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ABSTRACT 

Caveolae are 50-100 nm invaginations in the plasma membrane. Caveolae 

and the protein caveolin-1 (Cav1) have been shown to be important in many 

signaling pathways in different cell types; however, in some cell types ca-

veolae and Cav1 do not seem to affect the investigated signaling pathways. 

In my thesis, I have investigated the role of caveolin-1 (Cav1) in metabolism 

and 3-adrenergic, LPA-, EGF- and PDGF-receptor signaling in brown adi-

pocytes.  

 Brown adipose tissue is responsible for nonshivering thermogenesis. Re-

cent studies have shown that not only infants but also adult man can have 

brown adipose tissue and that the presence is negatively correlated with both 

obesity and age. By understanding how signaling for proliferation and diffe-

rentiation in brown adipocytes is regulated, it could be possible in the future 

to activate brown adipose tissue to combat obesity and the metabolic syn-

drome.  

In brown adipocytes, both epidermal growth factor (EGF) and platelet-

derived growth factor (PDGF) were able to induce proliferation, which was 

dependent on Erk1/2 activation. However, EGF and PDGF utilized different 

pathways to activate Erk1/2, with EGF signaling partially occurring via a 

Src-pathway (not involving PI3K/PKC) and PDGF via a PI3K/PKC/Src-

pathway. Furthermore, LPA receptors were able to activate Erk1/2 via two 

pathways, one Gi/PKC/Src-pathway and one PI3K-pathway. For these recep-

tors, Cav1-ablation did not affect the agonist-induced Erk1/2 activation. 

Cav1 was, however, required for proper 3-adrenergic receptor (3-AR) sig-

naling to cAMP and for adenylyl cyclase activity.  

In Cav1-ablated mice, the adrenergic receptors are desensitized. However, 

this desensitization could be overcome physiologically, and the Cav1-ablated 

mice were therefore able to survive in prolonged cold by nonshivering ther-

mogenesis. 

 In conclusion, ablation of Cav1 affected certain signaling pathways in 

brown adipocytes, while other pathways were not affected or could be phy-

siologically rescued. 
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1. Introduction 

For many decades, the fluid mosaic model proposed by Singer and Nicol-

son in 1972 was the basis for the understanding of the plasma membrane. In 

this model, proteins were floating around in the lipid membrane and the 

plasma membrane was regarded as being homogeneous (Singer and Nicol-

son 1972, Thomas and Smart 2008). However, work during the two last dec-

ades has changed this view of the plasma membrane. The plasma membrane 

is now known to contain both so-called liquid-disordered phases (liquid 

crystalline lc phase) and liquid-ordered phases (lo) (de Laurentiis et al. 2007). 

These liquid-ordered phases, or microdomains, were named lipid rafts based 

on the different lipid composition they contain (mixtures of phospholipids, 

sphingolipids and cholesterol) compared to the rest of the plasma membrane. 

In addition to lipid rafts, caveolae were also discovered (Thomas and Smart 

2008). 

It has been proposed that lipid rafts instead should be called membrane 

rafts, with the definition “small (10-200 nm) heterogeneous, highly dynamic, 

sterol-and sphingolipid-enriched domains that compartmentalize cellular 

processes. Small rafts can sometimes be stabilized to form larger platforms 

through protein-protein and protein-lipid interactions” (Pike 2006). 

In this thesis, lipid rafts and caveolae together will be called membrane 

rafts (or written as caveolae/lipid raft), which are separate from the rest of 

the plasma membrane (which is called the bulk membrane). One major dif-

ference between lipid rafts and caveolae is that lipid rafts are flat on the 

plasma membrane while caveolae are invaginations in the plasma mem-

brane. Since the lipid rafts are flat and cannot be detected by electron micro-

scopy (as caveolae can be), they are harder to locate (de Laurentiis et al. 

2007), and Munro wrote about them as being either “elusive or illusive” 

(Munro 2003). Usually the estimated diameter of the lipid rafts is 70 nm (but 

can be as little as 26 nm) and for caveolae, the estimated diameter is 50-100 

nm (de Laurentiis et al. 2007). 

In this thesis, caveolae and their components (section 2), and the model 

system brown adipose tissue (section 3) will be described. Caveolae have 

been proposed to be both metabolic and signaling platforms (de Laurentiis et 

al. 2007, Ortegren et al. 2007) and this will be discussed in section 4 (with 

regard to adipocytes) and in section 5, respectively.  
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2. Caveolae and caveolin 

Already in the 1950’s caveolae were described by electron microscopy by 

Palade and Yamada (Palade 1953, Yamada 1955, Thomas and Smart 2008). 

Since then numerous studies have investigated caveolae and their importance 

in cellular processes, for review, see (Anderson 1998, Smart et al. 1999, 

Razani et al. 2002b, Quest et al. 2004, de Laurentiis et al. 2007, Parton and 

Simons 2007, Thomas and Smart 2008, Patel et al. 2008a, Patel et al. 

2008b). Caveolae have been implicated in cell processes such as endocyto-

sis, exocytosis, cholesterol homeostasis and signal transduction (Thomas and 

Smart 2008). 

 Many cell types have caveolae, and caveolae are highly abundant in adi-

pocytes, fibroblasts, endothelial cells and certain muscle cells (Razani et al. 

2002b, Thorn et al. 2003). However, in erythrocytes, lymphocytes and neu-

rons, no caveolae have been found (Patel et al. 2008b). Depending on cell 

type, the number of caveolae on the membrane surface is different. Caveolae 

can increase the surface area of the plasma membrane up to 50% in adipo-

cytes (Thorn et al. 2003, Thomas and Smart 2008). 

A typical caveolae is a 50-100 nm invagination in the plasma membrane. 

They are usually flask-shaped, but the morphology is dependent on the phy-

siological status of the cells. The caveolae can also form tubular structures 

and vesicles, and one should regard them as being dynamic with several 

morphologies and containing different components (Thomas and Smart 

2008) (for electron micrographs of caveolae see Fig. 1a and (Thorn et al. 

2003, Parton and Simons 2007, Richter et al. 2008)). 

 
Fig. 1. a) Electron micrograph of adipocyte plasma membrane and caveolae. Re-
printed by permission from Macmillan Publishers Ltd: Nature Reviews Molecular 
Cell Biology (Parton and Simons 2007), copyright 2007. b) Schematic structure of a 
caveola as an invagination of the plasma membrane. 
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Compared to the bulk membrane, which is mainly composed of glycero-

phospholipids with unsaturated acyl chains, the membrane rafts (i.e. the lipid 

rafts and caveolae) are enriched in cholesterol and sphingolipids containing 

saturated chains (de Laurentiis et al. 2007, Thomas and Smart 2008). Mem-

brane rafts contain cholesterol, sphingomyelin, glycosphingolipid, phospha-

tidylinositol 4,5-biphosphate, the ganglioside GM1 and flottilin-1 and -2 (de 

Laurentiis et al. 2007) and ceramides (Anderson 1998). In addition, lipid 

rafts contain the ganglioside GM3, while caveolae contain the caveolin pro-

teins, Cav1, Cav2 and Cav3 (de Laurentiis et al. 2007) and the cavin protein 

family (Thomas and Smart 2008, Bastiani et al. 2009). Many signaling pro-

teins and receptors are also located to the membrane rafts, for further reading 

see section 5 and e.g. (Razani et al. 2002b, de Laurentiis et al. 2007). 

In this thesis, the effect of caveolin on cellular processes and animal me-

tabolism is discussed. However, also the lipid composition of the caveolae 

can affect signaling. For instance, cholesterol has been shown to affect ca-

veolae. Upon cholesterol depletion, the caveolae can no longer keep their 

shape and appear flat (Thomas and Smart. 2008). The amount of caveolae in 

a cell and caveolin gene expression are linked to cholesterol concentration, 

wherein cholesterol depletion is able to decrease caveolin mRNA, and an 

increase in the level of free cholesterol is able to upregulate caveolin mRNA 

and the number of caveolae. Additionally, decreasing caveolin concentration 

lowers the rate of cholesterol efflux from the cells, thus suggesting a role for 

caveolin in cholesterol homeostasis. See further information in (Fielding and 

Fielding. 2000, Liu et al. 2002, Razani et al. 2002b, Frank et al. 2006, de 

Laurentiis et al. 2007, Thomas and Smart 2008). There are more lipids loca-

lized in the caveolae. However, these will not be discussed in this thesis. For 

further reading, see e.g. (Wang et al. 2002, Ortegren et al. 2004, Eyster. 

2007, Prinetti et al. 2009, Sonnino and Prinetti 2009). 

2.1 The caveolin proteins 

Caveolin (Cav) proteins can be found in caveolae. Caveolin was first de-

scribed as a substrate for phosphorylation in chick fibroblasts transformed 

with v-src (Rous sarcoma viral oncogene). In addition, caveolin was identi-

fied as VIP-21, a component of the trans-Golgi network. However, in 1992 

Rothberg et al. linked caveolin to caveolae (Rothberg et al. 1992, Couet et al. 

2001). 

 Three Cav proteins have been identified, Cav1, Cav2, and Cav3, with 

protein sizes of about 18 to 22 kDa. Both Cav1 and Cav3 can form invagi-

nated caveolae, but Cav2 is not required for the formation. In cells that nor-

mally do not express Cav, Cav1 overexpression or Cav3 overexpression can 

induce caveolae formation (de Laurentiis et al. 2007, Thomas and Smart. 



 16 

2008). The formation of caveolae is thought to be dependent on caveolin 

oligomerization, its binding to cholesterol and interaction with glycosphin-

golipids (Okamoto et al. 1998). 

 Although the caveolin proteins are mostly regarded to be localized with 

caveolae there is also evidence that they can exist outside the caveolae and 

act as signaling mediators (Head and Insel 2007), and in certain cell types 

they have been shown to localize to secretory vesicles and mitochondria (Li 

et al. 2001). The caveolin proteins residing in caveolae are generally thought 

to be distributed over the entire caveolae. However, Thorn et al. found that 

the caveolin localized to the neck of the caveolae in adipocytes (Thorn et al. 

2003). 

 Williams et al. generated a phylogenetic tree of the caveolins in different 

species. In mammals, Cav1 has been confirmed to exist in cow, dog, mouse, 

rat, chicken, and human; Cav2 in dog, mouse, rat, and human; and Cav3 in 

mouse, rat, and human. Caveolins are also found in C. Elegans, Xenopus, 

and Fugu (Williams and Lisanti 2004). In Fig. 2, a phylogram of the cave-

olin and cavin proteins (see section 2.2) is shown. 

 
Fig. 2. Phylogram of the caveolin and cavin proteins. The nucleotide sequences were 
taken from the nucleotide database in NCBI (National Center for Biotechnology 
Information), Cav1: NM_007616.3, Cav2: NM_016900.3, Cav3: NM_007617.2, 
cavin-1: NM_008986.2, cavin-2: NM_138741.1, cavin-3:  NM_028444, and cavin-
4: NM_026509.3. The phylogram was generated in the program ClustalW2. 

The caveolins are hairpin-like structures with a hydrophobic membrane-

spanning domain of 33 amino acids (although the caveolins are not really 

membrane-spanning, they are integral membrane proteins). The hydrophilic 

N- and C-terminus are both on the cytosolic side (de Laurentiis et al. 2007, 

Thomas and Smart 2008). The N-terminal part contains the caveolin scaf-

folding domain (CSD, 81-101 aa) which can interact with other proteins 

such as adenylyl cyclase, G, G, PKA, Src, PI3K, eNOS, PKC and Erk. 

The proteins are thought to bind in an inactive state, and activation leads to a 

conformational change that releases and activates the signaling proteins 

(Thomas and Smart 2008, Patel et al. 2008a). The N-terminal domain is also 

responsible for the interaction with other caveolin molecules to form oligo-

mers (14-16 monomers) (Thomas and Smart 2008, Mercier et al. 2009). Ad-

ditionally, the membrane-spanning domain has been implicated in the hete-

ro-oligomerization of Cav1 with Cav2 (Das et al. 1999, Hnasko and Lisanti 

2003). The C-terminal is thought to aid in the anchoring of the protein to the 
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plasma membrane (Thomas and Smart 2008). All three proteins contain the 

“caveolin signature motif” within the hydrophilic N-terminal domain (the 

“FEDVIAEP” stretch) (Razani et al. 2002b, Williams and Lisanti 2004). 

The Cav1 protein has been investigated further. Both the N- and C-

terminals contain so-called membrane attachment domains (MAD), called 

N-MAD (residues 82-101, this is the CSD), and C-MAD (residues 135-150) 

(see Fig. 3). The N-MAD domain directs Cav1 to caveolae, whereas C-MAD 

directs Cav1 to the trans-Golgi network. In the C-terminal domain, three 

cysteine residues (aa 133, 143 and 156) can be palmitoylated. This stabilizes 

the Cav1 structure at the membrane. The Cav1 protein also contains an oli-

gomerization domain (residues 61-101) involved in the homo-

oligomerization (Hnasko and Lisanti 2003, Williams and Lisanti 2004). 

The caveolin proteins can be phosphorylated on Ser/Thr sites by e.g. 

PKC and on Tyr sites by Src (de Laurentiis et al. 2007). See below for 

more information about specific phosphorylation for each Cav isoform. 

 
Fig. 3. Schematic view of Cav1. See text for explanation. 

Caveolin-1  

Cav-1 is located on chromosome 7q31.1 in human and on chromosome 6 

in mouse. Cav-1 has three exons with the sizes 30, 165 and 342 base pairs. 

The Cav1 protein has two isoforms, Cav1 and Cav1. Cav1 is 178 amino 

acids long and Cav1 only 147 amino acids, due to a shorter N-terminus 

(Hnasko and Lisanti 2003, Williams and Lisanti 2004). 

The chromosomal region where cav-1 (and cav-2) is located is a region 

that is frequently lost in malignant tumors. This region is believed to contain 

a tumor suppressor gene, and cav-1 (and cav-2) was thought to be the possi-

ble suppressor gene (Couet et al. 2001). Cav1 has now been shown to be a 

tumor suppressor; however, in some cancers it has also been shown to act as 

a tumor promoter (Razani et al. 2001, Williams and Lisanti 2005, Goetz et 

al. 2008, Mercier et al. 2009). 
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Cav1 is expressed in most cell types, but is highly enriched in adipocytes, 

smooth muscle cells, epithelial cells, endothelial cells, fibroblasts, and 

pneumocytes (Williams and Lisanti 2004, de Laurentiis et al. 2007, Thomas 

and Smart 2008,). Cav1 can localize to caveolae, the Golgi apparatus, trans-

Golgi-derived transport vesicles (see section 2.3), and to secretory vesicles 

and mitochondria. The first 31 amino acids seem to be important in targeting 

Cav1 isoforms to different subcellular compartments. Depending on cell 

type, Cav1 may have a soluble cytoplasmic form and secreted form (Li et al. 

2001, Williams and Lisanti 2004). 

Cav1 can hetero-oligomerize with Cav2, and Cav1 is required for the 

proper localization of Cav2 (Williams and Lisanti 2004, Thomas and Smart 

2008). 

 

Regulation of the expression of Cav1 has been investigated (Quest et al. 

2008). The expression of Cav1 has been shown to be under direct control of 

FOXO transcription factors (van den Heuvel et al. 2005); chronic -

adrenergic receptor stimulation in mice down-regulates Cav1 (and Cav3) 

(Oka et al. 1997); activation of PKA/Ras/Erk1/2 down-regulates Cav1 pro-

moter activity (Engelman et al. 1999); (but) the PPAR-agonist rosiglitazone 

can up-regulate Cav1 (by an EGFR, Src, MEK/Erk and p38 pathway) (Lla-

verias et al. 2004, Tencer et al. 2008); and nerve growth factor can inhibit 

glucose-induced down-regulation of Cav1 expression (Tan et al. 2003). Fur-

thermore, age seems to affect Cav1 expression, with Cav1 being upregulated 

in senescent cells (Park et al. 2000, Volonte et al. 2002, Park et al. 2005), 

and an up-regulation of Cav1 in human adipose tissue is seen in obesity and 

in obesity-associated type 2 diabetes (Catalan et al. 2008). In addition, an 

effect of acclimation temperature has been observed in mouse brown adipose 

tissue, where the Cav1 protein levels were decreased with increasing accli-

mation temperature (paper I).  

Adipocytes are highly enriched in Cav1 (and Cav2) and in their number 

of caveolae. In 3T3-L1 cells, differentiation into adipocytes increases both 

the expression of Cav1 (and Cav2, about 20-fold) and the number of caveo-

lae (9-fold). Together with the fact that Cav can bind fatty acids, it is sug-

gested that Cav1 and caveolae act together with other proteins in the uptake 

and transport of fatty acids into lipid droplets (Hnasko and Lisanti 2003, Ost 

et al. 2005) (see section 4). Cav1 and caveolae have also been implicated in 

insulin-stimulated GLUT (glucose transporter) translocation and thereby the 

glucose uptake into adipocytes (Scherer et al. 1994, Kandror et al. 1995, 

Karlsson et al. 2002).  

 Cav1 can be phosphorylated by many proteins, e.g. by src tyrosine kinas-

es (Li et al. 1996), insulin (on Tyr
14

) (Mastick et al. 1995, Kimura et al. 

2002), EGF (pathway via EGFR, Src, Ca
2+

, but not PI3K), and angiotensin II 

(pathway via EGFR, Src, Ca
2+

, and Ly-responsive PI3K) (Yin et al. 2008). 



 19 

Phosphorylated Cav1 is a substrate for protein tyrosine phosphatase 1B (Lee 

et al. 2006). 

 

Caveolin-2 

Like cav-1, cav-2 is also located on chromosome 7q31.1 in human and on 

chromosome 6 in mouse. Cav2 was identified by Scherer et al. in 1996 and it 

has been shown to be co-expressed with Cav1. Cav-2 has three exons with 

the sizes 150, 188 and 151 base pairs. The Cav2 protein has three isoforms, 

Cav2, Cav2 and Cav2. The Cav2 is the full-length protein and is 162 

amino acids long. The two other isoforms have been identified, but are not 

characterized as of yet (Scherer et al. 1996, Hnasko and Lisanti 2003, Wil-

liams and Lisanti 2004). 

 Cav2 colocalizes with Cav1 and is found in the same cells as Cav1. Cav1 

is required for proper location of Cav2 (which is otherwise retained in the 

Golgi where it is degraded). Cav2 cannot form caveolae by itself (Williams 

and Lisanti 2004, Thomas and Smart 2008). 

 Cav2 can be phosphorylated on Tyr
19

 and Tyr
27

 by Src and by stimulation 

with EGF. The different phosphorylations can affect Cav2 in both a spatial 

and temporal manner (Lee et al. 2002, Wang et al. 2004).  

 The expression of Cav2 has been linked to breast cancer (Savage et al. 

2008). 

 

Caveolin-3 

Cav-3 is located on chromosome 3p25 in human and on chromosome 6 in 

mouse. Cav3 was identified by Tang et al. in 1996. Cav-3 has two exons 

with the sizes 114 and 342 base pairs, respectively, and the protein has only 

one isoform of 151 amino acids. Cav3 and Cav1 are approximately 65% 

identical and approximately 85% similar based on protein sequence homolo-

gy (Tang et al. 1996, Hnasko and Lisanti 2003, Williams and Lisanti 2004). 

 Compared to Cav1 and Cav2, Cav3 is muscle-specific and can be found 

in skeletal, cardiac and smooth muscle cells. Cav3 is able to form caveolae, 

and does not require Cav1 for transport or to form oligomers (de Laurentiis 

et al. 2007, Thomas and Smart 2008). 

 Cav3 (and Cav1) expression can be down-regulated by chronic -AR 

stimulation in mice (Oka et al. 1997). 

 Mutations in Cav3 have been found, which are associated with human 

muscular disease (Dowling et al. 2008). 

2.2 The cavin proteins 

Cavin was discovered in 2001 on the cytosolic face of caveolae. It is also 

called “polymerase I and transcript release factor” (PTRF) or “binding factor 
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of type-1 collagen promoter”. It colocalizes with Cav1 in human adipocytes. 

Cavin is expressed in various tissues, with a high abundance in adipocytes, 

lung, heart, and colon (Vinten et al. 2001, Pilch et al. 2007, Thomas and 

Smart 2008). Cavin has been implicated in lipid metabolism and colocalizes 

with hormone-sensitive lipase (Aboulaich et al. 2006). More recent studies 

have shown that cavin plays a critical role in caveolae formation and organi-

zation, and knock-down of cavin decreases the expression of Cav1. In 2008, 

Liu et al. generated a cavin-ablated mouse. These mice were viable but had 

no morphologically detectable caveolae in the tissues examined. Depending 

on the tissue, the mRNA levels of the caveolins were either normal or in-

creased; however, the protein levels of the caveolins were reduced. The mice 

were of normal weight but had characteristics for a lipodystrophic phenotype 

(e.g. reduced adipose tissue mass, higher circulating triglyceride levels, glu-

cose intolerance and hyperinsulinemia) (Hill et al. 2008, Liu and Pilch 2008, 

Liu et al. 2008).   

 Cavin belongs to the mammalian PTRF/SDR (SDR, serum deprivation 

response) family of proteins. Bastiani et al. found that the cavin proteins are 

coexpressed and can form a complex now called the Cavin complex. The 

four proteins are proposed to be named cavin-1 (the first identified cavin, 

also called PTRF), cavin-2 (/SDR), cavin-3 (/SRBC, SDR-related gene 

product that binds to C kinase) and cavin-4 (/MURC, muscle-restricted 

coiled-coil protein) (see Fig. 2 for phylogram). Compared to the other ca-

vins, cavin-4 is muscle-specific (Bastiani et al. 2009). The cavins have a 

molecular weight between 31-47 kDa, and common structural motifs are 

leucine zipper(s), PEST domains (domain rich in proline (P), glutamic acid 

(E), serine (S) and threonine (T)) and putative phosphatidylserine-binding 

sites (Hayer et al. 2009). Cavin-1 and cavin-2 seem to play a role in the cur-

vature of the caveolae membrane, while cavin-3 seem to play a role for the 

budding of caveolae (Nabi 2009). 

 In the years since cavin was discovered, more and more studies have been 

performed focused on the cavins. With the generation of cavin-1-ablated 

mice and the relevance to caveolae formation, even more studies will un-

doubtedly yield further insights into the role of caveolae for cell signaling. 

2.3 The formation and internalization of caveolae 

The formation of caveolae is reviewed in e.g. (Parton et al. 2006, Parton and 

Simons 2007). The synthesis of caveolin occurs in the rough endoplasmatic 

reticulum (ER). Cav is synthesized as an integral membrane protein in a 

signal recognition particle-dependent manner (although cytosolic and se-

creted caveolins also seem to exist, see section 2.1). In most cells, caveolin 

seems to travel along the secretory pathway. 
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 Already in the ER, it seems that the caveolins can oligomerize. From the 

ER, caveolin is transported to the Golgi complex. At this stage, caveolins are 

not associated with detergent-resistant membranes, and it seems Cav has not 

aquired its plasma membrane caveolae characteristics. In the late Golgi 

compartment Cav1 is palmitoylated.  

 The transport from the Golgi is enhanced by addition of cholesterol and 

decreased by glycosphingolipid depletion. In the trafficking of caveolins 

from the post-Golgi, other components of caveolae are also assembled. Fur-

thermore, the SNARE protein syntaxin-6 plays a role in the delivery of 

Cav1, GPI-anchored proteins, and the ganglioside GM1 to the plasma mem-

brane. However, whether the caveola is already formed in the Golgi or first 

at the plasma membrane is still under debate. When the caveola is formed, it 

is very stable (Parton et al. 2006, Parton and Simons 2007). In a recent study 

by Hayer et al., the assembly of caveolae, especially with regard to Cav1, 

Cav2 and cavin-1, was investigated biochemically and by live-cell imaging. 

Newly assembled caveolin scaffolds were transported to the plasma mem-

brane in vesicular carriers, and after arrival, cavin-1 was recruited to the 

caveolar domain (Hayer et al. 2009). 

 

Endocytosis from the cell membrane can occur via clathrin-dependent me-

chanisms and clathrin-independent mechanisms, such as the CLIC/GEEC 

(CLIC: clathrin- and dynamin-independent carriers, GEEC: glycosyl phos-

phatidylinositol-anchored protein-enriched early endosomal compartments) 

endocytic pathway, arf6-dependent endocytosis, flottilin-dependent endocy-

tosis, macropinocytosis, circular dorsal ruffles, phagocytosis and trans-

endocytosis (reviewed in (Doherty and McMahon 2009)). Caveolae can also 

be endocytosed. For example cholera toxin, SV40 and GPI-linked proteins 

have been implicated to be endocytosed via caveolae (and lipid rafts). Endo-

cytosed caveolae can fuse with early endosomes and the caveosome (is com-

parable to endosomes but without endosomal, ER or Golgi markers, and is 

rich in caveolin. For further reading, see (Pelkmans et al. 2001)). Sorting of 

the caveolae seems to be under the influence of Rab5. In addition, dynamin, 

Src kinases, PKC and actin seem to be involved in this endocytosis (Pelk-

mans and Helenius 2002, Parton and Richards 2003, Pelkmans et al. 2004, 

Parton et al. 2006, Parton and Simons 2007, Doherty and McMahon 2009), 

as well as cavin-3 (Nabi 2009). Certain receptors have been shown to inter-

nalize via caveolae (see section 5). 

2.4 Methods to study caveolae 

During the years since caveolae were discovered, many methods have been 

developed to be able to examine caveolin/caveolae and localization of recep-



 22 

tors and signaling mediators to these microdomains and their effect on sig-

naling. Here I will briefly discuss methods involving cholesterol-disturbing 

agents, subcellular fractionation, colocalization, and the use of siRNA and 

overexpression. Cav-ablated mice have also been generated; however, these 

will be discussed in section 2.5. 

Most of the studies on the interaction between receptors/mediators with 

caveolin or caveolae have been performed based on cholesterol disruptors 

(such as methyl--cyclodextrin (mCD), filipin, and nystatin) and cellular 

fractionations. Both these methods have the problem of not only affecting 

caveolae but also lipid rafts and other components in the cells. 

mCD is widely used for removal of cholesterol from caveolae and lipid 

rafts. By removing cholesterol from the caveolae, the caveolae structure is 

disrupted. However, mCD can remove cholesterol also from the bulk 

membrane, and it can alter the distribution of cholesterol between plasma 

and intracellular membranes. Additionally, phospholipids may be extracted 

by cyclodextrins (Zidovetzki and Levitan 2007, Patel et al. 2008a, Maham-

mad and Parmryd 2008). When performing experiments with mCD, one 

should at least include control experiments by adding cholesterol-loaded 

mCD.  

Other cholesterol-disturbing agents are filipin and the statins (e.g. nysta-

tin). Filipin does not remove cholesterol from the membrane but makes ag-

gregates (Roepstorff et al. 2002), while statins deplete membrane cholesterol 

and reduces the amount of caveolae (Patel et al. 2008a). Cardiomyocytes 

have been shown to dislike filipin and nystatin (displayed gross cardiomyo-

cyte toxicity before any changes in cellular cholesterol or cAMP could be 

detected); while no toxicity could be seen with mCD (Rybin et al. 2000). 

However, whether cells are stable when using these agents or not seems to 

be a methodology- and/or a cell type-issue. 

 

The first subcellular fractionations used detergents, such as Triton X-100 

e.g., to separate caveolae/lipid rafts from the bulk membrane (see (Sargia-

como et al. 1993, Chang et al. 1994). However, the detergents are able to 

alter the molecular composition of the membrane rafts, and non-detergent 

alternatives have been developed; e.g. one method based on Percoll gra-

dient/sonication/optiprep (see (Smart et al. 1995)); one based on carbonate 

buffer (pH 11)/sonication/sucrose gradient (see (Song et al. 1996)); and one 

based on cationic colloidal silica particles (see (Schnitzer et al. 1995)). 

Compared to the two first methods, this last method seems only to fractio-

nate caveolae and not lipid rafts (Thomas and Smart 2008). Yet another me-

thod based on immuno-affinity isolation of caveolae has been developed 

which also separates the caveolae from the lipid rafts (Oh and Schnitzer 

1999). Rat adipocyte caveolae have also been isolated with a similar method 

based on fractionation by sonication and then immunoabsorbtion with anti-

bodies against Cav1 (Souto et al. 2003). Thus, these would seem better if 
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one only wants to investigate caveolae and not caveolae/lipid rafts. When 

utilizing such methods as the above, protein markers for different compart-

ments in the cell should be used, since certain methods can also fractionate 

proteins from mitochondrial and internal membrane origin (Mellgren 2008). 

 To ensure colocalization of receptors and mediators with caveolins, one 

should use methods such as co-immunoprecipitation and microscopy (pre-

ferably electron microscopy) (to ensure that only caveolae are investigated 

and not lipid rafts). However, the use of such methods has to ensure that 

antibodies and other labeling tools are specific against the proteins/lipids of 

interest. Additionally, since caveolins can be localized outside caveolae this 

poses a problem for the colocalization to caveolae. In the future, maybe the 

cavins would be better suited for these kinds of studies. Furthermore, if the 

desire is to investigate lipid rafts, microscopy is of no use since lipid rafts 

cannot be detected as yet.   

 

The use of siRNA against different caveolins or other proteins can yield a 

better understanding of the specific role of a protein in a cell type. However, 

this requires transfection of cells and some cell systems are not easily trans-

fected (e.g. primary brown adipocytes). In addition, the use of protein over-

expression can give insight into the role of a specific protein. One caveat 

with this method is though that the overexpression may lead to non-

physiological interactions. It is also important to investigate how the mor-

phology of the caveolae is affected upon transfection. Patel et al. encourage 

scientists to use electron microscopy to ensure the effect of siRNA or over-

expression (Patel et al. 2008a). 

 

In recent years, the generation of different cav-ablated mice has been an 

important tool to investigate the effect of caveolin on cell signaling and ani-

mal physiology. This will be discussed in the next section. 

2.5 Caveolin-ablated mouse models 

Cav1-, Cav2-, Cav3-, and Cav1/3-ablated mouse models have been generat-

ed, and in this section, the findings surrounding these mice will be discussed. 

All of these mice are viable, and both Cav1- and Cav3-ablated mice show 

lack of caveolae in accordance with their expression patterns (i.e. Cav1-

ablated mice lack caveolae in all tissues except heart and skeletal muscle, 

and Cav3-ablated mice lack caveolae only in heart and skeletal muscle). In 

the Cav1/3-ablated mouse, no caveolae can be found (Patel et al. 2008a).  

 Compared to some of the methods discussed in section 2.3, these mouse 

models are specific for the caveolin proteins. However, it should be noted 

that none of the mouse models are conditional-ablated mice, and as such the 
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observed phenotypes could be due to secondary effects (see further (Insel 

and Patel 2007)). 

2.5.1 Caveolin-1-ablated mice 

Four different Cav1-ablated mouse models have been generated. As seen in 

Fig. 4, one was made by targeted disruption of exon 3 (Drab et al. 2001), one 

by disruption of exon 2 (Cao et al. 2003) and two by the disruption of both 

exon 1 and 2 (Razani et al. 2001, Zhao et al. 2002). Drab et al. found that the 

ablated mice had vascular dysfunction and pulmonary defects (Drab et al. 

2001); Razani et al. found that the Cav1-ablated mice had hyperproliferative 

and vascular abnormalities (Razani et al. 2001); Zhao et al. found that the 

mice had dilated cardiomyopathy and pulmonary hypertension (Zhao et al. 

2002); and Cao et al. found that the Cav1-ablated mice had impaired renal 

calcium reabsorbtion which led to hypercalciuria (Cao et al. 2003). 

 
Fig. 4. Generation of Cav1-ablated mice. Modified from (Le Lay and Kurzchalia 
2005). 

Many studies on these Cav1-ablated mice have been performed, especially 

on the mouse from Razani et al. since these are commercially available. To 

discuss all studies on the Cav1-ablated mice is beyond the scope of this the-

sis, and I will only briefly mention the phenotypes seen. As I discuss meta-

bolism/brown adipose tissue and signaling in section 4 and 5, respectively, 

studies regarding these topics will not be discussed here. For further reading 

about Cav1-ablated mice, see e.g. (Hnasko and Lisanti 2003, Le Lay and 

Kurzchalia 2005, Patel et al. 2008a, Mercier et al. 2009). 

 Although the Cav1-ablated mice are viable, the mice generated by Razani 

et al. show dramatic reductions in life span (50 % reduction). This could be 

due to secondary effects (Park et al. 2003, Le Lay and Kurzchalia. 2005). As 
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will be discussed in section 4.2, Cav1-ablated mice are lean and resistant to 

diet-induced obesity (Razani et al. 2002). Cav1-ablated mice also show a 

loss of Cav2 protein (down to 10 % of wild-type levels). This is not due to 

transcription, but dependent on trafficking of Cav2 by Cav1 (Hnasko and 

Lisanti 2003, Le Lay and Kurzchalia 2005).  

Since Cav1 is expressed in many tissues, the effects of ablation are wide-

spread. In the cardiac tissue there is a hyperactivation of Erk1/2 (leading to 

cardiac hypertrophy), abnormalities in the Src signaling and enhanced metal-

loproteinase-2-activity; in the vascular system there is increased eNOS (en-

dothelial nitric oxide synthase) activity, altered VEGF signaling, increased 

levels of cyclin D1 and Erk1/2 and altered tight junctions; in the pulmonary 

system there is hyperphosphorylation of STAT3, activation of cyclin D1 and 

D3, the alveolar wall is thickened and there is a pulmonary hypertension; in 

the urogenital tract there is impaired renal calcium absorption, enlarged se-

minal vesicles and smooth muscle abnormalities leading to bladder hyper-

trophy; in skeletal muscle tissue there are muscle abnormalities (i.e. tubular 

aggregation); in neuronal tissue there is increased cerebral infarct volume 

and apoptosis, and motor and behavioral defects; in the endocrine-metabolic 

system there is altered lipid homeostasis, altered perilipin phosphorylation, 

accelerated mammary gland development (due to hyperactivity in prolactin 

signaling), exercise tolerance and decreased glucose uptake due to insulin 

resistance and altered glucose transporter localization. The Cav1-ablated 

mice also have high sensitivity to carcinogens and they have increased tumor 

permeability and growth (Hnasko and Lisanti 2003, Le Lay and Kurzchalia 

2005, Patel et al. 2008a, Mercier et al. 2009). 

2.5.2 Caveolin-2-ablated mice 

Razani et al. generated a Cav2-ablated mouse (Razani et al. 2002a). As seen 

in Fig. 5, both exon 1 and 2 were disrupted (resulting in loss of all three 

Cav2 isoforms). These mice were found to have severe pulmonary dysfunc-

tion although the caveolae were not disrupted. Similarly to Cav1-ablated 

mice, the Cav2-ablated mice have hyperphosphorylation of STAT3, activa-

tion of cyclin D1 and D3, and thickened alveolar walls in the pulmonary 

system. Additionally, they are exercise-intolerant and have muscle abnor-

malities (due to tubular aggregation). Thus, the lung phenotype seen in the 

Cav1-ablated mice is most probably due to the decreased expression of Cav2 

(Hnasko and Lisanti 2003, Le Lay and Kurzchalia 2005, Patel et al. 2008a, 

Mercier et al. 2009).  
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Fig. 5. Generation of Cav2-ablated mice. Modified from (Le Lay and Kurzchalia 
2005). 

2.5.3 Caveolin-3-ablated mice 

Two different Cav3-ablated mouse models have been generated. As seen in 

Fig. 6, both were generated by disruption of exon 2. Hagiwara et al. found 

that the ablated mice displayed muscle degeneration (Hagiwara et al. 2000), 

and Galbiati et al. found that the ablated mice had changes in the microdo-

main distribution of dystrophin-glycoprotein complexes and abnormalities in 

the T-tubule (Galbiati et al. 2001). In addition, the Cav3-ablated mice show 

hyperactivation of Erk1/2 in cardiac tissue (as did Cav1-ablated mice) ac-

cording to Patel et al. who also observed a loss of caveolae-associated pro-

tective molecules (Patel et al. 2008a). In the endocrine-metabolic system, 

there is an increase in serum lipids and insulin resistance and altered glucose 

transporter localization (Hnasko and Lisanti 2003, Le Lay and Kurzchalia 

2005, Patel et al. 2008a, Mercier et al. 2009). 

 
Fig. 6. Generation of Cav3-ablated mice. Modified from (Le Lay and Kurzchalia 
2005). 

2.5.4 Caveolin-1/3-ablated mice 

The Cav1/3-ablated mice were generated by interbreeding Cav1-ablated 

mice and Cav3-ablated mice (both on C57Bl/6 background). The double-

ablated mice lacked both muscle and non-muscle caveolae. The ablated mice 

have lung, fat and skeletal defects to the same extent as their single-ablated 

genotypes; however, they also developed a more severe cardiomyopathic 

phenotype (Park et al. 2002, Le Lay and Kurzchalia 2005). 
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3. Brown adipose tissue 

Compared to other species, mammals possess the specific organ brown adi-

pose tissue. Brown adipose tissue is able to produce heat via the uncoupling 

protein 1 (UCP1, or thermogenin) resulting in so-called nonshivering ther-

mogenesis. The function of this process is to survive cold temperatures, such 

as those during the night or winter, the infant’s exposure to cold after birth, 

but also for survival on diets low in essential nutrients (Cannon and Neder-

gaard 2004). The most studied animals concerning brown adipose tissue are 

rodents, such as mice and rats but also hibernating animals (e.g. ground 

squirrels and golden hamsters). In mice, brown adipose tissue exists in dif-

ferent locations, e.g. the interscapular, cervical, and axillary depots that are 

used for primary brown adipocyte cultures, but also the periaortic, perirenal 

and intercostal depots. For more detail, see (Cannon and Nedergaard 2004, 

Cinti 1999). 

For many years, the general thought was that in humans only infants had 

brown adipose tissue (to survive cold after birth), and that it then gradually 

disappeared. However, in recent years, a new understanding has developed. 

Positron emission tomography (PET) is commonly used to trace tumor me-

tastases. However, the images obtained were often confused by signals that 

were not due to metastases, and most probably they were active brown adi-

pose tissue. Compared to rodents they were located differently, and the main 

depots were found in the supraclavicular and the neck regions (and also 

along the spinal cord) (Nedergaard et al. 2007). In the years since, studies 

using PET to directly assess the amount of brown adipose tissue were per-

formed. It was found that brown adipose tissue was functional (with expres-

sion of UCP1), that it was activated upon cold exposure and that it possibly 

correlates negatively with both obesity and age (van Marken Lichtenbelt et 

al. 2009, Virtanen et al. 2009, Zingaretti et al. 2009, Saito et al. 2009) (see 

also comments in the same issue of NEJM and also replies some months 

later). Thus, brown adipose tissue could possibly be a tool in treating obesity 

and metabolic disorders. 

 

In the next section, I will discuss some properties of brown adipose tissue 

and then in section 3.2 discuss signaling to lipolysis and nonshivering ther-

mogenesis. For further reading about brown adipose tissue, see review by 

(Cannon and Nedergaard 2004). 
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3.1 Properties of brown adipose tissue 

For many years, brown adipose tissue (BAT) has been regarded to be most 

closely related to white adipose tissue (WAT). However, there are some 

major differences, e.g. that WAT is an energy-storing tissue while BAT is an 

energy-consuming tissue. Additionally, BAT expresses the unique protein 

UCP1, has a high number of mitochondria and has multilocular lipid drop-

lets as compared to WAT (no UCP1, fewer mitochondria, and only one large 

lipid droplet) (Cinti 1999, Tiraby and Langin 2003). 

 In recent years, it has become more evident that brown and white adipo-

cytes are not so easily distinguished, with cells derived from white adipose 

depots displaying more brown adipocyte-like features (i.e. being able to ex-

press UCP1 upon norepinephrine-stimulation). These cells are proposed to 

be called “brite” adipocytes (Lehr et al. 2009, Petrovic et al. 2009). Addi-

tionally, there have been suggestions that both brown and white adipocytes 

are able to transdifferentiate into each other (Tiraby and Langin 2003, Cinti 

2009).  

 To add to this complexity, recent research has shown that brown adipo-

cytes are more closely related to myocytes (than to white adipocytes), with 

the brown adipocytes expressing myogenic markers and muscle-specific 

microRNAs (myomirs). Thus, brown adipocytes and myocytes derive from a 

common cell lineage (Atit et al. 2006, Timmons et al. 2007, Walden et al. 

2009). The decision to either become a brown adipocyte or a myocyte seem 

to be regulated by PRDM16 (Seale et al. 2007, Seale et al. 2008) and BMP7 

(Tseng et al. 2008). 

 The Wnts also seem to play a role in the development of brown (and 

white) adipocytes, with e.g. Wnt10b inhibiting the development of adipo-

cytes (Longo et al. 2004, Christodoulides et al. 2009). 

 For more reading about the origin and regulation of brown adipose tissue 

development see (Cannon and Nedergaard 2008, Farmer 2008, Enerback 

2009, Seale et al. 2009, Lefterova and Lazar 2009). 

 

As for any other cell, the life span of brown adipocytes can be divided into 

proliferation, differentiation, and apoptosis. In the following paragraphs I 

will discuss the regulation of brown adipose tissue, where norepinephrine is 

one of the key regulators. Norepinehrine is released via the sympathetic 

nervous system (under regulation of the central nervous system). During 

cold acclimation, an increase in NE release can be seen (see (Cannon and 

Nedergaard 2004) for the activation of the sympathetic release of NE). NE 

can stimulate all the adrenergic receptors present in BAT, i.e. 1-/3-, 2-, 

and 1-adrenergic receptors (see chapter 5.1-3 for more information) (Can-

non and Nedergaard 2004). 

 In pre-adipocytes, NE stimulates cell proliferation through a 1-

adrenergic receptor/cAMP pathway (see also section 5.1) (Bronnikov et al. 
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1992). The transcription factor C/EBP and the nuclear hormone receptor 

PPAR2 are down-regulated by NE, and this is thought to be necessary for 

proliferation to proceed. In pre-adipocytes, UCP1 expression cannot be in-

duced by NE, and thus, pre-adipocytes do not induce heat production via 

UCP1 (Cannon and Nedergaard 2004). Both the epidermal growth factor 

(EGF) and platelet-derived growth factor (PDGF) can induce cell prolifera-

tion via the extracellular-regulated protein kinase1/2 (Erk1/2) pathway (see 

paper II and section 5.5-6). LPA can also activate Erk1/2 (paper III) and it 

may play a role in proliferation control since it has been shown to downregu-

late PPAR in both brown adipocytes (unpublished observations) and white 

adipocytes (Simon et al. 2005) (see section 5.4). 
 

Also in differentiation of the brown adipocytes, norepinephrine (NE) plays a 

role. The differentiation process involves the possibility to increase UCP1 

gene expression by NE and an increase in the amount of mitochondria; lead-

ing to an increase in the capacity for fatty acid catabolism for nonshivering 

thermogenesis (Cannon and Nedergaard 2004). 

The differentiation is thought to occur through a cAMP-dependent path-

way, either through direct effects on expression of certain genes by the 

cAMP/PKA/CREB (cyclic adenosine monophosphate/protein kinase 

A/cAMP response element binding protein) pathway, or indirect effects with 

NE increasing expression of certain transcription factors that can switch on 

differentiation, and it is known that NE increases the levels of both C/EBP 

(CCAAT enhancer binding protein ) and PGC-1 (PPAR coactivator 1) 

(Cannon and Nedergaard 2004). In addition, p38 MAP kinase has been im-

plicated as a mediator between cAMP/PKA and downstream targets (Cao et 

al. 2004).  

 

UCP1 is the protein responsible for nonshivering thermogenesis. Upon diffe-

rentiation, the mRNA levels of UCP1 are increased (if in the presence of NE, 

see also section 5.1-2). This gene expression is regulated by both a proximal 

promoter and a distal complex enhancer region. The proximal promoter con-

tains a TATA-box, CCAAT elements, a cAMP response element (CRE) 

where CREB can bind, two C/E sites where C/EBP can bind, and also other 

sites (possibly an ETS TF site and a BRE region). The complex enhancer 

region has many response elements such as the CREs, the PPAR response 

elements (PPRE) for binding of peroxisome proliferator activated receptors 

(PPAR, both PPAR and PPAR can bind), the retinoic acid response ele-

ments (RARE) with sites for RXR and RAR, and the thyroid responsive 

elements (TRE) where thyroid hormone can bind (T3 – triiodothyronine). 

The different response elements have been found to be able to affect UCP1 

expression. Treatment with PPAR agonist increases UCP1 gene expression. 

Retinoic acids can also increase UCP1 expression, but the increase is depen-

dent on the cells being simultaneously differentiated. The thyroid hormone 
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receptor (TR) is in the non-ligand-bound state a repressor of UCP1 expres-

sion; however, upon ligand binding this repression is inhibited and thus, T3 

has a positive effect on UCP1 expression. In agreement with this, the TR-

ablated mice express UCP1 upon NE stimulation, and the TR in itself is not 

necessary for UCP1 expression (Cannon and Nedergaard 2004, Golozoubo-

va et al. 2004). 
 

Regulated (or programmed) cell death (or apoptosis) of brown adipose tissue 

is inhibited by NE and activated by TNF (tumor necrosis factor ). NE 

inhibits apoptosis by activation of - and 1-adrenergic receptors, and mice 

subjected to cold (leading to sympathetic stimulation) have decreased apop-

tosis (Lindquist and Rehnmark 1998, Cannon and Nedergaard 2004). TNF 

is thought to elicit its pro-apoptotic effects via p38, and NE seems to be able 

to protect against the TNF-induced apoptosis (Cannon and Nedergaard 

2004). 
 

Although the discussion above has focused on the brown adipocytes, brown 

adipose tissue not only contains brown mature adipocytes and brown pre-

adipocytes; endothelial cells from capillaries and interstitial cells are also 

present (for further reading about BAT morphology see (Cinti 1999, Cinti 

2009)). Upon demand for expansion of the tissue (proliferation and differen-

tiation), not only the brown adipocytes will be affected as seen above, but 

also the amount of capillaries and nerve terminals will be increased (Cannon 

and Nedergaard 2004, Cinti 2009, Xue et al. 2009). 

3.2 Lipolysis and nonshivering thermogenesis 

Brown adipose tissue is able to produce heat via nonshivering thermogene-

sis. Both exposure to cold and recruiting diets activate brown adipose tissue 

and nonshivering thermogenesis. A normal mouse (or naked human) has its 

thermoneutral zone at about 30 C. Upon acute exposure to cold (e.g. the 

transfer to 4 C), the animal will try to defend its body temperature. Initially 

BAT has not been recruited and the animal will have to depend on shivering. 

However, during prolonged exposure to cold (several weeks), BAT is re-

cruited and nonshivering thermogenesis will replace shivering (Cannon and 

Nedergaard 2004). Since most studies done on mice have been performed at 

room temperature (22 C), these mice will have some recruited BAT and can 

survive in cold with a combination of shivering and nonshivering thermoge-

nesis. Also the exposure to different food diets, such as high-fat diet and 

cafeteria diet, leads to a recruitment of BAT. This recruitment could have 

been an evolutionary “purpose” to allow animals to survive on diets low in 

essential nutrients (Cannon and Nedergaard 2004). 
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The activation of lipolysis and nonshivering thermogenesis by norepineph-

rine (NE) is dependent on 3-adrenergic receptors (3-AR) (see Fig. 7), but 

also 1-adrenergic receptors can influence nonshivering thermogenesis 

(maximal influence reported is only 10% of the total response). Upon NE 

stimulation, 3-AR stimulates Gs-proteins, which in turn activates adenylate 

cyclase to produce cAMP. cAMP activates PKA which can phosphorylate 

both hormone sensitive lipase (HSL) and perilipin. The phosphorylation of 

perilipin leads to the dissociation of perilipin from the lipid droplet and the 

droplet is now accessible to both ATGL (adipocyte triglyceride lipase) and 

activated HSL. ATGL and HSL will break down the triglycerides into glyce-

rol and free fatty acids (FFA) (Cannon and Nedergaard 2004, Zimmermann 

et al. 2004) (for further reading about ATGL and HSL see (Zimmermann et 

al. 2004, Pinent et al. 2008, Zimmermann et al. 2009)). 

 
Fig.7. Lipolysis in brown adipose tissue. For explanation, see text. 
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Some of the FFA will be bound by fatty acid binding protein (FABP, e.g. 

FABP4 (or aP2)). The fatty acids are the substrates for the respiratory chain 

and are transferred into the mitochondria and -oxidized. In contrast to other 

tissues that do not express UCP1, brown adipose tissue can use fatty acids to 

induce nonshivering thermogenesis by the uncoupling effect of UCP1. The 

fatty acids can activate UCP1, while purine nucleotides, experimentally GDP 

(but also GTP, ADP and ATP), inhibit UCP1 function (Cannon and Neder-

gaard 2004). Glucose is also a good substrate for thermogenesis. 

 One would expect that both 3-AR-ablated mice and UCP1-ablated mice 

would have a difficult time surviving in prolonged cold due to impairment of 

their lipolysis and nonshivering thermogenesis capacity. However, this is not 

the case for either of these mice. Signaling by the 3-AR in the 3-AR-

ablated mice is rescued by 1-AR and 1-AR signaling (Chernogubova et al. 

2005) and the mice are able to survive in cold and induce nonshivering 

thermogenesis in response to NE to the same extent as wild-type mice (un-

published observations).  

 UCP1-ablated mice can survive weeks/months in cold if they have been 

successively exposed to colder temperatures (they cannot, however, maintain 

body temperature upon acute exposure to cold). The survival was not due to 

a recruitment of nonshivering thermogenesis, but due to the fact that the 

acclimation to decreasing temperatures allowed the mice to increase their 

muscle activity for shivering and to increase their physical endurance in 

general (Golozoubova et al. 2001). UCP1-ablated mice acclimated to ther-

moneutrality become obese on both normal diet and, when fed a high-fat 

diet, this weight gain was further augmented. Thus, these mice were not able 

to induce diet-induced thermogenesis (Feldmann et al. 2009). 
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4. Caveolin and metabolism in adipose tissue 

Caveolin-1 (Cav1)-ablated mice are resistant to diet-induced obesity (Razani 

et al. 2002) and are unable to maintain body temperature when acutely ex-

posed to cold and fasting (Cohen et al. 2005). Cav1-ablated mice also show 

impaired lipolysis in both white and brown adipocytes (Cohen et al. 2005, 

Cohen et al. 2004, paper I), and Cav1 has been suggested to play a role in 

lipid droplet formation (Ortegren et al. 2007, Le Lay et al. 2009). In this 

section, I will discuss these findings and compare them to those found in our 

group. Since lipolysis is adrenergically regulated (especially by 3-

adrenergic receptors), some of these findings will also be discussed in sec-

tion 5.1; however, in section 5.1, it is more in the context of signaling than 

concerning the physiology of the mouse.   

 

Caveolins can bind both cholesterol and fatty acids, and caveolins have been 

shown to be present on the surface of lipid droplets, and they seem to play a 

role in cellular lipid homeostasis. Caveolins can regulate the cholesterol 

content of the lipid droplets in adipocytes. Upon addition of cholesterol to 

3T3-L1 cells, endocytosis of caveolae was seen (Le Lay and Kurzchalia 

2005, Le Lay et al. 2006). Also, Cohen et al. found that Cav1 was involved 

in lipid droplet formation, since Cav1(-/-) mouse embryonic fibroblasts 

(MEFs) transfected with perilipin did not accumulate as much lipids as the 

perilipin-transfected wild-type MEFs (Cohen et al. 2004).  

 Fatty acid esterification is thought mainly to take place in the endoplas-

matic reticulum (Le Lay et al. 2009). However, as discussed in Le Lay et al., 

Ost et al. found that triglycerides could be synthesized in a specific subclass 

of caveolae that also contained perilipin (Ost et al. 2005), and thus maybe 

adipocytes have one pathway to take care of exogenous fatty acids and 

another pathway to take care of endogenous fatty acids (from de novo lipo-

genesis or lipolysis of stored triglycerides). Since caveolae (and lipid rafts) 

are detergent-resistant, the thought of transport via caveolae is not far-

fetched (Le Lay et al. 2009). Blouin et al. investigated the effect of Cav1-

ablation on the lipid droplet proteome and lipidome. They found that there 

were alterations in both protein and lipid content, and possibly that Cav1 has 

a role in lipid droplet expandability (Blouin et al. 2009). 
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4.1 Cav1-ablated mice: resistance to diet-induced obesity 

 

Caveolin-1 (Cav1)-ablated mice living at room temperature on a normal 

(chow) diet show the same growth curve as wild-type mice under the same 

conditions (Razani et al. 2002, paper I). However, as the mice got older (at 

about one year of age), Cav1-ablated mice displayed a leaner phenotype than 

the wild-type mice (these mice were not back-crossed though) (Razani et al. 

2002). As seen in paper I, Cav1-ablated mice have lower fat content and 

higher lean content compared to wild-type mice. For Cav1-ablated mice to 

become leaner than wild-type mice, the energy balance between these geno-

types must be different; i.e. the energy intake must be lower and/or the ener-

gy output must be higher in Cav1-ablated mice. No difference in food intake 

can be seen (Razani et al. 2002, paper I), except for that in the study by Ra-

zani et al., the female Cav1-ablated mice actually ate more than the female 

wild-type mice (Razani et al. 2002). No differences could be seen in oxygen 

consumption or on substrate used (respiratory quotient) (Razani et al. 2002, 

paper I) (despite the observation that the Cav1-ablated mice have abnormali-

ties in the lungs and are exercise-intolerant (Drab et al. 2001, Razani et al. 

2001)). Razani et al. could not see any differences in released heat or activity 

(Razani et al. 2002); however, in our study, the Cav1-ablated mice were less 

active/“agitated” in the start of the measurements (paper I). Thus, these re-

sults did not explain the lean phenotype (i.e. not higher metabolism/activity). 

No differences could either be seen in stool triglycerides (Razani et al. 

2002), thus, there was not a decreased uptake of triglycerides. Thus, Cav1-

ablated mice were not lean due to reduced food intake, increased metabol-

ism/activity, or reduced triglyceride uptake.  

To investigate whether Cav1-ablated mice had altered metabolite storage, 

serum metabolites were investigated (Razani et al. 2002). No differences 

could be seen in serum insulin, glucose, or cholesterol, neither in a fasted 

state nor postprandially. However, differences could be seen in both serum 

triglycerides (TG) and free fatty acids (FFA). In the fasted state, Cav1-

ablated mice had increased serum TG, which was further augmented post-

prandially. In the fasted state, the levels of serum FFA were the same, but 

the reduction in FFA acids seen in the wild-type mice postprandially could 

not be seen in Cav1-ablated mice. In addition, both plasma leptin and adipo-

nectin levels were lower in Cav1-ablated mice (Razani et al. 2002) (howev-

er, most probably the reduction in leptin levels correlates to the reduced adi-

pose tissue mass).  

In addition, lipoprotein distribution has been investigated in both chow- 

and high-fat diet (HFD)-fed wild-type and Cav1-ablated mice (Razani et al. 

2002, Heimerl et al. 2008, Frank et al. 2008). Cav1-ablated mice are resistant 
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to diet-induced obesity and on a HFD, Cav1-ablated mice have less fat con-

tent compared to wild-type mice (Razani et al. 2002).  

On a chow diet, Razani et al. found that the chylomicron/VLDL fraction 

in the Cav1-ablated mice had increases in both cholesterol and triglycerides 

levels after fasting and these were even further augmented postprandially 

(Razani et al. 2002). Heimerl et al. investigated the effect of both chow diet 

and HFD on fasting and postprandial plasma lipids and lipoproteins from 

Cav1-ablated and wild-type mice. The results were in agreement with the 

above study with regard to the effect seen on the chylomicron/VLDL frac-

tion. However, Cav1-ablation also affected the HDL-cholesterol metabolism, 

and a different distribution of apo-AI/apoE could be seen (Heimerl et al. 

2008). In addition, Frank et al. found that Cav1-ablated mice on chow diet 

showed a reduced VLDL-secretion from the liver, but also an increase in 

HDL, which was also enriched in cholesteryl esters in comparison to the 

wild-type mice. Cav1 was also implicated in the regulation of plasma LDL 

levels (Frank et al. 2008). Furthermore, Cav1-ablated mice had a delayed 

triglyceride clearance, even though the lipoprotein lipase activity was found 

to be the same (Razani et al. 2002).  

 

If adipocytes cannot store lipids properly, this could lead to an increase of 

lipids in other organs. In HFD-fed Cav1-ablated and wild-type mice, no dif-

ference could be seen in liver tissue weight, thus the liver steatosis was the 

same for both Cav1-ablated and wild-type mice. However, the brown adi-

pose tissue was enlarged in the ablated mice at 9-months of age (Razani et 

al. 2002), and thus, brown adipose tissue could be a regulator of lipid storage 

(see also section 4.2.2-3). 

In perigonadal fat pads, Cav1-ablated mice show insulin resistance and on 

a HFD, Cav1-ablated mice developed postprandial hyperinsulinemia. In the 

perigonadal fat pads, protein expression of the insulin receptor was reduced 

(by 90%), and the protein levels of GLUT4 and PKB/Akt were increased. 

However, both the insulin-induced phosphorylation of PKB/Akt and the 

insulin-induced dephosphorylation of GSK were inhibited. Thus, since insu-

lin-regulated lipogenesis is impaired, this could be a contributing factor to 

the lean phenotype seen in the Cav1-ablated mice (Cohen et al. 2003).  

 

In conclusion, although differences in serum metabolites and impairment in 

both lipogenesis and lipolysis have been found, this still does not fully ex-

plain the lean phenotype observed in the Cav1-ablated mice and the resis-

tance to diet-induced obesity – the Cav1-ablated mice are leaner even though 

the energy intake and the energy output seem to be the same (which is an 

impossibility).  

 

Mice living at room temperature (22 C) are under chronic thermal stress, 

and to defend their body temperature they have an increased metabolism and 
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higher food intake (Feldmann et al. 2009, paper I). To overcome this prob-

lem when investigating diet effects, mice should be housed at thermoneutral-

ity. Therefore, female Cav1-ablated and wild-type mice were acclimated to 

thermoneutrality (30 C) and put on either a chow or a high-fat diet. Prelimi-

nary data show that, as described before (Razani et al. 2002), the Cav1-

ablated mice are resistant to diet-induced obesity (Fig. 8A). No differences 

could be seen in energy intake between ablated and wild-type mice; both had 

increased energy intake on HFD (Fig 8B), and thus, Cav1-ablated mice had 

lower food efficiency (Fig. 8C)). The lean phenotype seen in Cav1-ablated 

mice on chow diet could possibly be explained by an increased amount of 

feces (i.e. if the triglyceride content is the same as seen by (Razani et al. 

2002)), but on a HFD there was no difference in feces amount (Fig. 8D).  

 
Fig. 8. Cav1-ablated mice and wild-type mice acclimated to thermoneutrality on 
either chow or high-fat diet. A) Difference in fat/lean content over time, B) Energy 
intake after 39 days, C) Food efficiency (energy intake/fat content gained) after 39 
days and D) amount feces produced during 3 days. 

As expected (paper I), there was no difference in resting or mean metabolic 

rate (RMR or MMR) in mice fed chow diet (Fig. 9AB). However, Cav1-

ablated mice on HFD had both lower RMR and MMR compared to the wild-
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type mice (Fig. 9AB); thus even a lower metabolism than the wild-type 

mice. In response to norepinephrine, there was both a significant effect of 

genotype (as expected on chow diet (paper I)) and diet (Fig. 9CD). Thus, 

diet-induce thermogenesis seems to occur in both wild-type and Cav1-

ablated mice. 

 However, these data do not explain why Cav1-ablated mice are resistant 

to diet-induced obesity. Cav1-ablated mice even had a lower metabolism on 

HFD. Thus, further studies are needed to understand how Cav1-ablated mice 

are able to not become obese on a high-fat diet. 

 
Fig. 9. Cav1-ablated mice and wild-type mice acclimated to thermoneutrality on 
either chow or high-fat diet. A) Resting metabolic rate (RMR) calculated per lean 
body mass, B) Mean metabolic rate (MMR) calculated per lean body mass, CD) 
Anaesthetized mice (n = 4 - 6) were injected with norepinephrine (NE, 1 mg/kg s.c.). 
C. Oxygen consumption before and after norepinephrine injection. D. Increase in 
oxygen consumption by norepinephrine calculated per lean body mass. 
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 4.2 Cav1-ablated mice: lipolysis and cold tolerance  

4.2.1 Lipolysis in white adipocytes: fasting and 3-agonist stimulation 

Two studies have investigated the role of Cav1 in the lipolysis pathway in 

white adipocytes (Cohen et al. 2004, Ahmad et al. 2009). Upon fasting for 

48 h, wild-type mice were found to increase their levels of Cav1 and when 

refed, the levels returned to normal. In addition, fasting led to a rise in serum 

free fatty acid (FFA). However, in the Cav1-ablated mice, this rise could not 

be seen; and thus there seemed to be an impairment in lipolysis (Cohen et al. 

2004).  

 Since lipolysis is activated through 3-adrenergic receptor (3-AR) stimu-

lation, glycerol and FFA levels in response to the agonist CL316, 243 (CL) 

were investigated. Without stimulation, no differences between Cav1-ablated 

and wild-type mice could be seen in glycerol levels in isolated adipocytes, in 

serum glycerol or serum FFA. However, upon CL-stimulation, only wild-

type mice had a rise in these metabolites (Cohen et al. 2004). Thus, Cav1-

ablated mice had also an impaired response to 3-adrenergic stimuli.  

 In perigonadal fat pads, there were no differences in 3-AR protein levels. 

However, Cav1-ablated mice had higher levels of the regulatory subunits of 

PKA (both RI and RIIa), but the PKA activity was higher. Upon CL-

stimulation, Cav1-ablated mice had higher phosphorylation levels of CREB 

but lower levels of phosphorylated perilipin (see section 5.1) (Cohen et al. 

2004). In agreement, Cav1 siRNA-treated 3T3-L1 cells reduced the levels of 

phosphorylated perilipin and hormone-sensitive lipase (HSL) (Ahmad et al. 

2009). 

Stimulation with CL can induce protein/lipid complex formation in both 

3T3-L1 cells and perigonadal fat pads. Cohen et al. found that upon CL-

stimulation, a complex between Cav1/perilipin/cPKA (c: catalytic) is formed 

in both 3T3-L1 cells and perigonadal fat pads. However, in the Cav1(-/-) fat 

pads, CL cannot induce this complex (Cohen et al. 2004). In agreement with 

this, Ahmad et al. found that knock-down of Cav1 in 3T3-L1 cells inhibited 

the CL-induced complex formation of cholesterol, 14-3-3, PP2A, Cav1, 3-

adrenergic receptor, PKA-RII and HSL (Ahmad et al. 2009). Ahmad et al. 

also found that knock-down of Cav1 in 3T3-L1 cells reduced the CL-

induced activation of phosphodiesterase 3B (PDE3B, hydrolyses cAMP to 

AMP). This was also seen in epididymal fat pads from Cav1-ablated mice 

(Ahmad et al. 2009). 

In conclusion, in both white adipose tissue and the cell-line 3T3-L1, Cav1 

is involved in the regulation of lipolysis, and Cav1-ablation leads to an im-

pairment of lipolysis.   
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4.2.2 Effect of acute cold and fasting 

Cav1-ablated mice were found to have an impairment in white adipocyte 

lipolysis. To investigate whether also brown adipocyte lipolysis was im-

paired, Cohen et al. investigated the effect of acute cold and/or fasting on 

Cav1-ablated and wild-type mice (Cohen et al. 2005).  

 Already under normal conditions, the Cav1-ablated mice had lower body 

temperature than the wild-type mice. In response to acute cold, there was no 

difference in body temperature between wild-type and Cav1-ablated mice 

(both had a drop in body temperature), but in response to fasting, the body 

temperature was decreased more in Cav1-ablated mice. When exposed to 

both acute cold and fasting (for 24 h (cold/fasting)), the body temperature 

was decreased for both wild-type and Cav1-ablated mice. However, Cav1-

ablated mice could not maintain their body temperature and a marked drop 

could be seen (Cohen et al. 2005).  

 No differences could be seen in basal serum NEFA (non-esterified fatty 

acid) between wild-type and Cav1-ablated mice. However, upon 24 h fasting 

or cold/fasting, the Cav1-ablated mice were not able to raise their serum 

NEFA levels. There was, however, no difference in the serum triglycerides 

between wild-type mice or Cav1-ablated mice in either normal state or after 

cold/fasting (with levels reduced for both after cold/fasting)) (Cohen et al. 

2005).  

 In the brown adipose tissue, Cav1-ablated mice were not able to mobilize 

triglycerides after cold/fasting; the levels were not reduced as much as in the 

wild-type mice (Cohen et al. 2005). Thus, an impairment in brown adipocyte 

lipolysis could be seen. Investigating the pathway of lipolysis in brown adi-

pose tissue in the mice exposed to cold/fasting, Cav1(-/-) brown adipose 

tissue had an impairment in phosphorylation of perilipin (not increased as in 

wild-type) and in HSL levels (is increased in Cav1(-/-), not in wild-type). No 

differences could be seen in the fatty-acid binding proteins CD36 and aP2 

(Cohen et al. 2005). However, CD36 has been found to have different sub-

cellular distribution. In agreement with Cohen et al., Ring et al. found that 

there was no difference in the expression of CD36 in wild-type MEFs 

(mouse embryonic fibroblasts) and Cav1(-/-) MEFs, but due to the difference 

in subcellular distribution, reduced fatty acid uptake in the Cav1(-/-) MEFs 

could be seen (Ring et al. 2006). Thus, although Cohen et al. did not see any 

differences on expression levels, there still could be differences in the sub-

cellular distribution of the CD36 also in the brown adipose tissue. 

The lipolysis of triglycerides to fatty acids takes place in the cytosol, but 

the fatty acids are oxidized in the mitochondria. Thus, the impairment seen 

in Cav1-ablated mice could be in the mitochondria. Cav1(-/-) brown adipose 

tissue mitochondria were larger, dilated and less electron dense than wild-

type mitochondria. However, the integrity of the inner and outer mitochon-

drial membranes was not different. In addition, there was no difference in 
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UCP1, Hsp60 and prohibitin levels between the wild-type and Cav1-ablated 

mice (although UCP1 did increase in response to cold/fasting in both wild-

type and Cav1-ablated mice) (Cohen et al. 2005). In agreement with this, we 

did not see any difference in the UCP1 protein levels between Cav1-ablated 

and wild-type mice (paper I). However, Cav1-ablated mice were not able to 

reduce levels of mitochondrial dicarboxylate carrier protein (mDIC) or in-

crease phosphorylation of the catalytic subunit of AMPK (adenosine mono-

phosphate kinase) in response to cold/fasting as did the wild-type mice (Co-

hen et al. 2005). To investigate whether the brown adipose tissue mitochon-

dria were functional, mitochondria from Cav1-ablated and wild-type mice 

were isolated to determine thermogenic parameters (paper I). We found that 

the mitochondria from Cav1-ablated mice were able to respond to both car-

bohydrate (pyruvate) and lipid (palmitoyl CoA), and that the response was 

through UCP1 (was inhibited by GDP (guanosine diphosphate) and this in-

hibition could be overcome by FCCP (p-trifluoromethoxy carbonyl cyanide 

phenyl hydrazone, an artificial uncoupler)). Thus, even though certain pro-

teins and structures are affected in the mitochondria, the UCP1 and the mito-

chondria are functional. 

In conclusion, Cav1-ablated mice are not able to maintain body tempera-

ture in response to a combination of acute cold and fasting. An impairment 

in brown adipose tissue lipolysis could be seen and in some of the lipolytic 

signaling mediators. 

4.2.3 Effect of prolonged cold 

Since the Cav1-ablated mice have impaired lipolysis and could not maintain 

body temperature when exposed to cold and fasting, it was speculated that 

the Cav1-ablated mice would not be able to survive prolonged exposure to 

cold due to impaired nonshivering thermogenesis (Cohen et al. 2005). How-

ever, in response to acute cold, brown adipose tissue has not had a chance to 

become recruited and nonshivering thermogenesis does not occur (or only 

barely, if a little brown adipose tissue is present) – instead mice have to rely 

on shivering for this acute exposure to cold.  
 To investigate whether the Cav1-ablated mice would be able to survive 

prolonged time in cold by nonshivering thermogenesis or whether they could 

use a compensatory mechanism, wild-type and Cav1-ablated mice were ac-

climated to cold (2 weeks at 18 C, then placed at 4 C). As seen in paper I, 

the Cav1-ablated mice were able to survive, and this was through nonshiver-

ing thermogenesis. We could show that the Cav1-ablated mice have desensi-

tized adrenergic receptors, but they are able to overcome this physiologically 

and thus are able to survive comfortably in cold. As discussed in the paper, 

this is similar to the desensitization seen in thyroid hormone receptor (TR)-

ablated mice (Golozoubova et al. 2004). As shown in paper I, Cav1-ablation 

did not impair UCP1 protein expression and the UCP1 was functional. How-
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ever, Cav1-ablated mice had a lower protein expression of 3-adrenergic 

receptors. 

 Cav1 has been shown to play a role in proper thyroid hormone synthesis, 

and Cav1-ablated mice have reduced levels of T3 (Senou et al. 2009). T3 has 

been shown to affect adrenergic receptor expression (Rubio et al. 1995) and 

thus, the decrease in 3-adrenergic receptor protein expression in brown adi-

pose tissue could be due to the reduced levels of T3. 

 In conclusion, in response to prolonged cold, brown adipose tissue is 

activated, and Cav1-ablated mice survive by nonshivering thermogenesis, 

despite having desensitized adrenergic receptors. 
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5. Caveolin and signaling 

Many different receptor types exist in the plasma membrane of cells. In the 

following section, some of receptors relevant to brown adipose tissue signal-

ing and function will be discussed, as well as the influence of caveolin-1 on 

their signaling. These receptors are either G-protein coupled receptors 

(GPCRs) or receptor tyrosine kinases (RTKs). The GPCRS are seven-

transmembrane receptors, with the N-terminus on the extracellular side and 

the C-terminus on the intracellular side (Hein and Kobilka 1997, Saunders 

and Limbird 1999, Garcia-Sainz et al. 1999, Dorsam and Gutkind 2007), and 

couple, as indicated by their name, to G-proteins. Discussed below are the 

adrenergic receptors (ARs), -, 2- and 1-AR, and the lysophosphatidic 

acid receptors (LPAxRs). The RTKs have only one transmembrane domain 

and, upon ligand binding, they dimerize to become active. Discussed below 

are the epidermal growth factor receptors (EGFRs) and the platelet-derived 

growth factor receptors (PDGFRs). The insulin receptor and other signaling 

mediators relevant to brown adipose tissue signaling and function are also 

briefly discussed. 

5.1 -adrenergic receptors  

There are three subtypes of the -adrenergic receptors (-AR), the 1, 2, 

and 3 (Bylund et al. 1994), with the 3-AR in mouse having two splice va-

riants, 3a- and 3b-AR (Evans et al. 1999). The existence of a fourth -AR 

has also been discussed (Kaumann 1997, Preitner et al. 1998). The 1-, 2-, 

and 3-AR are differentially expressed, with e.g. 1-AR being highly ex-

pressed in heart and brain, 2-AR expressed in skeletal muscle, lung, uterus, 

and prostate, and 3-AR highly expressed in adipose tissue (Frielle et al. 

1987, Emorine et al. 1989, Strosberg 1997). 

In brown adipose tissue, mRNA for all -AR subtypes can be found. 

However, in cultured cells the expression of the 2-ARs are only detectable 

at low level after stimulation with NE and then only transiently (Bengtsson 

et al. 2000), and it is possible that the receptors are predominantly localized 

to the vascular system in the brown adipose tissue (Cannon and Nedergaard 

2004). Of the two different 3-AR splice variants, it is mainly the 3a-AR 

mRNA that is expressed in brown adipose tissue (3a-AR mRNA are about 
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9/10 of all 3-AR mRNA) (Evans et al. 1999). In mice acutely exposed to 

cold, the 3-AR mRNA is reduced transiently and returns to control levels 

after 24 h. In mice acclimated to prolonged cold, the 3-AR mRNA levels 

are not different from control levels. In contrast, the 1-AR mRNA in mice 

acutely exposed to cold is increased transiently and then reduced to control 

levels (Bengtsson et al. 1996, Bengtsson et al. 2000). In primary brown adi-

pocyte cell cultures, the mRNA level of the 1-AR mRNA peaks during the 

proliferative phase and then decreases with time, while the 3-AR mRNA 

expression level is upregulated with time (peak when differentiation is in-

itiated) (Bronnikov et al. 1999). Chronic treatment on primary cultures with 

NE also reduces the 3-AR mRNA level transiently, and the mRNA level 

returns back to control levels after about 15 h. In contrast, the 1-AR mRNA 

levels is increased upon chronic NE stimulation and remains at high levels 

up to 15 h (end point of experiment) (Bengtsson et al. 1996, Bengtsson et al. 

2000).  

Based on tissue distribution it can be discerned that the different receptor 

subtypes are involved in different physiological effects, e.g. the 1-ARs can 

act as vasodepressors, the 2-ARs are involved in bronchodilation, and the 

3-ARs are involved in lipolysis (Strosberg 1997). In brown adipocytes, -

ARs are involved in regulation of gene expression, lipolysis, proliferation, 

differentiation and nonshivering thermogenesis (see further in section “me-

diators of signaling”) (Cannon and Nedergaard 2004). 

The -AR subtypes have been targeted to generate different x-AR-

ablated mice. The 1-AR-ablation (generated by (Rohrer et al. 1996)) can be 

embryonic lethal and those 1-AR-ablated mice that do survive have a loss 

of the chronotropic and inotropic response from agonist stimulation in the 

heart. The 2-AR-ablated mice (generated by (Chruscinski et al. 1999)) have 

a reduced vasodilation response, reduced respiratory change ratio, increased 

total exercise capacity, and exercise-induced hypertension. The 1/2-AR-

ablated mice (generated by (Rohrer et al. 1999)) have metabolic impair-

ments, reduced effect of agonist stimulation but increased 3-AR agonist-

induced effect. The 3-AR-ablated mice (generated by (Susulic et al. 1995)) 

have reduced body fat, reduced effect of agonist stimulation and higher ex-

pression of 1-AR mRNA (Hein and Kobilka 1997, Karasinska et al. 2003). 

Additionally, mice lacking all -AR have been generated (Bachman et al. 

2002, Jimenez et al. 2002). Compared to the wild-type mice, these so-called 

-less mice were obese and cold-sensitive but did however display normal 

lipolytic responses to fasting. It was also concluded that -AR signaling is 

required for diet-induced thermogenesis (Bachman et al. 2002, Jimenez et al. 

2002). 

The natural ligands for the -AR are the sympathetic neurotransmitter no-

repinephrine and the hormone (and central neurotransmitter) epinephrine 

(Bylund et al. 1994, Docherty 1998). The affinities for the ligands are 
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somewhat different between the receptors; for the 1-AR the ligands are 

equally potent, for the 2-AR epinephrine is much more potent than norepi-

nephrine, and for the 3-AR norepinephrine is more potent than epinephrine 

(Bylund et al. 1994, Strosberg 1997). The 1-AR are also sometimes stated 

to be more sensitive to NE than the 3-AR (Cannon and Nedergaard 2004); 

however, in brown adipose tissue no difference could be seen in the response 

to NE in preadipocytes (containing 1-AR) compared to mature adipocytes 

(containing 3-AR) (Bronnikov et al. 1999).  

Selective agonists and antagonists against the -AR exist. Discussed be-

low in the context of the experiments are the -AR agonist isoprenaline, the 

3-AR selective agonists BRL37344 and CL316,243 and the 3-AR selective 

agonist (and 1- and 2-AR specific antagonist) CGP12177. Also antagonists 

exist for 1-AR (CGP20712), 2-AR (ICI118551) and 3-AR (SR59230, and 

L748337). 

 

Mediators of signaling 

The -ARs are able to couple to stimulatory G-proteins (Gs-protein) and 

thereby activate adenylyl cyclase (AC) to convert ATP to cyclic AMP 

(cAMP) (Gilman 1987, Chaudhry et al. 1994). However, the receptors are 

also able to couple to inhibitory G-proteins (Gi-proteins) (Daaka et al. 1997, 

Zou et al. 1999, Baillie et al. 2003). The 3-ARs have been shown to be able 

to interact with both Gs and Gi (Chaudhry et al. 1994, Gauthier et al. 1996, 

Gerhardt et al. 1999, Soeder et al. 1999) although the splice variants seem to 

couple differently, with the 3a-AR only coupling to Gs and the 3b-AR 

coupling to both Gs and Gi (Hutchinson et al. 2002). 3-AR have been shown 

to also directly interact with the SH3 (Src homology 3) domain of Src and 

thereby activate Erk1/2 (and not via cAMP or PKA) (Cao et al. 2000); thus, 

the receptors may be able to signal without coupling to G-proteins.  

The elevation of cAMP caused by Gs-coupling can lead to the activation 

of protein kinase A (PKA), Epac (exchange protein directly activated by 

cAMP, a Rap guanine nucleotide exchange factor) or other guanine nucleo-

tide exchange factors (GEFs) (Kawasaki et al. 1998, de Rooij et al. 1998, de 

Rooij et al. 2000, Beavo and Brunton 2002, Sands and Palmer 2008). The 

activation of PKA by cAMP is able to activate Erk1/2 and the transcription 

factor Elk-1 through a PKA/Rap1/B-Raf-dependent pathway, where Rap1 is 

activated by PKA (Vossler et al. 1997). Other functions of PKA are to regu-

late the transcription factor cAMP-response-element-binding protein 

(CREB), the activating transcription factor 1 (ATF1) and the cAMP-

responsive-element modulator (CREM). CREB is able to regulate gene ex-

pression by binding to CRE domains in the proximal promoter and distal 

enhancer regions of numerous genes, and the specific variant of CREM, 

ICER (inducible cAMP early repressor), can act as a negative feedback on 

CRE-mediated transcription. Epac can positively regulate transcription fac-

tors such as C/EBP, CREB, and SOCS-3, and also c-Jun and ATF2 have 
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been implicated as targets (Beavo and Brunton 2002, Sands and Palmer 

2008).  

 The level of cAMP varies throughout the cell, and as AC, PDE (phos-

phodiesterase), PKA and Epac signaling seems to be compartmentalized, it 

provides the possibility of obtaining different cAMP-dependent responses 

(Zaccolo et al. 2006, Lynch et al. 2007, Sands and Palmer. 2008).  

Termination of cAMP signaling is via the PDE that catalyse the hydroly-

sis of cAMP to 5’AMP (Beavo and Brunton 2002, Sands and Palmer 2008). 

 Apart from inhibiting adenylyl cyclase, the coupling of -AR to Gi-

proteins can lead to the activation of PI3K/Akt and subsequently Erk1/2 (not 

via Gs-cAMP), and also signaling via a G/Src/Ras/Raf-1-pathway (Zou et 

al. 1999, Gerhardt et al. 1999). 

PKA and G-protein receptor kinases (GRKs, known earlier as ARK (-

adrenergic receptor kinase)) can phosphorylate -AR and cause desensitiza-

tion of the receptors. This is the case for both the 1- and 2-AR (Benovic et 

al. 1985, Benovic et al. 1986, Roth et al. 1991, Freedman et al. 1995, Stros-

berg 1997). Upon phosphorylation of the -AR by GRK, -arrestin is re-

cruited (Lohse et al. 1992). Activated -arrestin is a link to clathrin-

dependent endocytosis (Lefkowitz 2004), and -arrestin can recruit PDE 

(Perry et al. 2002), recruit Src (Luttrell et al. 1999), act as a signal transducer 

(Lefkowitz 2004, Lefkowitz and Shenoy 2005) and block the interaction 

with Gs-proteins (Lohse et al. 1990). In contrast to the other -AR, the 3-

ARs have fewer sites for PKA- and GRK2-phosphorylation and these are in 

a non-favorable context (Liggett et al. 1993, Strosberg. 1997). Instead, the 

regulation may occur on the mRNA level, since continuous 3-AR-agonist 

stimulation induces decreased receptor mRNA levels (although transiently) 

(Granneman and Lahners 1995, Klaus et al. 1995, Bengtsson et al. 1996) 

which could result in functional desensitization. 

 In brown adipose tissue, 3-AR can couple to Gs-proteins and induce in-

creased cAMP levels (see Fig. 10) (Zhao et al. 1997, Lindquist et al. 2000, 

Fredriksson et al. 2001, Cannon and Nedergaard 2004). 3-AR have also 

been shown to be able to couple to Gi-proteins (Chaudhry et al. 1994, Gau-

thier et al. 1996, Gerhardt et al. 1999, Soeder et al. 1999); however, in 

mouse brown adipose tissue this seems not to be the case. Although PTX (a 

Gi-protein inhibitor) can increase cAMP levels and augment 3-AR-induced 

cAMP levels, it seems that the Gi-proteins are active regardless of which 

receptor is stimulated. Thus, Gi might be inhibiting the cAMP formation in 

the basal cell state (Lindquist et al. 2000, Cannon and Nedergaard 2004). 

Since the splice variant 3a-AR is the variant mainly expressed in brown 

adipocytes, it also indicates that Gs-coupling is the most relevant in these 

cells (Evans et al. 1999, Hutchinson et al. 2002). 

 cAMP is able to activate both PKA and Epac. However, in brown adipo-

cytes there is as yet no indication that Epac is involved in any cAMP-

mediated effects (Cannon and Nedergaard 2004). PKA is activated by NE in 



 46 

brown adipocytes (see Fig. 10), and the PKA inhibitor H89 (which in these 

cells does not have a direct effect on the 3-ARs) can block all the effects of 

3-AR-stimulation so far identified (Cannon and Nedergaard 2004). 

 
Fig. 10. Adrenergic signaling in brown adipose tissue. See text for further informa-
tion. The grey arrows indicate studies from laboratories that have seen different 
results from ours (-AR to Erk1/2 and 2-AR to Erk1/2 (Valladares et al. 2000). 
Mediators that have not been confirmed as signaling intermediates are shown with 
grey-colored text (Rap-1, B-Raf, PIP2 and DAG). 

The MAP kinase Erk1/2 can be activated via 3-AR in mouse brown adipo-

cytes through a cAMP/PKA/Src-pathway (Lindquist et al. 2000). The small 

G-protein Rap-1 and the protein kinase B-raf are both expressed in mouse 

brown adipocytes (Lindquist and Rehnmark 1998). As they can be activated 

by PKA (see above), it is possible that they could also induce the Erk1/2 

pathway (compare to (Vossler et al. 1997)). The activation of Erk1/2 does 

not involve Gi-proteins or PI3K, and forskolin can activate Erk1/2 via a 

PKA/Src-pathway (Lindquist et al. 2000). Also in rat brown adipocytes, NE, 

isoprenaline, and BRL-37344 were able to activate Erk1/2. Both BRL37344 

and dibutyryl-cAMP were able to induce the same Erk1/2 levels as NE, thus 

indicating that the pathway to Erk1/2 was via 3/Gs/cAMP (PKC and PI3K 

were not involved in the signaling pathway) (Shimizu et al. 1997). In con-
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trast to these studies, Valladares et al. found that in rat fetal brown adipo-

cytes all adrenergic receptors were able to stimulate Erk1/2, but this was not 

through cAMP/PKA, and forskolin (agonist on AC) could not stimulate 

Erk1/2 phosphorylation (Valladares et al. 2000). For the pathway of -

adrenergic receptor signaling to Erk1/2 in brown adipocytes, see Fig. 10. 

 

The activation of Erk1/2 by GPCR has also been proposed to be via transac-

tivation of receptor tyrosine kinases such as EGFR and PDGFR. However, in 

brown adipocytes NE and CL316243 did not activate Erk1/2 via EGFR, and 

neither was the EGFR phosphorylated when stimulated with NE (Lindquist 

2001); thus, in NE-induced Erk1/2 activation, transactivation of the EGFR is 

not an obligatory step. 
 The other two MAP kinases, p38 and JNK have also been investigated. 

p38 MAPK is activated via a 3-AR/PKA pathway (Cao et al. 2001) and as 

discussed in the review by Cannon and Nedergaard 2004, activation of the 

stress-activated JNK pathway is seen in brown adipose tissue in vivo during 

cold exposure, but in cell cultures NE does not stimulate this pathway (un-

published observations) (Cannon and Nedergaard 2004). 

 As mentioned above, PKA can also mediate the phosphorylation of 

CREB from adrenergic stimulation via a -AR/cAMP-pathway (neither Src 

nor Erk1/2 are involved in this pathway. CREB can, however, also be phos-

phorylated via an 1-AR pathway) (Thonberg et al. 2002). The increase in 

mRNA levels of ICER in brown adipocytes is via a -AR/cAMP/PKA-

pathway and does not occur via 1-AR/Ca
2+

/PKC (Thonberg et al. 2001).  

 The signaling via 3-AR/cAMP/PKA activates glucose uptake via a 

PI3K/conventional or novel PKC-pathway (Chernogubova et al. 2004). Al-

though this mechanism is dependent on 3-AR in wild-type cells, the signal-

ing is rescued by 1- and 1-AR in primary cultures from 3-AR-ablated 

mice (Chernogubova et al. 2005). Also, -AR, via cAMP, stimulate AMPK, 

and inhibition of AMPK blocks the -AR-stimulated glucose uptake partial-

ly (Hutchinson et al. 2005). 3-AR-stimulation leads to increased expression 

of GLUT1 but decreased expression of GLUT4. The glucose uptake induced 

by 3-AR seems to act via two mechanisms, one not dependent on de novo 

synthesis of GLUT1 or 4 (or on GLUT1 and GLUT4 translocation), and one 

dependent on newly synthesized GLUT1 protein and increase of GLUT1 at 

the plasma membrane (Dallner et al. 2006). 

  UCP1 expression is regulated by -AR signaling. In preadipocytes, UCP1 

mRNA expression is not induced by NE (Cannon and Nedergaard 2004). 

However, in mature brown adipocytes, NE, BRL37344, CGP-12177, forsko-

lin, and 8-Br-cAMP all increase UCP1 mRNA levels; thus, UCP1 mRNA 

can be activated by a 3-AR/cAMP-pathway. Furthermore, the 3-AR-

induced UCP1 mRNA expression is mediated by PKA (Rehnmark et al. 

1990, Fredriksson et al. 2001). In fetal rat brown adipocytes, UCP1 expres-
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sion was dependent on a -AR/cAMP/PKA-pathway, which was indepen-

dent of Erk1/2 phosphorylation (Valladares et al. 2000).Thus, the MAP ki-

nase Erk1/2 is not involved in regulating the UCP1 mRNA expression. 

However, p38 MAP kinase can induce UCP1 expression (via a cAMP/PKA 

pathway) (Cao et al. 2001). 

 Other genes influenced by -AR signaling are c-fos (via cAMP but also 

Ca
2+

) (Thonberg et al. 1994) and VEGF (via a 1/3-AR/cAMP/PKA/partly 

Src-pathway (not Erk1/2)) (Fredriksson et al. 2000). 

 In brown adipocytes, norepinephrine can stimulate proliferation via 1-

AR (in immature adipocytes) and stimulate differentiation (e.g. UCP1 gene 

expression) via 3-AR (in confluent adipocytes). This shift in use of recep-

tors can be seen over time in brown adipocyte cultures. Both receptors me-

diate their response via cAMP (Bronnikov et al. 1992, Bronnikov et al. 1997, 

Bronnikov et al. 1999). However, in fetal rat brown adipocytes, cell growth 

is mediated via -AR/Erk1/2 and is not dependent on either cAMP or PKA 

(Valladares et al. 2000).  

 In brown adipocytes, norepinephrine and isoprenaline can inhibit apopto-

sis (promote cell survival) via -AR/cAMP/PKA/Src/Erk1/2. Mice exposed 

to cold have reduced apoptosis in their brown adipose tissue (Lindquist and 

Rehnmark 1998, Cannon and Nedergaard 2004). This contributes to the in-

crease in cell numbers in the tissue after cold acclimation. 

 

 Interaction with caveolin and caveolae  

The 3-ARs have been shown to cofractionate with Cav1 in 3T3-L1 adi-

pocytes and to colocalize with Cav1 in mouse small intestine (El-Yazbi et al. 

2006, Ahmad et al. 2009). In adipocytes, stimulation with the 3-agonist 

CL316,243 did not influence the localization of the 3-AR (Ahmad et al. 

2009). 1- and 2-AR colocalization with caveolin has also been investi-

gated. In COS-7 cells overexpressing either 1-AR or 2-AR, both cofractio-

nated with Cav1 (Schwencke et al. 1999), and in both adult and neonatal rat 

cardiomyocytes, 2-AR colocalized with Cav3 (Rybin et al. 2000, Rybin et 

al. 2003). This is in contrast to what is seen in HEK293 stably transfected 

with 2-AR and transiently transfected with Cav3, where no colocalization 

could be seen (Pontier et al. 2008). All of these studies have used fractiona-

tion as their main method, and as discussed under methods, the use of frac-

tionation (dependent on method though) cannot conclude whether the recep-

tors are truly in caveolae or if they reside in the lipid raft fraction. Thus, a 

delineation of whether the -ARs are localized to caveolae or not, is not 

possible with these studies. It should be stated though that the 3a-AR have a 

putative caveolin-binding site, and when this site is mutated, the 3a-AR can 

interact with both Gs and Gi-proteins, thus implying that caveolin is involved 

in regulating 3a-AR signaling (Sato et al. 2007). 

The expression of 3-AR in the Cav1-ablated mice has given varying re-

sults depending on the tissue investigated; in perigonadal fat pads there was 
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no difference in the protein levels of 3-AR (Cohen et al. 2004); nor in the 

mRNA levels in the saphenous artery (Neidhold et al. 2007). Similarly, in 

3T3-L1 cells treated with Cav1 siRNA there was no effect on 3-AR protein 

levels (Ahmad et al. 2009). In contrast, the Cav1-ablated mice had less 3-

AR mRNA in murine detrusor (Wuest et al. 2009), and as shown in paper I, 

lower 3-AR protein levels in brown adipose tissue. An interesting finding, 

as discussed above in section 2.1, is that chronic -adrenergic receptor sti-

mulation in mice leads to downregulation of caveolin (Oka et al. 1997). 

Thus, caveolin may affect -AR expression depending on tissue, but the -

AR pathway can also regulate caveolin expression.   

 The influence of Cav1 on relaxation via -ARs in mouse small intestine, 

saphenous artery, and murine detrusor has been investigated (El-Yazbi et al. 

2006, Neidhold et al. 2007, Wuest et al. 2009). In the small intestine of 

Cav1-ablated mice, the isoprenaline-stimulated relaxation was desensitized, 

and the basal was higher than in the wild-type small intestine. Inhibition of 

the different -AR subtypes (CGP20712A (1), ICI118551 (2) and 

SR59230 (3)) shifted the relaxation curves to the right in the wild-type in-

testine but did not shift them further in the Cav1-ablated mice; thus indicat-

ing that all the -AR signaling was dependent on Cav1. Additionally, the 3-

AR-agonist BRL37344-stimulated relaxation in the Cav1-ablated mice was 

also desensitized (El-Yazbi et al. 2006). In contrast, in the saphenous artery, 

Cav1-ablation had no effect on 2-AR-induced relaxation, while 1-AR-

induced relaxation was abolished and instead a 3-AR-induced relaxation 

appeared. Thus, the 2-AR effect did not require Cav1, while the 1-AR ef-

fect required Cav1, and the 3-AR effect was inhibited by Cav1 (Neidhold et 

al. 2007). The two studies above are also in contrast to the ones in murine 

detrusor, where in wild-type detrusor only 2-AR seems to respond to iso-

prenaline (antagonists against 1- and 3-AR (CGP20712 and L748,337, 

respectively) do not cause a shift to the right as does the 2-AR antagonist 

(ICI118,551) after isoprenaline-stimulated relaxation), and in detrusor from 

Cav1-ablated mice, both antagonists against 2- and 3-AR partially shifted 

the relaxation curve (no effect of 1-AR) (Wuest et al. 2009). Thus, the 2-

AR signaling is strengthened by Cav1, while the 3-AR signaling is inhibited 

by Cav1. Wuest et al. also show that relaxation in human detrusor is only 

dependent on the 3-AR (Wuest et al. 2009). In conclusion, the 3-AR relax-

ation is desensitized in Cav1-ablated mouse small intestine, and in the sa-

phenous artery and the murine detrusor, 3-AR relaxation is inhibited by 

Cav1. Thus, depending on the tissue, Cav1 seems to have different roles in 

3-AR-mediated relaxation. 

 As already discussed in section 4.2, the effect of Cav1-ablation on 3-AR 

signaling in white adipocytes has also been studied. Cohen et al. showed that 

in wild-type perigonadal fat pads, the 3-agonist CL316,243 (CL) induced a 

complex formation between perilipin, Cav1 and PKAc, that did not form in 
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Cav1-(-/-) fat pads (the complex is also formed in 3T3-L1 cells). The Cav1-

(-/-) fat pads had increased protein levels of the PKA regulatory subunits RI 

and RIIa, and the PKA activity was higher. After stimulation with CL, the 

phosphorylation of cAMP response element binding protein (CREB) was 

increased, while the phosphorylation of perilipin was reduced (Cohen et al. 

2004). In agreement, knock-down of Cav1 in 3T3-L1 cells inhibits the CL-

induced phosphorylation of HSL and perilipin (Ahmad et al. 2009). Thus, 

Cav1 is important in 3-adrenergic signaling to PKA and downstream tar-

gets.  

 Activation of 3-adrenergic receptors can induce cAMP. In C6 glioma 

cells transfected with Cav1 siRNA, Allen et al. found that the isoprenaline-

induced cAMP levels were increased compared to the levels in wild-type 

cells (Allen et al. 2009). Thus, caveolin has a negative effect on -AR-

stimulated cAMP accumulation in these cells. In contrast, in Cav1-(-/-) ma-

ture brown adipocyte cultures, stimulation with the specific 3-agonist 

CL316,243 (CL) did not increase the cAMP levels to the same level as in the 

wild-type cultures (see paper IV). Also the adenylyl cyclase-agonist forsko-

lin gave a lower cAMP level in the Cav1-(-/-) cultures, although not to the 

same levels as the 3-agonist reduced levels. Thus, the CL-induced signaling 

to cAMP in brown adipocytes is dependent on Cav1. 

 Treatment of brown adipocytes with the cholesterol-disturbing agent 

filipin leads to reduced CL-stimulated cAMP accumulation (Sato et al. 

2007), thus indicating a positive role of membrane rafts in 3-AR signaling. 

Furthermore, pre-treatment with PTX was able to rescue the signal (Sato et 

al. 2007), thus Gi-coupling was responsible for the reduction in cAMP le-

vels.  

 The role of Cav1 for the activity of phosphodiesterases (PDE) has been 

investigated. Ahmad et al., found that in 3T3-L1 cells, CL preferentially 

activated phosphodiesterase 3B (PDE3B) that was associated with Cav1. 

Cav1 siRNA knockdown reduced the amount of CL-induced PDE3B activi-

ty. Also in epididymal fat pads from Cav1-ablated mice, PDE3B activity was 

decreased and the CL-induced activation of PDE3B was inhibited (in com-

parison to the insulin-induced response that was not affected) (Ahmad et al. 

2009). Thus, not only cAMP formation is impaired by Cav1-ablation, but 

also PDE3B activity is impaired (see also section 4.2).  

 In conclusion, Cav1 can affect signaling from -ARs; this effect seems to 

be tissue-specific and to depend on which receptor subtype that is investi-

gated. Cav1 seems to play a role in the 3-AR regulation of lipolysis in both 

white and brown adipose tissue. 
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5.2 2-adrenergic receptors 

The 2-adrenergic receptors are divided into three subtypes: 2A/D, 2B and 

2C (Docherty. 1998). The receptors are expressed in many different tissues; 

however, the expression of the different subtypes is variable between tissues 

(Saunders and Limbird 1999). The 2-adrenergic receptors are also ex-

pressed in brown adipose tissue (Cannon and Nedergaard 2004). In rat white 

pre-adipocytes, the agonist UK14304 stimulates proliferation (Bouloumie et 

al. 1994), while in fetal rat brown adipocytes, 2-ARs were able to inhibit 

cell proliferation (Valladares et al. 2000). 

 Different 2-AR-ablated mice have been generated. Two different 2A-

AR-ablated mice have been generated, one on a 129xC57Bl/6 background 

(MacMillan et al. 1996) and the other one on a 129SvxFVB/N (Altman et al. 

1999). MacMillan et al. found a loss of agonist hypotensive response, and 

Altman et al. found increased sympathetic activity and a reduced amount of 

cardiac -ARs (MacMillan et al. 1996, Altman et al. 1999). 2B-AR-ablated 

mice (generated by (Link et al. 1996)) show loss of agonist hypertensive 

response, and 2C-AR-ablated mice (generated by (Link et al. 1995)) are 

viable and fertile and appear grossly normal. The double-2A/2C-AR-

ablated mice (generated by (Hein et al. 1999)) lack presynaptic control of 

NE release, have increased plasma NE levels, develop cardiac hypertrophy 

and have reduced ventricular contractility (Karasinska et al. 2003). 

The natural ligands for the 2-ARs are, as for the -AR, norepinephrine 

and epinephrine (Bylund et al. 1994, Docherty 1998). Selective agonists and 

antagonists against the 2-AR exist. Discussed below are the 2-AR agonist 

clonidine (above also UK14304) and the antagonist yohimbine. 

 

Mediators of signaling 

2-ARs are able of coupling to G-proteins. The common pathway for the 

receptors is via Gi-coupling and the inhibitory effect of the Gi-subunit on 

adenylyl cyclase (i.e. lower production of cAMP) (Docherty 1998). Howev-

er, also the -subunit has been implicated in mediating 2-AR signaling 

(Clapham and Neer 1997), e.g. by activating MAP kinase (Faure et al. 1994, 

Lopez-Ilasaca et al. 1997). 

Other implicated mediators of the signaling pathway(s) are Src, Pyk2, 

Erk1/2, PLA2, PLC, PLD, and the receptors can activate receptor-operated 

K
+
-channels and inhibit voltage-gated Ca

2+
-channels (Alblas et al. 1993, 

Della Rocca et al. 1997, Saunders and Limbird 1999). Furthermore, stimula-

tion of 2-AR leads to the release of LPA in human white adipocytes (see 

LPA section) (Valet et al. 1998). 

 Protein kinase C (PKC), G-protein coupled protein kinase (GRK), and the 

scaffolding protein spinophilin have been shown to interact with the 2-ARs. 

PKC is able to phosphorylate the receptor and are implicated in mediating 
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heterologous desensitization, and may affect coupling to G-proteins and 

thereby the activity of the receptors. GRK2 has been shown to phosphorylate 

the receptor and is implicated in homologous desensitization of the recep-

tors. GRK2 phosphorylation recruits arrestins, which can stabilize the 2-AR 

phosphorylation and mediate receptor endocytosis and thereby recycling. 

Arrestin may play a role in resensitization of the receptor and also in locali-

zation of 2-AR-stimulated Erk1/2 (Saunders and Limbird 1999, Wang and 

Limbird 2007). Additionally, 2-AR-stimulated Erk1/2 activation via Src 

seems to be dependent on arrestin. The scaffolding protein spinophilin, 

seems to counteract the effect of arrestin and leads to reduced receptor phos-

phorylation, signaling desensitization and receptor internalization (Wang and 

Limbird 2007). 

 In mature mouse brown adipocytes, stimulation with norepinephrine at 

higher concentrations (0.1 M) in the presence of yohimbine (2-AR anta-

gonist) increased cAMP levels to levels comparable with selective stimula-

tion with 3-AR specific agonists (Bronnikov et al. 1999). Thus, 2-AR inhi-

bit the increase in cAMP seen with NE-stimulation. Gi-proteins are present 

in mouse brown adipocytes (Svoboda et al. 1996, Bourova et al. 2000), and 

the Gi-protein inhibitor pertussis toxin (PTX) was shown to increase both 

BRL37344 (3-agonist)- and ACTH-stimulated cAMP levels (Lindquist et 

al. 2000). Thus, a Gi-protein is also present that can inhibit cAMP produc-

tion. This Gi-protein was however not required for Erk1/2 phosphorylation in 

response to BRL37344 or NE (Lindquist et al. 2000). Direct stimulation of 

2-ARs with clonidine did not increase Erk1/2 phosphorylation (Lindquist 

2001). In conclusion, these data indicate that 2-AR in brown adipocytes is 

able to inhibit cAMP production via a Gi-protein, and that the 2-AR cannot 

activate Erk1/2. However, Valladeres et al. showed that in fetal rat brown 

adipocytes, 2-ARs were able to stimulate Erk1/2 phosphorylation. The 2-

ARs were also able to inhibit cell proliferation, and did not influence the 

UCP1 mRNA levels (Valladares et al. 2000). In Fig. 10, part of the signaling 

mediators of 2-AR in brown adipose tissue is summarized. 

 

Interaction with caveolin and caveolae  

So far, only one study has investigated the importance for caveolae/lipid 

rafts for 2-ARs. Olle-Lähdesmäki et al. investigated the internalization me-

chanism after NE stimulation in PC12 cells and HEK293 cells, with both cell 

lines stably expressing either human 2A- or human 2B-AR. They utilized 

hyperosmotic sucrose pretreatment to block clathrin-dependent endocytosis 

and filipin to block formation of caveolae from the plasma membrane. They 

found that the 2B-AR seems to only be dependent on clathrin-dependent 

endocytosis, while the 2A-AR seemed to utilize both clathrin-dependent and 

caveolae-mediated endocytosis (Olli-Lahdesmaki et al. 2003). However, 

since filipin works as a cholesterol-binding agent, not only caveolae will be 

affected but also lipid rafts and other endocytotic pathways. Thus, the con-
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clusion should be that 2A-AR utilize both clathrin-dependent and filipin-

sensitive endocytosis. 

5.3 1-adrenergic receptors 

The 1-adrenergic receptors can be divided into three subtypes: 1A, 1B, and 

1D. Possibly, also a fourth subtype exists, the 1L (Hieble et al. 1995, Gar-

cia-Sainz et al. 1999, Docherty 1998). The 1-ARs are expressed in many 

cell types; however, the expression of the different subtypes is very variable 

between both organs and species (Garcia-Sainz et al. 1999). 

 In brown adipose tissue, 1-ARs are present, with the 1A-AR being the 

primarily expressed (Cannon and Nedergaard. 2004). Kikuchi-Utsumi et al. 

showed that in rats acutely exposed to cold, the expression of 1A-AR was 

increased, the 1B-AR was unchanged, and 1D-AR was transiently de-

creased in the brown adipose tissue (also seen with norepinephrine). Long-

term acclimation to cold resulted in an up-regulation of the 1A-AR, and 

down-regulation of the 1B-and 1D-AR (Kikuchi-Utsumi et al. 1997). How-

ever, in HEK293 cells stably expressing the different 1-AR subtypes, Lei et 

al showed that stimulation with norepinephrine down-regulated 1A- and 

1D-AR density, but the 1B-AR density was increased (Lei et al. 2001). 

Although 3-ARs are predominantly responsible for lipolysis and nonshiver-

ing thermogenesis in brown adipocytes, the 1-ARs can also contribute to a 

small extent (Cannon and Nedergaard 2004), and e.g. 1-ARs can increase 

the thermogenic effect of 3-AR-generated cAMP in Syrian hamster brown 

adipocytes (Zhao et al. 1997). 

1-AR-ablated mice have been generated with regard to the different 1-

AR subtypes (for further information see (Sanbe et al. 2009)) as well as an 

1-AR triple-ablated mouse (1A-, 1B- and 1D-ablated) (Sanbe et al. 2007, 

Sanbe et al. 2009). However, none of these studies has investigated the effect 

on brown adipose tissue in these mice. In the triple-ablated mice, it was 

shown that 1-AR was important for normal contractility of the vas deferens 

and fertility (Sanbe et al. 2007). The triple-ablated mice also have enhanced 

vascular contractility in the thoracic aorta (Sanbe et al. 2009).  
 In the C-terminal parts of the receptor there are sites that can be phospho-

rylated by several protein kinases, e.g protein kinase C (PKC), G-protein 

receptor kinase (GRK) and protein kinase A (PKA). These phosphorylations 

can be involved in receptor internalization and desensitization (Garcia-Sainz 

et al. 1999).  

 The natural ligands for the 1-ARs are as for the 2-ARs and the -ARs 

norepinephrine and epinephrine (Bylund et al. 1994, Docherty 1998). Selec-

tive agonists and antagonists against the 1-AR exist. Discussed below is the 

1-AR agonist cirazoline. 
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Mediators of signaling  

 The 1-ARs have been shown to couple to Gq/11-proteins. This leads to 

the activation of phospholipase C (PLC), which in turn cleaves phosphatidyl-

inositol 4,5-bisphosphate PI(4,5)P2 to diacylglycerol (DAG) and inositol-

1,4,5-trisphosphate (IP3). DAG can activate protein kinase C (PKC), and IP3 

triggers the release of Ca
2+

 from the endoplasmic reticulum leading to an 

increase in intracellular Ca
2+

 (Wu et al. 1992, Wu et al. 1995, Docherty 

1998, Garcia-Sainz et al. 1999, Hubbard and Hepler 2006). However, the 

receptors have also been shown in certain systems to couple to Gs, Gi, Go and 

G12/13 (Gudermann et al. 1997, Docherty 1998, Garcia-Sainz et al. 1999, 

Khorchid et al. 1999, Melien et al. 2000, Gallego et al. 2005, Hein and Mi-

chel 2007). The Gs-pathway leads to an increase in cAMP levels and an acti-

vation of PKA, and the Gi-pathway has been shown to lead to PI3K and 

Ras/Raf/MEK/MAPK signaling (Garcia-Sainz et al. 1999, Khorchid et al. 

1999, Gallego et al. 2005). Other implicated mediators of 1-ARs signaling 

are Rho (Sah et al. 1996), Src, PYK2 (Della Rocca et al. 1997), PLA2, PLD 

(Hein and Michel 2007), JNK and p38 (Yamauchi et al. 2001). Additionally, 

in L6 muscle cells, the 1A-AR is able to activate glucose uptake in a PLC-, 

PI3K-, and atypical PKC-dependent manner (Hutchinson and Bengtsson 

2005). Furthermore, the 1-ARs can regulate the gene expression of the early 

genes c-jun and c-fos (Garcia-Sainz et al. 1999). 

In brown adipose tissue, cirazoline has been shown to reduce apoptosis 

and induce Erk1/2 activation (Lindquist and Rehnmark 1998). This Erk1/2 

activation was via Src, but did not involve Gi-proteins, PI3K, or PKA (Lind-

quist et al. 2000). Stimulation of 1A-ARs also leads to the formation of IP3 

(Nanberg and Putney 1986) and increases intracellular Ca
2+

 levels (Wilcke 

and Nedergaard 1989). This is probably through Gq-proteins, which are 

present in brown adipose tissue (shown by (Bourova et al. 2000)). The in-

crease in Ca
2+

 levels activates phosphodiesterase (PDE) that is able to break 

down cAMP during forskolin treatment (Bronnikov et al. 1999). However, 

direct stimulation of the 1A-ARs did not affect the cAMP levels (Thonberg 

et al. 1994). Stimulation of 1A-ARs also leads to CREB phosphorylation via 

PKC (no involvement of Ca
2+

) (Thonberg et al. 2002), and induces gene 

expression of c-fos (Thonberg et al. 1994), but has no effect on VEGF 

mRNA levels (Fredriksson et al. 2000). In Fig. 10, part of the signaling me-

diators of 1-AR in brown adipose tissue is summarized. 

 

Interaction with caveolin and caveolae 

The 1-ARs have been indicated to cofractionate with caveolins in CHO 

cells (hamster 1B-ARs cofractionated with Cav1) (Toews et al. 2003), and 

shown to cofractionate in rat cardiac tissue (Cav3) (Fujita et al. 2001), and in 

rat heart membrane (Cav3, only 25% colocalize) (Lanzafame et al. 2006). 

However, in rat tail artery (Cav1) (Dreja et al. 2002) and adult mouse cardiac 

myocytes from 1A/1B-AR-ablated mice transfected with either 1A-AR-
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GFP or 1B-AR-GFP (Cav3) (Wright et al. 2008), the receptors did not colo-

calize with caveolin. Thus, whether the receptors colocalize to caveolin 

might be dependent on the cell type or the methodology used. The studies 

have used fractionation as their main method and as discussed above, this 

does not conclude that the receptors are actually in caveolae compared to 

lipid rafts. However, Fujita et al. used immunoprecipitation (Cav1 and 1-

AR colocalized) and Wright et al. used confocal microscopy (did not colo-

calize); thus these possibly more specific methods (depending on antibody 

specificity and methodology) did not shed more light on the localization of 

the receptors. 

 The effect on 1-AR signaling in Cav1-ablated mice has been investi-

gated. Neidhold et al. found that there was no difference in the mRNA ex-

pression levels of 1A-, 1B- or 1D-AR in the saphenous artery of Cav1-

ablated mice compared to levels in the wild-type mice, and no difference in 

1-AR-mediated contractions (Neidhold et al. 2007). Albinsson et al. found 

also no differences in the 1-AR-mediated contractions in the aorta of Cav1-

ablated mice compared to 1-AR-mediated contractions in the wild-type 

mice. However, in the small mesenteric arteries there was an increase in the 

1-AR-mediated contractions (Albinsson et al. 2007). Furthermore, Shakiro-

va et al. found that femoral arteries in Cav1-ablated mice have higher con-

traction force after cirazoline stimulation (Shakirova et al. 2006). Thus, de-

pending on the tissue, Cav1 seems to be important for 1-AR-mediated con-

traction. 

 Methyl--cyclodextrin (mCD) has been widely used to investigate the 

influence of caveolae/lipid rafts on 1-AR signaling. Dreja et al. found that 

the 1-AR-mediated contraction in rat tail artery was not changed after 

treatment with mCD (Dreja et al. 2002). In contrast, Morris et al. found that 

in neonatal rat cardiomyocytes, mCD inhibited the rise in the inositol phos-

phate levels after phenylephrine stimulation (Morris et al. 2006), and Wang 

et al. found that cat atrial myocytes treated with mCD failed to increase 

NOi after phenylephrine stimulation (Wang et al. 2005). Thus, in these two 

studies, caveolae/lipid rafts seem to be of importance for 1-AR signaling. A 

third scenario has been seen in rat-1 fibroblasts stably transfected with hu-

man HA-1a-AR, where Lei et al. found that treatment with mCD increased 

the basal levels of inositol phosphates and that after phenylephrine treatment 

a lower maximum was obtained (Lei et al. 2009). Thus, caveolae/lipid rafts 

inhibited the basal levels, but were needed for the 1a-AR-mediated re-

sponse. In these cells, mCD also altered the binding affinity for phenyleph-

rine (increased) and prazosin (decreased), and the level of 1a-AR on the cell 

surface was decreased (Lei et al. 2009). Thus, also here, depending on tis-

sue/cell type, caveolae/lipid rafts (cholesterol) seem to have different im-

pacts on 1-AR-signaling. 
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 In addition, the agent filipin has been utilized. Wright et al. found that 

filipin treatment reduced the amount of phosphorylated Erk1/2 that coloca-

lized to Cav3 after phenylephrine stimulation (1A/1B-AR knockout adult 

mouse cardiac myocytes with transfected 1A-GFP) (Wright et al. 2008). 

 Signaling mediators of the 1-AR pathway have also been shown to colo-

calize with Cav3; e.g. Gq, PLC1, PLC3 and inositol phosphates (PI, PIP 

and PIP2) (Fujita et al. 2001, Lanzafame et al. 2006, Morris et al. 2006). 

 In conclusion, caveolin and caveolae might play a role in localization of 

the 1-AR and its signaling. Whether this is dependent on cell type or me-

thodology remains to be seen. 

5.4 LPA receptors  

The lysophosphatidic receptors (LPAxR) are G-protein-coupled receptors 

(GPCRs) that are expressed in most investigated cell types. They can be 

divided into two structurally different groups, the endothelial differentiation 

gene (Edg) receptor family, and the “non-Edg” receptor family. The Edg 

family consists of LPA receptor 1, 2 and 3 (Edg2/Vzg-1, Edg4 and Edg7, 

respectively) and the non-Edg family of LPA receptor 4, 5 and 6 

(p2y9/GPR23, GPR92/GPR93 and p2y5, respectively) (Anliker and Chun 

2004, Moolenaar et al. 2004, Ishii et al. 2009). In Fig. 11, a phylogram of the 

mouse LPA receptors and the related Edg-family receptors for sphingosine-

1-phosphates (S1Ps) is shown. 

 
Fig. 11. Phylogram of LPA receptors. The nucleotide sequences were taken from the 
nucleotide database in NCBI (National Center for Biotechnology Information), 
LPA1R: NM_010336.2, LPA2R: NM_020028.3, LPA3R: NM_022983.4, LPA4R: 
NM_175271.4, LPA5R: NM_001163268.1, LPA6R: NM_175116.4, S1P1R: 
NM_007901.5, S1P2R: NM_010333.4, S1P3R: NM_010101.4, S1P4R: 
NM_010102.1 and S1P5R: NM_053190.2. The phylogram was generated in the 
program ClustalW2. 

 LPAxR-ablated mice have been generated. LPA1R-ablated mice (generat-

ed by (Contos et al. 2000)) have reduced body size, reduced brain mass, 

show craniofacial dysmorphism, defects in the cortical development, and 

impaired suckling behavior. The mice show 50% perinatal lethality. LPA2R-

ablated mice show no abnormalities and double-LPA1R/LPA2R-ablated mice 
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have the same phenotype as the LPA1R-ablated mice (both generated by 

(Contos et al. 2002)). LPA3R-ablated mice (generated by (Ye et al. 2005)) 

show delayed implantation, altered embryo spacing, and reduced litter size 

(Choi et al. 2008). Regarding the other LPA-R subtypes, no ablated mice 

have been generated as yet. 

Lysophosphatidic acid (LPA, 1- or 2-acyl-sn-glycero-3-phosphate) is a 

bioactive phospholipid that plays important roles in various biological 

processes, such as proliferation, cell survival, cell motility, and differentia-

tion (Anliker and Chun 2004, Moolenaar et al. 2004, Ishii et al. 2009). A key 

component in these processes is the Erk1/2 MAP kinase pathway (Dixon and 

Brunskill 1999, Fang et al. 2000, Li et al. 2003, Cechin et al. 2005). LPA can 

be secreted from cell types such as platelets, fibroblasts, adipocytes and can-

cer cells, is present in e.g. serum and plasma, and can act in both an auto-

crine and a paracrine manner (Pages et al. 2001b). Secretion of LPA from 

human adipocytes has been shown to be under the regulation of 2-AR sti-

mulation, and both conditioned medium and LPA by itself can regulate cell 

spreading and proliferation of the adipocyte-like cell line 3T3-F442A (Valet 

et al. 1998). 

 

Mediators of signaling  

As the LPA receptors belong to the G-protein coupled receptor family, 

they can couple to G-proteins. The receptors are able to couple to any of the 

four types of G-proteins: Gi/o, Gq/11, G12/13 and Gs ( Moolenaar 1999, Anliker 

and Chun. 2004), with LPA1R and LPA2R coupling to Gi/o, Gq/11 and G12/13, 

LPA3R to Gi/o and Gq/11, LPA4R to Gi, Gq/11, G12/13, and Gs, LPA5R to Gq/11 

and G12/13, and LPA6R to Gi, G12/13, and Gs as yet (depicted in Fig. 12) (Ishii 

et al. 2009). 

 
Fig. 12. G-coupling of LPA receptors. 

 

Further mediators of the LPA signaling pathway are phosphatidylinositol-3-

kinase (PI3K), protein kinase C (PKC), and Src. PI3K can mediate signaling 
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to Erk1/2 activation (Hawes et al. 1996, Kranenburg et al. 1997, Cechin et 

al. 2005, Shah et al. 2006) and this PI3K-dependent activation can be me-

diated via Gi-coupled LPA receptors (Mills and Moolenaar 2003, Chou et al. 

2005, Chen et al. 2008). PKCs can be involved in LPA signaling (Radeff-

Huang et al. 2004, Facchini et al. 2005) and especially in signaling to Erk1/2 

(Yu et al. 2004, Cechin et al. 2005, Kassel et al. 2008), and also Src tyrosine 

kinases can be involved in Erk1/2 signaling (Luttrell et al. 1996, Jeong et al. 

2008). Other implicated mediators are Grb2, Rho, Ras, PLC and NHERF2 

(Moolenaar 1995, Kranenburg et al. 1999, Oh et al. 2004). 

The LPA-induced Erk1/2 activation is generally thought to be activated 

via so-called transactivation, and several articles have reported on this phe-

nomenon (Daub et al. 1996, Cunnick et al. 1998, Herrlich et al. 1998, Della 

Rocca et al. 1999, Goppelt-Struebe et al. 2000, Kue et al. 2002, Wang et al. 

2003, Shah et al. 2006, Xu et al. 2007, Rodland et al. 2008). It has been 

shown that the transactivation can be mediated via epidermal growth factor 

(EGF) receptors (Daub et al. 1997, Gschwind et al. 2002, Kue et al. 2002, 

Shah et al. 2005, Xu et al. 2007, Rodland et al. 2008) or platelet-derived 

growth factor (PDGF) receptors (Herrlich et al. 1998, Goppelt-Struebe et al. 

2000). However, in some cell types investigated, the dependence on EGF (or 

PDGF) receptor transactivation is only partial (Della Rocca et al. 1999, 

Goppelt-Struebe et al. 2000, Wang et al. 2003, Shah et al. 2005, Gesty-

Palmer et al. 2005). As discussed in paper III, in more physiological systems 

(i.e. primary cell cultures) it seems that transactivation is not as important for 

LPA signaling (Shah et al. 2005, Karagiosis et al. 2009). We show in paper 

III that in brown pre-adipocytes and the adipocyte-like cell line 3T3-F442A, 

LPA-induced Erk1/2 activation was independent of transactivation via the 

EGFR (also via the PDGFR). However, LPA-induced Erk1/2 activation in 

the transformed brown-fat derived cell line HIB-1B was dependent on EGFR 

transactivation. As further shown in paper III, brown pre-adipocytes express 

the LPA receptors 1-4 and 6, and LPA induced Erk1/2 activation via two 

non-transactivational pathways: one Gi-protein-PKC-Src dependent, and the 

other, a PTX-insensitive pathway, involving PI3K (but not Akt) activation. 

LPA did not induce cAMP, indicating that the activated LPA receptors are 

not Gs-coupled. In Fig. 13, the LPA signaling pathways in brown adipose 

tissue are depicted. 

 

LPA has been shown to directly interact with peroxisome proliferator-

activated receptor  (PPAR). McIntyre et al. showed that LPA is able to 

displace the PPAR agonist rosiglitazone and that LPA could stimulate the 

expression of a PPAR-responsive element (PPRE) reporter (McIntyre et al. 

2003). In white pre-adipocytes and 3T3-F442A cells, LPA has anti-

adipogenic effects and induces proliferation, and Simon et al. showed that 

LPA reduced PPAR2 gene expression (Valet et al. 1998, Pages et al. 2001a, 

Simon et al. 2005). Also in brown pre-adipocytes, LPA was found to reduce 
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PPAR gene expression, pointing to dedifferentiating/pro-proliferative effect 

of LPA (unpublished observations). 

 
Fig. 13. LPA signaling in brown adipose tissue. 

Interaction with caveolin and caveolae 

Not many studies have investigated the effect of caveolin on LPA signal-

ing. In pCMVECs (porcine cerebral microvascular endothelial cells), Gobeil 

at al. showed that both clathrin and caveolin-1 (Cav1) immunoprecipitated 

with LPA1R at the plasma membrane, but at the nuclei only Cav1 co-

precipitated, thus implying that LPA receptors are only internalized via ca-

veolae and not clathrin. When these cells were treated with either filipin or 

methyl--cyclodextrin, there was no change in LPA-induced Cox-2 mRNA 

expression (Gobeil et al. 2003). Thus, caveolae/lipid rafts were not necessary 

for LPA signaling to increase Cox-2 mRNA expression. In Cos-7 cells, Kra-

nenburg et al. showed that treatment with methyl--cyclodextrin decreased 

LPA-induced Erk1/2 phosphorylation, but increased LPA-induced ras acti-

vation (Kranenburg et al. 2001). So in contrast to Gobeil et al. (where Cox-2 

mRNA expression was not changed), Kranenburg et al. showed that the 

presence of caveolae/lipid rafts activated LPA-induced Erk1/2 phosphoryla-

tion but inhibited ras activation. Sphingosine-1-phosphate (S1P)-signaling 

has also been investigated; Igarashi et al. found that the EDG-1 receptor co-

immunoprecipitated with Cav1 and that overexpression of Cav1 diminished 

S1P-mediated endothelial nitric oxide synthase (eNOS) activation and in-

creased agonist-induced phosphorylation of the EDG-1 receptor (Igarashi 

and Michel 2000). Thus, in conclusion, these studies have shown that the 

receptors can be located to caveolae, and that Cav1 can be positive, negative 

or have no impact on the downstream signaling. 
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In Cav1(-/-) brown pre-adipocyte cultures, the ablation of Cav1 did not 

influence the LPA-induced Erk1/2 activation on a short-term basis (paper 

IV). This is thus in contrast to the Erk1/2 activation findings of Kranenburg 

et al. (Kranenburg et al. 2001). As Gobeil et al. found that the LPA1Rs are in 

caveolae but the signaling to Cox-2 mRNA expression is not affected by 

cholesterol-disturbing agents (Gobeil et al. 2003), it is possible that the LPA 

receptors in brown pre-adipocytes can be localized to caveolae even though 

the signaling pathway to Erk1/2 are not dependent on Cav1. 

5.5 EGF receptors 

The epidermal growth factor receptors (EGFRs) are receptor tyrosine kinases 

(RTKs) and belong to the ErbB family. In the following section, the ErbB 

family of receptors and their ligands and signaling will be discussed, but the 

focus will lie on the EGFRs, especially regarding the interaction with the 

caveolae/caveolin (see below). The ErbB family consists of four members: 

EGFR (/ErbB1/human EGF receptor 1(HER1)), ErbB2 (/Neu/HER2), ErbB3 

(/HER3) and ErbB4 (/HER4). All receptors have an extracellular ligand-

binding domain, a cytoplasmic protein tyrosine kinase domain, and a mem-

brane-spanning domain (Olayioye et al. 2000, Hynes et al. 2001, Prenzel et 

al. 2001). Many dimerization patterns exist, both as homo- and heterodimers 

(e.g. ErbB1/ErbB1, ErbB1/ErbB2, ErbB2/ErbB3, ErbB4/ErbB4 and 

ErbB2/ErbB4), although the ErbB3/ErbB3 cannot signal due to impaired 

kinase activity (Olayioye et al. 2000, Jorissen et al. 2003). ErbB2 seems to 

be the preferred heterodimerization partner for the other family members, 

and one function of ErbB2 is to decrease ligand dissociation from the recep-

tor complex (Olayioye et al. 2000, Prenzel et al. 2001). The ErbB receptors 

are expressed in several tissues with an epithelial, mesenchymal and neuron-

al origin. ErbB receptors have been implicated in development, proliferation, 

and differentiation. Also deregulation of ErbB expression seems to play an 

important role in development and malignancy of numerous types of cancers 

(Olayioye et al. 2000, Holbro et al. 2003). The EGFR ligand EGF has been 

shown to stimulate the proliferation and inhibit the differentiation of rat adi-

pocyte precursors isolated from inguinal fat pads (Serrero 1987). Regarding 

brown adipose tissue, EGF has been shown to induce proliferation in cul-

tures of rat fetal brown adipocyte cultures (Valverde et al. 1991), in rat 

brown adipocytes (Garcia and Obregon 1997, Garcia and Obregon 2002), in 

a brown adipocyte-like cell line (Nakano et al. 2007), and in mouse brown 

pre-adipocytes (paper II). In addition, EGF inhibits uncoupling protein 1 

(UCP1) gene expression in rat brown adipocytes, thus inhibiting differentia-

tion (Garcia and Obregon 2002). 
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 ErbBx-ablated mice have been investigated and as reviewed in Olayioye 

et al. (Olayioye et al. 2000), ErbB1-ablation mice leads to embryonic or 

perinatal lethality (depending on the genetic background), and the mice have 

abnormalities in multiple organs such as brain, skin, lung and gastrointestin-

al tract (generated by (Miettinen et al. 1995), (Sibilia and Wagner. 1995), 

and (Threadgill et al. 1995)). The ErbB2-ablated mice and ErbB4-ablated 

mice die at midgestation (E10.5) due to malformations in the heart (ErbB2
-/-

 

mice generated by (Lee et al. 1995) and (Erickson et al. 1997), and ErbB4
-/-

 

generated by (Gassmann et al. 1995)). The ErbB3-ablated mice die around 

E13.5 and have defective valve formation in the heart (generated by (Rieth-

macher et al. 1997) and (Erickson et al. 1997)). 

 

The ligands that bind to the ErbB receptors are a family of ligands – the 

EGF-related peptide growth factors. They can be classified into 4 subgroups 

depending on their binding: 1) EGF, amphiregulin and transforming growth 

factor- (TGF-) can bind ErbB1, 2) betacellulin, heparin-binding EGF 

(HB-EGF) and epiregulin can bind both ErbB1 and ErbB4, 3) neuregulins 

(NRG)-1 and -2 can bind ErbB3 and ErbB4, and 4) NRG-3 and -4 can bind 

ErbB4. For ErbB2 no direct ligand has been found, and ErbB2 is now 

thought to function as a coreceptor (see Fig. 14) (Olayioye et al. 2000, 

Hynes et al. 2001, Prenzel et al. 2001, Harris et al. 2003). The ligands are 

generally synthesized as glycosylated transmembrane precursors that are 

proteolytically cleaved from the cell surface; however, they can also be ac-

tive before this cleavage (Massague and Pandiella 1993, Prenzel et al. 2001). 

Most of the ErbB ligands will act in an autocrine or a paracrine fashion, and 

the availability of the ligand will decide whether a specific signaling path-

way is activated or not (Olayioye et al. 2000, Harris et al. 2003). The ligands 

are bivalent and are able to influence which receptor dimer that is formed 

and thereby which signaling that should take place. The ligands also possess 

different binding affinities (Olayioye et al. 2000, Hynes et al. 2001). There 

have been many studies investigating how the ligands bind to the receptor; 

however, this will not be discussed here (see cited reviews (Heldin 1995, 

Lemmon et al. 1997, Olayioye et al. 2000, Jorissen et al. 2003).  

 Not only the above-mentioned ErbB ligands can activate the ErbB recep-

tors; a process named transactivation can occur (as discussed above for LPA 

signaling). Transactivation is the activation of e.g. MAP kinases (leading to 

gene transcription and proliferation (Hynes et al. 2001, Prenzel et al. 2001)) 

by an EGFR that has been activated indirectly from an activated GPCR 

(such as the LPAR). For more reading about transactivation, see (Prenzel et 

al. 1999, Hynes et al. 2001, Prenzel et al. 2001, Pai et al. 2002, Holbro et al. 

2003, Harris et al. 2003, Gschwind et al. 2003, Madarame et al. 2003). 
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Fig. 14. EGF binding to the ErbB receptors. Modified from (Olayioye et al. 2000, 
Hynes et al. 2001). 

The ErbB receptors are constantly cycled between the plasma membrane and 

the endosomal compartment. They are internalized (half-time about 30 min) 

but then quickly recycled. This process is somewhat slower for the EGFRs 

than the rest of the ErbB receptors. However, upon ligand binding, the 

EGFRs have accelerated internalization and increased lysosomal targeting, 

and compared to the other members, EGFR signaling occurs mostly from the 

endosomes (Baulida et al. 1996, Prenzel et al. 2001, Wiley 2003). The inter-

nalization can take place via clathrin-coated pits, caveolae, and circular dor-

sal ruffles (Beguinot et al. 1984, Baulida et al. 1996, Prenzel et al. 2001, Puri 

et al. 2005, Sigismund et al. 2005, Orth and McNiven 2006). The internaliza-

tion has been shown to involve monoubiquitination with the ubiquitin ligase 

Cbl and the adaptor molecule CIN85 (Cbl-interacting protein of 85 kDa) 

(Dikic 2003, Haglund et al. 2003a, Haglund et al. 2003b). Ligand-dependent 

mono-ubiquitination and subsequent receptor internalization and degradation 

have also been shown for the PDGFRs (Haglund et al. 2003b). Sprouty2, a 

protein that can interact with Cbl and CIN85, has been shown to inhibit 

downregulation of EGFR (Haglund et al. 2005). 

 

Mediators of signaling 

 Upon ligand binding, ErbB will homo- or hetero-dimerize. This will acti-

vate intrinsic tyrosine kinase activity and lead to autophosphorylation of 

specific tyrosine residues in the intracellular domain. These phosphoryla-

tions will act as docking sites for signaling molecules as discussed below. 

Depending on the ligand that is bound and what dimerization took place, this 

will lead to different effects in the cell, e.g. gene expression and other bio-

logical responses (Olayioye et al. 2000, Hynes et al. 2001, Prenzel et al. 

2001, Jorissen et al. 2003). 

 The signaling mediators of ErbB signaling are usually proteins containing 

Src homology 2 (SH2) domains or phosphotyrosine binding (PTB) domains. 
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No general signaling pathway has been found between the cell types investi-

gated, but some of the candidates are the adaptor proteins Shc, Crk, Grb2, 

Grb7 and Gab1, and kinases like Src, PI3K and Chk. Also, the protein tyro-

sine phosphatases SHP1 and SHP2, ras-GAP, PLD, PLC, c-Abl, c-Cbl,  

Eps15, JAK/STAT, p38 and -arrestin have been implicated (Hu et al. 1992, 

Olayioye et al. 2000, Hynes et al. 2001, Prenzel et al. 2001, Jorissen et al. 

2003, Frey et al. 2006, Hupfeld and Olefsky 2007). 

 In many cell types, EGF controls cell proliferation through the Erk1/2 

MAP kinase pathway. One pathway to activate Erk1/2 is via Shc and Grb2 

(growth factor receptor bound 2)/Sos (son of sevenless, a GEF (guanine-

nucleotide exchange factor). Sos will recruit the G-protein Ras that can then 

activate the serine-threonine kinase Raf. Raf in turn activates MEK1 that 

then phosphorylates Erk1/2. Downstream of Erk1/2 are e.g. the transcription 

factors Elk-1 and c-fos that can regulate gene expression (Buday and 

Downward 1993, Yart et al. 2001, Prenzel et al. 2001, Jorissen et al. 2003,). 

However, also PI3K/Akt (Wennstrom and Downward. 1999, Yart et al. 

2001, Chaudhary and Hruska. 2001), PKC (Corbit et al. 2000, Cohen et al. 

2006) and Src (Roche et al. 1995, Olayioye et al. 2001, Krymskaya et al. 

2005) can mediate Erk1/2 activation or cell proliferation upon EGF stimula-

tion.  

In brown pre-adipocytes, we found that Erk1/2 is a common and essential 

step in EGF-stimulated cell proliferation (see paper II). The EGF-induced 

Erk1/2 activation was only partially dependent on Src, and another pathway 

to the MAP/Erk kinase (MEK) exists. EGF also induced the PI3K-Akt path-

way; however, this did not lead to Erk1/2 activation. Additionally, PKCs 

were not involved in EGF-induced Erk1/2 activation. In Fig. 15, the EGF 

signaling pathway in brown adipose tissue is depicted. 

 

Interaction with caveolin and caveolae  

Of the main receptors discussed in this thesis, the ErbB receptors and the 

influence of caveolae/caveolin on their localization and signaling have been 

by far the most investigated. Perhaps one reason is the implication of both 

the ErbB receptors and caveolin-1 in cancer (Cav1 may act as a tumor sup-

pressor (compare section 2.2)). In this section, I have limited the content to 

mainly focus on the influence of Cav on EGFR localization and the signaling 

pathways leading to Erk1/2 activation.  

The EGFRs have been shown to both colocalize and not to colocalize 

with caveolin/caveolae (see reviews by (Pike 2005, de Laurentiis et al. 

2007)). EGFR has been cofractionated with the caveolae/lipid raft fractions 

in normal human fibroblasts (Smart et al. 1995), in A431 cells (Couet et al. 

1997) and in PAC-1 smooth muscle cells (rat pulmonary artery) (Liu et al. 

2007). Also in Rat1 cells, normal human fibroblasts (Mineo et al. 1996, Mi-

neo et al. 1999), human bronchial smooth muscle cell line (Gosens et al. 

2007) and rat liver (Wang et al. 2009) EGFR colocalized with the caveo-
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lae/lipid raft fractions. However, upon ligand binding in these cells the 

EGFR was reduced from the caveolae/lipid raft fraction either by moving to 

the bulk membrane and/or being endocytosed. 

 

 
Fig. 15. EGF and PDGF signaling in brown adipose tissue. 

That the EGFR was able to colocalize with Cav1 was shown by Couet et al. 

by co-immunoprecipitation (Couet et al. 1997). However, in the same cell 

line, in a study by Waugh et al., EGFR did not co-immunoprecipitate with 

Cav1, and the conclusion was that the EGFR resided in lipid rafts (Waugh et 

al. 1999), thus the opposite of the study by Couet et al. In addition, in con-

trast to the study in rat liver cells above by Wang et al., Pol et al. did not find 

any EGFR in the caveolae-enriched plasma membrane fraction in rat liver 

(Pol et al. 1998). Furthermore, Matveev and Smart found that in Swiss 3T3 

cells, EGFR cofractionated with Cav1 but they did not co-

immunoprecipitate; however, upon ligand binding, the EGFR was reloca-

lized and now co-immunoprecipitated with Cav1 (Matveev and Smart 2002).  

 Upon ligand binding, the EGFR is thought to be endocytosed. Matveev 

and Smart found that in Cav1-deficient Swiss 3T3 cells, EGFR was not in-

ternalized upon ligand binding; thus EGFR internalization was dependent on 

Cav1 (Matveev and Smart 2002). In contrast, Kazazic et al. found in HeLa 
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and HEp2 cells that EGFR was internalized via clathrin-coated pits and not 

by caveolae/lipid rafts upon ligand binding (the EGFR was also not coloca-

lized to caveolae) (Kazazic et al. 2006). In agreement, Khan et al. found the 

same results with EGFR in A549 human lung carcinoma cells. However, 

under oxidative stress in these cells the EGFR was colocalized with Cav1 at 

the plasma membrane, before being sorted to a perinuclear compartment via 

a clathrin-independent, caveolae-mediated pathway. This also led to the 

EGFR not being degraded (Khan et al. 2006). Additionally, Sigismund et al. 

found that EGFRs were internalized via clathrin-coated pits upon stimulation 

with low EGF concentrations, but at higher concentrations of EGF, a fraction 

of the EGFRs were ubiquitinated and this led to internalization via a caveo-

lae/lipid raft-dependent pathway (Sigismund et al. 2005). Thus, in some cell 

systems and depending on activation, the EGFR is internalized via either 

caveolae or other endocytotic pathways, such as clathrin-mediated pathways.  

The localization of EGFR in endosomes has also been investigated. In rat 

liver endosomes, EGFR was cofractionated with Cav1 in the early-sorting 

endosomes and the recycling receptor compartment (Pol et al. 1998). Balbis 

et al. also found that upon EGF stimulation, the EGFR was internalized into 

endosomes and the EGFR was found both in detergent-resistant membranes 

(DRM) and the bulk membrane (Cav and flottilin-1 was only present in 

DRM). However, no co-immunoprecipitation with Cav1 could be found 

(Balbis et al. 2007) and it seems that the EGFR is not in the Cav1-DRM 

parts of the endosomes and instead in a lipid raft-part. Thus, in conclusion, 

the EGFR can reside both in the caveolae/lipid raft fraction and in the bulk 

membrane of the endosomes. The p38 MAPK seems to play a part in the 

endocytotic process and in YAMC cells (young adult mouse colon), treat-

ment with a p38 MAPK inhibitor caused the EGFR to accumulate in the 

endosomes and colocalize with Cav1 (Frey et al. 2006). 

 From the studies above, it is hard to say whether the EGFR is present or 

not in caveolae. Most studies have used fractionation and it is not possible to 

distinguish between caveolae and lipid rafts. Also in the study by Wang et 

al., they utilized three different methods to isolate caveolae/rafts – one de-

pendent on detergent (according to (Liu and Anderson 1995)) and two not 

dependent on detergents (optiprep as (Smart et al. 1995) and Na2CO3 as 

(Song et al. 1996)). Dependent on the method used, they found different 

results; e.g. the two non-detergent methods showed an immediate decrease 

in EGFR after stimulation with EGF (2 min) in the caveolae/lipid rafts (as 

did the plasma membrane), while the detergent method showed an increase 

in receptors in caveolae/lipid rafts at this time point. In addition, only with 

this method did the caveolae/lipid raft fraction contain phosphorylated 

EGFR (Wang et al. 2009). Thus, the method used to isolate caveolae/lipid 

rafts seems to influence the result (see discussion in section 2.4). 

 By using immunoprecipitation, a direct interaction with Cav1 can be 

tested, and Couet et al. found that the EGFR could interact with the caveolin-
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scaffolding domain (CSD). It is thought that the domain stabilizes the EGFR 

in an inactive conformation (Couet et al. 1997, de Laurentiis et al. 2007). 

However, since Waugh et al. found the opposite in the same cell line 

(Waugh et al. 1999), it is hard to draw any conclusion based on immunopre-

cipitation. By confocal microscopy, Roepstorff et al. found that the EGFR 

colocalized with GM1 and not Cav1 (Roepstorff et al. 2002), and by immu-

noelectron microscopy, Ringerike et al. found that EGFR did not localize to 

caveolae (Ringerike et al. 2002). Thus, these two studies point to the fact 

that the EGFR is not localized to caveolae but to lipid rafts. 

 In summary, by taking all of these studies together, these scenarios might 

take place: 1) EGFR is present in caveolae, and upon ligand binding moves 

outside; 2) EGFR is not present in caveolae, but upon ligand binding moves 

to caveolae or 3) EGFR is not present in caveolae, and upon ligand binding 

does not move to caveolae (here I have distinguished between caveolae and 

lipid rafts).  

 

Binding of EGF to the receptor has been shown to be increased when the 

cells are cholesterol-depleted with methyl--cyclodextrin (mCD) (Roeps-

torff et al. 2002, Ringerike et al. 2002, Pike and Casey 2002) In addition, the 

agent U18666A (causes a redistribution of cholesterol from the plasma 

membrane to late endosomes) increased EGF binding (Ringerike et al. 

2002). However, filipin (causes aggregation of cholesterol via crosslinking) 

did not change the EGF binding (Roepstorff et al. 2002). By adding choles-

terol to the cells, EGF binding was reduced (Roepstorff et al. 2002, Ringe-

rike et al. 2002), which is consistent with the use of cholesterol-disturbing 

agents. 

 Treatment with both mCD and EGF induced more EGFR dimerization 

than with only EGF, and there were more EGFRs at the plasma membrane. 

Also, with the addition of water-soluble cholesterol analogues and EGF, the 

EGFRs did not dimerize and there were less receptors at the plasma mem-

brane (Ringerike et al. 2002).  

 The phosphorylation of the receptor is increased when cells are treated 

with mCD (Ringerike et al. 2002, Westover et al. 2003, Liu et al. 2007). 

However, mCD has also been found not to influence the phosphorylation 

(Jang et al. 2001, Pike and Casey 2002); this difference was not dependent 

on cell type since Ringerike et al., Westover et al. and Jang et al. used the 

same cell line (A431), nor dependent on the concentration of mCD. The 

mCD has also an effect on the EGF-induced EGFR phosphorylation, caus-

ing an increase in phosphorylation (Ringerike et al. 2002, Westover et al. 

2003) and mCD also increased the intrinsic kinase activity of the receptors 

(Pike and Casey 2002, Westover et al. 2003). 

 Thus, in summary, cholesterol and caveolae/lipid rafts play a role in the 

EGF binding ability, and the dimerization and phosphorylation of the 

EGFRs.  
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The importance of caveolae/lipid rafts for EGF-induced Erk1/2 activation 

has been investigated. mCD can by itself increase Erk1/2 phosphorylation 

(Furuchi and Anderson 1998, Chen and Resh 2001, Liu et al. 2007), but has 

also been shown not to affect Erk1/2 phosphorylation levels (Park and Han 

2009). Also, Yin et al. found that neither filipin nor nystatin treatment af-

fected the basal Erk1/2 phosphorylation levels, and neither did transfection 

with Cav1 siRNA (Yin et al. 2008).  

 Upon treatment with mCD and EGF stimulation in Rat-1 and NIH-3T3 

cells, Erk1/2 phosphorylation levels are augmented (Furuchi and Anderson 

1998, Pike and Casey 2002). In contrast, Park et al. found that both mCD 

and Cav1 siRNA could inhibit EGF-induced Erk1/2 activation in mouse 

embryonic stem (ES) cells (Park and Han 2009), and also Kranenburg et al. 

found that treatment with mCD in Cos-7 cells inhibited the EGF-induced 

MEK/Erk1/2 activation (Kranenburg et al. 2001). However, in PC12 cells, 

treatment with mCD or filipin did not affect EGF-induced Erk1/2 phospho-

rylation (Peiro et al. 2000). Additionally, in hepatic C9 cells, treatment with 

nystatin, filipin or transfection with Cav1 siRNA upon EGF-stimulation did 

not affect the Erk1/2 phosphorylation levels and neither EGFR nor Src phos-

phorylation levels were changed; however, Akt phosphorylation was inhi-

bited by both nystatin and filipin, but not by Cav1 siRNA (Yin et al. 2008). 

Thus, in these two studies, Cav1 and cholesterol were not important for 

EGF-induced Erk1/2 signaling.  

 Furthermore, the effect of age on Erk signaling has also been investi-

gated. In young human diploid fibroblasts but not in old, EGF is able to in-

duce Erk1/2 phosphorylation. Park et al. found that the old cells had an in-

crease in all Cav subtypes and that EGFR was immunoprecipitated with Cav, 

while young cells had lower Cav expression and EGFR did not coimmuno-

precipitate. By overexpressing Cav1 in young cells, Erk1/2 could no longer 

be phosphorylated. Also in tissues from old rats (e.g. brain, spleen, lung) 

Cav expression was upregulated (Park et al. 2000). Thus, with increasing 

age, Cav1 is upregulated and can then inhibit EGF-induced Erk1/2 signaling. 

In brown adipose tissue, we found that EGF-induced Erk1/2 phosphoryla-

tion was not changed in Cav1-(-/-) brown pre-adipocytes (see paper IV). 

EGF was able to stimulate Erk1/2 in the same concentration-response man-

ner as in the wild-type cultures. Thus, Cav1 seems not to be of importance 

for this short-term signaling. On a long-term basis, there seems to be no dif-

ference in the cell proliferation, since no difference in the amount of total 

Erk1/2 could be found. However, whether the EGFR resides in the caveolae 

and whether the EGFR is endocytosed by caveolae remains to be investi-

gated. 

In summary, it seems that depending on cell type, caveolae/lipid rafts 

might play different roles in the regulation of EGF-induced Erk1/2 activa-

tion, with it sometimes being inhibitory, sometimes stimulatory and some-

times making no difference.  



 68 

In contrast to the EGF results in the hepatic C9 cells used by Yin et al., nys-

tatin, filipin and Cav1 siRNA inhibited angiotensin II (AngII)-induced phos-

phorylation of Erk1/2 (Yin et al. 2008). The AngII-induced Erk1/2 activation 

is predominantly thought to occur via transactivation of EGFR (Shah 2002) 

and also the phosphorylation of EGFR, Src, Akt and Cav1 was inhibited 

(Yin et al. 2008). Thus, for AngII-induced Erk1/2 signaling, Cav1 and cho-

lesterol were of importance. For further reading about caveolae/lipid rafts in 

AngII-induced Erk1/2 activation see (Ushio-Fukai et al. 2001, Shah. 2002, 

Olivares-Reyes et al. 2005). Caveolae/lipid rafts have also been implicated 

in endothelin-1/EGFR transactivation/Erk1/2-signaling (Hua et al. 2003) and 

in oxytocin receptor/EGFR transactivation/Erk1/2-signaling (Rimoldi et al. 

2003). 

  

AngII stimulation increased Cav1-phosphorylation. In addition, stimulation 

with EGF leads to phosphorylation of Cav1 (Lee et al. 2000, Gosens et al. 

2007, Yin et al. 2008, Park and Han 2009). Yin et al. showed that the EGF-

induced Cav1 phosphorylation was dependent on Src, EGFR, Ca
2+

, but not 

on PI3K (Yin et al. 2008). Additionally, Kim et al. showed that both C-

terminal-truncated EGFR and overexpressed wild-type EGFR were able to 

phosphorylate Cav1 more than the regular wild-type EGFR or a kinase-

inactive EGFR. Both truncation and overexpression of the EGFR have been 

linked to cell transformations (Kim et al. 2000). 

 

Stimulation of Erk1/2 by EGF can induce cell proliferation. In Rat-1 cells, 

cell proliferation was increased by mCD itself and augmented further when 

cells were treated with EGF (Furuchi and Anderson 1998). In agreement, 

Park et al. found that in mouse ES cells, both mCD and Cav1 siRNA inhi-

bited EGF-induced cell proliferation. In these cells, the Cav1 siRNA also 

inhibited EGF-induced cell migration, EGF-induced expression of MMP2, 

the proto-oncogenes c-fos, c-myc, c-jun, and the cell cycle regulatory pro-

teins cyclin D1, CDK4, cyclin E and CDK2 (Park and Han 2009).  

 The effect on Elk activation has also been investigated. In CHO cells 

overexpressing EGFR, Erk1/2 activates Elk. When these cells co-expressed 

Cav1, Elk activation was inhibited. The inhibitory part of Cav1 was found to 

be within the residues 32-95. In addition, overexpression of Cav1 inhibited 

the Raf/MEK/Erk-mediated signaling to Elk (Engelman et al. 1998). 

  

Other mediators in the EGF-induced Erk1/2 signaling pathway have been 

investigated concerning Cav1 and cholesterol. Shc, Grb2, Gi, G, K-Ras, H-

Ras, N-Ras and Src have been found to be located to the caveolae/lipid raft 

fraction (Furuchi and Anderson 1998, Kranenburg et al. 2001, Wang et al. 

2009). Furuchi et al found that treatment with mCD reduced the amount of 

Cav1, Grb2, K-Ras, H-Ras, Src, Shc, mG and Erk1/2 and that there was no 

affect on Gi in these fractions. In addition, EGF stimulation of mCD-
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treated cells reduced the level of Sos, c-Raf and Shc compared to only EGF 

stimulation (Furuchi and Anderson 1998). Kranenburg et al. found that there 

was a difference between EGF-stimulated K-Ras and N-Ras signaling. EGF 

could only activate N-Ras, that was located both in caveolae/lipid rafts and 

outside, and not K-Ras, that was located only in the caveolae/lipid raft frac-

tion. When the cells were treated with mCD, EGF could activate both Ras 

isoforms, and EGF-induced MEK/Erk1/2 were inhibited (Kranenburg et al. 

2001). In contrast to the studies above, Gosens et al. could not find Grb2, 

Raf-1, or Erk1/2 in the caveolae/lipid raft fraction, and there was no differ-

ence in localization upon EGF stimulation (Gosens et al. 2007). 

 PLC and PLD have been investigated in regard to EGF signaling and 

caveolae/lipid rafts. Jang et al. found that only a small amount of PLC was 

found in the Cav1 fraction, but upon EGF stimulation it was translocated to 

the caveolae fraction. mCD inhibited the translocation and also inhibited 

the formation of inositol phosphates (Jang et al. 2001). Han et al. found that 

EGF-induced phosphorylation and activation of PLD occured in the caveo-

lae-enriched membrane fraction and that the correct localization of PLD to 

these parts is critical for EGF signaling (Han et al. 2002). 

 

In conclusion, Cav1 and cholesterol-disturbing agents can affect the EGF-

induced signaling concerning EGF binding, EGFR dimerization and auto-

phosphorylation, Erk1/2 activation and cellular functions such as prolifera-

tion. Whether the differences seen between some cell types and others are 

dependent on cell type or simply on methodology, will hopefully be further 

addressed when better easy-to-use methods to distinguish between caveolae 

and lipid rafts are engineered. 

5.6 PDGF receptors 

Similarly to EGFRs, the platelet-derived growth factor receptors (PDGFRs) 

belong to the receptor tyrosine kinases (RTKs). The PDGFRs can be of ei-

ther an - or -receptor isoform. The receptors can both homodimerize ( 

or ) or heterodimerize () upon ligand binding. Both forms are structu-

rally similar with five immunoglobulin-like domains on the extracellular 

domain, and a split kinase domain with one intervening sequence in the 

intracellular domain (Heldin et al. 1998, Heldin and Westermark 1999, Hel-

din 2004, de Laurentiis et al. 2007). PDGFR are expressed in a wide range of 

cell types, such as fibroblasts, myoblasts, vascular smooth muscle cells, ma-

crophages, platelets and 3T3-L1, just to mention a few (Heldin and Wester-

mark 1999, Shigematsu et al. 2001). 

The agonist PDGF consists of dimers of structurally similar polypeptide 

chains bound together by sulfide bonds. There are four different polypeptide 
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chains, A, B, C and D, where the A exists in two different splice variants. 

The chains can either homodimerize as AA, BB, CC or DD or heterodimer-

ize as AB. The chains can be divided in one subfamily with A and B and one 

with C and D. This is based on the fact that A and B are secreted in their 

active form (the N-terminal prodomains are cleaved intracellularly), while C 

and D are activated after secretion (by cleavage of the N-terminal CUB do-

main (CUB = complement subcomponents C1r/C1s, sea urchin uEGF and 

human BMP-1) (Hoch and Soriano 2003). The different ligands have differ-

ent receptor specificity with the A, B, and C being able to bind to -

receptors, and B and D being able to bind to -receptors. Thus, the PDGF-

AA binds only to PDGFR, PDGF-BB bind to all PDGF receptor types, 

PDGF-DD to PDGFR and , and PDGF-CC and -AB to PDGFR and 

 (however, according to Heldin et al., the PDGF-CC only binds to 

PDGFR (Heldin 2004)) (see Fig. 16). Due to the different binding speci-

ficity, different ligands interacting with different receptors will give different 

cellular responses (Heldin et al. 1998, Hoch and Soriano 2003, Heldin 2004). 

Not only PDGFs can activate the receptors; also, transactivation by G-

protein coupled receptors is a possible mechanism (Herrlich et al. 1998, 

Goppelt-Struebe et al. 2000) as also discussed in the LPA and EGFR sec-

tions. 

 
Fig. 16. PDGF ligands and receptors. Modified from (Hoch and Soriano 2003, Hel-
din 2004). 

PDGF signaling is involved in cell growth (initiation of DNA synthesis and 

cell division), cell differentiation, anti-apoptosis, cell transformation, and 

migration. It also promotes wound healing, stimulates chemotaxis, and 

growth of many cells involved in healing processes. PDGF signaling has 

been implicated in diseases, e.g. atherosclerosis, fibrosis, and malignant dis-

eases (Heldin et al. 1998, Hoch and Soriano 2003, Heldin 2004). Different 

mice ablated of certain parts of the ligand or the receptors have been derived 

to elucidate the function of PDGFR signaling. For example, PDGF-B chain- 

or PDGFR-ablated mice have severe defects in the development of the 
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kidneys and blood vessels (the vascular smooth muscle cells and the peri-

cytes; death occurs at time of birth) (PDGF-B
-/-

 generated by (Leveen et al. 

1994) and PDGFR
-/-

 generated by (Soriano 1994)). Furthermore, ablation 

of the PDGF-A chain leads to the death of these mice and they have defec-

tive development of the alveolar smooth muscle cell progenitors (generated 

by (Bostrom et al. 1996)), and PDGFR-ablated mice have a severe pheno-

type with cranial malformations and deficiency in myotome formation (gen-

erated by (Soriano 1997)) (Heldin and Westermark 1999). 

Upon ligand binding, the -receptors and/or the -receptors will dimerize. 

This will cause autophosphorylation of the receptors. Phosphorylation in the 

kinase domain of the receptor will enhance the kinase activity of the recep-

tors (this binding site is conserved between the receptor forms (-Tyr857 

and -Tyr849 in the kinase domain)), and phosphorylation of tyrosine resi-

dues outside the kinase domain will create docking sites for signaling mole-

cules (discussed below) (Heldin et al. 1998, Hoch and Soriano 2003, Heldin 

2004). 

 

Mediators of signaling  

 Mainly Src homology 2 (SH2)-domain containing signaling molecules 

binds to the activated receptors. However, also molecules with SH3 do-

mains, phosphotyrosine binding (PTB) domains, pleckstrin homology (PH) 

domains, and PDZ domains have been implicated. Typical SH2-domain 

containing mediators are PI3K, PLC, Grb2, Src, Stat (signal transducers and 

activators of transcription), GAP (GTPase activating protein), and Shc (for 

review see Heldin et al. 1998 and 1999) (Heldin et al. 1998, Heldin and 

Westermark 1999, Heldin 2004, de Laurentiis et al. 2007). In addition, 

GRK2 and -arrestins have been implicated in PDGF signaling (Hupfeld and 

Olefsky 2007). 

 PI3K has been implicated in PDGF signaling for inducing cell growth, 

survival, and motility (Heldin et al. 1998, Heldin. 2004). PI3K has been 

shown to bind to activated PDGFRs (Coughlin et al. 1989, Yu et al. 1994). 

Further downstream, PI3K is able to activate e.g. Akt/protein kinase B 

(PKB), protein kinase C (PKC), p70S6K, Rho family of GTPases, and 

Erk1/2 (Heldin et al. 1998, Taylor 2000, Chaudhary and Hruska 2001, Tsaki-

ridis et al. 2001, Osaki et al. 2004, Hennessy et al. 2005). 

 PLC can activate IP3 formation, which leads to an increase in intracellu-

lar Ca
2+

 levels. This in turn can activate classical PKCs via a phospholipase 

D (PLD)-diacylglycerol (DAG) pathway. PLC has been implicated in the 

motility effects of PDGFR signaling (Heldin et al. 1998). The PKCs have 

also been implicated in PDGF signaling; Kobayashi et al. found that in rat 

hepatic stellate cells, PDGF was able to phosphorylate myristoylated ala-

nine-rich C-kinase substrate (MARCKS), a specific substrate of PKC. Addi-

tionally, PDGF was able to phosphorylate Erk1/2, PKB, and p70S6 kinase 

(Kobayashi et al. 2007).  
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The growth factor receptor bound 2 (Grb2) adaptor molecule interacts 

with Sos1 (son of sevenless) to activate Ras through nucleotide exchange. 

Ras can then activate Raf-1 (a mitogen-activated protein kinase kinase ki-

nase (MAPKKK or MEKK (MAP/Erk kinase kinase)), which in turn acti-

vates MAPKK or MEK, which in turn activates Erk1/2. This pathway has 

been implicated in the mitogenic effects of PDGF. In this pathway, there is 

negative feedback since Sos1 can be inhibited by MAP kinases, which leads 

to decreased Ras signaling (Heldin et al. 1998, Heldin 2004).  

Src tyrosine kinases often signal from receptor tyrosine kinases that can 

lead to Erk1/2 activation and proliferation (Roche et al. 1995, Heldin et al. 

1998, Krymskaya et al. 2005, Ali et al. 2005, Chaturvedi and Sarkar 2005), 

and it is thought that the mitogenic effects of PDGF are partially dependent 

on Src (Heldin 2004). 

As was the case for EGFR, ligand-dependent mono-ubiquitination and 

subsequent receptor internalization and degradation have also been shown 

for the PDGFRs (Haglund et al. 2003b). 

PDGF has previously been shown to induce proliferation in cultures of rat 

brown adipocytes (Garcia and Obregon 1997). In paper II, we found that in 

mouse brown pre-adipocytes, Erk1/2 is a common and essential step in 

PDGF-stimulated cell proliferation. In comparison to the EGF signaling 

pathway to Erk1/2 activation described above, the PDGF-induced Erk1/2 

activation pathway was via PI3K, PKC (possibly ζ), and Src. PI3K was able 

to activate Akt/PKB; however, Akt/PKB was not involved in the signaling to 

Erk1/2 MAP kinase (paper II). In Fig. 15, the PDGF signaling pathway in 

brown adipose tissue is depicted. 

 

Interaction with caveolin and caveolae  
 The interactions of the PDGFR with caveolin/caveolae have been mod-

erately studied. The PDGFRs have been shown to both colocalize and not to 

colocalize with caveolin (see reviews (Pike 2005, de Laurentiis et al. 2007)). 

The receptors were cofractionated with Cav1 in normal human fibroblasts 

(Liu et al. 1996, Liu et al. 1997b), rat lung microvascular endothelial cells 

(Liu et al. 1997a), NIH-3T3 fibroblasts (Yamamoto et al. 1999), Swiss 3T3 

cells (Matveev and Smart. 2002, Mitsuda et al. 2002), and airway smooth 

muscle cells (Gosens et al. 2006) indicating that the PDGFR localized to 

caveolae/lipid rafts. The method used by Liu et al. (Liu et al. 1997a) was 

designed to isolate caveolae from lipid rafts, and the PDGFR was in the ca-

veolae fraction. That PDGFR can colocalize with Cav1 was shown by im-

munoelectron microscopy (Liu et al. 1996, Liu et al. 1997b) and by immu-

noprecipitation (Yamamoto et al. 1999, Gosens et al. 2006). However, Mat-

veev and Smart found that the PDGFR co-immunoprecipitated with CD55, a 

lipid raft marker, and not with Cav1 (Matveev and Smart 2002). Additional-

ly, soluble PDGF-BB activates a cohort of PDGFR that are located to ca-

veolae/lipid rafts, while the cell-bound PDGF-BB (cell-to-cell contact) acti-
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vated PDGFR that are located to the bulk membrane in the same cells 

(Sundberg et al. 2009). Thus, in summary, these studies point to the recep-

tors being located to different compartments, being activated differently 

depending on ligand and resulting in different signaling pathways and end-

points.  

 Upon stimulation with PDGF-BB, Yamamoto et al. found that the 

PDGFR remained in the same fractions as Cav1 (Yamamoto et al. 1999), 

while Liu et al. and Gosens et al. found that stimulation led to the dissocia-

tion of PDGFR from the Cav1 fraction (Liu et al. 1997, Gosens et al. 2006). 

Overexpressing the ganglioside GM1 in Swiss 3T3 cells also caused the 

PDGFR not to cofractionate with Cav1 (Mitsuda et al. 2002).  

 By using recombinant PDGFRs overexpressed in insect cells and differ-

ent caveolin-x-peptides, Yamamoto et al. showed that Cav1 and Cav3 can 

bind PDGFR directly and that they can inhibit the autophosphorylation of 

PDGFR (Cav2 could not do this) (Yamamoto et al. 1999). 

 

Phosphorylation of the PDGFR by PDGF has been shown not to be influ-

enced by filipin and methyl--cyclodextrin (mCD) treatment (Matveev and 

Smart 2002), and PDGF treatment has been shown to lead to phosphoryla-

tion of Cav1 in both airway smooth muscle cells (Gosens et al. 2006), human 

foreskin fibroblasts and 3T3-L1 cells (Newcomb and Mastick. 2002). How-

ever, Liu et al. found that treatment with filipin impaired the PDGF signaling 

(PDGF-induced tyrosine phosphorylation) (Liu et al. 1997a). 

 Regarding the signaling mediators, Liu et al. found that in normal human 

fibroblasts, p-PDGFR, PI3K, Src, Ras, Raf1, MEK, and Erk2 cofractionated 

with Cav (Liu et al. 1996, Liu et al. 1997b). Liu et al. found that in rat lung 

microvascular endothelial cells, PKC, PI3K, Src-like kinases (mainly Yes 

and Lyn), PLC, sphingomyelin, and phosphoinositides cofractionated with 

Cav (Liu et al. 1997a). Additionally, Michaely et al. found that in normal 

human fibroblasts, PDGF recruited RAC1 and RhoA to caveolae (Michaely 

et al. 1999). In primary cultures of smooth muscle cells, PDGF has been 

shown to recruit PP2A to a non-caveolin fraction, while it increased p34 in 

the caveolin fraction (Berrou and Bryckaert 2009).  

 Gosens et al. showed that in airway smooth muscle cells, treatment with 

Cav1 siRNA induced spontaneous Erk1/2 activation (also after methyl--

cyclodextrin treatment) and increased cell proliferation. However, after 

PDGF stimulation of Cav1 siRNA-treated cells, the Erk1/2 phosphorylation 

was reduced. Thus, Cav1 is necessary for proper PDGF-induced Erk1/2 

phosphorylation (Gosens et al. 2006). In contrast, Fujita et al. found that in 

Cav1-overexpressing rat primary mesengial cells, PDGF stimulation led to 

inhibition of Raf-1/MEK1/2/Erk1/2 activation and cell proliferation, and 

with a dominant negative caveolin mutant, the mesengial cells had an in-

creased Erk1/2 activation. Thus, in these cells, Cav1 inhibits PDGF signaling 

to Erk1/2 (Fujita et al. 2004). 
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 In brown adipocytes, we found that the PDGF-induced Erk1/2 phospho-

rylation was not changed in Cav1-(-/-) brown pre-adipocytes (paper IV), thus 

in contrast to both Fujita et al. and Gosens et al., PDGF was able to stimulate 

Erk1/2 in the same concentration-response manner as in wild-type cultures. 

Similarly to the EGFR, Cav1 seems not to be of importance for short-term 

signaling. Whether the PDGFR resides in the caveolae and whether the 

PDGFR is endocytosed by caveolae remains to be investigated. 

 In conclusion, PDGFR seems to be located to both caveolae/lipid rafts 

and the bulk membrane. Depending on the location, different PDGF ligands 

might bind and tranduce different signaling. For PDGF-induced Erk1/2 acti-

vation, Cav1 expression seems to be able to be both stimulatory and inhibito-

ry or also not to affect the signaling at all. This difference could be due to 

cell-specific signaling. 

5.7 Other receptors and mediators relevant for brown adipose 

tissue 

5.7.1 Insulin receptor 

The insulin receptors (InsRs) also belong to the receptor tyrosine kinases. 

They exist as disulphide-linked dimers. Each monomer is built up by one 

extracellular - and one transmembrane -chain. The ligands for the InsRs 

are insulin and the insulin-like growth factors (IGF), IGF-I, and IGF-II 

(Ward and Lawrence 2009). One of the functions in muscle and adipose 

tissue is the insulin-mediated translocation of glucose transporters (GLUTs, 

especially GLUT4) to the plasma membrane. In brown adipose tissue, the -

AR can mediate glucose uptake, as also briefly commented in section 5.1. 

The InsR has been shown to localize to caveolae, and the signaling is af-

fected by caveolae/caveolin. However, the InsR will not be discussed in this 

thesis. The reader is directed to the work of Peter Strålfors’ group and the 

following reviews (Kandror and Pilch 1996, Cohen et al. 2003a, Saltiel and 

Pessin 2003, Ishikawa et al. 2005). 

5.7.2 G-proteins and downstream signaling 

In this section, I will briefly go through the view on G-proteins and their 

downstream signaling in relation to caveolin. For further reading, see (Insel 

et al. 2005, Anderson 2006, Willoughby and Cooper 2007, Patel et al. 

2008b). 
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 G-proteins 

 The heterotrimeric G-proteins are composed of a -, - and -subunit. 

There are 15 different forms of the -subunit, 5 of the -subunit and 12 of 

the -subunit. Based on the -subunit, the G-proteins can be divided into 

four families: Gi/o, Gq/11, G12/13, and Gs. In the inactive form, G-proteins bind 

guanosine diphosphate (GDP), and in the active form guanosine triphosphate 

(GTP). Upon activation, the -subunit is dissociated from the -subunits, 

and both the -subunit and the -subunits can elicit signals to downstream 

effectors (Dupre et al. 2009). 

 G-proteins can be found in both caveolae/lipid rafts and in the bulk mem-

brane. In addition, localization can differ between the caveolae and lipid 

rafts. Caveolin can interact with the -subunit, and binding to the caveolin-

scaffolding domain is suggested to regulate the G-protein function (Patel et 

al. 2008b). For brown adipocyte signaling, the Gq, Gi and Gs are important in 

coupling the 1-, 2- (and LPA) and -adrenergic signaling, respectively. Gq, 

that stimulate increases in [Ca
2+

]ic, can be co-immunoprecipitated by Cav3 in 

rat cardiac tissue (Fujita et al. 2001) and the Ca
2+

 signaling has also been 

linked to caveolae/lipid rafts in different cell types (Pani and Singh 2009). Gs 

and Gi, that stimulate or inhibit adenylyl cyclase respectively, will not be 

discussed any further here; the discussion will instead be on the adenylyl 

cyclase. For further reading about heterotrimeric G-proteins and caveolae, 

see e.g. (Patel et al. 2008a). 

 

Adenylyl cyclase and PKA 

 The adenylyl cyclase (AC) family consists of one soluble and 9 mem-

brane-bound isoforms. Some have been shown to be able to cofractionate 

and colocalize with caveolin (Willoughby and Cooper 2007, Patel et al. 

2008b), and some of the AC can be inhibited by caveolin peptides (Toya et 

al. 1998). In addition, the receptor coupling efficiency to the ACs has been 

found to depend on the receptor number and the co-localization to caveolae 

(Ostrom et al. 2001). A majority of the work on AC and caveolin has been 

done in myocytes, and thereby the interaction with Cav3 was studied. For 

further reading about AC and its localization to caveolae, see e.g. (Insel et al. 

2005, Pontier et al. 2008, Allen et al. 2009). 

 
The function of AC is to convert ATP into cAMP. Since AC can be localized 

with caveolin, this can affect cAMP production. By depleting cells of choles-

terol by methyl--cyclodextrin (mCD), an increase in basal AC activity and 

an augmented forskolin-induced AC activity can be induced (Rybin et al. 

2000, Pontier et al. 2008). However, mCD can also inhibit forskolin-

induced cAMP levels (Ostrom et al. 2004). Thus, caveolae/lipid rafts seem 

to play different roles in different cell systems.  

 Caveolin has been shown to affect cAMP levels directly. Toya et al. 

found that caveolin peptides could inhibit forskolin-induced cAMP levels 
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(Toya et al. 1998). Additionally, Allen et al. found that forskolin-induced 

AC activity increased in the brains of Cav1-ablated mice compared to the 

wild-type mice, and that Cav1 siRNA could increase both forskolin-induced 

AC activity and cAMP levels in C6 glioma cells. Cav1 siRNA also increased 

isoprenaline-induced cAMP levels (Allen et al. 2009). Thus, from these stu-

dies, caveolin seems to inhibit AC signaling. This is in contrast to results in 

brown adipocytes (paper IV), where we see a decrease in forskolin-induced 

cAMP levels in Cav1(-/-) brown adipocytes compared to wild-type. 

 cAMP can be hydrolyzed by the phosphodiesteras (PDE) and thereby 

terminate the signaling. PDEs have been linked to caveolae/lipid rafts. For 

further reading, see (Nilsson et al. 2006, Patel et al. 2008b, Ahmad et al. 

2009). 

 cAMP can activate protein kinase A (PKA). Caveolin can interact with 

PKA (Razani et al. 1999, Razani and Lisanti 2001), and the PKAc can colo-

calize with Cav1 (El-Yazbi et al. 2006). For further reading, see (Patel et al. 

2008b). 

 

Erk1/2 MAP kinase 

Activation of extracellular-regulated protein kinase (Erk)1/2 is induced by 

many receptors, such as the adrenergic, LPA, EGF and PDGF receptors dis-

cussed above. Since Erk1/2 can be activated by many different ligands, the 

cells have a “control” system to regulate the different responses (Pouyssegur 

and Lenormand 2003, Ebisuya et al. 2005). Upon activation, Erk1/2 can be 

translocated to the nucleus and this can terminate the signaling (Brunet et al. 

1999, Volmat et al. 2001). 

Erk1/2 activation can be affected by both cholesterol and caveolin con-

tent. As discussed above, the adrenergic, LPA, EGF, and PDGF receptors 

can affect Erk1/2 activation to different extents upon disruption of cholester-

ol and caveolin. Here however, I will discuss the effect on Erk1/2 activation 

without agonist – e.g. the effect of cholesterol and caveolin/caveolae disrup-

tion. The cholesterol-depleting agent methyl--cyclodextrin can induce 

Erk1/2 activation (Furuchi and Anderson 1998, Chen and Resh 2001, Go-

sens et al. 2006, Liu et al. 2007), but has also been shown not to affect 

Erk1/2 activation (Park and Han 2009). In addition, the cholesterol-

disturbing agents filipin and nystatin did not affect basal Erk1/2 phosphory-

lation levels (Yin et al. 2008). Thus, cholesterol can have both a positive and 

a negative influence on basal Erk1/2 activation. This is probably dependent 

on cell type. 

Caveolin has been shown to inhibit both MEK-1 and Erk2 signaling (En-

gelman et al. 1998). Utilizing Cav1 siRNA, Gosens et al. found that Cav1 

siRNA induced spontaneous Erk1/2 activation, while Yin et al. could not see 

a difference (Gosens et al. 2006, Yin et al. 2008). In Cav1-ablated mouse 

heart, Erk1/2 is hyperactivated compared to the wild-type mice (Cohen et al. 

2003b); however, in Cav1(-/-) brown adipocytes no effect on basal Erk1/2 
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phosphorylation could be seen (compared to wild-type) (paper IV). Thus, the 

spontaneous activation of Erk1/2 by removal of caveolin seems to be a cell-

type specific event.   

For further reading about Erk1/2, see (Anderson 2006). 

5.8 Conclusions of caveolin and signaling 

The main receptors discussed in this section have all been implicated to sig-

nal via the caveolae and to interact with caveolins. Many studies have shown 

colocalization; however, several of the studies used fractionation, and with 

most fractionation techniques one cannot distinguish between caveolae and 

lipid rafts. Thus, even if the receptor cofractionated with caveolin, it does not 

necessarily mean that the receptor is located in caveolae, only that it is 

present in membrane rafts. It should also be noted that the localization to 

caveolae/lipid rafts is a dynamic process, with certain receptors and signal-

ing mediators being transported in and out from these domains upon e.g. 

ligand stimulation. The localization to caveolae/lipid rafts is probably 

needed for certain signaling pathways, while for other it is inhibitory (see 

e.g. studies on the EGFR (section 5.5)). 

 Regarding signaling of the 3-adrenergic, LPA-, EGF, and PDGF- recep-

tor to downstream targets, such as cAMP and Erk1/2, cholesterol-disturbing 

agents such as methyl-b-cyclodextrin, filipin, and nystatin have been used. 

However, these agents will not only affect caveolae, but also lipid rafts (and 

other components, see section 2.4) and no conclusion can be drawn about the 

influence of caveolae on signaling. In addition, siRNA against caveolin, and 

caveolin-ablated mice, have been used in signaling studies. Although these 

studies are more specific for caveolin, there are also problems with these 

methods. Since caveolins are not only located to caveolae, these studies 

more investigate the effect of caveolin and not caveolae; and since the cave-

olin-ablated mice are not conditional knockouts (i.e. the gene of interest has 

not been deleted in a tissue- or time-dependent manner), the effects seen in 

the mice could be due to secondary effects. 

 In general, investigations of the effect of caveolae (caveolin)/lipid rafts 

on signaling by the receptors discussed above have given inconclusive re-

sults. Whether this is an effect of methodology or cell type will hopefully be 

solved in the future.  

In paper IV, we have used Cav1-ablated mice to investigate signaling in 

brown adipose tissue. We investigated the 3-adrenergic receptor (AR) sig-

naling to cAMP (and adenylyl cyclase (AC) activity), and LPA-, EGF-, and 

PDGF-induced Erk1/2 activation. We found that only the 3-AR signaling to 

cAMP and AC activity was impaired by Cav1-ablation, and that LPA-, EGF- 

and PDGF-signaling to Erk1/2 was unaffected. In Fig. 17, a scheme of the 
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involvement of Cav1 on these signaling pathways is shown. Although the 

receptors have been placed either inside the caveolae or outside, the coloca-

lization has not been investigated, and we cannot conclude anything about 

the localization. The figure should be regarded as showing that Cav1 only 

influences 3-AR-signaling to cAMP and AC activity, and not LPA-, EGF-, 

or PDGF-induced Erk1/2 activation. 

 
Fig. 17. Scheme of involvement of Cav1 in 3-, LPA-, EGF-, PDGF-receptor and 
adenylyl cyclase signaling in brown adipose tissue. The receptors are located inside 
caveolae to show that Cav1-ablated had an effect on the signaling pathway, and the 
receptors are located outside if the Cav1-ablation did not have an effect on the sig-
naling pathway. 
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6. Summary and conclusion 

Since the 1990’s, the plasma membrane has been considered to be heteroge-

neous with some parts being more loose and some more rigid. These rigid 

parts have been named membrane rafts. The membrane rafts consist of both 

lipid rafts and caveolae, which both contain a different lipid composition 

than the rest of the plasma membrane (Thomas and Smart 2008). The differ-

ences between lipid rafts and caveolae are that caveolae are invaginations in 

the plasma membrane (while lipid rafts are flat) and that caveolae contain 

the proteins caveolin (-1, -2 and -3) and cavin (-1, -2, -3 and -4) (which are 

required for the invagination). Caveolae have been implicated as being both 

signaling and metabolic platforms (Razani et al. 2002b, Ortegren et al. 2007) 

and seem to be able to regulate endocytosis, exocytosis, and cholesterol ho-

meostasis (Thomas and Smart 2008). 

 Many methods can be used to investigate the effect of caveolae and cave-

olin in signaling pathways. However, some of these methods not only affect 

caveolae but also lipid rafts (e.g. most fractionation methods and use of cho-

lesterol-disturbing agents), and if caveolin was found in the same fraction as 

the protein of interest, most studies would say that this protein colocalized 

with caveolae. This is a misconception, since lipid rafts would also be lo-

cated in the same fraction, and one cannot distinguish between these do-

mains with such techniques. The use of siRNA against Cav1 is more specif-

ic, but since Cav1 has been found outside caveolae, one could only conclude 

whether Cav1 has an effect, and not what role caveolae play. For colocaliza-

tion studies, confocal microscopy and especially electron microscopy would 

be the best methods to use; however, this of course depends on the specifici-

ty of the antibodies used.  

 With the generation of Cav-ablated mice, more direct studies investigat-

ing the specific effects of caveolin are possible. However, one major caveat 

with these mice is that they are not conditional knockouts (i.e. the gene of 

interest has not been deleted in a tissue- or time-dependent manner). Thus 

the effects seen could be due to secondary effects; e.g. the lung phenotype in 

the Cav1-ablated mice seem to derive from the lowered expression of Cav2 

(Le Lay and Kurzchalia 2005). 

 

Cav1-ablated mice are resistant to diet-induced obesity and at older age 

Cav1-ablated mice are leaner than wild-type mice (Razani et al. 2002). Al-

though differences have been found in serum metabolites between Cav1-
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ablated and wild-type mice (Razani et al. 2002, Heimerl et al. 2008, Frank et 

al. 2008), and impairments in lipogenesis, lipid droplet formation and lipoly-

sis have been seen (Cohen et al. 2004,  Cohen et al. 2005, Le Lay et al. 2009, 

Blouin et al. 2009), the leanness and resistance to diet-induced obesity have 

not been explained. Further studies are needed to conclude the mechanism, 

and such studies should be performed at thermoneutrality (to reduce effects 

of increased metabolism). 

 On exposure to acute cold and fasting, Cav1-ablated mice cannot main-

tain their body temperature. On exposure to acute cold, mice rely on shiver-

ing for maintaining their body temperature (Golozoubova et al. 2004). To be 

able to shiver, the muscles require energy. This energy can come either from 

food intake or by lipolysis from white adipose tissue. Since Cav1-ablated 

mice have impaired lipolysis in white adipocytes (Cohen et al. 2004) and no 

food was given, Cav1-ablated mice had no substrate for shivering, and could 

therefore not maintain body temperature. To survive, Cav1-ablated mice 

allowed a regulated drop in body temperature (i.e. went into torpor). In 

Cav1-ablated mice only exposed to acute cold, this drop could not be seen, 

the probable cause being the supply of energy from food intake.  

In prolonged cold, brown adipose tissue will become activated (with in-

creased UCP1 expression) and shivering will be replaced by nonshivering 

thermogenesis (Cannon and Nedergaard 2004). If nonshivering thermogene-

sis is impaired (as in the UCP1-ablated mice (Golozoubova et al. 2006)), the 

mice will have to utilize other mechanisms to survive longer periods in cold. 

Although it was speculated that the Cav1-ablated would not survive longer 

periods in cold, cold-acclimated Cav1-ablated mice were able to survive, and 

this was accomplished by nonshivering thermogenesis. Similarly to the thy-

roid-hormone receptor-ablated mice (Golozoubova et al. 2004), Cav1-

ablated mice have desensitized adrenergic receptors. However, in both these 

ablated mice, this could be rescued physiologically, and the mice were able 

to survive. Thus, Cav1 is not essential for survival in prolonged cold or for 

nonshivering thermogenesis (paper I).  

 

3-adrenergic, LPA (lysophosphatidic acid)-, EGF (epidermal growth fac-

tor)- and PDGF (platelet-derived growth factor)-receptors have been investi-

gated to different extents with regard to caveolin and caveolae (Pike 2005, 

Patel et al. 2008a). The receptors have been shown to be colocalized with 

caveolae (caveolin). However, many of the colocalization studies have not 

distinguished between caveolae and lipid rafts, and if cofractionation with 

caveolin was seen, this was regarded as being colocalization with caveolin 

and caveolae. For the receptor signaling pathways, studies have shown that 

caveolae/caveolins are important (both stimulatory and inhibitory), but also 

that caveolae/caveolin do not affect the signaling pathways (see section 

5.1,4-6, and below). Whether these differences are due to cell type or me-

thodology issues, the future will hopefully tell us. It should also be stated 
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that both treatment of cells with methyl--cyclodextrin and Cav1 siRNA 

have been shown to affect Erk1/2 activation without the addition of agonist 

(Furuchi and Anderson 1998, Engelman et al. 1998, Chen and Resh 2001, 

Cohen et al. 2003b, Gosens et al. 2006, Liu et al. 2007, Yin et al. 2008, Park 

and Han. 2009). Thus, both cholesterol and Cav1 can influence Erk1/2 acti-

vation. 

 

Both EGF and PDGF can activate Erk1/2 in different cell systems; however, 

no general pathway has been described (Heldin and Westermark 1999, Cor-

bit et al. 2000, Tsakiridis et al. 2001, Jorissen et al. 2003, Osaki et al. 2004, 

Hennessy et al. 2005). In brown adipocytes, EGF and PDGF are able to in-

duce Erk1/2 activation that leads to cell proliferation. However, the signaling 

pathway is different for EGF and PDGF, with the EGF signaling being par-

tially via a Src-pathway, and PDGF signaling via a PI3K/PKC/Src-pathway 

(paper II).  

 The involvement of caveolae/lipid rafts in EGF-induced Erk1/2 activation 

has been investigated with different results. Treatment with cholesterol-

disturbing agents (methyl--cyclodextrin, nystatin, and filipin) can both in-

crease (Furuchi and Anderson 1998, Pike and Casey 2002), decrease (Kra-

nenburg et al. 2001, Park and Han 2009) and have no effect (Peiro et al. 

2000) on the EGF-induced Erk1/2 activation. Cav1 siRNA reduces EGF-

induced Erk1/2 activation in mouse embryonic stem cells (Park and Han 

2009), but in hepatic C9 cells, Cav1 siRNA has no effect on EGF-induced 

Erk1/2 activation. In brown adipocytes isolated from Cav1-ablated mice, 

Cav1-ablation has no effect on EGF-induced Erk1/2 activation (paper IV). 

Furthermore, depending on the age of human diploid fibroblasts, different 

amounts of Cav1 are expressed (increasing with age), and the expression is 

inhibitory for EGF-induced Erk1/2 activation (Park et al. 2000). Thus, both 

cholesterol and Cav1 may have an effect on EGF-induced Erk1/2 activation; 

whether there is an effect or not seems to be cell-type specific and also de-

pendent on the age of the cells. 

 For PDGF-induced Erk1/2 activation, three studies have investigated the 

importance of Cav1 for the signaling. In airway smooth muscle cells, Cav1 

is required for proper signaling (Gosens et al. 2006), while in rat primary 

mesengial cells, Cav1 is inhibitory for PDGF-induced Erk1/2 activation. In 

brown adipocytes isolated from Cav1-ablated mice, Cav1-ablation has no 

effect on PDGF-induced Erk1/2 activation (paper IV). Thus, in these three 

cell types, Cav1 influences the PDGF-signaling to Erk1/2 differently. 

 

LPA can activate Erk1/2 in many cell systems, and there is no general path-

way. G-proteins, PI3K, PKC, and Src have been implicated in the pathway 

(Moolenaar. 1999, Anliker and Chun 2004, Shah et al. 2006, Kassel et al. 

2008, Jeong et al. 2008) and also transactivation via EGF and PDGF recep-

tor (Daub et al. 1997, Goppelt-Struebe et al. 2000, Rodland et al. 2008). In 
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primary brown adipocytes, LPA does not induce Erk1/2 activation via EGF 

or PDGF transactivation. Instead, two non-transactivational pathways exist, 

one Gi/PKC/Src-pathway and one PI3K-pathway (paper III).  

 The involvement of caveolae/lipid rafts in LPA-induced Erk1/2 activation 

has been investigated in two studies. In Cos-7 cells, treatment with methyl-

-cyclodextrin decreases the LPA-induced Erk1/2 activation (Kranenburg et 

al. 2001). Thus, caveolae/lipid rafts are important for proper signaling. In 

brown adipocytes isolated from Cav1-ablated mice, however, Cav1-ablation 

has no effect on the LPA-induced Erk1/2 activation (paper IV). Thus, it is 

possible that lipid rafts and not caveolae/Cav1 regulate LPA signaling to 

Erk1/2, although cell type specificity cannot be disregarded. 

 

The involvement of caveolae/lipid rafts in 3-adrenergic receptor (3-AR) 

signaling to cAMP has been investigated in three studies. Treatment of 

brown adipocytes with the cholesterol-disturbing agent filipin reduces 3-

AR-induced cAMP levels (Sato et al. 2007). Thus, caveolae/lipid rafts seem 

to play a role in the signaling. In addition, in brown adipocytes isolated from 

Cav1-ablated mice, the Cav1-ablation decreased the 3-AR-induced cAMP 

levels (paper IV). However, in C6 glioma cells, treatment with Cav1 siRNA 

increased -AR-induced cAMP levels compared to untreated cells (Allen et 

al. 2009). Thus, the importance of caveolae/Cav1 (and lipid rafts) is proba-

bly cell-type specific. 

 

In conclusion, caveolae and Cav1 can affect the localization of receptors and 

the receptor signaling. This seem to be cell-type specific. The presence of 

brown adipose tissue in adult man has been negatively correlated with both 

obesity and age (van Marken Lichtenbelt et al. 2009, Virtanen et al. 2009, 

Zingaretti et al. 2009, Saito et al. 2009). By understanding how brown adi-

pocyte proliferation and differentiation are regulated, it could be possible to 

combat obesity and the metabolic syndrome (see also (Fruhbeck et al. 

2009)). 
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you for all the brilliant food that I have gotten, which helped me survive in 

my busiest times in the lab. The energy and heart you put into me and my 

life makes me hope that I can be as good mother in the future. You are truly 

the best mother of them all, and I am so looking forward to spending time 

with you and Fredrik in the States – at which time I am going to be a much 

more relaxed daughter.  

 Johan, the most wonderful person in the world. Am so happy that we met, 

and life is just getting better and better when you are around. You have kept 

me sane these months, made sure that I got proper food and I owe you so 

much. It was perfect therapy, helping renovating your apartment, and for the 

next one I will do more. You make me so happy and and am looking forward 

to being able to spend more quality time with you  



 87 

8. References 

Aboulaich, N., Ortegren, U., Vener, A.V. & Stralfors, P. (2006) "Association and insulin 

regulated translocation of hormone-sensitive lipase with PTRF", Biochem. Biophys. Res. 

Commun., 350, 657-61.  

Ahmad, F., Lindh, R., Tang, Y., Ruishalme, I., Ost, A., Sahachartsiri, B., Stralfors, P., De-

german, E. & Manganiello, V.C. (2009) "Differential regulation of adipocyte PDE3B in dis-

tinct membrane compartments by insulin and the beta3-adrenergic receptor agonist 

CL316243: effects of caveolin-1 knockdown on formation/maintenance of macromolecular 

signalling complexes", Biochem. J., 424, 399-410.  

Albinsson, S., Shakirova, Y., Rippe, A., Baumgarten, M., Rosengren, B.I., Rippe, C., Hall-

mann, R., Hellstrand, P., Rippe, B. & Sward, K. (2007) "Arterial remodeling and plasma 

volume expansion in caveolin-1-deficient mice", Am. J. Physiol. Regul. Integr. Comp. Phy-

siol., 293, R1222-31.  

Alblas, J., van Corven, E.J., Hordijk, P.L., Milligan, G. & Moolenaar, W.H. (1993) "Gi-

mediated activation of the p21ras-mitogen-activated protein kinase pathway by alpha 2-

adrenergic receptors expressed in fibroblasts", J. Biol. Chem., 268, 22235-8.  

Ali, N., Yoshizumi, M., Fujita, Y., Izawa, Y., Kanematsu, Y., Ishizawa, K., Tsuchiya, K., 

Yano, S., Sone, S. & Tamaki, T. (2005) "A novel Src kinase inhibitor, M475271, inhibits 

VEGF-induced human umbilical vein endothelial cell proliferation and migration", J. 

Pharmacol. Sci., 98, 130-41.  

Allen, J.A., Yu, J.Z., Dave, R.H., Bhatnagar, A., Roth, B.L. & Rasenick, M.M. (2009) "Cave-

olin-1 and lipid microdomains regulate Gs trafficking and attenuate Gs/adenylyl cyclase 

signaling", Mol. Pharmacol., 76, 1082-93.  

Altman, J.D., Trendelenburg, A.U., MacMillan, L., Bernstein, D., Limbird, L., Starke, K., 

Kobilka, B.K. & Hein, L. (1999) "Abnormal regulation of the sympathetic nervous system 

in alpha2A-adrenergic receptor knockout mice", Mol. Pharmacol., 56, 154-61.  

Anderson, D.H. (2006) "Role of lipids in the MAPK signaling pathway", Prog. Lipid Res., 45, 

102-19.  

Anderson, R.G. (1998) "The caveolae membrane system", Annu. Rev. Biochem., 67, 199-225.  

Anliker, B. & Chun, J. (2004) "Cell surface receptors in lysophospholipid signaling", Semin. 

Cell Dev. Biol., 15, 457-65.  

Atit, R., Sgaier, S.K., Mohamed, O.A., Taketo, M.M., Dufort, D., Joyner, A.L., Niswander, L. 

& Conlon, R.A. (2006) "Beta-catenin activation is necessary and sufficient to specify the 

dorsal dermal fate in the mouse", Dev. Biol., 296, 164-76.  

Bachman, E.S., Dhillon, H., Zhang, C.Y., Cinti, S., Bianco, A.C., Kobilka, B.K. & Lowell, 

B.B. (2002) "betaAR signaling required for diet-induced thermogenesis and obesity resis-

tance", Science, 297, 843-5.  

Baillie, G.S., Sood, A., McPhee, I., Gall, I., Perry, S.J., Lefkowitz, R.J. & Houslay, M.D. 

(2003) "beta-Arrestin-mediated PDE4 cAMP phosphodiesterase recruitment regulates beta-

adrenoceptor switching from Gs to Gi", Proc. Natl. Acad. Sci. U. S. A., 100, 940-5.  

Balbis, A., Parmar, A., Wang, Y., Baquiran, G. & Posner, B.I. (2007) "Compartmentalization 

of signaling-competent epidermal growth factor receptors in endosomes", Endocrinology, 

148, 2944-54.  

Bastiani, M., Liu, L., Hill, M.M., Jedrychowski, M.P., Nixon, S.J., Lo, H.P., Abankwa, D., 

Luetterforst, R., Fernandez-Rojo, M., Breen, M.R., Gygi, S.P., Vinten, J., Walser, P.J., 



 88 

North, K.N., Hancock, J.F., Pilch, P.F. & Parton, R.G. (2009) "MURC/Cavin-4 and cavin 

family members form tissue-specific caveolar complexes", J. Cell Biol., 185, 1259-73.  

Baulida, J., Kraus, M.H., Alimandi, M., Di Fiore, P.P. & Carpenter, G. (1996) "All ErbB 

receptors other than the epidermal growth factor receptor are endocytosis impaired", J. Biol. 

Chem., 271, 5251-7.  

Beavo, J.A. & Brunton, L.L. (2002) "Cyclic nucleotide research -- still expanding after half a 

century", Nat. Rev. Mol. Cell Biol., 3, 710-8.  

Beguinot, L., Lyall, R.M., Willingham, M.C. & Pastan, I. (1984) "Down-regulation of the 

epidermal growth factor receptor in KB cells is due to receptor internalization and subse-

quent degradation in lysosomes", Proc. Natl. Acad. Sci. U. S. A., 81, 2384-8.  

Bengtsson, T., Cannon, B. & Nedergaard, J. (2000) "Differential adrenergic regulation of the 

gene expression of the beta-adrenoceptor subtypes beta1, beta2 and beta3 in brown adipo-

cytes", Biochem. J., 347 Pt 3, 643-51.  

Bengtsson, T., Redegren, K., Strosberg, A.D., Nedergaard, J. & Cannon, B. (1996) "Down-

regulation of beta3 adrenoreceptor gene expression in brown fat cells is transient and recov-

ery is dependent upon a short-lived protein factor", J. Biol. Chem., 271, 33366-75.  

Benovic, J.L., Pike, L.J., Cerione, R.A., Staniszewski, C., Yoshimasa, T., Codina, J., Caron, 

M.G. & Lefkowitz, R.J. (1985) "Phosphorylation of the mammalian beta-adrenergic recep-

tor by cyclic AMP-dependent protein kinase. Regulation of the rate of receptor phosphory-

lation and dephosphorylation by agonist occupancy and effects on coupling of the receptor 

to the stimulatory guanine nucleotide regulatory protein", J. Biol. Chem., 260, 7094-101.  

Benovic, J.L., Strasser, R.H., Caron, M.G. & Lefkowitz, R.J. (1986) "Beta-adrenergic recep-

tor kinase: identification of a novel protein kinase that phosphorylates the agonist-occupied 

form of the receptor", Proc. Natl. Acad. Sci. U. S. A., 83, 2797-801.  

Berrou, E. & Bryckaert, M. (2009) "Recruitment of protein phosphatase 2A to dorsal ruffles 

by platelet-derived growth factor in smooth muscle cells: dephosphorylation of Hsp27", 

Exp. Cell Res., 315, 836-48.  

Blouin, C.M., Le Lay, S., Eberl, A., Koefeler, H.C., Guerrera, I.C., Klein, C., Le Liepvre, X., 

Lasnier, F., Bourron, O., Gautier, J.F., Ferre, P., Hajduch, E. & Dugail, I. (2009) "Lipid 

droplet analysis in caveolin-deficient adipocytes: Alterations in surface phospholipid com-

position and maturation defects", J. Lipid Res., - 

Bostrom, H., Willetts, K., Pekny, M., Leveen, P., Lindahl, P., Hedstrand, H., Pekna, M., 

Hellstrom, M., Gebre-Medhin, S., Schalling, M., Nilsson, M., Kurland, S., Tornell, J., 

Heath, J.K. & Betsholtz, C. (1996) "PDGF-A signaling is a critical event in lung alveolar 

myofibroblast development and alveogenesis", Cell, 85, 863-73.  

Bouloumie, A., Planat, V., Devedjian, J.C., Valet, P., Saulnier-Blache, J.S., Record, M. & 

Lafontan, M. (1994) "Alpha 2-adrenergic stimulation promotes preadipocyte proliferation. 

Involvement of mitogen-activated protein kinases", J. Biol. Chem., 269, 30254-9.  

Bourova, L., Pesanova, Z., Novotny, J., Bengtsson, T. & Svoboda, P. (2000) "Differentiation 

of cultured brown adipocytes is associated with a selective increase in the short variant of 

g(s)alpha protein. Evidence for higher functional activity of g(s)alphaS", Mol. Cell. Endo-

crinol., 167, 23-31.  

Bronnikov, G., Bengtsson, T., Kramarova, L., Golozoubova, V., Cannon, B. & Nedergaard, J. 

(1999) "Beta1 to Beta3 Switch in Control of Cyclic Adenosine Monophosphate during 

Brown Adipocyte Development Explains Distinct Beta-Adrenoceptor Subtype Mediation of 

Proliferation and Differentiation", Endocrinology, 140, 4185-97.  

Bronnikov, G., Dolgacheva, L., Zhang, S.J., Galitovskaya, E., Kramarova, L. & Zinchenko, 

V. (1997) "The effect of neuropeptides kyotorphin and neokyotorphin on proliferation of 

cultured brown preadipocytes", FEBS Lett., 407, 73-7.  

Bronnikov, G., Houstek, J. & Nedergaard, J. (1992) "Beta-adrenergic, cAMP-mediated stimu-

lation of proliferation of brown fat cells in primary culture. Mediation via beta 1 but not via 

beta 3 adrenoceptors", J. Biol. Chem., 267, 2006-13.  

Bronnikov, G.E., Zhang, S.J., Cannon, B. & Nedergaard, J. (1999) "A dual component analy-

sis explains the distinctive kinetics of cAMP accumulation in brown adipocytes", J. Biol. 

Chem., 274, 37770-80.  



 89 

Brunet, A., Roux, D., Lenormand, P., Dowd, S., Keyse, S. & Pouyssegur, J. (1999) "Nuclear 

translocation of p42/p44 mitogen-activated protein kinase is required for growth factor-

induced gene expression and cell cycle entry", EMBO J., 18, 664-74.  

Buday, L. & Downward, J. (1993) "Epidermal growth factor regulates p21ras through the 

formation of a complex of receptor, Grb2 adapter protein, and Sos nucleotide exchange fac-

tor", Cell, 73, 611-20.  

Bylund, D.B., Eikenberg, D.C., Hieble, J.P., Langer, S.Z., Lefkowitz, R.J., Minneman, K.P., 

Molinoff, P.B., Ruffolo, R.R.,Jr & Trendelenburg, U. (1994) "International Union of Phar-

macology nomenclature of adrenoceptors", Pharmacol. Rev., 46, 121-36.  

Cannon, B. & Nedergaard, J. (2008) "Developmental biology: Neither fat nor flesh", Nature, 

454, 947-8.  

Cannon, B. & Nedergaard, J. (2004) "Brown adipose tissue: function and physiological signi-

ficance", Physiol. Rev., 84, 277-359.  

Cao, G., Yang, G., Timme, T.L., Saika, T., Truong, L.D., Satoh, T., Goltsov, A., Park, S.H., 

Men, T., Kusaka, N., Tian, W., Ren, C., Wang, H., Kadmon, D., Cai, W.W., Chinault, A.C., 

Boone, T.B., Bradley, A. & Thompson, T.C. (2003) "Disruption of the caveolin-1 gene im-

pairs renal calcium reabsorption and leads to hypercalciuria and urolithiasis", Am. J. Pa-

thol., 162, 1241-8.  

Cao, W., Daniel, K.W., Robidoux, J., Puigserver, P., Medvedev, A.V., Bai, X., Floering, 

L.M., Spiegelman, B.M. & Collins, S. (2004) "p38 mitogen-activated protein kinase is the 

central regulator of cyclic AMP-dependent transcription of the brown fat uncoupling protein 

1 gene", Mol. Cell. Biol., 24, 3057-67.  

Cao, W., Luttrell, L.M., Medvedev, A.V., Pierce, K.L., Daniel, K.W., Dixon, T.M., Lefko-

witz, R.J. & Collins, S. (2000) "Direct binding of activated c-Src to the beta 3-adrenergic 

receptor is required for MAP kinase activation", J. Biol. Chem., 275, 38131-4.  

Cao, W., Medvedev, A.V., Daniel, K.W. & Collins, S. (2001) "beta-Adrenergic activation of 

p38 MAP kinase in adipocytes: cAMP induction of the uncoupling protein 1 (UCP1) gene 

requires p38 MAP kinase", J. Biol. Chem., 276, 27077-82.  

Catalan, V., Gomez-Ambrosi, J., Rodriguez, A., Silva, C., Rotellar, F., Gil, M.J., Cienfuegos, 

J.A., Salvador, J. & Fruhbeck, G. (2008) "Expression of caveolin-1 in human adipose tissue 

is upregulated in obesity and obesity-associated type 2 diabetes mellitus and related to in-

flammation", Clin. Endocrinol. (Oxf), 68, 213-9.  

Cechin, S.R., Dunkley, P.R. & Rodnight, R. (2005) "Signal transduction mechanisms in-

volved in the proliferation of C6 glioma cells induced by lysophosphatidic acid", Neuro-

chem. Res., 30, 603-11.  

Chang, W.J., Ying, Y.S., Rothberg, K.G., Hooper, N.M., Turner, A.J., Gambliel, H.A., De 

Gunzburg, J., Mumby, S.M., Gilman, A.G. & Anderson, R.G. (1994) "Purification and cha-

racterization of smooth muscle cell caveolae", J. Cell Biol., 126, 127-38.  

Chaturvedi, K. & Sarkar, D.K. (2005) "Mediation of basic fibroblast growth factor-induced 

lactotropic cell proliferation by Src-Ras-mitogen-activated protein kinase p44/42 signaling", 

Endocrinology, 146, 1948-55.  

Chaudhary, L.R. & Hruska, K.A. (2001) "The cell survival signal Akt is differentially acti-

vated by PDGF-BB, EGF, and FGF-2 in osteoblastic cells", J. Cell. Biochem., 81, 304-11.  

Chaudhry, A., MacKenzie, R.G., Georgic, L.M. & Granneman, J.G. (1994) "Differential 

interaction of beta 1- and beta 3-adrenergic receptors with Gi in rat adipocytes", Cell. Sig-

nal., 6, 457-65.  

Chen, J., Baydoun, A.R., Xu, R., Deng, L., Liu, X., Zhu, W., Shi, L., Cong, X., Hu, S. & 

Chen, X. (2008) "Lysophosphatidic acid protects mesenchymal stem cells against hypoxia 

and serum deprivation-induced apoptosis", Stem Cells, 26, 135-45.  

Chen, X. & Resh, M.D. (2001) "Activation of mitogen-activated protein kinase by membrane-

targeted Raf chimeras is independent of raft localization", J. Biol. Chem., 276, 34617-23.  

Chernogubova, E., Cannon, B. & Bengtsson, T. (2004) "Norepinephrine increases glucose 

transport in brown adipocytes via beta3-adrenoceptors through a cAMP, PKA, and PI3-

kinase-dependent pathway stimulating conventional and novel PKCs", Endocrinology, 145, 

269-80.  



 90 

Chernogubova, E., Hutchinson, D.S., Nedergaard, J. & Bengtsson, T. (2005) "Alpha1- and 

beta1-adrenoceptor signaling fully compensates for beta3-adrenoceptor deficiency in brown 

adipocyte norepinephrine-stimulated glucose uptake", Endocrinology, 146, 2271-84.  

Choi, J.W., Lee, C.W. & Chun, J. (2008) "Biological roles of lysophospholipid receptors 

revealed by genetic null mice: an update", Biochim. Biophys. Acta, 1781, 531-9.  

Chou, C.H., Wei, L.H., Kuo, M.L., Huang, Y.J., Lai, K.P., Chen, C.A. & Hsieh, C.Y. (2005) 

"Up-regulation of interleukin-6 in human ovarian cancer cell via a Gi/PI3K-Akt/NF-kappaB 

pathway by lysophosphatidic acid, an ovarian cancer-activating factor", Carcinogenesis, 26, 

45-52.  

Christodoulides, C., Lagathu, C., Sethi, J.K. & Vidal-Puig, A. (2009) "Adipogenesis and 

WNT signalling", Trends Endocrinol. Metab., 20, 16-24.  

Chruscinski, A.J., Rohrer, D.K., Schauble, E., Desai, K.H., Bernstein, D. & Kobilka, B.K. 

(1999) "Targeted disruption of the beta2 adrenergic receptor gene", J. Biol. Chem., 274, 

16694-700.  

Cinti, S. (1999) "The Adipose Organ.", Milan, Italy: Kurtis SRL 

Cinti, S. (2009) "Transdifferentiation properties of adipocytes in the Adipose Organ", Am. J. 

Physiol. Endocrinol. Metab. 297, E977-86.  

Clapham, D.E. & Neer, E.J. (1997) "G protein beta gamma subunits", Annu. Rev. Pharmacol. 

Toxicol., 37, 167-203.  

Cohen, A.W., Combs, T.P., Scherer, P.E. & Lisanti, M.P. (2003a) "Role of caveolin and 

caveolae in insulin signaling and diabetes", Am. J. Physiol. Endocrinol. Metab., 285, 

E1151-60.  

Cohen, A.W., Park, D.S., Woodman, S.E., Williams, T.M., Chandra, M., Shirani, J., Pereira 

de Souza, A., Kitsis, R.N., Russell, R.G., Weiss, L.M., Tang, B., Jelicks, L.A., Factor, S.M., 

Shtutin, V., Tanowitz, H.B. & Lisanti, M.P. (2003b) "Caveolin-1 null mice develop cardiac 

hypertrophy with hyperactivation of p42/44 MAP kinase in cardiac fibroblasts", Am. J. Phy-

siol. Cell. Physiol., 284, C457-74.  

Cohen, A.W., Razani, B., Schubert, W., Williams, T.M., Wang, X.B., Iyengar, P., Brasaemle, 

D.L., Scherer, P.E. & Lisanti, M.P. (2004) "Role of caveolin-1 in the modulation of lipoly-

sis and lipid droplet formation", Diabetes, 53, 1261-70.  

Cohen, A.W., Razani, B., Wang, X.B., Combs, T.P., Williams, T.M., Scherer, P.E. & Lisanti, 

M.P. (2003) "Caveolin-1-deficient mice show insulin resistance and defective insulin recep-

tor protein expression in adipose tissue", Am. J. Physiol. Cell. Physiol., 285, C222-35.  

Cohen, A.W., Schubert, W., Brasaemle, D.L., Scherer, P.E. & Lisanti, M.P. (2005) "Cave-

olin-1 expression is essential for proper nonshivering thermogenesis in brown adipose tis-

sue", Diabetes, 54, 679-86.  

Cohen, E.E., Lingen, M.W., Zhu, B., Zhu, H., Straza, M.W., Pierce, C., Martin, L.E. & Rosn-

er, M.R. (2006) "Protein kinase C zeta mediates epidermal growth factor-induced growth of 

head and neck tumor cells by regulating mitogen-activated protein kinase", Cancer Res., 66, 

6296-303.  

Contos, J.J., Fukushima, N., Weiner, J.A., Kaushal, D. & Chun, J. (2000) "Requirement for 

the lpA1 lysophosphatidic acid receptor gene in normal suckling behavior", Proc. Natl. 

Acad. Sci. U. S. A., 97, 13384-9.  

Contos, J.J., Ishii, I., Fukushima, N., Kingsbury, M.A., Ye, X., Kawamura, S., Brown, J.H. & 

Chun, J. (2002) "Characterization of lpa(2) (Edg4) and lpa(1)/lpa(2) (Edg2/Edg4) lysophos-

phatidic acid receptor knockout mice: signaling deficits without obvious phenotypic abnor-

mality attributable to lpa(2)", Mol. Cell. Biol., 22, 6921-9.  

Corbit, K.C., Soh, J.W., Yoshida, K., Eves, E.M., Weinstein, I.B. & Rosner, M.R. (2000) 

"Different protein kinase C isoforms determine growth factor specificity in neuronal cells", 

Mol. Cell. Biol., 20, 5392-403.  

Couet, J., Belanger, M.M., Roussel, E. & Drolet, M.C. (2001) "Cell biology of caveolae and 

caveolin", Adv. Drug Deliv. Rev., 49, 223-35.  

Couet, J., Sargiacomo, M. & Lisanti, M.P. (1997) "Interaction of a receptor tyrosine kinase, 

EGF-R, with caveolins. Caveolin binding negatively regulates tyrosine and serine/threonine 

kinase activities", J. Biol. Chem., 272, 30429-38.  



 91 

Coughlin, S.R., Escobedo, J.A. & Williams, L.T. (1989) "Role of phosphatidylinositol kinase 

in PDGF receptor signal transduction", Science, 243, 1191-4.  

Cunnick, J.M., Dorsey, J.F., Standley, T., Turkson, J., Kraker, A.J., Fry, D.W., Jove, R. & 

Wu, J. (1998) "Role of tyrosine kinase activity of epidermal growth factor receptor in the 

lysophosphatidic acid-stimulated mitogen-activated protein kinase pathway", J. Biol. 

Chem., 273, 14468-75.  

Daaka, Y., Luttrell, L.M. & Lefkowitz, R.J. (1997) "Switching of the coupling of the beta2-

adrenergic receptor to different G proteins by protein kinase A", Nature, 390, 88-91.  

Dallner, O.S., Chernogubova, E., Brolinson, K.A. & Bengtsson, T. (2006) "Beta3-adrenergic 

receptors stimulate glucose uptake in brown adipocytes by two mechanisms independently 

of glucose transporter 4 translocation", Endocrinology, 147, 5730-9.  

Das, K., Lewis, R.Y., Scherer, P.E. & Lisanti, M.P. (1999) "The membrane-spanning domains 

of caveolins-1 and -2 mediate the formation of caveolin hetero-oligomers. Implications for 

the assembly of caveolae membranes in vivo", J. Biol. Chem., 274, 18721-8.  

Daub, H., Wallasch, C., Lankenau, A., Herrlich, A. & Ullrich, A. (1997) "Signal characteris-

tics of G protein-transactivated EGF receptor", EMBO J., 16, 7032-44.  

Daub, H., Weiss, F.U., Wallasch, C. & Ullrich, A. (1996) "Role of transactivation of the EGF 

receptor in signalling by G-protein-coupled receptors", Nature, 379, 557-60.  

de Laurentiis, A., Donovan, L. & Arcaro, A. (2007) "Lipid rafts and caveolae in signaling by 

growth factor receptors", Open Biochem. J., 1, 12-32.  

de Rooij, J., Rehmann, H., van Triest, M., Cool, R.H., Wittinghofer, A. & Bos, J.L. (2000) 

"Mechanism of regulation of the Epac family of cAMP-dependent RapGEFs", J. Biol. 

Chem., 275, 20829-36.  

de Rooij, J., Zwartkruis, F.J., Verheijen, M.H., Cool, R.H., Nijman, S.M., Wittinghofer, A. & 

Bos, J.L. (1998) "Epac is a Rap1 guanine-nucleotide-exchange factor directly activated by 

cyclic AMP", Nature, 396, 474-7.  

Della Rocca, G.J., Maudsley, S., Daaka, Y., Lefkowitz, R.J. & Luttrell, L.M. (1999) "Pleio-

tropic coupling of G protein-coupled receptors to the mitogen-activated protein kinase cas-

cade. Role of focal adhesions and receptor tyrosine kinases", J. Biol. Chem., 274, 13978-84.  

Della Rocca, G.J., van Biesen, T., Daaka, Y., Luttrell, D.K., Luttrell, L.M. & Lefkowitz, R.J. 

(1997) "Ras-dependent mitogen-activated protein kinase activation by G protein-coupled 

receptors. Convergence of Gi- and Gq-mediated pathways on calcium/calmodulin, Pyk2, 

and Src kinase", J. Biol. Chem., 272, 19125-32.  

Dikic, I. (2003) "Mechanisms controlling EGF receptor endocytosis and degradation", Bio-

chem. Soc. Trans., 31, 1178-81.  

Dixon, R.J. & Brunskill, N.J. (1999) "Lysophosphatidic acid-induced proliferation in opos-

sum kidney proximal tubular cells: role of PI 3-kinase and ERK", Kidney Int., 56, 2064-75.  

Docherty, J.R. (1998) "Subtypes of functional alpha1- and alpha2-adrenoceptors", Eur. J. 

Pharmacol., 361, 1-15.  

Doherty, G.J. & McMahon, H.T. (2009) "Mechanisms of endocytosis", Annu. Rev. Biochem., 

78, 857-902.  

Dorsam, R.T. & Gutkind, J.S. (2007) "G-protein-coupled receptors and cancer", Nat. Rev. 

Cancer., 7, 79-94.  

Dowling, J.J., Gibbs, E.M. & Feldman, E.L. (2008) "Membrane traffic and muscle: lessons 

from human disease", Traffic, 9, 1035-43.  

Drab, M., Verkade, P., Elger, M., Kasper, M., Lohn, M., Lauterbach, B., Menne, J., Lind-

schau, C., Mende, F., Luft, F.C., Schedl, A., Haller, H. & Kurzchalia, T.V. (2001) "Loss of 

caveolae, vascular dysfunction, and pulmonary defects in caveolin-1 gene-disrupted mice", 

Science, 293, 2449-52.  

Dreja, K., Voldstedlund, M., Vinten, J., Tranum-Jensen, J., Hellstrand, P. & Sward, K. (2002) 

"Cholesterol depletion disrupts caveolae and differentially impairs agonist-induced arterial 

contraction", Arterioscler. Thromb. Vasc. Biol., 22, 1267-72.  

Dupre, D.J., Robitaille, M., Rebois, R.V. & Hebert, T.E. (2009) "The role of Gbetagamma 

subunits in the organization, assembly, and function of GPCR signaling complexes", Annu. 

Rev. Pharmacol. Toxicol., 49, 31-56.  



 92 

Ebisuya, M., Kondoh, K. & Nishida, E. (2005) "The duration, magnitude and compartmenta-

lization of ERK MAP kinase activity: mechanisms for providing signaling specificity", J. 

Cell. Sci., 118, 2997-3002.  

El-Yazbi, A.F., Cho, W.J., Schulz, R. & Daniel, E.E. (2006) "Caveolin-1 knockout alters 

beta-adrenoceptors function in mouse small intestine", Am. J. Physiol. Gastrointest. Liver 

Physiol., 291, G1020-30.  

Emorine, L.J., Marullo, S., Briend-Sutren, M.M., Patey, G., Tate, K., Delavier-Klutchko, C. & 

Strosberg, A.D. (1989) "Molecular characterization of the human beta 3-adrenergic recep-

tor", Science, 245, 1118-21.  

Enerback, S. (2009) "The origins of brown adipose tissue", N. Engl. J. Med., 360, 2021-3.  

Engelman, J.A., Chu, C., Lin, A., Jo, H., Ikezu, T., Okamoto, T., Kohtz, D.S. & Lisanti, M.P. 

(1998) "Caveolin-mediated regulation of signaling along the p42/44 MAP kinase cascade in 

vivo. A role for the caveolin-scaffolding domain", FEBS Lett., 428, 205-11.  

Engelman, J.A., Zhang, X.L., Razani, B., Pestell, R.G. & Lisanti, M.P. (1999) "p42/44 MAP 

kinase-dependent and -independent signaling pathways regulate caveolin-1 gene expression. 

Activation of Ras-MAP kinase and protein kinase a signaling cascades transcriptionally 

down-regulates caveolin-1 promoter activity", J. Biol. Chem., 274, 32333-41.  

Erickson, S.L., O'Shea, K.S., Ghaboosi, N., Loverro, L., Frantz, G., Bauer, M., Lu, L.H. & 

Moore, M.W. (1997) "ErbB3 is required for normal cerebellar and cardiac development: a 

comparison with ErbB2-and heregulin-deficient mice", Development, 124, 4999-5011.  

Evans, B.A., Papaioannou, M., Hamilton, S. & Summers, R.J. (1999) "Alternative splicing 

generates two isoforms of the beta3-adrenoceptor which are differentially expressed in 

mouse tissues", Br. J. Pharmacol., 127, 1525-31.  

Eyster, K.M. (2007) "The membrane and lipids as integral participants in signal transduction: 

lipid signal transduction for the non-lipid biochemist", Adv. Physiol. Educ., 31, 5-16.  

Facchini, A., Borzi, R.M. & Flamigni, F. (2005) "Induction of ornithine decarboxylase in 

T/C-28a2 chondrocytes by lysophosphatidic acid: signaling pathway and inhibition of cell 

proliferation", FEBS Lett., 579, 2919-25.  

Fang, X., Yu, S., LaPushin, R., Lu, Y., Furui, T., Penn, L.Z., Stokoe, D., Erickson, J.R., Bast, 

R.C.,Jr & Mills, G.B. (2000) "Lysophosphatidic acid prevents apoptosis in fibroblasts via 

G(i)-protein-mediated activation of mitogen-activated protein kinase", Biochem. J., 352 Pt 

1, 135-43.  

Farmer, S.R. (2008) "Molecular determinants of brown adipocyte formation and function", 

Genes Dev., 22, 1269-75.  

Faure, M., Voyno-Yasenetskaya, T.A. & Bourne, H.R. (1994) "cAMP and beta gamma sub-

units of heterotrimeric G proteins stimulate the mitogen-activated protein kinase pathway in 

COS-7 cells", J. Biol. Chem., 269, 7851-4.  

Feldmann, H.M., Golozoubova, V., Cannon, B. & Nedergaard, J. (2009) "UCP1 ablation 

induces obesity and abolishes diet-induced thermogenesis in mice exempt from thermal 

stress by living at thermoneutrality", Cell. Metab., 9, 203-9.  

Fielding, C.J. & Fielding, P.E. (2000) "Cholesterol and caveolae: structural and functional 

relationships", Biochim. Biophys. Acta, 1529, 210-22.  

Frank, P.G., Cheung, M.W., Pavlides, S., Llaverias, G., Park, D.S. & Lisanti, M.P. (2006) 

"Caveolin-1 and regulation of cellular cholesterol homeostasis", Am. J. Physiol. Heart Circ. 

Physiol., 291, H677-86.  

Frank, P.G., Pavlides, S., Cheung, M.W., Daumer, K. & Lisanti, M.P. (2008) "Role of cave-

olin-1 in the regulation of lipoprotein metabolism", Am. J. Physiol. Cell. Physiol., 295, 

C242-8.  

Fredriksson, J.M., Lindquist, J.M., Bronnikov, G.E. & Nedergaard, J. (2000) "Norepinephrine 

induces vascular endothelial growth factor gene expression in brown adipocytes through a 

beta -adrenoreceptor/cAMP/protein kinase A pathway involving Src but independently of 

Erk1/2", J. Biol. Chem., 275, 13802-11.  

Fredriksson, J.M., Thonberg, H., Ohlson, K.B., Ohba, K., Cannon, B. & Nedergaard, J. 

(2001) "Analysis of inhibition by H89 of UCP1 gene expression and thermogenesis indi-



 93 

cates protein kinase A mediation of beta(3)-adrenergic signalling rather than beta(3)-

adrenoceptor antagonism by H89", Biochim. Biophys. Acta, 1538, 206-17.  

Freedman, N.J., Liggett, S.B., Drachman, D.E., Pei, G., Caron, M.G. & Lefkowitz, R.J. 

(1995) "Phosphorylation and desensitization of the human beta 1-adrenergic receptor. In-

volvement of G protein-coupled receptor kinases and cAMP-dependent protein kinase", J. 

Biol. Chem., 270, 17953-61.  

Frey, M.R., Dise, R.S., Edelblum, K.L. & Polk, D.B. (2006) "P38 Kinase Regulates Epider-

mal Growth Factor Receptor Downregulation and Cellular Migration", EMBO J., 25, 5683-

92.  

Frielle, T., Collins, S., Daniel, K.W., Caron, M.G., Lefkowitz, R.J. & Kobilka, B.K. (1987) 

"Cloning of the cDNA for the human beta 1-adrenergic receptor", Proc. Natl. Acad. Sci. U. 

S. A., 84, 7920-4.  

Fruhbeck, G., Becerril, S., Sainz, N., Garrastachu, P. & Garcia-Velloso, M.J. (2009) "BAT: a 

new target for human obesity?", Trends Pharmacol. Sci., 30, 387-96.  

Fujita, T., Toya, Y., Iwatsubo, K., Onda, T., Kimura, K., Umemura, S. & Ishikawa, Y. (2001) 

"Accumulation of molecules involved in alpha1-adrenergic signal within caveolae: caveolin 

expression and the development of cardiac hypertrophy", Cardiovasc. Res., 51, 709-16.  

Fujita, Y., Maruyama, S., Kogo, H., Matsuo, S. & Fujimoto, T. (2004) "Caveolin-1 in mesan-

gial cells suppresses MAP kinase activation and cell proliferation induced by bFGF and 

PDGF", Kidney Int., 66, 1794-804.  

Furuchi, T. & Anderson, R.G. (1998) "Cholesterol depletion of caveolae causes hyperactiva-

tion of extracellular signal-related kinase (ERK)", J. Biol. Chem., 273, 21099-104.  

Galbiati, F., Engelman, J.A., Volonte, D., Zhang, X.L., Minetti, C., Li, M., Hou, H.,Jr, Kneitz, 

B., Edelmann, W. & Lisanti, M.P. (2001) "Caveolin-3 null mice show a loss of caveolae, 

changes in the microdomain distribution of the dystrophin-glycoprotein complex, and t-

tubule abnormalities", J. Biol. Chem., 276, 21425-33.  

Gallego, M., Setien, R., Puebla, L., Boyano-Adanez Mdel, C., Arilla, E. & Casis, O. (2005) 

"alpha1-Adrenoceptors stimulate a Galphas protein and reduce the transient outward K+ 

current via a cAMP/PKA-mediated pathway in the rat heart", Am. J. Physiol. Cell. Physiol., 

288, C577-85.  

Garcia, B. & Obregon, M.J. (2002) "Growth factor regulation of uncoupling protein-1 mRNA 

expression in brown adipocytes", Am. J. Physiol. Cell. Physiol., 282, C105-12.  

Garcia, B. & Obregon, M.J. (1997) "Norepinephrine potentiates the mitogenic effect of 

growth factors in quiescent brown preadipocytes: relationship with uncoupling protein mes-

senger ribonucleic acid expression", Endocrinology, 138, 4227-33.  

Garcia-Sainz, J.A., Vazquez-Prado, J. & Villalobos-Molina, R. (1999) "Alpha 1-

adrenoceptors: subtypes, signaling, and roles in health and disease", Arch. Med. Res., 30, 

449-58.  

Gassmann, M., Casagranda, F., Orioli, D., Simon, H., Lai, C., Klein, R. & Lemke, G. (1995) 

"Aberrant neural and cardiac development in mice lacking the ErbB4 neuregulin receptor", 

Nature, 378, 390-4.  

Gauthier, C., Tavernier, G., Charpentier, F., Langin, D. & Le Marec, H. (1996) "Functional 

beta3-adrenoceptor in the human heart", J. Clin. Invest., 98, 556-62.  

Gerhardt, C.C., Gros, J., Strosberg, A.D. & Issad, T. (1999) "Stimulation of the extracellular 

signal-regulated kinase 1/2 pathway by human beta-3 adrenergic receptor: new pharmaco-

logical profile and mechanism of activation", Mol. Pharmacol., 55, 255-62.  

Gesty-Palmer, D., El Shewy, H., Kohout, T.A. & Luttrell, L.M. (2005) "beta-Arrestin 2 ex-

pression determines the transcriptional response to lysophosphatidic acid stimulation in mu-

rine embryo fibroblasts", J. Biol. Chem., 280, 32157-67.  

Gilman, A.G. (1987) "G proteins: transducers of receptor-generated signals", Annu. Rev. 

Biochem., 56, 615-49.  

Gobeil, F.,Jr, Bernier, S.G., Vazquez-Tello, A., Brault, S., Beauchamp, M.H., Quiniou, C., 

Marrache, A.M., Checchin, D., Sennlaub, F., Hou, X., Nader, M., Bkaily, G., Ribeiro-da-

Silva, A., Goetzl, E.J. & Chemtob, S. (2003) "Modulation of pro-inflammatory gene ex-

pression by nuclear lysophosphatidic acid receptor type-1", J. Biol. Chem., 278, 38875-83.  



 94 

Goetz, J.G., Lajoie, P., Wiseman, S.M. & Nabi, I.R. (2008) "Caveolin-1 in tumor progression: 

the good, the bad and the ugly", Cancer Metastasis Rev., 37, 715-35.  

Golozoubova, V., Cannon, B. & Nedergaard, J. (2006) "UCP1 is essential for adaptive adre-

nergic nonshivering thermogenesis", Am. J. Physiol. Endocrinol. Metab., 291, E350-7.  

Golozoubova, V., Gullberg, H., Matthias, A., Cannon, B., Vennstrom, B. & Nedergaard, J. 

(2004) "Depressed thermogenesis but competent brown adipose tissue recruitment in mice 

devoid of all hormone-binding thyroid hormone receptors", Mol. Endocrinol., 18, 384-401.  

Golozoubova, V., Hohtola, E., Matthias, A., Jacobsson, A., Cannon, B. & Nedergaard, J. 

(2001) "Only UCP1 can mediate adaptive nonshivering thermogenesis in the cold", FASEB 

J., 15, 2048-50.  

Goppelt-Struebe, M., Fickel, S. & Reiser, C.O. (2000) "The platelet-derived-growth-factor 

receptor, not the epidermal-growth-factor receptor, is used by lysophosphatidic acid to acti-

vate p42/44 mitogen-activated protein kinase and to induce prostaglandin G/H synthase-2 in 

mesangial cells", Biochem. J., 345 Pt 2, 217-24.  

Gosens, R., Dueck, G., Gerthoffer, W.T., Unruh, H., Zaagsma, J., Meurs, H. & Halayko, A.J. 

(2007) "p42/p44 MAP kinase activation is localized to caveolae-free membrane domains in 

airway smooth muscle", Am. J. Physiol. Lung Cell. Mol. Physiol., 292, L1163-72.  

Gosens, R., Stelmack, G.L., Dueck, G., McNeill, K.D., Yamasaki, A., Gerthoffer, W.T., 

Unruh, H., Gounni, A.S., Zaagsma, J. & Halayko, A.J. (2006) "Role of caveolin-1 in 

p42/p44 MAP kinase activation and proliferation of human airway smooth muscle", Am. J. 

Physiol. Lung Cell. Mol. Physiol., 291, L523-34.  

Granneman, J.G. & Lahners, K.N. (1995) "Regulation of mouse beta 3-adrenergic receptor 

gene expression and mRNA splice variants in adipocytes", Am. J. Physiol., 268, C1040-4.  

Gschwind, A., Hart, S., Fischer, O.M. & Ullrich, A. (2003) "TACE cleavage of proamphire-

gulin regulates GPCR-induced proliferation and motility of cancer cells", EMBO J., 22, 

2411-21.  

Gschwind, A., Prenzel, N. & Ullrich, A. (2002) "Lysophosphatidic acid-induced squamous 

cell carcinoma cell proliferation and motility involves epidermal growth factor receptor sig-

nal transactivation", Cancer Res., 62, 6329-36.  

Gudermann, T., Schoneberg, T. & Schultz, G. (1997) "Functional and structural complexity 

of signal transduction via G-protein-coupled receptors", Annu. Rev. Neurosci., 20, 399-427.  

Hagiwara, Y., Sasaoka, T., Araishi, K., Imamura, M., Yorifuji, H., Nonaka, I., Ozawa, E. & 

Kikuchi, T. (2000) "Caveolin-3 deficiency causes muscle degeneration in mice", Hum. Mol. 

Genet., 9, 3047-54.  

Haglund, K., Di Fiore, P.P. & Dikic, I. (2003a) "Distinct monoubiquitin signals in receptor 

endocytosis", Trends Biochem. Sci., 28, 598-603.  

Haglund, K., Schmidt, M.H., Wong, E.S., Guy, G.R. & Dikic, I. (2005) "Sprouty2 acts at the 

Cbl/CIN85 interface to inhibit epidermal growth factor receptor downregulation", EMBO 

Rep., 6, 635-41.  

Haglund, K., Sigismund, S., Polo, S., Szymkiewicz, I., Di Fiore, P.P. & Dikic, I. (2003b) 

"Multiple monoubiquitination of RTKs is sufficient for their endocytosis and degradation", 

Nat. Cell Biol., 5, 461-6.  

Han, J.M., Kim, Y., Lee, J.S., Lee, C.S., Lee, B.D., Ohba, M., Kuroki, T., Suh, P.G. & Ryu, 

S.H. (2002) "Localization of phospholipase D1 to caveolin-enriched membrane via palmi-

toylation: implications for epidermal growth factor signaling", Mol. Biol. Cell, 13, 3976-88.  

Harris, R.C., Chung, E. & Coffey, R.J. (2003) "EGF receptor ligands", Exp. Cell Res., 284, 2-

13.  

Hawes, B.E., Luttrell, L.M., van Biesen, T. & Lefkowitz, R.J. (1996) "Phosphatidylinositol 3-

kinase is an early intermediate in the G beta gamma-mediated mitogen-activated protein 

kinase signaling pathway", J. Biol. Chem., 271, 12133-6.  

Hayer, A., Stoeber, M., Bissig, C. & Helenius, A. (2009) "Biogenesis of Caveolae: Stepwise 

Assembly of Large Caveolin and Cavin Complexes", Traffic, - 

Head, B.P. & Insel, P.A. (2007) "Do caveolins regulate cells by actions outside of caveolae?", 

Trends Cell Biol., 17, 51-7.  



 95 

Heimerl, S., Liebisch, G., Le Lay, S., Bottcher, A., Wiesner, P., Lindtner, S., Kurzchalia, 

T.V., Simons, K. & Schmitz, G. (2008) "Caveolin-1 deficiency alters plasma lipid and lipo-

protein profiles in mice", Biochem. Biophys. Res. Commun., 367, 826-33.  

Hein, L. & Kobilka, B.K. (1997) "Adrenergic Receptors, From Molecular Structure to in vivo 

Function", Trends Cardiovasc. Med, 7, 137-145.  

Hein, L., Altman, J.D. & Kobilka, B.K. (1999) "Two functionally distinct alpha2-adrenergic 

receptors regulate sympathetic neurotransmission", Nature, 402, 181-4.  

Hein, P. & Michel, M.C. (2007) "Signal transduction and regulation: are all alpha1-adrenergic 

receptor subtypes created equal?", Biochem. Pharmacol., 73, 1097-106.  

Heldin, C.H. (2004) "Development and possible clinical use of antagonists for PDGF and 

TGF-beta", Ups. J. Med. Sci., 109, 165-78.  

Heldin, C.H. (1995) "Dimerization of cell surface receptors in signal transduction", Cell, 80, 

213-23.  

Heldin, C.H., Ostman, A. & Ronnstrand, L. (1998) "Signal transduction via platelet-derived 

growth factor receptors", Biochim. Biophys. Acta, 1378, F79-113.  

Heldin, C.H. & Westermark, B. (1999) "Mechanism of action and in vivo role of platelet-

derived growth factor", Physiol. Rev., 79, 1283-316.  

Hennessy, B.T., Smith, D.L., Ram, P.T., Lu, Y. & Mills, G.B. (2005) "Exploiting the 

PI3K/AKT pathway for cancer drug discovery", Nat. Rev. Drug Discov., 4, 988-1004.  

Herrlich, A., Daub, H., Knebel, A., Herrlich, P., Ullrich, A., Schultz, G. & Gudermann, T. 

(1998) "Ligand-independent activation of platelet-derived growth factor receptor is a neces-

sary intermediate in lysophosphatidic, acid-stimulated mitogenic activity in L cells", Proc. 

Natl. Acad. Sci. U. S. A., 95, 8985-90.  

Hieble, J.P., Bylund, D.B., Clarke, D.E., Eikenburg, D.C., Langer, S.Z., Lefkowitz, R.J., 

Minneman, K.P. & Ruffolo, R.R.,Jr (1995) "International Union of Pharmacology. X. Rec-

ommendation for nomenclature of alpha 1-adrenoceptors: consensus update", Pharmacol. 

Rev., 47, 267-70.  

Hill, M.M., Bastiani, M., Luetterforst, R., Kirkham, M., Kirkham, A., Nixon, S.J., Walser, P., 

Abankwa, D., Oorschot, V.M., Martin, S., Hancock, J.F. & Parton, R.G. (2008) "PTRF-

Cavin, a conserved cytoplasmic protein required for caveola formation and function", Cell, 

132, 113-24.  

Hnasko, R. & Lisanti, M.P. (2003) "The biology of caveolae: lessons from caveolin knockout 

mice and implications for human disease", Mol. Interv., 3, 445-64.  

Hoch, R.V. & Soriano, P. (2003) "Roles of PDGF in animal development", Development, 

130, 4769-84.  

Holbro, T., Civenni, G. & Hynes, N.E. (2003) "The ErbB receptors and their role in cancer 

progression", Exp. Cell Res., 284, 99-110.  

Hu, P., Margolis, B., Skolnik, E.Y., Lammers, R., Ullrich, A. & Schlessinger, J. (1992) "Inte-

raction of phosphatidylinositol 3-kinase-associated p85 with epidermal growth factor and 

platelet-derived growth factor receptors", Mol. Cell. Biol., 12, 981-90.  

Hua, H., Munk, S. & Whiteside, C.I. (2003) "Endothelin-1 activates mesangial cell ERK1/2 

via EGF-receptor transactivation and caveolin-1 interaction", Am. J. Physiol. Renal Phy-

siol., 284, F303-12.  

Hubbard, K.B. & Hepler, J.R. (2006) "Cell signalling diversity of the Gqalpha family of 

heterotrimeric G proteins", Cell. Signal., 18, 135-50.  

Hupfeld, C.J. & Olefsky, J.M. (2007) "Regulation of receptor tyrosine kinase signaling by 

GRKs and beta-arrestins", Annu. Rev. Physiol., 69, 561-77.  

Hutchinson, D.S. & Bengtsson, T. (2005) "alpha1A-adrenoceptors activate glucose uptake in 

L6 muscle cells through a phospholipase C-, phosphatidylinositol-3 kinase-, and atypical 

protein kinase C-dependent pathway", Endocrinology, 146, 901-12.  

Hutchinson, D.S., Bengtsson, T., Evans, B.A. & Summers, R.J. (2002) "Mouse beta 3a- and 

beta 3b-adrenoceptors expressed in Chinese hamster ovary cells display identical pharma-

cology but utilize distinct signalling pathways", Br. J. Pharmacol., 135, 1903-14.  



 96 

Hutchinson, D.S., Chernogubova, E., Dallner, O.S., Cannon, B. & Bengtsson, T. (2005) "Be-

ta-adrenoceptors, but not alpha-adrenoceptors, stimulate AMP-activated protein kinase in 

brown adipocytes independently of uncoupling protein-1", Diabetologia, 48, 2386-95.  

Hynes, N.E., Horsch, K., Olayioye, M.A. & Badache, A. (2001) "The ErbB receptor tyrosine 

family as signal integrators", Endocr. Relat. Cancer, 8, 151-9.  

Igarashi, J. & Michel, T. (2000) "Agonist-modulated targeting of the EDG-1 receptor to 

plasmalemmal caveolae. eNOS activation by sphingosine 1-phosphate and the role of cave-

olin-1 in sphingolipid signal transduction", J. Biol. Chem., 275, 32363-70.  

Insel, P.A., Head, B.P., Patel, H.H., Roth, D.M., Bundey, R.A. & Swaney, J.S. (2005) "Com-

partmentation of G-protein-coupled receptors and their signalling components in lipid rafts 

and caveolae", Biochem. Soc. Trans., 33, 1131-4.  

Insel, P.A. & Patel, H.H. (2007) "Do studies in caveolin-knockouts teach us about physiology 

and pharmacology or instead, the ways mice compensate for 'lost proteins'?", Br. J. Phar-

macol., 150, 251-4.  

Ishii, S., Noguchi, K. & Yanagida, K. (2009) "Non-Edg family lysophosphatidic acid (LPA) 

receptors", Prostaglandins Other Lipid Mediat., 89, 57-65.  

Ishikawa, Y., Otsu, K. & Oshikawa, J. (2005) "Caveolin; different roles for insulin signal?", 

Cell. Signal., 17, 1175-82.  

Jang, I.H., Kim, J.H., Lee, B.D., Bae, S.S., Park, M.H., Suh, P.G. & Ryu, S.H. (2001) "Loca-

lization of phospholipase C-gamma1 signaling in caveolae: importance in EGF-induced 

phosphoinositide hydrolysis but not in tyrosine phosphorylation", FEBS Lett., 491, 4-8.  

Jeong, K.J., Park, S.Y., Seo, J.H., Lee, K.B., Choi, W.S., Han, J.W., Kang, J.K., Park, C.G., 

Kim, Y.K. & Lee, H.Y. (2008) "Lysophosphatidic acid receptor 2 and Gi/Src pathway me-

diate cell motility through cyclooxygenase 2 expression in CAOV-3 ovarian cancer cells", 

Exp. Mol. Med., 40, 607-16.  

Jimenez, M., Leger, B., Canola, K., Lehr, L., Arboit, P., Seydoux, J., Russell, A.P., Giacobi-

no, J.P., Muzzin, P. & Preitner, F. (2002) "Beta(1)/beta(2)/beta(3)-adrenoceptor knockout 

mice are obese and cold-sensitive but have normal lipolytic responses to fasting", FEBS 

Lett., 530, 37-40.  

Jorissen, R.N., Walker, F., Pouliot, N., Garrett, T.P., Ward, C.W. & Burgess, A.W. (2003) 

"Epidermal growth factor receptor: mechanisms of activation and signalling", Exp. Cell 

Res., 284, 31-53.  

Kandror, K.V. & Pilch, P.F. (1996) "Compartmentalization of protein traffic in insulin-

sensitive cells", Am. J. Physiol., 271, E1-14.  

Kandror, K.V., Stephens, J.M. & Pilch, P.F. (1995) "Expression and compartmentalization of 

caveolin in adipose cells: coordinate regulation with and structural segregation from 

GLUT4", J. Cell Biol., 129, 999-1006.  

Karagiosis, S.A., Chrisler, W.B., Bollinger, N. & Karin, N.J. (2009) "Lysophosphatidic acid-

induced ERK activation and chemotaxis in MC3T3-E1 preosteoblasts are independent of 

EGF receptor transactivation", J. Cell. Physiol., 219, 716-23.  

Karasinska, J.M., George, S.R. & O'Dowd, B.F. (2003) "Family 1 G protein-coupled receptor 

function in the CNS. Insights from gene knockout mice", Brain Res. Brain Res. Rev., 41, 

125-52.  

Karlsson, M., Thorn, H., Parpal, S., Stralfors, P. & Gustavsson, J. (2002) "Insulin induces 

translocation of glucose transporter GLUT4 to plasma membrane caveolae in adipocytes", 

FASEB J., 16, 249-51.  

Kassel, K.M., Dodmane, P.R., Schulte, N.A. & Toews, M.L. (2008) "Lysophosphatidic acid 

induces rapid and sustained decreases in epidermal growth factor receptor binding via dif-

ferent signaling pathways in BEAS-2B airway epithelial cells", J. Pharmacol. Exp. Ther., 

325, 809-17.  

Kaumann, A.J. (1997) "Four beta-adrenoceptor subtypes in the mammalian heart", Trends 

Pharmacol. Sci., 18, 70-6.  

Kawasaki, H., Springett, G.M., Mochizuki, N., Toki, S., Nakaya, M., Matsuda, M., Housman, 

D.E. & Graybiel, A.M. (1998) "A family of cAMP-binding proteins that directly activate 

Rap1", Science, 282, 2275-9.  



 97 

Kazazic, M., Roepstorff, K., Johannessen, L.E., Pedersen, N.M., van Deurs, B., Stang, E. & 

Madshus, I.H. (2006) "EGF-induced activation of the EGF receptor does not trigger mobili-

zation of caveolae", Traffic, 7, 1518-27.  

Khan, E.M., Heidinger, J.M., Levy, M., Lisanti, M.P., Ravid, T. & Goldkorn, T. (2006) "Epi-

dermal growth factor receptor exposed to oxidative stress undergoes Src- and caveolin-1-

dependent perinuclear trafficking", J. Biol. Chem., 281, 14486-93.  

Khorchid, A., Larocca, J.N. & Almazan, G. (1999) "Characterization of the signal transduc-

tion pathways mediating noradrenaline-stimulated MAPK activation and c-fos expression in 

oligodendrocyte progenitors", J. Neurosci. Res., 58, 765-78.  

Kikuchi-Utsumi, K., Kikuchi-Utsumi, M., Cannon, B. & Nedergaard, J. (1997) "Differential 

regulation of the expression of alpha1-adrenergic receptor subtype genes in brown adipose 

tissue", Biochem. J., 322 ( Pt 2), 417-24.  

Kim, Y.N., Wiepz, G.J., Guadarrama, A.G. & Bertics, P.J. (2000) "Epidermal growth factor-

stimulated tyrosine phosphorylation of caveolin-1. Enhanced caveolin-1 tyrosine phospho-

rylation following aberrant epidermal growth factor receptor status", J. Biol. Chem., 275, 

7481-91.  

Kimura, A., Mora, S., Shigematsu, S., Pessin, J.E. & Saltiel, A.R. (2002) "The insulin recep-

tor catalyzes the tyrosine phosphorylation of caveolin-1", J. Biol. Chem., 277, 30153-8.  

Klaus, S., Muzzin, P., Revelli, J.P., Cawthorne, M.A., Giacobino, J.P. & Ricquier, D. (1995) 

"Control of beta 3-adrenergic receptor gene expression in brown adipocytes in culture", 

Mol. Cell. Endocrinol., 109, 189-95.  

Kobayashi, Y., Bridle, K.R., Ramm, G.A., O'neill, R., Britton, R.S. & Bacon, B.R. (2007) 

"Effect of phorbol ester and platelet-derived growth factor on protein kinase C in rat hepatic 

stellate cells", Liver Int., 27, 1066-75.  

Kranenburg, O., Verlaan, I., Hordijk, P.L. & Moolenaar, W.H. (1997) "Gi-mediated activa-

tion of the Ras/MAP kinase pathway involves a 100 kDa tyrosine-phosphorylated Grb2 

SH3 binding protein, but not Src nor Shc", EMBO J., 16, 3097-105.  

Kranenburg, O., Verlaan, I. & Moolenaar, W.H. (2001) "Regulating c-Ras function. choles-

terol depletion affects caveolin association, GTP loading, and signaling", Curr. Biol., 11, 

1880-4.  

Kranenburg, O., Verlaan, I. & Moolenaar, W.H. (1999) "Gi-mediated tyrosine phosphoryla-

tion of Grb2 (growth-factor-receptor-bound protein 2)-bound dynamin-II by lysophospha-

tidic acid", Biochem. J., 339 ( Pt 1), 11-4.  

Krymskaya, V.P., Goncharova, E.A., Ammit, A.J., Lim, P.N., Goncharov, D.A., Eszterhas, A. 

& Panettieri, R.A.,Jr (2005) "Src is necessary and sufficient for human airway smooth mus-

cle cell proliferation and migration", FASEB J., 19, 428-30.  

Kue, P.F., Taub, J.S., Harrington, L.B., Polakiewicz, R.D., Ullrich, A. & Daaka, Y. (2002) 

"Lysophosphatidic acid-regulated mitogenic ERK signaling in androgen-insensitive prostate 

cancer PC-3 cells", Int. J. Cancer, 102, 572-9.  

Lanzafame, A.A., Turnbull, L., Amiramahdi, F., Arthur, J.F., Huynh, H. & Woodcock, E.A. 

(2006) "Inositol phospholipids localized to caveolae in rat heart are regulated by alpha1-

adrenergic receptors and by ischemia-reperfusion", Am. J. Physiol. Heart Circ. Physiol., 

290, H2059-65.  

Le Lay, S., Blouin, C.M., Hajduch, E. & Dugail, I. (2009) "Filling up adipocytes with lipids. 

Lessons from caveolin-1 deficiency", Biochim. Biophys. Acta, 1791, 514-8.  

Le Lay, S., Hajduch, E., Lindsay, M.R., Le Liepvre, X., Thiele, C., Ferre, P., Parton, R.G., 

Kurzchalia, T., Simons, K. & Dugail, I. (2006) "Cholesterol-induced caveolin targeting to 

lipid droplets in adipocytes: a role for caveolar endocytosis", Traffic, 7, 549-61.  

Le Lay, S. & Kurzchalia, T.V. (2005) "Getting rid of caveolins: phenotypes of caveolin-

deficient animals", Biochim. Biophys. Acta, 1746, 322-33.  

Lee, H., Park, D.S., Wang, X.B., Scherer, P.E., Schwartz, P.E. & Lisanti, M.P. (2002) "Src-

induced phosphorylation of caveolin-2 on tyrosine 19. Phospho-caveolin-2 (Tyr(P)19) is 

localized near focal adhesions, remains associated with lipid rafts/caveolae, but no longer 

forms a high molecular mass hetero-oligomer with caveolin-1", J. Biol. Chem., 277, 34556-

67.  



 98 

Lee, H., Volonte, D., Galbiati, F., Iyengar, P., Lublin, D.M., Bregman, D.B., Wilson, M.T., 

Campos-Gonzalez, R., Bouzahzah, B., Pestell, R.G., Scherer, P.E. & Lisanti, M.P. (2000) 

"Constitutive and growth factor-regulated phosphorylation of caveolin-1 occurs at the same 

site (Tyr-14) in vivo: identification of a c-Src/Cav-1/Grb7 signaling cassette", Mol. Endo-

crinol., 14, 1750-75.  

Lee, H., Xie, L., Luo, Y., Lee, S.Y., Lawrence, D.S., Wang, X.B., Sotgia, F., Lisanti, M.P. & 

Zhang, Z.Y. (2006) "Identification of phosphocaveolin-1 as a novel protein tyrosine phos-

phatase 1B substrate", Biochemistry, 45, 234-40.  

Lee, K.F., Simon, H., Chen, H., Bates, B., Hung, M.C. & Hauser, C. (1995) "Requirement for 

neuregulin receptor erbB2 in neural and cardiac development", Nature, 378, 394-8.  

Lefkowitz, R.J. (2004) "Historical review: a brief history and personal retrospective of seven-

transmembrane receptors", Trends Pharmacol. Sci., 25, 413-22.  

Lefkowitz, R.J. & Shenoy, S.K. (2005) "Transduction of receptor signals by beta-arrestins", 

Science, 308, 512-7.  

Lefterova, M.I. & Lazar, M.A. (2009) "New developments in adipogenesis", Trends Endocri-

nol. Metab., 20, 107-14.  

Lehr, L., Canola, K., Leger, B. & Giacobino, J.P. (2009) "Differentiation and characterization 

in primary culture of white adipose tissue brown adipocyte-like cells", Int. J. Obes. (Lond), 

33, 680-6.  

Lei, B., Morris, D.P., Smith, M.P. & Schwinn, D.A. (2009) "Lipid rafts constrain basal al-

pha(1A)-adrenergic receptor signaling by maintaining receptor in an inactive conforma-

tion", Cell. Signal., 21, 1532-9.  

Lei, B., Zhang, Y. & Han, C. (2001) "Sustained norepinephrine stimulation induces different 

regulation of expression in three alpha1-adrenoceptor subtypes", Life Sci., 69, 301-8.  

Lemmon, M.A., Bu, Z., Ladbury, J.E., Zhou, M., Pinchasi, D., Lax, I., Engelman, D.M. & 

Schlessinger, J. (1997) "Two EGF molecules contribute additively to stabilization of the 

EGFR dimer", EMBO J., 16, 281-94.  

Leveen, P., Pekny, M., Gebre-Medhin, S., Swolin, B., Larsson, E. & Betsholtz, C. (1994) 

"Mice deficient for PDGF B show renal, cardiovascular, and hematological abnormalities", 

Genes Dev., 8, 1875-87.  

Li, S., Seitz, R. & Lisanti, M.P. (1996) "Phosphorylation of caveolin by src tyrosine kinases. 

The alpha-isoform of caveolin is selectively phosphorylated by v-Src in vivo", J. Biol. 

Chem., 271, 3863-8.  

Li, W.P., Liu, P., Pilcher, B.K. & Anderson, R.G. (2001) "Cell-specific targeting of caveolin-

1 to caveolae, secretory vesicles, cytoplasm or mitochondria", J. Cell. Sci., 114, 1397-408.  

Li, Y., Gonzalez, M.I., Meinkoth, J.L., Field, J., Kazanietz, M.G. & Tennekoon, G.I. (2003) 

"Lysophosphatidic acid promotes survival and differentiation of rat Schwann cells", J. Biol. 

Chem., 278, 9585-91.  

Liggett, S.B., Freedman, N.J., Schwinn, D.A. & Lefkowitz, R.J. (1993) "Structural basis for 

receptor subtype-specific regulation revealed by a chimeric beta 3/beta 2-adrenergic recep-

tor", Proc. Natl. Acad. Sci. U. S. A., 90, 3665-9.  

Lindquist, J.M. (2001) "Adrenergic pathways to MAP kinase activation", Thesis. Stockholm 

Univ., Stockholm  

Lindquist, J.M., Fredriksson, J.M., Rehnmark, S., Cannon, B. & Nedergaard, J. (2000) "Beta 

3- and alpha1-adrenergic Erk1/2 activation is Src- but not Gi-mediated in Brown adipo-

cytes", J. Biol. Chem., 275, 22670-7.  

Lindquist, J.M. & Rehnmark, S. (1998) "Ambient temperature regulation of apoptosis in 

brown adipose tissue. Erk1/2 promotes norepinephrine-dependent cell survival", J. Biol. 

Chem., 273, 30147-56.  

Link, R.E., Desai, K., Hein, L., Stevens, M.E., Chruscinski, A., Bernstein, D., Barsh, G.S. & 

Kobilka, B.K. (1996) "Cardiovascular regulation in mice lacking alpha2-adrenergic receptor 

subtypes b and c", Science, 273, 803-5.  

Link, R.E., Stevens, M.S., Kulatunga, M., Scheinin, M., Barsh, G.S. & Kobilka, B.K. (1995) 

"Targeted inactivation of the gene encoding the mouse alpha 2c-adrenoceptor homolog", 

Mol. Pharmacol., 48, 48-55.  



 99 

Liu, J., Oh, P., Horner, T., Rogers, R.A. & Schnitzer, J.E. (1997a) "Organized endothelial cell 

surface signal transduction in caveolae distinct from glycosylphosphatidylinositol-anchored 

protein microdomains", J. Biol. Chem., 272, 7211-22.  

Liu, L., Brown, D., McKee, M., Lebrasseur, N.K., Yang, D., Albrecht, K.H., Ravid, K. & 

Pilch, P.F. (2008) "Deletion of Cavin/PTRF causes global loss of caveolae, dyslipidemia, 

and glucose intolerance", Cell. Metab., 8, 310-7.  

Liu, L. & Pilch, P.F. (2008) "A critical role of cavin (polymerase I and transcript release 

factor) in caveolae formation and organization", J. Biol. Chem., 283, 4314-22.  

Liu, P. & Anderson, R.G. (1995) "Compartmentalized production of ceramide at the cell 

surface", J. Biol. Chem., 270, 27179-85.  

Liu, P., Rudick, M. & Anderson, R.G. (2002) "Multiple functions of caveolin-1", J. Biol. 

Chem., 277, 41295-8.  

Liu, P., Ying, Y. & Anderson, R.G. (1997b) "Platelet-derived growth factor activates mito-

gen-activated protein kinase in isolated caveolae", Proc. Natl. Acad. Sci. U. S. A., 94, 

13666-70.  

Liu, P., Ying, Y., Ko, Y.G. & Anderson, R.G. (1996) "Localization of platelet-derived growth 

factor-stimulated phosphorylation cascade to caveolae", J. Biol. Chem., 271, 10299-303.  

Liu, Y.T., Song, L. & Templeton, D.M. (2007) "Heparin suppresses lipid raft-mediated sig-

naling and ligand-independent EGF receptor activation", J. Cell. Physiol., 211, 205-12.  

Llaverias, G., Vazquez-Carrera, M., Sanchez, R.M., Noe, V., Ciudad, C.J., Laguna, J.C. & 

Alegret, M. (2004) "Rosiglitazone upregulates caveolin-1 expression in THP-1 cells through 

a PPAR-dependent mechanism", J. Lipid Res., 45, 2015-24.  

Lohse, M.J., Andexinger, S., Pitcher, J., Trukawinski, S., Codina, J., Faure, J.P., Caron, M.G. 

& Lefkowitz, R.J. (1992) "Receptor-specific desensitization with purified proteins. Kinase 

dependence and receptor specificity of beta-arrestin and arrestin in the beta 2-adrenergic 

receptor and rhodopsin systems", J. Biol. Chem., 267, 8558-64.  

Lohse, M.J., Benovic, J.L., Codina, J., Caron, M.G. & Lefkowitz, R.J. (1990) "beta-Arrestin: 

a protein that regulates beta-adrenergic receptor function", Science, 248, 1547-50.  

Longo, K.A., Wright, W.S., Kang, S., Gerin, I., Chiang, S.H., Lucas, P.C., Opp, M.R. & 

MacDougald, O.A. (2004) "Wnt10b inhibits development of white and brown adipose tis-

sues", J. Biol. Chem., 279, 35503-9.  

Lopez-Ilasaca, M., Crespo, P., Pellici, P.G., Gutkind, J.S. & Wetzker, R. (1997) "Linkage of 

G protein-coupled receptors to the MAPK signaling pathway through PI 3-kinase gamma", 

Science, 275, 394-7.  

Luttrell, L.M., Ferguson, S.S., Daaka, Y., Miller, W.E., Maudsley, S., Della Rocca, G.J., Lin, 

F., Kawakatsu, H., Owada, K., Luttrell, D.K., Caron, M.G. & Lefkowitz, R.J. (1999) "Beta-

arrestin-dependent formation of beta2 adrenergic receptor-Src protein kinase complexes", 

Science, 283, 655-61.  

Luttrell, L.M., Hawes, B.E., van Biesen, T., Luttrell, D.K., Lansing, T.J. & Lefkowitz, R.J. 

(1996) "Role of c-Src tyrosine kinase in G protein-coupled receptor- and Gbetagamma sub-

unit-mediated activation of mitogen-activated protein kinases", J. Biol. Chem., 271, 19443-

50.  

Lynch, M.J., Baillie, G.S. & Houslay, M.D. (2007) "cAMP-specific phosphodiesterase-4D5 

(PDE4D5) provides a paradigm for understanding the unique non-redundant roles that 

PDE4 isoforms play in shaping compartmentalized cAMP cell signalling", Biochem. Soc. 

Trans., 35, 938-41.  

MacMillan, L.B., Hein, L., Smith, M.S., Piascik, M.T. & Limbird, L.E. (1996) "Central hypo-

tensive effects of the alpha2a-adrenergic receptor subtype", Science, 273, 801-3.  

Madarame, J., Higashiyama, S., Kiyota, H., Madachi, A., Toki, F., Shimomura, T., Tani, N., 

Oishi, Y. & Matsuura, N. (2003) "Transactivation of epidermal growth factor receptor after 

heparin-binding epidermal growth factor-like growth factor shedding in the migration of 

prostate cancer cells promoted by bombesin", Prostate, 57, 187-95.  

Mahammad, S. & Parmryd, I. (2008) "Cholesterol homeostasis in T cells. Methyl-beta-

cyclodextrin treatment results in equal loss of cholesterol from Triton X-100 soluble and 

insoluble fractions", Biochim. Biophys. Acta, 1778, 1251-8.  



 100 

Massague, J. & Pandiella, A. (1993) "Membrane-anchored growth factors", Annu. Rev. Bio-

chem., 62, 515-41.  

Mastick, C.C., Brady, M.J. & Saltiel, A.R. (1995) "Insulin stimulates the tyrosine phosphory-

lation of caveolin", J. Cell Biol., 129, 1523-31.  

Matveev, S.V. & Smart, E.J. (2002) "Heterologous desensitization of EGF receptors and 

PDGF receptors by sequestration in caveolae", Am. J. Physiol. Cell. Physiol., 282, C935-46.  

McIntyre, T.M., Pontsler, A.V., Silva, A.R., St Hilaire, A., Xu, Y., Hinshaw, J.C., Zimmer-

man, G.A., Hama, K., Aoki, J., Arai, H. & Prestwich, G.D. (2003) "Identification of an 

intracellular receptor for lysophosphatidic acid (LPA): LPA is a transcellular PPARgamma 

agonist", Proc. Natl. Acad. Sci. U. S. A., 100, 131-6.  

Melien, O., Sandnes, D., Johansen, E.J. & Christoffersen, T. (2000) "Effects of pertussis toxin 

on extracellular signal-regulated kinase activation in hepatocytes by hormones and receptor-

independent agents: evidence suggesting a stimulatory role of G(i) proteins at a level distal 

to receptor coupling", J. Cell. Physiol., 184, 27-36.  

Mellgren, R.L. (2008) "Detergent-resistant membrane subfractions containing proteins of 

plasma membrane, mitochondrial, and internal membrane origins", J. Biochem. Biophys. 

Methods, 70, 1029-36.  

Mercier, I., Jasmin, J.F., Pavlides, S., Minetti, C., Flomenberg, N., Pestell, R.G., Frank, P.G., 

Sotgia, F. & Lisanti, M.P. (2009) "Clinical and translational implications of the caveolin 

gene family: lessons from mouse models and human genetic disorders", Lab. Invest., 89, 

614-23.  

Michaely, P.A., Mineo, C., Ying, Y.S. & Anderson, R.G. (1999) "Polarized distribution of 

endogenous Rac1 and RhoA at the cell surface", J. Biol. Chem., 274, 21430-6.  

Miettinen, P.J., Berger, J.E., Meneses, J., Phung, Y., Pedersen, R.A., Werb, Z. & Derynck, R. 

(1995) "Epithelial immaturity and multiorgan failure in mice lacking epidermal growth fac-

tor receptor", Nature, 376, 337-41.  

Mills, G.B. & Moolenaar, W.H. (2003) "The emerging role of lysophosphatidic acid in can-

cer", Nat. Rev. Cancer., 3, 582-91.  

Mineo, C., Gill, G.N. & Anderson, R.G. (1999) "Regulated migration of epidermal growth 

factor receptor from caveolae", J. Biol. Chem., 274, 30636-43.  

Mineo, C., James, G.L., Smart, E.J. & Anderson, R.G. (1996) "Localization of epidermal 

growth factor-stimulated Ras/Raf-1 interaction to caveolae membrane", J. Biol. Chem., 271, 

11930-5.  

Mitsuda, T., Furukawa, K., Fukumoto, S., Miyazaki, H., Urano, T. & Furukawa, K. (2002) 

"Overexpression of ganglioside GM1 results in the dispersion of platelet-derived growth 

factor receptor from glycolipid-enriched microdomains and in the suppression of cell 

growth signals", J. Biol. Chem., 277, 11239-46.  

Moolenaar, W.H. (1999) "Bioactive lysophospholipids and their G protein-coupled recep-

tors", Exp. Cell Res., 253, 230-8.  

Moolenaar, W.H. (1995) "Lysophosphatidic acid, a multifunctional phospholipid messenger", 

J. Biol. Chem., 270, 12949-52.  

Moolenaar, W.H., van Meeteren, L.A. & Giepmans, B.N. (2004) "The ins and outs of lyso-

phosphatidic acid signaling", Bioessays, 26, 870-81.  

Morris, J.B., Huynh, H., Vasilevski, O. & Woodcock, E.A. (2006) "Alpha1-adrenergic recep-

tor signaling is localized to caveolae in neonatal rat cardiomyocytes", J. Mol. Cell. Cardiol., 

41, 17-25.  

Munro, S. (2003) "Lipid rafts: elusive or illusive?", Cell, 115, 377-88.  

Nabi, I.R. (2009) "Cavin fever: regulating caveolae", Nat. Cell Biol., 11, 789-91.  

Nakano, N., Miyazawa, N., Sakurai, T., Kizaki, T., Kimoto, K., Takahashi, K., Ishida, H., 

Takahashi, M., Suzuki, K. & Ohno, H. (2007) "Gliclazide inhibits proliferation but stimu-

lates differentiation of white and brown adipocytes", J. Biochem., 142, 639-45.  

Nanberg, E. & Putney, J.,Jr (1986) "Alpha 1-adrenergic activation of brown adipocytes leads 

to an increased formation of inositol polyphosphates", FEBS Lett., 195, 319-22.  

Nedergaard, J., Bengtsson, T. & Cannon, B. (2007) "Unexpected evidence for active brown 

adipose tissue in adult humans", Am. J. Physiol. Endocrinol. Metab., 293, E444-52.  



 101 

Neidhold, S., Eichhorn, B., Kasper, M., Ravens, U. & Kaumann, A.J. (2007) "The function of 

alpha- and beta-adrenoceptors of the saphenous artery in caveolin-1 knockout and wild-type 

mice", Br. J. Pharmacol., 150, 261-70.  

Newcomb, L.F. & Mastick, C.C. (2002) "Src family kinase-dependent phosphorylation of a 

29-kDa caveolin-associated protein", Biochem. Biophys. Res. Commun., 290, 1447-53.  

Nilsson, R., Ahmad, F., Sward, K., Andersson, U., Weston, M., Manganiello, V. & Deger-

man, E. (2006) "Plasma membrane cyclic nucleotide phosphodiesterase 3B (PDE3B) is as-

sociated with caveolae in primary adipocytes", Cell. Signal., 18, 1713-21.  

Oh, P. & Schnitzer, J.E. (1999) "Immunoisolation of caveolae with high affinity antibody 

binding to the oligomeric caveolin cage. Toward understanding the basis of purification", J. 

Biol. Chem., 274, 23144-54.  

Oh, Y.S., Jo, N.W., Choi, J.W., Kim, H.S., Seo, S.W., Kang, K.O., Hwang, J.I., Heo, K., Kim, 

S.H., Kim, Y.H., Kim, I.H., Kim, J.H., Banno, Y., Ryu, S.H. & Suh, P.G. (2004) "NHERF2 

specifically interacts with LPA2 receptor and defines the specificity and efficiency of recep-

tor-mediated phospholipase C-beta3 activation", Mol. Cell. Biol., 24, 5069-79.  

Oka, N., Asai, K., Kudej, R.K., Edwards, J.G., Toya, Y., Schwencke, C., Vatner, D.E., Vatn-

er, S.F. & Ishikawa, Y. (1997) "Downregulation of caveolin by chronic beta-adrenergic re-

ceptor stimulation in mice", Am. J. Physiol., 273, C1957-62.  

Okamoto, T., Schlegel, A., Scherer, P.E. & Lisanti, M.P. (1998) "Caveolins, a family of scaf-

folding proteins for organizing "preassembled signaling complexes" at the plasma mem-

brane", J. Biol. Chem., 273, 5419-22.  

Olayioye, M.A., Badache, A., Daly, J.M. & Hynes, N.E. (2001) "An essential role for Src 

kinase in ErbB receptor signaling through the MAPK pathway", Exp. Cell Res., 267, 81-7.  

Olayioye, M.A., Neve, R.M., Lane, H.A. & Hynes, N.E. (2000) "The ErbB signaling network: 

receptor heterodimerization in development and cancer", EMBO J., 19, 3159-67.  

Olivares-Reyes, J.A., Shah, B.H., Hernandez-Aranda, J., Garcia-Caballero, A., Farshori, M.P., 

Garcia-Sainz, J.A. & Catt, K.J. (2005) "Agonist-induced interactions between angiotensin 

AT1 and epidermal growth factor receptors", Mol. Pharmacol., 68, 356-64.  

Olli-Lahdesmaki, T., Scheinin, M., Pohjanoksa, K. & Kallio, J. (2003) "Agonist-dependent 

trafficking of alpha2-adrenoceptor subtypes: dependence on receptor subtype and employed 

agonist", Eur. J. Cell Biol., 82, 231-9.  

Ortegren, U., Aboulaich, N., Ost, A. & Stralfors, P. (2007) "A new role for caveolae as meta-

bolic platforms", Trends Endocrinol. Metab., 18, 344-9.  

Ortegren, U., Karlsson, M., Blazic, N., Blomqvist, M., Nystrom, F.H., Gustavsson, J., Fred-

man, P. & Stralfors, P. (2004) "Lipids and glycosphingolipids in caveolae and surrounding 

plasma membrane of primary rat adipocytes", Eur. J. Biochem., 271, 2028-36.  

Orth, J.D. & McNiven, M.A. (2006) "Get off my back! Rapid receptor internalization through 

circular dorsal ruffles", Cancer Res., 66, 11094-6.  

Osaki, M., Oshimura, M. & Ito, H. (2004) "PI3K-Akt pathway: its functions and alterations in 

human cancer", Apoptosis, 9, 667-76.  

Ost, A., Ortegren, U., Gustavsson, J., Nystrom, F.H. & Stralfors, P. (2005) "Triacylglycerol is 

synthesized in a specific subclass of caveolae in primary adipocytes", J. Biol. Chem., 280, 

5-8.  

Ostrom, R.S., Bundey, R.A. & Insel, P.A. (2004) "Nitric oxide inhibition of adenylyl cyclase 

type 6 activity is dependent upon lipid rafts and caveolin signaling complexes", J. Biol. 

Chem., 279, 19846-53.  

Ostrom, R.S., Gregorian, C., Drenan, R.M., Xiang, Y., Regan, J.W. & Insel, P.A. (2001) 

"Receptor number and caveolar co-localization determine receptor coupling efficiency to 

adenylyl cyclase", J. Biol. Chem., 276, 42063-9.  

Pages, C., Daviaud, D., An, S., Krief, S., Lafontan, M., Valet, P. & Saulnier-Blache, J.S. 

(2001a) "Endothelial differentiation gene-2 receptor is involved in lysophosphatidic acid-

dependent control of 3T3F442A preadipocyte proliferation and spreading", J. Biol. Chem., 

276, 11599-605.  

Pages, C., Simon, M.F., Valet, P. & Saulnier-Blache, J.S. (2001b) "Lysophosphatidic acid 

synthesis and release", Prostaglandins Other Lipid Mediat., 64, 1-10.  



 102 

Pai, R., Soreghan, B., Szabo, I.L., Pavelka, M., Baatar, D. & Tarnawski, A.S. (2002) "Pros-

taglandin E2 transactivates EGF receptor: a novel mechanism for promoting colon cancer 

growth and gastrointestinal hypertrophy", Nat. Med., 8, 289-93.  

Palade, G.E. (1953) "Fine structures of blood capillaries", J Appl. Phys. 24, 1424.  

Pani, B. & Singh, B.B. (2009) "Lipid rafts/caveolae as microdomains of calcium signaling", 

Cell Calcium, 45, 625-33.  

Park, D.S., Cohen, A.W., Frank, P.G., Razani, B., Lee, H., Williams, T.M., Chandra, M., 

Shirani, J., De Souza, A.P., Tang, B., Jelicks, L.A., Factor, S.M., Weiss, L.M., Tanowitz, 

H.B. & Lisanti, M.P. (2003) "Caveolin-1 null (-/-) mice show dramatic reductions in life 

span", Biochemistry, 42, 15124-31.  

Park, D.S., Woodman, S.E., Schubert, W., Cohen, A.W., Frank, P.G., Chandra, M., Shirani, 

J., Razani, B., Tang, B., Jelicks, L.A., Factor, S.M., Weiss, L.M., Tanowitz, H.B. & Lisanti, 

M.P. (2002) "Caveolin-1/3 double-knockout mice are viable, but lack both muscle and non-

muscle caveolae, and develop a severe cardiomyopathic phenotype", Am. J. Pathol., 160, 

2207-17.  

Park, J.H. & Han, H.J. (2009) "Caveolin-1 plays important role in EGF-induced migration 

and proliferation of mouse embryonic stem cells: involvement of PI3K/Akt and ERK", Am. 

J. Physiol. Cell. Physiol., 297, C935-44.  

Park, J.S., Kim, H.Y., Kim, H.W., Chae, G.N., Oh, H.T., Park, J.Y., Shim, H., Seo, M., Shin, 

E.Y., Kim, E.G., Park, S.C. & Kwak, S.J. (2005) "Increased caveolin-1, a cause for the de-

clined adipogenic potential of senescent human mesenchymal stem cells", Mech. Ageing 

Dev., 126, 551-9.  

Park, W.Y., Park, J.S., Cho, K.A., Kim, D.I., Ko, Y.G., Seo, J.S. & Park, S.C. (2000) "Up-

regulation of caveolin attenuates epidermal growth factor signaling in senescent cells", J. 

Biol. Chem., 275, 20847-52.  

Parton, R.G., Hanzal-Bayer, M. & Hancock, J.F. (2006) "Biogenesis of caveolae: a structural 

model for caveolin-induced domain formation", J. Cell. Sci., 119, 787-96.  

Parton, R.G. & Richards, A.A. (2003) "Lipid rafts and caveolae as portals for endocytosis: 

new insights and common mechanisms", Traffic, 4, 724-38.  

Parton, R.G. & Simons, K. (2007) "The multiple faces of caveolae", Nat. Rev. Mol. Cell Biol., 

8, 185-94.  

Patel, H.H., Murray, F. & Insel, P.A. (2008a) "Caveolae as organizers of pharmacologically 

relevant signal transduction molecules", Annu. Rev. Pharmacol. Toxicol., 48, 359-91.  

Patel, H.H., Murray, F. & Insel, P.A. (2008b) "G-protein-coupled receptor-signaling compo-

nents in membrane raft and caveolae microdomains", Handb. Exp. Pharmacol., (186), 167-

84.  

Peiro, S., Comella, J.X., Enrich, C., Martin-Zanca, D. & Rocamora, N. (2000) "PC12 cells 

have caveolae that contain TrkA. Caveolae-disrupting drugs inhibit nerve growth factor-

induced, but not epidermal growth factor-induced, MAPK phosphorylation", J. Biol. Chem., 

275, 37846-52.  

Pelkmans, L., Burli, T., Zerial, M. & Helenius, A. (2004) "Caveolin-stabilized membrane 

domains as multifunctional transport and sorting devices in endocytic membrane traffic", 

Cell, 118, 767-80.  

Pelkmans, L. & Helenius, A. (2002) "Endocytosis via caveolae", Traffic, 3, 311-20.  

Pelkmans, L., Kartenbeck, J. & Helenius, A. (2001) "Caveolar endocytosis of simian virus 40 

reveals a new two-step vesicular-transport pathway to the ER", Nat. Cell Biol., 3, 473-83.  

Perry, S.J., Baillie, G.S., Kohout, T.A., McPhee, I., Magiera, M.M., Ang, K.L., Miller, W.E., 

McLean, A.J., Conti, M., Houslay, M.D. & Lefkowitz, R.J. (2002) "Targeting of cyclic 

AMP degradation to beta 2-adrenergic receptors by beta-arrestins", Science, 298, 834-6.  

Petrovic, N., Walden, T.B., Shabalina, I.G., Timmons, J.A., Cannon, B. & Nedergaard, J. 

(2009) "Chronic PPAR{gamma} Activation of Epididymally Derived White Adipocyte 

Cultures Reveals a Population of Thermogenically Competent, UCP1-containing Adipo-

cytes Molecularly Distinct From Classical Brown Adipocytes", J. Biol. Chem., .  

Pike, L.J. (2006) "Rafts defined: a report on the Keystone Symposium on Lipid Rafts and Cell 

Function", J. Lipid Res., 47, 1597-8.  



 103 

Pike, L.J. (2005) "Growth factor receptors, lipid rafts and caveolae: an evolving story", Bio-

chim. Biophys. Acta, 1746, 260-73.  

Pike, L.J. & Casey, L. (2002) "Cholesterol levels modulate EGF receptor-mediated signaling 

by altering receptor function and trafficking", Biochemistry, 41, 10315-22.  

Pilch, P.F., Souto, R.P., Liu, L., Jedrychowski, M.P., Berg, E.A., Costello, C.E. & Gygi, S.P. 

(2007) "Cellular spelunking: exploring adipocyte caveolae", J. Lipid Res., 48, 2103-11.  

Pinent, M., Hackl, H., Burkard, T.R., Prokesch, A., Papak, C., Scheideler, M., Hammerle, G., 

Zechner, R., Trajanoski, Z. & Strauss, J.G. (2008) "Differential transcriptional modulation 

of biological processes in adipocyte triglyceride lipase and hormone-sensitive lipase-

deficient mice", Genomics, 92, 26-32.  

Pol, A., Calvo, M. & Enrich, C. (1998) "Isolated endosomes from quiescent rat liver contain 

the signal transduction machinery. Differential distribution of activated Raf-1 and Mek in 

the endocytic compartment", FEBS Lett., 441, 34-8.  

Pontier, S.M., Percherancier, Y., Galandrin, S., Breit, A., Gales, C. & Bouvier, M. (2008) 

"Cholesterol-dependent separation of the beta2-adrenergic receptor from its partners deter-

mines signaling efficacy: insight into nanoscale organization of signal transduction", J. Biol. 

Chem., 283, 24659-72.  

Pouyssegur, J. & Lenormand, P. (2003) "Fidelity and spatio-temporal control in MAP kinase 

(ERKs) signalling", Eur. J. Biochem., 270, 3291-9.  

Preitner, F., Muzzin, P., Revelli, J.P., Seydoux, J., Galitzky, J., Berlan, M., Lafontan, M. & 

Giacobino, J.P. (1998) "Metabolic response to various beta-adrenoceptor agonists in beta3-

adrenoceptor knockout mice: evidence for a new beta-adrenergic receptor in brown adipose 

tissue", Br. J. Pharmacol., 124, 1684-8.  

Prenzel, N., Fischer, O.M., Streit, S., Hart, S. & Ullrich, A. (2001) "The epidermal growth 

factor receptor family as a central element for cellular signal transduction and diversifica-

tion", Endocr. Relat. Cancer, 8, 11-31.  

Prenzel, N., Zwick, E., Daub, H., Leserer, M., Abraham, R., Wallasch, C. & Ullrich, A. 

(1999) "EGF receptor transactivation by G-protein-coupled receptors requires metallopro-

teinase cleavage of proHB-EGF", Nature, 402, 884-8.  

Prinetti, A., Loberto, N., Chigorno, V. & Sonnino, S. (2009) "Glycosphingolipid behaviour in 

complex membranes", Biochim. Biophys. Acta, 1788, 184-93.  

Puri, C., Tosoni, D., Comai, R., Rabellino, A., Segat, D., Caneva, F., Luzzi, P., Di Fiore, P.P. 

& Tacchetti, C. (2005) "Relationships between EGFR signaling-competent and endocytosis-

competent membrane microdomains", Mol. Biol. Cell, 16, 2704-18.  

Quest, A.F., Gutierrez-Pajares, J.L. & Torres, V.A. (2008) "Caveolin-1: an ambiguous partner 

in cell signalling and cancer", J. Cell. Mol. Med., 12, 1130-50.  

Quest, A.F., Leyton, L. & Parraga, M. (2004) "Caveolins, caveolae, and lipid rafts in cellular 

transport, signaling, and disease", Biochem. Cell Biol., 82, 129-44.  

Radeff-Huang, J., Seasholtz, T.M., Matteo, R.G. & Brown, J.H. (2004) "G protein mediated 

signaling pathways in lysophospholipid induced cell proliferation and survival", J. Cell. Bi-

ochem., 92, 949-66.  

Razani, B., Combs, T.P., Wang, X.B., Frank, P.G., Park, D.S., Russell, R.G., Li, M., Tang, B., 

Jelicks, L.A., Scherer, P.E. & Lisanti, M.P. (2002) "Caveolin-1-deficient mice are lean, re-

sistant to diet-induced obesity, and show hypertriglyceridemia with adipocyte abnormali-

ties", J. Biol. Chem., 277, 8635-47.  

Razani, B., Engelman, J.A., Wang, X.B., Schubert, W., Zhang, X.L., Marks, C.B., Macaluso, 

F., Russell, R.G., Li, M., Pestell, R.G., Di Vizio, D., Hou, H.,Jr, Kneitz, B., Lagaud, G., 

Christ, G.J., Edelmann, W. & Lisanti, M.P. (2001) "Caveolin-1 null mice are viable but 

show evidence of hyperproliferative and vascular abnormalities", J. Biol. Chem., 276, 

38121-38.  

Razani, B. & Lisanti, M.P. (2001) "Two distinct caveolin-1 domains mediate the functional 

interaction of caveolin-1 with protein kinase A", Am. J. Physiol. Cell. Physiol., 281, C1241-

50.  



 104 

Razani, B., Rubin, C.S. & Lisanti, M.P. (1999) "Regulation of cAMP-mediated signal trans-

duction via interaction of caveolins with the catalytic subunit of protein kinase A", J. Biol. 

Chem., 274, 26353-60.  

Razani, B., Schlegel, A., Liu, J. & Lisanti, M.P. (2001) "Caveolin-1, a putative tumour sup-

pressor gene", Biochem. Soc. Trans., 29, 494-9.  

Razani, B., Wang, X.B., Engelman, J.A., Battista, M., Lagaud, G., Zhang, X.L., Kneitz, B., 

Hou, H.,Jr, Christ, G.J., Edelmann, W. & Lisanti, M.P. (2002a) "Caveolin-2-deficient mice 

show evidence of severe pulmonary dysfunction without disruption of caveolae", Mol. Cell. 

Biol., 22, 2329-44.  

Razani, B., Woodman, S.E. & Lisanti, M.P. (2002b) "Caveolae: from cell biology to animal 

physiology", Pharmacol. Rev., 54, 431-67.  

Rehnmark, S., Nechad, M., Herron, D., Cannon, B. & Nedergaard, J. (1990) "Alpha- and 

beta-adrenergic induction of the expression of the uncoupling protein thermogenin in brown 

adipocytes differentiated in culture", J. Biol. Chem., 265, 16464-71.  

Richter, T., Floetenmeyer, M., Ferguson, C., Galea, J., Goh, J., Lindsay, M.R., Morgan, G.P., 

Marsh, B.J. & Parton, R.G. (2008) "High-resolution 3D quantitative analysis of caveolar 

ultrastructure and caveola-cytoskeleton interactions", Traffic, 9, 893-909.  

Riethmacher, D., Sonnenberg-Riethmacher, E., Brinkmann, V., Yamaai, T., Lewin, G.R. & 

Birchmeier, C. (1997) "Severe neuropathies in mice with targeted mutations in the ErbB3 

receptor", Nature, 389, 725-30.  

Rimoldi, V., Reversi, A., Taverna, E., Rosa, P., Francolini, M., Cassoni, P., Parenti, M. & 

Chini, B. (2003) "Oxytocin receptor elicits different EGFR/MAPK activation patterns de-

pending on its localization in caveolin-1 enriched domains", Oncogene, 22, 6054-60.  

Ring, A., Le Lay, S., Pohl, J., Verkade, P. & Stremmel, W. (2006) "Caveolin-1 is required for 

fatty acid translocase (FAT/CD36) localization and function at the plasma membrane of 

mouse embryonic fibroblasts", Biochim. Biophys. Acta, 1761, 416-23.  

Ringerike, T., Blystad, F.D., Levy, F.O., Madshus, I.H. & Stang, E. (2002) "Cholesterol is 

important in control of EGF receptor kinase activity but EGF receptors are not concentrated 

in caveolae", J. Cell. Sci., 115, 1331-40.  

Roche, S., Koegl, M., Barone, M.V., Roussel, M.F. & Courtneidge, S.A. (1995) "DNA syn-

thesis induced by some but not all growth factors requires Src family protein tyrosine kinas-

es", Mol. Cell. Biol., 15, 1102-9.  

Rodland, K.D., Bollinger, N., Ippolito, D., Opresko, L.K., Coffey, R.J., Zangar, R. & Wiley, 

H.S. (2008) "Multiple mechanisms are responsible for transactivation of the epidermal 

growth factor receptor in mammary epithelial cells", J. Biol. Chem., 283, 31477-87.  

Roepstorff, K., Thomsen, P., Sandvig, K. & van Deurs, B. (2002) "Sequestration of epidermal 

growth factor receptors in non-caveolar lipid rafts inhibits ligand binding", J. Biol. Chem., 

277, 18954-60.  

Rohrer, D.K., Chruscinski, A., Schauble, E.H., Bernstein, D. & Kobilka, B.K. (1999) "Cardi-

ovascular and metabolic alterations in mice lacking both beta1- and beta2-adrenergic recep-

tors", J. Biol. Chem., 274, 16701-8.  

Rohrer, D.K., Desai, K.H., Jasper, J.R., Stevens, M.E., Regula, D.P.,Jr, Barsh, G.S., 

Bernstein, D. & Kobilka, B.K. (1996) "Targeted disruption of the mouse beta1-adrenergic 

receptor gene: developmental and cardiovascular effects", Proc. Natl. Acad. Sci. U. S. A., 

93, 7375-80.  

Roth, N.S., Campbell, P.T., Caron, M.G., Lefkowitz, R.J. & Lohse, M.J. (1991) "Comparative 

rates of desensitization of beta-adrenergic receptors by the beta-adrenergic receptor kinase 

and the cyclic AMP-dependent protein kinase", Proc. Natl. Acad. Sci. U. S. A., 88, 6201-4.  

Rothberg, K.G., Heuser, J.E., Donzell, W.C., Ying, Y.S., Glenney, J.R. & Anderson, R.G. 

(1992) "Caveolin, a protein component of caveolae membrane coats", Cell, 68, 673-82.  

Rubio, A., Raasmaja, A. & Silva, J.E. (1995) "Thyroid hormone and norepinephrine signaling 

in brown adipose tissue. II: Differential effects of thyroid hormone on beta 3-adrenergic re-

ceptors in brown and white adipose tissue", Endocrinology, 136, 3277-84.  



 105 

Rybin, V.O., Pak, E., Alcott, S. & Steinberg, S.F. (2003) "Developmental changes in beta2-

adrenergic receptor signaling in ventricular myocytes: the role of Gi proteins and caveolae 

microdomains", Mol. Pharmacol., 63, 1338-48.  

Rybin, V.O., Xu, X., Lisanti, M.P. & Steinberg, S.F. (2000) "Differential targeting of beta -

adrenergic receptor subtypes and adenylyl cyclase to cardiomyocyte caveolae. A mechan-

ism to functionally regulate the cAMP signaling pathway", J. Biol. Chem., 275, 41447-57.  

Sah, V.P., Hoshijima, M., Chien, K.R. & Brown, J.H. (1996) "Rho is required for Galphaq 

and alpha1-adrenergic receptor signaling in cardiomyocytes. Dissociation of Ras and Rho 

pathways", J. Biol. Chem., 271, 31185-90.  

Saito, M., Okamatsu-Ogura, Y., Matsushita, M., Watanabe, K., Yoneshiro, T., Nio-

Kobayashi, J., Iwanaga, T., Miyagawa, M., Kameya, T., Nakada, K., Kawai, Y. & Tsujisa-

ki, M. (2009) "High incidence of metabolically active brown adipose tissue in healthy adult 

humans: effects of cold exposure and adiposity", Diabetes, 58, 1526-31.  

Saltiel, A.R. & Pessin, J.E. (2003) "Insulin signaling in microdomains of the plasma mem-

brane", Traffic, 4, 711-6.  

Sanbe, A., Tanaka, Y., Fujiwara, Y., Miyauchi, N., Mizutani, R., Yamauchi, J., Cotecchia, S., 

Koike, K., Tsujimoto, G. & Tanoue, A. (2009) "Enhanced vascular contractility in alpha1-

adrenergic receptor-deficient mice", Life Sci., 84, 713-8.  

Sanbe, A., Tanaka, Y., Fujiwara, Y., Tsumura, H., Yamauchi, J., Cotecchia, S., Koike, K., 

Tsujimoto, G. & Tanoue, A. (2007) "Alpha1-adrenoceptors are required for normal male 

sexual function", Br. J. Pharmacol., 152, 332-40.  

Sands, W.A. & Palmer, T.M. (2008) "Regulating gene transcription in response to cyclic 

AMP elevation", Cell. Signal., 20, 460-6.  

Sargiacomo, M., Sudol, M., Tang, Z. & Lisanti, M.P. (1993) "Signal transducing molecules 

and glycosyl-phosphatidylinositol-linked proteins form a caveolin-rich insoluble complex in 

MDCK cells", J. Cell Biol., 122, 789-807.  

Sato, M., Hutchinson, D.S., Evans, B.A. & Summers, R.J. (2007) "Functional domains of the 

mouse beta(3)-adrenoceptor associated with differential G-protein coupling", Biochem. Soc. 

Trans., 35, 1035-7.  

Saunders, C. & Limbird, L.E. (1999) "Localization and trafficking of alpha2-adrenergic re-

ceptor subtypes in cells and tissues", Pharmacol. Ther., 84, 193-205.  

Savage, K., Leung, S., Todd, S.K., Brown, L.A., Jones, R.L., Robertson, D., James, M., Parry, 

S., Rodrigues Pinilla, S.M., Huntsman, D. & Reis-Filho, J.S. (2008) "Distribution and signi-

ficance of caveolin 2 expression in normal breast and invasive breast cancer: an immunof-

luorescence and immunohistochemical analysis", Breast Cancer Res. Treat., 110, 245-56.  

Scherer, P.E., Lisanti, M.P., Baldini, G., Sargiacomo, M., Mastick, C.C. & Lodish, H.F. 

(1994) "Induction of caveolin during adipogenesis and association of GLUT4 with cave-

olin-rich vesicles", J. Cell Biol., 127, 1233-43.  

Scherer, P.E., Okamoto, T., Chun, M., Nishimoto, I., Lodish, H.F. & Lisanti, M.P. (1996) 

"Identification, sequence, and expression of caveolin-2 defines a caveolin gene family", 

Proc. Natl. Acad. Sci. U. S. A., 93, 131-5.  

Schnitzer, J.E., McIntosh, D.P., Dvorak, A.M., Liu, J. & Oh, P. (1995) "Separation of caveo-

lae from associated microdomains of GPI-anchored proteins", Science, 269, 1435-9.  

Schwencke, C., Okumura, S., Yamamoto, M., Geng, Y.J. & Ishikawa, Y. (1999) "Colocaliza-

tion of beta-adrenergic receptors and caveolin within the plasma membrane", J. Cell. Bio-

chem., 75, 64-72.  

Seale, P., Bjork, B., Yang, W., Kajimura, S., Chin, S., Kuang, S., Scime, A., Devarakonda, S., 

Conroe, H.M., Erdjument-Bromage, H., Tempst, P., Rudnicki, M.A., Beier, D.R. & Spie-

gelman, B.M. (2008) "PRDM16 controls a brown fat/skeletal muscle switch", Nature, 454, 

961-7.  

Seale, P., Kajimura, S. & Spiegelman, B.M. (2009) "Transcriptional control of brown adipo-

cyte development and physiological function--of mice and men", Genes Dev., 23, 788-97.  

Seale, P., Kajimura, S., Yang, W., Chin, S., Rohas, L.M., Uldry, M., Tavernier, G., Langin, 

D. & Spiegelman, B.M. (2007) "Transcriptional control of brown fat determination by 

PRDM16", Cell. Metab., 6, 38-54.  



 106 

Senou, M., Costa, M.J., Massart, C., Thimmesch, M., Khalifa, C., Poncin, S., Boucquey, M., 

Gerard, A.C., Audinot, J.N., Dessy, C., Ruf, J., Feron, O., Devuyst, O., Guiot, Y., Dumont, 

J.E., Van Sande, J. & Many, M.C. (2009) "Role of caveolin-1 in thyroid phenotype, cell 

homeostasis, and hormone synthesis: in vivo study of caveolin-1 knockout mice", Am. J. 

Physiol. Endocrinol. Metab., 297, E438-51.  

Serrero, G. (1987) "EGF inhibits the differentiation of adipocyte precursors in primary cul-

tures", Biochem. Biophys. Res. Commun., 146, 194-202.  

Shah, B.H. (2002) "Epidermal growth factor receptor transactivation in angiotensin II-induced 

signaling: role of cholesterol-rich microdomains", Trends Endocrinol. Metab., 13, 1-2.  

Shah, B.H., Baukal, A.J., Shah, F.B. & Catt, K.J. (2005) "Mechanisms of extracellularly 

regulated kinases 1/2 activation in adrenal glomerulosa cells by lysophosphatidic acid and 

epidermal growth factor", Mol. Endocrinol., 19, 2535-48.  

Shah, B.H., Neithardt, A., Chu, D.B., Shah, F.B. & Catt, K.J. (2006) "Role of EGF receptor 

transactivation in phosphoinositide 3-kinase-dependent activation of MAP kinase by 

GPCRs", J. Cell. Physiol., 206, 47-57.  

Shakirova, Y., Bonnevier, J., Albinsson, S., Adner, M., Rippe, B., Broman, J., Arner, A. & 

Sward, K. (2006) "Increased Rho activation and PKC-mediated smooth muscle contractility 

in the absence of caveolin-1", Am. J. Physiol. Cell. Physiol., 291, C1326-35.  

Shigematsu, S., Miller, S.L. & Pessin, J.E. (2001) "Differentiated 3T3L1 adipocytes are com-

posed of heterogenous cell populations with distinct receptor tyrosine kinase signaling 

properties", J. Biol. Chem., 276, 15292-7.  

Shimizu, Y., Tanishita, T., Minokoshi, Y. & Shimazu, T. (1997) "Activation of mitogen-

activated protein kinase by norepinephrine in brown adipocytes from rats", Endocrinology, 

138, 248-53.  

Sibilia, M. & Wagner, E.F. (1995) "Strain-dependent epithelial defects in mice lacking the 

EGF receptor", Science, 269, 234-8.  

Sigismund, S., Woelk, T., Puri, C., Maspero, E., Tacchetti, C., Transidico, P., Di Fiore, P.P. & 

Polo, S. (2005) "Clathrin-independent endocytosis of ubiquitinated cargos", Proc. Natl. 

Acad. Sci. U. S. A., 102, 2760-5.  

Simon, M.F., Daviaud, D., Pradere, J.P., Gres, S., Guigne, C., Wabitsch, M., Chun, J., Valet, 

P. & Saulnier-Blache, J.S. (2005) "Lysophosphatidic acid inhibits adipocyte differentiation 

via lysophosphatidic acid 1 receptor-dependent down-regulation of peroxisome proliferator-

activated receptor gamma2", J. Biol. Chem., 280, 14656-62.  

Singer, S.J. & Nicolson, G.L. (1972) "The fluid mosaic model of the structure of cell mem-

branes", Science, 175, 720-31.  

Smart, E.J., Graf, G.A., McNiven, M.A., Sessa, W.C., Engelman, J.A., Scherer, P.E., Okamo-

to, T. & Lisanti, M.P. (1999) "Caveolins, liquid-ordered domains, and signal transduction", 

Mol. Cell. Biol., 19, 7289-304.  

Smart, E.J., Ying, Y.S., Mineo, C. & Anderson, R.G. (1995) "A detergent-free method for 

purifying caveolae membrane from tissue culture cells", Proc. Natl. Acad. Sci. U. S. A., 92, 

10104-8.  

Soeder, K.J., Snedden, S.K., Cao, W., Della Rocca, G.J., Daniel, K.W., Luttrell, L.M. & 

Collins, S. (1999) "The beta3-adrenergic receptor activates mitogen-activated protein kinase 

in adipocytes through a Gi-dependent mechanism", J. Biol. Chem., 274, 12017-22.  

Song, K.S., Li, S., Okamoto, T., Quilliam, L.A., Sargiacomo, M. & Lisanti, M.P. (1996) "Co-

purification and direct interaction of Ras with caveolin, an integral membrane protein of 

caveolae microdomains. Detergent-free purification of caveolae microdomains", J. Biol. 

Chem., 271, 9690-7.  

Sonnino, S. & Prinetti, A. (2009) "Sphingolipids and membrane environments for caveolin", 

FEBS Lett., 583, 597-606.  

Soriano, P. (1997) "The PDGF alpha receptor is required for neural crest cell development 

and for normal patterning of the somites", Development, 124, 2691-700.  

Soriano, P. (1994) "Abnormal kidney development and hematological disorders in PDGF 

beta-receptor mutant mice", Genes Dev., 8, 1888-96.  



 107 

Souto, R.P., Vallega, G., Wharton, J., Vinten, J., Tranum-Jensen, J. & Pilch, P.F. (2003) 

"Immunopurification and characterization of rat adipocyte caveolae suggest their dissocia-

tion from insulin signaling", J. Biol. Chem., 278, 18321-9.  

Strosberg, A.D. (1997) "Structure and function of the beta 3-adrenergic receptor", Annu. Rev. 

Pharmacol. Toxicol., 37, 421-50.  

Sundberg, C., Friman, T., Hecht, L.E., Kuhl, C. & Solomon, K.R. (2009) "Two different 

PDGF beta-receptor cohorts in human pericytes mediate distinct biological endpoints", Am. 

J. Pathol., 175, 171-89.  

Susulic, V.S., Frederich, R.C., Lawitts, J., Tozzo, E., Kahn, B.B., Harper, M.E., Himms-

Hagen, J., Flier, J.S. & Lowell, B.B. (1995) "Targeted disruption of the beta 3-adrenergic 

receptor gene", J. Biol. Chem., 270, 29483-92.  

Svoboda, P., Unelius, L., Dicker, A., Cannon, B., Milligan, G. & Nedergaard, J. (1996) 

"Cold-induced reduction in Gi alpha proteins in brown adipose tissue. Effects on the cellular 

hypersensitization to noradrenaline caused by pertussis-toxin treatment", Biochem. J., 314, 

761-8.  

Tan, W., Rouen, S., Barkus, K.M., Dremina, Y.S., Hui, D., Christianson, J.A., Wright, D.E., 

Yoon, S.O. & Dobrowsky, R.T. (2003) "Nerve growth factor blocks the glucose-induced 

down-regulation of caveolin-1 expression in Schwann cells via p75 neurotrophin receptor 

signaling", J. Biol. Chem., 278, 23151-62.  

Tang, Z., Scherer, P.E., Okamoto, T., Song, K., Chu, C., Kohtz, D.S., Nishimoto, I., Lodish, 

H.F. & Lisanti, M.P. (1996) "Molecular cloning of caveolin-3, a novel member of the cave-

olin gene family expressed predominantly in muscle", J. Biol. Chem., 271, 2255-61.  

Taylor, C.C. (2000) "Platelet-derived growth factor activates porcine thecal cell phosphatidy-

linositol-3-kinase-Akt/PKB and ras-extracellular signal-regulated kinase-1/2 kinase signal-

ing pathways via the platelet-derived growth factor-beta receptor", Endocrinology, 141, 

1545-53.  

Tencer, L., Burgermeister, E., Ebert, M.P. & Liscovitch, M. (2008) "Rosiglitazone induces 

caveolin-1 by PPARgamma-dependent and PPRE-independent mechanisms: the role of 

EGF receptor signaling and its effect on cancer cell drug resistance", Anticancer Res., 28, 

895-906.  

Thomas, C.M. & Smart, E.J. (2008) "Caveolae structure and function", J. Cell. Mol. Med., 12, 

796-809.  

Thonberg, H., Fredriksson, J.M., Nedergaard, J. & Cannon, B. (2002) "A novel pathway for 

adrenergic stimulation of cAMP-response-element-binding protein (CREB) phosphoryla-

tion: mediation via alpha1-adrenoceptors and protein kinase C activation", Biochem. J., 364, 

73-9.  

Thonberg, H., Lindgren, E.M., Nedergaard, J. & Cannon, B. (2001) "As the proliferation 

promoter noradrenaline induces expression of ICER (induced cAMP early repressor) in pro-

liferative brown adipocytes, ICER may not be a universal tumour suppressor", Biochem. J., 

354, 169-77.  

Thonberg, H., Zhang, S.J., Tvrdik, P., Jacobsson, A. & Nedergaard, J. (1994) "Norepineph-

rine utilizes alpha 1- and beta-adrenoreceptors synergistically to maximally induce c-fos 

expression in brown adipocytes", J. Biol. Chem., 269, 33179-86.  

Thorn, H., Stenkula, K.G., Karlsson, M., Ortegren, U., Nystrom, F.H., Gustavsson, J. & Stral-

fors, P. (2003) "Cell surface orifices of caveolae and localization of caveolin to the necks of 

caveolae in adipocytes", Mol. Biol. Cell, 14, 3967-76.  

Threadgill, D.W., Dlugosz, A.A., Hansen, L.A., Tennenbaum, T., Lichti, U., Yee, D., LaMan-

tia, C., Mourton, T., Herrup, K. & Harris, R.C. (1995) "Targeted disruption of mouse EGF 

receptor: effect of genetic background on mutant phenotype", Science, 269, 230-4.  

Timmons, J.A., Wennmalm, K., Larsson, O., Walden, T.B., Lassmann, T., Petrovic, N., Ham-

ilton, D.L., Gimeno, R.E., Wahlestedt, C., Baar, K., Nedergaard, J. & Cannon, B. (2007) 

"Myogenic gene expression signature establishes that brown and white adipocytes originate 

from distinct cell lineages", Proc. Natl. Acad. Sci. U. S. A., 104, 4401-6.  

Tiraby, C. & Langin, D. (2003) "Conversion from white to brown adipocytes: a strategy for 

the control of fat mass?", Trends Endocrinol. Metab., 14, 439-41.  



 108 

Toews, M.L., Prinster, S.C. & Schulte, N.A. (2003) "Regulation of alpha-1B adrenergic re-

ceptor localization, trafficking, function, and stability", Life Sci., 74, 379-89.  

Toya, Y., Schwencke, C., Couet, J., Lisanti, M.P. & Ishikawa, Y. (1998) "Inhibition of adeny-

lyl cyclase by caveolin peptides", Endocrinology, 139, 2025-31.  

Tsakiridis, T., Tsiani, E., Lekas, P., Bergman, A., Cherepanov, V., Whiteside, C. & Downey, 

G.P. (2001) "Insulin, insulin-like growth factor-I, and platelet-derived growth factor activate 

extracellular signal-regulated kinase by distinct pathways in muscle cells", Biochem. Bio-

phys. Res. Commun., 288, 205-11.  

Tseng, Y.H., Kokkotou, E., Schulz, T.J., Huang, T.L., Winnay, J.N., Taniguchi, C.M., Tran, 

T.T., Suzuki, R., Espinoza, D.O., Yamamoto, Y., Ahrens, M.J., Dudley, A.T., Norris, A.W., 

Kulkarni, R.N. & Kahn, C.R. (2008) "New role of bone morphogenetic protein 7 in brown 

adipogenesis and energy expenditure", Nature, 454, 1000-4.  

Ushio-Fukai, M., Hilenski, L., Santanam, N., Becker, P.L., Ma, Y., Griendling, K.K. & Alex-

ander, R.W. (2001) "Cholesterol depletion inhibits epidermal growth factor receptor trans-

activation by angiotensin II in vascular smooth muscle cells: role of cholesterol-rich micro-

domains and focal adhesions in angiotensin II signaling", J. Biol. Chem., 276, 48269-75.  

Valet, P., Pages, C., Jeanneton, O., Daviaud, D., Barbe, P., Record, M., Saulnier-Blache, J.S. 

& Lafontan, M. (1998) "Alpha2-adrenergic receptor-mediated release of lysophosphatidic 

acid by adipocytes. A paracrine signal for preadipocyte growth", J. Clin. Invest., 101, 1431-

8.  

Valladares, A., Porras, A., Alvarez, A.M., Roncero, C. & Benito, M. (2000) "Noradrenaline 

induces brown adipocytes cell growth via beta-receptors by a mechanism dependent on 

ERKs but independent of cAMP and PKA", J. Cell. Physiol., 185, 324-30.  

Valverde, A.M., Benito, M. & Lorenzo, M. (1991) "Proliferation of fetal brown adipocyte 

primary cultures: relationship with the genetic expression of glucose 6 phosphate dehydro-

genase", Exp. Cell Res., 194, 232-7.  

van den Heuvel, A.P., Schulze, A. & Burgering, B.M. (2005) "Direct control of caveolin-1 

expression by FOXO transcription factors", Biochem. J., 385, 795-802.  

van Marken Lichtenbelt, W.D., Vanhommerig, J.W., Smulders, N.M., Drossaerts, J.M., Ke-

merink, G.J., Bouvy, N.D., Schrauwen, P. & Teule, G.J. (2009) "Cold-activated brown adi-

pose tissue in healthy men", N. Engl. J. Med., 360, 1500-8.  

Vinten, J., Voldstedlund, M., Clausen, H., Christiansen, K., Carlsen, J. & Tranum-Jensen, J. 

(2001) "A 60-kDa protein abundant in adipocyte caveolae", Cell Tissue Res., 305, 99-106.  

Virtanen, K.A., Lidell, M.E., Orava, J., Heglind, M., Westergren, R., Niemi, T., Taittonen, 

M., Laine, J., Savisto, N.J., Enerback, S. & Nuutila, P. (2009) "Functional brown adipose 

tissue in healthy adults", N. Engl. J. Med., 360, 1518-25.  

Volmat, V., Camps, M., Arkinstall, S., Pouyssegur, J. & Lenormand, P. (2001) "The nucleus, 

a site for signal termination by sequestration and inactivation of p42/p44 MAP kinases", J. 

Cell. Sci., 114, 3433-43.  

Volonte, D., Zhang, K., Lisanti, M.P. & Galbiati, F. (2002) "Expression of caveolin-1 induces 

premature cellular senescence in primary cultures of murine fibroblasts", Mol. Biol. Cell, 

13, 2502-17.  

Vossler, M.R., Yao, H., York, R.D., Pan, M.G., Rim, C.S. & Stork, P.J. (1997) "cAMP acti-

vates MAP kinase and Elk-1 through a B-Raf- and Rap1-dependent pathway", Cell, 89, 73-

82.  

Walden, T.B., Timmons, J.A., Keller, P., Nedergaard, J. & Cannon, B. (2009) "Distinct ex-

pression of muscle-specific microRNAs (myomirs) in brown adipocytes", J. Cell. Physiol., 

218, 444-9.  

Wang, L., Cummings, R., Zhao, Y., Kazlauskas, A., Sham, J.K., Morris, A., Georas, S., 

Brindley, D.N. & Natarajan, V. (2003) "Involvement of phospholipase D2 in lysophospha-

tidate-induced transactivation of platelet-derived growth factor receptor-beta in human 

bronchial epithelial cells", J. Biol. Chem., 278, 39931-40.  

Wang, Q. & Limbird, L.E. (2007) "Regulation of alpha2AR trafficking and signaling by 

interacting proteins", Biochem. Pharmacol., 73, 1135-45.  



 109 

Wang, X.B., Lee, H., Capozza, F., Marmon, S., Sotgia, F., Brooks, J.W., Campos-Gonzalez, 

R. & Lisanti, M.P. (2004) "Tyrosine phosphorylation of caveolin-2 at residue 27: differenc-

es in the spatial and temporal behavior of phospho-Cav-2 (pY19 and pY27)", Biochemistry, 

43, 13694-706.  

Wang, X.Q., Sun, P. & Paller, A.S. (2002) "Ganglioside induces caveolin-1 redistribution and 

interaction with the epidermal growth factor receptor", J. Biol. Chem., 277, 47028-34.  

Wang, Y., Posner, B.I. & Balbis, A. (2009) "Compartmentalization of epidermal growth 

factor receptor in liver plasma membrane", J. Cell. Biochem., 107, 96-103.  

Wang, Y.G., Dedkova, E.N., Ji, X., Blatter, L.A. & Lipsius, S.L. (2005) "Phenylephrine acts 

via IP3-dependent intracellular NO release to stimulate L-type Ca2+ current in cat atrial 

myocytes", J. Physiol., 567, 143-57.  

Ward, C.W. & Lawrence, M.C. (2009) "Ligand-induced activation of the insulin receptor: a 

multi-step process involving structural changes in both the ligand and the receptor", Bioes-

says, 31, 422-34.  

Waugh, M.G., Lawson, D. & Hsuan, J.J. (1999) "Epidermal growth factor receptor activation 

is localized within low-buoyant density, non-caveolar membrane domains", Biochem. J., 

337 ( Pt 3), 591-7.  

Wennstrom, S. & Downward, J. (1999) "Role of phosphoinositide 3-kinase in activation of 

ras and mitogen-activated protein kinase by epidermal growth factor", Mol. Cell. Biol., 19, 

4279-88.  

Westover, E.J., Covey, D.F., Brockman, H.L., Brown, R.E. & Pike, L.J. (2003) "Cholesterol 

depletion results in site-specific increases in epidermal growth factor receptor phosphoryla-

tion due to membrane level effects. Studies with cholesterol enantiomers", J. Biol. Chem., 

278, 51125-33.  

Wilcke, M. & Nedergaard, J. (1989) "Alpha 1- and beta-adrenergic regulation of intracellular 

Ca2+ levels in brown adipocytes", Biochem. Biophys. Res. Commun., 163, 292-300.  

Wiley, H.S. (2003) "Trafficking of the ErbB receptors and its influence on signaling", Exp. 

Cell Res., 284, 78-88.  

Williams, T.M. & Lisanti, M.P. (2005) "Caveolin-1 in oncogenic transformation, cancer, and 

metastasis", Am. J. Physiol. Cell. Physiol., 288, C494-506.  

Williams, T.M. & Lisanti, M.P. (2004) "The caveolin proteins", Genome Biol., 5, 214.  

Willoughby, D. & Cooper, D.M. (2007) "Organization and Ca2+ regulation of adenylyl cyc-

lases in cAMP microdomains", Physiol. Rev., 87, 965-1010.  

Wright, C.D., Chen, Q., Baye, N.L., Huang, Y., Healy, C.L., Kasinathan, S. & O'Connell, 

T.D. (2008) "Nuclear alpha1-adrenergic receptors signal activated ERK localization to ca-

veolae in adult cardiac myocytes", Circ. Res., 103, 992-1000.  

Wu, D., Jiang, H. & Simon, M.I. (1995) "Different alpha 1-adrenergic receptor sequences 

required for activating different G alpha subunits of Gq class of G proteins", J. Biol. Chem., 

270, 9828-32.  

Wu, D., Katz, A., Lee, C.H. & Simon, M.I. (1992) "Activation of phospholipase C by alpha 1-

adrenergic receptors is mediated by the alpha subunits of Gq family", J. Biol. Chem., 267, 

25798-802.  

Wuest, M., Eichhorn, B., Grimm, M.O., Wirth, M.P., Ravens, U. & Kaumann, A.J. (2009) 

"Catecholamines relax detrusor through beta 2-adrenoceptors in mouse and beta 3-

adrenoceptors in man", J. Pharmacol. Exp. Ther., 328, 213-22.  

Xu, K.P., Yin, J. & Yu, F.S. (2007) "Lysophosphatidic acid promoting corneal epithelial 

wound healing by transactivation of epidermal growth factor receptor", Invest. Ophthalmol. 

Vis. Sci., 48, 636-43.  

Xue, Y., Petrovic, N., Cao, R., Larsson, O., Lim, S., Chen, S., Feldmann, H.M., Liang, Z., 

Zhu, Z., Nedergaard, J., Cannon, B. & Cao, Y. (2009) "Hypoxia-independent angiogenesis 

in adipose tissues during cold acclimation", Cell. Metab., 9, 99-109.  

Yamada, E. (1955) "The fine structure of the gall bladder epithelium of the mouse", J. Bio-

phys. Biochem. Cytol., 1, 445-58.  

Yamamoto, M., Toya, Y., Jensen, R.A. & Ishikawa, Y. (1999) "Caveolin is an inhibitor of 

platelet-derived growth factor receptor signaling", Exp. Cell Res., 247, 380-8.  



 110 

Yamauchi, J., Itoh, H., Shinoura, H., Miyamoto, Y., Hirasawa, A., Kaziro, Y. & Tsujimoto, 

G. (2001) "Involvement of c-Jun N-terminal kinase and p38 mitogen-activated protein ki-

nase in alpha1B-adrenergic receptor/Galphaq-induced inhibition of cell proliferation", Bio-

chem. Biophys. Res. Commun., 281, 1019-23.  

Yart, A., Laffargue, M., Mayeux, P., Chretien, S., Peres, C., Tonks, N., Roche, S., Payrastre, 

B., Chap, H. & Raynal, P. (2001) "A critical role for phosphoinositide 3-kinase upstream of 

Gab1 and SHP2 in the activation of ras and mitogen-activated protein kinases by epidermal 

growth factor", J. Biol. Chem., 276, 8856-64.  

Ye, X., Hama, K., Contos, J.J., Anliker, B., Inoue, A., Skinner, M.K., Suzuki, H., Amano, T., 

Kennedy, G., Arai, H., Aoki, J. & Chun, J. (2005) "LPA3-mediated lysophosphatidic acid 

signalling in embryo implantation and spacing", Nature, 435, 104-8.  

Yin, X., Li, B., Chen, H. & Catt, K.J. (2008) "Differential signaling pathways in angiotensin 

II- and epidermal growth factor-stimulated hepatic C9 cells", Mol. Pharmacol., 74, 1223-

33.  

Yu, J.C., Gutkind, J.S., Mahadevan, D., Li, W., Meyers, K.A., Pierce, J.H. & Heidaran, M.A. 

(1994) "Biological function of PDGF-induced PI-3 kinase activity: its role in alpha PDGF 

receptor-mediated mitogenic signaling", J. Cell Biol., 127, 479-87.  

Yu, N., Lariosa-Willingham, K.D., Lin, F.F., Webb, M. & Rao, T.S. (2004) "Characterization 

of lysophosphatidic acid and sphingosine-1-phosphate-mediated signal transduction in rat 

cortical oligodendrocytes", Glia, 45, 17-27.  

Zaccolo, M., Di Benedetto, G., Lissandron, V., Mancuso, L., Terrin, A. & Zamparo, I. (2006) 

"Restricted diffusion of a freely diffusible second messenger: mechanisms underlying com-

partmentalized cAMP signalling", Biochem. Soc. Trans., 34, 495-7.  

Zhao, J., Cannon, B. & Nedergaard, J. (1997) "alpha1-Adrenergic stimulation potentiates the 

thermogenic action of beta3-adrenoreceptor-generated cAMP in brown fat cells", J. Biol. 

Chem., 272, 32847-56.  

Zhao, Y.Y., Liu, Y., Stan, R.V., Fan, L., Gu, Y., Dalton, N., Chu, P.H., Peterson, K., Ross, 

J.,Jr & Chien, K.R. (2002) "Defects in caveolin-1 cause dilated cardiomyopathy and pulmo-

nary hypertension in knockout mice", Proc. Natl. Acad. Sci. U. S. A., 99, 11375-80.  

Zidovetzki, R. & Levitan, I. (2007) "Use of cyclodextrins to manipulate plasma membrane 

cholesterol content: evidence, misconceptions and control strategies", Biochim. Biophys. 

Acta, 1768, 1311-24.  

Zimmermann, R., Lass, A., Haemmerle, G. & Zechner, R. (2009) "Fate of fat: the role of 

adipose triglyceride lipase in lipolysis", Biochim. Biophys. Acta, 1791, 494-500.  

Zimmermann, R., Strauss, J.G., Haemmerle, G., Schoiswohl, G., Birner-Gruenberger, R., 

Riederer, M., Lass, A., Neuberger, G., Eisenhaber, F., Hermetter, A. & Zechner, R. (2004) 

"Fat mobilization in adipose tissue is promoted by adipose triglyceride lipase", Science, 

306, 1383-6.  

Zingaretti, M.C., Crosta, F., Vitali, A., Guerrieri, M., Frontini, A., Cannon, B., Nedergaard, J. 

& Cinti, S. (2009) "The presence of UCP1 demonstrates that metabolically active adipose 

tissue in the neck of adult humans truly represents brown adipose tissue", FASEB J., 23, 

3113-20.  

Zou, Y., Komuro, I., Yamazaki, T., Kudoh, S., Uozumi, H., Kadowaki, T. & Yazaki, Y. 

(1999) "Both Gs and Gi proteins are critically involved in isoproterenol-induced cardi-

omyocyte hypertrophy", J. Biol. Chem., 274, 9760-70.  

 


