, X (A «— X — B). The equivalencies
between these three models can be broken if there is genetic information; i.e., a
genotype effect of a locus on A and B (Schadt et al. 2005). This occurs because,
unlike the relationship between two phenotypes, the relationship between genotype
and phenotype can only be one-way; i.e., genotype can influence phenotype, but
phenotype cannot influence genotype (putting aside for the moment, epigenetics).

Our current efforts are focused on using linkage information to create causal
network models for B-cell replication. A larger goal is to integrate multiple data
sources to define networks involving mRNA, proteins, and metabolites. We previ-
ously performed a mixed phenotype network analysis where we combined metabolic
QTLs with mRNA QTLs. This analysis predicted that glutamine would regulate
several specific genes, including Pckl. We tested the model in cultured hepatocytes
and showed that indeed, glutamine could strongly induce the expression of this gene.

The rapid development of technology to assess, with high throughput, protein
abundance, posttranslational modifications of proteins, modifications on DNA, and
metabolites, has already created a bottleneck at the level of data integration and
analysis. Very few people possess the bioinformatic skills to perform the high-level
computation necessary to distill data into an output that can be visualized while at
the same time possessing the biological background to make meaning from the
data. We and others are confronting these challenges by forming strong collabora-
tive relationships with statisticians and computer scientists and by modifying the
way we educate the next generation of biologists.



Gene Co-Expression Modules and Type 2 Diabetes 55
References

Attie AD, Keller MP (2010) Physiological insights gained from gene expression analysis in
obesity and diabetes. Annu Rev Nutr

Chen J et al (2008) Thioredoxin-interacting protein deficiency induces Akt/Bcl-xL signaling and
pancreatic beta cell mass and protects against diabetes. FASEB J 22:3581-3594

Clee SM, Attie AD (2006) The genetic landscape of type 2 diabetes in mice. Endocr Rev 28:48-83

Dubois SG, Heilbronn LK, Smith SR, Albu JB, Kelley DE, Ravussin E (2006) Decreased
expression of adipogenic genes in obese subjects with type 2 diabetes. Obesity (Silver Spring)
14:1543-1552

Ducluzeau PH et al (2001) Regulation by insulin of gene expression in human skeletal muscle and
adipose tissue. Evidence for specific defects in type 2 diabetes. Diabetes 50:1134—1142

Gunton JE et al (2005) Loss of ARNT/HIF1beta mediates altered gene expression and pancreatic-
islet dysfunction in human type 2 diabetes. Cell 122:337-349

Hui ST et al (2008) Txnip balances metabolic and growth signaling via PTEN disulfide reduction.
Proc Natl Acad Sci U S A 105:3921-3926

Keller MP et al (2008) A gene expression network model of type 2 diabetes links cell cycle
regulation in islets with diabetes susceptibility. Genome Res 18:706-716

Koves TR et al (2008) Mitochondrial overload and incomplete fatty acid oxidation contribute to
skeletal muscle insulin resistance. Cell Metab 7:45-56

Li S, Brown MS, Goldstein JL (2010) Bifurcation of insulin signaling pathway in rat liver:
mTORCI required for stimulation of lipogenesis, but not inhibition of gluconeogenesis. Proc
Natl Acad Sci U S A 107:3441-3446

Lumeng CN, Bodzin JL, Saltiel AR (2007a) Obesity induces a phenotypic switch in adipose tissue
macrophage polarization. J Clin Invest 117:175-184

Lumeng CN, Deyoung SM, Bodzin JL, Saltiel AR (2007b) Increased inflammatory properties of
adipose tissue macrophages recruited during diet-induced obesity. Diabetes 56:16-23

Macallan DC, Fullerton CA, Neese RA, Haddock K, Park SS, Hellerstein MK (1998) Measure-
ment of cell proliferation by labeling of DNA with stable isotope-labeled glucose: studies
in vitro, in animals, and in humans. Proc Natl Acad Sci U S A 95:708-713

Mootha VK et al (2003) PGC-1alpha-responsive genes involved in oxidative phosphorylation are
coordinately downregulated in human diabetes. Nat Genet 34:267-273

Nadler ST, Stoehr JP, Schueler KL, Tanimoto G, Yandell BS, Attie AD (2000) The expression of
adipogenic genes is decreased in obesity and diabetes mellitus. Proc Natl Acad Sci U S A
97:11371-11376

Patti ME et al (2003) Coordinated reduction of genes of oxidative metabolism in humans with
insulin resistance and diabetes: potential role of PGC1 and NRF1. Proc Natl Acad Sci U S A
100:8466-8471

Petersen KF et al (2003) Mitochondrial dysfunction in the elderly: possible role in insulin
resistance. Science 300:1140-1142

Pospisilik JA et al (2007) Targeted deletion of AIF decreases mitochondrial oxidative phosphory-
lation and protects from obesity and diabetes. Cell 131:476-491

Schadt EE et al (2005) An integrative genomics approach to infer causal associations between
gene expression and disease. Nat Genet 37:710-717

Schenk S, Saberi M, Olefsky JM (2008) Insulin sensitivity: modulation by nutrients and
inflammation. J Clin Invest 118:2992-3002

Sewter C et al (2002) Human obesity and type 2 diabetes are associated with alterations in
SREBP1 isoform expression that are reproduced ex vivo by tumor necrosis factor-alpha.
Diabetes 51:1035-1041

Shalev A et al (2002) Oligonucleotide microarray analysis of intact human pancreatic islets:
identification of glucose-responsive genes and a highly regulated TGFbeta signaling pathway.
Endocrinology 143:3695-3698



56 A.D. Attie

Soukas A, Cohen P, Socci ND, Friedman JM (2000) Leptin-specific patterns of gene expression in
white adipose tissue. Genes Dev 14:963-980

Stoehr JP et al (2000) Genetic obesity unmasks nonlinear interactions between murine type
2 diabetes susceptibility loci. Diabetes 49:1946-1954

Weisberg SPD, McCann M, Desai M, Rosenbaum R, Leibel RL, Ferrante AW Jr (2003) Obesity is
associated with macrophage accumulation in adipose tissue. J Clin Invest 116:1796-1808

Wredenberg A et al (2006) Respiratory chain dysfunction in skeletal muscle does not cause insulin
resistance. Biochem Biophys Res Commun 350:202-207

Xu H et al (2003) Chronic inflammation in fat plays a crucial role in the development of obesity-
related insulin resistance. J Clin Invest 112:1821-1830

Zhang B, Horvath S (2005) A general framework for weighted gene co-expression network
analysis. Stat Appl Genet Mol Biol 4:Article17



Role of Zinc Finger Transcription Factor
Zfp69 in Body Fat Storage and Diabetes
Susceptibility of Mice

Stephan Scherneck, Heike Vogel, Matthias Nestler, Reinhart Kluge,
Annette Schiirmann, and Hans-Georg Joost

Abstract Type 2 diabetes is a polygenic disease resulting from a combination of
different disease alleles reflecting obesity, insulin resistance, and hyperglycemia.
Using a positional cloning strategy with different inbred strains of mice, we mapped
a disease locus for obesity-associated diabetes on chromosome 4. We analyzed all
genes in this region and identified distinct differences in the expression levels of the
transcription factor Zfp69. The expression of this gene mediated diabetes progres-
sion in a leptin-deficient congenic mouse line. The animals developed a disease
pattern of hyperglycemia, reduced gonadal fat mass, and increased plasma and liver
triglycerides, resembling a potential defect in triglyceride storage. In order to
elucidate the impact of the human ortholog of Zfp69 in the development of type
2 diabetes, we tested its mRINA expression in human white adipose tissue. Consis-
tent with the mouse data, mRINA-expression was significantly higher in diabetic
subjects than in unaffected controls.

1 Introduction: Type 2 Diabetes as a Complex Genetic Disease

Type 2 diabetes is a complex disorder with a high degree of heritability (Das and
Elbein 2006). The disease is the result of an interaction of adipogenic and diabeto-
genic alleles. Obese subjects do not necessarily develop diabetes; in contrast, the
majority of type 2 diabetics are obese. This scenario indicates the need of the
presence of both types of disease alleles, designated as “diabesity”’-genes as well
(NIH 1980; Shafrir 1992; Leiter and Chapman 1994; Joost 2008). Inbred strains of
mice reflect the human situation powerfully. Dependent on the genetic background,
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obese animals are diabetes resistant or develop severe hyperglycemia and type
2 diabetes (Coleman 1978). The knowledge of the genetic constellation modifying
the disease is an important option for the intervention of diabetes progression.
Modern genotyping technologies have led to the identification of a huge number
of single nucleotide polymorphisms (SNPs) associated with the disease. In the last 3
years genome-wide association studies (GWAs) identified tens of SNPs associated
with type 2 diabetes and its related traits (Groves et al. 2006; Steinthorsdottir et al.
2007; Yasuda et al. 2008; Rung et al. 2009; Dupuis et al. 2010). However, in most
cases, these SNPs were mapped in introns or outside genes. This fact makes it
difficult to associate the mutation with changes in the function of the candidate gene
(Joost 2009). A promising strategy for the identification of gene variants contribut-
ing to the disease is the genome-wide linkage analysis of outcross populations of
inbred mouse strains. This method allows not only the identification of the disease
gene but also the study of the functional mechanism underlying the complex trait.

2 Animal Models for the Study of Type 2 Diabetes

Several animal models exist for the study of complex diseases. For type 2 diabetes
research rodents are of particular interest. Important examples in this field are both
inbred and outbred strains of mice and rats. In addition, the sand rat (Psammomys
obesus) and the spiny mouse (Acomys cahirinus) represent important models of
diet-induced obesity and type 2 diabetes. These species show different metabolic
responses to dietary effects of hyperglycemia (Shafrir et al. 2006). In contrast to
these desert rodents, mice and rats offer a broad range of different characteristics.
Mouse models for metabolic syndrome and type 2 diabetes research are available in
a large number. This fact makes it difficult to select the “correct” model for the
application of interest. Further, in most cases more than one strain is required for a
sufficient modeling of the disease (Leiter 2009). Considering that type 2 diabetes is
a polygenic disease, mouse models harboring single-gene mutations display limita-
tions. To modulate the interaction between obesity, insulin resistance, and hyper-
glycemia so called “polygenic mouse models” are the organism of choice.

3 Polygenic Mouse Models for the Dissection
of Type 2 Diabetes

It is easily comprehensible that obesity is the common feature of all mouse models
of type 2 diabetes. Nevertheless, the genetic background of these mice is the
important factor highlighting differences in the disease progression. A well estab-
lished “polygenic” model is the New Zealand Obese (NZO) mouse. This strain
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develops a polygenic disease pattern of morbid obesity and insulin resistance.
Further characteristics are an elevated blood pressure, serum cholesterol, and serum
triglyceride levels (Ortlepp et al. 2000). Early events in the pathogenesis of the
obese phenotype are hyperphagia, lower body temperature, and reduced running
wheel activity (Jurgens et al. 2006). The identification of several loci in the NZO
genome underlines the polygenic structure of the model. More than ten quantitative
trait loci (QTL) for obesity were mapped in different crosses (Kluge et al. 2000;
Reifsnyder et al. 2000; Taylor et al. 2001; Vogel et al. 2009). Hyperglycemia and
the susceptibility to develop diabetes are also modulated by several loci. Some of
these loci overlap with obesity QTL, such as the QTL Nob3 on distal chromosome 1
(Vogel et al. 2009). The fact that obese and diabetic mice carry diabetes QTL is
easily comprehensible. Interestingly, in different mouse crosses several diabeto-
genic alleles were contributed by lean and “healthy” strains. In an intercross of
Non-obese Non-diabetic (NON) and NZO mice the loci Niddl (chromosome 4) and
Nidd2 (chromosome 18) were identified as NON derived (Leiter et al. 1998).
Further, a NZO cross with the lean Swiss Jim Lambert (SJL) strain identified the
major diabetes QTL Nidd/SJL on distal chromosome 4. The diabetogenic allele
was contributed by the SJL genome (Plum et al. 2000). Since in this cross the body
weight of the progeny was strongly controlled by the obesity QTL Nobl on
chromosome 5; a wide distribution of body mass was observed (Kluge et al.
2000). Dependent on their genotype for Nidd/SJL, lean animals did not differ in
their susceptibility to diabetes. Animals with SJL-alleles for Nidd/SJL and obesity
alleles for Nobl developed the highest blood glucose levels (Plum et al. 2002). In
spite of the fact that the NZO strain carries diabetes genes itself, the variant
responsible for the effects of Nidd/SJL, it additionally aggravates the diabetic
phenotype (Fig. 1). This result underlines the relevance of the interaction of
adipogenic and diabetogenic alleles.
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Fig. 1 The Nidd/SJL locus aggravates the diabetic phenotype of the New Zealand Obese (NZO)
mouse strain. The Nidd/SJL locus was transferred by breeding of recombinant-congenic mouse
lines to the C57BL/6 strain. A twofold backcross to the NZO strain (N2) revealed hyperglycemia
in both groups controls and Nidd/SJL-carrier. In contrast to the control group Nidd/SJL-carrier
developed early hypoinsulinemia. In the course of the disease, the mice showed a significant
reduction of weight gain based on the progressive type 2 diabetes
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4 Positional Cloning of Diabesity Genes

The aim of the most linkage analyzes is the identification of the causal gene variant(s)
of the disease. In so-called monogenic models, this goal is relative easy to achieve.
For example, alleles causing obesity and diabetes of both the hormone leptin and its
receptor ob and db were identified years ago (Bahary et al. 1990; Zhang et al. 1994;
Chen et al. 1996; Chua et al. 1996; Lee et al. 1996). The discovery of these variants
was possible without the knowledge of the full sequence of the mouse genome. In
contrast, mapping of quantitative and complex traits is more complicated. Different
loci in the genome interact with each other and with environmental components. So,
in many cases it is not possible to separate a single locus from other loci. However,
the first step in the dissection of complex traits is the mapping of the QTL responsible
for the different characteristics of the disease (Korstanje and Paigen 2002). The
linkage should satisfy the criteria of significance described by Lander and Kruglyak
(1995) or by other groups (Shao et al. 2007). In a second step, linkage should be
confirmed and the QTL region should be reduced to a critical region in which
genes can be analyzed using molecular biological methods (Abiola et al. 2003). A
promising strategy to achieve this goal is the generation of recombinant-congenic
mouse lines (Demant and Hart 1986). This method enables the transfer of a chromo-
somal region from the affected strain to an unaffected control. If the trait controlled
by the gene variant of interest is “stable,” it is possible to define the critical QTL
region via this method. Using interval-specific congenic strains it is possible to obtain
critical segments of less than one centimorgan (Fehr et al. 2002). By the combination
of sophisticated breeding strategies with suitable molecular biological methods
several disease genes could be identified in the last years. Important examples are
the successful positional cloning experiments of the obesity suppressor Thcldl
(Chadt et al. 2008) and the type 2 diabetes genes Sorcsl, Lisch-like, and Zfp69
(Clee et al. 2006; Dokmanovic-Chouinard et al. 2008; Scherneck et al. 2009).

5 Gene Variants Identified in Crosses with the NZO Strain

As stated above, NZO mice carry different disease loci responsible for most of the
traits of the metabolic syndrome. Different mouse crosses were performed to
identify the responsible gene variants. Therefore the NZO strain was mated with
the inbred strains NON (Leiter et al. 1998; Reifsnyder et al. 2000), SJL (Plum et al.
2000; Kluge et al. 2000), Small (Taylor et al. 2001), C3H (Tsukahara et al. 2004),
New Zealand Black (NZB; Schmolz unpublished), and C57 Black (B6; Vogel et al.
2009). These experiments led to the identification of variants in the genes Lepr (Igel
etal. 1997), Pctp (Pan et al. 2006), Abcgl (Buchmann et al. 2007), Nmur2 (Schmolz
et al. 2007), Tbcldl (Chadt et al. 2008), and Zfp69 (Scherneck et al. 2009). Most of
these variants show small effects which sum up in the polygenic phenotype of the
model. In contrast, gene variants contributed by the lean strains (Thcldl and Zfp69)
influence the disease pattern more dramatically.
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6 Strategy to Narrow Down the Nidd/SJL Locus and
Positional Cloning of Zfp69

Zfp69 is located in the diabetes-susceptibility locus Nidd/SJL on distal chromosome
4. The locus contains approximately 600 genes. The strategy for the identification
of the disease gene is based on the generation of recombinant-congenic mouse
lines. In the first step, the susceptibility strain SJL was backcrossed to the diabetes-
resistant C57BL/6 strain. This strategy led to generation of four different recombi-
nant-congenic mouse lines differing in the size of the SJL interval introgressed in
the C57BL/6 strain. As stated above, obesity is an essential factor for the develop-
ment of type 2 diabetes. So, the lean recombinant-congenic lines were crossed with
NZO mice to generate, an obese progeny. The recombinant congenic line represent-
ing the whole QTL interval of Nidd/SJL (genotype NZO/SJL) developed signifi-
cantly higher blood glucose levels than the control line (genotype NZO/NZO). Two
additional lines with smaller segments of the Nidd/SJL locus showed a similar
phenotype. In contrast, the fourth mouse line showed similar blood glucose levels
than the control line. Comparison of the chromosomal intervals represented by the
recombinant-congenic mouse lines revealed a critical interval of the Nidd/SJL locus
containing only ten genes (Fig. 2). The genes were sequenced and quantitative real-
time polymerase chain reaction (QPCR) in liver, pancreas, skeletal muscle, and
white adipose tissue was performed. The most striking result was obtained for the
mRNA of the gene coding for Zinc finger protein 69 (Zfp69). In all investigated
tissues, this gene was significantly higher expressed in the SJL strain than in
C57BL/6 and NZO mice. In addition, a comparison of different tissues of recombi-
nant-congenic mouse lines revealed that the detected differences in the expression
of Zfp69 is based on the genotype of the animals. Rapid amplification of cDNA
ends (RACE) led to the identification of an aberrant exon in the strains C57BL/6
and NZO. This additional exon is based on the integration of an IAPLTRIla
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Fig. 2 Identification of a small critical interval of the diabetes locus Nidd/SJL. Generation of
different recombinant-congenic mouse lines and an additional reporter cross with the NZO strain
defined a segment on chromosome 4 containing ten genes
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Fig. 3 Disruption of the Zfp69 gene by an IAPLTR 1a retrotransposon in the strains B6 and NZO.
(a) The transposon carried a splice-acceptor site and a polyadenylation signal, leading to a
prematurely polyadenylated mRNA that lacked the coding sequence for (b) the Kriippel-asso-
ciated box (KRAB) and Znf-C2H2 domains of Zfp69. SJL mice express the full-length mRNA

retrotransposon in intron 3 of the gene. This transposon carried a splice-acceptor
site and a polyadenylation signal, leading to a prematurely polyadenylated mRNA
that lacked the coding sequence for the Kriippel-associated box (KRAB) and Znf-
C2H2 domains of Zfp69 (Fig. 3). In conclusion, the aberrant mRNA of Zfp69 in the
mouse strains C57BL/6 and NZO seems to be “protective” in the development of
hyperglycemia.

7 Genetic Variation Caused by the Insertion of Retroviral
Elements

Endogenous retroviral elements such as IAP retrotransposons have been identified
as important factors contributing to variations in the mouse genome (Zhang et al.
2008). A similar “trapping”-mechanism identified in the Zfp69 gene was observed
in the disruption of the mouse Adamtsi3 gene (Zhou et al. 2007). Further aberrant
Expressed Sequence Tags (ESTs) caused by the IAPLTR 1a retrotransposon were
identified by a bioinformatic approach, pointing out that this mechanism of
gene silencing is an important factor in the divergence of mouse inbred strains
(Scherneck et al. 2009). In addition to rodents, retrotransposons could play an
important role in the diversity of the human genome. Sixty-five human disease-
causing insertions of these “mobile elements” are known and this list is sure to
grow (Goodier and Kazazian 2008). These findings should be considered in the
design of future genotyping studies to investigate the human genome for disease-
causing mutations.
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8 The Nidd/SJL-Zfp69 Phenotype Is Dependent on the
Genetic Background

Asdescribed by Plum et al. (2002), the Nidd/SJL locus containing Zfp69 led the NZO
mice to hyperglycemia, hypoinsulinemia, and islet cell destruction based on their
genetic background. In the course of the disease, the animals showed a significant
reduction of weight gain based on the progressive type 2 diabetes. In conclusion,
Nidd[SJL—Zfp69 exacerbated the diabetic phenotype of the NZO strain (Fig. 1).
Interestingly, the decompensatoric-hyperglycemic phenotype is in both the NZO
parental strain and Nidd/SJL-Zfp69 carriers on the NZO background, a gender-
specific phenotype only present in male mice. The strong phenotype is a result of the
combination of different diabetogenic alleles. The genetic background of NZO mice
is diabetes sensitive, mainly controlled by the disease locus Nob3 (Vogel et al.
2009). To study the effects of Nidd/SJL—Zfp69 independent from the diabetes QTL
of the NZO genome the whole QTL region of Nidd/SJL—Zfp69 was transferred to the
B6.V-Lep®” strain. The progeny of this breeding experiment was investigated
dependent on the Nidd/SJL—Zfp69 genotype. Animals carrying a SJL allele for the
locus developed significantly higher blood glucose levels compared to animals with
Bo6 alleles (controls). The highest blood glucose levels of the Nidd/SJL-Zfp69 carrier
were observed between week 6 and week 8 of life (15—16 mmol/l). Up to an age of 28
weeks the animals compensated for hyperglycemia (blood glucose levels decreased
to less than 9 mmol/l). This result underlines that the genetic background of the
C57BL/6 strain, as present in B6.V-Lep”b mice, is diabetes resistant. In contrast to
the genetic background of the NZO strain, the animals showed no islet cell destruc-
tion. Interestingly, the islets showed a significantly reduced immunoreactive insulin
area than the islets of the control animals. Further, the carrier of the Nidd/SJL—Zfp69
disease allele showed significantly less white adipose tissue and increased amounts
of triglycerides in the liver. In addition, serum triglycerides were elevated in the
Nidd[SJL—Zfp69 disease allele carrier. These data suggest that the phenotype evoked
by Zfp69 is based on a defect in triglyceride storage leading to hepatosteatosis and
hyperglycemia (Fig. 4). It is possible that the “islet” phenotype of the mice is
independent of the changes in adipose tissue and needs further investigations.

9 Zfp69 as a Member of KRAB-Containing Zinc-Finger
Repressor Proteins (KRAB-ZNF)

Zfp69 is expressed ubiquitously; e.g., in liver, skeletal muscle, white adipose tissue,
pancreas, and testis. It is a member of a family of transcription factors that comprise
of both the conserved KRAB and zinc finger DNA-binding domains (Urrutia 2003).
Approximately, 300 members of this protein family are known but the functions
of these transcription factors are poorly understood. Due to the fact that the
Nidd[SJL-Zfp69 disease allele carrier displayed smaller islets and significantly
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Fig. 4 Reduced fat storage in carriers of Nidd/SJL-Zfp69. The transfer of the SIL variant of Zfp69
to the B6.V—Lep”'7 strain led to a reduced storage of white adipose tissue, hepatosteatosis,
hypertriglyceridemia, and hyperglycemia. On the B6.V-Lep®” background the animals showed
no signs of B-cell failure

less white adipose tissue than control animals, Zfp69 could be involved in prolifer-
ation processes in these tissues (Scherneck et al. 2009). From other members of this
protein family, it is described that these transcription factors can suppress the
MAPK signaling pathway (Liu et al. 2004; Cao et al. 2005; Huang et al. 2006) or
the transcriptional activities of SRE and AP-1 (Liu et al. 2005). Further, the member
of the KRAB-ZNF family, ZNF23, inhibits cell cycle progression (Huang et al.
2007). Additional experiments like ChIP on chip assays are required to identify the
primary targets of Zfp69 (Wang 2005).

10 The Role of the Human Ortholog of Zfp69
in Type 2 Diabetes

Zfp69 is conserved in human and mammals. The synthetic region of the mouse
Zfp69 locus maps to human chromosome 1p34. This locus contains two genes
related to Zfp69, ZNF642 and ZNF643. A comparison of the protein sequences
revealed that ZNF642 represents the human ortholog of Zfp69. To study the role of
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this gene in human type 2 diabetes both visceral adipose tissue and subcutaneous
adipose tissue were investigated. The expression of the ZNF642 mRNA was deter-
mined in diabetic and control individuals. In diabetic patients, ZNF642 was signifi-
cantly higher expressed than in healthy controls. In addition, there was a significant
correlation of HbA 1c levels with ZNF642 mRNA. Subgroup analysis indicated that
the correlation was significant in overweight but not in lean individuals.

11 Outlook

Within the last years, several candidate genes for type 2 diabetes were identified by
positional cloning strategies in mice. The identification of Zfp69 as a new target in
the development of the disease underlines that these strategies are promising.
At present, the target tissue responsible for the Nidd/SJL—Zfp69 phenotype is not
clearly identified. There is strong evidence that a reduced storage capacity of white
adipose tissue is an early event in the pathogenesis of the disease. The presence of
ectopic triglycerides stored in the liver suggests a higher degree of insulin resistance
in this tissue. However, insulin resistance alone does not explain the morphome-
trical differences in the islet size of the animals expressing Zfp69. As a transcription
factor, Zfp69 could be involved in the regulation of B-cell proliferation in response
to insulin resistance, but this hypothesis has to be proven.
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Metabolic Sensing in Brain Dopamine Systems
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Abstract The gustatory system allows the brain to monitor the presence of
chemicals in the oral cavity and initiate appropriate responses of acceptance or
rejection. Among such chemicals are the nutrients that must be rapidly recognized
and ingested for immediate oxidation or storage. In the periphery, the gustatory
system consists of a highly efficient sensing mechanism, where distinct cell types
express receptors that bind specifically to chemicals associated with one particular
taste quality. These specialized receptors connect to the brain via dedicated path-
ways, the stimulation of which triggers stereotypic behavioral responses as well as
neurotransmitter release in brain reward dopamine systems. However, evidence
also exists in favor of the concept that the critical regulators of long-term nutrient
choice are physiological processes taking place after ingestion and independently
of gustation. We will appraise the hypothesis that organisms can develop prefer-
ences for nutrients independently of oral taste stimulation. Of particular interest
are recent findings indicating that disrupting nutrient utilization interferes with
activity in brain dopamine pathways. These findings establish the metabolic
fate of nutrients as previously unanticipated reward signals that regulate the
reinforcing value of foods. In particular, it suggests a role for brain dopamine
reward systems as metabolic sensors, allowing for signals generated by the
metabolic utilization of nutrients to regulate neurotransmitter release and food
reinforcement.
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1 Introduction

The gustatory system allows the brain to monitor the presence of chemicals in the
oral cavity and initiate acceptance or rejection responses accordingly. Among such
chemicals are the potential fuels that must be rapidly recognized and ingested for
later oxidation or storage. In fact, animals must continuously procure the substrates
necessary to maintain cellular function from exogenous sources, that is, from food.
A sensory system therefore evolved in which membrane receptors convey informa-
tion on the presence of metabolic fuels in the oral cavity to brain circuits that
control the initiation of ingestive behaviors.

However, the formation of long-term food preferences is a complex process, and
different lines of evidence indicate that animals will fail to prefer foods conveying
pleasant sensory cues if those are not ensued by postingestive, metabolic effects.
How does the brain control food intake in such a way that previous associations
between sensory properties and metabolic effects become a regulating factor during
nutrient choice? One possibility is that a brain circuit exists where sensory and
metabolic information will converge through independent pathways. In the follow-
ing, after introducing the basic aspects related to the stimulation of brain reward
systems by gustatory cues, we will review evidence in support of the idea that the
midbrain dopamine system is one such candidate circuit. More specifically, we will
evaluate current evidence that this brain neurotransmitter system is under the
control of the nutritional state of the animal, with nutrient availability directly
modulating neurotransmitter synthesis/release.

2 The Peripheral Gustatory System

The peripheral gustatory system corresponds to the anatomical substrate that links
the sensory epithelium of the oral cavity to the first gustatory relay center in the
brain. This includes a family of membrane proteins that function as chemical
sensors, the epithelial cells hosting these sensors, and the neural afferents carrying
information on sensor activation/cell depolarization to the brain. The oral chemo-
sensory epithelia contain onion-shaped structures known as taste buds, which in
turn typically host 50-100 taste receptor cells (Finger and Simon 2002). In mam-
mals, TRCs are typically embedded in stratified epithelia and distributed through-
out the oral cavity, more specifically expressed on tongue, palate, epiglottis, and
esophagus (Finger and Simon 2002; Scott and Verhagen 2000; Spector and Travers
2005). The apical end of taste cells is exposed to the external environment of the
oral cavity through a small opening in the epithelium called the taste pore, which is
filled with microvilli. On the membranes of these microvilli are usually expressed
different classes of receptors that function as oral chemosensors.

Proteins belonging to the G-protein-coupled receptor (GPCR) superfamily
have been established as the receptors for sweet, L-amino acid and bitter tastants
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(Adler et al. 2000; Chrandrashekar et al. 2000; Liu and Liman 2003; Max et al.
2001; Montmayeur et al. 2001; Mueller et al. 2005; Perez et al. 2003; Zhang et al.
2003; Zhao et al. 2003). On the other hand, the sensations associated with the other
two primary tastants, namely sour and salty, are mediated by ion channels of the
transient receptor potential (TRP) (Huang et al. 2006) and epithelial sodium
channel (ENaC) (Kellenberger and Schild 2002) superfamilies. Sweet taste signal-
ing is known to be mediated by heterodimeric GPCRs and specific downstream
signaling elements. More precisely, the transduction of sweet tastants is mediated
by the taste genes Taslr2 and TasIr3, whose T1R2 and T1R3 products assemble to
form the heterodimeric sweet receptor TIR2/T1R3 (Nelson et al. 2001; Zhang et al.
2003; Zhao et al. 2003). TIR2/T1R3 appears to be the one type of broadly tuned
receptor that subserves detection of both natural sugars and artificial sweeteners,
although it remains to be determined with exactitude whether these different classes
of chemicals bind to different regions of the receptor (Nelson et al. 2001).

A similar mechanism mediates the recognition of L-amino acids via the TasIrl
and TasIr3 genes (Nelson et al. 2002). Accordingly, the transduction of most forms
of L-amino acids (i.e., with the possible exception of aromatic L-amino acids) is
primarily accomplished via the G-protein-coupled heterodimeric T1R1/T1R3
receptor (Nelson et al. 2002). T1R1/T1R3 receptors are broadly tuned to signal
L-amino acids (Nelson et al. 2002; Zhao et al. 2003), although it has been proposed
that the human form of the receptor is more narrowly tuned to glutamate or umami
taste (Maruyama et al. 2006; Rong et al. 2005). Finally, the third class of tastants
mediated by GPCRs includes bitter stimuli. Bitter taste is mediated by the Tas2r
genes (Bufe et al. 2005), the products of which form homodimeric (i.e., containing
two identical subunits) T2R receptors. Bitter T2R receptors have been found to be
both necessary and sufficient for bitter taste transduction and perception (Mueller
et al. 2005).

It appears that all signaling mechanisms downstream to taste GPCRs are shared
by different classes of ligands. Upon receptor binding, taste GPCR signaling is
supported by gustducin, a heterotrimeric taste G-protein whose o, 3, and y constit-
uent units are o-gustducin (McLaughlin et al. 1992), GB3 and Gy13 (Huang et al.
1999), respectively. A similar pattern seems to hold for signaling events occurring
downstream to G-protein signaling. This includes the taste phospholipase PLC[2
and the nonselective ionic taste channel TRPMS5, the deletion of which induces
severe impairments in — if not taste blindness for — sweet, umami, and bitter
transduction (Zhang et al. 2003).

Finally, salty and sour taste sensations are mediated instead by ionic receptor
channels. The ENaC, particularly its subunit ENaCo, mediates behavioral attraction
to sodium chloride (Chandrashekar et al. 2010; Kretz et al. 1999). On the other
hand, genetic and functional studies identified one member of the TRP superfamily,
the polycystic kidney disease-like ion channel PKD2L 1, as necessary for sour taste
transduction (Huang et al. 2006; Ishimaru et al. 2006; LopezJimenez et al. 2006).

Upon receptor activation and taste cell depolarization, neural afferents origi-
nating from branches of cranial nerves innervate the basolateral aspect of taste
cells and transmit to the brain information on the identity and quantity chemicals
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detected by the membrane taste receptors. The chorda tympani and the greater
superior petrosal branches of the VIIth (facial) cranial nerve innervate TRCs
present on the anterior tongue and palate, respectively (Danilova et al. 2002;
Hanamori et al. 1988), such that information on chemosensory events occurring
in the oral epithelium is transduced into electrical messages on its way to the brain.

3 The Central Gustatory System

Information derived from taste-responsive cranial nerves converges onto the rostral
division of the nucleus tractus solitarius (rNTS) of the medulla (Hamilton and
Norgren 1984), whereas the more caudal aspect of the NTS is targeted by visceral
(vagal) afferent inputs that convey information on the physiological status of the
gastrointestinal system (Travagli et al. 2006). From the rNTS, taste information
ascends to further brain circuitries. In rodents, axonal fibers originating in this
gustatory aspect of the nucleus of the solitary tract ascend ipsilaterally to the
parabrachial nucleus (PBN), establishing this pontine structure surrounding the
conjunctivum brachium as the second-order gustatory relay (Norgren and Leonard
1971, 1973; Norgren and Pfaffmann 1975). From PBN, a first (“dorsal”) pathway
projects to the parvicellular part of the ventroposterior medial nucleus of the
thalamus (VPMpc), the taste thalamic nucleus (reviewed in Bermudez-Rattoni
2004). The second (“ventral”) pathway includes direct projections from PBN to
the central nucleus of the amygdala and lateral hypothalamus. Thalamic afferents
then project to the primary gustatory cortex which is defined as the VPMpc cortical
target.

4 Brain Dopamine Systems and Taste Reward

The role of brain dopamine systems in mediating food reward and encoding
stimulus palatability has been well established (for a schematic representation of
dopamine projections in the human brain, see Fig. 1). Dopamine antagonists
attenuate the hedonic value of sweet-tasting nutrients, in that animals pretreated
with either D1- or D2-type dopamine receptor antagonists behave toward high
concentrations of sucrose solutions as if they were weaker than usual (Bailey
et al. 1986; Geary and Smith 1985; Wise 2006; Xenakis and Sclafani 1981).
Conversely, tasting palatable foods elevates dopamine levels in the nucleus accum-
bens (NAcc) of the ventral striatum (Hernandez and Hoebel 1988), a brain region
largely implicated in food reinforcement (Kelley et al. 2005). In humans, striatal
dopamine release directly correlates with the perceived hedonic value of food
stimuli (Small et al. 2003). But is dopamine release induced by sweet palatability
per se independently of carbohydrate metabolism? In fact, taste-elicited stimula-
tion of the central dopamine systems seems to take place even in the absence of
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Fig. 1 Schematic representation of dopaminergic pathways in the human brain. Analogous
projections exist in both rodents and nonhuman primates. Dopaminergic neuronal cells residing
in the midbrain locate within two regions of the ventral midbrain, the ventral tegmental area
(“VTA”) and the pars compacta of the substantia nigra (“SNc”). The mesolimbic pathway
essentially consists of targets of VTA projections; these include mainly the nucleus accumbens
of the ventral striatum, the amygdalar nuclei, the lateral hypothalamus and more medial, ventral
parts of the frontal lobe. The mesolimbic pathway has been traditionally associated with the
control of motivated behaviors and sensory reward processing, including food intake. In contrast,
the nigrostriatal pathway consists of the targets reached by dopamine projections originating from
SNc. This distinct, more dorsal, dopamine system has in turn been classically associated with
motor control in general and initiation of voluntary movement in particular, being noticeable that
SNc dopamine neurons seem to be preferentially targeted in Parkinson’s disease. However, the
functional distinctions between ventral and dorsal pathways have been blurred by recent findings
showing a critical role for the dorsal striatum in feeding (see text for details)

intestinal nutrient absorption: In ‘“sham-feeding” studies, where a catheter is
implanted on the stomach wall to prevent nutrients from reaching the intestinal
tract, accumbens’ dopamine levels increase in proportion to the concentration of the
sucrose solution used to stimulate the intraoral cavity (Hajnal et al. 2004).

It is therefore plausible to assume that the events leading to the stimulation of
brain reward circuits via dopamine release initiate within the oral cavity, upon the
activation of taste receptors. This implies that the dopamine release effect in
accumbens associated with sweet taste stimulation must depend on the integrity
of central taste relays conveying gustatory information to downstream brain cir-
cuits. Anatomically, whereas one group of projections from PBN reach the insular
cortex via the taste thalamic relay (Norgren and Wolf 1975), a second, separate
pathway reaches the amygdala, lateral hypothalamus, and the bed nucleus of the
stria terminalis (Li et al. 2005; Norgren 1976). Thus, it has been shown that lesions
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to the PBN limbic, but not to the PBN thalamocortical, pathway blunt the dopami-
nergic response during intake of palatable tastants (Norgren and Hajnal 2005;
Norgren et al. 2000).

More generally, the ability of pleasant sweet taste to directly stimulate brain
dopamine systems appears consistent with the seemingly innate preferences to
sweet taste in most species. In fact, it has been long shown that both deprived and
nondeprived animals will not only avidly consume sweet solutions but also run
through intricate mazes or incessantly press levers to obtain sweet rewards (Kare
1971). In humans, the innate attraction to sweetness is demonstrated by the reactions
observed in children upon their first exposure to sugary solutions: newborns will
immediately suck the solutions and produce characteristic facial expressions
(Ganchrow et al. 1983). In rats, pups as young as 6 days old are strongly attracted
to sweetness, given their robust intake responses to sweet compounds such as sucrose,
lactose, and saccharin (Hall and Bryan 1981). It is also well established that other
species show similar attractions to sweet compounds at early ages (Houptet al. 1977).

5 Taste-Independent Attraction to Sugars

However, is sweetness perception required for animals to develop behavioral
attractions to nutrients like sugars? This question can be more clearly addressed if
the detection of certain sensory properties of distinct flavors is ablated during the
experiments. One way to achieve this involves using genetically engineered animals
lacking taste sensation. Following the lead open by flavor-nutrient conditioning
paradigms (Sclafani and Vigorito 1987; Sclafani and Xenakis 1984), we have
developed a conditioning protocol where mice are allowed to develop nutrient-
specific preferences for sipper locations that had been previously associated with
certain compounds (de Araujo et al. 2008). This study employed both wild-type and
knockout mice lacking functional TRP channels M5 (Zhang et al. 2003). As was
mentioned above, the TRPMS ion channel is expressed in taste receptor cells (Perez
et al. 2002) and is required for sweet, bitter, and amino acid taste signaling (Zhang
et al. 2003). It was hypothesized in this study that sweet-blind Trpm5 knockout mice
would develop a preference for spouts associated with the presentation of sucrose
solutions when allowed to detect the solutions’ rewarding postingestive effects.

In fact, once the insensitivity of KO mice to the orosensory reward value of
sucrose was established, we inquired whether a preference for sippers associated
with caloric sucrose solutions could develop in water and food-deprived Trpm5
knockout mice when they are allowed to form an association between a particular
sipper in the test chamber and the postingestive effects produced by drinking from
that sipper (de Araujo et al. 2008). This was accomplished in sweet taste-naive
animals by first determining the initial side preferences using a series of preliminary
two-bottle tests where both sippers contained water and by exposing animals
to conditioning sessions that consisted of daily 30 min free access to either water



Metabolic Sensing in Brain Dopamine Systems 75

(assigned to the same side of initial bias) or sucrose (assigned to the opposite side)
while access to the other sipper was blocked.

Confronting the behavioral data from both wild-type and knockout mice
revealed no significant genotype x stimulus interactions, since during conditioning
sessions both wild-type and knockout animals consumed significantly larger
amounts of sucrose than water. In addition, during the postconditioning two-bottle
tests, it was observed that both wild-type and knockout animals reversed their initial
side-preference biases by drinking significantly more water from the sipper that
during conditioning sessions had been associated with nutritive sucrose. Now, when
the same experiments were run using the noncaloric sucrose-derived sweetener
sucralose instead of sucrose, unlike the sucrose case, a significant genotype X
stimulus interaction was detected since only wild-type animals consumed more
sucralose than water during the conditioning sessions. Furthermore, during the two-
bottle test sessions, conducted after conditioning to sucralose, knockout mice,
likewise their wild-type counterparts, showed no preferences for sippers associated
with the delivery of sucralose. Overall, these results provide evidence in favor of
the hypothesis that postingestive effects can exert positive controls on ingestive
(licking/swallowing) behaviors even in the absence of taste signaling or detection
of distinct flavors. It is noticeable that even “taste-enabled” wild-type mice failed
to develop preferences for sipper locations previously associated with sucralose
delivery. This indicates that the mere presence of strong sweet taste input is not
sufficient to induce long-term location preferences if unaccompanied by rewarding
physiological effects.

6 On the Nature of the Postingestive Reward Signal

The above results raise the question of what would be the identity of the taste-
independent reinforcement signal. Although there is little disagreement that
postingestive factors produced by nutrients regulate food intake, much more con-
troversial is the nature of the signal that acts on the brain as a postingestive
reinforcer. Broadly speaking, the candidate signals could be classified into two
major groups, related to pre- and postabsorptive postingestive events. The former
group concerns those sensing mechanisms that occur before nutrient absorption but
simultaneous to the arrival of nutrients to the gut. The latter group on the other hand
refers to those events that occur following absorption, and nonexclusively includes
a variety of signals such as fuel utilization metabolites and changes in plasma
hormonal levels.

While it must be acknowledged that this is rather complex topic, currently
available evidence points to a relatively weak role for preabsorptive signals in
postingestive reinforcement. Regarding, for example, potential reinforcement sig-
nals generated in the stomach, early studies have shown that removing approxi-
mately 90% of the rat stomach results in gastrectomized rats being virtually as
well motivated as controls during food-reinforced operant tasks (Tsang 1938). In
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addition, gastric vagotomy does not interfere with habitual feeding patterns in rats
(Snowdon and Epstein 1970), and abdominal vagotomy did not interfere with flavor
preferences conditioned by glucose-containing sugars (Sclafani and Lucas 1996).

Another possibility regards the presence of taste-like receptors in the gastroin-
testinal epithelium (Hofer et al. 1996). In fact, it has been shown that the taste
signaling proteins a-Gustducin, T1R2, TIR3, as well as the taste ion channel
TRPMS are coexpressed in some mouse and human enteroendocrine cells (Bezengon
et al. 2007; Margolskee et al. 2007). Accordingly, it is conceivable that gut cells
could “taste” the contents of ingested foods and then convey (currently undeter-
mined) signals to the brain that would function as behavioral reinforcers. Although
this hypothesis deserves further attention, current evidence does not support a
preponderant role for taste elements expressed in postingestive reinforcement.
First we remind that TrpmS5 knockout mice do assimilate the differential physiolog-
ical effects between sugar and sweetener solutions and develop sipper preferences
accordingly (note that these mice do not express these taste channels anywhere in
the body) (de Araujo et al. 2008). In addition, a-Gustducin knockout mice increase
preferences for flavors associated with fat and sugar nutrients in ways that are
comparable to wild-type mice (Sclafani et al. 2007), and T1R3 knockout mice do
develop robust preferences for sucrose solutions (Zukerman et al. 2009). Overall, if
nutrient sensors exist in the gut to mediate postingestive reinforcement signals,
these sensors are unlikely to depend on taste receptor signaling.

Finally, one possibility remains regarding the potential role of gut-derived
factors, such as the peptide hormones ghrelin or GLP-1, as postingestive reinforcers.
Future experiments employing flavor-nutrient conditioning paradigms (Sclafani and
Xenakis 1984) on the corresponding knockout models will contribute to resolve this
issue. In any case, one potential argument against the involvement of such gut
factors in postingestive reinforcement relates to their nonselectivity to rewarding
compounds.

The second group of candidate postingestive reinforcers would consist of physi-
ological signals generated postabsorption. We have recently assessed the potential
role of metabolic signals in taste-independent nutrient selection by comparing the
behavioral responses to glucose and L-amino acids in wild-type and Trpm5 knock-
out mice (note that this channel mediates the tastes of sugars and L-amino acids in
mice). Briefly, we have found that knockout mice, while displaying insensitivity to
the tastes of glucose and L-serine during short-term tests, do develop a strong
preference for glucose-associated compared to L-serine sippers over both condi-
tioning and long-term sessions (Ren et al. 2010). In other words, animals will ingest
higher quantities of, and develop preferences for, the carbohydrate glucose versus
an isocaloric amino acid, even when unable to detect the distinctive flavor qualities
intrinsic to each nutrient.

If the postingestive reinforcement signal is not exclusively explained by the
actual number of calories ingested, which physiological cues could be playing such
a role? Using indirect calorimetry measurements, we have found that these higher
intake levels were closely associated with glucose oxidation levels, even more
markedly than with increases in blood glucose. This finding points to a role for
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postabsorptive nutrient utilization in postingestive reinforcement that may be more
important than any of the sensors detecting the presence of nutrients in either the
gastrointestinal tract or bloodstream (Swithers and Davidson 2008). Now, these
correlative measures do not necessarily provide direct evidence for the hypothesis
that increased glucose intake is being primarily controlled by postabsorptive
mechanisms. For example, nutrient-specific chemosensory signals and/or release
of nutrient-controlling gut hormones (e.g., ghrelin, Tschop et al. 2000) might also
have played a major role in shaping these behavioral responses. We have further
clarified this issue by performing additional experiments where animals licked a
water spout to obtain either glucose or serine infusions via a jugular catheter,
thereby bypassing completely both the oral and gastrointestinal tracts. We have
monitored the overall number of licks produced during the entire session and, as
expected, we observed that mice licked significantly more times to water during
glucose compared to during L-serine intravenous sessions. We conclude that the
taste-independent differential responses to glucose and L-serine were not primarily
accounted for by differential absorption rates or secretion of gut-derived factors, but
rather by direct actions of nutrients on metabolism.

Altogether, the above findings provide support for the idea that postabsorptive
mechanisms, independent of both oral and gastrointestinal sensing, ultimately
mediate the higher intake and preference levels for glucose compared to amino
acids. As we shall see below, a current working hypothesis relates to the possibility
that nutrients providing sufficient fuel for brain metabolism may directly control
neuronal activity in brain reward (dopamine) pathways, thereby reinforcing the
previous behavioral sequences leading to its own intake. We will briefly describe
evidence supporting a role for dopamine signaling in flavor-nutrient conditioning,
and then provide evidence for a role for metabolic signals as regulators of brain
dopamine pathways.

6.1 Brain Dopamine Signaling and Postingestive Conditioned
Behaviors

Conditioned preferences for nutritive foods must ultimately depend on brain cir-
cuits that regulate ingestive behaviors. Among such circuits are those known to be
involved in forming associations between unconditioned and conditioned reward
stimuli. In fact, a role for dopamine signaling in flavor-nutrient conditioning was
suggested by experiments where dopamine receptor antagonists were administered
in the nucleus accumbens (the major dopamine target in ventral striatum strongly
associated with feeding behaviors, see e.g., Baldo et al. (2005), Kelley et al. (2005).
Rats treated with local infusions in nucleus accumbens with a D1-receptor antago-
nist displayed a dose-dependent reduction in intake of a flavor paired with intra-
gastric infusions of glucose, compared to controls (Touzani et al. 2008).
Interestingly, the effect of dopamine signaling antagonism on postconditioning
preference tests was less compelling (Touzani et al. 2008). In any event, these
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results demonstrate that D1-like receptors in the nucleus accumbens are required
for the acquisition, and possibly also for the expression, of glucose-conditioned
flavor preferences.

On the other hand, our own findings suggest that the presence of taste or flavor
stimulation is not required for the postingestive effects of foods to induce dopamine
release in the nucleus accumbens. In fact, we observed by performing microdialysis
in sweet-blind Trpm5 knockout mice that sugar intake per se, independently of taste
signaling, was sufficient to increase extracellular dopamine levels in the nucleus
accumbens (de Araujo et al. 2008). More precisely, we first found in this study that
the noncaloric sweetener sucralose produced significantly higher increases in
dopamine levels in wild-type compared to knockout animals. These results are
consistent with a role for dopamine signaling in accumbens derived from taste
stimulation alone (Hajnal et al. 2004). However, when the same comparison was
performed with respect to sucrose, no differences were found between the dopa-
mine release levels in wild-type and knockout mice. In other words, while sweet
taste stimulation without caloric content only produced significant increases in
accumbal dopamine levels in wild-type, caloric sucrose evoked the same levels of
dopamine increase in both wild-type and knockout mice. These results therefore
strongly suggest that even in the absence of taste transduction and/or palatability,
nutrient intake has the ability to induce measurable tonic increases in accumbens
dopamine. Not only both palatability and postingestive factors seem to indepen-
dently increase dopamine levels in brain reward circuits but also the nutrient-
induced increases do not require the concomitant presence of flavor inputs, as had
been suggested before (Di Chiara and Bassareo 2007). Therefore, the role played by
dopamine signaling in postingestive reinforcement does not seem to be restricted to
the formation of learned associations between orosensory and physiological sig-
nals; rather, nutrient availability may directly influence metabolic activity in cells
present in this circuit, resulting in a simple, yet efficient metabolic-sensing reward
machinery.

Earlier indications that postabsorptive signals might gain direct access to dopa-
minergic cells have been provided by the early work by Figlewicz and colleagues,
who have shown that the functional forms of both insulin and leptin receptors
(Figlewicz et al. 2003), as well as of some of their substrates (Pardini et al. 2006),
are richly expressed in dopaminergic neurons of the substantia nigra compacta and
ventral tegmental area regions of the midbrain. In addition, leptin receptors
expressed in dopaminergic neurons of the midbrain were shown to be functional
and to influence dopamine release (Fulton et al. 2006; Hommel et al. 2006).
However, it is currently unknown whether brain leptin receptors play a role on
postingestive reinforcement. In addition, the functional implications of insulin
receptor expression in dopamine neurons have been little explored. Although it
has been suggested that insulin infusions in the midbrain dopamine areas
“decrease” the reward value of sucrose, since mice were found to reduce overall
intake of sucrose solutions upon infusion (Figlewicz 2003; Figlewicz et al. 2006),
this might simply imply that insulin receptor activation in midbrain dopamine areas
provide the brain with a robust signal of caloric intake. However, a preponderant
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role for insulin as a postingestive reward signal is challenged by the findings that
diabetic (hypoinsulinemic) rats do display normal responses in flavor-nutrient
conditioning paradigms (Ackroff et al. 1997). Finally, Andrews et al. (2009)
demonstrated that the orexigenic gut ghrelin promotes tyrosine hydroxylase gene
expression in substantia nigra concomitantly to increasing dopamine concentration
in striatum, raising the possibility that changes in ghrelin levels may modulate
postingestive reinforcement.

6.2 Glucose Metabolism and Dopamine Signaling

Alternatively, a mechanism which would allow dopamine neurons to sense changes
in physiological state refers to the possibility that these cells function as glucosen-
sors, i.e., may change intracellular activity in response to the availability of
extracellular glucose. More specifically, we directly addressed the possibility that
dopamine neurons of the midbrain are sensitive to glucose utilization rates based on
the finding (mentioned above) that higher intake levels of glucose compared to the
nongluconeogenic amino acid L-serine were strongly associated with glucose oxi-
dation levels (Ren et al. 2010).

The first step consisted of showing that intragastric infusions (i.e., completely
bypassing the oral cavity) of glucose produce different effects on dopamine release
compared to similar infusions of L-serine (see details in Fig. 2) (Ren et al. 2010).
More precisely, intragastric infusions of glucose produced significantly higher
levels of dopamine release in accumbens compared to isocaloric infusions of serine;
we stress in particular the significant decreases in dopamine levels in accumbens
following serine infusions, an effect that we relate to the lower levels of serine
intake in KO animals. Furthermore, since dopamine signaling in dorsal striatum has
also been implicated in feeding behavior (Sotak et al. 2005), we have in addition
assessed the effects produced by intragastric infusions of glucose and serine on
dorsal striatum dopamine levels. Whereas no significant decreases in dopamine
levels were observed during L-serine infusions, significant increases were associated
with glucose infusions. These microdialysis measures thus provided evidence that
nutrient-specific dopamine release can be initiated upon direct stimulation of the
gastrointestinal tract.

6.3 Disrupting Glucose Metabolism Inhibits Dopamine
Release in Dorsal Striatum

To address the issue of whether the metabolism of glucose is relevant or not to
nutrient-specific differences in dopamine release, we have designed another exper-
iment where wild-type mice were fitted with a microdialysis probe in the striatum as
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Fig. 2 Intragastric infusions of glucose and serine induce differential brain dopamine responses.
(a) Schematic showing the general arrangement where animals implanted with microdialysis
probes are infused intragastrically with different nutrient levels, aiming at analyzing orosensory-
independent monoamine release following food intake. (b) Overall percent changes in dopamine
levels produced by glucose and serine intragastric infusions. In the nucleus accumbens, glucose
infusions were associated with significantly higher levels of extracellular dopamine when directly
compared to serine infusions (¥two-sample ¢ test p < 0.03). In addition, significant decreases in
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well as with a jugular venous catheter. After measuring baseline dopamine levels,
we have infused a bolus of the antimetabolic glucose analog, 2-deoxy-p-glucose
(henceforth “2-DG”) via the jugular catheter for 6 min and monitored dopamine
levels for 1 h after the injection. This was then followed by an intravenous glucose
infusion lasting for 10 min. We then reasoned that, if glucose metabolism is indeed
relevant for the increased brain dopamine levels observed in striatum upon glucose
ingestion, then an infusion of 2-DG should result in significant decreases in
extracellular dopamine levels. In addition, such inhibitory effects of 2-DG on
dopamine release must be reversed or at least attenuated by a subsequent intrave-
nous glucose infusion that would contribute to restore normal rates of glucose
oxidation.

In fact, intravenous infusions of 2-DG produced robust decreases in extracellular
dopamine levels in striatum (34.7 & 9.5% dopamine concentration of initial base-
line). In addition, and also consistent with our earlier predictions, the subsequent
intravenous infusions of glucose resulted in a reversal of this effect, with overall
dopamine concentration levels reaching 74.5 + 26.7% of the original baseline
levels within 30 min. Importantly, we observed that glucose infusions produced a
striking increase in striatal dopamine levels when the comparison is made with
respect to the levels observed after 2-DG infusions. Therefore, glucose provision
following inhibition of glucose utilization produces a strong relative increase in
dopamine levels that are higher than those observed when no glucose utilization
inhibition is employed.

6.4 Glucose Solutions Acquire Higher Reward Value When
Contributing to Reinstate Glucose Oxidation

So far, we have been implicitly assuming that relative changes in extracellular
dopamine levels reflect the reinforcing potency of a nutrient even in the absence of
taste receptor signaling. Therefore, we are now forced to conclude that ingesting
glucose following an injection of 2-DG must significantly increase the reward value
of glucose compared to following a vehicle injection, even in sweet-insensitive
TrpmS5 knockout animals. In other words, glucose solutions must be assigned a
superior reward value when counteracting the effects of inhibiting glucose oxida-
tion. We tested this hypothesis by measuring glucose intake in KO mice following

Fig. 2 (continued) dopamine levels were observed following serine infusions (**one-sample ¢ test
against 100% p < 0.02). (¢) Whereas glucose infusions were consistently associated with
increased dopamine levels across samples, relative decreases produced by serine infusions were
marked in particular at the third sample (¥**p < 0.04). (d) In dorsal striatum, significant increases
in dopamine levels were associated with glucose (*one-sample 7 test against 100% p = 0.009), but
not serine (p < 0.09), infusions. (e) Across samples, significant increases in dopamine levels were
observed only during glucose infusions at 30 min after infusion onset (**one-sample ¢ test against
100% p < 0.04)
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an intraperitoneal injection of either 2-DG or vehicle (saline). We have found in
effect that, after 2-DG injections, knockout mice produced a significantly higher
number of licks to glucose compared to after saline injections. Therefore, within
30 min of 2-DG administration, glucose acquired higher reward value when
reinstating glucose oxidation levels, a finding that was entirely consistent with the
dopamine measurements following 2-DG and glucose infusions described above.

7 Conclusion

Two conclusions may be drawn from the experimental evidence described in this
chapter. First, ageusic mice unable to detect the orosensory properties of certain
sugars or L-amino acids are nevertheless capable of developing nutrient-specific
preferences based solely on physiological cues. Second, brain dopamine systems
act as metabolic sensors, with a particular sensitivity to glucose oxidation rates.
More generally, our results show that sugar-specific behavioral preferences and
dopamine release will develop independently of sweetness or caloric value, while
being regulated by glucose oxidation levels.

The above may contribute to explain the superior reinforcing value associated
with glucose-containing sugars compared to all other classes of nutrients tested in
flavor-nutrient conditioning paradigms (Ackoff 2009). In particular, these results
may provide clues on whether the crucial reinforcing mechanism involves pre- or
postabsorptive signals. In fact, it is conceivable that the stronger postingestive
effects associated with glucose-containing sugars derive from the mere fact that
neurons depend almost entirely on glucose and its derivatives for metabolic activity
(Pellerin et al. 2007). This privileged access of glucose through the blood—brain
barrier may underlie its superior reinforcing properties compared to other isocaloric
nutrients. Future research must determine the mechanisms allowing the intracellu-
lar utilization of nutrients to regulate neurotransmitter release.
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Oral and Extraoral Bitter Taste Receptors

Maik Behrens and Wolfgang Meyerhof

Abstract The role of bitter taste receptors has changed considerably over the past
years. While initially considered to have predominantly, or even exclusively,
gustatory functions, numerous recent reports addressed nongustatory actions of
TAS2Rs. One site of extraoral bitter taste receptor expression is the respiratory
system. It was demonstrated that bitter taste receptors are located in the nasal
respiratory epithelium, as well as in ciliated cells of lung epithelium, where they
affect respiratory functions in response to noxious stimuli. Another site of TAS2R
gene expression is the gastrointestinal tract. Here, bitter compounds are suspected
to regulate via activation of TAS2Rs metabolic and digestive functions.

The present article focuses on general pharmacological features and signal
transduction components of mammalian TAS2Rs and summarizes current knowl-
edge on Tas2r gene function in respiratory and gastrointestinal systems on the
expense of a detailed description of gustatory bitter taste perception, which has
been the subject of recent reviews.

1 Introduction

The sense of taste fulfills the important function to evaluate the quality and
nutritional value of food prior to its ingestion. Each of the five basic taste qualities —
sweet, sour, umami, salty, and bitter — reports about a specific attribute of the
consumed food present in the oral cavity. Carbohydrates and amino acids elicit
sweet and umami taste sensations, respectively, indicating a high caloric content,
salty signals the presence of sodium ions important for our body’s electrolyte
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balance, whereas sour and bitter warn us against the ingestion of spoiled, unripe, or
even toxic foodstuff.

On a cellular level, the various tastants are recognized by taste receptor cells,
which are within the oral cavity assembled to taste buds consisting of about 100
cells. Four cell types can be distinguished based on their morphological and
physiological characteristic: type-I cells serve a glial-like function, type-II cells
express, strictly separated in distinct subsets, taste receptor proteins specific for
sweet, umami, and bitter tastants, type-III cells are the only cell type within the
taste bud capable of forming synapses with afferent nerve fibers and express sour
taste receptors and, finally, type-IV cells are precursor cells able to differentiate
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Fig. 1 Recognition of bitter compounds by hTAS2Rs. The recent screening of 25 hTAS2Rs with
104 natural and synthetic compounds (Meyerhof et al. 2010) revealed that each of the 82 identified
agonists (y-axis) activates a highly variable number of hTAS2Rs (x-axis) ranging from 1 to 15
receptors. The inset shows that the apparent breadth of tuning differs considerably among
hTAS2Rs. Whereas the three most broadly tuned receptors, hTAS2R 14, -R10, and -R46, together
detect more than half of all 104 compounds (upper panel), the five most narrowly tuned receptors,
hTAS2R3, -R5, -R13, -R49, and -R50, recognized merely seven of the tested substances (lower
panel)
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Fig. 2 Expression of taste-signaling components in the gastrointestinal tract of mice. In situ
hybridization of duodenal cross-sections of mice with antisense (a) and sense (b) probes specific
for a-gustducin demonstrates the expression of o-gustducin mRNA (arrow) in large isolated
mucosal cells typical for enteroendocrine cells

throughout an individual’s lifetime. Each taste bud has an apical porous region
containing the microvilli of the taste receptor cells to establish a direct contact with
tastants present in the oral cavity. On the tongue, all taste buds are localized within
one of the three types of epithelial specializations, called fungiform (located on the
apical tongue surface), foliate (located on both sides of the posterior tongue), and
(circum-)vallate papillae (located on the posterior surface of the tongue). As taste
receptor cells do not represent neuronal cells, but specialized secondary sensory
cells originating from epithelial precursors, the taste information collected by taste
buds is transmitted by afferent nerve fibers entering the taste buds from the
basolateral side. In total, three cranial nerves convey gustatory information toward
the brain: the VII, contacting taste buds of fungiform papillae and soft palate; the
IX, providing afferents for foliate and vallate papillae; and the X, innervating
pharyngeal and laryngeal taste buds. Within the brain, taste information is collected
in a small part of the brain stem, the nucleus tractus solitarius (NTS) and from this
first relay station further distributed to cortical structures.

On a molecular level, gustatory stimuli are detected by various taste receptor
proteins belonging to structurally different classes of molecules. Whereas ion
channels are believed to facilitate the detection of sour (PKD2L1, PKDI1L3
(Huang et al. 2006; Ishimaru et al. 2006; LopezJimenez et al. 2006)) and salty
tastants (ENaC (Chandrashekar et al. 2010; Kretz et al. 1999; Stahler et al. 2008)),
sweet, umami, and bitter compounds activate G-protein-coupled receptors. The
products of the three TaslIr genes — Taslrl, Taslr2, and Taslr3 — form the
heteromeric sweet taste receptor composed of TAS1R2 and TASIR3 (Max et al.
2001; Montmayeur et al. 2001; Nelson et al. 2001) as well as the umami taste
receptor, an assembly of TAS1R1 and TAS1R3 subunits (Li et al. 2002; Nelson
et al. 2002). The most complex array of receptor proteins is devoted to the
detection of bitter compounds. The Tas2r gene family (Adler et al. 2000;
Chandrashekar et al. 2000; Matsunami et al. 2000) consists of ~30 members in
mammals, although considerable fluctuations in gene numbers are observed
throughout the vertebrate lineage (Dong et al. 2009).
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While already one of the earliest reports on vertebrate bitter taste receptor
genes indicated an expression of Tas2r genes outside the gustatory system (testis,
(Matsunami et al. 2000)), initially Tas2r gene expression was believed to be very
much restricted to taste-related structures within the oral cavity. However, recently,
an increasing number of reports identified Tas2r gene expression in other tissues as
well. Of these, the gastrointestinal tract as well as the respiratory system received an
ever increasing attention. The present article summarizes the current knowledge on
Tas2r gene expression and function in the gustatory, respiratory, and gastrointestinal
systems.

2 Tas2r Gene Function

2.1 Signal Transduction

Long before the identification of the actual taste receptor molecules, the taste-
specific Ga protein, a-gustducin, was discovered (McLaughlin et al. 1992) and
subsequently shown to play a crucial role for bitter, sweet (Wong et al. 1996,
1999), and, at least in part, also for umami taste transduction (He et al. 2004).
a-Gustducin-positive cells also express the B-subunits GB1 and GB3 and the
v-subunit Gy13 (Huang et al. 1999; Rossler et al. 2000) supporting a role of a
heterotrimeric G protein with a subunit composition of Ga-gustducin, GB1 or
GpB3, Gy13 for taste transduction. Also the signal transduction components after
the initially activated heterotrimeric G protein are well established. Biochemical
experiments (Ogura et al. 1997; Rossler et al. 1998) and genetically modified
mouse models (Dotson et al. 2005; Zhang et al. 2003) demonstrate the involve-
ment of phospholipase CB2 (PLCB2). Activation of PLCB2 results in the genera-
tion of IP5 causing transient increase in intracellular calcium ions by activation of
the ER-membrane-resident type-III IP5 receptor, which was shown to be present
in taste cells (Clapp et al. 2001). Finally, transient receptor potential melastatin
channel subtype 5 (TRPMS) is activated by the changing intracellular calcium
levels causing depolarization of taste receptor cells. Again, the crucial role of
TRPMS for taste signaling was confirmed by genetically modified mouse models
(Damak et al. 2006; Talavera et al. 2005; Zhang et al. 2003). Taken together, it is
widely accepted that the signaling components briefly described in this paragraph
are the main components for taste G-protein-coupled receptor-dependent signal
transduction in the gustatory system and therefore represent the canonical signal
transduction cascade. Moreover, the above-mentioned signaling molecules are
often used as surrogate markers for cells responding to tastants beyond the oral
cavity of mammals. However, it should be noted here that a number of observa-
tions ranging from residual taste responses in various knock-out models and
colocalization studies of taste-related molecules to the presence of alternative
signaling components present in subsets of taste cells do not allow to draw
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conclusions on the exclusiveness of canonical taste transduction components for
taste responsiveness in mammals. For a review focusing in more detail on taste
signal transduction see Margolskee (2002).

2.2 Pharmacological Characterization of Mammalian Bitter
Taste Receptors

Within the genomes of most mammalian species, 20—40 functional bitter taste
receptor genes can be found (Dong et al. 2009). At present, only some mammalian
bitter taste receptors have been deorphaned with a clear bias toward human
TAS2Rs. Whereas bitter compounds activating 20 of the ~25 human TAS2Rs
have been identified (Meyerhof et al. 2010), only 2 of the ~33 mouse Tas2rs
(Chandrashekar et al. 2000), a single rat (of ~36 Tas2rs) (Bufe et al. 2002), and
one chimpanzee receptor (Wooding et al. 2006) were deorphaned. As many bitter
compounds exhibit pronounced pharmacological activities independent of bitter
taste receptors, a more detailed analysis of the receptor properties in species other
than human would be highly desirable in the future, to allow a better separation
between TAS2R-dependent and -independent physiological activities. Focusing on
human receptors, it is well documented that they differ considerably in their
apparent breadth of tuning. The most broadly tuned receptors are hTAS2R10
(Bufe et al. 2002), hTAS2R14 (Behrens et al. 2004), and hTAS2R46 (Brockhoff
et al. 2007). A recent screening of all 25 hTAS2R2s with 104 natural and synthetic
bitter compounds (Fig. 1) revealed that each of the three receptors responded
roughly to one-third of all substances tested and that their combined activity
would be sufficient to detect about half of all bitter compounds (Meyerhof et al.
2010). On the opposite side of the spectrum, another group of receptors exhibits a
rather limited breadth of tuning. This group consists of the receptors hTAS2R3
(Meyerhof et al. 2010), -R5 (Meyerhof et al. 2010), -R8 (Pronin et al. 2007), -R13
(Meyerhof et al. 2010), -R49 (Meyerhof et al. 2010), and -R50 (Behrens et al.
2009), which responded to 10 times fewer compounds (<3 of 104) (Meyerhof et al.
2010). Intermediate promiscuity was observed for the majority of hTAS2Rs
responding to 6-20% of the bitter compounds. This group of receptors includes
hTAS2R1 (Maehashi et al. 2008), -R4 (Chandrashekar et al. 2000), -R7 (Sainz et al.
2007), -R16 (Bufe et al. 2002), -R38 (Bufe et al. 2005; Kim et al. 2003), -R39
(Meyerhof et al. 2010), -R40 (Intelmann et al. 2009), -R43 (Kuhn et al. 2004;
Pronin et al. 2004), -R44 (Kuhn et al. 2004), and -R47 (Pronin et al. 2004).
Surprisingly, Meyerhof et al. also demonstrated that the two receptors hTAS2R16
and hTAS2R38 that were considered to be specifically activated by B-p-glucopyr-
anoside and isothiocyanate moieties, respectively, responded to compounds not
matching these proposed chemical subclasses. As the two receptors still predo-
minantly detect B-p-glucopyranoside and isothiocyanate containing bitter sub-
stances, it appears justified to consider them as specifically tuned receptors.
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Another deorphanized receptor with, most likely, intermediate promiscuity is
hTAS2R9 (Dotson et al. 2008).

3 Respiratory System

Until recently, the mechanism underlying responses of the respiratory system to the
application of noxious substances such as pepper was somewhat enigmatic. It was
assumed that irritating substances stimulate free nerve endings of the trigeminal
nerve, which express various receptors including those responding to hot (capsai-
cin) and cooling (menthol) agents belonging to the TRP-channel family (Liu and
Simon 2000; McKemy et al. 2002). As the trigeminal nerve endings terminate
below the epithelial apical tight junction complex (Finger et al. 1990), the way by
which the compounds reach the receptors located on these nerve fibers was subject
to speculation. The identification of solitary chemosensory cells (SCCs) innervated
by trigeminal nerve fibers in the nasal cavity of mice provided an explanation of
how the stimulation by especially hydrophilic noxious substances that are not able
to penetrate epithelial tight junctions by a paracellular mechanism as speculated for
lipophilic compounds may occur. The SCCs express taste-specific signaling com-
ponents such as a-gustducin, PLCB2 (Finger et al. 2003), TRPMS5 (Gulbransen et al.
2008; Lin et al. 2008), reach the nasal cavity with their apical microvilli, and
respond to stimulation with bitter compounds (Finger et al. 2003) and odorous
irritants (Lin et al. 2008). The experimental stimulation of nasal SSCs results in
respiratory depression in mice indicating a protective mechanism against the
inhalation of noxious compounds (Finger et al. 2003; Lin et al. 2008). Further
analyses of nasal SCCs revealed that they express bitter taste receptor genes, thus
explaining their responsiveness upon application of bitter compounds. Recently, it
was shown that a natural source of respiratory irritants may be produced by Gram-
negative respiratory pathogens such as Pseudomonas aeruginosa. These bacteria
produce, among other compounds, acyl-homoserine lactones as signals for their
population density (quorum sensing). Indeed, bacterially produced acyl-homoser-
ine lactones, which are chemically related to bitter sesquiterpene lactones, stimu-
lated mouse SSCs via bitter taste-signaling components leading to changes in the
respiratory rates of mice treated with those compounds (Tizzano et al. 2010).
However, due to the small number of deorphaned mouse bitter taste receptors, it
remains to be determined which TAS2R(s) might mediate the observed effect.
Surprisingly, bitter taste receptor expression was recently demonstrated in
ciliated cells of human airways (Shah et al. 2009). These cells exhibit motile cilia
and have an important function in moving mucus out of the lung in a cell autono-
mous fashion. By mRNA analyses using human airway epithelia or differentiated
cultures thereof, several hTAS2R genes along with the signaling components
a-gustducin and PLCB2 were identified. Using antibodies specific for hTAS2R4,
-R38, -R43, and -R46, the authors located the bitter taste receptors directly in the
ciliary membranes. Strikingly, the ciliary beat frequency in differentiated human
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airway epithelia was elevated upon stimulation with the bitter compound denato-
nium (Shah et al. 2009).

4 Gastrointestinal System

More than a decade ago, the extraoral expression of the taste-signaling component,
a-gustducin (McLaughlin et al. 1992), was demonstrated in the stomach, duodenum
(Hofer et al. 1996), and pancreatic ducts (Hofer and Drenckhahn 1998) of rats. Based
on their specific morphology, which resemble in many aspects taste receptor cells of
the tongue, the gustducin-positive cells were identified as brush cells containing an
apical tuft of microvilli (for a review on brush cells, see Sbarbati and Osculati
(2005)). More recently, Hass and colleagues detected within the gastric mucosa of
mice numerous gustducin-positive cells, of which some were densely clustered in an
area between the cardiac and glandular part of the stomach (limiting ridge) (Hass
et al. 2007). Utilizing additional marker molecules, the authors of this study demon-
strated convincingly that the gustducin-positive cell population in the gastric
mucosa consists of at least two distinguishable cell types. One cell type was
identified as brush cells, thus confirming previous reports (Hofer et al. 1996;
Wu et al. 2002); another cell type is morphologically dissimilar and clustered.
Whereas all gustducin-expressing cells are likely to express TRPMS as well,
PLCP2, although direct double-labeling experiments were not performed, appeared
to be expressed mostly in a distinct subset of cells. However, the close association of
PLCp2-positive cells, which also express PGP9.5 and ghrelin, with gustducin-
expressing cells suggests a functional relationship of these cell types (Hass et al.
2007).

In a comprehensive study, Bezencon and colleagues detected a-gustducin,
PLCPB2, and TRPMS in stomach, small intestine, and colon of mice (Bezencon
et al. 2006). The authors of this study also observed a considerable variance in
the overlap of the expression of these molecules on a cellular level. Whereas the
majority of cells expressing green-fluorescent protein under the control of the
TRPMS promoter in duodenal villi also express o-gustducin and PLCB2, a similar
degree of colocalization was not observed in other regions of the gut, especially in
colon sections PLCPB2-expressing cells appeared to be a rather independent
population (Bezencon et al. 2006). The apparent complexity of gustducin-expres-
sing cell types in the gut was confirmed by a recent study in mouse small intestine
where three types of gustducin-positive cells were identified expressing gustducin
only, gustducin and glucagon-like peptide-1 (GLP-1), or gustducin and 5-HT
(Sutherland et al. 2007). The colabeling of gustducin (Fig. 2) and GLP-1 is in
good agreement with numerous reports on the role of enteroendocrine cells and
cell lines originating from enteroendocrine cells for gastrointestinal nutrient
sensing (Chen et al. 2006; Dotson et al. 2008; Dyer et al. 2005; Jang et al.
2007; Jeon et al. 2008; Kokrashvili et al. 2009; Margolskee et al. 2007; Rozengurt
et al. 2006; Saitoh et al. 2007; Wu et al. 2002, 2005). These enteroendocrine cells



94 M. Behrens and W. Meyerhof

are dispersed within the gut epithelium and secrete numerous hormones, such as
GLP-1, GLP-2, PYY (L-cells), GIP (K-cells), and 5-HT (enterochromaffin cells)
to name just a few (for a recent review on chemosensing by enteroendocrine cells,
see (Sternini et al. 2008).

Concerning the expression of bitter taste receptors in gastrointestinal cells,
most studies used RT-PCR experiments to identify TAS2R mRNA in human or
rodent gastrointestinal tissue or model cell lines for enteroendocrine cells (Chen
et al. 2006; Dotson et al. 2008; Rozengurt et al. 2006; Wu et al. 2002, 2005).
At present, only a single cellular colocalization experiment demonstrated the
presence of mouse TAS2R138 with chromogranin A, a marker for enteroendocrine
cells, in sections of mouse small intestine (Jeon et al. 2008). Intriguingly, the
authors of the latter study showed that the transcription factor sterol regulatory
element-binding protein-2 (SREBP-2) directly acts on the 5'-upstream region of the
mTas2ri138 gene, which contains the putative promoter leading to elevated tran-
script levels. This explains the observation that phenylthiocarbamide (PTC) stimu-
lation of mTAS2R138-expressing STC-1 cells leading to cholecystokinin (CCK) as
well as GLP-1 was enhanced by elevated SREBP-2 levels (Jeon et al. 2008). The
PTC-induced secretion of CCK and GLP-1 was dependent on extracellular calcium
ions confirming previous experiments demonstrating involvement of L-type voltage-
sensitive calcium channels (Chen et al. 2006).

One of the proposed physiological consequences of bitter compounds present in
the gastrointestinal tract is a delay in gastric emptying. As bitter compounds
represent an aversive taste stimulus inhibiting feeding, Glendinning and colleagues
sought to separate oral and gastrointestinal stimuli by intragastric infusion of
denatonium solutions in rodent experiments (Glendinning et al. 2008). They
demonstrated that 10 mM, but not 2.5 mM, denatonium solution produced robust
conditioned taste aversion in rats and that gastric emptying of treated rats occurred
at a slower rate. Although the contribution of a dilution effect, which was due to the
orally consumed test solution at the same time, was taken into account, the 5 mM
effective intragastric concentration of denatonium was higher than the denatonium
concentration necessary to condition taste aversion orally (1.25 mM). The same
study showed that mice display a similar flavor aversion by gastric infusion of
12 mM denatonium (~6 mM effective intragastric concentration) solution. The
duration to induce reduced licking of test solutions in rats after gastric infusion
was much longer (>5 min) than the delay observed for oral stimulation (~5 s).
If bitter tastants also affect gastric emptying in humans is unclear, since few studies
were performed presenting contrasting evidence for (Wicks et al. 2005) or against
(Little et al. 2009) an influence of bitter compounds on the slowing of gastric
emptying.

The mechanism by which bitter compounds present in the upper gastrointestinal
tract influence gastrointestinal function seems to involve vagal afferents as vagal
nerve transection below the diaphragm prevents the activation of NTS neurons as
visualized by c-fos expression (Hao et al. 2008). It is speculated that activation of
vagal nerve fibers, which contain CCK1 and Y Y2 receptors and terminate close to
enteroendocrine cells, involves release of CCK and peptide YY stimulated by bitter
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compounds (Hao et al. 2008). In a follow-up study, Hao and colleagues identified
additional regions within the rat brain responding to intragastric gavage of bitter
compounds. They found significantly elevated c-fos expression in parts of the NTS,
medulla, parabrachial nucleus, amygdale, and hypothalamus indicating a complex
activation pattern, which can be correlated with the observed conditioned taste
aversion by bitter compounds (Hao et al. 2009). Within human and rat large
intestine, 6-n-propyl-2-thiouracil (PROP) evokes anion secretion indicative for an
increased transepithelial ion transport (Kaji et al. 2009). The authors correlate the
observed activity of PROP with the presence of TAS2Rs detected by RT-PCR.
As pathophysiological levels of PGE2 induce inflammation and potentiate PROP-
induced effects, it is suggested that noxious substances are flushed out from the
colonic lumen faster.

The function of bitter taste receptors in gastrointestinal cells associated with
metabolic regulation, such as enteroendocrine cells secreting GLP-1 (L cells) or
GIP (K cells), may also explain the observation that an inactive variant of the
human bitter taste receptor hTAS2R9 is associated with the occurrence of meta-
bolic phenotypes in an Amish family diabetes study (Dotson et al. 2008).

5 Outlook

During recent years, numerous reports indicated nongustatory expression and
function of bitter taste receptors. One obvious conclusion from the fact that bitter
taste receptors were identified in respiratory and gastrointestinal tissues is that
one can no longer consider TAS2Rs as pure taste receptors. However, at present,
numerous questions remain to be solved especially in the field of gastrointestinal
bitter taste receptor function. (1) What are the cell type(s) expressing bitter taste
receptors in vivo? By immunohistochemical methods, in situ hybridization or
transgenic techniques the exact nature and localization of TAS2R-containing gut
cells has to be established. (2) What is the biological significance of bitter
compound-stimulated responses of enteroendocrine cells? As it was shown that
enteroendocrine L-cells respond to sweet (Jang et al. 2007; Margolskee et al.
2007), bitter (Chen et al. 2006; Dotson et al. 2008; Rozengurt et al. 2006; Wu
et al. 2002), and even all five taste qualities (Saitoh et al. 2007); although the
different taste qualities indicate very different properties of the food consumed, it
appears difficult to understand what the physiological role of this stereotypical
response behavior might be. (3) Are bitter taste receptor molecules involved in
the activation of enteroendocrine cells? Most bitter compounds exert especially
at high concentrations pronounced pharmacological activity, which does not
necessarily involve an interaction with bitter taste receptors. The enormous
increase in functionally characterized human bitter taste receptors should allow
a pharmacological profiling of established cellular models of GI cells and
to correlate the obtained functional data with the expression of hTAS2R
genes nowadays.
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Reciprocal Modulation of Sweet Taste by Leptin
and Endocannabinoids

Mayu Niki, Masafumi Jyotaki, Ryusuke Yoshida, and Yuzo Ninomiya

Abstract Sweet taste perception is important for animals to detect carbohydrate
source of calories and has a critical role in the nutritional status of animals. Recent
studies demonstrated that sweet taste responses can be modulated by leptin and
endocannabinoids [anandamide (N-arachidonoylethanolamine) and 2-arachidonoyl
glycerol]. Leptin is an anorexigenic mediator that reduces food intake by acting on
hypothalamic receptor, Ob-Rb. Leptin is shown to selectively suppress sweet taste
responses in wild-type mice but not in leptin receptor-deficient db/db mice. In
marked contrast, endocannabinoids are orexigenic mediators that act via CB;
receptors in hypothalamus and limbic forebrain to induce appetite and stimulate
food intake. In the peripheral taste system, endocannabinoids also oppose the action
of leptin and enhance sweet taste sensitivities in wild-type mice but not in mice
genetically lacking CB; receptors. These findings indicate that leptin and endocan-
nabinoids not only regulate food intake via central nervous systems but also may
modulate palatability of foods by altering peripheral sweet taste responses via their
cognate receptors.

1 Introduction

It is generally known that sensory information of taste is important for evaluating
the quality of food components, which is believed to be composed of five basic taste
qualities, viz sweet, salty, sour, umami (savory taste), and bitter. Each of these may
be responsible for the detection of nutritious and poisonous contents; sweet taste for
carbohydrate sources of calories, salty for minerals, umami for protein and amino
acids contents, sour for ripeness of fruits and spoiled foods, and bitter for harmful
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compounds. The detection of these taste qualities begins with the taste receptors on
the apical membrane of taste receptor cells. Recent molecular genetic studies have
proposed candidate receptors for the five basic tastes. Sweet, bitter, and umami
tastes are mediated by G protein-coupled receptors (GPCRs), such as taste receptor
type 1 (T1Rs: sweet and umami) and type 2 (T2Rs: bitter) families. T1R3 combines
with T1R2 to form a sweet taste receptor and with TIR1 to form an umami taste
receptor (Nelson et al. 2001; Li et al. 2002). Metabotropic glutamate receptors, such
as mGluR1 and 4 (brain-expressed and truncated types of the receptors), are also
proposed to be umami receptors in addition to TIR1 + T1R3 (Chaudhari et al.
2000; Toyono et al. 2003; San Gabriel et al. 2005). T2Rs are a family of ~25 highly
divergent GPCRs; some of them have been identified for their specific bitter ligands
(Matsunami et al. 2000; Mueller et al. 2005). Salty and sour tastes are mediated by
channel-type receptors; epithelial sodium ion channels (ENaCs) for salty (Heck
et al. 1984; Chandrashekar et al. 2010), and acid-sensing ion channels (ASICs)
(Ugawa et al. 1998), hyperpolarization-activated cyclic nucleotide-gated potassium
channels (HCNs) (Stevens et al. 2001), and polycystic kidney disease 1 L3 and 2 L1
heterodimer (PKD1L3 + PKD2L1) (Ishimaru et al. 2006) for sour (Fig. 1). It has
also been shown that each of these receptors is expressed in separate population of
taste bud cells, and genetic elimination of taste receptor (or receptor cells) leads to
severe loss of sensitivity to a specific taste quality (Nelson et al. 2001; Mueller et al.
2005; Huang et al. 2006; Chandrashekar et al. 2010), suggesting a possibility that
different taste bud cells define the different taste modalities and that activation of a
single type of taste receptor cells may be sufficient to encode taste quality (Fig. 1).
On the other hand, it is also demonstrated that, although about 60% of taste cells are
selectively responsive to one of the five basic stimuli, still many taste cells (about
40%) possess sensitivities to multiple taste qualities (Caicedo et al. 2002; Yoshida
et al. 2006, 2009; Yoshida and Ninomiya 2010). Furthermore, taste cells with
synapses can receive taste signals from the other cells (cell-to-cell communications;
Tomchik et al. 2007) and transmit their signals to taste nerve fibers. Therefore, there
are still controversial in peripheral taste coding logic.

Recently, it has been shown that taste function can be modulated by hormones or
other factors that act on receptors present in the peripheral gustatory system. For
example, leptin, an anorexigenic mediator that reduces food intake by acting on
hypothalamic receptors (Friedman 2004), selectively suppresses sweet taste responses
and these effects may be mediated by leptin receptor, Ob-Rb, expressed in sweet-
sensitive receptor cells (Kawai et al. 2000; Shigemura et al. 2004; Nakamura et al.
2008; Sanematsu et al. 2009; Horio et al. 2010; Jyotaki et al. 2010). Glucagon-
like peptide-1 (GLP-1), an incretin that influences glucose transport, metabolism,
and homeostasis (Rehfeld 1998), normally acts to maintain or enhance sweet
taste sensitivity by its paracrine activity (Shin et al. 2008). More recently, we found
that sweet-sensitive cells also express receptors for endocannabinoids, orexigenic
mediators that induce appetite and stimulate food intake via endocannabinoid (CB)
receptors mainly in hypothalamus (Kirkham et al. 2002). In the peripheral taste system,
endocannabinoids also oppose the action of leptin and enhance sweet taste responses in
mice (Yoshida et al. 2010). Thus, leptin and endocannabinoids, therefore, not only
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Fig. 1 Schematic presentations of taste transduction of sweet-sensitive cell expressing leptin
receptors(Ob-Rb) and endocannabinoid receptors (CB;) and action of leptin and endocannabinoids
on hypothalamus, adipose cells, and sweet-sensitive cell. Upper left panel: five basic taste qualities
may be encoded by a single type of taste receptor cells in a taste bud which contains 50-150 taste
cells. Middle and right panels: leptin (anorexigenic factor) and endocannabinoids (orexigenic
factor) not only regulate food intake via central nervous systems but also modulate palatability of
food by altering peripheral sweet taste sensitivity. The heterodimer of T1IR2 + T1R3 was shown
to form a sweet taste receptor that can bind a broad array of sweet compounds including external
caloric energy sources (Nelson et al. 2001). Binding of sweet compounds to TIR2 + T1R3 leads
to activation and dissociation of the subunits of the coupled heterotrimeric G protein, probably
Gustducin (Ggust) (Wong et al. 1996) but possibly other G proteins too. The dissociated By
subunits of the Ggust activate PLCB2, which hydrolyzes phosphatidylinositol bisphosphate (PIP,)
into diacylglycerol (DAG) and inositol trisphosphate (IP5) (Margolskee 2002). Subsequently,
IP5(subscribe) activates the type III IP5 receptor (IP3R3), leading to the release of Ca>" from
intracellular stores (Hisatsune et al. 2007). Rapid increases in [Ca*"]i open basolaterally located
transient receptor potential cation channel, subfamily M, member 5 (TRPMS) channels, leading to
the Na* influx, membrane depolarization, and generation of action potentials (Huang et al. 2002;
Medler et al. 2003). The action potential triggers adenosine 5'-triphosphate (ATP) release through
hemichannels (Huang et al. 2007; Romanov et al. 2007) and the released ATP activates purinergic
P2X receptors in taste fibers which convey sweet taste information to the brain (Finger et al. 2005).
TRPMS channel involved in the transduction of sweet taste acts as a thermosensor (15-35°C).
Activation of this channel, by temperature peaking at 35°C near body temperature, leads to increase
of the sweet sensitivity of the cell (Talavera et al. 2005). Leptin produced in adipose cells reduces
food intake by acting on hypothalamic receptors (Friedman 2004), and selectively suppresses sweet
taste responses (Kawai et al. 2000). These effects may be mediated by leptin receptor Ob-Rb
expressed in sweet receptor cells. The Ob-Rb may act by STAT3 (signal transducers and activators
of transcription) pathway of intracellular signal transduction (Shigemura et al. 2003), and activate
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regulate food intake via central nervous systems but also modulate palatability of foods
by altering peripheral sweet taste sensitivity. This paper summarized the data from
recent studies on the reciprocal modulation of peripheral sweet taste sensitivity by
leptin and endocannabinoids and its role in regulating energy homeostasis.

2 Leptin Inhibition on Sweet Taste Responses in Mice

Leptin is known as a circulating hormone primarily produced in adipose cells. It
regulates food intake, energy expenditure, and body weight mainly via activation of
the hypothalamic leptin receptor. Leptin is thought to promote weight loss, at least
in rodents, by suppressing appetite and stimulating metabolism (Zhang et al. 1994).
Mutant mice that have defects in either leptin or the leptin receptor, such as ob/ob
and db/db mice, are hyperphagic, massively obese, and diabetic (Zhang et al. 1994;
Lee et al. 1996). The functional leptin receptor (Ob-Rb) is abundantly expressed in
several hypothalamic nuclei, which are major target sites for the hormone. How-
ever, Ob-Rb is also expressed in peripheral organs, such as lymph nodes, liver,
lung, uterus, adipose tissue, kidney, and pancreas (Flier 2004). Recently, we have
demonstrated that the taste organ is another peripheral target for leptin. The
hormone directly acts on taste receptor cells via Ob-Rb expressed in these cells
and it specifically inhibits peripheral gustatory neural and behavioral responses to
sweet substances without affecting responses to sour, salty, and bitter substances in
lean mice. By contrast, such selective inhibition of sweet taste responses by leptin
was not observed in leptin receptor-deficient db/db mice (Kawai et al. 2000;
Shigemura et al. 2004; Ninomiya et al. 2002). Instead, the db/db mice showed
enhanced gustatory neural responses to sweet compounds (Ninomiya et al. 1995,
1998). In lean mice, the strength of suppressive effects by leptin was at most about
30% of control responses, and the effect may saturate when plasma leptin concen-
tration reaches about 15-20 ng/ml (Kawai et al. 2000; Ninomiya et al. 2002). It was
also found that potassium outward currents of isolated taste cells in response to
depolarizing voltage steps were increased during bath application with leptin to the
cells (Kawai et al. 2000). Increase of potassium outward current may lead to
reduction of cell excitability and spike frequencies (Fig. 1). In this respect, we
have recently found that about a half of sweet-responsive cells showed significant
reduction of impulse frequencies in response to sweet stimuli during the application
of leptin (10-20 ng/ml) to basolateral membrane of taste cells and their recovery
after washout of leptin. (Yoshida et al. unpublished observation).

Fig. 1 (continued) outward K* currents, which results in hyperpolarization of taste cells (Kawai
et al. 2000). Endocannabinoid that act via CB; receptors in hypothalamus stimulate food intake
(Kirkham et al. 2002) and selectively enhance sweet taste responses (Yoshida et al. 2010). These
reciprocal regulations of peripheral sweet taste reception by endocannabinoids and leptin may
contribute to their opposing actions on food intake and play an important role in regulating energy
homeostasis
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3 Diurnal Variation of Plasma Leptin Levels and Sweet Taste
Recognition Thresholds in Human

Circulating leptin levels are known to have a diurnal variation in both rats
and humans (Saladin et al. 1995; Ahima et al. 1996). In humans, plasma
leptin levels start rising before noon and peak between 23:00 and 01:00 h,
after which the levels decline until morning (Sinha et al. 1996). Leptin, unlike
insulin, does not rapidly increase after a meal and does not, by itself, lead to
meal termination. However, this does not mean that leptin levels are totally
independent of meal timing. Instead, the diurnal variation of leptin levels
shows meal-related shifts. For example, when meals were shifted by 6.5 h
without changing the light or sleep cycles in humans, the plasma leptin levels
were similarly shifted by 5-7 h (Schoeller et al. 1997). The nocturnal rise of
leptin does not occur if the subjects are fasted (Boden et al. 1996). Therefore,
if leptin acts as a modulator for sweet taste sensitivity, and it shows diurnal
variation, then it follows that the threshold for sweet taste may show corre-
lated diurnal variation.

We have recently examined this possibility by measuring recognition thresh-
olds of nonobese subjects (BMI < 25) for various taste stimuli and plasma
leptin levels at seven time-points (8:00, 9:30, 12:00, 14:00, 17:00, 19:00 and
22:00) during the day under normal meal conditions with three meals, and
restricted meal conditions with one or two meals per day (Nakamura et al.
2008). In the normal feeding condition, leptin concentrations started rising
before noon and peaked in the night. This rise in leptin occurred later in the
two and one meal conditions resulting in a phase shift of diurnal variation. With
regard to taste recognition thresholds, similar to plasma leptin levels, significant
time-dependent increases in thresholds for sucrose, glucose and saccharin were
observed in the normal meal condition (Nakamura et al. 2008). That is, subjects
needed higher concentrations of these sweeteners to detect the stimulus quality
when they were tested in the evening compared to the morning. There was also a
phase shift in one or two meal conditions eliminating the time-dependent
changes in sweetener recognition threshold. Diurnal variations in sweetener thres-
holds were significantly different among three meal conditions. This diurnal vari-
ation is sweet-taste selective: it was not observed in thresholds for other taste
stimuli (NaCl, citric acid, quinine, and mono-sodium glutamate) (Nakamura et al.
2008). In contrast, the diurnal variations for sweet recognition thresholds became
much smaller in the overweight and obese subjects (BMI > 25: Shigemura et al.
unpublished observation). Plasma leptin levels (at 8:00) of most of the over-
weight and obese subjects are more than 10 ng/ml, which are close to the
saturation level of leptin effect in mice (about 15-20 ng/ml) (Kawai et al.
2000). This suggests that the smaller diurnal variations for sweet recognition
thresholds in the over-weight and obese subjects may be due to their higher
basal plasma leptin levels.



106 M. Niki et al.

4 Possible Relationships Between Sweet Taste Sensitivity
and Postingestive Insulin Responses

In the above-mentioned human study, we also found that blood glucose and
plasma insulin levels of nonobese subjects showed meal-related changes with
increases evident after each meal in the three different feeding conditions. More-
over, increases in blood glucose after the first meal in the one and two meal
conditions were higher than that in the normal, three meal feeding condition.
Similar tendency was observed in case of plasma insulin levels. Thus, postinges-
tive rises of blood glucose and insulin levels of individuals after meal were
negatively correlated with leptin levels and recognition thresholds for sucrose
before meal (Nakamura et al. 2008; Sanematsu et al. 2009; Horio et al. 2010;
Jyotaki et al. 2010). This suggests that greater postingestive rises of blood glucose
and insulin levels may be associated with lower leptin levels and higher sweet
sensitivities before meal.

In relation to this potential linkage, a previous study showed that oral stimulation
with sucrose elicits an increase in activities of the pancreatic branch of the vagal
nerve in rats, whereas no such response was observed upon stimulation with NaCl
(Niijima 1991). The vagal nerve response to sucrose occurs about 5 min after onset
of the stimulation and lasts for at least 30 min. Since the so-called cephalic-phase
insulin release (CPIR) is known to occur as early as 1-4 min after food ingestion
(Teff et al. 1991), the late response observed in the vagal efferent nerve to oral
stimulation with sucrose should not relate to the CPIR but may be involved in the
factors relate to postingestive insulin release. In addition, recent studies demon-
strated that enteroendocrine cells in the gastrointestinal tract express sweet recep-
tors (TIR2 + T1R3) and leptin receptors (Jang et al. 2007; Barrenetxe et al. 2002),
and release GLP-1 in response to sugars and nonnutritive sweeteners. This leads to
an increase in the expression of Na*/glucose cotransporter, SGLT1, followed by
increased glucose absorption in enterocytes (Margolskee et al. 2007). Also, sweet
receptors (T1R2 + T1R3) and their downstream signaling molecules, gustducin
(Ggust) and phospholipase C-f§ 2 (PLC2), are found to be expressed in pancreatic
B cells and several artificial sweeteners, such as sucralose, saccharin, and acesul-
fame-K, are shown to stimulate insulin secretion from the mouse pancreatic islet via
sweet receptors on the cell membrane (Nakagawa et al. 2009). Pancreatic [ cells are
also shown to express leptin receptors (Kieffer et al. 1997). Our recent study
demonstrated that enteroendocrine STC-1 cells, like taste cells, responded to
sweet compounds and other taste stimuli with rapid increases of intracellular Ca®"
concentration, and Ca®" responses to sweet compounds were suppressed by leptin
in a concentration-dependent manner (Jyotaki et al. unpublished observation). This
suggests a possibility that enteroendocrine cells and pancreatic § cells may also
possess comparable sweet sensitivities with diurnal variations parallel with plasma
leptin levels and meal-related phase shifts. If this is the case, postingestive rises in
glucose and insulin levels may be influenced by sweet sensitivities of both taste and
gut and pancreatic f cells (Nakamura et al. 2008).
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5 Endocannabinoid Enhancement on Gustatory Neural
and Behavioral Responses to Sweeteners in Mice

In our previous studies, we found that db/db mice with leptin receptor-deficiency
showed enhanced responses to sweet compounds (Ninomiya et al. 1995, 1998,
2002). This finding led us to investigate potential effect of leptin on taste
responses and resulted in our discovery of inhibitory effect of leptin on sweet
taste. However, there still remains unclear why lack of leptin inhibition on sweet
taste in db/db mice may lead to their enhancement of sweet taste responses
(Ninomiya et al. 2002). With regard to our question, Di Marzo and his colleagues
reported that defective leptin signaling is associated with elevated hypothalamic
levels of endocannabinoids in obese db/db and ob/ob mice and Zucker rats (Di
Marzo et al. 2001). Endocannabinoids, such as anandamide [N-arachidonoyletha-
nolamine (AEA)] and 2-arachidonoyl glycerol (2-AG), are known as orexigenic
mediators that act via CB; receptors in hypothalamus and limbic forebrain to
induce appetite (Jamshidi and Taylor 2001; Cota et al. 2003) and stimulate food
intake (Kirkham et al. 2002). Furthermore, acute leptin treatment of normal rats
and ob/ob mice reduces AEA and 2-AG in the hypothalamus. CB; receptor anta-
gonist SR141716 reduces food intake in wild-type mice but not CB;-knockout
(KO) mice (Wiley et al. 2005). These findings indicate that endocannabinoids in
the hypothalamus appear to be under negative control by leptin and contribute to
overeating in the development of obesity. If this is also the case in peripheral taste
system, it is possible that enhancement of sweet taste responses observed in db/db
mice might be due not only to lack of inhibitory effect of leptin but also to the
effect of endocannabinoids.

To test this possibility, we first examined gustatory nerve responses of the
wild-type mice to various taste stimuli before and after administration of AEA or
2-AG. The responses were obtained from the chorda tympani nerve, innervating
the anterior tongue, and the glossopharyngeal nerve, innervating the posterior
tongue. The administration of AEA and 2-AG increases responses of both nerves
to sweeteners (sucrose, saccharin Na, glucose, and SC45647) in a concentration-
dependent manner, whereas no such increase was observed in responses to salty
(NaCl), sour (HC1), bitter (quinine), and umami (monosodium L-glutamate) com-
pounds (Yoshida et al. 2010). This suggests that the effect of endocannabinoids is
sweet-selective. After i.p. injection of AEA or 2-AG, increased responses to sweet
compounds (~150% of control for 500 mM sucrose) were observed at 10-30 min
postinjection and then recovered to the control level at 60—-120 min postinjection.
Consistently, the endocannabinoids selectively increase behavioral lick responses
to sucrose—quinine mixtures with similar postinjection time course, whereas no
such effect was observed in lick rates for salty, sour, bitter, and umami com-
pounds. By contrast, CB;-KO mice showed no such enhancement of responses to
sweet compounds in both gustatory nerve and behavioral response measurements
(Yoshida et al. 2010).
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6 Sweet Enhancing Effect of Endocannabinoids in Taste Cells

We next test the endocannabinoid effect at the taste cell level by comparing
responses (action potentials) of single taste cells to sweet compounds before and
after the application of AEA or 2-AG to the cells. The results indicate that about
60% of cells (27 of 47) showed enhancement of responses to sweeteners (>120% of
control) after the application of 1 pg/ml AEA or 2-AG to the basolateral side of
taste cell membrane. The enhancing effects of AEA and 2-AG on sweet responses
of taste cells in wild-type mice saturated at ~1 pg/ml. The half-max effective
concentration (ECso) for enhancing sweet responses of wild-type taste cells by
AEA (0.112 pg/ml) was about sixfold greater than that of 2-AG (0.017 pg/ml). The
effective concentrations of the endocannabinoids are within the physiological
ranges found in various tissues (Sugiura et al. 2002). In CB;-KO mice, sweet
responses of taste cells were not affected by 1 pg/ml AEA or 2-AG. A pharma-
cological blocker of CB, receptors, AM251, suppressed the sweet enhancing effect
of 1 pg/ml 2-AG; however, the CB, receptor blocker AM630 did not. These data
indicate that endocannabinoids act on CB; receptors to enhance sweet taste
responses of taste cells (Yoshida et al. 2010).

Our immunohistochemical study showed that in wild-type mice about 70% of
taste cells expressing CB; receptors coexpressed TIR3; ~60% of taste cells
expressing T1R3 also expressed CB; receptors. In CB;-KO mice, CB; immuno-
reactivity in taste cells was absent (Yoshida et al. 2010). In the central nervous
system, CB; receptors are expressed in presynaptic cells and underlie modulation
(inhibition) of transmitter release from presynaptic cells (Wilson and Nicoll
2002). In the peripheral taste organ, CB; immunoreactivity was observed in
fewer than 12% of GADG67-expressing taste cells which in mice are thought to be
presynaptic cells (Yoshida et al. 2010; DeFazio et al. 2006). GAD67-expressing
presynaptic cells are reported to be primarily sensitive to sour taste stimuli (Huang
et al. 2008; Yoshida et al. 2009). Endocannabinoids did not affect sour taste
responses, indicating that presynaptic cells are not the major target for endocan-
nabinoids in the taste organ. Instead, the majority of taste cells expressing CB,
receptors are sweet-sensitive cells expressing T1R3: endocannabinoids act to
enhance sweet taste responses through these taste receptor cells known to lack
well-elaborated synapses.

7 CBj Receptor Blocker Abolished Enhanced Sweet Taste
Responses in db/db Mice

We finally examined potential effect of CB; receptor blocker, AM251, on enhanced
sweet taste responses of db/db mice. The results indicate that the administration of
AM251 significantly decreases responses of the chorda tympani nerve to sweet-
eners (sucrose, saccharin Na, glucose, and SC45647) without affecting responses to
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salty (NaCl), sour (HCI), bitter (quinine), and umami (monosodium L-glutamate)
compounds. This suggests that the effect of AM251 is sweet-selective. After i.p.
injection of AM251, decreased responses to sweet compounds (~66% of control for
500 mM sucrose) were observed at 10-30 min postinjection and then recovered to
the control level at 60 min postinjection. After administration of AM251, responses
to various sweet compounds decrease to the levels similar to those shown by wild-
type mice, indicating that enhanced sweet taste responses disappeared in db/db
mice (Ohkuri et al. unpublished observation). This suggests that enhanced sweet
taste responses in db/db mice may occur through tonical activation of CB; by
endocannabinoids.

8 Functional Significance of Modulation of Peripheral Taste
Sensitivities

It has been reported that various peptides, such as leptin (Kawai et al. 2000;
Shigemura et al. 2004; Nakamura et al. 2008), cholecystokinin (CCK) (Herness
et al. 2002; Shen et al. 2005), vasoactive intestinal peptide (VIP) (Shen et al. 2005),
neuropeptide Y (NPY) (Zhao et al. 2005), and GLP-1 (Shin et al. 2008), may be
involved in the modulation of peripheral taste sensitivity. Among them, leptin and
GLP-1 are shown to be modulators for sweet taste. Leptin specifically suppresses
sweet taste responses and these effects may be mediated by leptin receptors (Ob-Rb)
on taste cells (Kawai et al. 2000; Ninomiya et al. 2002; Shigemura et al. 2004).
GLP-1 signaling increases sweet and sour taste sensitivity and these effects may be
mediated by GLP-1 receptors on adjacent intragemmal afferent nerve fibers (Shin
et al. 2008). Our above-mentioned study showed that endocannabinoids selectively
enhance sweet taste sensitivity via CB; receptors on the taste cells (Yoshida et al.
2010). Both endocannabinoids and GLP-1 enhance sweet taste but their specificity
(sweet vs. sweet and sour) and targets (taste cells vs. afferent fibers) differ,
suggesting that these modulators have different roles in modulating sweet taste.
Circulating endocannabinoid levels inversely correlate with plasma levels of leptin
in healthy human subjects (Monteleone et al. 2005). Both endocannabinoids and
leptin affect responses of taste cells via their cognate receptors. Therefore, endo-
cannabinoids and leptin may reciprocally regulate peripheral sweet taste sensitivity.

Previous behavioral studies demonstrated that systemic administration of exo-
genous cannabinoids or endocannabinoids in rodents causes hyperphagia (Williams
and Kirkham 1999) and increases the preference for palatable substances such as
sucrose solution or food pellets (Higgs et al. 2003; Jarrett et al. 2005). These effects
are mediated by the CB, receptor: pretreatment with the CB; receptor antagonist
SR141716A inhibited hyperphagia and reduced consumption of both bland and
palatable foods (Williams and Kirkham 1999; Higgs et al. 2003; Jarrett et al. 2005).
The natural “liking” reactions of rats to sweet compounds were amplified by
endogenous cannabinoid signals in nucleus accumbens (Mahler et al. 2007). This



110 M. Niki et al.

suggests that endocannabinoids may be related to hedonic aspects of sweet taste.
Our findings that increases in taste cell responses, nerve responses and lick
responses to sucrose appear especially at its higher (more palatable) concentrations
(Yoshida et al. 2010) are in line with the previous findings obtained from behavioral
studies mentioned above. Thus, endocannabinoids not only regulate food intake via
central nervous systems but also may modulate palatability of foods by altering
peripheral sweet taste responses. Taken together, reciprocal regulation of peripheral
sweet taste reception by leptin and endocannabinoids may contribute their opposing
actions on food intake and play an important role in regulating energy homeostasis.
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Roles of Hormones in Taste Signaling

Yu-Kyong Shin and Josephine M. Egan

Abstract Proper nutrition, avoidance of ingesting substances that are harmful to the
whole organism, and maintenance of energy homeostasis are crucial for living
organisms. Additionally, mammals possess a sophisticated system to control the
types and content of food that we swallow. Gustation is a vital sensory skill for
determining which food stuffs to ingest and which to avoid, and for maintaining
metabolic homeostasis. It is becoming apparent that there is a strong link between
metabolic control and flavor perception. Although the gustatory system critically
influences food preference, food intake, and metabolic homeostasis, the mechanisms
for modulating taste sensitivity by metabolic hormones are just now being explored.
It is likely that hormones produced in the tongue influence the amounts and types of
food that we eat: the hormones that we associate with appetite control, glucose
homeostasis and satiety, such as glucagon-like peptide-1, cholecystokinin, and
neuropeptide Y are also produced locally in taste buds. In this report, we will provide
an overview of the peptidergic endocrine hormone factors that are present or are
known to have effects within the gustatory system, and we will discuss their roles,
where known, in taste signaling.

1 Introduction

The intake of proper nutrition, avoidance of ingesting substances that are detrimen-
tal, and maintenance of energy homeostasis are crucial for organisms to continue
their lives. In mammals, there is a complex system that provides a gateway for
controlling the types of food we swallow. Gustation is a vital sensory skill for
locating food sources, determining which food stuffs to ingest and maintaining
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Table 1 Location of hormones and their receptors by cell type within taste buds

Type Type Type Type Nerve  References

I 1T 1 v fibers
VIP X Shen et al. (2005)
VIP receptor (VPACI, X Martin et al. (2010)
VPAC2)
CCK X Shen et al. (2005)
CCK receptor (CCK-1) X Herness et al. (2005)
NPY X Zhao et al. (2005)
NPY receptor (Y1) X X Herness and Zhao
(2009)
GLP-1 X X Shin et al. (2008)
GLP-1 receptor X X Shin et al. (2008)
Leptin receptor (Ob-Rb) X Shigemura et al. (2004)

metabolic homeostasis. It is becoming apparent that there is a strong link between
metabolic control and “flavor perception,” and endocrine alteration in the taste
system is likely to affect food intake, satiety, and general metabolism. Although the
gustatory system critically influences food preference, food intake and metabolic
homeostasis, the mechanisms for modulating taste sensitivity by metabolic hor-
mones are just now being explored. It is likely that hormones produced in the
tongue influence the amounts and types of food that we eat: the hormones that we
associate with appetite control, glucose homeostasis, and satiety, such as cholecys-
tokinin (CCK), glucagon-like peptide-1, neuropeptide Y (NPY), are also produced
locally in taste buds. In this review, we will provide an overview of the peptidergic
endocrine hormone factors that are present or to have effects within the gustatory
system and we will discuss their roles, if known, in taste signaling. Table 1 lists the
hormones and receptors known to be present in taste buds.

2 Hormones That Are Present in the Gustatory System

2.1 Vasoactive Intestinal Peptide

Vasoactive intestinal peptide (VIP) is a 28 amino acid peptide and a member of
PACAP/glucagon superfamily that includes secretin, glucagon, and at least 11 other
peptides. It was first extracted from the gut as a product of secretin purification and
is widely present in the peripheral as well as the central nervous system (Said and
Mutt 1970; Fahrenkrug et al. 1979; Ahrén et al. 1980; Lundberg et al. 1980; Lorén
et al. 1979). It was defined by its potent smooth muscle relaxant/vasodilatory
activity and as a stimulator of secretory activity (Dickson and Finlayson 2009). It
serves as a ligand for two G-protein-coupled receptors (GPCRs): VPAC1 and
VPAC2 (Martin et al. 2005). These receptors preferentially stimulate adenylate
cyclase (AC) and increase intracellular cyclic adenosine monophosphate (cAMP).
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Most recently, VIP expression has been identified in the taste cells (TCs) of the rat,
hamster, carp, and human (Kusakabe et al. 1998a, b; Herness 1989, 1995; Witt
1995). In mouse TCs, VIP immunoreactivity totally overlaps with PLCB2 expres-
sion (Shen et al. 2005; Fig. 1a); any role, however, of VIP in taste appreciation had
not been established prior to 2010.

The majority of VIP-immunoreactive cells also colocalize with a-gustducin,
while much fewer VIP-containing cells also express T1R2. a-Gustducin and T1R2
are markers for type II cells, implicating the presence of VIP as having some
function in these TCs of the tongue. On the basis of its expression pattern —
expression with o-gustducin but little expression with sweet taste receptors — it
seemed that VIP might be involved in the transduction of bitter stimuli (Shen et al.
2005). But a recent publication presented data showing that VIP null mice exhibit
enhanced taste sensitivity to sweet tastants and they also have heightened
sensitivity to bitter stimuli, decreased sensitivity to sour stimuli, and no change in
salt perception compared to normal mice. VIP and its receptors (VPAC1, VPAC2)
are coexpressed in type II TCs (Fig. 1b and c¢). Even though VIP null mice had
normal gross taste bud morphology, when compared to normal mice, they had
significant increases in the number of cells positive for glucagon-like peptide-1
(GLP-1: its role in taste will be discussed later) and leptin receptor expression was

PLCR2

Fig. 1 Expression of VIP, and coexpression of VIP receptors (VPAC1/VPAC2) with PLCJ2 in
mouse circumvallate papillae (CV). (a) VIP is expressed in taste bud. (b) VPACI and PLCB2 are
colocalized in a subset of PLCB2-positive cells. (¢) VPAC2 and PLCP2 are colocalized in a subset
of PLCPB2-positive cells. Scale bars, 20 um. Blue is TO-PRO-3 nuclear stain
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decreased in TCs. The elevated sweet sensitivity of the VIP null mice may stem
from the elevated levels of TC GLP-1 (Martin et al. 2010). In a previous study, the
authors published that GLP-1’s ability to activate GLP-1 receptors in the tongue is
strongly involved in the regulation of sweet taste sensitivity in mice (Shin et al.
2008). In addition, Martin et al. found that circulating levels of leptin in VIP null
mice were considerably higher than those in normal mice. Therefore, despite the
presence of high concentrations of this sweet taste suppressor, the reduction of TC
leptin receptor expression was able to facilitate enhanced sweet sensation by
preventing inhibitory leptin signaling activity in the tongue. Therefore, significant
decrease in leptin receptor expression and elevated expression of GLP-1 may
explain sweet hypersensitivity in VIP null mice.

2.2 Cholecystokinin

CCK is composed of varying numbers of amino acids depending on posttranslational
modification of the CCK gene product, preprocholecystokinin. So, in reality, CCK is
actually a family of hormones identified by the number of amino acids, e.g., CCK58,
CCK33, and CCKS. It was first found to be expressed within the enteroendocrine I
cells of the proximal small intestine and oral nutrient ingestion, particularly fat, was
shown to induce its secretion. Stimulation of gall bladder contraction was the first
function ascribed to it, but it plays a role in regulating many gastrointestinal (GI)
functions, such as gastric motility and pancreatic enzyme secretion (Buffa et al. 1976;
Moran and McHugh 1982). It is also a multifunctional peptide that serves as a
neurotransmitter (Larsson and Rehfeld 1979) and it is present in the myenteric
nerve plexus, central nervous system, pituitary corticotrophs, C cells of the thyroid,
and adrenal medulla (Beinfeld et al. 1981). CCK exerts its actions through two
members of the CCK-family of receptors. These receptors, named CCK-1 and
CCK-2 (renamed from the original nomenclature of CCK-A and CCK-B respec-
tively) are GPCRs that couple with the inositol trisphosphate (IP3) second messenger
system (Foucaud et al. 2008; Rehfeld et al. 2007). Expression of CCK has been
reported in the TCs of the rat, hamster, frog, and human (Herness et al. 2002;
Kusakabe et al. 1998a, b; Fig. 2a). We have also confirmed CCK immunoreactivity
in rat tongue where it completely overlaps with IP3R; (Fig. 2a).

More that 50% of CCK-positive TCs also express a-gustducin, an essential com-
ponent of the bitter pathway; however, very few CCK-containing TCs coexpress
TI1R2, a sweet taste receptor. Therefore, it was thought that CCK is likely involved
in bitter transduction (Lu et al. 2003; Shen et al. 2005). Following this hypothesis,
CCK-responsive TCs were characterized for sensitivity to two bitter stimuli, quinine
or caffeine, using the calcium-sensitive dye fura-2 as a tool to study intracellular
calcium. The investigators found that the same TCs that responded to CCK by
increasing intracellular calcium, also responded to quinine and caffeine. The investi-
gators were careful to show that quinine-induced elevations of intracellular calcium
were not due to endogenous fluorescence of the quinine molecule. Additionally, when
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a

Fig. 2 Expression of CCK and NPY in rat circumvallate papillae (CV). (a) CCK and IP;R; are
colocalized in a subset of IP3R;3-positive cells in rats. (b) NPY and IP;R; are colocalized in a
subset of IP;R;-positive cells in rats. Scale bars, 20 pm. Blue is TO-PRO-3 nuclear stain

extracellular calcium was depleted, intracellular calcium rose in response to CCK
stimulation. On the other hand, when thapsigargin, which depletes intracellular
calcium stores, was added to the cells before CCK stimulation, there were minimal
increases noted in intracellular calcium. These studies suggest that CCK operates
through the known CCK-1 receptor in the DAG/IP3-dependent manner. Most inter-
estingly, about 60—70% of the TCs that responded to CCK also responded to cholin-
ergic stimulation (Lu et al. 2003). CCK was found to increase excitability of TCs by
inhibiting outward- and inward-rectifying potassium currents, illustrating that CCK
maintains the TCs in a depolarized state for a longer period of time (Herness et al.
2002). For practical purposes, this means that cells that presumably release neuro-
transmitter during an action potential should have enhanced signaling of the transmit-
ter if CCK were also released from the same cell, which would be expected to
accentuate bitter taste. CCK works in an autocrine fashion because there is complete
overlap of CCK and CCK-1 receptor-expressing cells, meaning that it’s the same cells
that release CCK that then has enhanced downstream signaling of the neurotransmitter
(Herness et al. 2005). Other modalities besides sweet have not been tested to the same
extent. On the basis of pharmacological tools, CCK-2 is not expressed on TCs
(Herness et al. 2005).

2.3 Neuropeptide Y

NPY, a 36 amino acid peptide, is one of the most abundant neuropeptides in the central
nervous system, where it is widely distributed. It is a member of the Y family of
peptides, the other family members being pancreatic polypeptide and peptide YY.



120 Y.-K. Shin and J.M. Egan

It is a potent orexigenic factor (Kalra and Kalra 2004). In addition, it plays a role in
a very wide range of physiological processes, including anxiety, energy balance,
feeding, vasoconstriction, immune function, reproduction, and heart disease
(Gehlert 2004; McDermott and Bell 2007; Pedrazzini et al. 2003; Sperk et al.
2007; Wheway et al. 2007). NPY receptors are GPCRs and at least four Y subtypes
have been cloned; Y1, Y2, Y4, and Y5 (Wraith et al. 2000). An additional receptor
subtype, termed Y6, is found only in mice. NPY has high affinity for Y1, Y2, and
Y5, and the NPY modulatory effect in TCs is mediated by the Y1 subtype (Zhao
et al. 2005). Activation of the Y receptors causes inhibition of adenylyl cyclase,
mobilization of intracellular calcium via IP3 production, activation of inward-
rectifying potassium currents (the opposite to CCK-1 activation), and inhibition of
potassium and calcium currents (Pedrazzini et al. 2003; Sperk et al. 2007; Sun et al.
1998; Sun and Miller 1999). In TCs, NPY is found in type II cells of the taste buds
(Fig. 2b) where it completely overlaps with CCK- and VIP-expressing cells (Zhao
et al. 2005), and, as expected, it completely overlaps with IP;R3; immunoreactivity
(Fig. 2b). Thus, there are some TCs coexpressing CCK, NPY, and CCK-1 recep-
tors. NPY, however, exerts inhibitory actions on single TCs that are opposite to
those exerted by CCK (Zhao et al. 2005) and it acts in a paracrine fashion because,
unlike CCK and its receptor, NPY and the Y1 receptor subtype are expressed in
separate TCs. Using whole cell patch clamp analysis of inward-rectifying potas-
sium channels, the magnitude of K currents were significantly enhanced by NPY.
In the same patch clamp paradigm, voltage-dependent sodium channels and
voltage-dependent outward potassium currents were not altered by NPY. Because
Kir is involved in maintaining the resting membrane potential, enhancing the
current would cause hyperpolarization, meaning that the cells would be less
responsive to action potential-generating stimuli. BIBP3266, a Y1 antagonist,
caused a highly significantly reduced response to NPY and the number of NPY-
responsive TCs dropped dramatically, implying that Y1 is the receptor responsible
for NPY effects in TCs. Y1 coexpresses with T1R3, a sweet receptor essential for
sensing sweet taste. CCK and NPY, when they are released together with neuro-
transmitter from cells during ligand activation of bitter receptors, may work in
concert to both upregulate the excitation of bitter-sensitive taste receptor expres-
sing cells while concurrently inhibiting neighboring sweet-sensitive cells (For a
more complete review of CCK and NPY in TCs, see Herness and Zhao 2009).

2.4 Proglucagon Fragments

The proglucagon gene encodes glucagon and two glucagon-like peptides that have
approximately 50% amino acid homology to glucagon; these are designated GLP-1
and glucagon-like peptide-2 (GLP-2). Glucagon, GLP-1 and GLP-2 are posttrans-
lational cleavage products of proglucagon resulting from prohormone convertase
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PC2 and PC1/3 enzymes more usually in islet o cells and enteroendocrine L cells,
respectively (Fig. 3a).

Alpha cells are one of the five cells types in islet of Langerhans and enteroendo-
crine L cells are scattered among the enterocytes and many other enteroendocrine
cells throughout the small bowel and ascending colon. However, GLP-1 and GLP-2
are also found in certain brain areas (Doyle and Egan 2007; Jang et al. 2007). In the
fasting state, circulating glucagon levels gradually increase, especially in the portal
blood circulation, the ultimate goal of glucagon being to protect the brain from
neuroglucopenia. Activation of specific glucagon receptors, which are G-protein-
coupled, on hepatocytes causes increased intracellular cAMP levels, leading to
hepatic glucose production from both glycogenolysis and gluconeogenesis from
gluconeogenic precursors (Williams textbook of Endocrinology).

In humans, GLP-1 exists in multiple forms. The majority (at least 80%) of
circulating biologically active GLP-1 in humans is the COOH-terminally amidated
form, GLP-1 (7-36) amide, with lesser amounts of the minor glycine extended form,
GLP-1 (7-37), also detectable (Orskov et al. 1986). GLP-1 is one of two incretins,

GLP-2 I.II;\*DGSFSD EMNTILDNLAARDFINW L]QTK[T:Q
DPP 4

GLP-1 HAEGTFTSDVSSYLEGQAAKEFIAWLVKGR
T

Postiranslational cleavage by PC1/3 8
in endocrine L cells

proglucagon P‘CZ P‘f:‘.Z F"C1F.'3 I PC‘1.'3 95:143
LS| GRPP | Glucagon IP-1 | GLP-1_|IP-2l  GLP-2

29 amino acids 30 amino acids 33 amino acids

Fig.3 Schematic representation of proglucagon, its cleavage sites and expression of prohormone
convertases in mice circumvallate papillae (CV). (a) GLP-1 and GLP-2 are posttranslational
cleavage products of the proglucagon gene in enteroendocrine L cells and GLP-1 (7-36) amide
is the major form of circulating biologically active GLP-1 in humans. GLP-1 and GLP-2 are
rendered biologically inactive by the cleavage of their first two amino acids by dipeptidyl
peptidase 4 (DPP4). Glucagon is produced primarily in pancreatic o cells. (b) GLP-1 and PC1/3
are colocalized in mice CV. (c¢) Glucagon and PC2 are colocalized in mice CV. Scale bars, 20 um.
Blue is TO-PRO-3 nuclear stain
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the other being glucose-dependent insulinotropic peptide (GIP). By definition,
incretins are hormones that are produced in the gut and secreted into the blood
stream in response to food: they enhance insulin secretion (insulinotropism) in a
glucose-dependent manner (Creutzfeldt 1979). GLP-1’s insulinotropic effects are
due to its activation of a specific G-protein-coupled receptor (GLP-1R) that is
coupled to increases in intracellular ;cAMP and Ca** levels in B cells. It also inhibits
gastric emptying, decreases food intake (Willms et al. 1996), inhibits glucagon
secretion (Komatsu et al. 1989), and slows the rate of endogenous glucose produc-
tion (Prigeon et al. 2003), all of which would lead to tight regulation of blood
glucose. Additionally, it protects B cells from apoptosis (Farilla et al. 2002) and
increases B-cell proliferation by upregulation of a specific -cell transcription factor
pancreatic duodenal homeobox-1 protein (PDX-1) (Perfetti and Merkel 2000;
Stoffers et al. 2000), which augments insulin gene transcription leading to increases
in insulin production, and upregulates glucose transporter2 (GLUT2) and glucoki-
nase (Wang et al. 1999). Defective secretion of GLP-1 (or GIP) is not considered a
cause of diabetes because its secretion after food intake is not decreased in newly
diagnosed type II diabetes (T2DM). Continuous GLP-1 treatment in T2DM can
normalize blood glucose, improve B-cell function, and restore first-phase insulin
secretion and “glucose competence” to 3 cells (Holz et al. 1993; Zander et al.
2002); hence, GLP-1 analogs and GLP-1R agonists are now treatments for type II
diabetes.

GLP-2 is cosecreted with GLP-1 from L cells of the gut. Like GLP-1, it
transduces its effects through specific GPCRs. Pharmacological levels lead to
increased gut mucosal growth, increased villi height, and increased glucose trans-
port. Though not currently used as such, GLP-2 has been suggested as a possible
treatment for short-bowel syndrome (Drucker 2005).

GLP-1 and GLP-2 are degraded within minutes of secretion by dipeptidyl
peptidase (DPP4: Fig. 3a), an enzyme that is soluble in circulation and is also
membrane-bound in many cells types, including endothelial cells of blood vessels
and lymphocytes, where it is also known as CD26. This inactivates both peptides to
the extent that their respective receptors are no longer activated by the loss of
histadine and alanine on the N-terminus of the peptides.

Recently, another role of GLP-1 has been added because functional GLP-1 that
activates GLP-1 receptors was extracted from taste buds, where it is expressed in
two distinct subsets of TCs that, as expected, also express PC1/3 (Shin et al. 2008;
Feng et al. 2008; Fig. 3b). It is expressed in a subset of type II cells that coexpress
TIR3 and o-gustducin (Fig. 4a), and a subset of type III cells, some of which
contain 5-HT (Fig. 4b and c) and some of which contain PGP 9.5 (Shin et al. 2008).

Taste buds, like brain, are devoid of DPP 4, so the GLP-1 concentration
produced in TCs should be high, giving sufficient concentration to activate GLP-
1 receptors (Shin et al. 2008). Mice lacking GLP-1 receptors have significantly
reduced sweet taste sensitivity to sucrose and sucralose, and they also have a
significant hypersensitivity to umami taste (Martin et al. 2009). As regards bitter
taste, GLP-1 receptor null mice are fairly similar to control mice (Shin et al. 2008).
This work demonstrates that GLP-1 in TCs plays a role in modulating taste
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a-gustducin

a-gustducin

Fig. 4 Expression of proglucagon fragments in taste buds in circumvallate papillae. (a) GLP-1
and a-gustducin is colocalized in a subset of a-gustducin-positive cells in rats. (b) GLP-1 and 5-
HT is colocalized in a subset of 5-HT-positive cells in rats. (¢) GLP-1 and 5-HT is colocalized in a
subset of 5-HT-positive cells in monkey. (d) Glucagon and o-gustducin is colocalized in a subset
of a-gustducin-positive cells in monkey. Scale bars, 20 um. Blue is TO-PRO-3 nuclear stain

sensitivity through its own receptor, which is present on intragemmal nerve fibers
and some PGP 9.5-positive TCs (Fig. 5a and b).

Several studies have shown that many taste-related molecules are found in
stomach, intestine, and pancreatic ducts. In addition, some enteroendocrine cells
in small intestine (e.g., enteroendocrine L cells) secrete hormones in a TIR3- and
a-gustducin-dependent manner in response of sugars (Jang et al. 2007). Our
observation that a subset of TCs expressing T1R3 and a-gustducin as well as
PLCB2 and transient receptor potential M5; (Chandrashekar et al. 2006) also
express and secrete GLP-1 suggests that they share other molecular mechanisms
and/or physiological roles.

While glucagon immunoreactivity seems to be present in type II cells where it
colocalizes with a-gustducin (along with PC2, Figs. 4d and 3c) and GLP-2 receptor
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d Leptirvreeeptor

Fig. 5 Expression of GLP-1, GLP-1 and GLP-2 receptors, and leptin receptor in rat circumval-
late papillae. (a) GLP-1 is expressed in type II and III cells, some of which also stain for PGP 9.5
(see Fig. 3 for additional cell-specific markers). (b) GLP-1R and PGP 9.5 are colocalized on nerve
fibers and cells. (¢) GLP-2R and PGP 9.5 are colocalized on cells. (d) Leptin receptor is expressed
in taste buds in mice. Scale bars, 20 um. Blue is TO-PRO-3

(Fig. 5¢), both also found in TCs, any function in taste that they may have has not
yet been described in the literature.

2.5 Leptin

Leptin, 167 amino acid product of the obese (ob) gene, is a hormone primarily
produced in adipocytes. In addition to white adipose tissue — the major source of
leptin — it is also produced by brown adipose tissue, lymphocytes, placenta, ovaries,
skeletal muscle, stomach (lower part of fundic glands), mammary epithelial cells,
bone marrow, pituitary, and liver (Margetic et al. 2002). It plays a role in regulating
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food intake, energy expenditure, and adipose tissue mass. Its key target organ is the
brain where its actions are mediated through leptin receptors in hypothalamic nuclei
but leptin receptors are also present in other brain areas and some peripheral organs,
including pancreatic islets (Mercer et al. 1996; Hoggard et al. 1997). Leptin acts by
binding to a specific “obese receptor” (Ob-R). Several isoforms exist, which are
generated as splice variants of one gene, and differ mainly in the length of the
cytoplasmic domain (Takaya et al. 1996; Bjgrbaek et al. 1998; Yamashita et al.
1998). The leptin receptor is encoded by the db gene (Lee et al. 1996). The db/db
mouse has a point mutation of the db gene which leads to abnormal splicing of the
coding region. The resulting absence of Ob-Rb, the longer form of Ob-Rs, causes
leptin insensitivity, resulting in the obese, diabetic phenotype (Lee et al. 1996).
Even before the discovery of leptin, studies of the genetics of taste sensitivity
explored a possible role of the db gene on sweet taste responses (Sako et al.
1996; Ninomiya et al. 1995, 1998). It was found that diabetic db/db mice have
greater gustatory neural sensitivities and higher behavioral preferences for various
sweet substances than lean control mice. After the discovery of leptin and the
finding of receptor defects in Ob-R in db/db mice, possible effect of leptin on
taste responses were examined in detail. It was found that a subset of TCs is affected
by peripheral leptin and that they express Ob-Rb (Fig. 5d), which indicates that TCs
are an additional peripheral site of leptin action (Kawai et al. 2000). In situ
hybridization (ISH) and mRNA analysis revealed that Ob-Rb mRNAs were
expressed in both fungiform and circumvallate taste buds, although no such expres-
sion was evident in db/db mice.

Ob-Rb is reported to act via the STAT (signal transducers and activators of
transcription) pathway of intracellular signal transduction, which is a class of
transcription factors having seven members (STATI, 2, 3, 4, 5a, 5b, and 6)
(Frithbeck 2006). By in vivo and in vitro studies, leptin has been shown to activate
JAK?2, STATI1, STAT3, STATS, and STAT6 (Rosenblum et al. 1996; Goiot et al.
2001), whereas in vivo studies of the mouse and rat hypothalamus, it specifically
activated STAT3 without affecting other components (Vaisse et al. 1996; McCowen
etal. 1998; Goiot et al. 2001). In taste papillac, mRNA of STAT members (1-6) was
found and the amount of the STAT3 mRNA was higher than that of the other
members by mRNA ISH analysis. But, it is still not proven conclusively that
STAT3 is coexpressed with Ob-Rb in particular TCs.

Similar to leptin-mediated effects in pancreatic  cells (Harvey and Ashford
1998) and hypothalamic neurons (Spanswick et al. 1997), leptin has been shown
to increase K* conductance of TCs, which, like NPY, results in hyperpolarization
and reduction of cell excitability. It has been shown that both nutritive and
nonnutritive sweeteners can activate separate signaling transduction cascades,
one that involves cAMP and the other that involves inositol triphosphate (IP3), in
the same sweet-sensing cell in rat circumvallate taste buds (Bernhardt et al.
1996). A functional role for leptin has been established using lean and db/db
mice in that leptin plays a role in modulating sweet taste perception. The obese
db/db mice display enhanced neural responses and elevated behavioral
preferences to sweet stimuli (Kawai et al. 2000). Administration of leptin to
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lean mice suppressed the responses of the peripheral taste nerves to sweet
substances, but had no effect on the other taste modalities. Whole-cell patch-
clamp recordings performed on TCs have shown that leptin can activate outward
K* currents, which results in a hyperpolarization of the TCs. The db/db mice
showed no hyperpolarization or leptin suppression, which suggests that leptin
acts as a negative modulator for sweet taste (Kawai et al. 2000; Shigemura et al.
2003, 2004). This suppression of sweet taste perception by leptin could subse-
quently play a role in determining food/calorie intake.

2.6 Galanin

Galanin, a neuropeptide with 29 amino acids (30 amino acids in humans), was
originally isolated from porcine small intestine (Tatemoto et al. 1983). It is widely
distributed in the central and peripheral nervous systems (Branchek et al. 2000;
Waters and Krause 2000). Galanin is engaged in the regulation of processes such as
food intake (Koegler and Ritter 1998), memory, neuroendocrine function (Mitchell
et al. 1999), gut secretion, and motility (Wang et al. 1998a). Galanin mediates its
effects through the activation of at least three G-protein-coupled receptor subtypes:
galanin receptor (GalR)1, GalR2, GalR3 (Branchek et al. 1998, 2000; lismaa and
Shine 1999). These receptors show distinct distribution patterns and activate differ-
ent second messenger pathways, depending on the cell type (Chen et al. 1992;
Karelson et al. 1995; Wang et al. 1998b; Branchek et al. 2000).

Galanin expression has been observed in the sensory epithelia in the developing
ear, eye, and nose (Xu et al. 1996). Later, the expression of galanin has been
described for taste bud cells. RT-PCR and ISH experiments showed that mRNA
of galanin and GalR2 are detected in rat TCs. Double-label studies uncovered that
galanin is present in a subset of a-gustducin-, NCAM-, and PLCB2-positive TCs,
indicating that galanin-expressing TCs are type II and type III cells.

Several studies found that galanin in hypothalamic paraventricular nucleus
(PVN) has a role in stimulating the consumption of ethanol and intake of a high-
fat diet (Karatayev et al. 2009, 2010). Galanin-overexpressing mice using human
dopamine B-hydroxylase promoter showed an increase in ethanol intake and
ethanol preference, and no change in consumption of sucrose or quinine solutions
in preference tests compared with control mice. In addition, GALOE mice
consumed 55% more fat-rich diet during a 2-h test period (Karatayev et al.
2009). Then same group studied galanin knockout (GALKO) mice. The results
revealed that GALKO mice had a decrease in ethanol intake and preference,
decrease in acute intake of a fat-rich diet, no difference in consumption of
sucrose or quinine solutions in preference tests, and a total loss of GAL mRNA
in the PVN (Karatayev et al. 2010). These results provide strong support for a
physiological role of galanin in stimulating the consumption of ethanol, as well
as a fat-rich diet.
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3 Hormones That Are Not Expressed in Taste Buds but
Modify Taste Preference

3.1 Vasopressin

Vasopressin is nine amino acid peptide hormone. It is derived from a preprohor-
mone precursor that is synthesized in the hypothalamus and transported to the
posterior pituitary. One site of action is in the kidneys where it is necessary for the
conservation of water by concentrating the urine and reducing urine volume, and
it is based on this effect that it received its other name, antidiuretic hormone
(ADH). It is also involved with regulation of cardiovascular processes because it
is involved in pressure and osmolality regulation, which explains its second name
of vasopressin and temperature regulation (Chase and Aurbach 1968; Cooper
et al. 1979). Vasopressin exerts its effects through receptors that have been
divided two broad classes, the V1 and V2 receptors. The receptors differ in
their distribution and associated second messenger systems (Jard 1988). V1
receptors are located on blood vessels where they mediate vasopressin’s cardio-
vascular effects, and V2 are located on renal collecting tubules where they control
water retention.

Brain release and pituitary release of vasopressin often parallel one another.
For example, systemic osmotic and hypovolemic stimuli that increase circulating
vasopressin levels also stimulate the release of vasopressin in the lateral septum
and lateral ventricle (Demotes-Mainard et al. 1986). Manipulation that facilitates
salt intake can also stimulate the systemic release of vasopressin. A prediction
from vasopressin’s parallel effect is that central administration of vasopressin
may actually stimulate salt intake and, indeed, intracerebroventricular (ICV)
injections of vasopressin caused a dramatic decrease in NaCl intake in sodium-
deficient rats and suppressed sucrose intake. Following that, ICV injection of the
V1/V2 receptor antagonist and the V1 receptor antagonist significantly sup-
pressed NaCl intake. But V1 receptor antagonist had no effect on sucrose intake.
In contrast, the selective V2 receptor antagonist had no significant effect on NaCl
intake. These findings suggest that endogenous vasopressin neurotransmission
acting through V1 receptors plays on a role in the amount of salt that is ingested
(Flynn et al. 2002).

3.2 Somatostatin

Somatostatin is a tetradecapeptide originally isolated from the hypothalamus and
extensively distributed within both the peripheral and the central nerve system as
well as in the pancreas, GI tract, lingual serous glands, and other sites (Johansson et al.
1984; McIntosh et al. 1978; Roberts et al. 1991). It is a classic inhibitory peptide
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because when it binds to its cognate receptor, it depresses spontaneous discharge rate,
hyperpolarizes the postsynaptic membrane, and increases membrane conduc-
tance in electrically excitable cells (Bloom 1987; Renaud and Martin 1975).
The biological effects of somatostatin are mediated by a family of G-protein-
coupled receptors, which are expressed in a tissue-specific manner. Somatostatin
receptors have the highest expression levels in jejunum and stomach (Yamada
et al. 1993). Somatostatin plays an important role in the regulation of feeding
behavior and suppression of good intake (Aponte et al. 1984; Lotter et al. 1981).
The reduced feeding activity after somatostatin treatment might depend on the
modification of taste. This is supported by reports that some patients treated with
somatostatin complain of dysgeusia and lack of appetite (Scalera and Tarozzi
1998). Moreover, somatostatin is found at all levels in taste pathways i.e., the
nucleus of the solitary tract, the parabrachial nuclear complex, the parvicellular
ventral posterior medialis thalamus, hypothalamus, amygdala, and sensory cortex
(Bakhit et al. 1984; De Ledn et al. 1992; Mantyh and Hunt 1984; Moga and Gray
1985) as well as von Ebner’s glands of the tongue (Roberts et al. 1991) and saliva
(Deville de Periere et al. 1988). Previous work attempted to uncover the function
of somatostatin in taste perception. Scalera examined the effects of peripherally
administrated somatostatin in protamine zinc to induce a relatively long-lasting
effect over the period of fluid intake and taste preference testing in rats. In
somatostatin-treated rats, intake of NaCl and sucrose solution decreased, the
light/dark cycle of NaCl solution intake was modified, and intake of quinine-
HCI and HCI solutions increased significantly (Scalera and Tarozzi 1998). Since
somatostatin inhibits the release of growth hormone and the synthesis of protein,
taste preference may depend on modification of taste bud morphology and/or size
and, indeed, histologic examination showed that taste bud distribution on the
tongue appeared to be altered after long-term treatment with somatostatin. Mice
injected with somatostatin for 10 days had decreased taste bud density, decreased
number of papillae, decreased size, and decreased numbers of taste buds in
circumvallate papillae (Scalera and Tarozzi 1998; Scalera 2003). Somatostatin
is also known to inhibit the transmission of neural traffic in the gustatory system.
Thus, inhibition of the gustatory system might decrease the intake of pleasant
solutions (NaCl and sucrose) but enhance that of unpleasant ones (quinine and
acid). It seems unlikely that the small changes seen in taste bud morphology and
topography are in any way causally or directly related to the effects of somato-
statin on taste preferences. Thus, the differences in taste preferences observed
after somatostatin treatments might reflect alterations in the central more than in
the peripheral taste system. But, it must also be remembered that somatostatin is
inhibitory to the release of just about every hormone in the body. The presence of
somatostatin receptors on TCs has not yet been described but it is highly likely
that somatostatin influences the release of all hormones within TCs and therefore
the effect on taste perception as it relates directly to TC reactivity would be the
sum of inhibition of all the hormones secreted from TCs.
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3.3 Oxytocin

Like vasopressin, oxytocin in a nine amino acid peptide that is synthesized in
hypothalamic neurons and transported down axons to the posterior pituitary, from
where it is ultimately secreted into the bloodstream. It is also secreted within the
brain and in a few other tissues, including the ovaries and testes. Oxytocin in the
peripheral circulation promotes milk ejection and uterine contractility (Higuchi
et al. 1985). CNS-derived oxytocin has been implicated in a variety of behaviors,
including the promotion of maternal and social bonding (Insel 1990; Carter et al.
1992), the attenuation of stress and anxiety (Neumann et al. 2000; Windle et al.
1997; Mantella et al. 2003), and inhibition of ingestion (Olson et al. 1991) in
rodents. The actions of oxytocin are mediated by specific, high-affinity oxytocin
receptors that belong to the rhodopsin-type group of G-protein-coupled receptors,
coupling specifically to Gq (Gimpl and Fahrenholz 2001). Oxytocin null mice
consume significantly greater daily amounts of 10% sucrose or 0.2% saccharin
solutions compared with control littermates when these sweet solutions are freely
available (Amico et al. 2005; Billings et al. 2006). Even the mice exposed daily to
platform shaker stress consumed more sweetened drinks. A progressive ratio
operant licking procedure found that oxytocin null and control mice display a
similar motivational drive to consume 10% sucrose solutions and a series of two-
bottle intake tests found that oxytocin null mice consume significantly larger
volumes of both sweet and non-sweet carbohydrate solutions over observed periods
of time (i.e., sucrose, polycose, and cornstarch). The increased sucrose intake of
oxytocin null mice seems to result from increased frequency of drinking bouts. The
amount consumed during each bout did not differ between the genotypes. These
findings indicate that the absence of oxytocin does not affect their appetitive drive
to consume sucrose solutions, which would be palatable to the mice. Instead, satiety
processes after carbohydrate intake are mediated through neural systems that likely
recruit hypothalamic oxytocin neurons and the absence of oxytocin may selectively
blunt satiety for carbohydrate-rich foods (Sclafani et al. 2007).

4 Hormones That Affect Conditioned Taste Aversion

Conditioned taste aversion (CTA) occurs when association of the taste of a certain
food with symptoms caused by a toxic, spoiled, or poisonous substance occurs.
Generally, taste aversion is caused after ingestion of the food causes nausea, sickness,
or vomiting. The ability to develop a taste aversion is considered an adaptive or
survival mechanism that trains the body to avoid or spit out poisonous substances
(e.g., poisonous berries) before they can be absorbed and cause bodily harm. This
association is meant to prevent the consumption of the same substance (or something
that tastes similar) in the future, thus avoiding further poisoning. CTA was discovered
when investigators realized that irradiated rats avoided solutions or food that had
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been present during radiation treatments (Garcia et al. 1955). When rats encountered
a novel taste (the conditioning stimulus; CS) and this was followed by transient GI
distress caused by low-dose radiation (the unconditioned stimulus; UCS), CTA
developed. This response results in a diminished intake of CS upon subsequent
presentation. Later studies found that CTA could develop following exposure to a
variety of other illness-producing agents, including chemotherapeutic agents, high
doses of apomorphine or amphetamine, and lithium chloride (Reilly and Bornovalova
2005). For CTA to develop, the animal must be able to detect the CS; it must be able
to become ill from UCS exposure; it must be able to form an association between the
UCS and CS; and, finally, it must be able to avoid the CS.

CTA is a relatively simple test to conduct, and it typically requires 2 days of
combined training and testing. Mice are placed on food restriction prior to testing.
Alternatively, water restriction can be used so that lithium chloride treatment can be
paired with the consumption of a saccharin solution. Each animal receives the test
substance paired with a flavored saccharin solution, followed by a control treatment
(vehicle) paired with the same liquid with a different flavor. After one or more
conditioning trials, the animals are then offered a choice between the two flavored
liquids. If the animals consume relatively less of the flavored liquid paired with the
anorexigenic substance, then it is assumed that the substance produces some degree
of malaise.

4.1 Peptide YY3_36

Peptide YY3.36 (PYY3.36) is a polypeptide consisting of 36 amino acids and, as
described above, is a member of the Y family of peptides. There are two major
forms of PYY: PYY 35 and PYY3;_ 3. However, the most common form of circulating
PYY is PYY;_36, which is a ligand for Y2 receptors (Murphy and Bloom 2006). PYY
is found in enteroendocrine L cells (the same L cells that synthesize proglucagon from
where it is cosecreted with GLP-1 and GLP-2) that are especially abundant in ileum
and colon. It is also found in a discrete population of neurons in the brainstem,
specifically localized to the gigantocellular reticular nucleus of the medulla oblongata.
Like GLP-1 and GLP-2, PYY concentration in the circulation increases after food
ingestion and falls during fasting (Murphy et al. 2006). It is reported to slow gastric
motility and increase water and electrolyte absorption in the colon (Liu et al. 1996). It
may also suppress exocrine pancreatic secretions. Several studies have shown that
acute peripheral administration of PYY3_3¢ inhibits feeding of rodents and primates
but Y2 receptor null mice have normal food intake. The anorexia produced by PYY3_3¢
administration could be due to taste aversion. It is observed that c-Fos immunore-
activity was significantly activated in intermediate nuclei of the solitary tract and
area postrema — nuclei known to mediate the response to aversive stimuli — in a
dose-dependent manner after peripheral administration of PYY3_3¢. This shows that
PYY;_ 3¢ administration produces c-Fos activation in the same brainstem nuclei as
lithium chloride. Thus, like lithium chloride, PYY3_3¢ may reduce food intake by
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causing a CTA response. In addition, previous experiment shows that 2-h intrave-
nous infusion of PYY;_3¢ using higher doses in both non-food-deprived and food-
deprived rats produced a dose-dependent inhibited intake of saccharin solution and a
CTA (Chelikani et al. 2006). These results suggest that anorexic doses of PY Y3 3¢
may produce a dose-dependent malaise in rats (Batterham et al. 2002; Chelikani
et al. 2006), which is similar to that reported for PYY; 3¢ infusion in humans
(Batterham et al. 2003; Le Roux et al. 2006). PYY;_3¢ potently inhibits gastric
emptying in rats at doses that reduce their food intake (Chelikani et al. 2004),
and distention of the gut can produce CTA in rats (Gyetvai and Bardos 1999;
Bardos 2001). Thus, adverse effects caused by high dose of PY Y334 during eating
may be due in part to gastric distention caused by PYY;_36-induced slowing of
gastric emptying.

S Summary

The study of hormones produced in TCs is now in its infancy. More and more
hormones are being uncovered that are produced locally in TCs. Eventually, we
should have a taste bud map showing all the hormones, their cellular distribution, and
their receptors. While transgenic mice null for certain hormones and their receptors
are now available, none are specifically null in just taste buds and uncovering more
conclusively the function of the hormones produced locally, than is now possible,
will take more time. It is becoming clear, however, that the so-called “gut” hormones
involved in food intake and satiety form a chain of cells extending right from colon,
small bowel, stomach, taste buds, through to multiple brain areas. Almost certainly,
they form a network of signaling molecules that modulates food intake, food percep-
tion, quantity and quality of food ingested, feelings of satiety, and metabolic rates.
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Endocannabinoid Modulation in the Olfactory
Epithelium

Esther Breunig, Dirk Czesnik, Fabiana Piscitelli, Vincenzo Di Marzo,
Ivan Manzini, and Detlev Schild

Abstract Appetite, food intake, and energy balance are closely linked to the
endocannabinoid system in the central nervous system. Now, endocannabinoid
modulation has been discovered in the peripheral olfactory system of larval Xenopus
laevis. The endocannabinoid 2-AG has been shown to influence odorant-detection
thresholds according to the hunger state of the animal. Hungry animals have
increased 2-AG levels due to enhanced synthesis of 2-AG in sustentacular supporting
cells. This renders olfactory receptor neurons, exhibiting CB1 receptors, more
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sensitive at detecting lower odorant concentrations, which probably helps the animal
to locate food. Since taste and vision are also influenced by endocannabinoids, this
kind of modulation might boost sensory inputs of food in hungry animals.

1 Introduction

Appetite stimulation is a well-known effect of cannabis abuse. The reason for this is
that active compounds of the cannabis plant bind to endogenous receptors in the
brain. The most abundant cannabinoid receptor in the central nervous system is
known as the CB1 receptor (Matsuda et al. 1990). Using current techniques, CB1
receptors could be localized in brain regions including those responsible for the
control of energy balance, e.g., in nuclei of the mesolimbic pathways and the
hypothalamus (Herkenham et al. 1991; Tsou et al. 1998). Furthermore, the CB1
receptor is expressed in peripheral tissues involved in energy homeostasis like
adipose tissue, liver, gastrointestinal tract, pancreas, thyroid gland, and adrenal
gland (Pagotto et al. 2006; Demuth and Mollemann 2006; Juan-Pic¢ et al. 2006).

Shortly after identifying the endogenous cannabinoid receptor and its distribu-
tion, it has been shown that the endocannabinoid system has the ability of
controlling appetite, food intake, and energy balance (Matias and Di Marzo 2007
Osei-Hyiaman et al. 2006; Horvath 2006). Furthermore, endogenous ligands of
cannabinoid receptors, known as endocannabinoids, modulate metabolic functions
in cells of peripheral tissues, such as adipocytes, hepatocytes, and the gastrointesti-
nal tract (Pagotto et al. 2006). Consistently, selective inverse agonists or antagonists
of CBI receptors reduce weight and can be used for the treatment of obesity
(Kirkham and Tucci 2006; Di Marzo and Després 2009).

Another key mechanism for the regulation of appetite is the sensory properties of
food. Taste, smell, aspect, and texture of food might be rewarding and thus facilitate
their choice and consumption. For food seeking, the sense of smell is particularly
important. A variety of animals use odors to locate and identify food. Furthermore,
olfactory sensitivity is increased when animals are hungry (Duclaux et al. 1973;
Rolls 2005; Aimé et al. 2007). The mechanisms underlying the sensory control of
food intake are currently under investigation. Since endocannabinoids regulate
many central and peripheral processes related to energy balance, they seem likely
to link also sensory systems, particularly olfaction, to food intake.

2 Endocannabinoid System in Peripheral Sensory Systems

2.1 Dorsal Root Ganglion Cells, Photoreceptor Cells,
and Taste Cells

Several sensory systems have been shown to be modulated by the endocannabinoid
system in the periphery. For example, in the retina, cannabinoids speed up the
dynamics of the phototransduction deactivation cascade in the outer segment of
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cones (Straiker et al. 1999; Struik et al. 2006). Furthermore, CB1 receptors are
expressed on type II taste cells, coexpressing the TIR3 sweet taste receptor
component. Endocannabinoids act here as enhancers of sweet taste (Yoshida
et al. 2010). In addition, CB1 receptors are expressed on dorsal root ganglion
cells (Hohmann and Herkenham 1999; Bridges et al. 2003) and may play a role
in the spinal nociceptive system (Morisset et al. 2001; Agarwal et al. 2007).

2.2 Olfactory Receptor Neurons

Although since 1991, CB1 receptors have been known to be located in the olfactory
bulb (Herkenham et al. 1991; Cesa et al. 2001; Egertova and Elphick 2000), first
hints for the presence of the endocannabinoid system in the peripheral olfactory
system — the olfactory epithelium — were found only recently. A study of Migliarini
et al. (2006) demonstrated the presence of CB1 receptor mRNA in the olfactory
epithelium of Xenopus laevis tadpoles.

In 2007, we could localize CB1 receptors on dendrites of olfactory receptor
neurons (ORNs) of the same species (Fig. 1a and b) and revealed that ORNs are
modulated by cannabinoids (Czesnik et al. 2007). In order to describe this modula-
tory effect, we examined [Ca2+],- transients of ORNs evoked by odorants. These
odorant-induced [Ca2+] ; transients turned out to be an excellent tool for this
purpose, since the highly reproducible increase in [Ca®*]; in somata of ORNs is a
measure for the activity of these cells (Fig. 1c, black trace). CB1 receptor antago-
nists like AM251, AM281, and LY320135 reduced the amplitude and delayed the
onset of odorant-induced responses (Fig. 1c, red trace). A subsequent treatment of
the tissue with the CB1 receptor agonist HU210 accelerated the recovery of these
responses (Fig. 1c, green trace).

This study strongly indicated the presence of an endocannabinoid system in the
olfactory epithelium, which was investigated in detail in a subsequent study (Breunig
et al. 2010). 2-AG could be identified as an endocannabinoid acting on ORNSs.
Blockers of the diacylglycerol lipases (RHC80267, orlistat, OMDM-187, OMDM-
188), which are the main synthesizing enzymes of 2-AG (Bisogno et al. 2003), had
the same effect on odorant-induced [Ca**]; transients as CB1 receptor antagonists
in the study by Czesnik et al. (2007). They reduced and delayed odorant-induced
responses of ORNs. As in our previous study, the CB1 receptor agonist HU210
could restore the response behavior quickly.

The sources of 2-AG reside in both sustentacular supporting cells and ORNS.
2-AG is synthesized in supporting cells by diacylglycerol lipase o and in ORNs by
diacylglycerol lipase . Thus, 2-AG acts on CB1 receptors on ORN dendrites in a
paracrine as well as an autocrine manner. The synthesis in sustentacular supporting
cells but not in ORNs was found to depend on hunger. In line with this, food
deprivation of animals significantly increased diacylglycerol lipase o mRNA
expression in sustentacular supporting cells (Fig. 1d), leading to about 1.5-fold
increase of 2-AG concentration in the olfactory epithelium (Fig. 1e). The finding of
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Fig. 1 Endocannabinoid action in the olfactory epithelium. (a) Larval Xenopus laevis. (b) Higher
magnification of the olfactory epithelium, marked in (a), ORNs (green, biocytin—avidin—stain) double
stained with anti-CB1 antibodies (red). (¢) Aamix-evoked [Ca®] ; transients in somata of individual
ORNSs (black trace) were reduced and delayed after wash-in of the CB1 receptor antagonist AM251
(5 uM, red trace). Two minutes after HU210 wash-in (10 pM), the [Ca2+],- transients recovered almost
completely (green traces). The black line below the response traces indicates the application of the
odorants. (d) The relative expression levels of DAG lipase o in sustentacular cells (blue points), but
not DAG lipase B in ORNSs (red points), were enhanced after food deprivation (Agp, food deprived for
6 h, A, food deprived for 12 h). The bars depict the S.E.M. (e) The concentration of 2-AG increased
to about 1.5-fold upon food deprivation. *p < 0.05. (f) The black traces present ORN [Ca2+] i
responses to threshold (20 pM) and subthreshold concentrations (10 M) of arg. The response at
the detection threshold was abolished after addition of RHC80267 (50 uM, red trace) to the bath
solution. Vice versa, subthreshold odorant concentrations led to an odorant response after addition of
HU210 (10 pM, 2 min, green trace) to the bath. Figure adapted from Czesnik et al. (2007) and
Breunig et al. (2010)

the hunger-induced elevation of endocannabinoid levels in organs deputed to
mediate food intake, both at the sensory and at the higher levels, is not unprece-
dented in mammals and nonmammalian vertebrates and has been observed so far in
the hypothalamus and limbic forebrain of food-deprived rats (Kirkham et al. 2002),
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as well as in the telencephalon of the songbird zebra finch (Soderstrom et al. 2004)
and two fish species: the goldfish Carassius auratus (Valenti et al. 2005) and in the
brain of sea bream Sparus aurata (Piccinetti et al. 2010).

To assess the physiological benefit of this system in the olfactory epithelium,
reduced levels of 2-AG in the olfactory epithelium were obtained by 2-AG synthesis
blockage with the diacylglycerol lipase inhibitors RHC80267 or orlistat, and the
sensitivity of ORNs was measured under this condition. Under a suppression of
2-AG synthesis, higher odorant concentrations were required to elicit responses in
individual ORNs (Fig. 1f, left). Vice versa, CB1 receptor activation with the
specific CB1 receptor agonist HU210, which mimics higher 2-AG levels, decreased
odorant threshold concentrations (Fig. 1f, right).

These data show that the feeding state of larval Xenopus laevis alters the
sensitivity of individual ORNs by the orexigenic modulator 2-AG. Hungry larvae

PC
SC

2-AG 2-AG
ORN ORN

detection detection

threshold threshold

ON
control after food deprivation

Fig. 2 Overview of the role of the endocannabinoid system in the olfactory epithelium. Under
control conditions, tonic levels of 2-AG are synthesized. DAG lipase o mRNA synthesis in
sustentacular cells (~, blue) is enhanced upon food deprivation and leads to enhanced levels of
2-AG, activating CB1 receptors (green spots) on ORN dendrites (blue arrows) in a paracrine
manner. This renders ORNs more sensitive. DAG lipase § mRNA expression in ORNs (~, red) is
not affected by food deprivation. 2-AG synthesized in ORNs feeds back on ORNs (red arrow) in
an autocrine manner. PC principal cavity; ON olfactory nerve; od odorant. Figure adapted from
Breunig et al. (2010)
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have higher 2-AG levels in their olfactory epithelium. Thus, lower concentrations
of odorants can be perceived, most probably making it easier for tadpoles to locate
food (Fig. 2).

3 Conclusion

The sensory modalities taste, smell, aspect, and texture influence food intake.
Already at the most peripheral stage of the olfactory system, the endocannabinoid
2-AG acts as an orexigenic mediator and renders ORNs more sensitive. Since
endocannabinoids also enhance sweet taste and modulate vision, it might be that
all peripheral sensory systems are tuned by endocannabinoids and that hunger
enhances not only smell but also taste, aspect, and texture of food.
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The Olfactory Bulb: A Metabolic Sensor
of Brain Insulin and Glucose Concentrations
via a Voltage-Gated Potassium Channel
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James Michael Overton, Paola Pedarzani, and Debra Ann Fadool

Abstract The voltage-gated potassium channel, Kv1.3, contributes a large propor-
tion of the current in mitral cell neurons of the olfactory bulb where it assists to time
the firing patterns of action potentials as spike clusters that are important for
odorant detection. Gene-targeted deletion of the Kv1.3 channel, produces a
“super-smeller” phenotype, whereby mice are additionally resistant to diet- and
genetically-induced obesity. As assessed via an electrophysiological slice prepara-
tion of the olfactory bulb, Kv1.3 is modulated via energetically important mole-
cules — such as insulin and glucose — contributing to the body’s metabolic response
to fat intake. We discuss a biophysical characterization of modulated synaptic
communication in the slice following acute glucose and insulin stimulation, chronic
elevation of insulin in mice that are in a conscious state, and induction of diet-
induced obesity. We have discovered that Kv1.3 contributes an unusual noncon-
ducting role — the detection of metabolic state.
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1 Introduction

1.1 Kvl.3 Channel Distribution and Function

The voltage-dependent potassium channel, Kv1.3, is a mammalian homolog of the
Shaker subfamily of potassium channels, which has a selective distribution within
the nervous system including high expression in the dentate gyrus, the olfactory
bulb, and the olfactory cortex (Kues and Wunder 1992). The biophysical properties
of the channel were first described as characterized in T lymphocytes (Cahalan et al.
1985), where today, active drug discovery efforts to find the most effective mole-
cules to block the vestibule of the channel remain a focus of intensive research
designed to dampen inflammatory responses associated with degenerative diseases,
principally multiple sclerosis (Cahalan and Chandy 2009). Although, classically,
one envisions potassium channels as dampeners of excitability through timing of
the interspike interval (ISI) and shape of the action potential, as well as drivers for
setting the resting membrane potential (Jan and Jan 1994; Yellen 2002), recent data
have demonstrated that this particular potassium channel has a plethora of noncon-
ductive functions that make it highly unusual, or at least untraditional (Kaczmarek
2006). One of the reasons that Kv1.3 may have multiple regulatory roles could be
attributed to its structure and favorability as a central scaffold upon which signaling
molecules build protein—protein interactions. Kv1.3 has 17 tyrosine residues, sev-
eral of which lie within good recognition motifs for tyrosine phosphorylation
(Pawson 1995; Huganir and Jahn 2000). Site-directed mutagenesis has been applied
to both the channel and predicted regulatory kinases and adaptor proteins to map
signaling cascades, associated with modulating channel function (Holmes et al.
1996a, b; Bowlby et al. 1997; Fadool et al. 1997; Fadool and Levitan 1998; Cook
and Fadool 2002; Colley et al. 2004, 2007, 2009; Marks and Fadool 2007). For
example, the cellular tyrosine kinase, src, phosphorylates residues Tyr'*’ and
Tyr** and has been found to substantially suppress Kv1.3 current, while slowing
the kinetics of inactivation (Cook and Fadool 2002), while the receptor-linked
epidermal growth factor receptor phosphorylates only Tyr*’”® and predominantly
acts to speed the kinetics of inactivation with only minor reduction in current
amplitude (Bowlby et al. 1997). In the olfactory bulb, Kv1.3 is a substrate for
phosphorylation by the insulin receptor kinase, whereby stimulation with the ligand
insulin evokes no change in kinetic properties of the channel, but a reduction in
current magnitude attributed to a reduction in mean open probability and not
unitary conduction (Fadool and Levitan 1998; Fadool et al. 2000).

The discovery of the many nonconductive roles for Kv1.3 was made through
loss of function studies using a whole-animal, targeted deletion of the Kv1.3 gene
(Koni et al. 2003). Other laboratories including us noticed that the Kv1.3-null mice
were thinner than their wild-type counterparts without caloric self-restriction
(Fig. 1a and b) (Xu et al. 2003, 2004; Fadool et al. 2004). Using a custom designed
metabolic chamber to quantify systems physiology parameters and ingestive beha-
viors (Fig. 3a-b) (Williams et al. 2003), we found that the Kv1.3-null animals, more



The Olfactory Bulb: A Metabolic Sensor of Brain Insulin 149

a b
30+ 30-
og] * * ok ox ko ox X %
s | It 3. 5
£ 26
é’ —9 ; 2 .““!/ ¥ T~o_ %
o] —_—
i 2l \‘?_'_?—?_"?'_‘?-\? E - : O
©
& 22| —e— Wildtype S
—O— Kv1.3 -/- 8
L — o,
4] 1 2 3 4 5 6 7 8B 9 0 1 2 3 4 5 6 7 8 9
Days Days
(o]
_‘3‘400_ 180 1
b=
[ 150 4
£ 300- \4\
= 120 T *
= \T
E 200+ 901 \iﬂ
2 e’
5 \T/T\Th el oof ¥ Toe—y -
S 100
30
0o 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7 8 9
Days - Dark Cycle Days - Light Cycle

o
(1]

Sooo000O0 =
vobro @O,

Normalized Exploratory Time

4 —e— Wildtype
—O0— Kv1.3 -/- o]

6 7 'y

5 X

41 y

20 oo
3 012345678
Odor Trial Number
2 | Pep/Food Odor Pair

Normalized Exploratory Time

Odor Trial Number

Fig. 1 Loss of Kv1.3 gene causes a reduction in body weight, modified ingestive behaviors,
disruption in axonal targeting in the olfactory bulb, and increased olfactory discrimination in mice.
(a) Line graph of the mean =+ standard error of the mean (s.e.m.) body weight monitored for ten mice
of each genotype. Wildtype = control C57B16 mice, Kv1.3-/- = mice with gene-targeted deletion of
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frequently broke a photobeam that guarded access to their food receptacles
(Fig. 1c), and oppositely, less frequently attended the water on a lick-o-meter
(data not shown), while still maintaining identical total calorie and water intake
as that of wild-type animals. The null animals had a slightly elevated metabolic
activity and an increased locomotor activity particularly in the dark cycle (Fadool
et al. 2004). Interestingly, Hennige et al. (2009) has demonstrated that the i.c.v.
injection of the Kv1.3 pore blocker, margatoxin, similarly elevates locomotor
activity and increases cortical action potential frequency.

Since Kv1.3 carries 60-80% of the outward current in the olfactory bulb primary
output neurons (Fadool and Levitan 1998; Colley et al. 2004), the mitral cells, we were
intrigued to explore olfactory-related phenotypes in the gene-targeted deleted models.
By breeding the Kv1.3-null mice, onto a background of mice with a genetic marker
for particular classes of odorant receptor-identified olfactory sensory neurons, we
were able to discern that the projections of neurons into the olfactory bulb no longer
converged to a single glomerular synaptic unit, but rather were supernumerary
in target (Fig. 1d) (Biju et al. 2008). Within a given glomerulus, subsequent dual-
color fluorescent confocal microscopy studies demonstrated that glomeruli were no
longer homogenous, but rather contained sensory projections from more than one
class of olfactory sensory neurons (Biju et al. 2008). Behaviorally, the Kv1.3-null
mice, had an increased olfactory ability in terms of both discrimination of molecular
features of odorants, determined by odor-habituation trials (Fig. 1e) and in terms of
odorant threshold, determined by the two-choice paradigm (Fadool et al. 2004).

2 Mechanistic Link Between Kv1.3 Ion Channel,
Metabolism, and Olfaction

Given the world-wide health epidemic of the rise of the incidence of type II diabetes
and unwanted weight gain (obesity), we immediately sought to determine the
relationship between metabolic disorders, energy homeostasis, the modulation of
this channel by insulin, and olfaction. We decided to challenge the Kv1.3-null
animals, with a moderately high fat (MHF; 32% fat) diet for a period of 26 weeks
and quantify body weight gain, serum chemistry, and metabolic profile as previ-
ously described by Tucker et al. (2008). Unlike wild-type counterparts, Kv1.3-null
animals did not deposit significant quantities of fat in typical locations and were
resistant to increases in body weight over the test interval (Fig. 2d). Wild-type
animals demonstrated the induction of prediabetic blood chemistry (Fig. 2a), unlike
that of Kv1.3-null animals, in which basal and fat challenged fasting glucose, serum
insulin, and serum leptin levels were significantly reduced (data not shown). Using
intranasal insulin delivery across the cribiform plate, into the olfactory bulb, we
demonstrated that animals maintained on a MHF-diet now failed to exhibit
an increase in insulin-induced Kv1.3 phosphorylation, developing a degree of
insulin resistance at the level of the ion channel (Fig. 2b) (Marks et al. 2009).
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Fig. 2 Mice maintained on a moderately high-fat (MHF) diet develop a prediabetic blood
chemistry, resistance to Kv1.3 channel phosphorylation, and a loss of an OR-identified class of
olfactory sensory neurons. Mice with a gene-targeted loss of Kv1.3 ion channel are resistant to
obesity. (a) Bar graph of blood glucose and serum insulin concentrations for six wild-type mice
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of mice in which mice were intranasally administered saline vehicle (Veh) or 0.1 pg/ml insulin
twice daily for 8 days. Proteins were immunoprecipitated with an antibody directed against Kv1.3
protein, separated by SDS-PAGE, and then probed with an antibody that recognizes tyrosine
specific phosphorylation (PY Kv1.3). [gG = immunoglobulin band. (¢) Combined scatter (each
mouse) and box plot (population mean and s.e.m.) of the number of M72 B-galactosidase positive
neurons in the epithelia of mice maintained on different dietary regimes. Same experimental diet
paradigm was performed (as in a and b) on mice with a genetic marker for the M72 odorant
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When genetically-identified odor receptor tagged mice were placed on a MHF-diet,
and then a number of OR-specified olfactory sensory neurons were counted across
the whole epithelia, we found that there was a loss of half of the neurons, or more
directly, half the potential olfactory sensory information being received and relayed
to the Kv1.3-containing postsynaptic targets, the mitral cell neurons (Fig. 2c).

To determine if the loss of Kv1.3, in the olfactory bulb and the resulting
enhanced olfactory ability were responsible for the resistance to diet-induced
obesity, we performed bilateral olfactory bulbectomy (OBX). Wild-type and
Kv1.3-null animals underwent OBX (or sham) surgery by bilateral removal of the
olfactory bulbs at 9 weeks of age as described by Getchell et al. (2005). Following a
2 week recovery from surgery, animals were placed on either control Purina diet or
MHF regime for 5-6 weeks and then monitored for 8 days in the custom-housed
metabolic chambers (Fig. 3a-b). At the end of the 16 week study, mice were
behaviorally confirmed to be anosmic and then sacrificed to anatomically confirm
complete bulb removal (Fig. 3c). If an OBX-treated animal was found to be able to
detect a buried food item or more than 25% of the bulb remained (Fig. 3d), the data
for that animal was excluded from the data set for analysis. Quite remarkably,
OBX-treated, Kv1.3-null animals were no longer able to abrogate weight gain
following maintenance on the MHF-diet (Fig. 3f). Figure 3e demonstrates weight
gain in OBX-treated wild-type animals in comparison (Fig. 3e). Metabolic assess-
ment determined that both control and MHF-diet fed Kv1.3-null treatment groups
transiently increased caloric intake following bulbectomy, whereas wild-type ani-
mals, did not. In particular, MHF-diet challenged Kv1.3-null mice increased their
basal metabolic rate. Combined removal of the olfactory bulb and maintenance
on the MHF-diet, was found to decrease activity-dependent metabolic rate and
thereby decrease total weight-dependent energy expenditure computed using the
Weir equation (Weir 1949). These data directly demonstrate that the olfactory
bulb contributes to the metabolic balance of energy usage; a brain region outside
of the traditional hypothalamic pituitary, endocrine axis.

3 Modulation of Kv1.3 by Metabolically Important Molecules

If gene-targeted deletion of Kv1.3 channel evokes a thin, supersmeller phenotype
that is resistant to diet- and genetically-induced obesity, and maintenance of wild-
type mice on high fat diets with presumably elevated glucose and insulin levels

Fig. 2 (continued) receptor, M72irestauLacZ. Each whole epithelia were sectioned in entirety and
then processed for B-galactosidase product to identify M72 expressing olfactory sensory neurons
(OSNs). Neutral red was utilized as a counterstain (right) to better resolve OSNs in context. (d)
Bar graph of the mean body weight £ s.e.m. of wild-type (WT) or Kv1.3-null (Kv1.3-/-) mice
maintained for 26 weeks on either the control Purina chow (CF) or 32% fat diet (MHF) (a and b).
Reproduced with permission from Marks et al. (2009). (¢) Whole-mount photograph modified with
permission from Biju et al. (2008)
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metabolic chamber that is automated to collect respiratory quotient, locomotor activity, ingestive
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decreases the number of olfactory sensory neurons, then, what is the functional
ramification at the level of electrical excitability for the mitral cell; a major
contributor of Kv1.3 conductance in the olfactory bulb? We had previously
reported biochemical evidence that Kv1.3 was a substrate for phosphorylation by
insulin using a heterologous expression system (Fadool and Levitan 1998), and thus
used this same system to determine if glucose also could modulate Kv1.3 biophys-
ics. In order to test whether two metabolically important molecules — insulin and
glucose —modulated Kv1.3 in vivo, it was essential for us to additionally develop an
adult olfactory bulb slice preparation so that we could explore modulation after
chronic stimulation with these molecules (i.e., intranasal delivery approaches)
or following induction of diet-induced obesity (i.e., maintenance on a MHF-diet
since birth).

3.1 Glucose

Acute glucose sensitivity of olfactory bulb mitral cells was evaluated by whole-cell
current-clamp recordings from horizontal sections (325 um) prepared from C57BL/6
mice (wildtype) or mice with a Kv1.3 gene-targeted deletion (Kv1.3-null). Mitral
cell membrane potentials were held at —65 mV to prevent spontaneous spiking
followed by a 4 s, perithreshold (50-100 pA) current injection every 20 s during
treatment with artificial cerebral spinal fluid (ACSF) containing 0 mM b-glucose
with 22 mM p-mannitol osmotic balance for 10 min followed by 22 mM b-glucose
and 0 mM p-mannitol for 10 min. During these experiments, we observed two
populations of glucose sensitive mitral cells from wild-type animals based on
changes in total spiking frequency. Forty-eight percent of mitral cells tested,
exhibited an increased spiking frequency in response to changing the glucose
concentration of the extracellular bath from O to 22 mM p-glucose and were
therefore considered to be glucose excited. The other 52% exhibited a drop in
spiking frequency, or were glucose inhibited, in the presence of 22 mM bp-glucose.
Mitral cells from Kv1.3-null mice, however, exhibited no change in spiking fre-
quency due to change in glucose concentration. This suggests that Kv1.3 expression
is important, at least in part, for glucose sensitivity of mitral cells.

3.2 Insulin

Acute application of insulin to mitral cells shortens the ISI as determined through
the Gaussian fitting of ISI histograms generated from action potentials evoked from
current injections stepped from 25 to 500 pA in cells held near the resting mem-
brane potential. Mitral cell firing frequency linearly increased from 10 to approxi-
mately 45 Hz over current steps ranging from 25 to 200 pA. Following acute insulin
stimulation of the slice for 20 min, the firing frequency significantly increased from
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25 to 60 Hz in response to the same current steps. Interestingly, at stronger current
injections, ranging from 300 to 500 pA, firing frequency in untreated mitral cells
progressively fell below 45 Hz due to spike adaptation, but following acute insulin
stimulation, mitral cells could maintain firing rates up to 85 Hz without adaptation.
Spike shape was significantly modified following acute insulin stimulation,
whereby the action potential width was reduced, the action potential amplitude
was increased, and the spike decay time (1/e) was faster. At perithreshold current
injections (5-30 pA) using long duration current steps (5,000 ms) we found that the
characteristic spike clustering generated by mitral cells was modified following
acute insulin stimulation. Spike clustering is due to intrinsic membrane properties,
persists in the presence of NBQX and APV synaptic blockers, and is thought to
provide frequency information for odorant discrimination (Balu and Strowbridge
2007). We found that the pause duration of the spike clusters was significantly
decreased following insulin stimulation. If insulin were delivered chronically as
opposed to acutely, then a different pattern of spike clustering was observed. We
intranasally delivered insulin, twice a day for 8 days, as per Marks et al. (2009), to
P50 and older animals, and then measured generated action potentials evoked at
perithreshold current injections. Following chronic insulin treatment, mitral cells
exhibited two basal types of firing frequencies that were discreetly opposite in
graphed activity patterns using raster plots. Basally, neurons either had extremely
high levels of spike clusters with short pause durations, or neurons fired with short
latency to first action potential spike and only a single spike cluster of short duration
was observed. Following application of insulin to these slices, insulin now evoked a
decrease in the action potential firing frequency, regardless of which initial pattern
of activity was exemplified. Finally, mice that were placed on a MHF-diet via
feeding the dam prior to pairing the parents, and then retaining weaned pups on the
diet through adulthood (P35-P65), showed basal mitral cell properties that included
modified timing of spike clusters, spike train adaption, and partial firing. Acute
application of insulin to animals maintained on the MHF-diet, since birth was now
ineffective in changing action potential firing frequencies.

4 Conclusion of Nonconductive Roles for Kv1.3 Governing
Energy Homeostasis

We have demonstrated that disruption of the Kv1.3 gene, results in reduced body
weight, abrogation of obesity, modified axonal targeting in the olfactory system,
increased olfactory ability, and changes in serum blood chemistry. Maintenance on
a moderately high-fat diet reduces the number of olfactory sensory neurons while
elevating insulin and glucose that we have directly shown to alter mitral cell
biophysical properties in a slice configuration of the olfactory bulb. A variant in
the promoter of the Kv1.3 gene (i.e., gain in channel function), and referred to as the
diabetes risk allele, has recently been associated with impaired glucose tolerance,
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lower insulin sensitivity, higher fasting plasma glucose, and impaired olfactory
dysfunction in males (Tschritter et al. 2006; Guthoff et al. 2009). It appears that
natural changes in the sensitivity of the OB driven by modulation of Kv1.3 (in rats
and humans) may contribute to the body’s metabolic response to fat intake or
energy imbalance.
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Energy Homeostasis Regulation in Drosophila:
A Lipocentric Perspective

Ronald P. Kiihnlein

Abstract The fruit fly Drosophila is a centenarian in research service, but a novice
as an invertebrate model system for energy homeostasis research. The last couple of
years, however, witnessed numerous technical advances driving the rise of this
model organism in central areas of energy balance research such as food perception,
feeding control, energy flux and lipometabolism. These studies demonstrate an
unanticipated evolutionary conservation of genes and mechanisms governing central
aspects of energy homeostasis. Accordingly, research on Drosophila promises both,
a systems biology view on the regulatory network, which governs lifelong energy
control in a complex eukaryotic organism as well as, important insights into the
mammalian energy balance control with a potential impact on the diagnostic and
therapeutic strategies in the treatment of human lipopathologies such as obesity.

1 Introduction: The Drosophila Model Organism in Energy
Homeostasis Research

In spite of its small size of only few millimeters a century of research career made
the fruit fly Drosophila melanogaster a giant among the animal model organisms.
Since its introduction into the laboratory by Noble laureate Thomas H. Morgan
in the early twentieth century, Drosophila proved of value as a versatile, cost-
effective, robust and particularly fast genetic model system. While in the early days
the fly helped elucidating the basic mechanisms of inheritance, the following
decades witnessed important contributions of Drosophila to fundamental questions
in various other biological disciplines such as developmental and cell biology,
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neurobiology and behaviour and lately as invertebrate model organism for metabolic
homeostasis research (Baker and Thummel 2007; Leopold and Perrimon 2007).

Key to the lasting success of this model system is the comprehensive and ever-
growing methodological repertoire, which also granted the flies leap from single
gene analysis to the “-omics” era. The driving force behind both scientific discovery
and technological advances in Drosophila is a globally active fly research commu-
nity whose proceedings are brought together in the excellent Drosophila research
database called FlyBase (Tweedie et al. 2009; www.flybase.org).

Candidate gene identification in complex regulatory phenomena such as energy
homeostasis requires a systems biology approach (Fig. 1), combined with a quanti-
fiable lead phenotype e.g. storage fat content. Public stock centres offer thousands
of mutant and transgenic fly strains for forward and reverse genetic screens, which
represent the core of functional analysis (St Johnston 2002). Genome-wide RNAi
technology in Drosophila cell lines (Beller et al. 2008; Guo et al. 2008) and in vivo
(Pospisilik et al. 2010; Kiihnlein unpublished) identified a number of fat storage
regulators in the fly. Importantly, the fly system allows to address a potential energy
balance function even for essential genes by combining gene knockdown techni-
ques with switchable in vivo expression systems (McGuire et al. 2004) or by
recombination-based genetic mutant mosaic analysis (Wu and Luo 2006).

Candidate Identification, Phenotype Analysis
Screens
in vivo
Cell ablation
Neural activity Biochemistry

Genetic gain-of-function

Energy storage
Genetic loss-of-function

% Physiology

e tissue. culture i : Food intake/defecation
Genetic loss-of-function - Singje; Gene: Activity/Metabolic rate
Characterization

Comparative Transcriptomics f Cell biology of fat cells/lipid droplets
g Lipid Droplet Proteomics Signalling Pathway Characterization
% Lipolytic Proteomics

Comparative Genomics

Fig. 1 Strategies of energy homeostasis regulator identification in Drosophila. Candidate gene
identification is based on numerous functional approaches in vivo and in tissue culture as well as
on descriptive large-scale techniques. Functional single gene characterization by phenotyping a
broad range of biochemical, physiological, cell biological and genetic parameters confirm energy
balance regulators in vivo (for details see text)
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The cellular basis of energy homeostasis control has been addressed by in vivo cell
ablation of insulin producing cells in the central brain (Rulifson et al. 2002) or of
the neuroendocrine corpora cardiaca cells of the ring gland (Lee and Park 2004).
Recently, the neuronal wiring of fat storage control (Al-Anzi et al. 2009) and taste-
induced behaviour (Gordon and Scott 2009) in the fly has been analyzed by
modulation of neural activity in distinct neuronal subpopulations of the central
nervous system.

Although functional approaches are the first choice to identify energy homeo-
stasis regulators, more descriptive methods have been successfully applied as well.
For example, comparative transcriptomics of fed and starved flies at different
ontogenetic stages has been applied to identify central regulators of fat storage
control such as sugarless (Zinke et al. 2002) and the Brummer lipase (Gronke et al.
2005), the orthologue of mammalian adipose triglyceride lipase (ATGL)
(Haemmerle et al. 2006; Zimmermann et al. 2004). Lipid droplet proteomics
(Beller et al. 2006; Cermelli et al. 2006) and lipolytic proteomics (Birner-Griinber-
ger and Kiihnlein unpublished) are two more strategies, which make use of intra-
cellular localization and enzymatic activity, respectively, to identify energy balance
regulator candidates. Moreover, comparative genomics in silico aims at the identi-
fication of fly orthologs of mammalian energy homeostasis genes and at the
description of evolutionarily conserved metabolic pathways. Needless to say, that
all descriptive candidate identification strategies require subsequent functional
single gene analysis to promote a candidate gene to a bona fide energy homeostasis
regulator.

Drosophila body fat content is the lead phenotype used to identify energy
homeostasis regulators, as it is accessible not only to a single gene but also to
high-throughput analysis. To this aim, enzymatic (Gronke et al. 2003; Pospisilik
et al. 2010 and Kiihnlein unpublished) or chromatography-based (Al-Anzi et al.
2009) determination of fly homogenate fat content has been used. Moreover lipid
droplet size and number monitoring by microscopic inspection (Guo et al. 2008)
or by an image segmentation-based optical readout (Beller et al. 2008) in tissue
culture has been applied. Recently developed noninvasive imaging methods, such
as MRI (Null et al. 2008; Righi et al. 2010), mesoscopic fluorescence tomography
(Vinegoni et al. 2008) or multispectral optoacoustic tomography (Ma et al. 2009)
have been downscaled to the Drosophila dimensions and promise lipid composition
and fat depot-specific storage analysis in intact flies.

Next to lipids carbohydrates represent like in mammals, the second column of
organismal energy storage in flies. Enzymatic methods are currently in use to deter-
mine tissue glycogen storage as well as circulating sugar concentrations (Grénke
et al. 2007; Lee and Park 2004). However, mass spectroscopy-based metabolome
analysis in the fly (Kamleh et al. 2009) will not only allow identification and
quantification of complex carbohydrates but also lipometabolism signatures.

Comprehensive energy flux analysis in Drosophila has long been hampered by
the unavailability of suitable methods to quantitatively trace energy intake and
expenditure in the fly. However, recent advances in fly food intake quantification
(Jaet al. 2007; Wong et al. 2009) allowed the description of a Drosophila circadian
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feeding rhythm (Xu et al. 2008). Integration of food intake quantification with
defecation analysis and activity/metabolic rate measurements (Van Voorhies et al.
2008; www.trikinetics.com), combined with fly food of defined composition (Bass
et al. 2007; Grandison et al. 2009) now promises seamless monitoring of energy
traffic in this model organism.

In summary, technological advances improved phenotypic analysis of fly
mutants to an extent, which makes the powerful genetics of Drosophila e.g.
epistasis analysis for signalling pathway identification in vivo, fully applicable to
energy homeostasis research (Fig. 1).

2 Fly Organs Governing Organismal Energy Homeostasis

Doubtlessly organismal energy homeostasis control is a regulatory achievement of
all cells in the animal. Yet certain cells, tissues or organs play a prominent role in
the energy management from food perception and intake to macronutrient parti-
tioning, fuel storage and remobilization, to energy consumption and waste excre-
tion. The intimate link between different organs in energy homeostasis control is
exemplified by the takeout (to) gene, which is expressed in gustatory neurons of
the taste sensilla and in the fat body, the major energy storage organ of the fly (see
below). Mutants, lacking fo suffer from hyperphagia and fat body hypertrophy
under ad libitum feeding conditions, show sensory neuron desensitizing and
impaired foraging behaviour in response to starvation (Meunier et al. 2007).
Also the importance of circadian feeding rhythms and behavioural control has
been demonstrated as peripheral clock inhibition in gustatory neurons causes
hyperactivity, hyperphagia and increased energy storage in flies (Chatterjee
et al. 2010). The importance of neural gene expression for energy balance control,
is exemplified by the cGMP-dependent protein kinase Foraging, which increases
sugar-responsiveness in flies (Belay et al. 2007) or by the cAMP responsive
transcription factor CREB, which controls energy storage (Iijima et al. 2009).
Recent advances, in the understanding of the anatomical network underlying
feeding behaviour in the fly have been reviewed in Buch and Pankratz (2009)
and Melcher et al. (2007) and emphasize the importance of the suboesophageal
ganglion (SOG) of the central nervous system as nodal relay for feeding coordi-
nation (Fig. 2).

Once the activity of gustatory receptors in chemosensory sensilla located pre-
dominantly in the mouthparts and the legs of the adult fly have triggered feeding
behaviour, the meal enters the alimentary canal and gets temporarily stored in the
crop (Fig. 2). Little is known about the digestive properties of the fly crop and the
regulatory processes, which govern the further transport of the food to the midgut,
which is the major site of digestion and nutrient absorption. A recent study
identified the midgut-expressed orphan nuclear receptor DHR96 as important
regulator of dietary fat metabolism, likely by transcriptional control of a gastric
lipase (Sieber and Thummel 2009). Lipid droplet accumulation in defined regions
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Fig.2 The cellular basis of energy homeostasis regulation in the fly. Chemosensory sensilla in the
mouthparts and legs (orange) initiate the feeding behaviour likely coordinated by the suboeso-
phageal ganglion (SOG) of the central nervous system (blue). Ingested food is transiently stored in
the crop (CR) of the alimentary canal (grey) prior to digestion and nutrient absorption. Energy
storage and mobilization is governed by the fat body (green) supported by the oenocytes (black).
Humeral control of the brain-endocrine axis largely resides in the insulin producing cells (dark
blue) of the central brain and the corpora cardiaca cells of the ring gland (red)

of the midgut epithelium suggests resynthesis and transient storage of the dietary
lipid components prior to transport to the fat body, which serves as metabolic sink
for lipid as well as for carbohydrates (see below). Much like in mammals, lipids
commute between organs as lipoproteins in the fly body fluid called hemolymph
(Pennington and Wells 2002).

Starvation-induced storage fat mobilization depends — at least at the larval stage —
on oenocytes, groups of cells located in the cuticle (Fig. 2), which execute some
liver-like functions in lipometabolism (Gutierrez et al. 2007). Ablation of adult
oenocytes has recently been shown to eliminate cuticular hydrocarbons acting as
pheromones (Billeter et al. 2009) but a role of these cells in imaginal storage lipid
catabolism remains to be shown.

Of particular interest are cells orchestrating energy homeostasis control by
releasing humeral signals. Two prominent cell groups fulfil this function in the
fly brain-neuroendocrine system. On the one hand, the insulin-producing cells
(IPCs; analogous to mammalian pancreatic -cells), which are localized in the
central brain (Rulifson et al. 2002) and on the other hand, the so-called corpora
cardiaca (CC) cells (analogous to mammalian pancreatic o-cells) localized in a
neuroendocrine organ named the ring gland (Kim and Rulifson 2004) (Fig. 2).
Ablation of IPCs increases blood sugar levels in Drosophila larvae (Rulifson et al.
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2002) whereas CC cell removal has the opposite effect (Isabel et al. 2005; Kim and
Rulifson 2004; Lee and Park 2004).

3 Nodal Point of Energy Homeostasis Control: The Fly
Fat Body

Arguably, the fly fat body is the central hub of Drosophila metabolism. Roughly
half of the more than 14,000 Drosophila genes are expressed in the adult fly fat
body (www.Flyatlas.org), which reflects the metabolic versatility of this organ.
Compared to mammals, the fly fat body is not only the equivalent of adipose tissue
but also serves major liver-like functions in energy homeostasis and xenobiotic
detoxification (Yang et al. 2007), as this mammalian organ is absent from insects.
Moreover, the fat body is a major organ of the immune system in flies (reviewed in
Ferrandon et al. (2007)).

Two ontogenetically independent cell lineages compose the embryonic/larval/
pupal fat body (Fig. 3a), and the adult fat body (Fig. 3b), respectively (Hoshizaki

Fig. 3 Central organ of
energy storage — the fat body.
Schematic representation and
in vivo localization (by
targeted GFP expression) of
larval (a) and adult (b) fat
body tissue. Note that larval
fat body consists of a coherent
sheet of cells whereas
numerous fat depots make up
the adult fat body. Solitary fat
body cell (c) from an
immature adult fly with
storage lipid droplets (red)
decorated by a droplet-
associated, GFP-tagged
protein (green) (for details see
text). Note that the
photographic picture in

(a) was originally published
in Beller et al. 2006 ©) The
American Society for
Biochemistry and Molecular
Biology
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2005). The larval fat body consists of a defined number of large polyploid cells
building a single contiguous organ sheet, which stretches throughout the body
cavity and responds to nutrient excess by hypertrophy. In contrast, the adult fat
body consists of premitotic cells allocated to various anatomically delimitable fat
depots such as the deep visceral or pericardial fat body or the peripheral fat body of
head and abdomen (Miller 1950; Fig. 3). Abdominal fat depots of a single fly are
estimated to be composed of 18,000 adipocytes (Johnson and Butterworth 1985).
However, plasticity of the adult abdominal fat body has recently been demon-
strated. This organ responds to insulin signalling by hyperplasia via inhibitory
phosphorylation of both, the forkhead box group O (FOXO) transcription factor
and glycogen synthase kinase 3 (GSK3) and by hypertrophy via GSK3 inhibition,
respectively (Diangelo and Birnbaum 2009). Considering the functional heteroge-
neity of this organ histological inspection reveals a remarkable uniformity of fat
body tissue, which is largely composed of lipid droplet-filled trophocytes at all
ontogenetic stages (Miller 1950; Fig. 3c). Beyond doubt, however, the documenta-
tion of depot-specific signalling responses (Hwangbo et al. 2004) within the fat
body is just an example for a functional complexity, in need to become
comprehensively explored.

The fat body is not only the major site of neutral lipid storage in the fly but also
governs substantial glycogen stores. Accordingly, the fat body operates as the
executive organ of energy storage and mobilization in energy balance control in
response to humoral signals of the brain-neuroendocrine system. Recent studies
also support feedback regulation of energy homeostasis by the fat body. Organismal
growth under starvation is dependent on the upregulation of Drosophila insulin-like
peptide 6 (DILP6) in the pupal fat body (Slaidina et al. 2009) and the larval fat body
remotely controls DILP secretion from the IPCs in the central nervous system by an
hitherto unknown humoral signal (Geminard et al. 2009).

4 Drosophila Lipid Storage Control: More than Fly-Relevant

Interest in the understanding of lipid storage control in the fly has been particularly
spurred by two factors: One, by the molecular characterisation of the obese adipose
mutant fly (Hader et al. 2003), which originated from a Nigerian Drosophila wild
population some 50 years ago (Doane 1960) and the other, the unanticipated finding
that as many as about 70% of human disease genes have bona fide orthologs in the fly
genome (Chien et al. 2002; Reiter et al. 2001; www.superfly.ucsd.edu/homophila)
enhanced the interest in Drosophila lipometabolism research. Subsequent studies
identified the mammalian adipose ortholog WDTCI1 as a novel obesity gene in the
mouse (Suh et al. 2007) and man (Lai et al. 2009), providing proof of the concept
that fly fat storage regulators are of relevance for the understanding of human
lipopathologies.

As far as it has been studied the basic insect lipometabolism (reviewed in
Canavoso et al. 2001) largely resembles the corresponding pathways in mammals.
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Accordingly, central regulatory mechanisms such as the role of the hepatocyte
nuclear factor 4 (HNF4) in lipocatabolism (Palanker et al. 2009) or the phosphory-
lation of acetyl-CoA carboxylase (ACC) by AMP-activated protein kinase (AMPK)
(Hardie and Pan 2002) are evolutionarily conserved. So also is the function of sterol
regulatory element-binding protein (SREBP) (Kunte et al. 2006; Porstmann et al.
2008) or stearoyl-CoA desaturase-1 (SCD-1; called desat! in the fly; Ueyama et al.
2005) in lipogenesis. Also hedgehog signalling activity suppresses fat storage and/
or adipogenesis (Pospisilik et al. 2010; Suh et al. 2006) and the ATP-binding
cassette transporter G1 (Buchmann et al. 2007) controls lipid storage in flies and
mice alike. On the other hand, important interspecies differences in lipometabolism
have been described, such as the feedback regulation of SREBP by sterols in
mammals and by phospholipids in flies (Dobrosotskaya et al. 2002).

Exceptional evolutionary conservation has been reported for central components
and mechanisms of neutral storage lipid (i.e., triacylglyceride (TAG)) homeostasis.
For example organismal lipid understorage has been described for midway mutant
flies lacking diacylglycerol O-acyltransferase 1 (DGAT1) (Buszczak et al. 2002 and
Kiihnlein unpublished). Conversely, brummer mutant flies lacking the Drosophila
ortholog of mammalian ATGL/PNPLA2 (reviewed in Schweiger et al. 2009) are
lipid mobilization-impaired and obese (Gronke et al. 2005) (Fig. 4). These defects
are identical to the ATGL loss-of-function phenotype in mice (Haemmerle et al.
2006; Zimmermann et al. 2004) and man (Fischer et al. 2007). In mammals ATGL
is activated by CGI-58/ABHDS in response to -adrenergic signalling. Signalling
triggers protein kinase A (PKA)-dependent phosphorylation of PLIN1/Perilipin and
subsequent release of CGI-58 (Lass et al. 2006; Yamaguchi et al. 2007). PLIN1/
Perilipin is the founding member of the most prominent lipid droplet-associated
protein family called PERILIPINs (Kimmel et al. 2010). Notably, flies do not only
encode the ATGL ortholog Brummer but also a CGI-58 homolog and two fly
PERILIPINs called PLIN1/LSD-1 and PLIN2/L.SD-2 (Fig. 4), all of which localize
to lipid droplets (Beller et al. 2006; Cermelli et al. 2006; Gronke et al. 2003). Both
fly PERILIPINSs control body fat storage in a dosage-dependent manner. PLIN2/
LSD-2 mutants are lean, whereas over-expression of the gene causes storage fat
accumulation (Gronke et al. 2003), suggesting a barrier function for this protein on
the lipid droplet surface. Also PLIN1/LSD-1 can provide a barrier function on lipid
droplets of nonadipose tissue. However, PLIN1/LSD-1 mutants are hyperphagic
and obese, indicating that the protein facilitates lipid mobilization in the fat body
(Beller and Kiihnlein unpublished results). Genetic and in vitro evidence support
the role of PLIN1/LSD-1 as a downstream effector of the adipokinetic hormone
(AKH) signalling pathway (Arrese et al. (2008) and Beller and Kiihnlein unpub-
lished results; Fig. 4), one of the two lipolytic pathways in the fly (Gronke et al.
2007). Notably, AKH signalling mediates stimulated lipolysis — like B-adrenergic
signalling — via a G protein-coupled receptor (AKHR), cAMP and PKA (Fig. 4).
The cAMP regulated transcription factor CREB is another regulatory target of AKH
signalling. Expression of dominant negative CREB in the fat body increases fly
food intake and causes an obesity-like phenotype (Iijima et al. 2009). Recently, a
ceramide synthase encoded by the schlank gene, has been demonstrated to
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Fig. 4 Model of lipid storage/mobilization in the fly fat body. The prolipolytic neuropeptide
adipokinetic hormone (AKH) binds to its receptor (AKHR) on fat body cells and triggers cAMP
second messenger signaling. cAMP activates both, the cAMP responsive element binding protein
(CREB) and protein kinase A (PKA). PKA (likely) phosphorylates the PERLIPIN PLIN1/LSD-1,
which increases activity of triacylglycerol lipases such as the predicted TG lipase and Brummer.
PLIN2/LSD-2 executes barrier function against lipid mobilization. Lipid droplets are decorated by
numerous associated proteins of varying distribution and function e.g., Invadolysin, o-Est7 and
CG2254 (for details see text). Evolutionarily conserved fly DGATI1 called Midway (Mdy)
increases and Adipose (Adp) decreases fat storage. Arrows indicate activating and bar-ending
lines inhibitory interactions. Dashed connecting lines represent indirect interactions

profoundly influence neutral lipid storage via transcriptional upregulation of
SREBP and downregulation of brummer (Bauer et al. 2009).

As detailed above, numerous lipometabolism regulators localize to the surface of
lipid droplets, which is increasingly acknowledged as the intracellular compartment
boundary of central importance for body fat storage. This notion is further supported
by the finding that loss of the lipid droplet-associated putative metalloprotease
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Invadolysin causes leanness in flies (Cobbe et al. 2009). Many member proteins of
the complex Drosophila lipid droplet subproteome (Beller et al. 2006; Cermelli
et al. 2006) still await functional characterisation. However, the existence of general
lipid droplet proteins such as a-Esterase-7 (a-Est7) and proteins decorating lipid
droplet subpopulations such as the putative short chain dehydrogenase CG2254
suggest functional diversification among these storage organelles (Beller et al.
2006). Two genome-wide RNAi knockdown screens in Drosophila cell culture
identified the retrograde coat protein complex I (COPI) vesicle transport system as
an evolutionarily conserved determinant of cellular lipid storage homeostasis (Bel-
ler et al. 2008; Guo et al. 2008). COPI regulates the association of ATGL to the
mammalian lipid droplet surface as well as its PERILIPIN coat composition (Beller
et al. 2008) which emphasises once more the impact of this regulatory hub for
cellular and organismal fat storage.

As outlined above, the fat body governs fat and glycogen stores and accordingly
lipid and carbohydrate metabolism are closely interconnected in the fly. Like in
mammals insulin signalling not only controls sugar homeostasis in Drosophila but
also impacts fat storage. Mutation of numerous insulin signalling pathway members
such as the Drosophila insulin-like peptides DLIP6 and DILP2-3,5 (Gronke et al.
2010), the insulin receptor (Shingleton et al. 2005), the insulin receptor substrate
chico (Bohni et al. 1999) and the SH2B family protein Lnk (Slaidina et al. 2009;
Werz et al. 2009) increase body fat in flies. Moreover, the LIP4 acid lipase is a
transcriptional target of the insulin pathway transcription factor FOXO (Vihervaara
and Puig 2008). Recently, the bone morphogenetic protein glass bottom boat (gbb)
has been shown to control energy homeostasis in the larval fat body, possibly in part
by its remote control of neuronal DILP2 expression (Ballard et al. 2010). Finally,
insulin signalling is intimately linked to nutrient amino acid sensing and growth
control by the target of rapamycin (Tor) pathway (reviewed in Teleman (2010)),
providing an integrated regulatory network for energy homeostasis in the fly.

5 Conclusions and Outlook

The last couple of years witnessed a burst of knowledge about Drosophila energy
homeostasis. The current picture shows, a remarkable evolutionary conservation
between flies and mammals with regard to factors and regulatory mechanisms
keeping the organismal energy balance (for an extended view on evolutionarily
conserved fly genes affecting lipometabolism see Kiihnlein 2010). The comparison
of stimulated lipolysis pathways in flies and mammals i.e., AKH and B-adrenergic
signalling, respectively, exemplifies the prospects and limitations of the Drosophila
model system from an anthropocentric view. Whereas the ligands of both pathways
differ substantially (i.e., neuropeptide vs. catecholamine) due to ligand/receptor
coevolution, factors of the intracellular core-signalling pathway are identical. At
the lipid droplet surface, the prolipolytic signal is relayed to PERILIPIN family
members in both systems. This protein family consists of only two members in flies
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but of five in mouse and man, which exemplifies a diversification characteristic for
mammalian genomes. Genomic diversification increases regulatory flexibility but
functional redundancies among paralogs pose a problem to mutational analysis, less
prominent in the fly due to its more simple genomic architecture. Accordingly,
Drosophila is and will stay a first choice model for functional large-scale
approaches to identify energy homeostasis regulators. However, it must fall short
of disclosing the functional details of mammalian multigene families nor can it be
employed to analyze evolutionary more recent additions to energy homeostasis
regulation such as the leptin system.

Drosophila’s real promise for the energy homeostasis research is the possibility
of analyzing the impact of tissue- and time-specific single or combinatorial gene
knockdowns in vivo. This approach does justice to the systems biology nature of
energy homeostasis and is uniquely capable of modelling polygenic traits, such as
many human lipopathologies.
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Towards Understanding Regulation of Energy
Homeostasis by Ceramide Synthases

Reinhard Bauer

Abstract Energy homeostasis and growth require the coordinated regulation of
lipid metabolism. The underlying molecular mechanisms are poorly understood.
We are interested in identifying key regulators of lipid homeostasis and their
functional mechanism. Recently, we identified the schlank gene as a major regula-
tor of lipid homeostasis in Drosophila. Schlank encodes a conserved member of the
Lass/CerS family of ceramide synthases, which contain a catalytic Lagl motif and a
homeobox transcription factor domain. Schlank mutant larvae, show decreased
levels of sphingolipids and depleted fat stores due to an upregulation of triacylgly-
cerol lipases and a downregulation of SREBP-dependent fatty acid synthesis.
In addition, we have demonstrated that mammalian members of the conserved
Lass/CerS family had also effects on lipid homeostasis. Therefore, we are currently
interested to find how members of this family e.g., schlank may act as regulators
coordinating cellular and organismic lipid homeostasis in animals mechanistically.
We now address these issues by using a combination of genetics, biochemistry and
integrative physiology.

1 Introduction

Energy homeostasis is critical for normal growth and development (Hay and
Sonenberg 2004; Ellisen 2005). It depends, on the ability to control storage
and mobilization of fat reserves, during times of energy deprivation such as fasting
and exercise. Storage fat is deposited as triglycerides, also called triacylglycerols
(TAG), in intracellular lipid droplets which accumulate in specialized organs such
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as mammalian adipose tissue or the fat body of flies. In mammals and insects,
starvation-induced lipolysis of TAGs is induced by lipases and leads to the release
of fatty acids and other lipids into the circulation (Arquier and Leopold 2007 and
references herein). The lipids are then taken up and broken down by hepatocytes in
the mammalian liver or oenocytes in Drosophila (Gutierrez et al. 2007). In the fed
state, hepatocytes and oenocytes are also able to synthesize fatty acids for incor-
poration into TAGs. These can then be assembled into lipoprotein particles, deliv-
ered to adipocytes or the insect fat body cells and stored in lipid droplets. Chronic
dysregulation of the balance between lipolysis and lipogenesis may lead to meta-
bolic abnormalities such as obesity, lipodystrophy syndromes (Simha and Garg
2006) or insulin resistance in humans.

During energy consuming activities such as growth and reproduction, the coor-
dinated regulation of the lipid metabolism is important on both the cellular and
systemic level. This coordination is described by two paradigms: sensing of energy
levels mediated by AMPK signaling (Hietakangas and Cohen 2009, review) and
sterol/lipid sensing by SREBPs (sterol element binding proteins), which are mem-
brane bound transcription factors that monitor cell membrane composition and
adjust lipid synthesis accordingly (Kunte et al. 2006; Dobrosotskaya et al. 2002).
Equally important is de novo synthesis of sphingolipids. They are essential struc-
tural components of eukaryotic membranes and play important roles as second
messengers regulating apoptosis, survival and differentiation (Pettus et al. 2002;
Levy and Futerman 2010). Enzymes of the sphingolipid pathway are well con-
served in all genetically studied eukaryotes (Venkataraman and Futerman 2002)
and misregulation of the sphingolipid metabolism is involved in the cause and
pathology of several human diseases, including neurodegeneration, cancer, immu-
nity and diabetes (Lahiri and Futerman 2007). On the organismic level, lipid and
carbohydrate metabolism are regulated by a variety of hormones, including insulin
and glucagon in mammals or insulin-like peptides and the glucagon-like adipoki-
netic hormones (Akhs) in insects (Van der Horst et al. 2001; Brogiolo et al. 2001).
While insulin-like peptides promote cellular glucose import and energy storage in
the form of glycogen and TAGs, glucagon or Akh increase lipolysis and glycogen-
olysis during energy-requiring activities (Van der Horst et al. 2001; Brogiolo et al.
2001; Hafen 2004). Mechanisms by which cellular lipid metabolism is interlaced
with hormone-dependent body fat regulation are mostly unknown at present.

In order to identify regulators of energy and lipid homeostasis and to investigate
their function, my group is also resorting to taking several approaches.

2 Schlank Controls Growth and Body Fat

To isolate novel regulators we use various genetic tools like P-element mutation
and RNAi-mediated knockdown for a genetic screen. Additionally, gene targeting is
used to introduce specific mutations in selected genes to study their function in
detail. As energy homeostasis is critical for normal growth and development, we



Towards Understanding Regulation of Energy Homeostasis by Ceramide Synthases 177

screened for genes controlling larval growth in Drosophila. This can easily be
scored under the dissecting microscope. Here, I will focus on a mutant generated by
transposon insertions in a novel locus on the X-chromosome, which we named
schlank. The schlank gene encodes a protein containing six putative transmembrane
(TM) domains, a Lagl motif and a homeobox (Hox) domain (Fig. 1). It shows
homology to members of the highly conserved Longevity assurance homologue
(Lass) family of ceramide synthases (CerS). The homologies range from yeast to
mammals, which have six paralogs. All Lass/CerS genes encode a highly conserved
Lag1 motif, which is functionally required for ceramide synthesis and most of them
have an additional Hox domain. For all Lass/CerS proteins analyzed so far a
function as ceramide synthase was shown. Ceramide biosynthesis plays a key role
in the sphingolipid biosynthetic pathway. Phenotype analysis of schlank mutants
indicated an essential role in regulating larval growth. In addition, we observed that
some of our mutants appeared much slimmer and somewhat transparent as com-
pared to control animals hinting to reduced, body fat stores (Fig. 2).

To exclude, that the growth or “thick-thin” phenotypes are just caused by
starvation, we routinely perform an assay feeding red coloured yeast. It shows
whether the larvae are taking up food or not. Second, growth phenotypes caused
by a mutation in an enzyme-encoding gene require the proof of enzymatic
activity. Therefore, in collaboration with the Sandhoff group (Bonn), we devel-
oped an enzymatic assay to test the activity of the putative ceramide synthase
schlank. It combines feeding assays and lipid analysis. Here, we offer radiola-
belled L-[3-'*C]-serine, a precursor of sphingolipid biosynthesis followed by the
extraction of lipids and ceramides, which are then separated by Thin Layer
Chromatography (TLC) and further analyzed by Mass Spectrometry. This system
allows us determine and quantify de novo generated ceramides. The versatility of
this assay system may be expanded by the combination with Drosophila genetic
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Fig. 1 Putative domain structure of Drosophila ceramide synthase schlank (modified according
Bauer et al. 2009)



178 R. Bauer

Fig. 2 (a) Mutants larvae b 104 —
carrying the schlank®’®! (61) ' et
allele (Bauer et al. 2009) are
thinner than wildtype (WT)
larvae when reaching the 0.8
same size at L3 stage. (b)
Triacylglycerol (TAG) level €
of schlank®?%! (green bar) %
compared to WT in third g 0.6+
instar wandering stage larvae 9:

'_

o

2 0.4

o

[9)

o

0.2
L3

tools such as overexpression or downregulation of the gene of interest using the
binary Gal4/UAS system (Brand and Perrimon 1993). In this way we demon-
strated the function of schlank as a ceramide synthase, as we expected. This assay
system enabled us also to prove that the thin looking schlank mutants had indeed
reduced body fat stores. Applying schlank RNAi or overexpressing schlank in
Drosophila larvae led either to emptied or replenished body fat stores (Bauer et al.
2009). Noteworthy, overexpression of the mouse Lass2/CerS2 protein in Dro-
sophila larvae resulted in a similar increase of the larvae’s body fat. With a
similar experimental approach we are currently investigating glucosylceramide
synthase (GIcT-1), which catalyzes the formation of glucosylceramide (GlcCer),
the core structure of major glycosphingolipids (GSLs), from ceramide and UDP-
glucose. Functional analysis using transgenic flies and RNAi revealed that
DGIcT-1 acts as a negative regulator of apoptosis (Kohyama-Koganeya et al.
2004). Our first experiments and previous observations by others (Hirabayashi,
Japan) have now provided evidence for a role in body fat regulation of GlcT-1.
In order to understand how the effects on lipid homeostasis occur we are
following additional approaches besides the application of genetics and lipid
biochemistry. We use the combination of quantitative real time PCR (qQRT PCR)
and immunoblotting to analyze key regulators of lipolysis and lipogenesis. We
found that in schlank mutants, mRNA levels of lipases (e.g., brummer and lipase3)
were strongly increased, whereas the expression of SREBP was significantly
decreased (Bauer et al. 2009). With these data it now appears that reduced body
fat e.g., TAGs are not only a result of, increased lipolysis, but also of decreased
lipogenesis. Together with data from other labs showing that modulation of
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ceramide synthesis can add to SREBP regulation, it becomes evident that the
observed reduced ceramide synthase activity and reduced lipogenesis in schlank
mutants may be mediated at least in part by downregulation of SREBP. Taken
together these data challenge the view on ceramide synthases. During the process of
ceramide synthesis fatty acids are required twice. First, at the initiation step of
de novo sphingolipid synthesis, the condensation reaction of serine and a long-chain
fatty acid lead to 3-ketosphinganine. Second, during the transfer of fatty acids to
(dihydro)sphingosine by aminoacylation of sphingosine carbon-2 with a long chain
fatty acid yielding dihydroceramide, which is further converted to ceramide. Thus,
we think that schlank might act as a metabolic sensor, which coordinates sphingo-
lipid metabolism with fatty acid metabolism. A role in regulating organismal fat
storage or mobilization has previously not been observed for Lass/CerS family
members due to the lack of animal models.

3 Outlook

Questions arising now are: how can schlank mediate its effect on lipolysis and
lipogenesis mechanistically and how is schlank expression regulated? Over the past
couple of years, many groups have shown a role for ceramide, the building block of
all sphingolipids, as an important intracellular signalling molecule involved in
regulating differentiation, proliferation, and apoptosis (Pettus et al. 2002;
Levy and Futerman 2010). Additional roles of ceramide biosynthesis in insulin
resistance and lipotoxicity (Summers 2006), in body weight regulation, energy
metabolism, and the metabolic syndrome (Yang et al. 2009) were added.

We recently found that overexpression of a schlank variant, which contains a
point mutation in the Lagl motif shown to inhibit ceramide synthase function
(Bauer et al. 2009) still caused an increase in TAG comparable to the elevation
seen overexpressing, wild type schlank or murine CerS/Lass2. These data hint
towards a mechanism of schlank on TAG metabolism independent of its ceramide
synthase function. Many of the Lass/CerS proteins of higher organisms including
Lass/CerS 2 contain a N-terminally located Hox domain. It is an attractive idea to
speculate that this domain may be involved in some of the regulatory effects exerted
by schlank.

In our lab we are currently applying a genomic engineering approach to address
this question.

Genomic engineering permits directed and highly efficient modifications of a
chosen genomic locus into virtually any desired mutant allele (Huang et al. 2009).
Using this approach for schlank’s native locus, we will introduce a set of defined
mutant alleles that are strategically designed to test hypotheses about schlank’s
domains in vivo functions and interactions.

Lipid and carbohydrate metabolism are regulated by a variety of hormones,
including insulin and glucagon in mammals or insulin-like peptides and the
glucagon-like adipokinetic hormones in insects (Brogiolo et al. 2001; Van der
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Horst et al. 2001; Fuss et al. 2006). However, mechanisms by which cellular lipid
metabolism might be interlaced with hormone-dependent body fat regulation are
unknown at present. In our lab Voelzmann succeeded in identifying several
schlank regulatory regions. In combination with reporter assay systems both, in
Drosophila animals or in tissue culture, the influence of metabolic signalling
cascades on schlank regulation, such as insulin signalling, can now be studied in
more detail.

4 Conclusion

We have recently identified the Drosophila ceramide synthase schlank as a new
regulator of growth and lipid homeostasis (Bauer et al. 2009). Besides the role of
schlank in ceramide synthesis we found that schlank can influence body fat
metabolism by regulating the equilibrium between lipogenesis and lipolysis during
larval growth. Our current and future functional analysis of the schlank ceramide
synthase will significantly contribute to answer the question about the regulation of
Lass/CerS proteins transcriptionally and post transcriptionally in invertebrates and
mammals. In turn, we will also gain information on the regulatory role in energy
metabolism by schlank. A major challenge ahead will be to evaluate and compare
the data that will be obtained from the Drosophila in vivo model with the mouse
in vivo model.
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Role of the Gut Peptide Glucose-Induced
Insulinomimetic Peptide in Energy Balance

Andreas F.H. Pfeiffer, Natalia Rudovich, Martin O. Weickert,
and Frank Isken

Abstract Glucose-induced insulinomimetic peptide (GIP) is a gut hormone pro-
duced by enteroendocrine K-cells in the intestinal mucosa in response to
fat, glucose, and also protein. GIP releases insulin from the B cells of the pancreatic
islets of Langerhans and therefore is an incretin hormone. GIP acts on a
G-protein—coupled receptor that is widely distributed in the body including adipose
tissue, stomach, brain, and others. Deletion of the GIP receptor (GIPR) renders
mice resistant to weight gain induced by a high fat diet.

We observed that weight gain induced by ovarectomy in female mice is pre-
vented by GIPR deletion that is linked to reduced food intake and reduced hypotha-
lamic expression of orectic neurotransmitters. Moreover, old male GIPR ™~ mice
placed on a high glycemic index diet maintained a high insulin sensitivity and were
much more active than controls, which was not seen in young animals. Thus, GIP
elicits central effects in response to nutrients that protect against obesity and insulin
resistance. We then investigated the acute responses of humans to treatment with
GIP over 4 h in a dose mimicking postprandial plasma levels of about 100 pmol/L.
At basal glucose, GIP does not elicit insulin release. Fat biopsies taken before and
after 4 h of GIP treatment were analyzed for transcriptomic responses using Agilent
whole human genome assays. There was a highly significant upregulation of an
inflammatory expression pattern in a pathway analysis.
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1 Introduction

Gut hormones play a central role in energy metabolism. In humans, this is best
revealed by the striking success of bariatric surgery for the treatment of morbid
obesity. The most successful approach to date among the nonmalabsorptive proce-
dures is the gastric bypass that was shown to cause a sustained reduction in body
weight by 20-50 kg even 10 years after the procedure and a successful treatment of
type II diabetes and dyslipidemia (Sjostrom et al. 2004). The procedure consists of
connecting the upper small bowel, the ileum, to the esophagus. The stomach is
closed at the upper end such that no food passes through the stomach, the duode-
num, and jejunum and the ileum is reconnected to the small intestine in the form of
a “Y,” using the strategy named “Roux en Y Gastric Bypass” RYGB. Thereby,
nondigested food reaches the ileum and declenches an excessive intestinal hormone
response (Ferrannini and Mingrone 2009; Mingrone and Castagneto 2009).

The role of the individual hormones is partly characterized. There is a massively
increased release of GLUCAGON-like peptide-1 (GLP-1;_39) and glucose-induced
insulinomimetic peptide (GIP) and peptide YY (PYY). GLP-1 and GIP are so-called
“incretins” — intestinal hormones released by food components that cause insulin
release. Incretins normally account for approximately 60—70% of the insulin response
to orally administered glucose but also elicit additional effects on metabolic control.
GLP-1 inhibits gastric emptying and reduces glucagon release. GLP-1 and PYY
reduce food intake by reducing appetite at central sites. These hormones may
be viewed as hormonal systems to protect the organism from excessive food intake.

2 Role of GIP in Metabolism Promoting Effective
Assimilation and Storage of Food

GIP appears to play a different role in metabolism promoting effective assimilation
and storage of food. Remarkably, a genetic deletion of GIPRs (GIPR™/7) was
shown to protect mice from developing obesity in response to a high fat diet
(Miyawaki et al. 2002). GIPR deletion did not alter food intake but increased
physical activity in this model. GIPRs are widely distributed in humans and are
found not only on f cells of the pancreatic islets of Langerhans but also on fat cells,
in gastric mucosa, the lungs, and other organs (Table 1) (Rudovich et al. 2007).

Remarkably, the expression levels of GIPR in humans were higher in abdominal
as compared to subcutaneous fat and were highly correlated to many components of
the metabolic syndrome such as waist circumference, triglyceride serum levels,
HDL-cholesterol, and insulin sensitivity (Rudovich et al. 2007). GIPR expression in
subcutaneous adipose tissue was reduced in obese people and increased upon 5%
weight loss in a sample of 14 women (Rudovich et al. 2007).

Since genetic deletion of GIPR was shown to prevent high fat diet-induced
obesity, we decided to test another model of obesity induced by deficiency of
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Table 1 Correlation of GIP receptor mRNA expression levels determined by qRT-PCR in human
adipose tissue biopsies with serum parameters and waist circumference (Rudovich et al. 2007)

GIPR gene expression in subcutaneous adipose tissue, n = 95

Variable r p
Age —0.124 NS
Waist circumference —0.399 0.0001
HOMA-IR —0.424 0.0001
Fasting glucose —0.400 0.0001
Fasting insulin —0.427 0.0001
TG —0.381 0.0001
HDL-cholesterol 0.393 0.0001
LDL-cholesterol —0.365 0.001
36
*
34 4
—O— Wi, sham
32 1 —7— Wt, OVX
—&— Gipr-/-, Sham
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Fig. 1 Weight gain induced by ovarectomy is prevented by deletion of GIP receptors

estrogens: the ovarectomized mouse (Fig. 1). For this approach, we used the genetic
model of GIPR ™~ mice. Indeed, after ovarectomy, the mice gained weight on
normal laboratory chow compared to sham-operated controls. This weight gain was
not observed in the GIPR™/~ mice. Ovarectomy did not result in increased food
intake, but in a reduction of activity during the night phase, when mice are active
normally. The ovarectomy thus reduced nonresting energy expenditure that was,
however, also observed both in the control and in the GIPR /™ mice. In order to
further elucidate the mechanism, we determined food intake and observed a
reduced intake in the GIPR '~ mice compared to controls, which may well explain
the increased body weight. It is well known that food intake is influenced by
hypothalamic orexigenic and anorexigenic neurohormones.
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We therefore determined the mRNA expression of several satiety hormones and
observed a reduced expression of the anorexigenic neuropeptide CART (cocaine
and amphetamine-related transcript) in both control and GIPR /™ mice. This may
well explain the reduced activity in the dark phase. A selective decrease of
Neuropeptide Y (NPY) mRNA was only apparent in the GIPR /™ mice but not in
controls that we propose to be related to the resistance against obesity upon
ovarectomy (Isken et al. 2008). This would suggest that the GIPR influences
hypothalamic circuits of neurotransmitters related to appetite although direct
effects on appetite have not been described in contrast to GLP-1, which is known
to reduce food intake.

GIP is released in the upper intestine in response to carbohydrates, fat, and
protein. An inhibition of carbohydrate uptake in the small intestine by an inhibitor
of o glycosidase, acarbose, was shown to reduce GIP release very substantially in
humans (Enc et al. 2001). We therefore speculated that deletion of GIPR should also
prevent the obesity and other consequences of a high glycemic index diet in mice.
We first established a high GI diet based on amylopectin as opposed to a low GI diet
based on amylose in mice (65% carbohydrate, 23% protein, 12% fat) and confirmed
that it produced about twofold greater increases of glucose and insulin in the animals
(Isken et al. 2009a). Mice were then fed this diet from 6 weeks of age over 20 weeks,
which resulted in obesity. However, similar weight gain was observed in the
6-month-old GIPR '~ mice (Isken et al. 2009b). Thus, in contrast to the effect of
high fat diet (Miyawaki et al. 2002), the high GI diet did not elicit GIPR-dependent
effects in these mice. The reason for this difference was unclear, but a closer
inspection of the published literature suggested that the age of the animals may
play arole in response to different diets (Miyawaki et al. 2002; Hansotia et al. 2007).
Moreover, work with GIPR antagonists reproduced the observations reported with
the genetically modified GIPR ™~ mice regarding the high fat diets but did not
observe an effect of high carbohydrate diets (Flatt 2008; Irwin and Flatt 2009).

We therefore also studied older mice beginning at 24 weeks of age. In these
mice, no difference in body weight developed over the next 20 weeks on either high
or low GI diets and there was no difference between control and GIPR ™/~ mice
(Fig. 2). Thus, the age of the animals appears to affect the response to the GI of the
diets, and this was independent from the GIPR status. Since more subtle differences
might be present in these animals, we undertook a more detailed characterization,
including food intake studies and an analysis of activity and insulin sensitivity.
Activity was previously shown to be increased in the GIPR ™/~ mice on high fat
diets (Miyawaki et al. 2002; Hansotia et al. 2007) and clearly played an important
role in their energy homeostasis.

A further analysis of the role of the GI in the high carbohydrate diet of the
animals revealed important differences: the GIPR '~ mice were much more active
on the high GI diet than on the low GI diet while such a difference was not observed
in the wild-type animals. The GIPR '~ mice on the high GI diet moreover had a
significantly higher insulin sensitivity than the wild-type mice on the high GI diet as
shown by the decrease in glucose upon i.p. injection of insulin. Moreover, i.p.
glucose tolerance tests showed a much better glucose tolerance in the GIPR ™/~
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Fig. 2 Insulin sensitivity is increased in old GIP receptor knock out mice on a high glycemic
index diet compared to controls. Insulin tolerance test after i.p. injection of insulin. The bars show
the area under the curve

mice on the high GI diet. By contrast, the wild-type and the GIPR '~ mice did not
differ on the low GI diet. Thus, the high GI diet induced a compensatory increase in
physical activity in the GIPR ™/~ mice, leading to an improvement in insulin
sensitivity and glucose tolerance. Since the wild-type mice did not show this
compensatory increase in physical activity, it appears that GIP-related signals
prevented this behavior (Isken et al. 2009b). This is highly reminiscent of the
observations made in high fat diet—fed mice (Miyawaki et al. 2002) and may be
interpreted to indicate that GIP is involved in regulating physical activity upon
intake of energy-dense diets.

3 Conclusion

We conclude that GIP appears to promote a positive energy balance at the central
level through different mechanisms depending on the age and sex of the animals.
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Adipocyte-Brain: Crosstalk

Carla Schulz, Kerstin Paulus, and Hendrik Lehnert

Abstract The initial discovery of leptin, an appetite-suppressing hormone origi-
nating from fat tissue, substantially supported the idea that fat-borne factors act on
the brain to regulate food intake and energy expenditure. Since then, a growing
number of cytokines have been found to be released from adipose tissue, thus acting
in an endocrine manner. These adipocytokines include not only, e.g., adiponectin,
apelin, resistin, and visfatin, but also inflammatory cytokines and steroid hormones
such as estrogens and glucocorticoids. They are secreted from their adipose depots
and differ in terms of release stimuli, downstream signaling, and their action on the
brain. Clearly, adipocytokines play a prominent role in the central control of body
weight, and the deregulation of this circuit may lead to the development of obesity
and related disorders. In this chapter, we will focus on crosstalk mechanisms and
the deregulation of adipocytokines at the expression level and/or sites of central
action that eventually will lead to the development and perpetuation of obesity
and diabetes.

1 Overview and Discussion

It is known for some time that body energy stores, namely fat, are monitored and
tightly regulated. Despite large differences in energy intake and energy expenditure
over months and years, body weight remains remarkably stable without any con-
scious effort. This clearly suggests a system of homeostatic control of body weight.

In the 1940s, Hetherington and Ranson (Anonymous 1983) demonstrated
that lesions of the ventromedial hypothalamus (VMH) lead to obesity in rats,
while in the 1950s, experiments introducing lesions into the lateral hypothalamus
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(LHA) elicited a reduction in food intake and loss of body weight (Anand and
Brobeck 1951).

The existence of one or more peripheral signals reflecting the body’s energy stores
and feeding this information to the hypothalamus was proposed (Brobeck 1946;
Mayer 1955) and it was Kennedy who suggested that an adipose tissue—derived
factor might be involved (Kennedy 1953). This hypothesis was supported by
Hervey’s parabiosis experiments with VMH-lesioned (and thus obese) rats paired
with intact rats. In these pairs, the intact rat lost weight, suggesting that the lesioned
animal overproduces a circulating factor that reduces food intake and body weight
in the intact rat (Hervey 1959). However, the underlying agent remained unknown.

Other parabiosis experiments involving obese mice of the db and the ob strain
were performed by Coleman. In his study, ob and db mice were paired with each
other and with wild-type mice. The results, namely weight loss in wild-type and ob
mice when paired with a db animal, led to the conclusion that the product of the ob
gene is a circulating factor that suppresses food intake and reduces body weight and
that the db gene encodes for the receptor of this factor (Coleman 1973).

However, it was only in 1994, when the ob gene was identified by positional
cloning (Zhang et al. 1994) as a ca. 4.5 kb RNA encoding for a 167 amino acid
polypeptide with a signal sequence identifying it as a secreted peptide. This peptide
was named leptin (from the Greek root leptos, meaning “thin”) and it was shown to
serve as an afferent signal in a negative feedback loop that maintains stability of the
adipose tissue mass (Zhang et al. 1994; Halaas et al. 1995; Pelleymounter et al.
1995; Campfield et al. 1995). In fact, leptin concentrations are positively correlated
with the amount of body fat (Brennan and Mantzoros 2006, 2007; Bliuher and
Mantzoros 2007; Chan et al. 2006; Kelesidis and Mantzoros 2006; Chan and
Mantzoros 2005; Lee et al. 2006). Soon after the cloning of the leptin gene, the
leptin receptor (obR) with its several splice variants was discovered (Tartaglia et al.
1995; Chen et al. 1996; Lee et al. 1996).

To access the brain, leptin is transported across the blood—brain barrier (BBB)
via a saturable mechanism involving the short splice variant of the leptin receptor
(obRa) and through a second, not yet identified, transport mechanism (Banks
et al. 1996). Other potential points of entry are the circumventricular organs
(CVOs), e.g., the arcuate nucleus (ARC), the subfornical organ, and area post-
rema. The CVOs are unique in that they are extensively vascularized and possess
highly fenestrated capillaries. This neurovascular interface controls the penetra-
tion of molecules into the brain (Begley 1994; Strand 1999) and has been shown
to be permeable to leptin (Ahima et al. 2000).

Within the central nervous system (CNS), leptin binds to the long form of the
leptin receptor, obRb, thereby reducing food intake and increasing energy expendi-
ture, together resulting in a reduction of body weight. Within the brain, the highest
levels of the obRb are present in several hypothalamic nuclei, including the ARC,
the dorsomedial (DMH), the VMH, the LHA, and the ventral premammillary
(PMV) nuclei (Elmquist et al. 1998, 1999; Baskin et al. 1999; Leshan et al.
2006). Furthermore, the obRb is found in the ventral tegmental area (VTA), in
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the brainstem (including the nucleus of the solitary tract (NTS) and the dorsal motor
nucleus of the vagus) and in the periaqueductal grey matter, among others.

To our current knowledge, the ARC is a major target for leptin. In this nucleus,
the obRb is present on two different populations of neurons, one of which is
synthesizing neuropeptide Y (NPY) and agouti-related peptide (Agrp) and is located
medially (Elmquist et al. 1999; Schwartz et al. 2000) and a second population of
neurons expressing proopiomelanocortin (POMC) and cocaine and amphetamine-
regulated transcript (CART), which is found laterally. The orexigenic NPY/Agrp
neurons are inhibited by leptin, while the anorexigenic POMC/CART neurons are
activated (Ahima et al. 2000; Jobst et al. 2004; Myers et al. 2008). POMC is processed
to produce a-melanocyte-stimulating hormone (¢-MSH) and adrenocorticotropic
hormone (ACTH), both of which act via melanocortin 3 and 4 (MC3, MC4) receptors
to induce satiety (Schulz et al. 2009; Huszar et al. 1997; Butler and Cone 2002;
Marsh et al. 1999; Butler et al. 2000; Chen et al. 2000). Agrp is an antagonist of
a-MSH/ACTH signaling at the MC4 (Schwartz 2006; Ollmann et al. 1997).

Upon activation of the obRb by leptin, the receptor-associated Janus kinase
2 (JAK?2) becomes activated by auto or cross phosphorylation and phosphorylates
tyrosine residues 985 and 1138 in the cytoplasmic domain of the receptor, followed
by phosphorylation and activation of the signal transducer and activator of tran-
scription (STAT3). Activated STAT3 dimerizes, translocates to the nucleus, and
activates its target genes with inducing their expression, including the suppressor of
cytokine signaling 3 (SOCS3). SOCS3 takes part in a feedback loop that inhibits
leptin signaling by binding to phosphorylated tyrosines of JAK2. Other adaptor
proteins are recruited to activate phosphatidylinositol-3 phosphate kinase (PI3K)
and extracellular signal-regulated kinase 1/2 (ERK1/2). Dephosphorylation of the
JAK?2 leads to internalization of the obRb. ERK1/2 can downregulate a protein
tyrosine phosphatase, thereby indirectly increasing STAT3 activity. PI3K enhances
the activity of phosphodiesterase 3B (PDE3B), which increases AMP formation
from cAMP and thereby induces adenosine monophosphate kinase (AMPK).
AMPK activity can also be enhanced by JAK2- and STAT3-dependent signaling
directly. AMPK in turn can induce and orchestrate peroxisome proliferator—activated
receptor y coactivator and peroxisome proliferator—activated receptor signaling
(Poeggeler et al. 2009).

As pointed out above, leptin concentrations are positively correlated with the
amount of body fat (Brennan and Mantzoros 2006, 2007; Bliher and Mantzoros
2007; Chan et al. 2006; Kelesidis and Mantzoros 2006; Chan and Mantzoros 2005;
Lee et al. 2006), but although obese experimental animals and humans are hyper-
leptinemic compared to lean subjects, they are less sensitive to leptin. This is
commonly referred to as leptin resistance (Brennan and Mantzoros 2006; Chan
and Mantzoros 2005). It is thought that leptin resistance results from alterations in
obR signaling in hypothalamic neurons (particularly the ARC) and/or transport
across the BBB (Myers et al. 2008; Miinzberg 2008). The latter can be circum-
vented by intranasal application of leptin. We have shown that leptin reaches the
hypothalamus in supraphysiological amounts via this route (Fliedner et al. 2006)
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and that it acts to reduce food intake and body weight gain in rats (Schulz
et al. 2004).

The discovery of leptin initiated an increased exploration into the endocrine
potential of adipose tissue and the quest to elucidate the crosstalk between adipose
tissue and other organs. Consequently, numerous factors synthesized and released
by white adipose tissue (WAT) have been identified and the term “adipokines” was
coined. They are generally defined as biologically active substances produced in
adipose tissue that act in an autocrine, paracrine, or endocrine fashion. Comparable to
leptin, some adipokines were identified to be involved in body weight homeostasis.

Adiponectin is the most abundant secreted protein produced by the WAT
(Kadowaki and Yamauchi 2005; Yildiz et al. 2004) and circulates in plasma in
picogram to nanogram per milliliter concentrations in the form of homotrimers, low-
molecular weight hexamers and high-molecular weight (HMW) complexes (Kado-
waki et al. 2008). So far, it has not been clearly established which forms of
adiponectin are biologically active, but based on clinical observations, current
consensus is that the HMW form is most relevant (Dridi and Taouis 2009). In
contrast to leptin, adiponectin is decreased in obesity, is inversely related to glucose
and insulin, and increases during fasting (Kadowaki and Yamauchi 2005). It is
suggestive that adiponectin contributes to the crosstalk between adipose tissue and
the brain.

Adiponectin deficiency induces insulin resistance and hyperlipidemia and
increases the susceptibility toward vascular injury and atherosclerosis (Kadowaki
et al. 2008). The administration of insulin-sensitizing thiazolidinediones increases
HMW adiponectin in both humans and rodents (Bodles et al. 2006; Tsuchida et al.
2005).

There are two forms of adiponectin receptors, AdipoR1 and AdipoR2, that
are expressed in many tissues, including the CNS (Kadowaki et al. 2008). Both
receptors are widely distributed throughout the brain, notably in the hypothalamus
and the brainstem (Wilkinson et al. 2007; Kubota et al. 2007; Fry et al. 2006;
Kos et al. 2007). Immunohistochemical analysis revealed colocalization of the
AdipoR1 with obRb in the ARC of mice (Kubota et al. 2007), and it was shown
that AdipoR1 and AdipoR2 are present in both POMC/CART and NPY/Agrp
neurons (Guillod-Maximin et al. 2009).

Trimeric and low-molecular weight adiponectin have been detected in the
cerebrospinal fluid (CSF) of humans and rodents; both increase following i.v.
application (Kubota et al. 2007; Kusminski et al. 2007; Qi et al. 2004). The lack
of HMW (>500 kDa) in CSF implicates that only smaller forms can pass through
the BBB (Kubota et al. 2007; Kusminski et al. 2007). However, there are conflicting
data about the transport of adiponectin from the periphery into the CNS and
whether this transport actually takes place remains a matter of debate (Qi et al.
2004; Pan and Kastin 2007; Pan et al. 2006; Spranger et al. 2006). Assuming that
this transport exists, it is likely that adiponectin enters the brain via receptor-
mediated transcytosis (Kos et al. 2007). Another potential way is via the CVOs
(Fry et al. 2006; Ahima et al. 2006). However, the CVOs have a total surface area of
only 0.02 cm?/g tissue by contrast to the surface area of the BBB of 100—150 cm?/g
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(Begley 1994; Strand 1999), rendering it unlikely that amounts of adiponectin,
which become detectable in CSF, can enter the brain via this route. Adiponectin in
the CSF might also be derived directly from the CNS: although the WAT is by far
the largest source of adiponectin, it is also produced within the CNS, as was shown
in rodents and chicken (Wilkinson et al. 2007; Maddineni et al. 2005).

A number of experiments indicate that adiponectin exerts central nervous
actions, particularly with respect to energy homeostasis, but there are conflicting
data and further studies are needed to clarify adiponectin’s CNS actions. One study
has shown that adiponectin i.c.v. increases energy expenditure, but has no effect on
food intake (Qi et al. 2004). In other publications, adiponectin reduced food intake
(Coope et al. 2008; Shklyaev et al. 2003) via AdipoR1 (Coope et al. 2008); the latter
was accompanied by an activation of IRS1/2, ERK, Akt, FOXO1, JAK2, and
STATS3, indicating common mechanisms or an interaction with insulin and leptin
signaling (Coope et al. 2008). Peripheral administration of adiponectin reduces
body weight by enhancing fatty acid oxidation, but has no apparent effects on food
intake (Yamauchi et al. 2001; Tomas et al. 2002; Berg et al. 2001). However,
Kubota et al. reported that peripheral application of adiponectin rather exerted an
orexigenic effect and decreased energy expenditure (Kubota et al. 2007).

NEFA/nucleobindin 2—-encoded satiety- and fat-influencing protein (nesfatin) is
an adipokine that has recently come into focus for its anorexigenic effects. It
is processed from the precursor peptide NEFA/nucleobindin 2 (NUCB2) that is
expressed in the CNS, in WAT as well as in other peripheral organs, e.g., gastric
mucosa and pancreatic B-cells (Shimizu et al. 2009a; Ramanjaneya 2010; Stengel
et al. 2009a; Gonzalez et al. 2009), and it was found in 3T3-L1 adipocytes (Adachi
et al. 2007). By Western blot, it was detected in rat serum and CSF (Shimizu et al.
2009a). NUCB2/nesfatin was originally described as a secreted protein of unknown
function (Miura et al. 1992; Barnikol-Watanabe et al. 1994), but in 2005 and 2006,
its anorexigenic properties were reported (Oh-I et al. 2005, 2006). In the CNS,
NUCB2/nesfatin mRNA is present, e.g., in the hypothalamus (ARC, paraventricular
nucleus (PVN), supraoptic nucleus (SON), LHA) and brainstem (e.g., NTS, dorsal
motor nucleus of the vagus) (Oh-I et al. 2006; Brailoiu et al. 2007).

In the PVN and the SON, starvation reduces NUCB2/nesfatin mRNA expres-
sion, which is restored by refeeding (Oh-I et al. 2006; Kohno et al. 2008); other
hypothalamic nuclei are unaffected. I.c.v. NUCB2/nesfatin dose dependently
reduces food intake in rats (Oh-I et al. 2006). NUCB2/Nesfatin possesses potential
cleaving sites for protein convertases PC1/2 and PC3 and is colocalized with these
enzymes in the cytoplasm (Oh-I et al. 2006; Steiner et al. 1992), suggesting that
further processing of the NUCB2/nesfatin might take place physiologically. This is
also supported by the detection of nesfatin-1, the amino terminal fragment of
NUCB2/nesfatin, in the CSF (Oh-I et al. 2006).

Consequently, fragments of NUCB2/nesfatin were examined in animal experi-
ments and it turned out that nesfatin-1 exerts an anorexigenic effect, which is dose
dependent, while other fragments tested were ineffective in terms of food intake
(Oh-I et al. 2006). Furthermore, immunoblockade of endogenous nesfatin-1 by i.c.v.
antibody application stimulates food intake (Oh-I et al. 2006).
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While nesfatin-1 is produced locally within the CNS, it has also been shown by
two groups independently that it can cross the BBB via nonsaturable transmem-
brane diffusion, which is consistent with its low lipophilicity (Pan et al. 2007; Price
et al. 2007). This raises the possibility that peripheral nesfatin-1 (either endogenous
or exogenous) may access the CNS. In fact, i.p. or s.c. application of nesfatin-1
inhibited food intake both acutely and chronically (Shimizu et al. 2009a, b; Oh-I
et al. 2005). Most interestingly, like leptin (see above), intranasal application of
nesfatin-1 reduces food intake in male Wistar rats (Shimizu et al. 2009a).

Within the hypothalamus, NUCB2/nesfatin interacts with the melanocortin system
(Oh-I et al. 2006). It has been shown that central nervous application of o-MSH
stimulates NUCB2/nesfatin expression in the PVN. Furthermore, nesfatin-1-induced
anorexia can be abolished by blocking of the MC3 and MC4 receptors (Oh-I et al.
2006). However, it is debatable that the anorexigenic activity of nesfatin-1 is based on
a direct agonistic action at the MCR, since nesfatin-1 does not elicit an increase of
intracellular cAMP, which is characteristic for G-protein—coupled receptors such as
the MCRs, in an in vitro system (Oh-I et al. 2006). Activation of MC3 and MC4,
however, can also lead to an increase in intracellular Ca*" (Mountjoy et al. 2001) and
Brailoiu et al. reported that nesfatin-1 interacts with a G-protein-coupled receptor to
increase Ca>" in cultured hypothalamic neurons; whether this receptor is one of the
MCRs, however, remains to be determined (Brailoiu et al. 2007).

Nesfatin-1 affects the excitability of a large proportion of different subpopula-
tions of neurons located in the PVN (Price et al. 2008) and both in this nucleus and
in the SON, NUCB2/nesfatin is colocalized with vasopressin and oxytocin (Kohno
et al. 2008). In the PVN, NUCB2/nesfatin is found in the same neurons
as thyrotropin-releasing hormone (TRH), corticotropin-releasing factor (CRF),
somatostatin, neurotensin, and growth-releasing hormone (Douglas et al. 2007).
The physiological importance of NUCB2/nesfatin interactions with CRF is sup-
ported by a recent publication on the relevance of the CRF, receptor for nesfatin-1’s
actions in the forebrain (Stengel et al. 2009b).

NUCB2/nesfatin immunoreactivity is also found in POMC/CART neurons of
the ARC (Oh-I et al. 2006; Brailoiu et al. 2007) and in NPY/Agrp neurons (Inhoff
et al. 2009). The latter neurons are hyperpolarized by nesfatin-1 (Price et al. 2008).
Furthermore, NUCB2/nesfatin is coexpressed with the anorexigenic neuropeptide
melanin-concentrating hormone (MCH) in tuberal hypothalamic neurons of the rat
(Fort et al. 2008).

In 2005, by employing the method of differential display of expressed genes in
paired samples of subcutaneous and visceral fat from two female volunteers, an
adipokine primarily synthesized by visceral fat was discovered and named “visfatin”
(Fukuhara et al. 2005). Subsequently, it turned out that this molecule had previously
been described as “pre-B-cell colony-enhancing factor” (PBEF) in liver, skeletal
muscle, and bone marrow as a growth factor for B-lymphocyte precursors
(Samal et al. 1994; Jia et al. 2004). It is also known as nicotinamide phosphoribosyl
transferase (Nampt), since it is acting as an enzyme catalyzing the condensation of
nicotinamide with phosphoribosyl pyrophosphate, representing the first step in the
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salvage pathway allowing recycling of nicotinamide to NAD (Rongvaux et al.
2002, 2008; Revollo et al. 2004).

Visfatin is present in both human and murine plasma and is strongly correlated with
fat mass (Fukuhara et al. 2005; Filippatos et al. 2008; Berndt et al. 2005), although the
primary amino acid sequence of visfatin does not include a signal sequence, as would
be expected in secreted proteins. Other researchers have detected visfatin rather in the
cell nucleus and cytoplasm (Anonymous 1983; Rongvaux et al. 2002; Kitani et al.
2003). Recently, these apparent contradictions were reconciled by demonstrating that
visfatin is secreted by adipocytes via a nonclassical secretory pathway, which is highly
regulated (Revollo et al. 2007; Tanaka et al. 2007).

In normal mice, i.v. infusion of visfatin leads to an acute decline in plasma glucose,
which is independent of insulin secretion (Fukuhara et al. 2005); mouse models of type I
diabetes also exhibit a decrease in plasma glucose (Fukuhara et al. 2005). Chronic
supplementation with visfatin (by adenoviral vector carrying the visfatin gene) results in
a slight decrease of plasma glucose and insulin (Fukuhara et al. 2005). Visfatin, like
insulin, stimulates glucose uptake by cultured adipocytes and muscle cells and suppresses
glucose release by cultured hepatocytes by binding a specific subtype of the insulin
receptor and eliciting downstream signaling events, but does not compete with insulin
(Fukuhara et al. 2005). However, these findings recently have come into doubt and still
little is known about the function of this adipokine in energy homeostasis (Revollo et al.
2007; Fukuhara et al. 2007). Interestingly, in obese OLETF rats, visfatin mRNA in
visceral fat is increased upon treatment with the insulin-sensitizing thiazlidinedione
rosiglitazone (Choi et al. 2005).

Although visfatin is known for some time now, only recently a potential role in
the CNS in the context of body weight homeostasis was suggested. We were able to
show that visfatin is present in human CSF and that a negative relationship between
CSF visfatin levels and adiposity exists, while plasma visfatin and body fat mass,
body weight, and waist and hip circumference are positively correlated (Hallschmid
et al. 2009). This suggests that visfatin’s transport into the brain/CSF is impaired in
obesity. Though it is not yet experimentally tested, the existing relationship of
visfatin between CSF and plasma suggests that CSF visfatin is derived from the
periphery; however, further studies are needed to support this finding. Since at least
in dogs, visfatin is also produced within the CNS (McGlothlin et al. 2005), it is also
possible that CSF visfatin is of central nervous origin and that CNS secretion is
controlled by a peripheral agent, e.g., another adipokine, feeding back the status of
adipose tissue. At present, the central nervous effects of visfatin are not explored in
detail. To our knowledge, there is only one study in chicken, in which visfatin
exerted an orexigenic effect after i.c.v. administration and affected c-Fos immuno-
reactivity differentially in distinct hypothalamic nuclei (Cline et al. 2008).

With this article, we could only address a few of the steadily increasing number
of known adipokines. As an ongoing stream, new substances secreted by WAT are
identified and some of them, in the process of research, turn out to be involved in the
crosstalk between adipose tissue and the CNS. The exploration of the endocrine
potential of the adipose tissue remains an ongoing quest for researchers and exciting
discoveries will continue to be made.
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