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1 
Introduction 

Glucocorticoids (GC) are steroid hormones produced in the adrenal zona 
fasciculata under the stimulatory influence of anterior pituitary-derived 
adrenocorticotropic hormone (ACTH). GC influence a variety of import- 
ant physiological phenomena including carbohydrate, protein and lipid 
metabolism, water and electrolyte balances, inflammatory and immune 
reactions, and regulation of endocrine networks. GC are also essential to 
the adaptation process of an organism to stressful situations by main- 
taining a permanent energy supply for brain functions, which is mainly 
based on the induction of gluconeogenesis and peripheral mobilization 
of amino acids. These powerful activities demand that GC production 
and expression of their receptor are tightly regulated. Therapeutically, GC 
are used widely in the management of such diverse disorders as cancer, 
chronic and acute inflammation, autoimmune and endocrine diseases, 
AIDS, transplant rejections, various shock forms and other pathological 
conditions (reviewed in Labhart 1986). 

As discussed in more detail throughout this review, GC mediate their 
effects by influencing gene expression at essentially all known levels of 
regulation (reviewed in Yamamoto 1985; Beato 1989). Due to their lipo- 
philicity, GC diffuse through the cell membrane and bind to their specific 
receptor (GR), a ligand-activated nuclear transcription factor of the "Zn- 
finger" type (Evans 1988; Hollenberg et al. 1985). The GR has been mole- 
cularily cloned (Encio and Detera-Wadleigh 1991), its functional domains 
assessed by mutational analyses (Giguere et al. 1986; Webster et al. 1988; 
Hollenberg and Evans 1988), and the three dimensional structure of its 
DNA-binding domain complexed with a consensus GC response element 
(GRE) determined by X-ray crystallography (Luisi et al. 1991). The receptor 
presumably resides within the cytoplasm complexed with several proteins, 
including heat shock proteins (Schlatter et al. 1992; Hutchison et al. 1994; 
Srinivasan et al. 1994; Yang and DeFranco 1994; Bohen and Yamamoto 
1993) and an immunophilin (Pratt et al. 1993; Peattie et al. 1992; Tai et al. 
1992; Pratt 1993). Upon ligand-binding, the GR undergoes "activation," a 
poorly understood process involving conformational changes and alter- 
ations in the phosphorylation state that ultimately allows the receptor to 
translocate into the nucleus and interact with specific cis-regulatory DNA 
sequences of responsive genes (reviewed in Berg 1989; Ortf et al. 1992). 
These cis-acting elements (GREs) tether the activated GR to a promoter, 
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which restflts in increased transcription by interaction with other tran- 
scription factors (Bastian and Nordeen 1991; Chandler et al. 1983; Str~ihle 
et al. 1988; Tsai et al. 1988; Yoshinaga et al. 1992; Muchardt and Yaniv 1993) 
and coactivators (Muchardt and Yaniv 1993; Singh et al. 1995). GC-mediated 
downregulation of gene transcription (Drouin et al. 1993; Akerblom 1988) 
is a less well understood phenomenon. One strategy of GR mediated trans- 
repression is occlusion of DNA-binding sites for transactivating factors 
by binding of the GR to cis-regulatory elements that deviate to various 
degrees from a consensus GRE. Such elements resembling GREs but con- 
ferring GC-dependent repression of transcription have been termed "ne- 
gative" GREs (Str6mstedt et at. 1991; Ray et al. 199o). Another mechanism 
involves cis-acting elements termed "composite" GREs that, in addition 
to a typical GRE, contain adjacent binding sites for other transcription 
factors, for example, AP-1. Depending on the second transcription factor 
and/or (as in the case of AP-1) its composition, GC may either enhance 
or repress transcription (Diamond et al. 199o). While these mechanisms 
involve GR binding to cis elements in the DNA, interference of the activated 
GR with other transcription factors due to protein-protein interactions 
represents a potential third mechanism of GC-mediated gene repression 
that does not require GR binding to DNA. This form of regulation has 
been reported for  several transcription factors, including AP-1 (Jonat et 
al. 199o; Yang-Yen et al. 199o; Schfile et al. 199o), NF~B (Scheinman et al. 
1995; Ray and Prefontaine 1994; Caldenhoven et al. 1995), OTF-1 (Kutoh 
et al. 1992), and Spi-1/Pu.1 (Guathier et al. 1993). Apart from the above 
mentioned mechanisms, GC can influence gene transcription indirectly 
by regulating the expression of other regulatory transcription factors, 
thereby influencing a host of genes responsive to those factors (reviewed 
in Schuchard et al. 1993). 

GC effects are, however, not restricted to transcriptional regulation. On 
the posttranscriptional level, GC may enhance (Diamond and Goodman 
1985; Petersen et al. 1989) or reduce (Lee et al. 1988; Peppel et al. 1991) 
mRNA stability. This form of regulation apparently depends on conserved 
sequences in the 3' untranslated region that might be recognized by GC- 
regulated specific nudeases or protective RNA-binding proteins. Transla- 
tional control of gene expression by GC has also been reported (Verdi 
and Campagnoni 199o; Raz et al. 1989) and may result from binding of 
regulatory proteins to specific recognition sequences in mRNA species. 
All the above-mentioned mechanisms require the presence of functional 
GR. Effects that are not mediated by GR may occur at high GC concen- 
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trations and probably result from unspecific perturbation of cell mem- 
branes by the lipophitic steroid. Such effects cannot be inhibited by GR 
antagonists, such as RU486 (Baulieu 1991), and may have little if any sig- 
nificance for the in vivo situation. 

While individual gene regulation by GC has been studied in great detail, 
relatively little is known about the molecular mechanisms by which GC 
control complex biological phenomena or exert therapeutic effects. Corre- 
sponding analyses are difficult because GC simultaneously regulate a host 
of genes that may all contribute in some way or another to a particular 
effect. As a further obstacle, some of these genes, and/or their regulation 
by GC, may still be unknown. In the last years, investigators from many 
different research areas have identified a large number of proteins whose 
expression is under apparent GC control. The present study reviews some 
of these publications with particular emphasis on instances where GC 
regulation has been substantiated by molecular evidence. In the course 
of our investigation, several thousand primary references were collected 
and analyzed. Obviously, space limitations allow citation of only selected 
key references and/or recent publications that provide additional refer- 
ences for more detailed informations. We apologize to our colleagues that 
even relevant references had to be omitted. 

In the following, GC-regulated genes are discussed as they have been 
implicated in particular biological phenomena. Obviously, this assignment 
is artificial, and several genes might participate in more than one phe- 
nomenon. In addition to this attempt to explain complex biological GC 
effects by the coordinate regulation of individual genes, we review some 
fundamental mechanisms underlying GC regulation of single genes on 
the basis of representative model systems. Table 1 provides a quick al- 
phabetic summary of all apparently GC-regulated genes discussed in this 
review, as well as some others that have not been dealt with in the text. 

2 
Effects on Endocrine Networks 

GC influence the expression of a host of hormones and growth factors 
as well as cytokines, neurotransmitters and other biologically active hu- 
moral mediators and some of their receptors. GC can thus be regarded 
as key players in the regulation of endocrine and other intercellular sig- 
naling networks. This regulatory activity can either be direct or indirect 
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Table 1. Summary of GC-regulated genes and proteins interacting with GR 

Designation of genes and proteins Dealt with 
in Sect. 

ai-Acid glycoprotein 5 
cq-Inhibitor III 5 
(zl-Microglobulin (Pierzchalski et al. 1992) 
e~2-Macroglobulin (Standke et al. 1994) 
ot~t-Globtflin 5 
ot-Fetoprotein (Rabek et al. 1994) 
Acetylcholine receptor 6 
ADP ribosylation factor (Dttman et aL 199o) 
Adenovirus gene expression 8 
Adipsin (Spiegelman et al. 1989) 
Adrenergic receptors CqB, J3i, ~2, J33 6 
Alcohol dehydrogenase 3 
Aldehyde dehydrogenase (mitochondrial) 3 
Alkaline phosphatase 4 
5-Aminolevulinate synthase (Srivastava et al. 1992) 
Aminopeptidase A (Stefanovic et al. 1991) 
Amylase 3 
Angiotensinogen 4 
Angiotensin receptor 4 
Apolipoproteins 3 
Arginase (Gotoh et al. 1994) 
Argininosuccinate lyase 3 
Aspartate aminotransferase 3 
Atrial natriuretic peptide 4 
[~-Casein 7 
[}-Galactoside ~2,6-sialyltrans ferase 3 
~-Galactoside-binding protein (Goldstone and Lavin 1991) 
[3-Endorphin 6 
Bd-2 7 
Bombesin receptor (Rosewicz et al. 1994) 
Bone sialoprotein 4 
Brain-derived neurotrophic factor (Smith et al. 1995) 
Branched-chain keto acid dehydrogenase (Chicco et ai. 1994) 
C/EBP 7 
CA125 tumor marker (Nakai et al. 1991) 
cAMP response element-binding protein 7 
Calbindin-D28k 7 
Calcitonin and calcitonin-related peptide 4 
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Table 1. Continue. 

Designation of genes and proteins Dealt with 
in Sect. 

Catcitonin receptor 
Calmodulin 
Cannabinoid receptor (Mailleux and Vanderhaeghen 1993) 
Casein kinase II (Suzuki et al. 1992 ) 
Cathepsin-B and -D (Oursler et al. 1993) 
CEF-4 
Cholinephosphate cytidyltransferase 
Chorionic gonadotropin 
Chromogranin A 
Collagenase and collagenase type IV 
Collagene types I, III, IV, V 
Colony factor-1 receptor (C-fins) (Sapi et al. 1995) 
Complement C4b-binding protein 
Complement factor B, C3, H 
Cor ticotropin-releasing hormone 
Corticosteroid-binding protein (Berdusco et al. 1994) 
C-reactive protein (Ku and Mortensen 1993) 
Cyclo-oxygenase 
Cysteine-rich intestinal protein (Levenson et al. 1994) 
Cytochrome c oxidase (Van Rallie 199o) 
Cytochrome P45o enzymes 
DNA methyltransferase (Rouleau et al. 1995) 
EGR-1 
Elastin 
Endothelial-leukocyte adhesion molecule-i 
Endothelin (Schrey et al. 1992) 
Endothetin receptor (Stanimirovic et al. 1994) 
Enkephalin 
Epidermal growth factor 
EGF receptor 
Epoxide hydrolase (Bell et al, 199o) 
Epstein-Barr virus gene expression 
Erythropoietin (Lee-Huang et al, 1993) 
Fatty acid synthase 
Fatty acid binding protein 
Fc-e receptor type II (CDz3) 
Fc- T receptor type I (CD64) 
Fibrinogen 

4 
7 
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Designation of genes and proteins Dealt with 
in Sect. 

Fibronectin 
Follicle-stimulating hormone 
Formyl peptide receptor (Perez et al. 1992) 
Fos 
~/-Gtutamyt transferase III 
y-Glutamylcysteine synthetase (Lu et al. 1992) 
GAP-43 (Perrone-Bizzozero et al. 1993) 
GATA-1 
Glial fibrillary acidic protein 
Glucocorticoid receptor (GR) 
Glucocortin 
Glucokinase (Fernandez-Mejia and Davidson 1992) 
Glucose-6-phosphatase 
Glucose-6-phosphate dehydrogenase 
GLUT 1, 4 glucose transporters 
Glutamine synthase 
Glutathione S-transferase 
Glycerol-3-phosphate dehydrogenase 
Gonadotropin-releasing hormone 
G protein subunits of Gt~s, Gt~i, G~ 
Granulocyte-macrophage colony-stimulator 
Growth hormone 
Guanylin (Hi~ et al. 1995) 
Haptoglobin 
Heat shock protein 90 (McGuire et al. 1992) 
Heine oxygenase 1, 2 
Heparin binding growth factor 
Hepatitis virus gene expression 
Hepatocyte growth factor 
Hepatocyte growth factor receptor (c-met) 
HER-z/neu growth factor receptor 
Herpes virus gene expression 
Histidine decarboxylase (Kawai et al. 1992) 
Hormone sensitive lipase 
3-Hydroxy-3-methylglutaryl CoA reductase 
15-I-Iydroxy-prostaglandin dehydrogenase 
Immunoglobulin A 
Immunogtobulin E 
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Table 1. Continue. 

Designation of genes and proteins Dealt with 
in Sect. 

Insulin 
Insulin receptor 
Insulin receptor substrate-1 
Insulin-like growth factor I 
Insulin-like growth factor binding protein 
Integrin cq and [3i (Z. Zhang et al. 1993) 
Intercellular adhesion molecule-1 
Interferon-~, -T 
Interferon consensus sequence-binding protein 
Interleukin 1, z, 4, 5, 6, 8 
Interleukin receptor for interleukin-t, 2 
JE (cytokine) 
Jun 
K + channel (k~) (Takimoto et at. 1993) 
Kallikrein 
KC (cytokine) 
Kininogen T and K 
Lipocortin I 
Lipoprotein lipase 
Luteinizing hormone 
Lysozyme (Panarelli et al. 1994) 
Macrophage-colony-stimulating factor 
Major histocompatibility complex I, II 
Maltase-glycosamylase 
Manganese superoxide dismutase (Suzuki et al. 1993) 
Mannose receptor (Shepherd et al. 1994) 
Matrilysin 
Melanin-concentrating hormone (Presse et al. 1992) 
Metallothionein I, IIA, III (Plisov et al. 1995; Karin et al. 1984; 

Palmiter et al. 1992) 
Methionine tRNA 
Monoacylglycerol acyltransferase 
Monocyte chemoattractant protein-1 (Villiger et al. 1992) 
Myc 
Monoacylglycerol acyttransferase 
Multidrug resistence gene (Zhao et at. 1993) 
Myelin basic protein 
Myelin proteolipid protein 
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Designation of genes and proteins Dealt with 
in Sect. 

Na + channel (amiloride-sensitive) 
Na+/H + exchanger (NHE-3) (Yun et al. 1993) 
Na+/K + ATPase (Grillo et al. 1994) 
Nerve growth factor 
Nerve growth factor receptor 
Neuropeptide Y 
Neurotrophin-3 (Smith et al. 1995) 
Neutral endopeptidase 
Nexin-1 (Guttridge et al. 1993) 
Nuclear factor ~:B 
Nitric oxide synthase 
Nur77 (orphan nudear receptor) 
Ornithine decarboxylase 
Osteocalcin 
OTF-1 
Papilloma virus genes E6, E7 
Parathyroid hormone 
Parathyroid hormone-related peptide 
Peptidyl-glycine c~-amidating mono-oxygenase (Grino et al. 199o) 
Peroxisomal proliferator-activated receptor (Steineger et al. 1994) 
Phenylalanin hydroxylase 
Phenylethanolamin N-methyltransferase 
Phosphatidytinositol 3-kinase 
Phosphoenolpyruvate carboxykinase 
6-Phosphofructo-2-kinase/fructose-z,6-bisphosphatase 
Phospholipase A2, D 
Pit-1 
Platelet-derived growth factor A-chain (Nakano et al. 1993) 
Plasminogen activator 
Plasminogen activator inhibitor type I 
Polyoma virus gene expression 
Protactin 
Proliferin 
Pro-opiomelonocorticotropin 
Protein kinase C 
Prostaglandin endoperoxide synthases 
Ras 
Retinoid X receptor 

7 
5 
2 

7 
4 
7 
7/8 
4 
4 

3 
6 

7 
3 
3 
3, 5 
7 
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Table 1. Continue. 

11 

Designation of genes and proteins Dealt with 
in Sect. 

Retroviral gene expression (HIV, HTLV-tII) 
Ribosomal RNA 
Ribosome protein rpL32 
SCGlo (neural-specific gene) 
sgk (serum and GC-regulated kinase) 
snk (serum induced kinase) 
Serine dehydratase 
Serine pyruvate/alanine glyoxylate aminotransferase 

(Uchida et al. 1994) 
Somatostatin (Liu et al. 1994) 
Stromelysin 
Substance P receptor (Ihara and Nakanishi ~99o) 
Sucrase-isomaltase 
Sulfated glycoprotein-2 (TRMP-2) 
Surfactant associated proteins A, B 
Surfactant proteolipids C, D 
Tenascin 
Transin (Fillmore et al. 1992) 
Thyroid hormone receptor (c-erbA proto-oncogene) 
Thyroid-stimulating hormone 
Thyrotropin-releasing hormone 
Tissue inhibitor of metalloproteinases 
Transforming growth factor-a, -[3 
Transglutaminase 
Trehalase 
Tryptophane oxygenase 
Tumor necrosis factor-c~ 
Tyrosine aminotransferase 
Tyrosine hydroxylase 
Urate oxidase (Raab et at. ~991) 
Vasopressin 
Vesiculo stomatitits virus gene expression 
Vitamin D receptor 
Vitellogenin (Slater et al. 1991) 
Whey acidic protein 
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by influencing a cell's responsiveness to other stimuli, a phenomenon 
known as the "permissive" action of GC. In the following, we review some 
of the better defined GC effects on the expression of typical hormones 
and their receptors, namely those regulating the hypothalamic-pituitary- 
adrenal/gonadal/thyroid axis, the steroids, and the glycoprotein and pro- 
tein hormones of the pituitary and placenta. Regulation of additional genes 
involved in endocrine circuits can be found in Sect. 4. Cytokines, neuro- 
transmitters and some growth factors are discussed along with their re- 
ceptors in Sects. 5, 6, and 7, respectively. 

2.1 
Regulation of the Hypothalamic-Pituitary-Adrenal/Gonadal/Thyroid A~s 
and Steroid Honnone Biosynthesis 

GC control their own synthesis, and perhaps that of other steroids and 
thyroid hormones, via regulation of the expression of hormones acting 
on the hypothatamic-pituitary-adrenal/gonadal/thyroid axis. On the hy- 
pothalamic level, transactivation of the human corticotropin-releasing 
hormone (CRH) gene promoter by cAMP response element-binding 
(CREB) proteins is repressed by GC (Van et al. 199o). Imerestingly, in 
human placenta cytotrophoblasts, GC have an opposite effect, i.e., they 
stimulate CRH mRNA levels (Robinson et al. 1988), a discrepancy that 
may be explained by alternative usage of the two promoter-like structures 
in the CRH gene (Vamvakopoulos and Chrousos 1993). Although not di- 
rectly related to adrenal steroid biosynthesis, two other hypothalamic re- 
leasing factors, gonadotropin- (Chandran et at. 1994) and thyrotropin- 
(Yang and Tashjian 1993) releasing hormones, are also under apparent 
GC control. On the pituitary gland level, GC downregulate pro-opiome- 
lanocorticotropin (POMC) gene transcription and thus ACTH production. 
This phenomenon has been well studied, and the POMC promoter has 
become a model for negative regulation of transcription by GC (Drouin 
et al. 1987, 1989; Riegel et al. 1991). In vitro and in vivo analyses using 
transgenic animals revealed that the fragment from nucleotide -480 to 
-34 of the rat POMC promoter is sufficient for tissue-specific and GC-in- 
duced downregulation of POMC expression (Tremblay et al. 1988), and 
evidence was obtained indicating that only one of the six potential GR- 
binding sites identified in the rat POMC promoter mediated repression 
of transcription (Drouin et al. 1989). This GR binding site, centered at 
position -63, differs significantly from a consensus GRE half site 
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(TGTTCT), and has been termed a negative GRE (nGRE, CGTCCA). This 
nGRE element cannot mediate transcriptional activation by GC when it 
is inserted upstream of an enhancerless promoter-driven reporter plasmid, 
suggesting that GR interactions with nGREs differ from interactions with 
GREs and entail transcriptional repression rather than induction (Drouin 
et al. 1987). Further analyses of transcriptional repression of the rat POMC 
promoter indicated that a GR homotrimer could bind the nGRE, thus 
interrupting the interactions between positively cooperating transcription 
factors acting on the POMC promoter (Drouin et al. 1993). Finally, POMC 
gene repression by GC in pituitary corticotropes is abrogated by cortico- 
tropin-releasing factor (CRF) via induction of c-los (Autelitano and Shep- 
pard 1993). The latter may lead to increased intracellular AP-1 levels that, 
in many systems, interfere with GR activity (see Sect. 1 and several other 
examples in this review). 

In addition to their effects on the hypothalamus and the pituitary gland, 
GC influence steroid biosynthesis directly by regulating the expression of 
numerous steroidogenic enzymes that belong primarily to the large cy- 
tochrome P45o family. In the following, we use the nomenclature proposed 
by Nebert et al. (Nebert et al. 1991) and include the gene assignment in 
parentheses to avoid confusion. The steroid biosynthesis enzymes P45oscc 
(CYP11A1; Hales et al. 199o), 3[3-hydroxysteroid dehydrogenase (Trudel et 
al. 1991; Agular et al. 1992) and P45o17o~ (GYP17) are regulated by GC, the 
latter via GREs in the 5' flanking region of its gene (Picado-Leonard and 
Miller 1987). Several other cytochrome P45o enzymes, some of which play 
a role in steroid synthesis or degradation in the liver, appear to be GC 
regulated as well. These include rat P45oc (CYPIA1), P45od (CYPaA2), 
P45ob (CYPzB1) and P45oe (CYPzB2; Mathis et al. 1989; Silver et al. 199o; 
Jaiswal et al. z99o; Rao et al. 199o), the murine P45oIIIA1 (CYP3A1; Burger 
et al. 1992; Yanagimoto et al. 1992; Eliasson et al. 1994) or the closely 
related P45oRL33/cDEX (Komori and Oda 1994), P45olIC12 (CYP2C12; 
Wright and Morgan 1991), human P45oIIC8 (with multiple GREs in the 
5' region of the CYP2C8 gene; Ged and Beaune 1991) and aromatase (CYP19; 
Zhao et al. 1995). 

2,2 
Steroid Receptor Gene Expression 

GC not only participate in the regulation of steroid biosynthesis and de- 
gradation but also modulate the sensitivity of target cells by regulating 
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steroid receptor levels. This is particularily true for the GR itself (reviewed 
in Schmidt and Meyer 1994). Most tissues downregulate their GR content 
after GC treatment (Katinyak et al. 1989; Burnstein and Cidlowski 1992; 
Patchev etal .  1994), while in human T-cell leukemic and myeloma lines, 
upregulation of GR levels by GC has been reported (Denton et al. 1993; 
Gomi et al. 199o). The GR autoinduction observed in human leukemic 
cells could be a requirement for GC-induced apoptosis in such cells (see 
Sect. 7), similar to Xenopus tadpole tail cells where autoinduction of nu- 
clear receptors has been found to occur during metamorphosis (reviewed 
in Tata etal .  1993). In addition to cell type-dependent regulation of GR 
expression by GC, GR is regulated developmentally (Kalinyak etal. 1989) 
and in a cell division cycle-dependent manner (Hsu et al. 1992; Hu etal.  
1994). The molecular basis for regulation of GR gene expression is not 
well characterized and several, possibly species-specific, mechanisms have 
been discussed. In the mouse, GR expression is controlled by at least three 
promoters, one of which seems to be preferentially used in T-lymphocytes 
(Str/ihle et al. 1992). Rat GR mRNA also shows high variability at the 5' 
end, suggesting expression from different transcriptional start sites and/or 
promoters (Gearing etal.  1993). The human GR gene promoter has been 
cloned and does not contain typical GREs, nGREs or even TATA and CAAT 
boxes (Zong etal. 199o). Analyses of promoter regions sensitive to down- 
regulation by GC led to the identification of the recognition sequence 
motif (localized to positions -671 to -71o) for the specific transcription 
factor GRF-1. GRF-1 has subsequently been cloned and shown to repress 
the human GR gene promoter (LeClerc et al. 1991). In addition to the 
complex transcriptional regulation, GR gene expression is subject to post- 
transcriptional and posttranslational control mechanisms as well: GC 
caused GR downregulation in cells expressing transfected GR cDNA from 
a GC insensitive promoter, suggesting that, at least in this case, GC-de- 
pendent GR downregulation occurs by a posttranscriptional mechanism 
possibly involving GRE-like sequence elements present in the GR cDNA 
itself (Burnstein et al. 199o; Bellingham et al. 199:z; Alksnis et al. 1991). 

Posttranslationally, GR activity might be regulated by phosphorylation 
(Mason and Housley 1993; Bodwell et al. 1995) and accessory molecules 
[e.g., heat shock proteins (Patchev et al. 1994) and immunophilins] as 
already mentioned in the Introduction. More recently, another potentially 
regulatory GR binding protein has been identified: Catreticulin, a major 
calcium storage protein located in the endoplasmatic reticulum and also 
found in the nucleus, seems to be able to interact with the DNA binding 
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domain of the GR and, if overexpressed, inhibits GRE-mediated transcrip- 
tional activation from GC-sensitive promoters (Burns et al. 1994). 

Other members of the steroid receptor superfamily, such as the vitamin 
D (Lee et al. 1991; Gensure et al. 1993), thyroid hormone (c-erbA proto- 
oncogene; Maroder et al. 1989), retinoid X (Wan et al. 1994), and nur77 
orphan nuclear receptors (Davis and Lau 1994), might also be GC-regu- 
lated. In the case of the thyroid hormone receptor ix gene (C-erbA1), a 
GC-responsive promoter was identified (Laudet et al. 1993), and this regu- 
lation may participate in GC-induced differentiation of neuronal PClz 
cells (Munoz et al. 1993b). 

23 
Pituitary and Placental Glycoprotein Hormones 

Other GC-affected endocrine systems include the pituitary and placental 
glycoprotein hormones (GPH), i.e., luteinizing, follicle-stimulating and 
thyroid-stimulating hormone, and chorionic gonadotropin, all of which 
are heterodimers of a common a-chain and a hormone specific [3-chain. 
The ot-GPH promoter, analyzed in JEG3 chorioncarcinoma cells, represents 
another model for GC-mediated transcriptional repression. A 168-bp frag- 
ment (tx-168) of the o~-GPH 5'-flanking region was found to contain the 
necessary sequences for cell-specific expression and GC-mediated re- 
pression, ix-168 contains two CAMP-responsive elements (CREs) and one 
region upstream of the CREs known to bind a tissue-specific factor that 
cooperates with CREB proteins. DNA footprinting using purified rat liver 
GR to protect the IX-GPH promoter revealed three GR binding sites. The 
strongest of these footprints overlaps the most proximal CRE, which might 
explain negative interference by GR occupancy of enhancing promoter 
elements (Akerblom 1988). Detailed analysis of GR structural requirements 
for this repressional activity pointed to the importance of an intact DNA- 
and ligand-binding domain, whereas the N-terminal transactivating do- 
main seemed to be dispensable in mediating o~-GPH repression (Oro et 
al. 1988). Interestingly however, one of several DNA-binding domain GR 
mutants (G442) tested, retained more than 5o% of the wild-type GR trans- 
repressional activity on the ix-168 promoter, although this mutant G44z 
is incapable of transactivating an MMTV-CAT construct. Thus, the struc- 
tural GR DNA-binding domain requirements differ between transactiva- 
tion and transrepression, as is also reflected in the deviations of the o~-GPH 
promoter GR-binding sites from the consensus GRE (Akerblom 1988; Oro 
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et al. 1988). These studies led to the hypothesis that binding of the GR to 
an imperfect GRE might result in disruption of cooperating transcription 
factors (e.g., CREB interacting with tissue-specific transcription factors) 
by steric hindrance. Alternatively, the intact GR DNA-binding domain may 
directly mediate transrepression without binding to specific DNA elements 
of the o~-GPH promoter. The latter model is further supported by obser- 
vations in lEG3 cells of potential direct interactions between CREB (or 
unidentified transcription factors) and GR. Regulation of the t~-GPH pro- 
moter is tissue-specific since it is activated in fibroblast cell lines, pointing 
to additional tissue-specific factors modulating GC activity (Chatterjee et 
al. 1991 and references therein). In addition to regulating the promoter 
of the common o~-chain, GC might influence individual GPH levels via 
controlling expression of the hormone-specific B-chain, as documented 
for human chorionic gonadotropin (Ringler et al. 1989). 

2A 
Pituitary and Placental Protein Hormones 

Similar to the GPH s-chain gene, GC and other steroids repress the tran- 
scription of the prolactin gene, although the mechanism of repression is 
not entirely clear. Hormonal regulation requires cis-acting elements in 
the promoter region of the gene (Somasekhar and Gorski 1988; Day and 
Maurer 1989) and can be conferred upon a heterologous promoter by a 
34-bp nGRE element (Sakai et al. 1988; Cairns et al. 1993). This element 
acts per se as a transcriptional enhancer, and the hormone-receptor com- 
plex supposedly competes with, or inactivates, the factor(s) acting upon 
this element. Nevertheless, the DNA-binding domain of the GR may not 
be required for this GC effect (Adler et al. 1988). In extrapituitary sites, 
such as the uterus and T-lymphocytes, prolactin gene expression is di- 
rected by an alternative promoter that contains several half sites for GR 
binding and is located approximately 6 kb upstream of the pituitary spe- 
cific start site (Gellersen et al. 1994). 

GC are further powerful modulators of growth hormone secretion 
(Wehrenberg et al. 199o) and induce growth hormone receptor mRNA 
(Heinrichs et al. 1994). The human growth hormone gene contains a GRE 
in its first intron that mediates transcriptional induction (Slater et al. 
1985) , although GC regulation seems to act primarily at a posttranscrip- 
tional level (Diamond and Goodman 1985; Strobl et at. 1989). A third mem- 
ber of the pituitary and placental protein hormone family, placental pro- 
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liferin, is transcriptionally regulated by GC (Mordacq and Linzer 1989). 
The GC-sensitive element in the mouse proliferin gene is buik up of a 
GRE closely linked to an AP-1 site and has been termed a composite GRE. 
This composite GRE mediates either GC-dependent induction or re- 
pression, which depends on the presence and composition of AP-1 (Miner 
and Yamamoto 1991). 

3 
Effects on Carbohydrate, Protein, 
and Lipid Metabolism 

The energy supply of an organism adapting to changing environmental 
conditions is maintained, in part, by the tightly regulated action of GC 
on carbohydrate, protein, and lipid metabolism. These effects, central to 
their physiological role, contribute to a great extent to the unwanted side 
effects of GC treatment. 

3.1 
Cafl~ohydrate ~ k m  

GC stimulate gluconeogenesis, i.e., the formation of carbohydrates from 
amino acids, by stimulation of gluconeogenetic liver enzymes, peripheral 
mobilization and degradation of protein, diminishing peripheral glucose 
utilisation, and promoting storage of glucose as glycogen in the liver (Lab- 
hart 1986). This activity may, in some patients treated with high GC doses, 
lead to "steroid diabetes," a mild form of diabetes mellitus, that might 
be explained on the molecular level by regulation of various enzymes 
participating in carbohydrate metabolism and perhaps also by interfering 
with insulin action. Expression of insulin (Fernandez-Mejia and Davidson 
1992) as well as transcription (Saad et al. 1994) and alternative splicing 
(Norgren et al. 1994) of the insulin receptor gene appear GC-regulated, 
with the human insulin receptor gene containing cis-acting GREs and 
other response elements that mediate transcriptional induction (Lee and 
Tsai 1994; Lee et al. 1992). GC further regulate the expression of the down- 
stream target insulin receptor substrate-1 (IRS-1) (Saad et al. 1994; Turn- 
bow et al. 1994; Giorgino et al. 1993), and apparently participate in the 
control of phosphorylation of this protein and the receptor itself (Giorgino 
et al. 1993). Recent analyses in Fao hepatoma cells demonstrated that the 
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cause of GC-induced insulin resistance probably lies downstream of the 
insulin receptor, IRS-1 or IRS-l-activated PI-3 kinase (Saad et al. 1995). 

Gluconeogenesis is regulated by induction of rate-limiting enzymes and 
GC increase the transcriptional rate (Imai et al. 199o; Mitchell et al. 1994) 
of the phosphoenolpyruvate carboxykinase (PEPCK) gene, the key enzyme 
for gluconeogenesis, and enhance the stability of its mRNA (Petersen et 
al. 1989). The repressive insulin effect on transcription is, however, domi- 
nant over induction by GC (Forest et al. 199o). PEPCK gene regulation is 
primarily exerted at the transcriptional level, and the GC effect can be 
tissue- and cell-specific with opposite effects possibly depending on the 
presence of other transcription factors such as CREB, the retinoic acid 
receptor, the orphan nuclear receptors COUP-TF and HNF-4, or HNF-3 
(Xing and Quinn 1993; Lucas et al. 1991; Hall et al. 1995; O'Brien et al. 
1995). Analysis of mice transgenic for a PEPCK promoter controlled re- 
porter gene revealed that sequences within z kb of the promoter are suf- 
ficient for tissue-specific regulation and expression (Eisenberger et al. 1992; 
Short et al. 1992). The GC regulatory unit was positioned around -4oo 
and encompassed two GREs (Short et al. 1992). Furthermore, in vitro ana- 
lysis revealed direct binding of the GR to CREB that binds to the E/CRE 
site (Imai et al. 1993). This protein-protein interaction suggests interference 
of transcriptional activators during hormonal induction and might explain 
the synergistic action of glucag0n (acting through elevation of cAMP) 
and GC (Hall et al. 1995). This model was, however, questioned by in vivo 
genomic footprint analyses of H4IIE hepatoma cells that failed to dem- 
onstrate alterations of protein occupancy of the PEPCK promoter follow- 
ing dexamethasone treatment (Faber et al. 1993). 

Carbohydrate metabolism may further be affected by GC effects on the 
expression of a number of additional metabolic enzymes: In the rat, he- 
patic 6-phosphofructo-z-kinase/fructose-z,6-bisphosphatase expression is 
increased by GC, at least in part, on the transcriptional level via one or 
more GREs in the 5'-flanking region and the first intron of its gene (Marker 
et al. 1989; Lange et al. 1992). Similar to PEPCK regulation, this gene in- 
duction is inhibited by insulin (Lemaigre et al. 1994). As reviewed by Eden- 
berg et al. (Edenberg and Brown 1992), alcohol dehydrogenases, a complex 
system of zinc metalloenzymes, are also induced by GC. The human gene 
for the class I alcohol dehydrogenase 13 subunit contains 3 tandemly re- 
peated GREs in its 5'-flanking region (Winter et al. 199o) and, surprisingly, 
GRE-like sequences in its cDNA (Dong et al. 1988). The promoter of the 
mouse mitochondrial aldehyde dehydrogenase was also found to contain 
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a GRE (Chang and Yoshida 1994). Further GC-regulated enzymes partici- 
pating in carbohydrate metabolism include liver [~-galactoside czz,6-sia- 
lyltransferase that is transcriptionally regulated but lacks a GRE (Wang 
et al. 199o), the human pancreatic amylase gene whose transcriptional 
enhancement requires induction of regulatory protein(s) (Logsdon et al. 
1987), two transcriptionally induced mouse liver amylase genes (Samuel- 
son et al. 1988; Slater et al. 1993), glycerol-3-phosphate dehydrogenase 
(Bhandari et al. 1991; Kumar et al. 1989), glucose-6-phosphate dehydroge- 
nase (Kletzien et al. 1994), glucose-6-phosphatase (Lange et al. 1994), as 
well as maltase- glycosamylase, sucrase-isomaltase, and trehalase (Galand 
1988). Aside from regulating various involved enzymes, GC might affect 
carbohydrate metabolism by inhibiting peripheral glucose uptake, e.g., in 
adipocytes and thymocytes. This effect has been attributed to induction 
of several proteins, including a 17-kDa protein termed glucocortin (Colbert 
and Young 1986), and to the reduction of glucose transporter mRNA in 
cultured adipocytes (Garvey et al. 1989). More recently, GC induction of 
glucose transporters in primary cultures of brown adipocytes (Shimizu 
et al. 1994) and in L6 muscle cells (Sivitz and Pasley 1995) has also been 
reported. 

3.2 
Protein Metabolism and T ~  

The catabolic activity of GC has long been recognized, in part as side 
effects of chronic GC treatment such as osteoporosis, muscular waste, 
skin atrophy, and growth retardation in children. GC lead to increased 
peripheral protein degradation (negative nitrogen balance; Brillon et al. 
1995), which is not fully compensated for by simultaneously increased 
protein synthesis (Labhart 1986 ) in the liver. The molecular mechanisms 
underlying these GC-regulated events have been addressed by studying 
GC regulation of key enzymes in amino acid degradation. Thus, tyrosine 
aminotransferase gene activity in the liver is stimulated by GC and glu- 
cagon, but repressed by insulin via two major enhancer regions. These 
contain GREs, CREs and additional binding sites for hepatocyte nudear 
factors, and mediate developmental and tissue-specific hormone induction 
(Tsai et al. 1989; Reik et al. 1991; Rigaud et al. 1991; Ganss et al. 1994; 
Szapary et al. 1993; Espimls et al. 1994; Reik et al. 1994). Aspartate ami- 
notransferase (AAT) mRNA is increased by GC as well, although only the 
cytosolic, not the mitochondrial form, appears to be regulated (Pav6-Preux 
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et al. 1988). Recent analysis of the cytosolic AAT promoter revealed the 
presence of a novel GRE (GRE A), which differs from the consensus GRE 
(GGTACA NNN TGTTCT) in that the two half sites are separated by 8 bp 
(GRE A: GGTACA GAAAGACC TGTTCT). Detailed analyses showed that 
a GR tetramer is likely to bind to this novel element to transactivate cy- 
tosolic AAT (Garlatti et al. 1994). Transcription of the rat tryptophane 
oxygenase gene is induced by GC via an upstream GRE-containing regu- 
latory region (Danesch et al. 1987) that has been used to study synergistic 
interactions between various transcription factors and the GR in euka- 
ryotic gene regulation (Schfite et al. 1988a, b). Mouse and human phenyl- 
alanine hydroxylase genes also contain GREs in their 5 flanking regions 
(McDowall and Fischer 1995). GC-regulated expression of 7-glutamyl trans- 
ferase (Barouki et al. 1982), serine dehydratase (Noda et al. 1988; Su and 
Pitot 1992), tyrosine hydroxylase (Fossom et al. 1992), and argininosucci- 
nate lyase (Husson et al. 199o) has also been reported. 

To enhance clearance of NH 3 molecules generated in the course of pro- 
tein degradation, GC increase glutamine synthase transcription, as exem- 
plified in muscle (Feng et al. 199o) and leukemic cells (Harmon and Thom- 
pson 1982). The mouse and chicken genes for this important enzyme in 
nitrogen metabolism and neurotransmitter generation were found to con- 
tain GREs in their regulatory regions (Bhandari et al. 1988; Zhang and 
Young 1991). GC induction of transcription, at least in chicken embryo 
retina, requires cell contact (Vardimon et al. 1988; Reisfeld and Vardimon 
1994) and seems to be strongly influenced by the balance between the 
levels of c-jun and GR: The ability of GC to induce glutamine synthase 
expression correlates inversely with levels of c-jun (Berko-Flint et al. 1994), 
and elevated GR expression overcomes GC nonresponsiveness in these 
cells (Zhang and Young 1993), which might reflect the previously noted 
antagonistic effect between AP-1 and GR. Two other explanations for this 
example of developmentally regulated gene expression by GC have recently 
been suggested, i.e., devdopmental stage-specific spatial expression of 2 
different GR isotypes with molecular weights of 90 kDa and 95 kDa, re- 
spectively (Gorovits et al. 1994), and differential expression of a retinal 
C/EBP-like protein that might influence inducibility by GC (Ben-Or and 
Okret 1993). 

GC further influence, in a general manner, the first step in protein 
metabolism, i.e., the translation of mRNA into polypeptide chains, al- 
though the molecular mechanism of this GC effect is poorly understood. 
Ribosomal RNA gene transcription is stimulated by GC in rat liver (Webb 
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et al. 1989; Flusser et al. 1989; Suzuki et al. 1991), myoblasts (Glibetic et 
al. 1993), and hypothalamus (Jones et al. 199o), yet is suppressed in mouse 
lymphosarcoma cells (Mahajan and Thompson 199oa; Huang and Hershey 
1989). Mammalian ribosomal RNA gene promoters contain a potential 
GRE (Misseyanni et al. 1991), but the effect of GC on ribosomal RNA gene 
transcription may be primarily mediated by regulating the amount or 
activity of TFIC, a transcription factor tightly associated with RNA 
polymerase I (Mahajan and Thompson 1991). The expression of another 
ribosome component, the mouse ribosome protein rpL32, might also be 
influenced by GC, since its gene contains a GRE-like sequence in its pro- 
moter (Yoganathan and Sells 199z). Apart from regulating the expression 
of components in the general translation machinery, GC appear to par- 
ticipate in tRNA production, as exemplified by the report of a GRE in, 
and enhanced transcription of, the methionine tRNA gene (Li and Kmiec 
1990). 

33 
Upid and Upoprotein Metabolism 

Most of the GC effects on lipid metabolism (increased output of free fatty 
acids, fat deposition) have been regarded as consequences of its action 
on carbohydrate metabolism (Labhart 1986). Chronic GC treatment causes 
fat redistribution ("buffy hump","moon face"), which is due to the different 
sensitivity of tissues to the permissive lipolytic activity of GC and the 
lipogenic activity of reactively induced insulin. Several reports, however, 
document a direct regulatory effect on genes affecting lipid biosynthesis, 
metabolism, and transport. The rate-limiting enzyme in cholesterol syn- 
thesis, 3-hydroxy-3-methylglutaryl (HMG) CoA reductase, is suppressed 
by GC in liver (Simonet and Ness 1989) and adrenal glands (Lehoux et 
al. 1989; Black et at. 1988), although the major transcriptional repressor 
of the corresponding gene is cholesterol itself (Goldstein and Brown 199o). 
The suppressive GC effect, at least in rat liver, is due to reduction of mRNA 
half-life, probably mediated by conserved sequences in the 3' untranslated 
region (Simonet and Ness 1989). We have observed GC reduction of HMG- 
CoA reductase mRNA levels in a mouse macrophage-like cell line (Helm- 
berg et al. 199o). The possible significance of this phenomenon in immune 
regulation will be discussed further below (Sect. 5). Fatty acid metabolism 
might be affected by GC in several ways. First, GC stimulate fatty acid 
biosynthesis by transcriptionally activating fatty acid synthase, the central 
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enzyme in this metabolic pathway (Xu et al. 1993). Second, GC have a 
stimulatory effect on fatty acid-binding protein expression (Cook et al. 
1988), which might support the former GC effect. Third, monoacylglycerol 
acyltransferase, central to hepatic triglyceride biosynthesis, is decreased 
by a combination of insulin and GC (Coleman 1993). Finally, several 
enzymes that generate free fatty acids from complex tipids appear to be 
GC-regulated. These include hormone sensitive lipase (Slavin et al. 1994), 
lipoprotein lipase and several phospholipases, such as phospholipase A2 
(see Sect. 5) and D (Kobayashi et al. 1988). The stimtflatory effect of GC 
on the extracellular lipoprotein lipase is probably mediated by 2 GREs in 
the upstream region of its gene (Deeb and Peng 1989), and transcriptional 
activation has been observed in various tissues, including human mac- 
rophages (Domin et al. 1991) and rat and human adipocytes (Ong et al. 
1992). In addition to its effects on lipid biosynthesis, GC seem to influence 
lipid transport by regulating several apolipoproteins, e.g., in rat liver 
(Staels et al. 1991) and human breast cancer cells (Simard et al. 1992 ). 

Of particular clinical significance is the accelerating effect of prenatally 
administered GC on lung maturation in premature infants, which is due 
to its stimulation of the surface active agent surfactant (Mendelson and 
Boggaram 1991 ). Surfactant consists largely of phospholipids (mainly 
phosphatidylcholine), the surfactant specific glycoproteins (SP)-A, SP-B, 
and the hydrophobic proteolipids SP-C and SP-D. GC regulate the major 
surfactant- associated protein SP-A in a biphasic fashion, i.e., at nanomolar 
concentrations, SP-A mRNA is increased in fetal lung, while at higher 
concentrations and after prolonged exposure, a decrease is observed (Liley 
et al. 1988; Odom et al. 1988). This was explained on the molecular level 
by an increase in SP-A gene transcription at low GC concentrations that 
is overcome by a reduction in mRNA stability at higher GC concentrations 
(Boggaram et al. 1989, 1991). Transcriptional induction of the SP-A gene 
by GC might further be influenced by cAMP, which also stimulates SP-A 
gene activity (Alcorn et al. 1993). An enhancing effect of GC on pulmonary 
SP-B and SP-C gene transcription has also been reported (O'Reilly et al. 
1991). The biosynthesis of the major lipid component of surfactant, phos- 
phatidylcholine, is also stimulated by dexamethasone via activation of 
choline phosphate cytidyltransferase. This activation seems to be caused 
by fatty acids that are produced by fatty acid synthase transcriptionally 
activated by GC (reviewed in Rooney et al. 1994). The critical role of GC 
in lung maturation has been corroborated in mice made deficient either 
for CRF or the GR. The homozygous deficient offsprings of these gene- 
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targeted mice die within hours after birth due to severe atelectasis possibly 
caused by reduced surfactant protein expression as well as a reduced ex- 
pression of the amiloride-sensitive Na + channel, that has been shown to 
be regulated by GC (Champigny et al. 1994). 

4 
Effects on Extracellular Matrix, Bone Metabolism, Electrolytes, 
and Water Homeostasis 

GC influence the expression of various extracellular matrix proteins and 
have potent effects on bone metabolism. Hence, hypercortisolemic indi- 
viduals often show signs of dermal tissue weakening ("striae distensae"), 
impaired wound healing and loss of bone ("steroidogenic osteoporosis"). 
Furthermore, GC have the potential to affect blood electrolyte balance 
and water homeostasis by two essentially different pathways, mediated 
either by the GR itself or by the mineralocorticoid receptor (MR). Cortisol 
and other steroids with GC and mineralocorticoid activity can activate 
the MR under certain circumstances and, thus, may regulate genes nor- 
mally controlled by aldosterone. Activation of the MR by cortisol is nor- 
mally prevented by the coexpression of MR and 1113-hydroxysteroid de- 
hydrogenase (ll~-HSD; Funder 1993). II~-HSD converts cortisol to corti- 
sone, thereby inactivating cortisol in mineralocorticoid target tissues. The 
weak aldosteronelike effect (sodium retention and potassium excretion) 
of therapeutic GC doses (Labhart 1986) may, nevertheless, be explained, 
at least partly, by activating MR. Some direct GC effects on extracellutar 
matrix proteins, bone metabolism, electrolytes, and water homeostasis 
are discussed below. 

43 
Extracellular Matrix Proteins 

The major extracellular matrix proteins, collagen types I, Ill, IV, V and 
interstitial collagen, are suppressed by GC (Russell et al. 1989; Ohyama et 
al. 199o; Perez et al. 1992). This effect, which is associated with reduced 
collagen mRNA levels, might explain some of the GC effects on wound 
healing, and is not seen in human fibroblast from keloids and fetal dermis 
(Russell et al. 1989). The promoter of the procollagen czz type I gene has 
been mapped for GC-sensitive regions, and potential GR binding sites 
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could be identified. Three potential GREs have been identified in the 
human elastin promoter, whose functionality was tested in transgenic mice 
(K~ih~iri 1994). Treatment with GC showed hormone-dependent enhance- 
ment of reporter gene expression at sites of elastin expression proving 
the functionality of the GREs and probably explaining the GC-dependent 
induction of elastin during rat fetal lung development. Analyses of human 
fibroblast in vitro, however, showed a negative GC effect on elastin ex- 
pression (Russell et al. 1995). GC also influence the expression of fibro- 
nectin (Odenthal et al. 1992; Guller et al. 1994), tenascin (Ekblom et al. 
1993), and the composition of glycosaminoglycans. The expression of ex- 
tracellular matrix-degrading enzymes, involved in tissue remodeling, in- 
flammation, and cell migration is influenced by GC as well and is discussed 
below. 

4.2 
Bone Metabolism 

Of particular clinical importance is the catabolic activity of GC on bone 
metabolism. GC stimulate calcium and phosphate excretion and, in ad- 
dition to induction of amino acid mobilization, can cause osteoporosis, 
the most common and severe unwanted side effect of long-term GC ther- 
apy, by delaying bone remodeling (reviewed in Labhart 1986; Orwoll and 
Klein 1995). These effects can, in part, be explained at the molecular level 
by the influence of GC on parathyroid hormone, the single most important 
upregulator of serum calcium concentration and inducer of bone resorp- 
tion, and on its counterregulator calcitonin, a major inhibitor of bone 
resorption. Thus, GC increase preproparathyroid hormone mRNA steady 
state levels (Peraldi et al. 199o ), but decrease transcription of the related 
gene for the parathyroid hormone-related peptide (Ikeda et al. 1989; Lu 
et al. 1989). This gene contains three promoters and, although no GRE 
was identified up to 3.5 kb 5' of the transcription start site, all three pro- 
moters are GC-repressed (Glatz et al. 1994). GC further regulate expression 
of calcitonin and calcitonin gene-related peptide, which both derive from 
the same gene by alternative splicing, by apparently complex mechanisms: 
First, dependent on the cell type, transcription may either be repressed 
or stimulated by GC, and both activities are mediated via the same 18-bp 
region containing possible binding sites for AP-1, helix-loop-helix tran- 
scription factors, and a GR half site (Tverberg and Russo 1992). Second, 
GC regulate the splicing mechanism, thereby affecting the steady state 
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levels of the alternatively spliced transcripts of this gene (Russo et al. 
1992; Cote et al. 1992). Finally, evidence for induction of calcitonin receptor 
by GC has also been presented (Kurokawa et al. 1991). 

Apart from affecting humoral regulators of bone resorption and neo- 
synthesis, GC influence several other proteins participating in bone me- 
tabolism. For example, basal and vitamin D-induced expression of osteo- 
calcin, the major noncollagenous bone protein, is inhibited by GC on the 
transcriptional level, and both human and rat genes contain a vitamin 
D-responsive element, and a GRE overlapping the TATA box (Morrison 
et al. 1989; Str6mstedt et al. 1991; Heinrichs et al. 1993). The repressive GC 
effect on this, and possibly other GC-repressed genes, is elegantly explained 
by competition for DNA binding sites between the GR and the TATA box 
binding transcription factor, TFIID (Str6mstedt et al. 1991). In the rat os- 
teocalcin promoter additional GR binding sites have been identified and 
analyzed (Aslam et al. 1995). The human bone sialoprotein gene, another 
structural protein of the bone matrix, contains a GRE in its promoter 
(Kim et al. 1994), and transcription from the gene for alkaline phosphatase, 
an indicator of osteobtastic activity, is regulated by GC in different rat 
tissues, including bone, and in human osteoblasts (Zernik et al. 1991; Sub- 
ramaniam et al. 1992). 

Finally, as also discussed in Sect. 7, GC have a marked effect on osteo- 
blast differentiation. This and other postulated effects of GC on bone cells 
may, in part, relate to the rapid GC regulation of early response genes, 
including the AP-1 components ]un and Fos in osteoblasts (Subramaniam 
et al. 1992; Shalhoub et al. 1992). GC effects on c-fos expression may be 
particularly important due to the crucial role of c-los in the differentiation 
and proliferation of such cells, as revealed in mice made transgenic or 
deficient for this proto-oncogene (Rfither et al. 1987; Grigoriadis et al. 
1994). 

4.3 
Electrolytes and Water Homeostasis 

The renin-angiotensin-aldosterone system, central to the regulation of so- 
dium and potassium blood levels and, thus, blood volume and pressure, 
are influenced by GC at multiple check points. In addition to the previously 
noted effect on adrenal steroid and mineralocorticoid biosynthesis (see 
Sect. z), GC have a permissive role on interleukin (IL)-I stimulated an- 
giotensinogen gene transcription (Ron et al. 199o) and directly induce 
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expression of this GRE-containing gene in rat hepatocytes (Ohtani et al. 
1992) and diencephalon (Deschepper and Flaxman 199o). Interestingly, 
GC induce a novel transcript with a long 5'-untranslated region from a 
second promoter (Ben-Ari et at. t989). In addition to the angiotensinogen 
gene, GC also induce expression of at least one of the angiotensin receptor 
isotypes (Uno et al. 1994). While these regulatory GC effects might lead 
to sodium and water retention, the opposite might be expected from their 
stimulatory action on atrial natriuretic peptide transcription in man and 
rats (Shields et al. 1988; Gardner et al. 1988; Argentin et al. 1991) and 
apparent upregulation of one of its receptor subtypes (Lanier-Smith and 
Currie 1991). These events, in concert with an inhibitory effect of GC on 
vasopressin expression observed under certain circumstances (Verbeeck 
et al. 1991; Hu et al. 1993), might contribute to the enhancement of the 
glomerular filtration rate often observed during GC therapy (Labhart 
1986). Whether the aldosterone-like or aldosterone-antagonistic actions 
of GC predominate in a particular instance might finally depend, among 
other factors, on the type of GC used, their dosage, and the duration of 
treatment. 

5 
Effects on Inflammation and the Immune System 

Perhaps the most frequent therapeutic application of GC exploits their 
anti-inflammatory and immunosuppressive activities, which subdue 
symptoms of acute and chronic inflammation. A large number of mole- 
cular mechanisms for these GC actions have been proposed, some of which 
are reviewed below. Although anti-inflammatory and immunosuppressive 
effects may complement each other and have a common molecular basis, 
some mechanisms account primarily for anti-inflammatory effects while 
others predominantly explain immunosuppression. In line with this con- 
cept, we first summarize the effect of GC on the production of potent 
mediators of inflammation, their metabolism in the inflamed tissue, and 
other issues related to inflammation. We then discuss the regulation of 
cytokines and their receptors as well as other membrane proteins, includ- 
ing cell adhesion molecules and major histocompatibility complex pro- 
teins that may all play a role in inflammation, immune responses, or both. 
Finally, an attempt is made to relate GC regulation of individual genes to 
the complex phenomenon of immunosuppression. 
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The anti-inflammatory GC effect is attributed to a significant degree to 
the suppressive activity on the arachidonic acid pathway at multiple levels, 
thereby preventing generation of potent inflammatory mediators, such as 
prostaglandins and leukotriens (Sebaldt et al. t99o; Pasmanik et al. 1991). 
As one possible mechanism, GC induce expression of lipocortin I in a 
number of tissues from guinea pigs, rats, and humans. Lipocortin I is a 
member of a multigene family that, aside from numerous recently ident- 
ified activities, has been recognized as mediator of anti-inflammatory GC 
effects (for reviews see Goulding and Guyre 1992; Parente and Solito 1994; 
Flower and Rothwell 1994). It inhibits, possibly via substrate binding and 
sequestration (Davidson et al. 1987), phospholipase A2, the enzyme starting 
the entire cascade by liberating arachidonic acid from membrane phos- 
pholipids. Although recombinant lipocortin I mimics some of the anti- 
inflammatory actions of GC (Cirino et al. 1987), its in vivo role as mediator 
of this GC effect is debatable (Whitehouse 1989; Parente et al. 199o). 

Apart from regulating lipocortin I, GC directly control the expression 
of several enzymes in the arachidonic acid cascade. In peritoneal macro- 
phages from lipopolysaccharide (LPS)-treated mice (Masferrer et al. 199o) 
and in different human cell cultures, cyclo-oxygenase expression is re- 
pressed by GC via reduction of the respective mRNA levels (Bailey et al. 
1988) and/or by inhibition of translation (Raz et al. 1989; Koehler et al. 
199o). Interestingly, lipocortin I has been implicated in the latter phe- 
nomenon (Pash and Bailey 1988). Additional evidence for GC-mediated 
suppression of cyclo-oxygenase and possible isoforms has recently been 
published (O'Banion et al. 1992b; Masferrer et al. 1992; Kujubu and Hersch- 
man 1992; Crofford et al. 1994). GC further suppress the cytokine-induced 
group II phospholipase A2 (Nakano et al. 199o; Mtihl et al. 1992; Wu et 
al. 1994; Miyashita et al. 1995), thereby implicating a mechanism for GC 
inhibition of phospholipase A2 other than the somewhat controversial 
lipocortin pathway. Other possibly GC-regulated enzymes of the arachi- 
donic acid cascade include 15-hydroxyprostaglandin dehydrogenase (Xun 
et al. 1991) and prostaglandin endoperoxide synthases (Sirois et al. 1992; 
Kawaguchi et al. 1994; Simonson et al. 1991; Zakar et al. 1995). 
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5.2 
Other Mediators of Inflammation 

In addition to their effects on the prostaglandin and leukotriene synthesis, 
GC interfere with expression of several other mediators and enzymes that 
are directly or indirectly implicated in the inflammation process, including 
those derived from, or involved in, the kallikrein-kinin system, the com- 
plement cascade, and the blood clotting and fibrinolytic systems. While 
in most instances the described regulatory phenomena agree with the 
anti-inflammatory activity of GC, this is not always the case. For instance, 
in the kallikrein-kinin system, GC induce transcription from the rat T- 
kininogen gene in hepatoma cells and thus provide a potential precursor 
for bradykinin, one of the most potent mediators of inflammation (An- 
derson and Lingrel 1989). However, an opposite observation, i.e., sup- 
pression of T-kininogen mRNA by GC in adjuvant-treated rats, has also 
been reported (Howard et al. 199o). The fine structure of the promoter 
of the rat Tl-kininogen gene and of another member of this gene family, 
the K-kininogen gene, has recently been dissected, and the regions con- 
ferring basal and GC (and IL-6) regulated expression defined (Chen and 
Liao 1993). More in line with its anti-inflammatory activity is the GC- 
mediated downregulation of kallikrein, the enzyme liberating bradykinin 
from its precursor, as shown in pancreatic AR42J cells (Rosewicz et al. 
1991), and the induction of the bradykinin-degrading enzyme neutral en- 
dopeptidase (Borson and Gruenert 1991). 

GC effects on the complement cascade might further contribute to their 
anti-inflammatory effects: The mouse C4b-binding protein gene contains 
4 putative GREs that mediate direct transcriptional induction (Moffat et 
al. 1992). Factor B mRNA levels and complement factor C3 appear down- 
regulated, whereas factor H mRNA levels are increased in human umbilical 
vein endothelial and monocytic cells (Lemercier et al. 1992). In human 
pulmonary epithelial cells, however, induction of C3 gene expression has 
been observed (Zach et al. 1992). 

Fibrinogen and the fibrinolytic system function in a variety of biological 
processes, such as blood clotting, ovulation, embryo implantation, neo- 
plasia, and neovascularization. In inflammation, this system plays a role 
through its central enzyme plasmin, which generates inflammatory medi- 
ators such as fibrinogen-derived peptides. GC induce transcription of the 
GRE-containing type 1 plasminogen activator inhibitor gene (Van Zon- 
neveld et al. 1988; Bruzdzinski et al. 1993; Heaton et al. 1992), thereby 



Genes Mediating Glucocorticoid Effects 29 

suppressing this system in humans (Van Zonneveld et al. 1988) and rats 
(Konkle et al. 199z). On the other hand, plasminogen activator expression 
is enhanced in several experimental environments (Heaton et al. 2989, 
199z; Heaton and Gelehrter 1989; Wang and Leung 1989; Kathju et al. 
1994) , although contrary findings have been reported (Kartan et al. 1989). 
GC further induce the three subunits of fibrinogen in Xenopus liver paren- 
chymal cells (Bhattacharya and Holland 1991), and the human (Huber et 
al. 199o) and rat (Baumann et al. 199o) [3-fibrinogen gene is directly tran- 
scriptionally regulated by GC via upstream sequences. 

GC may limit inflammation-associated tissue damage by regulating me- 
talloproteinases and the tissue inhibitor of metalloproteinases (TIMP). 
Thus, GC suppress stromelysin, collagenase, type IV collagenase and the 
counterregulatory TIMP (Shapiro et al. 1991; Offringa et al. 1988; Delany 
and Brinckerhoff 199z; Lyons et al. 1993). In another report, collagenase 
down regulation was observed as well, while TIMP expression was not 
affected by GC (Clark 1987). In the case of cotlagenase, transcriptional 
GC repression was mediated by mutual inhibitory protein-protein inter- 
actions between the GR and AP-1, the major enhancer factor of the col- 
lagenase promoter (Jonat et al. 199o; Yang-Yen et al. 199o; Schiile et al. 
199o). In fact, this system was among the first in which this essential 
molecular mechanism of downregulation by GC was described. Expression 
of matrilysin, a recently discovered extracellular matrix degrading enzyme 
produced by glandular epithelia, mononuclear phagocytes, and renal me- 
sangial cells, is also negatively regulated by GC (Busiek et al. 1995). 

5.3 
Acut~PhaseProteins 

Numerous stress forms lead to increased levels of certain plasma proteins, 
collectively termed acute-phase proteins, some of which might participate 
in inflammatory reactions. GC, in concert with other hepatocyte stimu- 
lating factors such as IL-1 and IL-6, participate in the regulation of the 
acute-phase response in the rat (Kushner 1988) and, to a lesser degree, in 
man (Baumann 1987). Several acute-phase proteins are either induced or 
repressed, and the molecular mechanisms of GC regulation have been 
delineated for some of these. Regulation of the rat oq-inhibitor III gene, 
for instance, occurs at the transcriptional level (Abraham et al. 1991), and 
GRE-like sequences were identified in the positively regulated promoters 
of the rat and mouse haptoglobin (Marinkovic and Baumann 199o; Pajovic 
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et al. 1994) and (zl-acid glycoprotein (Baumann et al. 199o; Ingrassia et 
al. 1994; Alam et al. 1993; Ratajczal( et al. 1992) genes. Posttranscriptional 
regulation of the latter gene has also been reported (Vannice et al. 1984). 
Transcriptional regulation of the o~2~-globulin is indirect and apparently 
requires induction of a specific, as yet undefined, transcription factor (Ad- 
dison and Kurtz 1989). The DNA element mediating transcriptional regu- 
lation of the c~2~t-globulin has been isolated and studied as paradigm for 
a delayed secondary GC response element (Chan et al. 1991; Hess et al. 
199o). In this and other cases of GC-regulated acute-phase proteins (e.g., 
al-acid glycoprotein), induction of CAAT-enhancer binding protein 
(CIEBP) and cooperativity of C/EBP and GR may play a crucial role (Bau- 
mann et al. 1991,1992; Alam et al. 1993; Williams et al. 1991). Other examples 
of GC-regulated acute-phase proteins, such as kininogen (cq-major acute- 
phase protein) and fibrinogen, have been discussed above or are listed 
in Table 1. 

Another explanation for the anti-inflammatory effects of GC is their 
inhibition of the nitric oxide synthase induction in vascular endothelial 
cells, macrophages, hepatocytes, and brain cells (Radomski et al. 199o; 
Moncada and Palmer 1991; Geller et al. 1993; Jun et al. 1994). Nitric oxide 
synthase can be induced in macrophages by various stimuli, resulting in 
enhanced production of nitric oxide, which may play an important role 
in lowering blood pressure at sites of inflammation. The inducible form 
has been reported to be inhibited and the constitutive form to be up- 
regulated by GC in rats (Baltrons et al. 1995). The effects of GC on nitric 
oxide synthase expression in the rat brain depend on neuronal cell spe- 
cificity. Similar observations have been made for heme oxygenase 1 and 
2 (generating carbon monoxide; Weber et al. 1994). 

5.4 
Adhesion Molecules and Other Cell Surface Proteins 

Adhesion molecule expression is essential in directing inflammatory cells 
to their destined sites of action. Cell adhesion molecules are expressed 
on endothelial cells in response to various cytokines. Through their ne- 
gative effects on cytokines, GC suppress adhesion molecule expression 
indirectly, but direct effects have also been observed. The LPS-induced 
overexpression of two major adhesion molecules, intercellular adhesion 
molecule-z (ICAM-1) and endothelial-leukocyte adhesion molecule-1 
(ELAM-1), is suppressed by GC on the protein and mRNA levels (Cronstein 
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et al. 1992). The molecular mechanism of this gene repression has been 
delineated for the ICAM-1 gene (Van de Stolpe et al. 1994). Its promoter 
contains 4 tumor phorbol ester (e.g., TPA)-responsive DNA regions with 
different TPA-responsive enhancer sequences that mediate TPA and tumor 
necrosis factor o~ (TNF-c~)-dependent transcriptional induction. One of 
them, an NFKB-like enhancer sequence, is responsible for repression of 
TNF-o~ and TPA-induced transactivation, and serves as another model 
for negative cross-talk between the NF~cB transcription factor and the 
GR. The above mentioned adhesion molecules may also be involved in 
GC suppression of T-lymphocyte adhesion to endothelial and synovial 
cells (Eguchi et al. 1992), and thereby act in an immunosuppressive manner. 

One way in which GC might influence the immune system more directly 
concerns the expression of certain membrane proteins that participate in 
the initiation and/or effector phase of immune responses. Major histo- 
compatibility (MHC) class I and class II antigens, which present processed 
peptides to the antigen receptors of different types of T-lymphocytes and 
thereby initiate and perpetuate immune responses (Yewdell and Bennink 
1990), seem to be under the regulatory influence of GC. The underlying 
molecular mechanisms, however, are not well understood and, although 
GC downregulation of these immunostimulatory proteins seems to be the 
rule, contrary findings have also been reported. For example, in mouse 
macrophages (Snyder and Unanue 1982; Warren and Vogel 1985) and B-cells 
(Dennis and Mond 1986) MHC class II expression is suppressed by GC, 
while in humans GC either increased (Manyak et al. 1988; Rhodes et al. 
1986), decreased (Von Knebel Doeberitz et al. 199o), or had essentially no 
effect (Watanabe et al. 199o) on MHC class II and class I expression, de- 
pending on the studied cell type. GC-dependent repression of MHC II 
expression was explained by prevention of transactivating factor(s) bind- 
ing to the X box motif in the Ia [3 gene (Celada et al. 1993). A second 
group of GC-regulated immunomodulatory surface proteins are the re- 
ceptors for the Fc portion of immunoglobulins (Ig). Thus, spontaneous 
and lymphokine-induced expression of the type II Fc receptor for IgE on 
human lymphocytes and hematopoietic cell lines (Fischer and K6nig 199o; 
Naray-Fejes-Toth et al. 1985; Kaufman Paterson et al. 1994) and mouse 
mast cells (Robin et al. 1985) is suppressed by GC. This, in concert with 
the subduing effect on various mediators of inflammation (see above), 
might participate in the beneficial effect of GC on allergic reactions. The 
interferon-y induced expression of the type I Fc receptor for IgG is in- 
hibited on human neutrophils and myeloid cell lines, but increased on 
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monocytes (Petroni et al. 1988; Pan et al. 199o). As with MHC genes, the 
precise mechanisms responsible for the observed phenomena remain to 
be elucidated. 

5.5 
Cytokines and Their Receptors 

Among the central anti-inflammatory and/or immunosuppressive mech- 
anisms of GC are their effects on a series of cytokines and their receptors 
that appear suppressed by GC on transcriptional, posttranscriptional and 
translational levels (for review see Barnes and Adcock 1993). Thus, an 
important lymphokine and mediator of inflammation, IL-1, is controlled 
by GC via inhibition of mitogen-induced transcription of the IL-113 gene 
and decreased stability of its mRNA in monocytes of several species 
(Knudsen et al. 1987; Lee et al. 1988; Huether et al. 1993; Amano et al. 
1993). In contrast, the IL-1 receptor is induced by GC in a protein and 
mRNA neosynthesis-dependent fashion (Akahoshi et al. 1988; Gottschall 
et al. 1991), as is the type II receptor, a potential decoy target for IL-1 (Re 
et al. 1994). In line with the anti-inflammatory activity of GC is their 
negative effect on expression of the pleiotropic mediator IL-6 in mouse 
macrophages and hmnan monocytes, endothelial cells, and fibroblasts (To- 
bler et al. 1992; Amano et aL 1993). DNase I footprinting experiments have 
shown occlusion by the GR of binding sites for several stimulatory tran- 
scription factors in the IL-6 gene promoter region as the molecular mech- 
anism underlying this transcriptional repression (Ray et al. 199o). GC 
suppression of TNFc~ in humans (Velasco et al. 1991), mice and guinea 
pigs (Gadina et al. 1991; Remick et al. 1989) may, at least in part, explain 
the protective action of GC in endotoxic shock. The suppressive effect of 
GC is manifested at the levels of both transcription and translation re- 
quiring sequences in the promoter and 3' untranslated region, respectively 
(Han et al. 1991). Interferon-T overcomes this effect, which might explain 
the controversial results obtained with GC in treating human septic shock 
(Luedke and Cerami 199o). This lymphokine itself is, however, subject to 
GC regulation (Cippitelli et al. 1995), and is suppressed on the mRNA 
level (Arya et al. 1984) via AU-rich destabilizing sequences in the 3' un- 
translated region (Peppel et al. 1991). Mouse and human interferon-[3 
mRNA levels are also reduced by GC posttranscriptionally (Gessani et al. 
1988), but, on the other hand, induction of interferon-~ expression in 
murine L929 cells has recently been reported and an efficient GRE could 
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be identified in the promoter region (Soury et al. 1995). Granulocyte-mac- 
rophage colony-stimulating factor (GM-CSF), a powerful growth and dif- 
ferentiation factor of hematopoietic progenitor cells, is induced by in- 
flammatory stimuli and cytokines. This effect is almost completely sup- 
pressed by GC on the RNA and protein levels in human fibroblasts (Tobler 
et al. 1992) and mouse peritoneal macrophages (Thorens et al. 1987). In 
contrast, human fibroblast M-CSF production was unaltered by GC (Tobler 
et al. 1992) and, in human endometrium, GC even induced mRNA and 
its receptor (Azuma et al. 199o). 

Of particular relevance to the immune system, GC inhibit the tran- 
scription of the human IL-2 gene in activated T-lymphocytes by interfering 
with the protein kinase C and calcium-mediated transactivation of this 
gene (Vacca et al. 1992; Boumpas et al. 1991). The IL-2 enhancer has been 
studied in great detail, and transcription factor binding sites shown to 
be essential for basal and inducible transcription have been mapped (re- 
viewed in Umlauf et al. 1993). Typical GREs have not been identified, and 
GC repression does not depend on direct GR DNA binding. The GR ap- 
parently impairs the cooperativity between AP-1 and nuclear factor of 
activated T-cells (NF-AT; Vacca et al. 1992; Paliogianni et al. 1993b). Hence, 
as in many other examples throughout this review, the suppressive GR 
activity is presumably exerted by protein-protein interactions with AP-1 
or a similar, yet distinguishable, transcription factor (Northrop et al. 1992). 
Concerning IL-2 receptor 0~ and ~ gene expression, the influence of GC 
is less clear, and controversial results have been published (Lamas et al. 
1993; Reed and Nowell 1986; Paliogianni et al. 1993a). Recently, another 
facet of GC- mediated inhibition of T-cell function has been described. 
Paliogianni et al. (1993a) showed that, in addition to inhibition of IL-2 
expression, GC can also negatively interfere with signals transmitted via 
the IL-2 receptor, thus inhibiting preactivated T-cells. In particular, they 
observed decreased phosphorylation of several intracellular proteins, in- 
cluding the cell cycle-regulating retinoblastoma protein. Additional poss- 
ibly GC-regulated lymphokines and cytokines include IL-4 (Daynes and 
Araneo 1989; Wu et al. 1991a), IL-5 (Rolfe et al. 1992), the IL-8 family 
member CEF-4 (Gonneville et al. ~991), IL-8 (Tobler et al. 1992; Wertheim 
et al. 1993; Mttkaida et al. 1994), transforming growth factor c~ and ~ (Raja 
et al. 1991; Centrella et al. 1991; AyanlarBatuman et al. 1991), and the growth 
factor-induced secreted proteins JE and KC that are related to the IL-2 
and IL-8 cytokine families, respectively (Rameh and Armelin 1992; Deng 
et al. 1994; Poon et al. 1991). 
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The primary overall GC effect on the immune system is immunosup- 
pression. This, and the anti-inflammatory effect, often complement each 
other, making GC a widely used drug to battle acute and chronic inflam- 
matory disorders with (auto)immune etiology. More specifically, GC alter 
the ratio of circulating lymphocytes (Lamas et al. 1991; Tuncer et al. 1991) 
and lymphocyte subsets (Westermann and Pabst 199o), suppress mitogen, 
lymphokine- or alloantigen-induced in vitro lymphoproliferation (Puk- 
halsky et al. 199o; Redondo et al. 1988; Sierra-Honigmann and Murphy 
1992), inhibit the generation of lymphokine-activated killer cells in vitro 
(McVicar et al. 1989), and induce apoptosis (programmed cell death) in 
certain lymphocytes, a subject that is dealt with in more detail in Sect. 7. 
While the precise molecular explanations for these complex phenomena, 
collectively termed "immunosuppression," are not known, information 
regarding some of the underlying mechanisms are emerging. 

Thus, GC-suppressed mitogen- or alloantigen-induced lymphoprolife- 
ration can be prevented in vitro with a combination of IL-1, IL-6, and 
interferon- 7 (Almawi et al. 1991), pointing to an essential role for GC re- 
pression of lymphokine expression in this facet of immunosuppression. 
The role of lymphokines is further supported by the pronounced effect 
of GC on IL-2 and its receptor, both of which are known to be essential 
molecules in lymphocyte proliferation. IL-2 and its receptor and other 
lymphokines/cytokines possibly participating in GC-mediated effects on 
the immune system have been discussed above, along with cell surface 
proteins, in particular MHC and Fc receptor molecules, that may also 
serve as direct targets for immunomodulatory GC effects. Another mole- 
cular mechanism is based on the observation that GC suppress HMG-CoA 
reductase expression (see Sect. 3). Since other HMG-CoA reductase in- 
hibitors also repress mitogen-stimulated lymphoproliferation (Cuthbert 
and Lipsky 199o ), we have proposed previously (Helmberg et al. 199o) 
that inhibition of HMG-CoA reductase expression might contribute to 
GC-mediated immunosuppression. 

Finally, while GC dampen most immune responses, they stimulate poly- 
clonal Ig production, e.g., by human peripheral blood lymphocytes (Good- 
win and Atluru 1986), increase the synthesis of IgE by IL-4-stimulated 
human lymphocytes (Wu et al. 1991b) and induce IgA in serum (but not 
at mucosal surfaces) and secretory components in serum, saliva, and bile 
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of rats (Wira et al. 199o; Wira and Rossoll 1991 ). The inducing effect of 
GC on IL-4 (Orson et aL 1986; Daynes and Araneo 1989; Wu et al. 1991a) 
or, alternatively, the inhibitory GC effect on the production of potent Ig 
suppressive arachidonic acid metabolites such as leukotriene B4 (Goodwin 
and Atluru 1986), are possible candidates for the poorly understood mole- 
cular mechanisms underlying this phenomenon. 

6 
Effects on the Central and Peripheral Nervous System 

GC influence the expression of a variety of genes expressed exclusively 
or preferentially in central and peripheral neural tissue. These genes may 
be involved in some of the complex GC effects on the nervous system 
observed during chronic GC therapy or in pathophysiological states of 
GC imbalance. GC can lead to an endocrine psychosyndrome ranging 
from mild euphoria or depression to all degrees of schizophrenia-like 
symptoms, electroencephalogram abnormalities and, in animals, to cyto- 
plasmic vacuolization in the regions of the hypothalamic, paraventricular, 
and supraoptic nuclei (Labhart 1986). In rat and/or primate hippocampus, 
GC impair the capacity of neurons to survive various insults, a phenome- 
non termed "GC endangerment" (Sapolsky et al. 199o), somewhat remi- 
niscent of GC-induced apoptosis in lymphocytes (see Sect. 7). This form 
of neuronal cell death is, however, not associated with the DNA fragmen- 
tation (Masters et al. 1989) typically seen in lymphocyte apoptosis. The 
transmitters of the GC signal, GR and MR, are expressed in various regions 
of the brain (Funder 2994) and influence neuronal gene expression and 
excitability (reviewed in ]oels and DeKloet 1992). Interestingly, as has been 
observed in some leukemic cells (Gametchu et al. 1993), atypical receptors 
for GC can be identified as membrane-associated molecules (Orchinik et 
al. 1991). As both GR and MR are coexpressed in some regions of the 
brain, heterodimerization has been proposed to be a means of fine-tuning 
neuronal gene expression (Trapp et al. 1994). Below we review GC regu- 
lation of genes typically expressed in neuronal tissue although, in most 
instances, their relevance to known GC effects remains unclear. Genes 
encoding hypothalamic and pituitary releasing factors and hormones are 
dealt with in Sects. 2 and 4. Other genes primarily expressed elsewhere 
in the body that may, nevertheless, also participate in neuronal effects, 
such as IL-1 (Gottschall et al. 1991), o~2- macroglobulin (Higuchi et al. 
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1994) and others, have been discussed throughout this review. Some issues 
pertaining to differentiation and proliferation of glial cells are reviewed 
in Sect. 7. 

6.1 
Structural Proteins and Neuronal Enzymes 

The major myelin protein genes encoding myelin basic protein and proteo- 
lipid protein appear to be under posttranscriptional regulation by steroids 
(Kumar et al. 1989). In the case of the myelin basic protein, translational 
regulation by GC via an element in the 5'-untranslated region of its mRNA 
has been reported (Verdi et al. 1989; Verdi and Campagnoni 199o). Another 
structural brain protein, glial fibrillary acidic protein (O'Callaghan et al. 
1989), seems to be GC-regulated also. 

6.2 
Neurotransmitters and Growth Factors 

Several neuronal growth factors, neurotransmitters and/or their receptors 
appear to be GC-regulated in the central and peripheral nervous system. 
This holds true for nerve growth factor (NGF; Neveu et al. 1991; Jehan et 
al. 1993) as well as its receptor (Yakovlev et al. 199o; Foreman et al. 199z), 
thereby providing an indirect means for GC influence on numerous NGF- 
regulated genes. These include the neuropeptide Y, which is also directly 
regulated by GC (Sabol and Higuchi 199o; Sahu et al. 1992; Barnea et al. 
1991). Similarily, NGF-induced transcription of the neural-specific gene, 
SCGlo, is inhibited by GC (Stein et al. 1988). Possibly related to their mood- 
altering effects, GC participate in the regulation of important opoid re- 
ceptor ligands, such as ~-endorphin (Kavelaars et al. 199o) and enkephalin 
(Naranjo 1986; Lightman and Young 1989; Chao and McEwen 199o). In 
the case of the enkephalin gene, GRE and GRE-like sequences have been 
identified in the 5'-upstream region and introns in the hamster (Zhu et 
al. 1994). Nevertheless, GC have little, if any, effect on basal levels but 
suppress stress-induced (Harbuz and Lightman 1989; Lightman and Young 
1989) and potentiate forskolin-induced (Joshi and Sabol 1991) expression. 
The molecular mechanism of the latter form of cooperative GC action 
has been analyzed in more detail. While GC alone has no effect on en- 
kephalin gene transcription, as expected, it strongly increases the mag- 
nitude and duration of transcriptional elevation by the cAMP-inducing 
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agent forskolin. Although the element responsible for forskolin induction 
could be localized within this region, it conferred GC suppression rather 
than induction upon a reporter construct. The DNA element conferring 
the cooperative effect could not be identified within an almost 6 kb span- 
ning 5'-flanking region. 

GC influence the content and function of chromaffine granules from 
the adrenal medulla and other sources: The acidic granule glycoprotein 
chromogranin A is regulated by GC in parathyroid cells (J.-X. Zhang et 
al. 1993), in corticotropes, where it may act as an autocrine inhibitor of 
POMC secretion (Wand et al. 1991), and in chromaffine cells itself. The 
rat chromogranin A promoter has been cloned and a potential novel GRE 
identified (Rozansky et al. 1994). The rat gene encoding phenylethanolamin 
N-methyltransferase, one of the four enzymes required for catecholamine 
biosynthesis, is induced by GC and contains a GRE (Ross et al. 199o; Ken- 
nedy et al. 2993). Recent analysis of GC effects on the expression of this 
gene in vivo, however, suggested that GC-regulated transcriptional acti- 
vation plays a less important role than expected from in vitro studies 
(Wong et al. 1992). 

Expression of major receptors of the sympathetic and parasympathetic 
peripheral nervous systems, namely the different adrenergic receptor (AR) 
isotypes and the acetylcholine receptor, is also regulated by GC in various 
tissues. The hamster ]]2-AR gene contains four GREs (Malbon and Hadcock 
1988), and elevated transcription may account for increased mRNA steady 
state levels in various GC-treated tissues (Collins et al. 1988; Stern and 
Kunos 1988; Takahashi and Iizuka 1992; Hadcock and Malbon 1988). On 
the other hand, GC downregulate 131-AR gene expression by transcriptional 
repression (Kiely et al. 1994), which nicely explains the differential regu- 
lation observed in cells expressing 131-AR and ~2-AR (F~ve et al. 199o; 
Zhong and Minneman 1993). The ~3-AR gene, at least in mouse adipocyte 
cells, also appears transcriptionally downregulated by GC (F~ve et al. 1992). 
In contrast, GC increase the rate of transcription of the 0hB-AR gene in 
smooth muscle cells, which might contribute to the increased sensitivity 
of such cells to catecholamines during GC excess (Sakaue and Hoffman 
1991). Finally, induction of acetylcholine receptor on human muscle cells 
by GC provides a possible molecular mechanism additional to the well- 
known immunosuppression for the beneficial effect of this drug in auto- 
immune myasthenia gravis (Kaplan et al. 199o). 
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7 
Effects on Cell Differentiation, Proliferation, 
and Apoptosis 

In a multicellular organism, individual cells have to make several crucial 
decisions: Whether to enter into the cell cycle and proliferate, to proceed 
on a path of differentiation from a multipotential undifferentiated state 
towards a highly specialized tissue component, or, finally, to undergo pro- 
grammed cell death (often characterized by the morphological hallmarks 
of apoptosis). As an oversimplification, GC have a largely negative effect 
on proliferation, support differentiation and, in some systems, induce 
apoptosis. The role of GC in these processes has largely been obtained 
from in vitro cell culture systems, which do not represent all of the man- 
ifold cell-cell interactions occurring in vivo in intact tissues and organs. 
The obvious complexity of proliferation, differentiation, and apoptosis, 
as well as the dependence on imperfect model systems, explain the paucity 
of detailed molecular data regarding the role of GC in these phenomena. 
Nevertheless, investigations during the last decade have identified GC 
regulation of numerous genes that govern these fundamental cellular de- 
cisions by participating in signal transduction, cell cycle regulation and 
transcriptional control. Many of these genes have further been implicated 
in cancerogenesis, and are known as oncogenes or tumor suppressor genes. 
In the following, we first provide a brief introduction to some of the 
models for GC-regulated differentiation, proliferation and apoptosis. In 
the second part, we summarize GC effects on molecules involved in signal 
transduction. Obviously, multiple genes participate in all of these models, 
and one particular gene may function in more than one such process. 
Thus, as in other sections, the following organization in, and the assign- 
ment of different GC-regulated genes to, distinct subheadings is somewhat 
artificial. Moreover, several genes that might also participate in the subjects 
of this section, such as some cytokines, hormones and their receptors, 
have already been discussed. 
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7.1.1 
Differentiation and Development 

The potential importance of GC for the development of an organism is 
supported by numerous findings. One example is provided by mice made 
deficient for CRF by homozygous inactivation of their CRF genes, rende- 
ring them unable to produce GC. Their fetuses, which develop in the com- 
plete absence of GC, die shortly after birth due to lung immaturity. This 
phenomenon may, in part, be explained by the stimulatory effect of GC 
on surfactant production (see Sect. 3). GC administration to the mother 
rescues these fetuses and allows them to develop normally to term and 
continue healthy development without the need for GC substitution (Mu- 
glia et al. 1995). The critical role of GC for lung maturation and viability 
is also seen in GR gene-targeted mice. Mice lacking GR expression die 
perinatally due to severe atelectasias of the lung, exhibit severe reduction 
of gluconeogenic enzyme mRNA steady state levels, and show a drastically 
reduced number of chromaffine cells (Cole et al. 1995). Further indirect 
support for a vital role of GC in fetal development comes from human 
inherited GC resistance caused by GR gene defects. Although complete 
loss of function mutations have been reported (reviewed in Chrousos et 
al. 1993), they have never been observed in a homozygous state, suggesting 
that the complete lack of GR might be incompatible with human devel- 
opment. While complete lack of GC function is apparently fatal, increased 
GC levels during fetal development might cause growth retardation, poss- 
ibly by GC-induced overexpression of insulin-like growth factor binding 
proteins (Price et al. 1992). Possible additional effects of GC overexposure 
are not well established, although this topic is of considerable clinical 
interest for prenatal therapy in congenital adrenal hyperplasia, a defect 
in GC biosynthesis (Miller 1994). 

While less dramatic than their role in fetal development, GC strongly 
influence differentiation in many cell types and tissues including osteo- 
blasts, adipocytes, lactating mammary gland, oligodendrocytes, certain 
hematopoietic cell lines such as HL-6o and U937, the neuronal progenitor 
cell line PC12, and others. Osteoblast differentiation in vitro is induced 
by the addition of GC to the growth medium. The effects of GC on os- 
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teoblast progenitor cells from rat calvaries depend on the duration of GC 
treatment, that initially inducing proliferation and, after a prolonged dexa- 
methasone treatment, supports the differentiation of progenitors into cells 
exhibiting a osteoblastlike gene expression pattern. These cells continue 
to proliferate, form bone nodules and calcification of extracellular matrix 
ensues. Short term treatment of progenitor cells (which tend to differen- 
tiate spontaneously) leads to more divergent GC effects, depending on 
the differentiation stage of the cells (Shalhoub et al. 1992). 

Differentiation of mouse 3T3-L1 fibroblastic cells by GC, methylisobu- 
tylxanthine, and insulin into adipocytes occurs in contact-inhibited dense 
cell culture. Analysis of altered protein expression by two-dimensional 
gel electrophoresis revealed changes in over 3oo proteins during differen- 
tiation, only a minority of which seem to be regulated by GC treatment 
alone (Wheeler et al. 1994). Identification of the regulated proteins will 
probably contribute to our understanding of GC-influenced differentiation 
processes. In differentiated adipocytes, GC have complex transcriptional 
and posttranslational effects on insulin receptor, IRS-1 and phosphatidyl- 
inositol 3-kinase expression and/or activity (Turnbow et al. 1994). 

Mammary gland differentiation depends on the action of multiple hor- 
mones. The most important role for GC in mammary gland function is 
their lactogenic activity wherein GC, in concert with other hormones (e.g., 
insulin, progesterone, prolactin), induce production of milk proteins, such 
as ~3-casein (Welte et al. 1993). This induction can also be observed in 
established cell lines in vitro and may be caused by a GC-induced relief 
of transcriptional repression (Doppler et al. 1989, 199o; Schmitt-Ney et al. 
1991) and GC-treatment alters chromatine structure of the whey acidic 
milk protein promoter (Li and Rosen :994). GC-induced differentiation 
can be blocked by overexpression of mos, ras, and src, which results in 
enhanced levels of endogenous c-los, that, as an AP-1 component, could 
counteract GC-induced differentiation and induction of milk proteins 
(Touray et al. 1991; Qi et al. 1989; Jehn et al. 1992). 

The molecular mechanism initiating differentiation in these and other 
cells remains obscure, but an interesting model has been put forward to 
explain GC-induced oligodendrocyte differentiation (Barres et al. 1994). 
Raft and coworkers propose that oligodendrocytes tend to live consider- 
ably longer in the absence of lipophilic messengers such as the steroid 
and thyroid hormones, or retinoic acid. Hydrophilic growth factors are 
necessary to induce proliferation which oligodendrocytes seem to "count" 
and limit to eight consecutive divisions in the presence of the lipophilic 
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hormones. The molecular mechanisms underlying these phenomena 
might be exerted by regulating the intracellular levels of AP-1, which is 
predicted to decrease during ongoing cell division down to a certain thre- 
shold beyond which activated nuclear hormone receptors can effectively 
antagonize AP-1 to stop proliferation; differentiation would then ensue by 
default (Barres and Raft 1994). Antagonism between growth factors and 
lipophilic hormones has also been implicated to influence differentiation 
of the bipotent sympathoadrenal progenitor cells. Differentiation of these 
cells is directed either by GC into a chromaffine cell or by NGF into a 
sympathetic neuron (reviewed in Anderson 1995). This dichotomous ca- 
pacity of the progenitor celt is preserved in PC12 cells and seems to be 
strongly influenced by expression of the thyroid hormone receptor (z-x 
(TR~-I). Presence of TRcz.I and thyroid hormone enhances differentiation, 
of PQ2 cells, which become NGF dependent for survival, while differen- 
tiation into a chromaffine cell by GC is blocked (Munoz et al. 1993a ). 

In some instances, however, GC appear to inhibit cell differentiation. 
Interestingly, even in these cases, AP-1 antagonism seems to be the under- 
lying molecular mechanism, as exemplified by GC inhibition of differen- 
tiation induced by tumor phorbol esters in HL-6o, or U937 human myeloid 
leukemic cells (Hass et al. 1991 ). In addition GR interactions with the 
transcription factors EGR-1 and NF~B may also play a role (Hass et al. 
1992). Inhibition of differentiation by GC has also been observed in mouse 
erythroleukemic MEL cells, in which the steroid effect seems to be due 
to inhibition of the transcription factor GATA-I (Chang et al. 1993). 

7.1.2 
Proliferation 

In most cases investigated in this respect, GC inhibit proliferation. While 
this may be beneficial in the treatment of malignancies, it can result in 
impaired wound healing, reduced lymphocytic responses and other less 
desirable antiproliferative effects in cases of GC excess. Related to, yet 
distinct from, the antiproliferative effect of GC is their apoptosis-inducing 
ability in certain cells of the lymphoid lineage, which is discussed further 
below. The antiproliferative effect on fibroblasts (reviewed in Durant et 
al. 1986) and perhaps other cells may, in part, be due to induction of 
antiproliferative proteins, such as lipocortin in A549 human lung adeno- 
carcinoma cells (Croxtall and Flower 1992,1994). However, a great number 
of genes supposedly involved in regulation of proliferation appear down- 
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regulated in various GC growth-arrested cells, such as c-myc and others 
(see below). Other downregulated genes or proteins possibly contributing 
to GC-induced growth arrest include the posttranscriptionalty regulated 
thymidine kinase in mouse L cells (Frost et al. 1993), enzymes involved 
in polyamine biosynthesis, e.g., ornithine decarboxylase (see below), and 
glucose transporters (Homer et al. 1987). In some tumor cell lines, the 
antiproliferative effect of GC could be pinned down to repression of viral 
oncogene expression, e.g., human papilloma virus genes E6 and E7 in a 
cervical cancer cell line (Von Knebel Doeberitz et al. 1994). In addition 
to regulating specific genes responsible for proliferation directly, GC may 
act via their general suppressive activity on translation (Sect. 3) and tran- 
scription. Although rarely, evidence for mitogenic activity of GC has also 
been reported. Thus, the growth of human AIDS-associated Kaposi sar- 
coma cells and SC-3 cells is stimulated by GC in vitro (Guo and Antakly 
1995), the latter via expression of an autocrine growth factor (Yamanishi 
et al. 1995). 

7.1.3 
Apoptosis 

As outlined above, GC interference with signal transduction at multiple 
levels may result in growth arrest, which occurs mainly in the G1 phase 
of the cell division cycle (Goya et al. 1993; Sanchez et al. 1993). This arrest 
may either be reversible (Frost et al. 1994) or result in apoptosis, as in 
the case of certain cells of the lymphoid lineage (reviewed in Thompson 
1994). Thymocyte cell death induced by GC was among the first phe- 
nomena in which a morphologically distinct form of death, subsequently 
termed apoptosis, was discovered (WyUie et al. 198o). Immature T- and 
B-lymphocytes are extremely sensitive to GC and undergo rapid apoptosis 
in vivo and in vitro. This phenomenon might be an important mechanism 
during thymocyte selection and differentiation (Ashwell et al. 1994), as 
well as in regulating the activity of peripheral lymphocytes (6onzalo et 
al. 1993). Also, GC-induced apoptosis has great clinical relevance in the 
treatment of various hematological malignancies. Despite numerous pub- 
lications on molecular events associated with, and possibly contributing 
to, GC-induced apoptosis (reviewed in Thompson 1994; Hughes and Cid- 
lowski 1994; Zhivotovsky et al. 1994; Nieto and Ldpez-Rivas 1992), the 
precise mechanism how GC induce cell death remains to be a mystery. 
In particular, it is still unknown whether GC cause cell death by induction 
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of specific "death genes" or repression of "survival genes". Support for 
the latter concept has been provided by Helmberg et al. (1995) using the 
rat GR mutant LS7, that differs at two amino acid residues in the C-ter- 
minal zinc finger from wild-type GR. This mutant GR has been shown 
to be severly impaired in transactivating properties, but behaves indis- 
tinguishable to wild-type GR in transrepression (Yang-Yen et al. 199o). 
Stable expression of both the rat GR and the LS7 mutant restored GC 
sensitivity in human GR negative Jurkat T-cells. Overexpression of the 
LS7 mutant GR in yeast impaired proliferation (Lefstin et al. 1994) as has 
been shown previously for the human GR (Wright et al. 1991). Lefstin et 
al. (1994) demonstrated that the LS7 effect (growth inhibition and trans- 
repression) is mediated by one of the two amino acid substitutions in 
the second zinc fir~ger. They also provided evidence that this mutant ex- 
hibits higher nonspecific DNA binding than the wild-type GR. Searching 
for complementing mutations in the GR DNA binding domain revealed 
that mutations that abrogate DNA binding impair the LS7 effect. Mutations 
in the dimer interface region of the DNA binding domain, however, allowed 
dissection of transrepression and antiproliferative properties of the LS7 
mutant, suggesting that transrepression needs nonspecific DNA binding 
while antiproliferation needs nonspecific DNA binding and dimerization. 
Interestingly, Heck et al. (1994) recently also suggested that transcriptional 
interference of the GR with AP-1 on a synthetic AP-l-regulated promoter 
might be mediated by monomers rather than dimers. Evidence that trans- 
repression underlies the growth inhibitory properties of GR in human 
leukemic cells has also been obtained by Nazareth et al. (1991), who showed 
that expression of a GR fragment, mainly consisting of the DNA-binding 
domain, is sufficient to induce apoptosis. Transrepression could be a spe- 
cific event acting by interference of the activated GR with regulatory tran- 
scription factors, e.g., AP-1. On the other hand, a high GR expression level 
could also interfere with the availability of basal transcription factors or 
coactivator molecules for transcription of a broad range of genes. We are 
currently investigating the latter possibility, i.e., that general suppression 
of transcription (see below) and/or translation (Sect. 3) mediated by GC 
may prevent appropriate cell cycle progression. In cells destined for pro- 
liferation by internal (oncogenes) or external (growth factors) stimuli this 
unspecific repression of transcription may then lead to apoptosis. Finally, 
while GC induce apoptosis in lymphocytes, they prevent or retard the 
androgen withdrawal-associated prostatic cell death by influencing the 
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expression of several potential cell death-associated genes (Rennie et al. 
1989). 

Based on the observation that GC-induced apoptosis in some, but not 
all, systems is dependent on macromotecule neosynthesis, several attempts 
to clone death inducing "lysis genes" have been made. Subtractive cDNA 
and other cloning approaches led to the identification of several induced 
genes (Baughman et al. 1991, 1992; Goldstone and Lavin 1991), many of 
as yet unknown function, but until now no gene could be shown to be 
the essential regulator of GC-induced apoptosis. Nevertheless, these and 
other genes implicated in GC-induced apoptosis may still play a role in 
the molecular events associated with this process. The role of calcium in 
GC-induced apoptosis is still a matter of debate (McConkey et al. 1994). 
Calmodulin antagonists have been shown to interfere with activation of 
the GR (Ning and S~inchez 1995), and calmodulin steady state mRNA levels 
dramatically increase during GC-induced mouse lymphocyte apoptosis 
(Dowd et al. 1991). Overexpression of calbindin-D28K, a major calcium 
storage protein of the endoplasmic reticulum, has been shown to block 
GC-induced apoptosis (Dowd et at. 1992), which supports the role of cal- 
cium in rodent apoptosis (McConkey et al. 1994). In addition, bcl-2 has 
been implicated in regulating calcium fluxes between subcellular com- 
partments (Baffy et al. 1993; Lam et al. 1994). Calcium might be required 
to activate a postulated calcium/magnesium-dependent endonuclease 
(Montague et at. 1994) or other undefined calcium-dependent enzymes. 
Expression of sulfated glycoprotein-2 (SGP-2, also termed TRPM-2 or clus- 
terin) during GC-induced apoptosis (Bettuzzi et al. 1991; Briehl and Mies- 
feld 1991) may directly be regulated by GC (Rosemblit and Chen 1994). 
The role of ornithine decarboxylase, the rate limiting enzyme of polyamine 
biosynthesis encoded by a GRE-containing gene (Wen et al. 1989), is also 
controversial (Grassilli et al. 1991). GC further induce tissue transglutami- 
nase (Suto et at. 1993; reviewed in Fesus et al. 1987), an enzyme that has 
been associated with TGF-[~-induced apoptosis, although the significance 
of this phenomenon in GC modulation of TGF-13-induced apoptosis or 
in GC-induced apoptosis itself is not clear (Fukuda et al. 1994). Another 
gene increased during GC-induced lymphocyte apoptosis, glutathione S- 
transferase, has provided further evidence that the apoptotic process might 
be associated with oxidative stress (Flomerfelt et at. 1993). Interestingly, 
although at least one glutathione S-transferase gene is transcriptionally 
induced by GC in hamster smooth muscle cells (Fan et al. 1992), the in- 
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creased expression in the course of GC-induced apoptosis is a GR-inde- 
pendent secondary event (Flomerfelt et al. 1993). 

A number of additional genes have been identified as crucial in other 
systems of apoptosis, including bcl-2 (the mammalian homolog of the 
Caenorhabditis elegans death inhibitor ced-9), P53, IL-1 converting enzyme 
(ICE; the homolog of C. elegans death inducer gene ced-3), c-myc, 
poly(ADP)-phosphoribosyltransferase (ADPRT), P34 cDcz kinase, AP-I, 
and others (reviewed in Vaux et al. 1994; Raft 1992; Oltvai and Korsmeyer 
1994). Interestingly, with the exception of c-myc (see below),it is not certain 
whether these genes are GC-regulated and what, if any, role they play in 
GC-induced cell death. Thompson's group (Thulasi et al. 1993) has recently 
provided evidence that GC downregulation of c-myc followed by G1 arrest 
could be the essential step in GC-induced apoptosis of human CEM-C7 
T-leukemic cells. This conclusion, mainly based on transient transfection 
technology, has, however, been questioned by others (Wood et al. 1994). 
The bcl-2 overexpression prevents GC-induced T- and B-lymphocyte death 
(Caron-Leslie et al. 1994; Lam et al. 1994; Miyashita and Reed 1992, 1993; 
Alnemri et al. 1992), and bet-2 expression, e.g., in developing B-cells, corre- 
lates with stage-dependent susceptibility to GC (Merino et al. 1994). Only 
limited evidence is available whether GC action involves regulation of 
bcl-2 or bcl-2 family member expression (Lotem and Sachs 1994). Similarily, 
P53 expression seems not to be required for GC-induced thymocyte cell 
death in P53 gene targeted mice (Clarke et al. 1993; Lotem and Sachs 1993). 
The above mentioned homotog of the C. elegans death-inducing gene ced-3, 
ICE, and its related proteases could play a pivotal role as downstream 
effectors of apoptosis. ADPRT has been shown to be cleaved during GC- 
induced apoptosis by one of the ICE isozymes, presumably CPP32 (Fer- 
nandes-Alnemri et al. 1994,1995; Alnemri et al. 1995). It will be interesting 
to learn which of the upstream ICE-like proteases necessary to activate 
CPP3z are induced by GC. Preliminary data of our group suggest that 
induction of apoptosis by Apo-1 and GC differ in activation of ADPRT 
cleaving ICE-like proteases, as Apo-1 induced apoptosis seems to be in- 
hibitable by overexpression of the cowpox virus serpin crmA, whereas 
GC-induced cell death is not. 

Another approach towards a better understanding of GC-induced cell 
death is based on the analysis of the molecular mechanisms of GC re- 
sistance, a serious problem in the therapeutic management of leukemia 
(reviewed in Kaspers et al. 1994). However, acquired GC resistance in 
leukemic cell lines analyzed thus far was almost exclusively due to various 
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mutations in the GR gene itself (Ip et ah 1993; Strasser-Wozak et ah 1995; 
Palmer et al. 1992; Powers et al. 1993; Ashraf and Thompson 1993; Moalli 
et al. 1993; Krett et ah 1995; Moalli and Rosen 1994). Despite considerable 
efforts, molecular defects in other genes resulting in acquired GC resist- 
ance in the presence of functional GR have not yet been precisely defined 
(see also Flomerfelt and Miesfeld 1994). 

7.2 
GC Effects on Molecules Involved in Signal Transduction 

7.2.1 
Growth Hormones and Their Receptors 

GC might affect differentiation, proliferation and apoptosis by controlling 
the expression of a host of growth-promoting factors and/or their recep- 
tors, some of which have been discussed in previous section. Insulin-like 
growth factor I mRNA levels are reduced by GC in the rat (Luo and Murphy 
1989; McCarthy et al. 199o; Lowe et al. 199z), and the 6 isoforms of its 
binding protein are either up- or downregtflated (Orlowski et al. 1991; 
Okazaki et al. 1994). The human and rat insulin-like growth factor binding 
protein-a gene promoters are well conserved and contain a potential GRE 
(Unterman et ah 1992; Robertson et al. 1994; Suh et ah 1994; Suwanichkul 
et al. 1994). However, regulation may not only occur at the transcriptional 
level, but may include cycloheximide-sensitive labile proteins responsible 
for the rapid mRNA turnover (Ooi et ah 1993). GC further regulate epider- 
mal growth factor in mice (Tuomela et al. 199o) and suppress the mRNA 
for its receptor in fetal rat lung cells (Oberg and Carpenter 1989), while 
this message is increased in ovarian cancer ceils even though GC exert 
an antiproliferative effect on those cells (Ferrandina et al. 199z). Other 
GC-regulated growth factors or receptors include heparin-binding growth 
factor I, a potent mitogen for human endothelial and epithelial cells (Harris 
et ah 1989; Nakano et ah 1993), hepatocyte growth factor (Matsumoto et 
al. 1992; Gohda et al. 1992), its receptor, the c-met  proto-oncogene (Moghul 
et ah 1994), and the HER-2/neu growth factor receptor in ovarian cancer 
cells that is induced not on the mRNA, but on the protein level (Karlan 
et ah 1994). 
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In contrast to the large number of GC-regulated growth factors and re- 
ceptors, relatively few reports have been published on GC regulation of 
the molecules that transduce the signal from activated membrane recep- 
tors to further downstream effector molecules (e.g., transcription factors). 
One of the central players in mitogenic signal transduction, the product 
of the ras proto-oncogene, may be GC-regulated, since GR binds to and 
transactivates the mouse Ha-ras promoter (Strawhecker et al. 1989). 
Various subunits of the trimeric G-proteins, equally important signal 
transducers, apparently respond to GC, such as G~xs, Goal, and G~ (Saito 
et al. 1989; Ros et al. 1989; Kawai and Arinze 1993). Promoter analyses of 
porcine Gc~1-2 and Go~1-3 genes suggest that regulation is, at least in part, 
transcriptonal, with Gal-2 being down- and Go~- 3 being upregulated 
(Holtzman et al. 1993). Finally, GC regulate signal transducing proteins 
from the insulin receptor, as mentioned in Sect. 3. 

7.2.3 
Protein Kinases 

Protein phosphorylation is one of the most important mechanisms of 
posttranslational protein modification, and a host of kinases participate 
in the transduction of incoming signals. GC have recently been shown to 
increase protein kinase C activity in some systems, but neither the mole- 
cular mechanisms of regulation nor the protein kinase C isotype possibly 
involved have been defined (Krasil'nikov et al. 1992; Vrtovsnik et al. 1994). 
Better evidence for GC regulation is available for two other putative novel 
protein kinases: sgk (for serum and GC-regulated kinase), a putative 
serine/threonine protein kinase that contains a GRE in its gene promoter 
and is rapidly induced by GC (Webster et al. 1993), and snk (for serum 
induced kinase), whose serum induction is apparently repressed by GC 
(Simmons et al. 1992). Since both were identified as early growth response 
genes that possibly participate in signaling G1 to S transition, they may 
provide a link between GC and cell cycle regulation. 
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Transcription Factors 
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GC regulate transcription factor activity by different mechanisms. The 
first is based on protein-protein interactions of the GR with the respective 
transcription factor and often, although not always, results in inactivation 
of both molecules engaged in the interaction. Numerous examples of this 
mechanism have been discussed throughout this review and are sum- 
marized in the Introduction. Another related, but perhaps more general, 
mechanism of transcriptional repression has been termed "squelching" 
(Gill and Ptashne 1988), and refers to the ability of a transcription factor, 
such as the GR, to bind law abundant, limiting general transcription factors 
or coactivators (Cahill et al. 1994). 

In addition to these mechanisms, GC regulate sequence-specific tran- 
scription factor expression more directly as well. Expression of c-myc, an 
early growth response proto-oncogene with a presumably central role in 
proliferation, is repressed in various model systems of GC-induced growth 
arrest (Yuh and Thompson 1989; Maroder et al. 199o; O'Banion et al. 1992a). 
As shown in P1798 T-lymphoma cells, the molecular basis of this phe- 
nomenon may be regulation of alternative c-myc promoter usage by GC 
(Ma et al. 1992). However, no evidence could be obtained that this phe- 
nomenon is due to GC-induced alterations in the myc promoter binding 
of the early response transcription factor E2F (Rhee et al. 1994). Other 
investigators have suggested that c-myc expression is affected by GC pri- 
marily at the postranscriptional level (Maroder et al. 199o). The c-myc 
downregulation might explain the GC-induced growth arrest in numerous 
cells, and may participate in GC-induced apoptosis, as discussed above. 
While the interaction between GR and AP-I at the protein level may be 
more relevant, expression of the AP-1 components c-jun and c-fos is also 
regulated by GC. Thus, the increase in c-jun and c-fos mRNA in human 
myeloid leukemia cells after induction of differentiation by phorbol esters 
is repressed by GC at the transcriptional level (Hass et al. 1991). In NIH3T3 
cells, this effect has been attributed to GR binding to a serum response 
element, thereby antagonizing the function of positive transcription fac- 
tors (Karagianni and Tsawdaroglou 1994). In agreement with this model, 
a GRE was found 13 bp downstream from the AP-1 site in the rat fos 
promoter (Wang and Howells 1994). Further potential GC-regulated tran- 
scription factors are a member of the interferon regulatory factor family, 
interferon consensus sequence binding protein (Politis et al. 1994), the 
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erythroid differentiation transcription factor GATA-z (Chang et al. 1993), 
some isoforms of CREB (Jungmann et al. 1992), Pit-1 (Jong et al. z994), 
C/EBP (MacDougald et al. 1994), EGR-1 and NF~zB (Hass et al. 1992). GC 
regulation of multiple members of the steroid receptor gene superfamily 
is reviewed in Sect. 2. 

8 
Effect on Virus Gene Expression 

The observation, first made in animals and soon extended to humans, 
that GC regulate gene expression in several endogenous and exogenous 
viruses, may have far-reaching clinical implications that may not be fully 
appreciated at present. GC may be used to combat symptoms accidentally 
occurring in, or causally associated with, certain viral diseases, without 
necessarily recognizing the potentially harmful effects resulting from the 
regulation of viral gene expression by GC. Furthermore, although specu- 
lative at this point, GC may alter the expression of endogenous retroviral 
genes, or stimulate otherwise latent viruses, thereby contributing to disease 
development. The following section summarizes some of the better studied 
effects of GC on viruses that have been implicated in human disorders, 
including AIDS and cancer. 

8.1 
Retroviruses 

Perhaps the best studied example of interactions between viruses and GC 
is their pronounced effect on retroviral gene expression. Thus, the mouse 
mammary tumor virus long terminal repeat (LTR) belongs to the most 
intensively investigated promoter/enhancer elements. It contains several 
GREs and response elements for other transcription factors, and serves 
as a paradigm for GC-regulated promoters (Chandler et al. 1983; Chale- 
pakis et al. 1988; Beato 1991). Other mouse (Miksicek et al. 1986; Celander 
and Haseltine 1987) and human (Larsson et al. 1989) endogenous retro- 
viruses contain GREs as well and may, therefore, be GC-regulated. The 
extent and pathophysiological role, if any, of GC regulation of endogenous 
retroviral gene expression is still unclear. In mice, we and others have 
suggested a possible role of GC induction of immunosuppressive retroviral 
p15E expression (Helmberg et al. 199o; Fiegl et al. 1995). While p15E-like 
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immunosuppressive material is elaborated from human cells as well (Cian- 
ciolo et al. 1984; Benomar et aL 1987), it is not known whether GC activate 
expression of such molecules and, if so, whether this participates in the 
immunosuppresive activity of GC. 

The possible influence of GC on human exogenous retroviruses, in- 
cluding HIV, is of considerable clinical significance, particularly since GC 
treatment in AIDS patients with Pneumocystis carinii pneumonia has at- 
tracted a great deal of attention (Palca 199o; NIH-UC Expert Panel Cor- 
ticosteroids 199o). Such treatment is controversial, since GR-binding sites 
are present in the HIV LTR (Ghosh 1992), and HIV replication and gene 
expression are both enhanced via this and a novel intragenic GRE (Sou- 
deyns et al. 1993). Other exogenous human retroviruses, such as HTLV-III 
(Markham and Gallo 1986) and a novel type D retrovirus (Oda 1988), 
respond to GC and/or have GRE-like sequences in their LTR. 

82 
Other Pathogenic Human Viruses 

GC influence the expression of several other pathogenic viruses as well. 
Human papilloma viruses (HPV) implicated in the etiology of several 
tumors, including squamus cell carcinoma of the uterine cervix, one of 
the most common cancers among women, contain GREs in their control 
regions (Chan et al. 1989; Mittal et al. 1993). Thus, GC influence the ex- 
pression of the oncogenic E6 and E7 proteins that bind to, and inactivate, 
the tumor suppressors P53 and Rb, respectively. However, this regulation 
is apparently complex and may depend on the chromosomal virus inte- 
gration site (Von Knebel Doeberitz et al. 1991). In addition, evidence has 
been reported for upregulation of the E6/E7 promoter (Butz and Hoppe- 
Seyler 1993) that possibly results in GC dependence of oncogenic trans- 
formation (Pater et al. 1988), but also downregulation of E6/E7 transcrip- 
tion (Von Knebel Doeberitz et al. 1994) has been observed. In mice trans- 
genic for an HPV-18 upstream regulatory region-reporter gene fusion 
construct, GC and phorbol ester interfered with each other in their re- 
spective effects, suggesting that, at least in some aspects, HPV regulation 
may serve as another example of cross-talk between AP-1 and GR (Cid 
et al. 1993). Site-directed mutagenesis of the GRE in the HPV-18 upstream 
regulatory region abolished inducibility by GC and enhanced basal activity 
(Butz and Hoppe-Seyler 1993). Epidemiological studies have indeed sug- 
gested a link between steroid exposure and HPV dependent cellular trans- 
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formation (reviewed in Mittal et al. 1994). Interestingly, GR transactivation 
activity has been found to increase in the course of cellular transformation 
in a transgenic mouse model. These mice, transgenic for the bovine pa- 
pilloma virus type i genome, develop fibrosarcomas originating from der- 
mal fibroblasts. While in cells from benign lesions GR transcriptional ac- 
tivity i s low, it was found to be markedly increased in fibrosarcoma cells 
(Vivanco et al. 1995). 

As shown in transgenic mice and other systems, Hepatitis B virus con- 
tains a stimulatory GRE that mediates GC induction of hepatitis B antigen 
expression (Tur-Kaspa 1986; Farza et al. 1987; Chou et al. 1992). The etio- 
logical agent of mononucleosis, nasopharyngeal carcinoma, and possibly 
Burkitt's lymphoma, the Epstein-Barr virus, contains a GC-sensitive se- 
quence in its promoter region (Kupfer and Summers 199o; Schuster et al. 
1991). Other viruses, such as the vesicular stomatitis virus (Lancz et al. 
199o), adenovirus (Mahajan and Thompson 199ob), bovine herpes virus 
(Rock et al. 1992), and polyoma virus (Mudrak et al. 1994), may also be 
regulated by GC. 

9 
Conclusion 

Over the last decade, a growing number of GC-regulated genes has been 
identified that encode proteins critically involved in the structure and 
function of essentially all organ systems in the body. GC have also been 
found to influence the expression of a variety of viral proteins that may 
be responsible for life-threatening diseases, including AIDS and some 
forms of cancer. The regulation of various combinations of these genes 
can be assumed to underly the plethora of complex biological effects 
exerted by GC under physiological conditions, during prolonged GC ther- 
apy or in pathological states of dysregulated secretion of the hormone 
or its receptor. While it is often difficult to correlate complex GC effects 
with the regulation of individual genes, the improving understanding of 
GC actions at the molecular level and the increasing number of genes 
known to be regulated by GC has allowed the suggestion of reasonable 
models for the molecular basis of GC-regulated phenomena. 

Regarding the molecular mechanisms of GC regulation of individual 
genes, several general aspects have become apparent. As mentioned in 
the Introduction and outlined in numerous examples throughout this re- 
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view, GC influence gene expression at essentially all levels. In many in- 
stances, gene regulation is indirect, i.e., GC regulate the expression of 
other, often unknown, proteins that directly or indirectly influence the 
expression or activity of the particular molecule under scrutinity. In other 
cases, GC may have a "permissive" effect, meaning that by themselves 
they have no biological effect, but enable other regulators (hormones, 
etc.) to exert their activity, e.g., by enhancing expression of the respective 
receptor or other mechanisms. Apart from these actions, GC influence 
the expression of a large set of genes in a more direct fashion. Strong 
and rapid induction of gene expression is obtained by strong cis elements 
(GREs) that have been mapped in many gene promoters. Transcriptional 
repression, on the other hand, is apparently much more sophisticated. As 
discussed in numerous examples throughout this review, at least three 
basic mechanisms can be discerned: Repression mediated by negative 
GREs, by composite GREs, and by negative interaction of the GR with 
other transcription factors on the protein level. 

The high degree of complexity in the regulation of eukaryotic gene 
expression suggests that GC regulation, as other forms of gene regulation, 
might depend on factors such as species, cell type, state of differentiation, 
presence of inhibitory or costimulatory factors, GC type and concentra- 
tion, etc. Thus, in addition to sufficient levels of functional GR, these para- 
meters may ultimately determine whether a gene appears induced, re- 
pressed, or even unregulated by GC in a particular in vivo or in vitro 
situation. 
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1 
Brief Overview 

Glucose transport across the plasma membrane is a major rate limiting 
step in glucose utilization and an important regulatory point in muscle 
carbohydrate metabolism (Ziel et al. 1988; Furler et al. 1991). Glucose entry 
into muscle occurs by facilitated diffusion; this process exhibits saturation 
kinetics and, in contrast to active transport, does not require ATP (Morgan 
and Whitfield 1973). Stimulation of glucose transport by insulin is largely 
mediated by translocation of glucose transporters from intracellular sites 
into the plasma membrane (Cushman and Wardzala 198o; Suzuki and 
Kono 198o; Wardzala and ]eanrenaud 1981; Simpson and Cushman 1986; 
Klip et. al. 1987; Holman et al. 199o; Slot et al. 1991a; Lund et al. 1993). In 
striated muscle, glucose transport is also stimulated by contractile activity; 
this effect is independent of insulin action (Holloszy and Narahara 1965; 
Wallberg-Henriksson and Holloszy 1984, 1985; Ploug et al. 1984; Nesher 
et al. 1985). As with insulin, muscle contractions induce translocation of 
glucose transporters into the plasma membrane (Hirshman et al. 1988; 
Douen et al. 1989, 199ob; Gao et al. 1994b). The maximal effects of insulin 
and muscle contractions on glucose transport are additive (Nesher et al. 
1985; Zorzano et al. 1986a; Wallberg-Henriksson et al. 1988; Constable et 
al. 1988; Henriksen et al. 199o). This finding, together with the evidence 
that it is possible to inhibit the effect of insulin without inhibiting that 
of contractions (Lee et al. 1995b; Yeh et al. 1995), indicates that these stimuli 
activate glucose transport by different pathways. 

Two isoforms of the facilitative glucose transporter family, GLUT4 and 
GLUT1, are expressed in skeletal muscle (Douen et al. 199ob; Marette et 
al. 1992). In the unstimulated state, the GLUT4 isoform is located intra- 
cellularly, and is translocated to the sarcolemma by the actions of insulin 
and contractions (Douen et al. 199ob; Marette et al. 1992). The much less 
abundant GLUT1 isoform appears to reside primarily in the plasma mem- 
brane where it likely plays a role in basal, but not in insulin or contraction 
stimulated glucose transport (Douen et al. 199ob; Marette et al. 1992; 
Mueckler 1994). The different types of skeletal muscle fiber vary consid- 
erably in their content of GLUT4, and there is a close correlation between 
GLUT4 concentration and maximally stimulated glucose transport (Hen- 
riksen et al. 199o; Kern et al. 199o). Furthermore, skeletal muscle GLUT4 
protein concentration and maximal glucose transport activity generally 
change in parallel in response to adaptive stimuli (Rodnick et al. 1992a; 



102  I.o. Holloszy and EA. Hansen 

Ren et al. 1993c, 1994), providing evidence that GLUT4 concentration deter- 
mines the capacity for stimulated transport when the signaling pathways 
that activate glucose transport are intact. A major adaptive stimulus that 
induces an increase in muscle GLUT4 is exercise training (Rodnick et al. 
199o, 1992a; Friedman et al. 199o; Ploug et al. 199o; Goodyear et al. 1992; 
Brozinick et al. 1993; Ren et al. 1994). 

As the acute, insulin-independent, increase in glucose transport in re- 
sponse to exercise wears off, a second effect becomes evident. This effect 
of exercise consists of an increased sensitivity of the glucose transport 
process to insulin (Richter et al. 1982; Garetto et al. 1984; Cartee et al. 
1989; Cartee and Holloszy 199o; Gulve et al. 199o) as well as to stimulation 
by other agents, including vanadate and hypoxia (Cartee and Holloszy 
199o). Reversal of the increase in muscle insulin sensitivity after exercise 
occurs concomitantly with muscle glycogen repletion and can be speeded 
by carbohydrate feeding and slowed by keeping muscle glycogen low (Fell 
et al. 1982; Cartee et al. 1989; Gulve et at. 199o). 

A number of other reviews of glucose transport in muscle, or relevant 
to this topic, that present different perspectives, may also be of interest 
to the readers of this article (Klip 1987; Carruthers 199o; Klip and Paquet 
199o; Barnard and Youngren 1992). 

2 
Measurement of Glucose Transport 

In numerous studies, information about glucose transport activity has 
been obtained using measurement of glucose uptake. In studies on per- 
fused skeletal muscles, such as the perfused rat hindlimb, rates of glucose 
uptake have been determined by measuring arteriovenous glucose dif- 
ferences and perfusate flow rate. Since glucose uptake can theoretically 
be limited by either transport across the plasma membrane or by phos- 
phorylation in the hexokinase reaction, it is essential to determine whether 
or not free glucose has accumulated in the muscle during the period of 
measurement. If it has, this indicates that phosphorylation rather than 
transport is rate limiting. In the great majority of muscle perfusion studies 
free glucose has not been measured. Although the assumption that trans- 
port is rate limiting under most physiological circumstances is probably 
correct, the results of such studies should be interpreted with caution, in 
view of the uncertainty regarding the rate limiting step. Glucose has also 



Regulation of Glucose 1¥ansport into Skeletal Muscle ~o3 

been used as the substrate in some studies of glucose transport activity 
in isolated, incubated muscle preparations. One approach has been to use 
glucose that is tritiated in the five position, because this tritium ends up 
in water during glycolysis, making it possible to determine the rate of 
glycolytic disposal by measuring production of tritiated water (Nesher et 
al. 198o). Some of the glucose entering the muscle is incorporated into 
glycogen, particularly if the muscles are well oxygenated. It is, therefore, 
also necessary to measure accumulation of tritiated glucose in glycogen. 
The sum of the glucose undergoing glycolysis, determined from produc- 
tion of tritiated water, plus the glucose converted to glycogen is a measure 
of the amount of glucose transported into the muscle (Nesher et al. 198o; 
Nesher et al. 1985). However, to determine whether transport rather than 
phosphorylation is rate limiting under the experimental conditions used, 
it is also necessary to measure free glucose, as has been done in the elegant 
studies of Nesher and coworkers (Nesher et al. 198o, 1985). 

2.1 
Glucose Analogs 

Measurement of tritiated water, of tritium incorporation into glycogen 
and of free intracellular glucose is cumbersome and time consuming, and 
most investigators have used the simpler approach of measuring the in- 
tracellular accumulation of nonmetabolizable glucose analogs as a 
measure of glucose transport activity (Fig. 1). 3-O-Methylglucose (3MG) 
has generally been considered the gold standard for measurement of glu- 
cose transport, because, it is transported across the plasma membrane 
by the same glucose transport process as glucose but is not further me- 
tabolized, accumulating as free 3MG in the cell (Narahara and Ozand 
1963). There is, however, a major problem with the use of 3MG for meas- 
urement of glucose transport activity, because as the concentration of 
3MG in the cytoplasm increases, the rate of its transport out of the cell 
progressively rises. If a muscle is incubated with 3MG for a sufficiently 
long time, a steady state is attained in which the rate of efflux of 3MG 
out of the muscle equals the rate of entry. This problem makes it difficult, 
and in some cases impossible, to obtain an accurate estimate of the rate 
of transport in muscles with a high capacity for glucose uptake under 
conditions in which transport activity is stimulated maximally. The reason 
for this is that it takes a few minutes, even in very thin muscles, for the 
extracellular space to equilibrate with the medium (Henriksen and Hol- 
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Fig. 1. Structure of glucose (G), 3-methylglucose (3MG), and 2-deox-yglucose (2DG). 
Glucose enters muscle cells by a facilitated diffusion process mediated by specific 
transporter proteins. After transport into skeletal muscle glucose is phosphorytated 
by hexokinase to form glucose-6-phosphate (G-6-P). G-6-P can then enter either the 
glycogen synthetic pathway or the gtycolytic pathway. 2DG and 3MG enter muscle 
cells via the same glucose transporters as glucose. 3MG undergoes no intracellular 
metabolism. 2DG is phosphorylated by hexokinase to form 2-deox-yglucose-6-phos- 
phate (2DG-6-P). 2DG-6-P is not metabolized to a significant extent over the time 
course employed in most glucose transport measurements 
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loszy 1991); at high rates of transport activity, the intracellular 3 MG con- 
centration in the superficial fibers can increase sufficiently so that efflux 
becomes a problem at a time when the interstitial space around the deep 
fibers has not yet equilibrated with the medium. This problem can be 
circumvented with the use of the other commonly used nonmetabolizable 
glucose analog, 2-deoxyglucose (2DG). 2DG is transported into the cell 
via the glucose transporters and is phosphorylated by hexokinase, but 
not metabolized to any significant extent within the time frame of most 
glucose transport studies (Kipnis and Cori 1959). Since phosphorylated 
sugars cannot be transported out of the cell, efflux is not a problem, mak- 
ing it possible to measure 2DG-6-P accumulation for long periods of time. 
This has the major additional advantage that the initial few minutes, during 
which the interstitial space is equilibrating with the medium, represents 
a relatively small portion of the total period of sugar uptake measurement. 
This makes it possible to approximate initial rates of transport. Some 
investigators have viewed the use of 2DG with suspicion, because hexo- 
kinase is exquisitely sensitive to inhibition by glucose-6-P and it has been 
assumed that 2DG-6-P has a similar inhibitory effect. However, as clearly 
demonstrated by Kipnis and Cori (1959), 2DG-6-P is an extremely weak 
inhibitor of hexokinase. This finding was recently confirmed by Hansen 
et al. (1994), who showed that 2DG uptake in isolated rat skeletal muscles 
is linear until an extremely high intracellular 2DG-6-P concentration, in 
the range of 3o mM, is attained. Similarly, hexokinase activity in muscle 
homogenates is not significantly inhibited until the concentration of 2DG- 
6-P attains approx. 3o mM (Hansen et al. 1994 ). This is in contrast to 
glucose-6-P, which causes an approx. 5o% inhibition of hexokinase when 
its concentration is only about 300 gM. This very weak inhibitory effect 
of 2DG-6-P makes it possible to measure initial rates of transport for 
prolonged periods of time in skeletal muscle using 2DG. 

2.2 
Preparations For Studying Regulation of Muscle Glucose Transport 

The two preparations that are in general use for studying glucose transport 
and its regulation in skeletal muscle are perfused rat or mouse hindlimbs 
and isolated rat or mouse skeletal muscles incubated in vitro. These prep- 
arations have been reviewed in detail by Bonen et al. (1994) and are there- 
fore dealt with only briefly here. Another preparation that is used in a 
number of laboratories consists of skeletal muscle plasma membrane 
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vesicles prepared by differential and sucrose gradient centrifugations of 
homogenates of disrupted muscles. Glucose transport can, of course, no 
longer be regulated in the sarcolemmal vesicles, and their use is based 
on the assumption that they retain the effects on transport induced by 
experimental treatments of the muscles prior to their disruption. As we 
have no experience with this preparation, it is not reviewed here; the 
reader is referred to papers by investigators who have expertise in its use 
(Grimditch et al. 1986; Hirshman et al. 1988; King et al. 1989; Ploug et al. 
1992). 

Another approach that has been used to evaluate the effects of exercise 
and insulin on muscle glucose transport, and to compare the responses 
of the different types of muscle fiber in rats, is the euglycemic clamp 
procedure combined with a bolus injection of radioactive 2DG (Kraegen 
et al. 1985; James et al. 1985). This procedure is suitable for evaluating the 
regulation of glucose uptake under physiological conditions by muscle in 
vivo in rats that are not anesthetized. However, it does not provide in- 
formation regarding the regulation of muscle glucose transport per se, 
because the rate of glucose uptake in vivo is determined by glucose de- 
livery, i.e., blood flow, number of capillaries per muscle fiber and degree 
of capillary dilation, as well as by permeability of the sarcolemma to 
glucose (Schultz et al. 1977; Baron et al. 1994; Hespel et al. 1995). It is, 
therefore, not possible to distinguish between effects of interventions on 
glucose delivery and glucose transport. 

2.2.1 
Perfused Muscle Preparations 

Much information regarding glucose transport activity has been obtained 
using perfused muscle preparations. Perfused rat hindquarter or rat hind- 
limb, and to a lesser extent mouse hindquarter preparations, have been 
utilized in numerous studies and have provided much information re- 
garding the effects of insulin, contractions and other agents on the regu- 
lation of glucose transport activity. The procedure commonly used for 
perfusing these preparations is one developed by Ruderman et al. (1971), 
and various modifications thereof. These preparations have also provided 
insights regarding changes in insulin sensitivity and responsiveness in- 
duced by exercise. However, the perfused hindlimb is less useful for com- 
parative studies of glucose transport in different types of muscle fiber, 
for accurately quantifying adaptive changes in glucose transport capacity, 
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or for studies of glucose transport kinetics. The reason for this is that at 
high rates of glucose uptake, delivery of glucose to the muscles becomes 
rate limiting (see Hespel et at. 1995). Glucose transport is a saturable pro- 
cess, and over a wide range of concentrations the rate of transport varies 
with the concentration of sugar to which the muscle fibers are exposed. 
At high rates of glucose uptake the concentration gradient from the blood 
to the sarcolemma increases, i.e., the concentration of sugar to which the 
muscle cells are exposed decreases if perfusate flow cannot be increased 
sufficiently to keep up with increases in glucose transport rate induced 
by insulin and/or contractions (Schultz et al. 1977; Hespel et al. 1995). 

2.2.2 
Isolated Muscles Incubated In Vitro 

To accurately measure glucose transport activity, one should, ideally, deter- 
mine the initial rate of 3MG or 2DG uptake, i.e., during the period when 
the rate of intracellular sugar accumulation is linear. While it is possible 
to measure initial rates of glucose transport in suspensions of adipocytes 
or cultured cells, this is not possible in intact skeletal muscles because of 
the time required for sugar to diffuse into the extracellular space. It is 
only after the lag phase, during which the extracellular space equilibrates 
with the medium and the concentration of the sugar around all of the 
muscle fibers increases to its final steady-state level, that the rate of sugar 
uptake becomes linear and accurately reflects transport activity (Young 
et al. 1986). 

In the case of isolated muscles incubated in vitro, the thicker a muscle 
is, the greater is the diffusion distance to the deepest fibers, and the longer 
it takes for the extracellular space to equilibrate with the incubation me- 
dium. Oxygen diffusion can also become a problem with thick muscles 
incubated in vitro because of development of hypoxia of the fibers in the 
center of the muscle. Even in muscles from very young and small rats 
(60-70 g) the time required for the extracellular space to equilibrate with 
the incubation medium is approx. 12 min for the intact extensor digitorum 
longus and about 9 rain for the intact soleus, compared to only about 
4 min in the much thinner epitrochlearis muscle (Henriksen and Holloszy 
1991 ). As a consequence, when intracellular 3MG accumulation is measured 
for lo min in intact soleus and epitrochlearis muscles that are incubated 
with a maximally effective insulin concentration, it appears that these two 
muscles have similar rates of 3MG uptake, because diffusion is limiting 
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in the thick soleus (Henriksen and Holloszy 1991). On the other hand, 
when the soleus muscle is split so as to give strips of approximately the 
same thinness as the epitrochlearis, it becomes evident that maximally 
insulin-stimulated 3MG transport is z.5- to 3-fold higher in the soleus 
than in the epitrochlearis (Henriksen et al. 199o; Henriksen and Holloszy 
1991). Muscle preparations that are suitable for measuring sugar transport 
in vitro include the epitrochlearis, flexor digitorum brevis, diaphragm, 
split soleus, and split extensor digitorum brevis, from rats in the 6o-13o g 
weight range (Kipnis and Cori 2959; Henriksen et al. 199o). The same 
muscles from mice can also be used. 

2.2.3 
Muscle Cells in Culture 

Our understanding of the regulation of glucose transport in skeletal 
muscle would undoubtedly be increasing more rapidly if a suitable cul- 
tured muscle cell preparation were available. Numerous studies of sugar 
transport have been conducted on a wide range of muscle cells ranging 
from BC3H-1 myocytes, to L6 and L8 cells, to primary cultures of human 
and rat skeletal muscle (Klip et al. 1982; Standaert et al. 1988; Walker et 
al. 1989; Calderhead et al. 199o; Mitsumoto and Klip 199z; Greco-Perotto 
et al. 1992; Sarabia et al. 1992; Bashan et al. 1993). These studies have 
provided much information regarding glucose transport that is of interest 
in itself, but often has limited relevance to the regulation of glucose trans- 
port in adult skeletal muscle. One major reason why muscle cells in culture 
are not representative of skeletal muscle is that the glucose transporter 
expressed in most cultured musde cells is exclusively, or predominantly, 
GLUT1 (Calderhead et al. 199o; Greco-Perotto et al. 1992; Sarabia et al. 
1992). As a consequence, these myocytes are only modestly responsive to 
insulin, with extremely high insulin concentrations resulting in 5o%-1oo% 
increases in glucose transport activity. 

The BC3H-1 myocyte has the characteristics of smooth muscle, in which 
the regulation of glucose transport is quite different than in skeletal muscle 
in a number of respects. Apparently BC3H-1 cells contain only the GLUT1 
form of glucose transporter (Calderhead et al. 199o). In L8 myocytes, glu- 
cose transport also appears to be mediated entirely by the GLUT1 type 
of transporter, with GLUT4 concentration being too low to quantify 
(Greco-Perotto et al. 199z). In primary cultures of human muscle cells, 
the myotube stage does contain some GLUT4 protein, but at only about 
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14% as high a concentration as GLUT1 protein (Sarabia et al. 1992). Ap- 
parently, the only muscle cell line that expresses GLUT4 is the L6 myocyte 
(Mitsumoto and Klip 1992; Bashan et al. 1993). L6 myocytes appear to 
contain roughly equal amounts of GLUT1 and GLUT4 protein (Mitsumoto 
and Klip 1992). However, even the L6 myocyte differs from skeletal muscle 
in some aspects of glucose transport regulation. An interesting example 
of such a difference is the response to hypoxia. As with skeletal muscles 
(Cartee et al. 1991), L6 cells respond to conditions that require them to 
depend on anaerobic metabolism with an increase in glucose transport 
activity (Bashan et al. 1993). In skeletal muscle the increase in glucose 
transport activity in response to hypoxia is mediated by an increase in 
GLUT4 in the plasma membrane (Cartee et al. 1991). In contrast, the in- 
crease in glucose transport in response to hypoxia or inhibitors of res- 
piration in L6 cells is mediated by increases in GLUT1 in the plasma 
membrane, as well as by increases in the total quantity of GLUT1 due to 
a stimulation of synthesis of GLUT1 protein (Bashan et al. 1993). 

3 
The Glucose Transport System 

Glucose transport across the cell membrane is, under most physiological 
conditions, the major rate-limiting step in glucose utilization and an im- 
portant site of metabolic regulation in striated muscle (Ziel et al. 1988; 
Furler et al. 1991). 

3.1 
Physiological Characteristics of the Glucose Transport Process 

Glucose entry into muscle and various other cells occurs by a process 
that has been variously called mediated transport, passive transport, or 
facilitated diffusion. This process is distinguished from simple diffusion 
in that it exhibits saturation kinetics, substrate stereospecificity, compe- 
titive inhibition, and countertransport. The difference between passive 
and active transport is that the passive process does not use ATP (Morgan 
and Whitfield 1973). 

Glucose entry into striated muscle follows saturation kinetics of the 
Michaelis-Menten type. This is evidenced by the finding in skeletal (Na- 
rahara et al. 196o; Narahara and C)zand 1963; Holloszy and Narahara 1965; 
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Nesher et al. 1985) and heart (Morgan et al. 1961; Post et al. 1961 ) muscle 
that the rate of entry of glucose approaches a maximum as the concen- 
tration of sugar to which the muscle is exposed is increased. This phe- 
nomenon provides evidence that glucose must bind to some membrane 
component that serves as a transporter. The transport process is highly 
selective for certain sugars. The transport site has a poor affinity for L- 
glucose, which does not penetrate muscle in significant amounts despite 
the fact that it is extremely dose to D-glucose in its chemical and physical 
properties (Morgan et al. 1964). This stereospecificity of the glucose trans- 
porter, which led to design of the glucose analogues 3MG and 2DG, greatly 
strengthened the concept of a glucose binding site. Glucose and its anal- 
ogues compete for transport (Park et al, 1959; Narahara and Ozand 1963). 

An early finding that was interpreted as evidence for a glucose trans- 
porter came from studies demonstrating countertransport of the non- 
metabolized glucose analogue 3MG (Park et al. 1959; Morgan et al. 1964). 
In these experiments tissues were exposed to medium containing 3MG 
until a considerable rise in the intracellular concentration of this sugar 
occurred. At this point, a high concentration of glucose was added to the 
medium; this caused a rapid drop in intracellular 3MG concentration. 
Thus, 3MG was transported out of the cell despite the fact that extracellular 
sugar concentration was higher than the intracellular concentration (Park 
et al. 1959; Morgan et al. 1964). These investigators explained their findings 
by hypothesizing that the glucose transporter is mobile, and that a gradient 
for glucose-loaded transporters is established within the membrane from 
outside to inside. They further hypothesized that the transporter is ac- 
cessible to sugars at only one side of the membrane at a time, and that 
as glucose is transported into the cell, empty transporters become available 
at the inner side of the membrane for 3MG to bind to, creating a gradient 
of 3MG-loaded carriers from inside to outside. They argued that if the 
transporter was an immobile channel or pore spanning the membrane 
and lined with glucose binding sites, glucose on the outside would compete 
with 3MG on the inside for transport, and inhibit rather than stimulate 
efflux of the nonmetabolizable sugar. Although this explanation seemed 
reasonable at that time, when nothing was known regarding the structure 
of transporter molecules in the plasma membrane, it is not tenable in 
light of current knowledge. As is discussed below, it is now necessary to 
explain the countertransport phenomenon in terms of pores through the 
plasma membrane with glucose binding sites on their inner surface, that 
are formed by the glucose transporters. 
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3.2 
The Glucose Transporters 
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There has never been any real doubt that the plasma membrane compo- 
nent that transports glucose is a protein, as only proteins have the com- 
plexity of structure needed for distinguishing between such closely related 
molecules as D- and L-glucose. Early evidence that the glucose transporter 
is, in fact, a protein was provided by the finding that cytochalasin B, which 
interacts with certain proteins, inhibits glucose transport when present 
in low concentrations (Kohn and Clausen 1971). The binding of cytocha- 
lasin B was used extensively to quantify glucose transporters prior to the 
availability of specific antibodies. 

The first glucose transporter to be isolated was obtained from human 
erythrocytes. Kasahara and Hinkle (1977) reconstituted purified erythro- 
cyte membrane proteins into artificial lipid bilayers and measured glucose 
transport activity, while Baldwin et al. (1979) used cytochalasin B binding 
to identify the erythrocyte glucose transporter in their purification pro- 
cedure. The next major advance, made possible by the preparation of 
antibodies against the erythrocyte glucose transporter, was the expression 
cloning of the transporter from human HepG2 cells and deduction of its 
amino acid sequence (Mueckler et al. 1985). The erythrocyte-type glucose 
transporter, which has now been termed GLUT1, is present in high con- 
centrations in cukured cells and brain tissue, but is low in striated muscle 
and adipocytes, the tissues in which glucose transport is regulated by 
insulin. This suggested that insulin stimulated glucose transport is medi- 
ated by another glucose transporter. 

The existence of an insulin regulated glucose transporter that is specific 
to striated muscle and adipose tissue was demonstrated by James et al. 
(1988). These investigators partially purified intracellular vesicles that con- 
tain the glucose transporters that are translocated to the cell surface by 
insulin. They used vesicle preparations from rat adipocytes to immunize 
mice and were able to obtain a monoclonal antibody specific for the pre- 
dominant glucose transporter in striated muscle and adipocytes. This iso- 
form of the glucose transporter has been named GLUT4. Studies by several 
groups, who screened adipocyte, muscle and liver cDNA libraries for 
clones that cross-hybridized with a GLUT1 cDNA probe, confirmed that 
GLUT4 is expressed only in adipocytes and striated mnscle (Birnbaum 
1989; Charron et al. 1989; Fukumoto et al. 1989; James et al. 1989). The 
cross-hybridization approach has led to the isolation of other members 
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of the facilitative sugar transporter protein family. Of the six isoforms 
that have been identified, four (GLUTI, GLUT2, GLUT3 and GLUT4) are 
glucose transporters that are expressed in a tissue-specific manner and 
differ in their kinetic and regulatory properties. GLUT2 is the primary 
glucose transporter in liver, absorptive epithelial cells and pancreatic cells, 
while GLUT3 is the major glucose transporter of neurons (Bell et al. 1993; 
Mueckler 1994). Based on the amino acid sequence for GLUT1 deduced 
by Mueckler et al. (1985), this protein consists of 13 segments that are 
hydrophilic, which alternate with 12 segments that are hydrophobic. Based 
on this analysis, Mueckler et al. (1985) proposed a model for GLUT1 in 
the plasma membrane of 12 membrane spanning helical, hydrophobic seg- 
ments connected by intracytoplasmic and external surface loops, with the 
NH2 and COOH termini located intracellularty. They proposed that each 
transmembrane segment is coiled into a helix and that in some of the 
transmembrane segments, in which hydrophilic and hydrophobic amino 
acid groups are appropriately arranged, the helices form pores whose 
inner surface binds glucose (Mueckler et al. 1985; Mueckler 1994). Ava!!able 
evidence suggests that, when exposed to glucose, the transporter binds 
the sugar on an outward facing binding site in the pore. This results in 
a change in conformation with closing of the end of the pore facing the 
extracellular space, transfer of the glucose to a binding site at the cyto- 
plasmic end of the pore, which opens and releases glucose into the cyto- 
plasm. The transporter then changes its conformation so that the cyto- 
plasmic end closes, the outer end opens, with the glucose binding site 
again facing outward (Lienhard et al. 1992). If this scenario is correct, 
countertransport of 3MG out of muscles preloaded with this nonmeta- 
bolizable glucose analog could be explained by a reversal of the process 
made possible by release of glucose into the cytoplasm, with freeing-up 
of the binding site at the open cytoplasmic end of the pore to which 3MG 
can then bind. Most of the studies relating structures to function have 
involved GLUT1. However, GLUT4 and GLUT1 have a 68% sequence ident- 
ity and GLUT4 is though to have a structure similar to that of GLUT1 
(Bell et al. 1993; Mueckler 1994). 
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4 
Regulation of Glucose Transport 

Glucose transport into skeletal muscle under basal conditions is mediated 
primarily by the GLUT1 isoform of the glucose transporter (Mueckler 
1994). GLUT1 is the predominant isoform in the plasma membrane under 
basal conditions, and the number of GLUT1 in the membrane does not 
change significantly in response to hormonal or other stimuli in skeletal 
muscle (Douen et al. 199ob; Mueckler 1994). Therefore, the major factor 
that determines glucose uptake under basal conditions is the glucose con- 
centration in the interstitial fluid. 

4.1 
Acute Stimulation of Glucose Transport by Insulin 

Glucose transport in striated muscles and adipocytes is rapidly stimulated 
by insulin and insulin mimetic agents. Insulin increases the maximal 
velocity of glucose transport (Narahara and Ozand 1963; Rennie et al. 
1983; Nesher et al. 1985; Hansen et al. 1995a). The Vmax of glucose transport 
is determined by both the catatylic turnover number, i.e., the intrinsic 
activity of the glucose transporters, and by the number of glucose trans- 
porters in the plasma membrane. The effect of insulin on glucose transport 
could, therefore, be mediated by either an increase in glucose transporter 
intrinsic activity or by an increased number of glucose transporters at 
the cell surface. Although some investigators have reported that insulin 
also has an effect on the Km of glucose transport, this finding has not 
been confirmed, and if changes in Km do occur, they are probably small. 

To determine whether insulin increases the number of glucose trans- 
porters in the plasma membrane, Wardzala et al. (1978) developed a cy- 
tochalasin B binding assay to quantify the number of glucose transporters 
and showed that insulin induces a large increase in glucose transporters 
in the plasma membrane of adipocytes. The next major advance in our 
understanding of the regulation of glucose transport by insulin came from 
studies of the subcellular distribution of glucose transporters. Using dif- 
ferent methodologies, Cushman and coworkers (Cushman and Wardzala 
198o; Karnieli et al. 1981) and Kono and coworkers (Suzuki and Kono 
1980; Kono et al. 198z) showed that insulin treatment causes translocation 
of glucose transporters from a large intracellular pool into the plasma 
membrane (Simpson and Cushman 1986). These initial studies were per- 
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formed on rat adipocytes, but subsequent studies have shown that insulin 
also stimulates glucose transporter translocation into the sarcolemma in 
striated muscle (Wardzala and Jeanrenaud 1981; Klip et al. 1987; Fushiki 
et al. 1989; Hirshman et al. 1990). 

Cushman's group used D-glucose inhibitable, cytochalasin B binding to 
cellular fractions to quantify glucose transporters (Cushman and Wardzala 
:98o; Karnieli et al. 1980, while Kono's group (Suzuki and Kono 198o; 
Kono et al. 1982) extracted membrane proteins, reconstituted them into 
artificial liposomes and measured their glucose transport activity. Both 
groups showed that the increase in glucose transporters in the plasma 
membrane is paralleled by a decrease in transporter content of an intra- 
cellular "low-density microsomal" fraction. Studies using the cytochalasin 
B binding methodology have consistently shown a large discrepancy be- 
tween the magnitude of the stimulatory effect of insulin on glucose trans- 
port activity and the increase in the number of glucose transporters in 
the plasma membrane. In skeletal muscle, insulin stimulates glucose trans- 
port 4- to :o-fold, while the increase in cytochalasin B-binding in the 
plasma membrane has been in the range of only 1.5- to 2-fold (Wardzala 
and Jeanrenaud 1981; Klip et al. 1987; Fushiki et al. :989; Hirshman et al. 
199o). Now that specific antibodies against the GLUT1 and GLUT4 iso- 
forms are available, it has become evident that both GLUT1 and GLUT4 
are expressed in skeletal muscle (Douen et al. 199ob; Marette et al. 1992). 
GLUT4 is the major isoform in muscle, and is responsible for the acute 
increase in glucose transport in response to insulin. The much less abun- 
dant GLUT1 isoform appears to reside constitutively in the plasma mem- 
brane and to play a role in basal, but not stimulated, glucose transport 
in skeletal muscle (Douen et al. 199ob; Mueckler :994). GLUT4 transporters 
may have a higher intrinsic activity than GLUT1, so relating increases in 
cytochalasin B binding to the plasma membrane fraction to the increase 
in glucose transport activity following insulin treatment is not appropriate. 
However, even when the insulin-induced increase in glucose transport 
activity is compared to the increase in GLUT4 protein there is still a large 
discrepancy between the approx, fivefold increase in glucose transport 
activity and the only 5o%-1oo% increase in GLUT4 in the plasma mem- 
brane (Douen et al. 199ob; Hirshman et al. :99o; Marette et al. 1992; 

Goodyear et al. 1992; Etgen et al. 1993b; Rosholt et al. :994). Taken at face 
value these modest increases in the GLUT4 content of the sarcolemmal 
fraction could account for 20% or less of the increase in glucose transport 
activity induced by the maximal effect of insulin. This discrepancy has 
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led some investigators to conclude that insulin also induces an increase 
in GLUT4 intrinsic activity. 

Thus, there is currently some controversy regarding whether or not 
the increase in glucose transport activity induced by insulin is mediated 
entirely by translocation of GLUT4 into the sarcolemma or whether an 
increase in the intrinsic activity of the glucose transporters also plays a 
role. In the subcellular fractionation studies, the relatively small increase 
in GLUT4 in the plasma membrane fraction of skeletal muscle in response 
to insulin is due to the large amount of GLUT4 in the plasma membrane 
fraction isolated from the control, noninsulinized muscles. In fact, using 
this separation procedure, the GLUT4 content of the plasma membrane 
fraction in the basal state usually exceeds the increase in GLUT4 content 
induced by a maximal insulin stimulus (Douen et al. 199ob; Hirshman et 
al. 199o; Marette et al. 1992; Goodyear et al. 1992; Etgen et al. 1993b; Rosholt 
et al. 1994). In contrast, sophisticated immunocytochemical studies have 
shown that there are few GLUT4 in the sarcolemma of muscle in the basal 
state, and that insulin causes a marked increase in the number of GLUT4 
in the sarcolemma (Rodnick et al. 1992b; Bornemann et al. 1992). It has 
also been demonstrated using immunocytochemistry that GLUT4 is es- 
sentially absent from the plasma membrane in adipocytes in the basal 
state, and that treatment with insulin causes about 40% of the total number 
of GLUT4 in the cell to move to the cell surface (Slot et al. 1991b). Fur- 
thermore, in contrast to the findings obtained by subcellular fractionation, 
experiments using a cell surface glucose transporter label have shown a 
close correlation between the increase in GLUT4 in the plasma membrane 
and the increase in glucose transport activity induced by insulin (Fig. 2). 
Using the exofacial GLUT photoaffinity label ATB-[2-3H]-BMPA (Holman 
et al. 199o), Lund et al. (1993) and Wilson and Cushman (1994) were able 
to entirely account for a sixfold increase in 3MG transport in rat soleus 
muscle in response to insulin by a six- to eightfold rise in GLUT4 protein 
in the sarcolemma. In these studies, the labeled GLUT4 protein was im- 
munoprecipitated using a GLUT4 specific antibody prior to quantitation 
(Lund et al. 1993; Wilson and Cushman 1994). This discrepancy between 
the subcellular fractionation and exofacial labeling studies will have to 
be resolved by further research. However, we suspect that the finding of 
an insulin-induced increase in intrinsic activity, i.e., a larger increase in 
transport than in transporter number in the subcellular fractionation 
studies, is an artifact caused by trapping of cytosolic GLUT4 in plasma 
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Fig. 2. Comparison of surface-accessible GLUT4 with glucose tranpsort activity. Iso- 
lated soleus muscles were equilibrated and incubated as basal or insulin-stimulated 
(2o mU/ml insulin). They were then used for transport measurements or were photo- 
labeled and immunoprecipitated, and GLUT4 was quantified as described (Wilson 
and Cushman 1994). Surface-accessible GLUT4 (open bars) determined by photolabe- 
ling was eightfold greater in insulin-stimulated compared with basal (n=3o for each). 
Glucose transport activity (solid bars), determined using 3-O-[14C]methylglucose, 
showed an 8.6-fold greater transport activity in insulin-stimulated than in basal 
muscles (n=24 for each condition). *, p<o.ool versus insulin-stimulated. (From Wilson 
and Cushman ~994) 

membrane vesicles. These contaminating GLUT4 contribute to the total 
amount of GLUT4 in the vesicles without contributing to transport activity. 

4.2 
The Insulin Signaling Pathway 

The first step in the insulin signaling pathway involves the binding of 
insulin to the extracellular c~-subunits of insulin receptors on the surface 
of adipocytes and muscle cells. This insulin binding activates a tyrosine 
(Tyr) kinase in the intracellular tails of the [~-subunits, which results in 
autophosphorylation of Tyr residues in the insulin receptors (for detailed 
reviews, see White and Kahn 1994; Lee and Pilch 1994). The principal 
insulin receptor substrate, IRS-1, is phosphorylated on multiple tyrosines 
by the activated insulin receptor (White et al. 1985; Thies et al. 199o; Ro- 
thenberg et at. 1991; Sun et al. 1991,1992). The phosphorylated IRS-1 binds 
the Src homology-2 (SH2) domains of a number of signal transducing 
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proteins through its approx, eight tyrosine phosphorylation sites. These 
include phosphatidylinositol (PI) 3-kinase, the GRB2/mSOS complex and 
SH-PTP-2. Stimulation of glucose transport is only one of the many effects 
of insulin, which also include regulation of gene expression and protein 
synthesis, activation of glycogen synthase, regulation of Na+/K+ATPase, 
amino acid uptake and fatty acid synthesis. Treatment of striated muscle 
and adipocytes with insulin results in activation of a serine/threonine 
protein kinase cascade that is now thought to be initiated by the IRS-1 
bound GRB-2/mSOS complex which activates p21 ras. The activated Ras 
binds to Raf-1 and this activates the cascade which includes MAP kinase 
kinase and MAP kinase. As a consequence, in addition to tyrosine phos- 
phorylation of insulin receptor substrates, a considerable number of pro- 
teins undergo serine/threonine phosphorylation in response to insulin. 
Treatment with insulin also brings about activation of protein serinelthre- 
onine phosphatases, resulting in dephosphorylation of other proteins 
(Lawrence 1992). 

These multiple protein phosphorylations and dephosphorylations 
(Lawrence 1992) have greatly complicated elucidation of the signal trans- 
duction pathways that mediate the pleiotropic effects of insulin. However, 
methodological advances have recently made possible more rapid progress 
in this area. It has been shown that the serine/threonine kinase cascade 
initiated by the binding of the GRB-2/mSOS complex to IRS-1 is involved 
in regulating gene expression and protein synthesis, not activation of glu- 
cose transport (White and Kahn 1994). A major breakthrough in our un- 
derstanding of the regulation of glucose transport occurred recently when 
it was shown that activation of PI 3-kinase is involved in the stimulation 
of glucose transport by insulin (see Fig. 3). The initial evidence that PI 
3-kinase is involved in insulin action came from the finding that this 
enzyme is activated by insulin resulting in an increase in the concentra- 
tions of its products, PI 3-P and PI 3,4-P. PI 3-kinase exists as a 11o-kDa 
catalytic subunit and an 85-kDa regulatory subunit that contains two SH2 
domains. The binding of the SH2 domains of the 85-kDa subunit of PI 3-kinase 
to IRS- 1, which occurs when IRS- 1is phosphorylated bythe activated insulin 
receptor, is responsible for PI 3-kinase activation by insulin (Sun et al. 1991, 
1992; Folli et al. 1992). The evidence that activation of PI 3-kinase is involved 
in the stimulation of glucose transport was provided by the finding that in- 
hibition of PI 3-kinase blocks the stimulation of glucose transport by insulin 
in adipocytes (Okada et al. 1994; Lam et al. 1994) and skeletal muscle (Lee 
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Fig. 3. Insulin and contractions or hypoxia stimulate GLUT4 translocation and glucose 
transport in skeletal muscle via distinct pathways. Detailed descriptions of the two 
pathways for stimulation of muscle glucose transport are provided in the text 
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et al. 1995b; Yeh et al. 1995). At the time this is written, the mechanism by 
which PI 3-kinase activation leads to GLUT4 translocation is not known. 

4.3 
Acute Stimulation of Glucose Transport by Contractile Activity 

4.3.1 
Early Studies of Contraction-Activated Sugar Uptake 

In studies on normal and diabetic rats, Ingle et al. (195o) found that stimu- 
lation of leg muscles to contract caused a rapid fall in blood glucose 
levels. Goldstein et al. (1953) showed that muscle contraction lowers the 
concentration of injected D-galactose, D-xylose, and L-arabinose, but not 
of sorbitol (to which the muscle is not normally permeable), in the blood 
of eviscerated rats. Helmreich and Cori (1957) studied this phenomenon 
more directly by measuring the concentration of pentoses in plasma and 
muscles of nephrectomized rats and found that accumulation of pentoses 
within the muscle cells was increased when muscles were stimulated to 
contract. These results were confirmed by Dulin and Clark (1961). It is 
also well documented that exercise increases glucose removal from the 
blood in exercising humans and dogs. It was not dear from these studies 
whether the increased uptake of sugar was due to an insulinlike effect of 
musde contractions on glucose transport or to increased delivery of sugar 
and insulin as a result of effects on the capillary bed and blood flow. A 
detailed study of the effects of muscle contractions on glucose transport 
was, therefore, undertaken using isolated frog sartorius muscles. 

4.3.2 
Initial Studies of the Effect of Contractions in Frog Muscle 

The isolated frog sartorius muscle, was first used to study the effects of 
insulin on sugar transport by Narahara et al. (196o); it is thin enough to 
be oxygenated by diffusion, and is viable in vitro for long periods. It was 
found that contractile activity results in a large increase in 3MG transport 
into the frog sartorius, with a maximal stimulus resulting in an approx. 
2o-fold increase (Holloszy and Narahara 1965). When musdes were dis- 
sected out with the nerve intact and stimulated via the nerve, the effect 
on 3MG transport was the same as when the muscle was stimulated di- 
rectly. At 19°C the temperature at which these studies were conducted, 
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the increase in permeability of frog muscle to 3MG persists essentially 
unchanged for a number of hours after contractile activity stops. This 
makes it possible to stimulate a muscle to contract for as long as necessary 
to attain a full effect on glucose transport activity and then measure 3MG 
transport after stimulation is stopped. It was found that glucose transport 
rate increases progressively during contractile activity until a plateau is 
attained. The greater the number of contractions per minute, the greater 
is the increase in permeability, and the more rapidly the plateau level is 
attained. For frequencies in the range of 2.5-2o contractions/min, the in- 
crease in permeability is proportional to the frequency of contraction. If 
contractile activity is very brief and intense, permeability continues to 
increase for a period after stimulation is stopped. At 19°C the increase in 
permeability persists essentially unchanged for 5 h after stimulation and 
then progressively returns to very low baseline levels. However, if frog 
muscles are kept at 4°C, the increase in permeability persists unchanged 
for at least 24 h. Hypoxia also stimulates 3MG transport in the frog sar- 
torius; however, the increase in transport activity does not begin until 
after about 60 min of hypoxia (Holloszy and Narahara 1965). In contrast, 
there is no lag period with contractile activity. 

The transport of 3MG into frog sartorius muscles in which permeability 
has been increased by contractile activity follows saturation kinetics. When 
rates of sugar penetration at different concentrations of sugar are plotted 
according to the method of Lineweaver and Burke, the apparent Km of 
sugar transport in stimulated muscles is not significantly different than 
in resting muscle, while the Vmax (i.e., the theoretical maximum rate of 
transport when the transport process is completely saturated) is markedly 
increased (Holloszy and Narahara 1965). These findings were interpreted 
as indicating that the affinity of the transporters for sugar is unchanged, 
and that the greater rate of sugar transport after contractile activity is 
mediated by an increase in the number of transport sites that are operative 
in the plasma membrane (Holloszy and Narahara 1965). 

To evaluate the effect of the amount of work performed on permeability, 
frog muscles were made to contract isotonically against either a 0.3- or 
lo-g load for various periods of time at the same contraction frequency. 
Although the muscles contracting against the lo-g load performed ap- 
proximately seven times more work, produced significantly larger amounts 
of lactic acid and broke down more creatine phosphate than the lightly 
loaded muscles, the same changes in permeability to 3MG occurred in 
the two groups. Thus, it appears that changes in the amount of work 
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performed at a given frequency of contraction do not modify the effect 
of stimulation on permeability. Furthermore, the change in permeability 
was not correlated with the rate of formation of lactate or with the in- 
tracellular concentrations of lactate or creatine phosphate (Holloszy and 
Narahara 1965). 

4.3.3 
Discrepancies between Certain Findings in Frog and Rat Muscles 

Although the studies on frog sartorius muscle provided the first clear 
demonstration that contractile activity stimulates glucose transport, they 
also resulted in some long-lasting confusion. In the study on frog muscle, 
the maximal effect of insulin and contractions in combination was not 
significantly greater than that of either stimulus alone (Holloszy and Na- 
rahara 1965). This lack of additivity was interpreted as indicating that 
insulin and contractions act upon the same system and increase the same 
operative sites in the plasma membrane but by different mechanisms. 
However, subsequent studies on rat skeletal muscles have shown that the 
maximal effects of insulin and contractions on glucose transport are ad- 
ditive. It is not clear whether this discrepancy is due to a species difference 
or to the design of the experiment, as this question has not been reexam- 
ined in frog muscle using a different protocol. In a study on the rat epi- 
trochlearis muscle, it was found that incubating the muscles with an ex- 
tremely high concentration of insulin, 20 mU/ml, for 6o min prior to 
stimulating them to contract prevented the additive effect (Constable et 
al. 1988). This finding suggests that prior incubation with an unphysio- 
logically high insulin concentration for a prolonged period can induce 
changes that interfere with subsequent translocation of GLUT4 into the 
plasma membrane in response to contractions. In the study on frog sar- 
torius, the muscles were incubated with 2 mU/ml insulin for 3 h prior to 
electrical stimulation (Holloszy and Narahara 1965). Although only one- 
tenth as high as the insulin concentration used in the study on rat muscle 
(Constable et al. 1988) this is still a very high insulin level. Whether or 
not it was responsible for the lack of additivity is not clear, as the additive 
effect of insulin and contractions has not been reinvestigated in frog 
muscle using a lower insulin concentration or with a reversal of the se- 
quence in which contractions and insulin are applied. 

Another source of confusion that appears to be due to a species dif- 
ference, was the finding that inhibition of protein synthesis with cyclo- 
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heximide or puromycin completely blocked reversal of the increase in 
3MG transport in frog sartorius muscle following contractions (Garthwaite 
and Holloszy 1982). This finding was taken as evidence that contractions 
activate glucose transport by a process that requires protein synthesis for 
its reversal. However, in a subsequent study on rat epitrochlearis muscle, 
inhibition of protein synthesis had no effect at all on the reversal of glucose 
transport activity after exercise (Young et al. 1987). 

4.4 
Regulation of Glucose Transport by Contractile Activity 
in Rat Skeletal Muscle 

Both normal exercise, such as running or swimming, and stimulation of 
muscles to contract in situ or in vitro, result in an insulin-independent 
increase in glucose transport activity. This effect persists sufficiently long 
for it to be measured after exercise is stopped (Ivy and Holloszy 1981; 
Young et al. a987; Constable et al. 1988; Gulve et al. 199o). Studies on muscles 
that had recovered in vivo for various time periods following a bout of 
exercise gave the impression that the increase in glucose transport activity 
induced by contractions wears off slowly (Young et al. 1983; Cartee et al. 
1989). In these studies about 25%-50% of the increase in glucose transport 
activity seen shortly after exercise was still present 18 h postexercise in 
muscles of rats in which glycogen concentration was kept tow by means 
of fasting or a carbohydrate-free diet (Young et al. 1983; Cartee et al. 1989). 

In contrast to recovery in vivo, muscles incubated without insulin in 
vitro following exercise or electrical stimulation undergo a rapid reversal 
of the increase in glucose transport activity, which is complete within 
1-3 h (Young et al. t987; Ploug et al. 1987; Gulve et al. 199o). This rapid 
reversal occurs regardless of whether protein synthesis is inhibited or 
whether or not glycogen resynthesis occurs (Young et al. 1987). Inclusion 
of a very low concentration of insulin in the incubation medium results 
in a persistent increase in glucose transport activity in muscles incubated 
in vitro after exercise (Young et al. 1987; Gulve et al. 199o). During the 
first 6o min this persistent increase in glucose transport appears to be 
due to prevention by insulin of reversal of the exercise-induced increase 
in glucose transport activity. The persistent increase in permeability to 
glucose thereafter is due to an exercise-induced increase in muscle insulin 
sensitivity (Young et al. 1987; Gulve et al. 199o). Thus, the persistent effect 
of exercise in muscles allowed to recover in vivo and then studied in the 
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absence of insulin in vitro (Young et al. 1983; Cartee et al. 1989) appears 
to be due to persistent effects of the insulin present in vivo on muscles 
in which insulin sensitivity is markedly increased, i.e., insulin still bound 
to the insulin receptors. In contrast, the acute stimulation of glucose trans- 
port by contractions occurs in the absence of insulin (Wallberg-Henriks- 
son and Holloszy 1984, 1985; Ploug et al. 1984; Richter et al. 1985). 

As with insulin, muscle contractions induce translocation of glucose 
transporters into the sarcolemma (Hirshman et at. 1988; Douen et al. 1989, 
199ob; Goodyear et al. 199oa, b, 1991; Etgen et al. 1993b), and it is the 
GLUT4 isoform that moves to the cell surface in response to contractile 
activity (Douen et al. 199ob; Goodyear et al. 1991; Etgen et al. 1993b). Exer- 
cise does not appear to have any significant effect on the distribution of 
the GLUT1 isoform in skeletal muscle (Douen et al. 199ob). As in the case 
of insulin, there is currently some disagreement regarding whether con- 
tractile activity stimulates glucose transport entirely by means of trans- 
location of GLUT4 into the sarcotemma, or whether there is also an in- 
crease in GLUT4 intrinsic activity. As discussed above in the section on 
insulin action, it appears likely that the smaller increase in GLUT4 content 
of the plasma membrane than in glucose transport activity in the sub- 
cellular fractionation studies is an artifact that is due to extensive con- 
tamination of the plasma membrane fraction with intracellular GLUT4 
containing vesicles. 

As shown in Fig. 4, the maximal effects of muscle contractions and 
insulin on glucose transport are additive (Nesher et al. 1985; Zorzano et 
al. 1986a; Wallberg-Henriksson et al. 1988; Constable et al. 1988; Henriksen 
et al. 199o; Ploug et al. 1992), providing evidence that these stimuli activate 
glucose transport by separate pathways. There are also two other lines of 
evidence that separate pathways are involved. One is that exercise-stimu- 
lated glucose transport is not impaired in muscles of obese Zucker rats 
(Brozinick et al. 1993; King et al. 1993) or in fat fed rats (Kusunoki et al. 
1993) whose muscles are severely insulin resistant. The other is that it is 
possible to selectively inhibit stimulation of glucose transport by insulin 
without inhibiting the effect of contractions (Lee et al. 1995b; Yeh et al. 
1995). One possible explanation for the finding that the maximal effects 
of contractions and insulin on glucose transport are additive is that there 
are two separate pools of GLUT4 in skeletal muscle, and that the GLUT4 
from one pool are translocated into the sarcolemma by the action of 
insulin but not by contractions, while those in the other pool are suscep- 
tible to translocation by contractions but not insulin. Some support of 
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Fig. 4. Effects of insulin, hypoxia, or exercise, alone or in combination, on 3-0- 
[3H]methylglucose (3MG) transport in the rat epitrochlearis muscle. Muscles were 
incubated at 35°C under oxygenated or hypoxic conditions for 60 min with or without 
insulin (2 mU/ml). In one experiment animals were exercised by swimming before 
their muscles were incubated with or without insulin. Muscles were then transferred 
to oxygenated medium containing 4o mM mannitol and insulin, if present previously, 
for 15 min at 29°C to remove glucose from the extracellular space and to reoxygenate 
hypoxic muscles. Glucose transport activity was then measured using 3MG. Values 
are means +__ SE for 6-1z muscles/group. (From Cartee et al. 1991) 

this possibility is provided by subcellular fractionation studies. Depending 
on the procedures used for disruption and subcellular fractionation of 
muscle, exercise either does, or does not, cause a decrease in GLUT4 con- 
tent of the intracellular fraction that is partially depleted of GLUT4 by 
the action of insulin. In a number  of  studies, insulin caused a decrease 
in glucose transporters in the "intracellular fraction," while exercise did 
not, even though both stimuli caused an increase in GLUT4 in the plasma 
membrane fraction (Douen et al. 1989,199ob; Broznick et al. 1994b), while 
in other studies, using a different fractionation procedure, decreases in 
the GLUT4 content of the intracellular fraction occurred in response to 
exercise (Hirshman et al. 1988; Fushiki et al. 1989; Gao et al. 1994b). These 
findings seem compatible with the existence of separate glucose trans- 
porter  pools, one sensitive to insulin, the other to contractions. 
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If there are distinct glucose transporter pools recruitable by insulin or 
contractions, one would expect the maximal effects of insulin and con- 
tractions on GLUT4 translocation into the sarcolemma to be additive. 
This possibility has been investigated in at least four studies using sub- 
cellular fractionation procedures. The results have been conflicting, with 
three studies showing no additivity (Douen et al. 199oa; Goodyear et al. 
199ob; Broznick et al. 1994b), and one showing an additive effect of con- 
tractions and insulin on GLUT4 translocation (Gao et al. 1994b). Resolution 
of this disagreement will probably require the use of a more quantitative 
procedure, such as photoaffinity labeling of the GLUT4 in the plasma 
membranes with ATB-[3H]BMPA (Lund et al. 1993; Wilson and Cushman 

1994). 
The mechanism by which contractions activate GLUT4 translocation 

bypasses the steps in the insulin signaling pathway known to be involved 
in stimulation of glucose transport. This is evidenced by the finding that 
wortmannin, an inhibitor of PI 3-kinase, completely blocks stimulation 
of glucose transport by insulin without inhibiting the stimulation of glu- 
cose transport by contractions (Fig. 5; Lee et al. 1995b; Yeh et al. 1995). 

C 

0 " 

g v  

X - 
0 - -  

c~ E 

4.0- [ ]  Control 
[ ]  Wortmannin 

T m 
2.0- z 

1.0- o ~, 
. Z Z 

i m  N 0.0 
Basal Insulin Contractions Hypoxra 

Fig. 5. Effect of wortmannin (2gM) on basal, insulin-, contraction- and hypoxia-stimu- 
lated 2-deoxy-[3H]glucose (2DG) transport in skeletal muscle. Epitrochlearis muscles 
were incubated for 3o min at 3o°C with or without 2 gM wortmannin. Muscles were 
then incubated for 3o min with or without 2 mU/ml insulin, stimulated to contract 
in vitro (Io rain), or incubated in hypoxic medium (9o vain), all in the presence or 
absence of wortmannin. Glucose transport activity was then assessed by measuring 
the intracellular accumulation of 2DG at 3o°C for 2o rain. Values are means + SE for 
6-n muscles/group. **, p<o.ool versus control. (From Lee et al. 1995b) 



126 J.O. Holloszy and P.A. Hansen 

Furthermore, contractions do not cause phosphorylation of IRS-1 or ac- 
tivation of PI 3-kinase (Goodyear et al. 1995a). Some inhibitors, including 
polymyxin B (Henriksen et al. 1989b) and sphingosine (Gulve and Holloszy 
1993) inhibit stimulation of glucose transport by both contractions and 
insulin, indicating that the two pathways have a late step in common. 
From what is known about the action of polymyxin B, this step may be 
the fusion of the GLUT4 containing vesicles with the plasma membrane 
(Cormont et al. 1992). 

4.5 
Stimulation of Glucose Transport in Muscle by Hypoxia 

Hypoxia stimulates glucose transport in striated muscle (Randle and Smith 
1958; Ozand et aL 1962; Holloszy and Narahara 1965; Cartee et al. 1991). 
The increase in glucose transport activity occurs slowly in response to 
hypoxia; in rat epitrochlearis incubated in vitro at 35°C a maximal effect 
is usually attained in approx. 60 min (Cartee et al. 1991). This is in contrast 
to contractile activity which results in an almost immediate increase in 
glucose transport with a maximal effect occurring within lO min in re- 
sponse to some stimulation protocols (Constable et al. 1988; Henriksen 
et al. 199o). As with insulin and exercise, hypoxia causes a translocation 
of GLUT4 into the sarcolemma (Cartee et al. 1991). The magnitude of the 
maximal effect of hypoxia on glucose transport is similar to that induced 
by exercise or in vitro muscle contractions. Furthermore, the effects of a 
maximal hypoxic stimulus and in vitro contractile activity in combination 
are no greater than that of either stimulus alone (Cartee et al. 1991). This 
tack of additivity suggests that hypoxia and muscle contractions stimulate 
glucose transport by the same mechanism. On the other hand, as shown 
in Fig. 4, the maximal effects of insulin and hypoxia on 3MG transport 
are completely additive (Cartee et al. 1991). 

It has been hypothesized that the rate of glucose transport is somehow 
coupled to the requirement for ATP, as reflected in the decrease in phos- 
phocreatine and the increases in inorganic phosphate and ADP concen- 
trations under hypoxic conditions or during exercise (Walker et al. 1982; 
Katz et al. 1986). The decrease in high energy phosphates may initiate the 
events that lead to a stimulation of glucose transport by hypoxia. However, 
a direct linkage between energy demand and glucose transport is ruled 
out by the finding that the increase in 3MG transport induced by hypoxia 
is still present in muscles that have recovered for 15 min in oxygenated 
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medium; by this time, phosphocreatine concentration has returned to the 
oxygenated control level (Cartee et al. 1991). Complete reversal of the in- 
crease in glucose transport activity occurs within 3 h in muscles incubated 
in oxygenated medium following 8o rain of hypoxia. 

4.6 
Possible Role of Ca 2+ in Contraction- 
and Hypoxia-Stimulated Glucose Transport 

Early studies on frog sartorius muscle showed that caffeine contractures 
cause a large increase in glucose transport activity (Holloszy and Narahara 
1967a). Caffeine causes contraction by directly releasing Ca 2+ from the 
sarcoplasmic reticulum. Furthermore, increasing the work done per iso- 
tonic contraction does not influence the magnitude of the increase in 
glucose transport activity (Holloszy and Narahara 1965). These findings 
provided evidence that the increase in glucose transport activity is not 
directly dependent on plasma membrane depolarization or on the number 
of interactions between actin and myosin (i.e., the rate of ATP utilization). 
Rather, they suggest that the other fundamental event in the stimulation 
of muscle contraction, the increase in cytoplasmic Ca 2+, might mediate 
the increase in glucose transport. In studies designed to test this possibility 
it was found that, within limits, the greater the amount of Ca a+ entering 
a muscle during a potassium contracture, the greater the increase in glu- 
cose transport activity (Holloszy and Narahara 1967b). Valant and Erlij 
(1983) have confirmed the stimulation of glucose transport by potassium 
contractures. NO 3- impairs the uptake of Ca 2+ by the sarcoplasmic re- 
ticulum and, therefore, potentiates twitch tension (Ebashi 1976). Additional 
indirect evidence for a role of Ca 2+ came from a study in which frog 
sartorius muscles were stimulated to contract while immersed in frog 
Ringer's solution in which NO 3- was substituted for C1-. NO 3- caused a 
potentiation of a submaximal effect of muscle contractions on glucose 
transport activity, even when the potentiation of twitch tension was 
prevented (Holloszy and Narahara 1967a). 

Clausen and coworkers (Clausen et al. 1975; Sorenson et al. 198o) fol- 
lowed up these studies on frog muscle with a series of experiments in 
which they raised cytosolic Ca 2+ concentration in rat soleus muscles in 
vitro using a variety of agents. Increases in the cytoplasmic Ca 2+ concen- 
tration were documented by measuring the rate of 45Ca z+ efflux across 
the plasma membrane from preloaded muscles. Increases in glucose trans- 
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port activity were determined by measuring the rate of 3MG efflux from 
preloaded muscles. Treatment of muscles with the metabolic poisons 2,4- 
dinitrophenol, cyanide, or salicylate resulted in accelerated washout of 
45Ca z+ and 3MG from preloaded rat soleus muscles (Clausen et al. 1975; 
Sorenson et al. 198o). Other agents that produced a stimulation of 3MG 
washout that was preceded by, or coincided with, a rise in the washout 
of 45Ca 2+ from soleus muscles, were trypsin, p-chloromercuriphenylsul- 
fonic acid, veratrine, H202, hyperosmolarity, caffeine, K+-substituted buff- 
er, and exposure to o°C followed by warming to 30°C (Clausen et al. 1975; 
Sorenson et al. 198o). Many of these agents also caused musde contraction 
(Clausen et al. 1975; Sorenson et al. 198o). 

Further evidence that an increase in cytosolic Ca 2+ results in stimulation 
of glucose transport in muscle was obtained fortuitously during a study 
involving phospholipase C. It had been proposed by Standaert et al. (1988), 
on the basis of studies on BC3H-1 myocytes, that phospholipase C stimu- 
lates glucose transport by generation of diacylglycerol from membrane 
phospholipids with activation of protein kinase C. In a study conducted 
to reevaluate this hypothesis it was found that the broadly active phos- 
pholipase C from Ctostridiurn perfringens (PLC-Cp) stimulates glucose 
transport in a dose-dependent and cytochalasin B inhibitable manner 
(Henriksen et al. 1989a). Studies of the interactions among PLC-Cp, insulin, 
muscle contractions and hypoxia provided evidence that PLC-Cp stimu- 
lates glucose transport by the same pathway as exercise and hypoxia, not 
by the insulin activated pathway (Henriksen et al. 1989a). Additional ex- 
periments were, therefore, conducted to evaluate whether PLC-Cp causes 
an increase in cytosolic Ca 2+ concentration, and whether an increase in 
cytosolic Ca 2+ is involved in the stimulation of glucose transport by PLC- 
Cp. PLC-Cp caused a significant increase in the proportion of phospho- 
rylase in the a form, providing evidence for an increase in cytosolic Ca 2+ 
concentration in epitrochlearis muscle (Henriksen et al. 1989a). Additional 
evidence for an increase in cytoplasmic Ca 2+ in muscle treated with PLC- 
Cp was provided by the finding of an increase in twitch tension. Omission 
of Ca 2+ from the incubation medium resulted in inhibition of the stimu- 
lation of glucose transport by PLC-Cp (Henriksen et al. 1989a). This finding 
is in keeping with the evidence that PLC-Cp causes an influx of Ca 2+ into 
sarcolemmal vesicles (Philipson et al. 1983). The Ca 2+ channel blockers 
verapamil, diltiazem and nifedipine had little effect on the stimulation of 
3MG transport by PLC-Cp, providing evidence that this agent increases 
Ca 2+ influx independently of the voltage sensitive Ca 2+ channels. Addi- 
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tional evidence that Ca 2+ mediates the effect of PLC-Cp on glucose trans- 
port came from the finding that dantrolene, which inhibits Ca 2+ release 
from the sarcoplasmic reticulum, completely blocked both the activation 
of phosphorylase and the stimulation of glucose transport activity by 
PLC-Cp (Henriksen et al. 1989a). An explanation for these findings could 
be that an influx of Ca z+ mediated by PLC-Cp induces Ca2+-activated 
Ca z+ release from the SR (Ebashi 1976) resulting in an increase in cyto- 
plasmic Ca 2+ which initiates the events leading to an increase in glucose 
transport activity via the same pathway that is activated during stimulation 
of muscle contractions. 

Hypoxia appears to stimulate muscle glucose transport via the same 
pathway as contractile activity (Cartee et al. 1991). Furthermore, hypoxia 
has been shown to increase Ca 2+ concentration in heart muscle (Steen- 
bergen et al. 1987). Hypoxia has, therefore, been used as another model 
to evaluate the possibility that an increase in cytoplasmic Ca 2+ stimulates 
glucose transport in the absence of muscle contraction. Caffeine at a con- 
centration that is too low (1.o rm'v/) to cause muscle contraction or an 
increase in glucose transport activity markedly potentiated the effect of 
a submaximal hypoxic stimulus on glucose transport actMty in rat epi- 
trochlearis muscle (Cartee et al. 1991). Similarly, substitution of NaNO 3 
which impairs uptake of Ca 2+ by the SR (Ebashi 1976), for NaC1 in the 
incubation medium caused a large potentiation of the effect of a sub- 
maximal hypoxic stimulus. This substitution had no effect on glucose 
transport in oxygenated medium. A low concentration of dantrolene par- 
tially inhibited the effect of hypoxia on glucose transport. These findings 
provide additional support for the hypotheses that an increase in cytosolic 
Ca ~+ concentration induces an increase in glucose transport activity in 
skeletal muscle and that Ca 2+ plays a role in the stimulation of glucose 
transport by hypoxia. Another agent that causes release of Ca z+ from skele- 
tal muscle sarcoplasmic reticulum is alkaline pH (Dettbarn and Palade 
1991 ). Incubation of epitrochlearis at pH 8.6, which raised cytosolic pH 
to 8.2, induced an approx, threefold increase in glucose transport activity, 
which was completely blocked by 25 ~tM dantrolene (Ren et al. 1993b). 

The concept that the increase in sarcoplasmic Ca z+ during stimulation 
of muscle contraction activates a separate series of events that cause the 
increase in glucose transport activity, independent of contractions, has 
been difficult to test. One difficulty is that it is not possible to distinguish 
between the consequences of muscle contraction, such as changes in the 
concentrations of high energy phosphates (-P) and metabolites, and in- 
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dependent effects of the rise in cytosolic Ca 2+ during contractile activity. 
Another problem is that altering the magnitude of the increase in cyto- 
plasmic Ca 2+ during muscle contractions also affects contractile force de- 
velopment or work output. To circumvent these problems, the effects of 
increases in cytoplasmic Ca 2+ that are too low to cause muscle contractions 
were examined by Youn et al. (1991) using agents that release Ca 2+ from 
the sarcoplasmic reticulum. The compound N-(6-aminohexyl)-5-chloro- 
1-napthalenesulfonamide (W-7), which has been shown to release Ca 2+ 
from the SR (Palade 1987), caused a dose-dependent increase in tension 
in rat epitrochlearis muscle at concentrations of 20o gM or greater, pro- 
viding evidence for an increase in cytoplasmic Ca a+ (Youn et al. 1991). 
Concentrations of W-7 in a range that did not increase muscle tension 
(5O-lOO gM), speeded the loss of 45Ca 2+ from preloaded muscles, providing 
evidence that these low concentrations of W-7 must have raised cytoplas- 
mic Ca 2+ to levels that were below the contraction threshold. Glucose 
transport activity increased sixfold in muscles incubated for loo min with 
50 gM W-7, and eightfold in muscles incubated with lOO gM W-7, despite 
no increase in muscle tension (Fig. 6). 

ATP and creatine phosphate concentrations were unchanged in muscles 
incubated with 5o gM W-7. Dantrolene, which inhibits Ca a+ release from 
the SR, prevented the effects of W-7 on both Ca z+ release and glucose 
transport activity (Youn et al. 1991). This effect of dantrolene occurred at 
a concentration of 5 gM, which had no effect on insulin action (Youn et 
al. 1994a). 9-Aminoacridine, another inhibitor of Ca 2+ release from the 
SR (Palade 1987), also blocked the stimulation of glucose transport activity 
by W-7 (Fig. 6; Youn et al. 1991, 1994a). W-7 is a calmodulin antagonist 
(Hidaka et al. 1981) and, in addition to inducing release of Ca 2+ from the 
SR, inhibits a number of calcium-dependent protein kinases (Tanaka et 
al. 1982; Schatzman et al. 1983). The finding that dantrolene blocks both 
the increase in the rate of 45Ca 2+ efflux from preloaded muscles and the 
stimulation of sugar transport induced by W-7 provides evidence that 
W-7 stimulates glucose transport by releasing Ca 2+ from the SR, not by 
inhibiting calmodulin-dependent enzymes. If stimulation of glucose trans- 
port by W-7 was mediated by inhibition of Ca2+-catmodulin dependent 
enzymes rather than by Ca 2+ release from the SR, dantrolene and 9-ami- 
noacridine should, by lowering cytoplasmic Ca 2+ concentration, potentiate 
the effect of W-7 on glucose transport instead of inhibiting it. The results 
of these experiments using W-7 provide strong evidence that an increase 
in cytoplasmic Ca 2+ concentration that is too low to cause muscle con- 
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Fig. 6. Effects of dantrolene (D) and 9-aminoacridine (gAA) on 3-O-[3H]methylglucose 
(3MG) transport without and with W-7. Muscles were incubated at 35°C for loo rain 
without or with W-7 (loo gM) in the presence or absence of dantrolene (25 gM) or 
9-aminoacridine (loo ptM). Rate of 3-MG transport was then measured in absence of 
dantrolene, 9-aminoacridine, and W-7. Values are means +_ SE for 5-11 muscles. 2, 
p<o.ool versus other groups. (From Youn et al. 1991) 

traction or a decrease in high energy phosphate concentration can bring 
about an increase in glucose transport  activity in skeletal muscle. Support 
for this interpretation is provided by studies of the effect of caffeine. As 
with W-7 caffeine causes release of  Ca 2+ from the sarcoplasmic reticulum 
(Palade 1987). As might be expected, glucose transport  activity is markedly 
increased by exposure to concentrations of  caffeine that cause muscle 
contraction (Holloszy and Narahara 1967b; Youn et al. 1991). However, 
lower concentrations of caffeine that do not result in muscle contraction 
or a decrease in Np also cause a significant stimulation of glucose transport  
activity (Youn et al. 1991). As with W-7, the increase in glucose transport  
induced by caffeine is completely blocked by dantrolene. 

Studies of the interaction between Ca 2+ and insulin in adipocytes have 
shown that a sustained elevation of cytosolic Ca 2+ has no effect on basal 
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glucose transport but significantly inhibits stimulation of glucose trans- 
port by insulin (Draznin et al. 1987, 1989; Reusch et al. 1991). In these 
studies cytosolic Ca 2+ was raised by various means including the Ca 2+ 
ionophore ionomycin (Draznin et al. 1987), plasma membrane depolariz- 
ation with K + (Draznin et al. 1989; Reusch et al. 1991), and parathyroid 
hormone (Draznin et al. 1989; Reusch et al. 1991). Studies using the Ca 2+ 
ionophore A-z3187 (Bihler et al. 198o) and the Caa+-channel agonist BAY 
K 8644 (Westfall and Sayeed 199o) have provided evidence that an increase 
in cytoplasmic Ca 2+ also inhibits insulin-stimulated glucose transport in 
skeletal muscle. These findings seem to be in conflict with the evidence 
that the effects of insulin and contractile activity on glucose transport 
are additive in contracting muscle, in which Ca 2+ is being released into 
the cytoplasm from the sarcoplasmic reticulum with each stimulus (Nesher 
et al. 1985; Zorzano et al. 1986a). They also appear to argue against the 
concept that an increase in cytoplasmic Ca 2+ stimulates glucose transport 
in skeletal muscle. 

In a study undertaken to explain this discrepancy, Lee et al. (1995a) 
used the relatively specific Ca z+ ionophore ionomycin (Liu and Hermann 
1978) to raise cytosolic Ca z+. They found that continuous incubation of 
rat epitrochlearis and soleus muscles with ionomycin induces a significant 
inhibition of insulin stimulated glucose transport. The influx of Ca 2+ in- 
duced by ionomycin was sufficiently great to result in an approx. 7o% 
increase in % phosphorylase a, which is a good, physiological indicator 
of increases in cytosolic Ca z+ (Wilde et al. 1986). This inhibitory effect 
of ionomycin was prevented by lowering the Ca 2+ concentration in the 
medium to a very low level, providing evidence that the inhibition is 
mediated by the Ca z+ influx induced by this ionophore. These findings 
are in keeping with the results of previous studies showing that sustained 
increases in cytosolic Ca z+ inhibit insulin stimulated glucose transport 
(Bihler et al. 198o; Draznin et al. 1987, 1989; Westfall and Sayeed 199o; 
Reusch et al. 1991). Lee et al. (1995a) also found that when basal glucose 
transport was measured in the presence of ionomycin, no stimulation was 
observed. However, when the measurement of glucose transport was 
preceded by a 15 min washout period without ionomycin, a significant 
stimulation of glucose transport activity by prior exposure to ionomycin 
was evident, providing further support for the concept that an increase 
in sarcoplasmic Ca 2+ induces an increase in glucose transport activity in 
skeletal muscle (Lee et al. 1995a). These findings, together with a similar 
observation in an earlier study involving potassium contractures (Holloszy 
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and Narahara 1967b), provide evidence that increased influx of Ca 2+ into 
the sarcoplasm can, in addition to stimulating glucose transport, cause a 
temporary inhibition of both insulin and Ca 2+ stimulated glucose trans- 
port. 

In contrast to the finding with ionomycin and K + that a recovery period 
is needed before the stimulation of glucose transport becomes evident, 
contractile activity results in an almost immediate increase in glucose 
transport that is readily measurable and additive to the effect of insulin 
during sustained contractile activity (Wallberg-Henriksson and Holloszy 
1984; Nesher et al. 1985). A likely explanation for this difference is that 
the brief increases in cytoplasmic Ca 2+ that trigger contraction are lo- 
calized to a region adjacent to the sarcoplasmic retictflum (SR) so that 
the action of the Ca 2+ released from the SR is limited to those Ca2+-ac- 
tivated enzymes that are located on, or close to, the SR, such as actomyosin 
adenosinetriphosphatase and phosphorylase kinase. Apparently the Ca 2+- 
activated enzyme that initiates the process responsible for the inhibitory 
effect of Ca 2+ on insulin-stimulated glucose transport is sufficiently distant 
from the SR that the Ca z+ concentration to which it is exposed during 
exercise does not reach the critical level. Along the same line, if the concept 
that Ca 2+ mediates the stimulation of glucose transport by exercise is 
correct, the Ca2+-binding protein responsible for activating the process 
by which exercise stimulates glucose transport must be located close to 
the SR. 

An increase in the concentration of cytosolic Ca 2+ is the signal for the 
regulation of a wide range of cellular processes (Rasmussen and Barrett 
1984). Many of the actions of Ca 2+ are mediated by activation of the Ca 2+ 
binding regulatory protein calmodulin, which binds to and activates a 
number of enzymes in a Ca/+ dependent manner (Rasmussen and Barrett 
1984; Klee et al. 1986). However, the finding that W-7, a potent calmodulin 
antagonist (Hidaka et al. 1981), stimulates glucose transport by raising 
cytosolic Ca 2+, provides evidence that stimulation of glucose transport 
by Ca 2+ in skeletal muscle does not involve a calmodulin-dependent pro- 
cess. Among the actions of Ca z+ that do not appear to involve calmodulin 
are (a) the regulation of cytoplasmic structure and coupling of the cyto- 
matrix to the plasma membrane by regulation of actin filament organiz- 
ation (Mooseker et al. 1986), (b) Ca2+-dependent proteolysis by Ca2+-de - 
pendent proteases, the calpains (DeMartino and Croall 1987; Mellgren 
1987), and (c) the stimulation of exocytosis (Knight 1986). Any one of 
these processes could possibly be responsible for initiating the events lead- 
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ing to an increase in glucose transport. However, the possibility that an 
increase in Ca 2+ acts by triggering exocytosis of glucose transporters is 
of particular interest because stimulation of glucose transport by con- 
tractions and hypoxia in striated muscle is, at least in part, due to trans- 
location of GLUT4 glucose transporters (Douen et al. 199ob; Klip and 
Paquet 199o; Cartee et al. 1991), a process in which internal glucose trans- 
porter-containing vesicles are exocytosed to the plasma membrane (Cush- 
man and Wardzala 198o; Suzuki and Kono 198o; Simpson and Cushman 
1986; James et al. 1987; Jhun et al. 1992). 

5 
GLUT4 Protein Translocation is an Exocytosis-like Process 

Morphological studies employing immunocytochemical techniques have 
shown that the intracellular GLUT4 are components of small vesicles that 
are located in the trans Golgi reticulum, scattered throughout the cytosol 
in dusters, and adjacent to the cell membrane (Slot et al. 1991a; Rodnick 
et al. 1992b). Kinetic studies using photolabeling of GLUT4 in adipocytes 
have provided evidence that GLUT4 cycles between the cytosol and the 
plasma membrane in the basal state, i.e., constitutively, and in response 
to insulin (Jhun et al. 1992; Yang and Holman 1993). During this process, 
the intracellular GLUT4 containing vesicles undergo exocytosis, moving 
to and fusing with the plasma membrane, and then eventually cycle back 
into the cell via an endocytic pathway. Insulin induces an increase in the 
number of GLUT4 at the cell surface both by stimulating exocytosis and 
decreasing the rate of endocytosis (Fig. 3; Jhun et al. 1992; Yang and Hol- 
man 1993). 

5.1 
Exocytosis 

In the process of exocytosis, secretory vesicles in the interior of the cell 
are captured by molecular motors that transport them to the cell surface 
where they fuse with the plasma membrane (Almers 199o). The vesicle 
membrane thus becomes a component of the cell membrane, and material 
contained in the vesicle diffuses out of the cell. Exocytosis functions either 
to insert new components, such as GLUT4, into the cell membrane, or to 
export material contained in the vesides. In regulated exocytosis, a cy- 
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tosolic signaling factor causes fusion of the vesicles and cell membrane, 
probably by causing conformational changes in proteins on the vesicles 
and on the cell membrane that enable fusion to occur. Agents that have 
been implicated in the triggering of exocytosis in different cell types and 
in response to various stimuli include Ca 2+, guanine nucleotides, and cyclic 
AMP (Almers 199o; Gomperts 199o). In some tissues, including neurons 
and eggs, an increase in Ca 2+ is sufficient to cause exocytosis, while in 
others it just serves as a cofactor. 

5.2 
Vesicle Membrane Proteins that may be Involved in Exocytosis 

The cycle of exocytosis followed by endocytosis that the GLUT4 containing 
vesicles undergo is reminiscent of the process that synaptic vesicles in 
nerve terminals and secretory vesicles in endocrine cells undergo during 
secretion of neurotransmitters and hormones (De Camilli and Jahn 199o; 
Sudhof and Jahn 1991; ]ahn and Sudhof 1994). A number of the membrane 
proteins of synaptic and secretory vesicles that are thought to be involved 
in exocytosis have been characterized. Some of these proteins have also 
been identified as components of the GLUT4-containing vesicles. Among 
these are the vesicle-associated membrane proteins or VAMPs also termed 
synaptobrevins (Cain et al. 1992; Ralston et al. 1994). VAMPs are located 
on the cytoplasmic surface of the vesicles, and appear to be involved in 
the docking/fusion of the vesicles with the cell membrane (Jahn and Sud- 
hof 1994). Treatment with insulin causes translocation of VAMPs to the 
plasma membrane along with the GLUT4 (Cain et al. 1992). Secretory 
carrier membrane proteins (SCAMPs), which are generally present in regu- 
lated secretory vesicles, are also found in the GLUT4 containing vesicles 
(Laurie et al. 1993; Thoidis et al. 1993). A potentially important component 
of the pathway by which insulin stimulates glucose transport is suggested 
by the finding that the nonhydrolyzable GTP analog, GTPyS, induces 
GLUT4 translocation to the same extent as insulin in permeabitized fat 
cells (Baldini et al. 1991; Robinson et al. 1992). The maximal effects of 
insulin and GTPyS are not additive (Robinson et al. 1992). It is interesting 
in this context that low molecular weight GTP-binding proteins are com- 
ponents of the GLUT4 containing vesicles (Cormont et al. 1991,1993; Etgen 
et al. 1993b). In adipocytes, the low molecular weight GTP binding protein 
associated with the GLUT4 vesicles appears to be Rab4 (Cormont et al. 
1993). It has been reported that, in adipocytes, insulin treatment results 
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in a 50% decrease in Rab4 content of the microsomal fraction that occurs 
concomitantly with the departure of the GLUT4 to the plasma membrane 
(Cormont et al. 1993). However, instead of appearing in the plasma mem- 
brane together with the GLUT4, Rab4 is redistributed to the cytosol (Cor- 
mont et al. 1993). In contrast, it has been reported that in skeletal muscle 
parallel increases in GLUT4 and low molecular weight GTP binding pro- 
teins occur in the plasma membrane in response to insulin and to muscle 
contractions (Etgen et al. 1993b) 

While the molecular mechanisms responsible for GLUT4 translocation 
are still not known, it seems probable that the above proteins, as well as 
others, that are components of the GLUT4 containing vesicles play key 
roles in the movement of GLUT4 vesicles to, and fusion with, the sarco- 
lemma in response to insulin and contractile actMty. 

6 
Factors that Determine Sensitivity and Responsiveness 
of Glucose Transport in Muscle 

The glucose transport process is usually characterized in terms of its 
sensitivity and responsiveness to insulin (Kahn 1978). Insulin sensitivity 
is generally quantified by determining the concentration of insulin re- 
quired to induce 5o% of its maximal effect on glucose transport activity. 
Insulin responsiveness of glucose transport is defined as the increase in 
glucose transport induced by a maximally effective insulin concentration. 
Insulin resistance can be due to a decrease in insulin sensitivity, a decrease 
in insulin responsiveness or a combination of the two. It is important to 
determine whether a change in insulin action is due to an alteration in 
sensitivity or in responsiveness, because the underlying mechanisms can 
be different. Factors that could be responsible for a change in insulin 
sensitivity include a) the magnitude of the GLUT4 translocating signal 
generated by a submaximal insulin concentration, b) the susceptibility of 
the GLUT4 containing vesicles to a submaximally effective insulin signal; 
for example, a change in the affinity of a GLUT4 vesicle protein for a 
product of the insulin signaling pathway that triggers the translocation 
process, or c) an change in the activity of the GLUT4 vesicle and/or plasma 
membrane docking and/or fusion proteins. 

A change in insulin sensitivity does not affect maximally insulin stimu- 
lated glucose transport. It seems logical, therefore, that the end result of 
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Fig. 7. Basal and insulin-stimulated 3-O-[3H]methylglucose (3MG) transport in rat 
epitrochlearis muscles 3.5 h after a bout of swimming. Muscles were dissected out 
immediately after exercise, and incubated for 3 h at 35°C in buffer containing 8 mM 
glucose and 32 mM mannitol, in the absence of insulin. After 3 h the muscles were 
transferred to buffer containing 2 mM pyruvate and 36 mM mannitol, with or without 
3o btU/ml insulin, and incubated at 29°C for 3o rain before measurement of 3MG 
transport. Each bar, mean _+ SE for 7-1o muscles. *, p<o.ol versus rested. (From Gao 
et al. 1994a) 

a change in insulin sensitivity is the translocation of a greater number  
(increased sensitivity) or a smaller number  (decreased sensitivity) of 
GLUT4 into the plasma membrane in response to a given submaximal 
insulin concentration, without a change in the total number  of transporters 
available for translocation by insulin action. A change in insulin respon- 
siveness of glucose transport  can be due to an increase or a decrease in 
the number  of GLUT4 available for translocation in response to a maxi- 
mally effective insulin stimulus. If the intrinsic activity of the glucose 
transporter  molecule can vary, as some studies suggest, another mech- 
anism for a change in responsiveness would be an increase or decrease 
in GLUT4 intrinsic activity. A third mechanism for a decrease in insulin 
responsiveness of glucose transport  is a reduction in the magnitude of 
the signal generated in response to a maximally effective insulin stimulus 
to such an extent that it results in translocation of fewer GLUT4 into the 
plasma membrane.  

Because there is a second pathway for stimulating glucose t ransport  
in skeletal muscle that is activated by contractions or hypoxia, it is necess- 
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ary to also characterize the sensitivity and responsiveness of the glucose 
transport process to these stimuli. This is particularly true in view of the 
evidence that what was thought to be an increase in sensitivity to insulin 
in response to exercise or to lithium is, in fact, due to an increase in 
sensitivity to stimulation via both pathways. There is also evidence that 
muscle glucose transport can be resistant to stimulation by one pathway 
but not via the other. 

6.1 
Agents that Increase the Sensitivity of Glucose Transport 

6.1.1 
Exercise 

Exercise, such as running or swimming, and stimulation of muscles to 
contract in vitro, induce an increase in glucose transport activity in skeletal 
muscle (Holloszy and Narahara 1965; Ivy and Holloszy 1981; Garetto et 
al. 1984; Nesher et al. 1985; Constable et al. 1988). This acute effect of 
muscle contractions on glucose transport is independent of the effect of 
insulin (Wallberg-Henriksson and Holtoszy 1984, 1985; Ploug et al. 1984), 
and reverses rapidly after cessation of exercise (Young et al. 1987; Gulve 
et al. 199o). Richter et al. (198z) found that, following exercise, a second 
effect that consists of a large increase in the sensitivity of glucose transport 
to insulin becomes evident. This increase in insulin sensitivity manifests 
itself after the insulin-independent effect of exercise on glucose transport 
has partially or completely reversed (Garetto et al. 1984; Wallberg-Hen- 
riksson et al. 1988). The magnitude of this effect is remarkable, with an 
insulin concentration of 3o gU/ml inducing a maximal effect on glucose 
transport in the rat epitrochlearis muscle studied 3 h after a bout of 
swimming (Fig. 7; Gao et al. 1994a); this concentration of insulin produces 
less than 5o% of the maximal effect in epitrochlearis muscles from non- 
exercised animals. 

A number of studies have provided evidence that feeding a high-car- 
bohydrate diet speeds reversal of the enhanced glucose transport after 
exercise. The possibility that carbohydrate feeding might speed reversal 
of the increase in insulin sensitivity after exercise was suggested by studies 
showing that (a) 18 h postexercise, glucose uptake measured in the absence 
of added insulin had returned to resting baseline in muscles of carbohy- 
drate-fed rats, but was still twofold above baseline in muscles of fasting 
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animals, presumably due to the effect of endogenous insulin still bound 
to muscle (Young et al. 1983, 1987), and (b) muscle glucose uptake in the 
presence of submaximally effective insulin levels was higher in rats fed 
a carbohydrate-free diet than in carbohydrate-fed rats 18 h after exercise 
(Fell et al. 1982). 

In a study designed to determine the effect of carbohydrate restriction 
on the reversal of the increase in muscle insulin sensitivity after exercise, 
Cartee et al. (1989) found that the effect of 6o ~tU/ml insulin on 3MG 
transport was approx, twofold greater in muscles studied 3 h after exercise 
than in nonexercised controls, regardless of the rats' carbohydrate intake. 
This concentration of insulin, which normally induces roughly a half- 
maximal effect on 3MG transport in epitrochlearis muscles from young 
rats, causes a maximal effect 3 h postexercise. The increase in insulin sen- 
sitivity was completely lost within 18 h in carbohydrate-fed rats, and the 
reversal of the increase in insulin sensitivity appeared to coincide with 
the increase in muscle glycogen above the usual fed level, i.e., with the 
muscle glycogen "supercompensation" that occurs in response to carbo- 
hydrate feeding after exercise (BergstrSm and Hultman 1966 ). In contrast, 
the increase in muscle insulin sensitivity was still present 48 h after exer- 
cise in animals fed a carbohydrate-free diet (Cartee et al. 1989). 

It is of interest that the increase in insulin sensitivity was still present 
in carbohydrate-fed rats 3 h postexercise, even though muscle glycogen 
had returned to the level seen in fed resting rats. This finding suggests 
that the increase in insulin sensitivity may play a role in the glycogen 
supercompensation phenomenon seen with carbohydrate feeding after 
exercise (Bergstr6m and Hultman 1966). When muscles are incubated with 
a high concentration of glucose and a low insulin concentration for 3 h 
after exercise, the exercise-induced increase in insulin sensitivity is re- 
duced by approx. 50% (Gulve et al. 199o). In contrast, incubation of muscles 
with a similarly high concentration of 2-deoxyglucose (2DG) did not alter 
insulin sensitivity, even though a large amount of 2DG entered the muscles 
and was phosphorylated (Gulve et at. 199o). As 2DG is not further meta- 
bolized to a significant extent in this time frame, this finding provides 
evidence that glucose regulates the enhancement of insulin sensitivity by 
means of a signal generated beyond the transport and phosphorylation 
steps. For a brief period after exercise there is also a significant increase 
in responsiveness of muscle glucose transport to insulin (Richter et al. 
1984; Zorzano et al. 1986b; Cartee et al. 1989). The increase in responsive- 
ness is completely prevented by feeding rats carbohydrate immediately 
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after exercise (Cartee et al. 1989) and does not occur in muscles allowed 
to recover for 3 h in vitro instead of in situ (Gulve et al. 199o). 

The increase in muscle insulin sensitivity induced by exercise is prob- 
ably one of the most important health benefits of physical activity, and 
there has been much interest in the mechanisms responsible for this adap- 
tation. Much of this interest has focused on the possibility that exercise: 
(a) increases the affinity of muscle insulin receptors for insulin, (b) in- 
creases the number of functional insulin receptors, (c) enhances the degree 
to which the tyrosine kinase activity of the insulin receptor is increased 
by a given submaximal insulin concentration, and/or (d) amplifies the 
activation of one of the insulin signaling steps beyond the insulin receptor. 
The majority of studies have shown no change in insulin binding to intact 
muscles or to sarcolemmal preparations after exercise (Horton 1983; Bonen 
et al. 1984, 1985; Zorzano et al. 1985; Treadway et al. 1989), although one 
study reported an increase (Webster et al. 1986). When the insulin binding 
step was bypassed in a study that used the insulin-mimetic agent vanadate, 
a tyrosine phosphatase inhibitor (Green 1986), it was found that stimu- 
lation of glucose transport is markedly enhanced in rat epitrochlearis 
muscles 18 h after a bout of swimming (Cartee and Holloszy 199o). This 
finding clearly shows that the increased sensitivity of muscle glucose trans- 
port to insulin is not mediated by increased binding of insulin to its 
receptor. 

The increase in sensitivity is also not due to an increase in insulin 
receptor tyrosine kinase activity. Treadway et al. (1989) have reported that 
insulin-stimulated insulin receptor autophosphorylation, as well as phos- 
phorylation of an exogenous substrate by insulin-stimulated receptor ki- 
nase, are unchanged after exercise. In a more recent study, Goodyear et 
al. (1995a) found that tyrosine phosphorylation of the insulin receptor 
and of IRS-1 in response to insulin were actually decreased by 2o% after 
exercise. They also found that insulin-stimulated activation of PI 3-kinase 
was blunted by prior exercise (Goodyear et al. 1995a). The finding that 
the increase in muscle insulin sensitivity induced by exercise is not due 
to an enhancement of the activity of the steps (that have been identified) 
in the insulin-signaling pathway for glucose transport activation is not 
too surprising, in view of the evidence that this phenomenon is not specific 
to insulin action. It has been shown that the effect of a submaximal hypoxic 
stimulus on glucose transport is greatly amplified in muscles studied 3 h 
after exercise, by which time the effect of contractions per se on glucose 
transport has worn off (Cartee and Holloszy 1990). 
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The increased sensitivity of glucose transport to stimulation by hypoxia 
following exercise provides evidence that the increase in insulin sensitivity 
is mediated by an effect of exercise on a late step that is common to the 
two pathways for stimulating glucose transport in skeletal muscle. The 
concept that the two pathways for stimulating glucose transport in muscle 
converge at a late step was suggested previously by the findings that sphin- 
gosine (Gulve and Holloszy 1993) and polymyxin B (Henriksen et al. 1989b) 
inhibit the stimulation of glucose transport both by insulin and contractile 
activity/hypoxia. Thus the persistent effect of exercise that has been 
thought of specifically as an increase in the insulin sensitivity of muscle 
appears to actually be a nonspecific increase in the susceptibility of glucose 
transport to stimulation by a variety of agents and to involve both path- 
ways for stimulating glucose transport in muscle. 

In a study to determine whether the increase in insulin sensitivity is 
due to local or systemic factors, Richter et al. (1984) stimulated the hind- 
limb muscles of rats to contract via the sciatic nerve. They found that in 
situ contractile activity resulted in the same pattern of response as tread- 
mill running, i.e., a relatively brief stimulation of insulin-independent glu- 
cose transport and a more prolonged increase in insulin sensitivity. These 
results show that the increase in the insulin sensitivity of glucose transport 
in muscle after exercise is mediated by local contraction-induced effects 
rather than by systemic factors. However, rather surprisingly, muscles that 
are washed after being dissected out and then stimulated to contract in 
vitro show no enhancement of insulin sensitivity (Cartee and Holloszy 
199o; Gao et al. 1994a). The reason for this is that an interaction between 
a serum factor and an effect of muscle contractions is necessary for de- 
velopment of the increase in the susceptibility of the glucose transport 
process in muscle to stimulation by insulin. Muscles stimulated to contract 
in vitro while immersed in rat or human serum subsequently develop an 
increase in insulin sensitivity that is similar in magnitude to that which 
occurs in response to exercise such as swimming (Gao et al. 1994a). Con- 
trary to what one might expect, the serum factor is not something that 
is produced during exercise but is present in serum obtained from seden- 
tary rats. The serum factor has not been identified, but appears to be a 
protein. 
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6.1.2 
Lithium 

The results of a study by Tabata et al. (1994) have shown that lithium 
markedly enhances the sensitivity of the glucose transport process in 
skeletal muscle to stimulation by both the insulin-activated and the exer- 
cise/hypoxia-activated pathways. The results of previous studies had sug- 
gested that the effects of lithium are insulin-mimetic (Clausen 1968; Hau- 
gaard et al. 1974; Cheng et al. 1983; Rossetti 1989). Lithium does appear 
to be as effective as insulin in activating glycogen synthase in skeletal 
muscle (Haugaard et al. 1974); however, the insulinlike effect of lithium 
on glucose transport activity is small in muscle, with an increase in 3MG 
transport in response to lO mM lithium that is only lO% as great as that 
induced by a maximal insulin stimulus (Tabata et al. 1994). 

The effects of lithium on the regulation of glucose metabolism are strik- 
ingly similar to those seen following a bout of exercise. As with exercise, 
lithium induces not only a large increase in insulin sensitivity but also a 
significant increase in insulin responsiveness (Tabata et al. 1994). Also as 
with exercise, lithium increases the sensitivity of the glucose transport 
process to stimulation via the muscle contraction/hypoxia-activated path- 
way. Glycogen synthase is activated in skeletal muscle following exercise 
(Bergstrtm et al. 1972; Conlee et al. 1978) and is similarly increased by 
lithium (Horn et al. 1973; Haugaard et al. 1974). The synthesis of glycogen 
is markedly enhanced in skeletal muscle after exercise, resulting in the 
glycogen "supercompensation" phenomenon (Bergstr6m and Hultman 
1966; Conlee et al. 1978). Lithium also greatly enhances glycogen synthesis 
(Haugaard et al. 1974). As is the case for exercise, the mechanism by which 
lithium enhances the sensitivity of the glucose transport process to stimu- 
lation is still not known. However, the finding that the susceptibility of 
the glucose transport system in skeletal muscle to stimulation by sub- 
maximally effective hypoxia or contractile activity is increased by treat- 
ment with lithium provides evidence that a distal step common to the 
insulin and contraction/hypoxia-mediated pathways is involved. 

6.1.3 
Catecholamines 

Lupien et al. (199o) infused norepinephrine (NE) into young rats over a 
lO day period. Insulin sensitivity was evaluated using a multistage eu- 
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glycemic-hyperinsulinemic clamp. They found that at submaximal plasma 
insulin concentrations, glucose disposal rate was approx. 60% higher in 
NE-treated than in control animals, while at a maximally effective insulin 
concentration glucose disposal was about 13% higher in the NE group. 
The increase in insulin sensitivity was lost within 36 h after cessation of 
the NE infusion. The effect of catecholamines on muscle insulin sensitivity 
does not depend on prolonged treatment, as Nolte et al. (1994) found that 
muscles of rats that had been given an injection of epinephrine showed 
a significant increase in insulin sensitivity. The epinephrine injection re- 
sulted in a moderate (approx. 4o%) decrease in muscle glycogen concen- 
tration. Muscles were taken z h after the epinephrine injection and incu- 
bated in vitro in the absence of epinephrine for 60 min before being 
exposed to insulin. The increase in insulin sensitivity following epine- 
phrine injection was roughly 50% as great as that normally seen following 
a bout of exercise. At this time, there is no information regarding the 
mechanisms responsible for the catecholamine-induced increase in insulin 
sensitivity. 

6.1.4 
Fasting 

Goodman and Ruderman (1979) found that fasting rats for 48 h markedly 
enhances insulin action on glucose transport in skeletal muscle. In ex- 
periments using the perfused rat hindquarter preparation, they found that 
glucose uptake was higher at submaximally, but not at maximally, effective 
insulin concentrations. This finding led them to conclude that insulin sen- 
sitivity was enhanced. However, in an experiment in which glucose uptake 
was measured in isolated soleus and extensor digitorum longus muscles 
in vitro, the increase in glucose uptake induced by a maximally effective 
insulin concentration was clearly higher in the fasting group (Goodman 
and Ruderman 1979). Similarly, LeMarchand-Brustel and Freychet (1979) 
found that 2DG transport was higher at a maximally effective insulin 
concentration in soleus muscles of mice fasted 48 h than in those of fed 
control mice. Thus, although it is generally stated that fasting increases 
muscle insulin sensitivity, it appears from the experiments performed on 
musdes incubated in vitro that insulin responsiveness is also increased. 
The reason for this detailed evaluation of these old studies is that two 
more recent studies have shown that fasting induces a large increase in 
GLUT4 protein concentration in skeletal muscle of rats (Bourey et al. 199o; 
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Charron and Kahn 199o). Skeletal muscle glucose transport activity was 
not measured in these studies. However, as reviewed in detail in the next 
section, other studies have shown a close correlation between muscle 
GLUT4 content and maximally stimulated glucose transport actMty. One 
would, therefore, expect fasting to induce an increase in insulin respon- 
siveness. Further studies are needed to clarify the effects of fasting on 
skeletal muscle glucose transport, particularly the relationship between 
GLUT4 protein content and maximally insulin-stimulated and contrac- 
tion-stimulated glucose transport. 

6.2 
Role of GLUT4 Content in Determining Responsiveness 
of Glucose Transport 

When the signaling pathways that mediate the stimulation of glucose 
transport by insulin and by exercise are intact, the primary factor that 
determines a muscle's maximally stimulated glucose transport capacity 
appears to be its content of GLUT4. 

6.2.1 
Comparison of Different Muscles 

There are large differences among skeletal muscle fiber types in their 
content of GLUT4 protein (James et al. 1989; Henriksen et al. 199o; Kern 
et al. 199o; Marette et al. 199z; Megeney et al. 1993; Kong et al. 1994). Fig. 8 
compares the GLUT4 protein concentrations in four rat muscles (Hen- 
riksen et al. 199o). These muscles were chosen because they are suitable 
for measurement of glucose transport in vitro, and because they represent 
a wide range of muscle fiber type compositions: epitrochlearis, 11% type 
I, az% type IIa, and 77% type IIb (Rodnick et al. 199za); soleus, 84% type 
I, and 16% type IIa (Ariano et al. 1973); extensor digitorum longus (EDL), 
3% type I, 57% type IIa, and 4o% type IIb (Ariano et al. 1973); and flexor 
digitorum brevis (FDB), 7% type I, 92% type IIa and 1% type IIb (Carlsen 
et al. 1985). For those not familiar with this muscle fiber type terminology, 
type I fibers are slow contracting and have a high oxidative capacity, the 
type IIa fibers are fast contracting and the majority of them have both 
high oxidative and high glycolytic capacities, while the type IIb fibers are 
fast contracting and the majority have a high glycolytic capacity and a 
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Fig. 8a,b. Glucose transporter (GLUT4) protein content in epitrochlearis (EP), soleus 
(S), extensor digitorum longus (EDL), and flexor digitorum brevis (FDB) muscles. 
a Protein (loo ~g) from each muscle was analyzed by SDS-polyacrylamide gel elec- 
trophoresis followed by immunoblotting with a polyclonal antiserum (R82o) against 
GLUT4 protein. Immunolabeled bands were then visualized with 125I-labeled protein 
A. b Bands from 5-6 individual immunoblots were counted for radioactivity. Each 
bar represents the mean +_ SE. (From Henriksen et al. 199o) 
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low oxidative capacity. For a detailed review of muscle fiber types see 
Pette and Staron (199o). 

As shown in Fig. 8, the FDB, which contains predominantly type IIa 
fibers, has the highest content of GLUT4; the soleus, which contains pre- 
dominantly type I fibers, has the next highest GLUT4 content followed 
by the EDL; while the epitrochlearis, which consists predominantly of 
type IIb fibers, has the lowest GLUT4 content. The FDB is not a typical 
type IIa muscle in that it has a considerably lower respiratory capacity 
than other fast red muscles. However, Megeny et al. (1993), who compared 
the GLUT4 content of various rat hindlimb muscles, found that the red 
portion of the gastrocnemius, which contains primarily type IIa fibers 
(68% type IIa, 21% type I), had the highest content of GLUT4, the soleus 
had the next highest and the white portion of the gastrocnemius, which 
contains almost entirely type IIb fibers had the lowest content of GLUT4. 
Generally, the GLUT4 content of muscles parallel their respiratory capacity, 
i.e., content of mitochondria, and also their hexokinase activity, although 
there are exceptions. 

As shown in Figs. 9 and lo, there was an almost perfect correlation 
between muscle GLUT4 content and 2DG transport stimulated maximally 
by both insulin and contractile activity, providing evidence that, in the 
absence of insulin resistance, maximal glucose transport activity is deter- 
mined by GLUT4 content. On the other hand, responsiveness to insulin 
is not as well correlated with muscle GLUT4 content. The maximally in- 
sulin stimulated 2DG transport rate was higher in the soleus than in the 
FDB, even though GLUT4 content was higher in the FDB. On the other 
hand, contractile activity induced a threefold greater stimulation of glu- 
cose transport activity in the FDB than in the soleus, and a similar increase 
in the EDL as in the soleus (Fig. 9), even though the EDL has a considerably 
lower GLUT4 content. Of particular interest are the findings that, although 
maximally insulin-stimulated and maximally contraction-stimulated glu- 
cose transport activities are similar in the epitrochtearis and the EDL, 
sugar transport stimulated maximally by insulin was more than twofold 
greater than contraction stimulated transport in the soleus. In contrast, 
the maximal effect of contractions on glucose transport activity was 2.5- 
fold greater than that of insulin in the FDB (Fig. 9). 

As discussed above, it has been hypothesized that there are two separate 
pools of GLUT4 in muscle, with one pool being available for translocation 
by the action of insulin but not contractions, while the other is translocated 
in response to contractions but not insulin (Douen et al. 199ob; Henriksen 
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Fig. 9. Effects of insulin, contractions, or insulin and contractions in combination on 
z-deoxy-[3H] glucose (2DG) uptake in epitrochlearis, soleus, extensor digitorum longus 
(EDL), and flexor digitorum brevis (FDB) muscles. Muscles were initially incubated 
at 35°C for 60 min in Krebs-Henseleit bicarbonate buffer containing 8 mM glucose 
and 32 mM mannitol before being treated with or without insulin for 30 rain. Muscles 
were then either washed immediately for 1o rain at 29°C in glucose-free medium 
containing 40 mM mannitol and insulin, if present previously; or were first stimulated 
electrically to contract before subsequent incubations. Glucose transport activity was 
then assessed by measuring the intracellular accumulation of 2DG at 29°C for 20 rain. 
Values are means + SE for 6-12 muscles/group. (From Henriksen etal .  199o) 

et al. 199o; Gao et al. 1994b). The differences in response of the soleus 
and FDB to insulin and contractions (Fig. 9) could be explained in terms 
of this hypothesis if the relative sizes of these pools are different, with a 
large insulin-regulatable, and a small contraction-regulatable, pool of 
GLUT4 in the soleus, and with the reverse situation in the FDB. An al- 
ternative possibility is that there is a single pool of glucose transporters, 
with differential recruitment in response to insulin or contractile activity 
in various muscles as a result of differences in the magnitudes of the 
signals generated. 
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6.2.2 
Role of Physical Activity in Determining GLUT4 Concentration 
and Glucose Transport Capacity in Muscle 

149 

Endurance exercise results in a remarkable adaptive increase in the ca- 
pacity of skeletal muscle to oxidize carbohydrate (Holloszy 1967) and fat 
(Mol~ et al. 1971 ) as the result of a proliferation of mitochrondria (Holloszy 
and Booth 1976; Holloszy and Coyle 1984). Exercise-training also induces 
an increase in muscle hexokinase activity (Holloszy and Booth 1976). In 
view of the finding that GLUT4, mitochondrial proteins, and hexokinase 
generally vary in parallel in skeletal muscles, it seemed probable that en- 
durance exercise training might also induce an increase in muscle GLUT4 
content. Studies on normal rats (Rodnick et al. 199o, 199za; Ploug et al. 
199o; Goodyear et al. 1992; Slentz et al. 1992; Ren et al. 1994), as well as 
on obese Zucker rats (Friedman et al. 199o; Brozinick et al. 1993; Torgan 
et al. 1995), old, fat rats (Ezaki et al. 1992), young healthy humans (Dela 
et al. 1993), previously sedentary middle-aged men (Houmard et al. 1993), 
and patients with impaired glucose tolerance (Hughes et al. 1993) or non 
insulin dependent diabetes (Dela et al. 1994) have demonstrated that exer- 
cise training does indeed induce an increase in muscle GLUT4. In contrast 
to GLUT4, there is no significant change in GLUT1 concentration in skele- 
tal muscle in response to exercise training (Rodnick et al. 1992a). In both 
the epitrochlearis (Rodnick et al. 1992a; Ren et al. 1994) and the split 
soleus preparation (Slentz et al. 1992) glucose transport activity, stimulated 
maximally with insulin and/or contractions, is increased roughly in pro- 
portion to the increase in GLUT4. 

There is considerable confusion in the literature regarding the adap- 
tation of GLUT4 protein and glucose transport activity in rat soleus muscle 
to endurance exercise training. In a study in which rats were exercised 
by means of running in voluntary running wheels (Rodnick et al. 1992a), 

4 
Fig. loA-C. Relationship between stimulated glucose transport and GLUT4 protein 
content in epitrochlearis, soleus, extensor digitorum longus, and flexor digitorum 
brevis muscles. Data shown in Figs. 8 and 9 for each muscle were analyzed using 
linear regression to determine the correlation between mean values for GIMT4 protein 
content and 2DG uptake stimulated by insulin alone (A), contractions alone (B), and 
insulin and contractions in combination (C). Regression equations and correlation 
coefficients: A y=91ox+86, r=o.72o; B y=59x+537, r=o.95o; C y=551x-74, r-=-o.992. (From 
Henriksen et al. 1990 ). 
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the exercise induced increases in GLUT4 concentration and maximally 
insulin stimulated glucose transport (expressed per ml intracellular water) 
in the epitrochlearis but not in the soleus. However, the wheel running 
induced hypertrophy of the soleus and, as a result, both GLUT4 content 
and the maximal rate of 2DG transport expressed per total soleus muscle 
mass were significantly increased (Rodnick et at. 1992a). In a subsequent 
study performed by Slentz et al. (1992) in which rats were trained either 
by treadmill running or swimming, which, in contrast to wheel running, 
do not result in hypertrophy of the soleus, both GLUT4 concentration 
and maximally insulin-stimulated 2DG transport were significantly in- 
creased in the trained soleus muscles. Ploug et al. (199o) measured 3MG 
uptake in perfused hindquarters of rats kept sedentary or trained by 
swimming. They found that maximally insulin-stimulated 3MG uptake 
was increased in the red portion of the gastrocenius but not in the soleus, 
while contraction-stimulated 3MG uptake was increased in the soteus but 
not in the red gastrocnemius. Brozinick et al. (1993), working with obese 
Zucker rats, also found, using the perfused hindquarter preparation, that 
contraction-stimulated 2DG uptake was increased in trained soleus 
muscles while insulin stimulated 2DG uptake was not increased. These 
findings are in conflict with those of an earlier study by James et al. (1985) 
in which treadmill training enhanced the effects of insulin on the uptake 
of a bolus injection of 2DG by the soleus during a euglycemic clamp. 
They also disagree with the findings of Slentz et al. (1992) in the split 
soleus in vitro. 

Although it is now well established that the increase in muscle GLUT4 
induced by exercise training is associated with an increase in maximal 
capacity for glucose transport, a number of studies have shown no increase 
in maximally insulin-stimulated sugar uptake by perfused hindlimb 
muscles of trained rats when measured 48 h after the last exercise bout 
(b3¢ et al. 1983; Idstr6m et al. 1986; Etgen et al. 1993a). This finding is still 
unexplained, but may be related to the decrease in insulin responsiveness 
associated with "glucose toxicity" and glycogen supercompensafion. Gly- 
cogen supercompensation is the increase in muscle glycogen concentration 
to above the usual fed level that occurs in response to carbohydrate feeding 
after glycogen depleting exercise (Bergstr6m and Hultman 1966). When 
glucose floods into muscle and muscle glycogen supercompensation oc- 
curs, there is a decrease in insulin-stimulated glucose transport activity 
(Fell et al. 1982; Richter et al. 1988b). The mechanism responsible for this 
decrease in insulin action has not been established, but it could be medi- 
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ated by "glucose toxicity" through accumulation of glucosamine (Marshall 
1989; Marshall et al. 1991a), a phenomenon reviewed in the section on 
insulin resistance. 

With one exception, the studies of the effects of exercise on muscle 
GLUT4 concentrations have involved prolonged exercise training, usually 
consisting of 6- to 12-week-long programs of running or swimming. Long 
training periods were used in these studies because of the general belief 
that skeletal muscle adapts to exercise relatively slowly. However, to provide 
a survival advantage, an adaptation must occur sufficiently rapidly to en- 
hance the organism's capability to respond to the environmental stimulus 
to which it is adapting. Ren et aI. (1994), therefore, performed a study to 
test the hypothesis that the adaptive increase in GLUT4 occurs rapidly in 
response to an adequate adaptive stimulus. Rats were exercised by means 
of swimming for two 3-h long periods separated by a 45 min rest period. 
As shown in Fig. 11, 16 h after the exercise, GLUT4 mRNA was increased 
twofold and GLUT4 protein was increased 5o% in epitrochlearis muscles 
(Ren et al. 1994). After a second day of the same exercise protocol, GLUT4 
protein was increased twofold without a further significant increase in 
GLUT4 mRNA. Glucose transport activity stimulated maximally with in- 
sulin was increased in proportion to the increase in GLUT4 after 1 and 
2 days of exercise (Fig. ~2). There was also a twofold increase in muscle 
hexokinase activity in response to two days of exercise. In addition, glucose 
transport activity stimulated maximally by contractions alone and in com- 
bination with insulin was also increased approx, twofold after 2 days of 
the swimming program (Fig. 13), roughly in proportion to the increase 
in muscle GLUT4 protein. Treatment with a maximally effective insulin 
concentration resulted in a twofold greater increase in GLUT4 in the 
plasma membrane in the 2-day swimmers' muscles than in control muscles. 
In muscles incubated with glucose plus insulin, the rate of glycogen ac- 
cumulation was twice as great in muscles of the 2-day swimmers as in 
muscles from sedentary rats. Availability of muscle glycogen is essential 
for performance of strenuous, prolonged exercise. Raising muscle glycogen 
improves the ability to perform prolonged, vigorous exercise, while a low 
muscle glycogen content results in more rapid fatigue development (Berg- 
str6m et al. 1967; Karlsson and Saltin 1971). The rapid increase in muscle 
GLUT4 could provide a survival advantage to an animal suddenly faced 
with the necessity for a sustained increase in activity (for example, invasion 
of its territory by predators), by making possible more rapid muscle gly- 
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Fig. lzA,B. Effects of 1 and 2 days of swimming on expression of GLUT4 mRNA and 
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Fig. 12. Stimulation of 3-O-[3H]methylglucose (3MG) transport by insulin in epitroch- 
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32 mM mannitol with or without 2 mU/ml insulin for 3o min at 35°C. The muscles 
were then rinsed at 29°C for lo min in glucose-free medium containing 40 mM man- 
nitol and 2 mU/ml insulin. The rate of 3MG transport was then measured at 29°C 
for lo rain. Each bar, mean + SE for 5-8 muscles. *, p<o.ool (1- and 2-day swimmers 
versus nonexercised controls); +, p<o.o5 (2-day swimmers versus 1-day swimmers). 
(From Ren et al. 1994) 

cogen  r e p l e n i s h m e n t  when  c a r b o h y d r a t e  is ea ten be tw e e n  exercise  b o u t s  

o r  even d u r i n g  c o n t i n u e d  lower  in tens i ty  exercise  (Cons tab le  et al. 1984). 

Fig. nA,B. Continue. B Muscle homogenates containing 50 gg of protein were sub- 
jected to SDS-polyacrylamide gel electrophoresis and then immunoblotted with a 
polyctonal antibody against GLUT4. Representative autoradiograms of immunoblots 
of GLUT4 are shown. Each bar, mean _+ SE for muscles from six rats. *, p<o.o5 (control 
versus swimmers). (From Ren et al. 1994) 
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Fig. 13. Stimulation of z-deoxy-[3H]glucose (2DG) uptake by contractions and con- 
tractions plus insulin in epitrochlearis muscles of z-day swimmers and control rats. 
Muscles were incubated in medium containing 8 mM glucose and 3z mM mannitol 
in the presence or absence of z mU/ml insulin at 35°C, stimulated to contract for 
lo rain, and then incubated for zo rain in the same medium. Next the muscles were 
rinsed for lo rain in glucose-free medium containing 4o mM mannitol and 2 mU/ml 
insulin, if it was present in the preceding incubation, to remove glucose from the 
extracellular space. The rate of 2DG uptake was then measured for zo min. Each bar, 
mean +_ SE for 6 or 7 muscles.*, p<o.o5 (control versus z-day swimmers); + p<o.m(con- 
troi versus z-day swimmers). (From Ren et al. 1994) 

6.2.3 
Chronic Electrical Stimulation 

Muscles that are stimulated continuously via the nerve by means of im- 
planted electrodes undergo a remarkable  biochemical and anatomical 

t ransformat ion (Pette et al. 1973; Pette et al. 1975, 1976; Pette and Tyler 
1983; Henriksson et al. 1986; Weber and Pette 199o). In studies of  this 
phenomenon,  the muscles have generally been stimulated at the firing 
frequency of nerves that innervate slow-twitch muscles. Some of the bio- 
chemical adaptat ions to chronic low-frequency electrical stimulation are 
similar to those induced by  endurance exercise, including increases in 
mitochondrial  enzymes and hexokinase, and decreases in the enzymes 
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of the glycogenolytic pathway. However, the magnitudes of the changes 
elicited by chronic stimulation are much greater than those induced by 
exercise. In addition, chronic electrical stimulation causes an extensive 
conversion of fast- to slow-twitch fibers and a decrease in muscle fiber 
size. For a detailed review see (Pette and Vrbov~i 1992). The effect of chronic 
electrical stimulation on muscle GLUT4 content has been investigated in 
two laboratories (Hofmann and Pette 1994; Kong et al. 1994). Hofmann 
and Pette (1994) found that no change in total GLUT4 protein occurred 
during the first three days of stimulation. However, by the fifth day, GLUT4 
protein concentration had increased more than twofold, without further 
change over an additional 9 day period. The increase in GLUT4 protein 
was preceded by an increase in GLUT4 mRNA. Interestingly, the increase 
in hexokinase activity preceded the increase in GLUT4, being evident after 
only a few hours of stimulation. Kong et al. (1994) also examined the 
effects of chronic electrical stimulation on muscle hexokinase and GLUT4 
levels. Although their experimental protocol was apparently the same as 
that of Hoffman and Pette (1994), the findings were somewhat different 
in that they found a 2.5-fold increase in GLUT4 after only one day of 
stimulation, and a 14-fold increase after 21 days of stimulation; they also 
found that GLUT4 protein and hexokinase activity changed roughly in 
parallel. These differences are likely due to a species difference, as Kong 
et al. (1994) studied rabbit muscle, while Hofmann and Pette (1994) studied 
rat muscle. 

6.2.4 
Hyperthyroidism 

Thyrotoxicosis is another inducer of an increase in muscle GLUT4 con- 
centration (Casla et al. 199o; Weinstein et al. 1994). In a study using the 
perfused rat hindquarter preparation Casla et al. (199o) found that basal, 
but not maximally insulin stimulated, glucose transport was increased in 
muscles of thyrotoxic animals. This somewhat surprising finding is, to 
our knowledge, the only instance in which an increase in muscle GLUT4 
was not associated with an increase in the responsiveness of glucose trans- 
port to insulin. In contrast, Weinstein et al. (1994), who measured maxi- 
mally insulin-stimulated 2DG transport in split soleus and extensor digi- 
torum longus muscles from thyrotoxic and control muscles in vitro, found 
that insulin responsiveness was increased in proportion to the increase 
in GLUT4. 
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6.2.5 
Muscle Creatine Depletion 
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The creatine analog ~-guanidinopropionic acid ([3-GPA) competitively in- 
hibits creatine uptake in skeletal muscle (Fitch et al. 1974). Rats fed ~-GPA 
accumulate ~-GPA-P instead of phosphocreatine (PC) in their skeletal 
musdes, and PC falls to a very low level (Fitch et al. 1974; Fitch et al. 
1975). ~-GPA-P is a poor substrate for creatine kinase and, as the result 
of a shift in the equilibrium of the reaction catalyzed by creatine kinase, 
ATP concentration also decreases. This alteration in the concentrations 
of the high-energy phosphates results in changes in the enzyme pattern 
in skeletal muscle. These changes resemble, in a number of respects, those 
that occur in response to exercise, with increases in the levels of the mi- 
tochondrial enzymes and hexokinase, and decreases in the enzymes of 
the glycogenolytic pathway (Shoubridge et al. 1985). To further evaluate 
the possibility that GLUT4, hexokinase, and key mitochondrial enzymes 
may be regulated in concert under some conditions, Ren et al. (1993c) 
examined the effect of feeding ~-GPA on the expression of GLUT4 in rat 
skeletal muscle. GLUT4 protein concentration, cytochrome c concentra- 
tion, citrate synthase activity and hexokinase activity were all increased 
40%-5o% in muscles of rats ~-GPA for 6 weeks. 3MG transport maximally 
stimulated by insulin was increased in parallel with GLUT4 concentration 
in epitrochlearis muscles of ~-GPA fed rats, providing additional evidence 
that the GLUT4 content of a muscle determines its maximal glucose trans- 
port activity when the signaling pathways for activation of glucose trans- 
port are intact. 

7 
Insights from Studies on Transgenic Mice 

Both GLUT1 and GLUT4 have been overexpressed in skeletal muscle in 
mice. These studies have been reviewed in detail by Mueckler (1995). In 
the studies involving GLUT1, the muscle-specific rat myosin light chain 
2 promoter was used to drive transcription of the human GLUT1 cDNA 
transgene (Marshall et al. 1993). There was a large overexpression of GLUT 1 
in skeletal muscles; the exact fold increase could not be determined be- 
cause the concentration of GLUT1 in muscles of normal mice is too low 
to quantify accurately (Ren et al. 1993a; Marshall et al. 1993). Basal glucose 
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transport activity measured using 3MG or 2DG was increased approx. 
sevenfold in epitrochlearis and extensor digitorum longus muscles from 
the GLUT 1 transgenic mice. There was a massive accumulation of glycogen 
in the muscles of the GLUT1 transgenic mice to values tenfold higher 
than those normally found in fed nontransgenic animals (Ren et al. 1993a). 
This enormous increase in muscle glycogen occurred even though the 
active I form of glycogen synthase was only 50% as high as in control 
muscles, and phosphorylase activity was unchanged. There was also no 
change in the concentration of glucose-6-P. 

These data clearly show that glucose transport is rate limiting for gly- 
cogen synthesis in the muscle of wild type mice and that the sevenfold 
increase in basal glucose transport in the muscles of the GLUT1 transgenic 
mice was responsible for the huge increase in glycogen accumulation. The 
concentration of free intracellular glucose in muscle of the GLUT1 trans- 
genic mice was similar to that in the interstitial fluid. Normally there is 
no free glucose detectable in skeletal muscle, so this finding indicates that 
the sevenfold increase in basal glucose transport activity resulted in suf- 
ficiently rapid entry of glucose to saturate hexokinase and cause equili- 
bration of free glucose across the plasma membrane. The enormous ac- 
cumulation of glycogen in the GLUT1 transgenic muscles provides evi- 
dence that transport normally limits the rate of glycogen synthesis in 
muscle and that the capacity for glycogen synthesis in the basal state 
greatly exceeds the rate of glucose transport. Intracellular lactate concen- 
tration was increased about twofold, suggesting that transport is also nor- 
mally rate limiting for glycolysis in vivo. 

As might be expected, the GLUT1 mice have an enhanced ability to 
dispose of an oral glucose load and tend to have lower plasma glucose 
levels than their nontransgenic littermates (Marshall et al. 1993). The 
GLUT 1 transgenic muscles are completely resistant to the action of a maxi- 
mally effective insulin concentration on glucose transport activity (Gulve 
et al. 1994). The muscles of the GLUT1 transgenic mice are also resistant 
to the stimulation of glucose transport activity by hypoxia and contractile 
activity. This profound resistance to stimulation of glucose transport in 
the GLUT1 transgenic muscle is still unexplained. One possibility relates 
to the rapid glucose uptake and massive glycogen accumulation, which 
could result in the glucose toxicity phenomenon, possibly mediated by 
accumulation of glucosamine, as reviewed in the section on insulin re- 
sistance. 
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Olson et al. (1993) have used a human minigene construct to overexpress 
GLUT4 in skeletal muscle, heart and adipose tissue. The GLUT4 transgenic 
mice have blood glucose levels that are lower than those of normal mice 
and also have an enhanced ability to dispose of an oral glucose load. 
Soleus, epitrochlearis and extensor digitorum longus muscles isolated 
from the GLUT4 transgenic mice showed two- to fourfold increases in 
GLUT4 protein concentration (Hansen et al. 1995b ). Basal 2DG transport 
measured in these muscles in vitro was increased in the range of 2o%-5o%, 
likely due to some mistargeting of GLUT4 to the plasma membrane in 
unstimulated cells. It is interesting that, although maximally insulin stimu- 
lated 2DG transport was increased roughly twofold (Hansen et al. 1995b), 
the increase was not proportional to the 3.5- to 4-fold increase in GLUT4 
expression in either the EDL or the epitrochlearis muscles. A possible 
explanation for this discrepancy is that other proteins that are normally 
coregulated with GLUT4 and are involved in the translocation process 
may also have to increase in order for translocation to occur in proportion 
to the increase in GLUT4. 

The GLUT4 transgenic mice dearly have much lower rates of muscle 
glucose uptake in vivo than do the GLUT1 transgenic mice. This is evi- 
denced by dramatic increases in muscle free glucose and in muscle gly- 
cogen in the GLUT1 mice (Ren et aI. 1993a), but not in the GLUT4 mice. 
The latter show no increase in free intracellular glucose and only about 
a 20% increase in muscle glycogen level (Hansen et al. 1995b). This dif- 
ference is, no doubt, due to the sevenfold increase in basal glucose trans- 
port rate in the GLUT1 mice as opposed to only a 2o%-5o% increase in 
basal glucose transport rate in the GLUT4 mice. Most of the GLUT4 trans- 
porters are located intracellularly in the basal state, whereas in the GLUT1 
mice nearly all of the GLUT1 transporters are located in the plasma mem- 
brane. Taken together, the findings in mice overexpressing the GLUT1 
and the GLUT4 glucose transporters provide support for the view that 
GLUT1 is responsible for most of the basal glucose transport, and that 
insulin- and contraction-stimulated glucose transport in skeletal muscle 
are mediated by GLUT4. 
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8 
Skeletal Muscle Insulin Resistance 

8.1 
Insulin Deficiency, Muscle GLUT4 Content and Insulin Resistance 

Except for an early study by LeMarchand-Brustel and Freychet (1979), 
who reported that soleus muscles of mice made insulin-deficient by means 
of streptozotocin (STZ) injection had normal insulin responsiveness and 
increased insulin sensitivity, there has been general agreement that STZ- 
induced insulin deficiency causes severe insulin resistance of muscle glu- 
cose transport due to a decrease in responsiveness (Wallberg-Henriksson 
and Holloszy 1985; Klip et al. 199o; Kahn et al. 1991; Richardson et al. 1991; 
Youn et al. 1994b; Napoli et al. 1995). There is also general agreement that 
insulin deficiency results in a decrease in muscle GLUT4 protein concen- 
tration (Garvey et al. 1989; Bourey et al. 199o; Klip et al. 199o; Kahn et 
al. 1991; Richardson et al. 1991; Youn et al. 1994b; Napoli et al. 1995). However, 
there is a remarkable degree of disagreement regarding the time courses 
and magnitudes of these changes. At one extreme, Richardson et al. (1991) 
reported that maximally insulin-stimulated muscle glucose transport ac- 
tivity was decreased by approx. 80% within 24 h after STZ injection. At 
the other extreme, Youn et al. (1994b) reported that there was no decrease 
in insulin-stimulated glucose uptake by rat muscles until the 8th day after 
STZ injection when an approx. 4o% reduction was detected. Napoli et al. 
(1995) also found no decrease in insulin-stimulated glucose transport until 
some time between day 5 and day lO after STZ injection and actually 
found an increase in transport 24 h after STZ injection; this is in contrast 
to Richardson et al. (1991), who found almost complete inhibition of in- 
sulin-stimulated glucose transport within 24 h. In a study in which 3MG 
transport was measured in isolated epitrochlearis muscles in vitro, maxi- 
mally insulin-stimulated glucose transport activity was decreased 63% 
three days after STZ injection (Wallberg-Henriksson and Holloszy 1985). 
This was the only study of this phenomenon in which a sufficiently high 
dose of STZ was used to result in a plasma insulin level that was too low 
to measure. In this study, the effect of insulin deficiency on the contrac- 
tion-activated pathway of glucose transport stimulation was also exam- 
ined; maximally contraction-stimulated transport was decreased 53%, i.e., 
roughly to the same extent as insulin-stimulated transport, 3 days after 
STZ injection (Wallberg-Henriksson and Holloszy 1985). 
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The decrease in GLUT4 protein concentration in striated muscle that 
occurs with insulin deficiency appears to be due to a decrease in GLUT4 
transcription (Garvey et al. 1989; Neufer et al. 1993). In most of the studies 
on the effect of insulin deficiency on GLUT4, the concentration of this 
protein was decreased in the range of 4o%-6o%, 5-1o days after STZ 
injection, although there was considerable variability. For example, Kahn 
et al. (1991) found no change in GLUT4 seven days after STZ and a large 
decrease after 14 days; Youn et al. (1994b) found no change in GLUT4 in 
the soleus, and 20%-30% decreases in the epitrochlearis and extensor 
digitorum longus 14 days after STZ injection; while Richardson et al. (1991) 
detected a significant decrease in muscle GLUT4 by the fourth day, and 
an approx. 50% decline by the seventh day after STZ, with the largest 
decline occurring in the soleus. The differences in the magnitudes of the 
responses between studies might be due to variability in the degree of 
insulin deficiency; however, the differences in time course and muscle 
involvement are puzzling. 

In the time course studies, development of insulin resistance began 
earlier than the decline in GLUT4 concentration; also, the magnitude of 
the insulin resistance that developed was generally greater than could be 
explained by the reduction in GLUT4 concentration (Richardson et al. 
1991; Kahn et aI. 1991). This greater effect on transport than on GLUT4 
does not appear to be due to a defect in the insulin signaling pathway, 
as Folii et al. (1993) found that insulin-stimulated IRS-1 phosphorylation 
was increased 5o%, and IRS-l-associated PI 3-kinase activity was increased 
twofold compared to normal controls. Instead, the defect appears to be 
due to a decrease in the proportion of GLUT4 incorporated into the plasma 
membrane (Klip et al. 199o; Napoli et at. 1995). These findings seem in 
keeping with the evidence that insulin-stimulated and contraction-stimu- 
lated glucose transport are similarly impaired (Wallberg-Henriksson and 
Holloszy 1985). Noninsulin dependent diabetes is generally not associated 
with a decrease in GLUT4 in skeletal muscle (Pedersen et al. 199o; Hand- 
berg et al. 199o; Andersen et al. 1993), and it seems likely therefore that 
the decrease in muscle GLUT4 is due to insulin deficiency per se, rather 
than to the associated hyperglycemia. On the other hand, it seems likely 
that the component of the decrease in responsiveness of glucose transport 
to insulin and contractions that can not be explained by the decrease in 
GLUT4 is mediated by the effect of the hyperglycemia associated with 
the insulin deficiency (Dimitrakoudis et al. 1992; Napoli et al. 1995). 
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8.2 
Denervation/Immobilization 

Denervation of skeletal muscle rapidly induces insulin resistance of glu- 
cose transport. Profound reductions in insulin-stimulated glucose uptake 
have been observed as early as 24 h following denervation (Buse and 
Buse 1959; Burant et al. 1984; Turinsky 1987; Henriksen et al. 1991; Coderre 
et al. 1992), although several groups have reported that a defect in sugar 
transport is not detectable until 2-3 days after denervation (Forsayeth 
and Gould 1982; Smith and Lawrence 1984; Davis and Karl 1988). Stimu- 
lation of muscle glycogen synthesis (Burant et al. 1984; Smith and Lawrence 
1984; Davis and Karl 1988) and activation of glycogen synthase (Burant 
et al. 1984; Smith and Lawrence 1984) by insulin are also impaired within 
24 h of denervation. Both the sensitivity and responsiveness of glucose 
transport and glycogen synthesis to activation by insulin appear to be 
reduced by denervation (Forsayeth and Gould 1982; Burant et al. 1984). 

The time of onset and the severity of insulin resistance following dever- 
vation may be dependent on muscle fiber type. Studies in the denervated 
rat hindlimb preparation by Turinsky (1987) and Megeney et al. (1993, 
1994) suggest that, in general, reductions in insulin stimulated glucose 
transport are greater and are detected earlier in muscles containing a 
high proportion of type I and type IIa compared to muscles consisting 
primarily of type IIb fibers. Several different findings indicate that the 
impairment in insulin action following muscle denervation is mediated 
by a postreceptor defect. Rat skeletal muscle insulin binding (Buse and 
Buse 1959; Forsayeth and Gould 1982; Burant et al. 1984) and activation 
of the insulin receptor tyrosine kinase by insulin (Burant et al. 1986) are 
not reduced by denervation. A postreceptor defect is also supported by 
the observation that rat soleus muscle glucose transport stimulated by 
vanadate, an insulin-mimetic agent that acts distally to the insulin-binding 
step, is markedly reduced 1-3 days following denervation (Henriksen et 
al. 1991). In addition, Henriksen et al. (1991) demonstrated that stimulation 
of soleus muscle 2DG uptake by muscle contractions is decreased approx. 
3o% at i and 3 days following denervation. Together, these findings suggest 
that the defect associated with denervation is not specific to the insulin 
signaling pathway but may involve a step common to the insulin- and 
contraction/hyp0xia-stimulated pathways. 

Since denervation affects both insulin- and contraction-stimulated glu- 
cose transport, an obvious potential explanation for the defect is a decrease 
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in muscle GLUT4 expression. Several studies have shown 40%-80% de- 
creases in skeletal muscle GLUT4 mRNA (Block et al. 1991; Coderre et al. 
1992) and protein (Henriksen et al. 1991; Block et al. 1991; Coderre et al. 
1992; Megeney et al. 1993) 2-3 days following hindlimb denervation; how- 
ever, the effect of denervation on the resistance of glucose transport to 
activation by insulin or contractions is significant by 24 h (Burant et al. 
1984; Henriksen et al. 1991), a time when significant changes in transporter 
message or protein levels have not been observed (Block et al. 1991; Hen- 
riksen et al. 1991; Coderre et al. 1992 ). Thus, these studies suggest that the 
early decrease in transport activation is independent of changes in GLUT4 
expression, although longer periods of denervation are clearly associated 
with significant reductions in GLUT4 mRNA and protein. In addition to 
changes in GLUT4, denervation results in increases in GLUT1 mRNA and 
protein that are apparent between i (Coderre et al. 1992) and 3 days (Block 
et al. 1991) following denervation. This increase in GLUT1 expression may 
partially explain the increase in basal glucose transport in denervated 
muscle reported by some investigators (Smith and Lawrence 1984; Turin- 
sky 1987; Davis and Karl 1988; Coderre et al. 1992). 

Defects in muscle glucose transport regulation can also be induced by 
immobilization. Decreases in insulin-stimulated 2DG uptake, glucose ox- 
idation, and glycogen synthesis in the mouse soleus have been reported 
within 24 h of hindlimb immobilization (Seider et al. 1982; Nicholson et 
al. 1984). Ploug et al. (1995) have recently reported that insulin binding, 
insulin receptor tyrosine kinase activity and muscle GLUT1 and GLUT4 
content were not changed by 48 h of immobilization. There was also no 
decrease in 3MG transport into muscles of the perfused hindquarter when 
stimulated maximally with insulin and contractions in combination (Ploug 
et al. 1995). There did, however, appear to be modest defects in insulin- 
stimulated or contraction-stimulated glucose uptake in some muscles, but 
not in others (Vissing et al. 1988; Ptoug et al. 1995). 

8.3 
Glucocorticoid Excess 

Patients treated with glucocorticoid hormones or suffering from Cushing's 
disease commonly exhibit hepatic and peripheral insulin resistance (Ama- 
truda et al. 1985). In humans, chronic glucocorticoid excess results in a 
decrease in maximally insulin-stimulated glucose utilization (Pagano et 
al. 1983; Nosadini et al. 1983). A decrease in insulin stimulation of glucose 
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uptake has also been demonstrated in adipocytes and skeletal muscle 
isolated from rats treated with glucocorticoids (Riddick et al. 1962). The 
time of onset of the insulin resistance is fairly rapid, with marked reduc- 
tions in insulin-stimulated glucose transport activity in rat skeletal muscle 
apparent within 2-5 days of the initiation of glucocorticoid administration. 
Riddick et al. (1962) observed that maximally insulin-stimulated 2DG and 
xylose uptakes in the isolated rat diaphragm were reduced approx. 45% 
following 4 days of hydrocortisone treatment (4 daily intramuscular in- 
jections of 5 mg/100 g BW). Similarly, administration of dexamethasone 
in the drinking water at a dose of 0.8 mg/day for 2 days resulted in a 
38% decrease in basal and a 40%-60% decrease in maximally insulin- 
stimulated glucose transport activity in the isolated rat soleus muscle 
compared to pair-fed controls (Weinstein et al. 1995). Reductions in insulin 
responsiveness (approx. 50% decrease) were also observed in rats treated 
with o.1 mg/day or 1.o mg/day dexamethasone for 1 week (Haber and 
Weinstein 199z).The decrease in responsiveness was studied using both 
3MG and 2DG to measure transport activity with similar results. In ad- 
dition, the decreased response of glucose transport to insulin is not as- 
sociated with a decrease in GLUT4 protein content, as GLUT4 levels were 
either unchanged or slightly increased in muscles of rats treated with 
dexamethasone for z days (Weinstein et al. 1995) or 1 week (Haber and 
Weinstein 1992). 

There is some controversy regarding the effects of glucocorticoids on 
skeletal muscle insulin receptor content, insulin binding and insulin-stimu- 
lated receptor tyrosine kinase activity. Block and Buse (1989) reported 
no change in the number, insulin binding affinity, or kinase activity of 
solubilized skeletal muscle insulin receptors isolated following cortisone 
treatment (lOO mg/kg BW/day for 5 days via subcutaneous injection), sug- 
gesting a glucocorticoid-induced postreceptor defect. However, in a study 
by Giorgino et al. (1993) utilizing the same cortisol administration proto- 
col, immunoblots of skeletal muscle showed that total insulin receptor 
protein was increased 36%, but the total level of receptor tyrosine phos- 
phorylation following in vivo insulin stimulation was decreased by 31%. 
In addition, muscle IRS-1 content was decreased approx. 50% by cortisone 
treatment, but the total level of IRS-1 tyrosine phosphorylation was not 
changed. 

These finding suggest that glucocorticoid excess affects insulin action 
in skeletal muscle at both receptor and postreceptor levels. Saad et al. 
(1993) used similar methods for assessing insulin activation of the insulin 
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receptor, IRS-1 and PI 3-kinase in skeletal muscle following 5 days of 
dexamethasone treatment (1 mg/kg BW for 5 days). These investigators 
found no significant change in muscle insulin receptor level or phospho- 
rylation after in vivo insulin stimulation in dexamethasone-treated ani- 
mals. Muscle levels of IRS-1 and PI 3-kinase were decreased by 60% and 
35%, respectively. Although IRS-1 phosphorylation was not changed sig- 
nificantly, insulin-stimulated IRS-l-associated PI 3-kinase activity was de- 
creased by 41% in the muscle of dexamethasone-treated rats. Thus, these 
findings suggest that glucocorticoid excess affects early insulin signaling 
events distal to the insulin receptor. In an interesting recent study by 
Weinstein et al. (1995), 2 days of treatment with dexamethasone resulted 
in similar decreases (approx. 60%) in maximally insulin-stimulated and 
hypoxia-stimulated glucose transport activity, suggesting that at least over 
this time period, the rate limiting step that is affected by corticosteroids 
is beyond the insulin signaling pathway. 

8.4 
Hyperglycemia/Glucose Toxicity 

There is increasing evidence that hyperglycemia can cause insulin resist- 
ance. Studies of human type I diabetics (Yki-Jarvinen et al. 1987) or in- 
sulin-deficient rats (Rossetti et al. 1987) have shown that insulin-stimulated 
whole body glucose disposal is impaired by hyperglycemia. That skeletal 
muscle insulin resistance contributes to this hyperglycemia-induced re- 
duction in whole body glucose disposal is suggested by studies examining 
the effects of glucose perfusion in the isolated rat hindquarter preparation. 
Richter et al. (1988a, b) found that insulin-stimulated glucose uptake in 
the perfused rat hindquarter was decreased approx. 65%-80% following 
a 5-7 h perfusion with lz mM glucose. Reductions in 3MG uptake and 
increased concentrations of free glucose and G-6-P indicate that both 
transport and disposal of glucose were impaired in skeletal muscle of the 
glucose-perfused animals (Richter et al. 1988a, b). Impairments in insulin- 
stimulated whole body glucose disposal (Davidson et al. 1994) and skeletal 
muscle glucose uptake (assessed using the 2DG bolus technique; Hager 
et al. 1991; Davidson et al. 1994) have also been observed following 48-7z h 
of in vivo glucose infusion. 

The relative contributions of glucose and insulin to the development 
of insulin resistance in the perfused hindquarter preparation were studied 
by Richter et al. (1988a). These investigators found that perfusion with 
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glucose alone was almost as effective in reducing insulin-stimulated glu- 
cose uptake as perfusion with glucose plus 20 mU/ml insulin, indicating 
that the inhibition was mediated primarily by the hyperglycemia per se 
(Richter et al. 1988a). The severity of the resistance in this preparation is 
related to the concentration of glucose in the perfusate; exposure to in- 
creasing concentrations of glucose (o, 5, or 25 mM glucose) during a 2-h 
perfusion results in progressive reductions in maximally insulin-stimu- 
lated glucose uptake (Hansen et al. 1992). This decrease was observed 
regardless of the concentration of insulin present during the 2-h infusion, 
although the inhibitory effects of glucose were enhanced by insulin (Hart- 
sen et al. 1992). 

The mechanism(s) responsible for the inhibitory effects of hyperglyce- 
mia on insulin-stimulated glucose transport in muscle are unclear. The 
inhibition appears to be mediated by a postreceptor defect, as muscle 
insulin receptor number and stimulation of recePtor tyrosine kinase ac- 
tivity were not different between glucose- and saline-perfused rats (Han- 
sen et al. 1992). Total GLUT4 levels are unchanged following 48 h in vivo 
glucose infusion (Davidson et al. 1994). 

In studies where muscle glycogen concentration was raised in vivo by 
a 72-h glucose infusion (Hager et al. 1991) or in situ by glucose perfusion 
of the isolated hindquarter (Richter et al. 1988b; Hansen et al. 1992), the 
rates of insulin-stimulated glucose uptake and transport appear to be 
negatively correlated with the muscle glycogen concentration. This inverse 
relationship has also been demonstrated in rat muscle following glycogen- 
depleting exercise, where rates of insulin-stimulated glucose uptake in 
the perfused rat hindquarter (Fell et al. 1982) and 3MG transport in the 
isolated epitrochlearis muscle (Cartee et al. 1989) are lower in muscles in 
which glycogen is "supercompensated" compared to muscles in which gly- 
cogen is kept low by carbohydrate deprivation. Hespel and Richter (199o) 
demonstrated a negative relationship between the rate of 3MG transport 
into rat skeletal muscle during in situ muscle contractions and the pre- 
contraction glycogen concentration. In addition, glucose transport in 
skeletal muscle isolated from transgenic mice overexpressing GLUT1 is 
completely resistant to stimulation by insulin or by contractions; glycogen 
levels in quadriceps muscles of the GLUT1 overexpressing mice were lOO- 
150 pmol/g wet wt compared to 15-2o gmol/g wet wt in muscle from non- 
transgenic littermates (Ren et al. 1993a; Gulve et al. 1994) 

One possible mechanism by which glycogen levels could influence 
stimulation of glucose transport is the binding of GLUT4 vesicles to the 
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muscle glycogen particles. In a preliminary study Coderre et al. (1994) 
reported that approx. 30% of the GLUT4 in rat skeletal muscle coprecipi- 
tated with glycogen, and that transporters could be released from the 
glycogen particles by amylase digestion. It is conceivable that as muscle 
glycogen concentration increases, more GLUT4 vesicles are bound to gly- 
cogen, resulting in a decrease in the effective number of GLUT4 vesicles 
available for translocation. Even if GLUT4 binding to glycogen does par- 
ticipate in the regulation of transport activity, the effects of hyperglycemia 
on skeletal muscle glucose transport cannot be explained entirely by such 
a mechanism. For example, in the 7 h glucose-perfused hindquarter, in- 
sulin-stimulated 3MG uptake decreased progressively during the course 
of the experiment even though muscle glycogen accumulation reached a 
plateau after 3-5 h of perfusion (Richter et al. 1988b). 

An alternative explanation for the "toxic" effects of hyperglycemia on 
the activation of glucose transport may be related to increased synthesis 
of glucosamine. Marshall et al. (1991a) proposed that the downregulation 
of glucose transport activity observed in adipocytes following prolonged 
incubation with high insulin and glucose involved the metabolism of 
hexose-phosphates via the glucosamine pathway. This pathway is initiated 
by the conversion of fructose-6-phosphate to glucosamine-6-phosphate 
by the enzyme glutamine:fructose-6-phosphate amidotransferase (GFAT). 
The amount of glucosamine formed represents a very small fraction of 
the total glucose metabolized by adipocytes (2%-3%; Marshall et aI. ~991a). 
However, these investigators postulated that if the rate of glucose flux 
into the cell increased beyond the capacity of the major glucose-utilizing 
pathways, then early metabolites of glucose metabolism, such as fructose- 
6-phosphate, accumulate. This results in an increased flux through the 
hexosamine biosynthetic pathway, with subsequent inhibition of insulin- 
stimulated glucose transporter translocation and glucose transport into 
the cell. In this way glucosamines could function as part of a "glucose 
sensing," negative-feedback system for regulation of glucose transport 
activity reviewed in Marshall et al. (1991b). Strong evidence for the par- 
ticipation of hexosamines in the loss of insulin-stimulatable glucose trans- 
port activity in adipocytes was provided by experiments in which inhibi- 
tion of GFAT activity prevented the development of insulin resistance in 
cells cultured in the presence of glucose and insulin (Marshall et al. 1991a). 
In addition, prolonged incubation with glucosamine, in the absence of 
glucose, induced insulin resistance in adipocytes (Marshall et al. 1991a). 
At the time this is written, the contribution of the hexosamine pathway 
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to various states of skeletal musde insulin resistance is unclear. The poten- 
tial for involvement of glucosamines in mediating skeletal muscle insulin 
resistance is suggested by the finding that a 2-h incubation of isolated 
rat diaphragms with glucosamine reduces insulin-stimulated 2DG trans- 
port (Robinson et al. 1993). Similarly, Rossetti et al. (1995) recently pub- 
lished a study in which in vivo glucosamine infusion resulted in reductions 
in insulin-stimulated whole body glucose disposal in normoglycemic rats 
as assessed by the euglycemic clamp technique. Interestingly, although 
the glucosamine infusion decreased insulin-stimulated glucose disposal 
to rates that were similar to those measured in rats made chronically 
hyperglycemic by pancreatectomy, the effects of the two stimuli in com- 
bination were not additive, suggesting that hyperglycemia and elevated 
glucosamines were inhibiting insulin action through a common mechan- 
ism. 

8.5 

Obesity 

Insulin resistance of skeletal muscle glucose uptake is a characteristic of 
obesity in both humans and laboratory animals (Kemmer et al. 1979; 

Kraegen et al. 1986; Dohm et al. 1988). Although the presence of muscle 
insulin resistance in the obese state is widely recognized, the mechanisms 
of this reduction in insulin action are not well understood. 

8.5.1 
6enetic Models of Obesity 

The genetically obese Zucker rat (fa/fa) has been widely used as a model 
to study insulin resistance. This animal model exhibits severe obesity, 
hyperinsulinaemia, hyperglycemia, impaired glucose tolerance and insulin 
resistance. A defect in the stimulation of skeletal muscle glucose uptake 
by insulin has been demonstrated by several groups (Davidson and Karjala 
1978; Kemmer et al. 1979; Sherman et al. 1988; Brozinick et al. 1992, 1994a; 
Dolan et al. 1993). This resistance of muscle glucose uptake to insulin is 
mediated, at least in part, by a defect in GLUT4 translocation (King et al. 
1992, 1993; Brozinick et al. 1994a). The smaller increase in plasma mem- 
brane GLUT4 in response to insulin cannot be explained by a decrease 
in the total available pool of transporters, as GLUT4 protein expression 
is not different between obese and lean Zucker rats (Friedman et al. 199o; 
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Banks et al. 1992; Brozinick et al. 1992; Kahn and Pedersen 1993). In ad- 
dition, the defect in glucose transport appears to be specific to the in- 
sulin-stimulated pathway, as several groups have shown that skeletal 
muscle glucose uptake (Brozinick et al. 1992, 1994a; Dolan et al. 1993) and 
GLUT4 translocation (King et al. 1993; Brozinick et al. 1994a) in response 
to exercise or in situ muscle contractions are normal. Insulin binding is 
decreased (about 25%-35%; Crettaz et al. 198o) and insulin receptor ty- 
rosine kinase activity is reduced (Slieker et al. 199o) in skeletal muscle 
from obese Zucker rats compared to lean controls. To the best of our 
knowledge, no other information regarding defects in the insulin signaling 
pathway in these animals is available at the time this is written. 

Several studies have shown that exercise training increases insulin- 
stimulated (Ivy et al. 1986; Cortez et al. 1991; Banks et al. 1992; Brozinick 
et al. 1993) and contraction-stimulated (Brozinick et al. 1993) glucose up- 
take measured in the perfused hindquarter of the obese Zucker rat, al- 
though stimulation of transport in the soleus by insulin is apparently not 
improved by treadmill training in these animals (Crettaz et al. 1979; Bro- 
zinick et al. 1993; Torgan et al. 1995). The increase in muscle glucose uptake 
with training is mediated, at least in part, by an increase in total GLUT4 
protein content (Banks et al. 1992; Brozinick et al. 1993; Torgan et al. 1995). 

Another animal model of insulin resistance is the ob/ob mouse. This 
autosomal recessive mutation is characterized by obesity, hyperglycemia, 
hyperinsulinemia and peripheral insulin resistance (Mordes and Rossini 
1985). As with the obese Zucker rat, the ob/ob mouse exhibits reduced 
skeletal muscle insulin binding (Le Marchand-Brustel and Freychet 1978; 
Le Marchand-Brustel et al. 1978a; Saad et al. 1992), apparently due to a 
decrease in receptor number. Muscle IRS-1 protein levels are not different, 
but insulin-stimulated IRS-1 tyrosine phosPhorylation is 50% lower in 
ob/ob mice compared to lean controls. Insulin-stimulated 2DG uptake 
measured in the isolated soleus muscle is reduced (Le Marchand-Brustel 
and Freychet 1978; Le Marchand-Brustel et al. 1978b). 

8.5.2 
Experimental Models of Obesity 

A high level of fat in the Western diet is a contributing factor in the 
development of insulin resistance and obesity. The feeding of a high fat 
diet to laboratory rats has been used as a model of the effects of dietary 
fat in humans, and there is evidence of reduced insulin-mediated glucose 
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metabolism in insulin sensitive tissues isolated from animals fed high-fat 
diets. In one early study of the effects of 6 wks of fat feeding (72% of 
calories as fat) it was found that skeletal muscle insulin-stimulated glucose 
uptake, assessed in vivo (following intraperitoneal injection of insulin 
plus [14C]glucose) or in vitro (incubated hemidaphragm), was reduced 
by a high fat diet (Susini and Lavau 1978). Euglycemic hyperinsulinemic 
clamps performed in rats fed a diet high in fat (6o% calories as fat) for 
3 weeks showed that fat feeding markedly reduced whole body glucose 
disposal compared to chow fed controls (Kraegen et al. 1986; Storlien et 
al. 1986). Over this duration on the high fat diet, no significant differences 
in body weight, plasma insulin or plasma glucose were detected. The 
relative contributions of individual tissues to the reductions in insulin- 
stimulated glucose uptake were assessed following a bolus injection of 
2DG; reductions in insulin-stimulated 2DG accumulation in skeletal 
muscle of the fat-fed animals were observed in both studies (Kraegen et 
al. 1986; Stortien et al. 1986), suggesting that muscle glucose transport is 
affected by fat feeding. A defect at the level of transport has been confirmed 
in several studies assessing 2DG transport in vitro. Reductions in maxi- 
mally insulin-stimulated 2DG transport (3o%-35%) have been demon- 
strated in the isolated rat soleus muscle following lO-14 days of high fat 
feeding (6o%-67% of calories; Grundleger and Thenen 198z; Maegawa et 
al. 1986). In both studies, the effect appeared to be on insulin responsive- 
ness, with no significant change in sensitivity of glucose transport to in- 
sulin. 

The cellular mechanisms of insulin resistance induced by feeding a 
high-fat diet are not well defined. Fat feeding has been reported to reduce 
(Grundleger and Thenen 1982; Maegawa et al. 1986) or have no effect on 
(Okamoto et al. 1992) insulin binding assessed in isolated skeletal muscles. 
This decrease in binding is apparently due to a decrease in receptor num- 
ber, not a change in receptor affinity (Grundleger and Thenen 1982). The 
effects of fat feeding on insulin receptor tyrosine kinase activity are not 
clear. Okamoto et al. (1992) reported that insulin-stimulated tyrosine ki- 
nase activity, measured using wheat germ agglutinin-purified skeletal 
muscle receptors, was decreased 3o% following 4 weeks of high fat feeding. 
However, in the same study, tyrosine phosphorylation of the insulin re- 
ceptor and the in vivo substrate ppl90 following insulin stimulation was 
not decreased in skeletal muscle of the fat fed animals. There is also some 
disagreement in the literature regarding the effect of fat feeding on muscle 
GLUT4 expression. One group has reported a decrease in muscle GLUT4 
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mRNA (47%) and protein (34%) in rats fed a high fat diet (80% of total 
calories) for 7 weeks (Kahn and Pedersen 1993). However, others have 
found no effect of 3-4 weeks of high fat feeding on muscle GLUT4 protein 
content (Okamoto et al. 1992; Kusunoki et al. 1993; Rosholt et al. 1994). 
The reasons for the discrepancy are unclear, although it may be related 
to the different durations on the high fat diet. Although it is well accepted 
that fat feeding results in reduced insulin-stimulated glucose transport in 
muscle, the effects of a high fat diet on glucose transport activated by 
the exercise/hypoxia pathway are not as clear. Kusunoki et al. (1993) re- 
ported that the effect of exercise on muscle glucose uptake (assessed using 
the bolus 2DG injection technique) was not altered by 3 weeks of fat 
feeding. However, Rosholt et al. (1994) found that glucose transport in 
sarcolemmal vesicles prepared from hindlimb muscles of fat fed rats fol- 
lowing a bout of exercise or stimulated with insulin was reduced, sug- 
gesting that both pathways are affected. 

Obesity has also been induced in mice by administration of gold thio- 
glucose (GTG; Le Marchand et al. 1978b). As the fat fed obese rat, GTG 
obese mice exhibit a decrease in skeletal muscle insulin binding (Le Marc- 
hand-Brustel and Freychet 1978; Le Marchand-Brustel et al. 1978b) and a 
reduction in insulin stimulated 2DG uptake in isolated soleus muscles 
(Le Marchand-Brustel and Freychet 1978; Le Marchand-Brustel et al. 
1978b). Heydrick et al. (1993) have reported that insulin receptor tyrosine 
kinase activity and insulin stimulation of PI 3-kinase activity are decreased 
in muscles of GTG obese mice. Interestingly, these defects can apparently 
be reversed by 48 h starvation (Heydrick et al. 1993). 

8.5.3 
Human Obesity 

Studies using the euglycemic, hyperinsulinemic clamp technique (De- 
Fronzo et al. 1978; Kolterman et al. 198o; Zuniga-Guajardo et al. 1986) 
have shown that insulin-stimulated glucose uptake is often impaired in 
obese individuals. Several studies of skeletal muscle isolated from mor- 
bidly obese patients and nonobese controls suggest that defects in muscle 
glucose transport contribute to the reduced insulin-stimulated glucose 
disposal observed in the obese state. Dohm et al. (1988) developed a human 
muscle preparation using samples of the rectus abdominus obtained from 
morbidly obese and nonobese patients undergoing surgery. Thin strips 
of this muscle are incubated in vitro for measurement of glucose transport 
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activity. Maximally insulin-stimulated glucose transport activity is signi- 
ficantly impaired in muscles isolated from obese individuals compared 
to muscles from lean controls (Dohm et al. 1988; Friedman et al. ~992; 
Azevedo et al. 1995; Goodyear et al. 1995b). Insulin-stimulated transport 
was impaired to a similar extent in muscle strips from obese NIDDM and 
obese nondiabetic patients (Dohm et al. 1988); this obesity-associated im- 
pairment in muscle glucose transport can be reversed by weight loss 
(Friedman et al. 1992). 

Several studies have demonstrated impaired insulin signaling in skeletal 
muscle of obese patients. Skeletal muscle insulin receptor number (Caro 
et al. 1987; Goodyear et al. 1995b) and insulin-stimulated receptor tyrosine 
kinase activity (Arner et al. 1987; Caro et al. 1987; Goodyear et al. 1995b) 
are reduced in obese patients compared to nonobese controls. It has been 
shown that expression of IRS-1 and PI 3-kinase is decreased (54% and 
64%, respectively) in the rectus abdominus muscle isolated from obese 
subjects compared to lean controls (Goodyear et al. 1995b). Insulin-stimu- 
lation of tyrosine phosphorylation of IRS-1 was 35% lower, and insulin- 
stimulated IRS-1 associated PI 3-kinase activity was about 7o% lower in 
muscles of obese subjects (Goodyear et al. 1995b). Altered muscle protein 
tyrosine phosphatase activity may also contribute to the obesity-associ- 
ated insulin resistance in human skeletal muscle (McGuire et al. 1991; Ku- 
sari et al. 1994). It is not clear whether these defects are responsible for 
mediating the insulin resistance, or are a consequence of chronic exposure 
of muscle to the hyperinsulinemia that exists in these obese individuals. 
There is no evidence that decreased expression of muscle GLUT4 protein 
is the mechanism responsible for the reductions in insulin-stimulated 
transport observed in obese patients. Several different groups have found 
no differences in GLUT4 mRNA (Pedersen et al. 199o; Garvey et al. 1992) 
or protein (Handberg et al. 199o; Pedersen et al. 199o; Friedman et al. 
1992; Garvey et al. 1992) expression in obese nondiabetic, obese NIDDM 
and lean nondiabetic patients. Little is known about whether the defect 
in glucose transport activation in human muscle from obese individuals 
is specific to the insulin pathway, but one group has reported that hypo- 
xia-stimulated 2DG uptake in rectus abdominus strips was not signifi- 
cantly different between obese and lean subjects (Azevedo et al. 1995). 
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Unanswered Questions 

J.O. Holloszy and EA. Hansen 

Despite the rapid progress in recent years, many of the key questions 
regarding the regulation of glucose transport in skeletal muscle are still 
unanswered. While the initial steps in the insulin signaling pathway have 
been identified, the subsequent steps and the signal that is generated to 
initiate exocytosis of the GLUT4 containing vesicles remain to be dis- 
covered. The proteins in the GLUT4 vesicles that serve as receptors for 
the signals generated by insulin and exercise, and the mechanism by which 
the interactions between the signaling molecules and the GLUT4 vesicle 
proteins activate exocytosis, are also still a mystery. The process respon- 
sible for movement of the GLUT4 vesicles to, and fusion with, the cell 
membrane are likewise still unknown. While the structure of the glucose 
transporter after it has become a component of the plasma membrane 
has been elucidated to a considerable extent, the mechanism by which it 
transports glucose from the interstitial fluid into the cytoplasm remains 
speculative. Another unanswered question relates to the mechanisms by 
which exercise induces an increase in muscle insulin sensitivity. This phe- 
nomenon is of particular interest because of its potential health benefits. 
We look forward to further developments in this research area with great 
interest. 
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1 
Introduction 

Voltage-gated ion channels, ion-conducting proteins equipped with a 
membrane-spanning pore, gates and voltage sensors, are present in the 
surface and inner membranes of all excitable and of most nonexcitable 
cells. 

The membranes of nerve and muscle cells, the paradigms of excitable 
cells, are equipped with sodium, potassium, and calcium channels which, 
by virtue of their voltage sensitivity; allow them to generate action poten- 
tials. Conducted along the cell surface, these "spikes" are the bits of in- 
formation conveyed from cell to cell in the nervous system; in muscle 
cells, they induce contraction. In vertebrate skeletal muscle, additional 
voltage-gated chloride channels are responsible for 75%-8o% of the mem- 
brane conductance at rest, thus contributing to a fast repolarization phase 
of the action potentials. 

Nonexcitable cells, such as pancreatic islet cells or lymphocytes, also 
control their specific functions of secretion and immune activity, respec- 
tively, by voltage-gated ion channels. In contrast to excitable cells, however, 
control of function is exerted by small or slow alterations of the resting 
potential. 

The excitation process is one of the basic principles brought to per- 
fection by Nature in the development of the animal kingdom. Since the 
essential domains of the various ion channels as its mediators were highly 
conserved for more than 6oo million years, these molecules were long 
imagined to be so sophisticated that mutations in the corresponding genes 
would not be compatible with life. This idea had to be abandoned when 
Fontaine et al. (199o) discovered that hyperkalemic periodic paralysis, a 
hereditary human muscle disorder characterized by episodes of weakness 
of the skeletal musculature, is linked to SCN4A, the gene encoding the o~ 
subunit of the adult skeletal muscle sodium channel. Soon afterwards, 
two further hereditary muscle diseases, paramyotonia congenita (Ebers 
et al. 1991; Koch et al. 1991; Pt~i~ek et al. 1991b) and potassium-aggravated 
myotonia (Lerche et al. 1993; Pt~i~ek et al. 1994b; Ricker et al. 1994), were 
found to be linked to the same gene. Hyperkalemic periodic paralysis is 
also known in the horse and is caused by a mutation in the corresponding 
equine gene (Rudolph et al. 1992b). Moreover, two other hereditary muscle 
diseases characterized by defective excitation are linked to other ion chan- 
nel genes. Firstly, myotonia congenita, already described more than 1oo 
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years ago (Thomsen 1876) is caused by various mutations in CLCN1, the 
gene Coding for the major skeletal muscle chloride channel (Koch et al. 
1992) and several mouse models of the disease, in particular the myotonic 
adr mouse, are caused by mutations in the corresponding murine gene 
(Steinmeyer et al. 1991a). Secondly, hypokalemic periodic paralysis, the 
dassical form of human hereditary periodic paralysis, is linked to 
CACNLIA3, the gene encoding the oh subunit of the dihydropyridine re- 
ceptor, the voltage-gated skeletal muscle L-type calcium channel (Fontaine 
et al. 1994). 

In addition to these hereditary "channelopathies" that all involve skele- 
tal muscle channel genes, there are also diseases of the heart and the 
central and peripheral nervous system, which are based on mutations of 
genes coding for voltage-gated ion channels. Long QT syndrome type 3, 
an inherited cardiac arrhythmia in man, is linked to SCN5A, the gene 
encoding the (z subunit of the heart muscle sodium channel (Jiang et al. 
1994), and a "motor endplate disease" mouse mutant is linked to Scn8a, 
a sodium channel gene expressed in brain and spinal cord (Burgess et 
al. 1995). Furthermore episodic ataxia type 1 (EA-1), a paroxysmal cere- 
bellar disease associated with myokymia, is caused by mutations in the 
gene encoding a voltage-gated potassium channel (Browne et al. 1994, 
1995). 

This review concentrates on naturally occurring mutations affecting 
voltage-gated ion channels and their pathological consequences. Ligand- 
gated ion channels and receptors (e.g., the acetylcholine receptor) or trans- 
porters such as the one involved in cystic fibrosis, are not considered. 
Reviews of the structure and function of voltage-gated ion channels in 
general have appeared for sodium (Catteral11992; Keynes 1994), potassium 
(Pongs 1992; Chandy and Gutman 1995), calcium (Hofmann et al. 1994; 
Melzer et al. 1995) and chloride (Pusch and Jentsch 1994) channels. Reviews 
on muscle ion channel disorders have also been published (Barchi 1995; 
Hoffman et al. 1995; Hudson et al. 1995), Extensive descriptions of the 
clinical features of the muscle channelopathies, including therapeutic con- 
siderations, are contained in Chap. 49 (Riidel et al. 1994) and Chap. 5o 
(Lehmann-Horn et al. 1994) of the 2nd edition of the textbook Myology. 
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2 
Sodium Channelopathies 

2.1 
The Multigene Family Encoding Voltage-Gated Sodium Channels 

The human genome contains a number of almost identical genes coding 
for slightly different voltage-gated sodium channels. The different channel 
genes are specific for expression in the various tissues and this special- 
ization may help to restrict the consequence of a mutation to a single 
type of cell or tissue. The various isoforms of voltage-gated sodium chan- 
nels are heteromeric proteins consisting of a large, heavily glycosylated 
c¢ subunit and one or two small ~ subunits. In the brain, a noncovalently 
associated ~1 subunit (36 kDa) and a disulfide-linked ~2 subunit (33 kDa) 
copurify with the o~ subunit, whereas in skeletal and heart muscle, only 
the ~1 subunit has been identified. 

Eight different genes are known to encode c~ subunits, most of them 
being expressed in brain, peripheral nerve and muscle. A gene cluster 
occurs on human chromosome 2q21-24.1 and contains several genes, 
SCNIA (2q24, Malo et al. 1994a), SCN2A (2q23-24.1, Ahmed et al. 1992), 
SCN3A (2q24, Malo et al. 199413) for brain channels (type I, II, III) and 
SCN6A (2q21-23, George et al. 1992a, 1994a) for heart muscle and myome- 
trium. SCN7A has not yet been localized in the human genome, but the 
product of the homologous murine gene has been detected in mouse glia 
cells (Potts et al. 1993). SCN8A maps to chromosome 12q13 and is a can- 
didate gene for inherited neurodegenerative disease as a deletion in the 
mouse homolog causes a motor endplate disease (Burgess et al. 1995). 

Three genes encode three known isoforms of sodium channels in skele- 
tal muscle which differ in their sensitivity to various toxins. Expression 
depends on the innervation of the muscle fibers. SCN4A, the gene encoding 
the tetrodotoxin (TTX)-sensitive sodium channel o¢ subunit (hSkM1) of 
adult skeletal muscle, is located on human chromosome 17q23 (Fontaine 
et al. 199o; George et al. 1992b). The gene contains 24 exons distributed 
over about 3o kb. As with man), genes, the genomic structure becomes 
more condensed towards the 3' end, with the last 3o% of the coding se- 
quence appearing in a single exon (George et al. t992b; McClatchey et al. 
1992a; Wang et al. 1992). Intron-exon boundaries are known; primer sets 
consisting of intron sequences for amplification of all 24 exons by use of 
PCR are available (George et al. 1993b). The cDNA encodes 1836 amino 
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acids in a single open reading frame. SCN4A is only expressed in skeletal 
muscle and its product is the only sodium channel o~ subunit detectable 
in the fully differentiated and innervated muscle. Its function is modified 
by the ~1 subunit (Makita et al. 1994a). 

Two other genes encode skeletal muscle ~ subunits under certain cir- 
cumstances. SCN5A, located on human chromosome 3p21 (George et al. 
1995), is expressed in fetal skeletal muscle (SkM2) and in adult cardiac 
muscle (hill; Gellens et al. 1992; Rogart et al. 1989) and its gene product 
is characterized by low TTX sensitivity. SCN6A, located on chromosome 
2q21-23 (George et al. 1994a), is expressed in fetal skeletal muscle, in cardiac 
muscle, and myometrium (Gautron et al. 1992 ). 

A single gene on human chromosome 19q13.1, SCN1B, encodes the [~1 
subunit expressed in brain, heart, and skeletal ([51=[5) muscle (McClatchey 
et al. 1993; Makita et al. 1994a,b). Molecular information on the ~2 subunit 
is now available (Isomet al. 1995a). 

2.2 
Structure and Function of hSkM1, 
the cc Subunit of the Adult Human Skeletal Muscle Sodium Channel 

The subunit hSkM1 is a large glycoprotein of approximately 260 kDa, 25%- 
30% of its mass being carbohydrate (in contrast, the MW of the o¢ subunit 
expressed in brain, nerve, and in muscle other than adult skeletal is up 
to 280 kDa). The sequence shows four regions of internal homology, each 
encompassing 225-327 amino acids (Fig. 1). These so-called repeats (I-IV) 
consist of six hydrophobic segments ($1-$6), putative transmembrane 
helices located within highly conserved regions in each repeat. Each $4 
helix is unique in containing a repeating motif with a positively charged 
lysine or arginine at every third position. The motif occurs four times in 
I-S4, five times in II-S4 and III-S4, and eight times in IV-S4. These 22 
positive charges are identical in most sodium channels of this gene family 
and make $4 a natural candidate for the gating voltage sensor (Stfihmer 
et al. 1989). The charges seem to move outward in response to depolar- 
ization (Durell and Guy 1992; Yang and Horn 1995), thus playing an es- 
sential part in voltage-dependent activation of the channel. Also, most of 
the hydrophobic residues of the transmembrane segments are conserved. 

The carboxy and amino terminals and the linkers joining the repeats 
are located intracellularly. Their sequences are quite divergent among 
species as well as channel isoforms, with the exception of the sequence 
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Fig. 1. Substitutions predicted in the cc subunit of the voltage-gated sodium channel 
of skeletal muscle (transmembrane segments indicated by cylinders). HYPERPP, 
Hyperkalemic periodic paralysis; PAM, potassium-aggravated myotonia; PC, paramyo- 
tonia congenita; HORSE, position of the mutation causing hyperkalemic periodic par- 
alysis in quarter horses. Conventional one-letter abbreviations are used for wild-type 
amino acids and substitutions (arrows). Mutations discovered by many laboratories 
in lo4 families. V ~ I is listed in Table 1 as paramyotonia congenita 

of the linker between repeats III-S6 and IV-S1 to be discussed below. Also 
most of the short intra- and extracellular loops connecting the trans- 
membrane segments in each repeat are poorly conserved except for the 
linkers between segments $5 and $6 of each repeat. These latter linkers 
consist of an extracellular part and the so-called SS1-SS2 or P-region that 
dips into the membrane. The highly conserved intramembrane P-regions 
of the four repeats are thought to form the lining of the channel pore, as 
in potassium channels (Backx et al. 1992; Heinemann et al. 1992). 

A special part of the protein to which a certain function has been 
assigned, is the above-mentioned intracellular linker connecting repeat 
III-S6 with repeat IV-S1. Most likely, this mobile chain acts as the inacti- 
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vation gate of the channel in a way that has been compared with a tethered 
ball that can plug an opening (Armstrong and Bezanitla 1977). The intra- 
cellular orifice of the pore or its surrounding protein parts may act as 
the acceptor of the ball. In the resting state, the ball is away from the 
pore and, subsequent to activation, it swings into the mouth to block the 
ion pathway (similar to N-type inactivation in potassium channels). 

The high conservation of the transmembrane segments and of parts 
of the linker between III-S6 and IV-S1 suggests that the exact amino acid 
sequence of these parts is essential for proper channel function. 

2.3 
Structure-Function Relations of the ~ Subunit Discovered 
by Artificial Site-Directed Mutagenesis and Functional Expression 

The first experimental studies of the structure-function relations of the 
channel protein were performed by producing base exchanges in the cDNA 
at sites of special interest. Functional studies of heterologously expressed 
mutant channels, performed with a patch-clamp, led to the following re- 
sults: 

(a) The TTX-binding site is in the 5' region of the $5-$6 interlinker of 
repeat I. This was shown by creation of chimeras between the TTX-sen- 
sitive SkM1 and the TTX-insensitive SkM2 (Backx et al. 1992; Chen et al. 
1992; Satin et al. 1992). An aromatic amino acid (Tyr or Phe) in the C- 
terminus of the $5-$6 loop produced the sensitive phenotype, a cysteine 
the insensitive phenotype. 

ib) The pore has a typical conductance and is highly selective for so- 
dium although it is structurally similar to the pores of the voltage-gated 
potassium and calcium channels (Noda et al. 1989; Yellen et al. 1991). Mu- 
tations in the 3' portions of the $5-$6 interlinkers of each repeat reduced 
the channel conductance suggesting that portions of all four interlinkers 
contribute to the lining of the pore (Terlau et al. 1991). The substitution 
of glutamates for lysine and alanine of the P-region converted the channel 
to be selective for calcium (Heinemann et al. 1992 ). 

(c) The hypothesis of a voltage sensor function of the $4 helices char- 
acterized by their high charge density was confirmed since reduction of 
the number of positive charges decreased the voltage dependence of chan- 
nel activation (Stiihmer et al. 1989). However, replacement of certain neu- 
tral amino acids altered activation in a similar way suggesting a complex 
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interaction during activation by charge movements rather than a simple 
dependence on the net charge of a dipole. 

(d) The ball-and-chain model (Armstrong and Bezanilla 1977), origin- 
ally developed to explain the abolition of sodium channel inactivation 
following enzymatic removal or functional blockage of the cytosolic gate 
(Armstrong et al. 1973; Vassitev et al. 1988, 1989) and later verified for the 
N-terminal of the fast inactivating potassium channel (Hoshi et al. 199o; 
Patton et al. 1993), had to be modified on account of the mutagenesis 
experiments. Deletions in the N-terminus of the linker between repeats 
III and IV, i.e., the inactivation gate, removed inactivation whereas the 
positively charged particles, the supposed "bali," were not required for 
proper inactivation (Stt~mer et al. 1989; Moorman et al. 199o). However, 
replacement of three hydrophobic amino acids (Ile-Phe-Met by Gln-Gln- 
Gln) in the same part of the linker completely eliminated inactivation 
(West et al. 1992). The single substitution (Phe-1489-Gln in the rat brain 
type IIA sodium channel, corresponding to phenylalanine 1311 of hSkM1) 
alone abolished fast inactivation (West et al. 1992). Hydrophobic parts of 
the intracellular orifice of the pore or its surrounding protein parts may 
act as acceptor of the hydrophobic motif. In the closed resting state, the 
lid is away from the pore, and following activation the lid moves into the 
mouth to inactivate the channel. 

2.4 
Structure and Function of the ]3 Subunits 
and Their Effects on the o¢ Subunit 

The ~1 subunit is a small glycoprotein of 38 kDa, containing 218 amino 
acids in the rat. Sequence analysis suggests a single transmembrane seg- 
ment with an extracellular N-terminus containing glycosylation sites 
(Isom et al. 1992). The human and rat cDNAs exhibit 96% homology 
(McClatchey et al. 1993). The ~ and c~ subunits interact in a 1:1 stoichio- 
metry by a noncovalent binding. Perhaps ~ binds to only one of the four 
repeats (Kraner et al. 1985). The structure of ]32 which is covalently attached 
to the ct subunit (Hartshorne et al. 1982) by disulfide bonds has just been 
clarified (Isom et al. x995a). 

Injection of the cRNA encoding hSkM1 into Xenopus oocytes results 
in the expression of functional sodium channels (Trimmer et at. 1989). 
However, the inactivation of the macroscopic sodium current conducted 
by these channels is slower than that of native channels or channels pro- 
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duced by coinjection of total mRNA or the [3 subunit cRNA (Krafte et al. 
1988, 199o; Isom et al. 1992; Cannon et at. 1993b). This slowed inactivation 
is caused by channel re-openings occuring as single events or as occasional 
bursts (ten to hundreds of repetitive openings). It occurs much more fre- 
quently with the isolated o~ subunit. The occurrence of various gating 
modes in a single population of channels seems to reflect the existence 
of at least two conformations of the c~ subunit. The physiologically 
preferred gating mode (no re-openings) can be stabilized by coexpression 
with the ~1 subunit (Isom et al. 1994, 1995b; Ji et al. 1994; Schreibmayer 
et al. 1994) which accelerates inactivation in Xenopus oocytes by an ex- 
tracellular interaction (Chen and Cannon 1995). In addition, the [3i subunit 
increases functional expression of the cz subunit resulting in a larger cur- 
rent amplitude. It shifts the steady-state activation and inactivation curves 
of rat and human sodium channels expressed towards more negative 
potentials (about 5-1o mV), and accelerates recovery from inactivation 
(Wallner et al. 1993; Makita et al. 1994a), whereas it had no effect on the 
gating of the human heart sodium channel (Makita et al. 1994a). Coex- 
pression of [31 in mammalian cells without endagenous 131 production has 
similar effects except for the almost missing acceleration of the already 
fast inactivation of the channel (Isom et al. 1995b). Different protein gly- 
cosylation is discussed to be responsible for the slow inactivation of the 
isolated o~ subunit in oocytes. 

2.5 
Human Diseases Due to Mutations in SCN4A 

As soon as SCN4A was cloned, a genetic approach was available to test 
the hypothesis of primary sodium channel defects in some hereditary 
myotonias and periodic paralyses. Abnormal inactivation of sodium cur- 
rents had been the major result of electrophysiological studies performed 
on excised muscle specimens of patients having paramyotonia or periodic 
paralysis (Lehmann-Horn et al. 1987a,b). Linkage ofhyperkalemic periodic 
paralysis to SCN4A (Fontaine et al. 199o) provided further evidence for 
the existence of a sodium channel disease in man. Three groups then 
showed independently that paramyotonia congenita is also linked to 
SCN4A (Ebers et al. 1991; Koch et al. 1991; Pt~ek et al. 1991b; see Rtidet 
et al. 1993). Finally, molecular biology revealed that the myotonia in various 
families that were previously diagnosed as having "abnormal forms" of 
myotonia congenita (which is now known to be a chloride channel disease, 
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see below) is in fact the consequence of mutations in SCN4A. Several 
clinical variants of such "sodium channel myotonias" (myotonia fluctuans, 
Ricker et al. 199o, 1994; Lennox et al. 199z), myotonia permanens (Lerche 
et al. 1993), acetazolamide-responsive myotonia (Pt~ieek et al. 1994b) have 
been described that are clinically different from classical hyperkalemic 
periodic paralysis or paramyotonia congenita. All types of sodium channel 
myotonia differ distinctly from the chloride channel myotonias, in that 
ingestion of potassium by the patient enhances the myotonia (without 
leading to weakness, as would be characteristic for hyperkalemic periodic 
paralysis). Therefore, the sodium channel myotonias are grouped together 
as "potassium-aggravated myotonias." 

All sodium channel diseases have in common that they are transmitted 
with dominant mode of inheritance and that the basic pathology may 
include both hyper- and hypoexcitability in the same patient at different 
times. Fortunately for the patients, the corresponding symptoms, muscle 
stiffness (myotonia) and muscle weakness (paralysis), are not present all 
the time. Rather, they are elicited by typical stimuli. A typical trigger for 
an episode of weakness in hyperkalemic periodic paralysis would be rest 
after a hea W work load; stiffness and weakness in paramyotonia congenita 
is triggered by muscle exercise during exposure of the musdes to cold, 
and ingestion of potassium-rich food may induce muscle stiffness in pa- 
tients having myotonia fluctuans. Even more fortunately for the patients, 
all these symptoms disappear spontaneously within an hour or so. Never- 
theless, the episodes hamper the patient's life considerably, although they 
may be prevented to a certain extent by proper behavior and symptomatic 
treatment with drugs (for review see Lehmann-Horn et al. 1994). 

2.5.1 
Hyperkalemic Periodic Paralysis 

The disease was first described by Tyler et al. (1951) and was extensively 
investigated by Gamstorp (1956) who clearly differentiated it from "pa- 
roxysmal familial paralysis" and named it "adynamia episodica heredita- 
ria." Clinically, the most striking difference of the two diseases is that, 
during the paralytic episode, serum potassium decreases in the former 
and increases in the latter. To stress this distinction, the names hypo- 
kalemic periodic paralysis and hyperkalemic periodic paralysis are now 
preferred for these two diseases. It should be mentioned that although 
the respective mutations concern different channels, the symptoms asso- 
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ciated with these two diseases may be so similar that, before the era of 
molecular biology, differential diagnosis of patients was sometimes very 
difficult. 

Hyperkalemic periodic paralysis has three distinct variants. It can occur 
(a) without myotonia, (b) with clinical or electromyographic myotonia, 
or (c) with paramyotonia. In some patients, a chronic progressive myo- 
pathy may develop (Bradley et al. 1989) which seems to be caused by a 
single mutation (Pt~ek et al. a991a; Lehmann-Horn et al. 1993). A few 
families have been reported in which a change of the serum potassium 
was barely detectable during the episodes of paralysis (Poskanzer and 
Kerr 1961). Such normokalemic periodic paralysis should probably be re- 
garded as a special condition of hyperkalemic periodic paralysis 
(Lehmann-Horn et al. 1993). 

The diagnosis is based on the presence of typical attacks of weakness 
or paralysis, the positive family history, and the myotonic or paramyotonic 
phenomena, if present. Except for some older patients with progressive 
myopathy, the muscles are well-developed. 

An elegant provocative method, often used in experiments designed 
to study the pathophysiology of paralytic attacks, consists of exercise on 
a bicycle ergometer for 30 min so that the pulse increases to lzo-a6o bpm, 
followed by absolute rest inbed  (Ricker et al. 1989). The serum potassium 
level rises during exercise and then declines to almost the pre-exercise 
value, as in healthy individuals. At lO-2O min after the onset of the bed 
rest, a second hyperkalemic period occurs in the patients but not in normal 
subjects. It is during this period that the patients become paralyzed. 

2.5.2 
Paramyotonia Congenita 

The hallmarks of this disease, as first described by Eulenburg (1886) and 
later confirmed in many families by Becker (197o) are: (a) paradoxical 
myotonia, defined as myotonia that appears during exercise and increases 
with continued exercise, (b) severe worsening of the exercise-induced myo- 
tonia by cold, (c) a predilection of the myotonia for the face, neck, and 
distal upper extremity muscles, and (d) weakness after prolonged exercise 
and exposure to cold. 

Percussion myotonia is not pronounced, but many patients exhibit the 
lid lag phenomenon and in the course of repeated strong contractions of 
the orbicularis oculi the eyelids open more and more slowly. In a number 
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of families the symptoms are clearly different from those found in most 
cases of paramyotonia: (a) Some patients experience myotonic stiffness 
during work even under warm conditions. Such patients require long-term 
medication. (b) In some kinships cold induces stiffness but no weakness 
(Koch et al. 1995). (c) Still other patients are immediately paralyzed by 
cold. (d) In some kinships, the patients have not only paramyotonic symp- 
toms, but also temperature-independent paralytic attacks, resembling 
those in hyperkalemic periodic paralysis. The attacks usually begin early 
in the day and can last for several hours. Oral intake of potassium can 
induce such attacks in these patients distinguished by "paramyotonic 
hyperkatemic periodic paralysis." 

These special forms led to the suggestion that hyperkalemic periodic 
paralysis and paramyotonia congenita are two facets of the same disease 
(DeSilva et al. 199o). On the other hand, the symptoms in the "pure" forms 
are so different that it seems reasonable to keep both nosological entities, 
although it is now known that the two diseases are allelic. 

Permanent weakness and muscle atrophy are not signs of paramyotonia 
congenita. The electromyogram always shows myotonic discharges in all 
muscles, even at a normal muscle temperature. The serum creatine kinase 
is often elevated, sometimes to 5-1o times above normal. 

2,5.3 
Potassium-Aggravated Myotonia 

For many families with dominant myotonia thought to have a subtype 
of Thomsen's disease, a muscle chloride channel disease, molecular 
genetics revealed mutations in SCN4A. In contrast to Thomsen's disease, 
these patients developed severe stiffness following oral ingestion of po- 
tassium. The spectrum of the degree of myotonia is large, ranging from 
the mild myotonia fluctuans to the very severe myotonia permanens. 

Myotonia Fluctuans and Acetazolamide-Responsive Myotonia. The clinical 
signs of myotonia fluctuans resemble those of myotonia congenita (see 
below) with the peculiarity that the stiffness tends to fluctuate from day 
to day. The patients never experience muscle weakness and are not very 
sensitive to cold as regards muscle stiffness. Their muscle stiffness is pro- 
voked by exercise: usually it occurs during rest about half an hour after 
the exercise and lasts approximately another hour. Ingestion of potassium 
aggravates myotonia but does not induce weakness as in hyperkalemic 
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periodic paralysis. Also other depolarizing agents such as suxamethonium 
can induce or aggravate myotonia so that severe ventilation problems 
may occur during general anesthesia. The incidence of such events is high 
in myotonia fluctuans families (Ricker et al. 1994; Iaizzo and Lehmann- 
Horn 1995; Vita et at. 1995), and there seems to be no other biological 
reason for this than the frequent absence of clinical myotonia in these 
patients. Thus, the anesthesiologists are unaware of the condition. There- 
fore it is worth mentioning that even during the spells of absence of clinical 
myotonia, latent myotonia can be consistently recorded by the use of elec- 
tromyography. In acetazolamide-responsive myotonia (Trudell et al. 1987), 
also described as atypical myotonia congenita (Pt~ieek et al. 1992b), the 
muscle stiffness also fluctuates and, in addition, muscle pain is induced 
by exercise. Both stiffness and pain are alleviated by acetazolamide. 

Myotonia Permanens. The definition of this disease is the consequence 
of genotyping a patient earlier thought to have a "myogenic" type of 
Schwartz-Jampel syndrome (Spaans et al. 199o); in fact he was carrying 
a mutation in SCN4A (Lerche et al. 1993; Mitrovic et al. 1995). Continuous 
myotonic activity is detectable in the electromyogram of these patients 
causing persistent severe myotonia. Muscle hypertrophy, particularly in 
the neck and shoulder, is very marked. During attacks of severe muscle 
stiffness the patients suffer from impaired ventilation due to stiffness of 
the thoracic muscles. In particular, children can suffer from acute hy- 
poventilation and this may lead to cyanosis and unconsciousness, so that 
such episodes were in the past mistaken for an epileptic seizure. In spite 
of the misdiagnosis, anti-epileptic medication, for example, administration 
of carbamazepine, was successful in these cases because of its antimyotonic 
effects. The patients could probably not survive without persisting treat- 
ment. The aggravation of myotonia by potassium was proven in vitro 
(Lerche et al. 1993). Since the myotonia is so severe in these patients, 
potassium must never be administered as a diagnostic tool. 

A further indication of the severity of this disease is that the few patients 
known to date were sporadic cases having a de novo mutation, i.e., their 
proven biologic parents did not carry the mutation; none of these patients 
has offspring. 
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2.6 
Quarter Horse Hyperkalemic Periodic Paralysis Due 
to a Mutation in Scn4a 

An equivalent condition to human hyperkalemic periodic paralysis in man 
has become known in the quarter horse, a very common breed of race 
horses in the United States (Cox 1985; Pickar et al. ~991). The symptoms 
are similar to those described above for the human disease, but the con- 
dition seems to be sometimes more serious than in man as some affected 
horses have died from attacks as a result of shock or ischemia. The disease, 
the most frequent hereditary disorder of horses, is linked to the equine 
homologue Scn4a (Rudolph et al. 199za,b). 

Since the discovery of this homology, affected horses have been used 
for the study of the cellular and physiological factors dictating the onset 
and severity of attacks and the relationship between exercise, systemic 
potassium, catecholamines, and other factors influencing muscle metabo- 
lism. Thus, the hyperkalemic horse has been used to show the first corre- 
lation of levels of mutant mRNA relative to normal mRNA as a likely 
determinant of clinical severity in dominantly inherited disease (Zhou et 

al. 1994). 

2.7 
Pathophysiology of Sodium Channel Diseases 

Electrophysiology on excised muscle specimens from such patients re- 
vealed a noninactivating component of the sodium current as a specific 
abnormality (Lehmann-Horn et al. 1983, 1987a,b, 1991; Cannon et al. 1991). 
This indicated that both key symptoms, stiffness and weakness, are caused 
by the same mechanism, namely a long-lasting depolarization of the 
muscle fiber membranes. When the depolarization is mild, say 5-1o mV, 
this may fulfil exactly the condition for the voltage-dependent sodium 
channels to open again after an action potential, i.e., for repetitive firing 
which is the basis for the involuntary muscle activity that the patient 
experiences as muscle stiffness. This hyperexcitable state can be com- 
puter-simulated (Cannon et al. 1993a) and mimicked by anemone toxin 
(Cannon and Corey 1993). When the depolarization is strong, say 2o- 
3o mV, the majority of the intact sodium channels adopt the state of in- 
activation, i.e., the muscle fibers become inexcitable, which is the basis 
of the muscle weakness. When all fibers of a muscle are inexcitable, this 
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results in complete paralysis (for unknown reason, the diaphragm is 
spared, and fortunately the heart muscle in which a different gene is ex- 
pressed). 

2.8 
Naturally Occurring Mutations in SCN4A 

With the knowledge of the special function of some domains of the channel 
protein, it is interesting to see where the various point mutations are 
situated and how they might produce the different symptoms. 

Nineteen disease-causing amino acid changes have been identified to 
date (Fig. 1, Table 1), and five additional silent amino acid substitutions 
were found in healthy controls. Five of the mutations result in hyper- 
kalemic periodic paralysis, eight in paramyotonia congenita, and six in 
potassium-aggravated myotonias. At first glance, no obvious correlations 
can be made between the location of amino acid change and the clinical 
phenotype. However, the distribution of the various substitutions along 
the protein molecule might display certain systematic features. The num- 
ber of substitutions increases as one proceeds from the N to the C ter- 
minus: none of the substitutions is situated in repeat I, and only 3 sub- 
stitutions are located in repeat II, all of them in transmembrane segments. 
Three other substitutions are situated in repeat III, two of them in an 
intracellular interlinker and one in transmembrane segment 6. The ma- 
jority of the substitutions are situated in the linker connecting repeats 
III and IV (n=5) and in repeat IV (n=9). 

None of the substitutions concerns an extracellular loop, whereas 7 
substitutions concern intracellular loops. Of the la substitutions in the 
transmembrane segments, 6 are situated near the intracellular membrane 
face, 5 are near the extracellular face, and only one substitution is located 
in the middle of a transmembrane segment (in IV-S4). 

The most common mutation causes hyperkalemic periodic paralysis 
and predicts Thr-7o4-Met in segment II-Ss. The mutation may cause the 
myotonic or the nonmyotonic form of the disease (Pt~i~ek et al. 1991a; 

Feero et al. 1993; Wang et al. 1993; Plassart et al. 1994). In either case 
progressive myopathy is found in older and sometimes even in younger 
patients. The second most common mutation, also causing HyperPP and 
predicting Met-1592-Val in IV-S6, is always associated with myotonia and 
does not lead to permanent weakness (Rojas et al. J991; Feero et al. 1993; 
Wang et al. 1993). The rare third and fourth mutations, predicting Ala- 
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Table 1, Mutations of SCN4A, the gene encoding the cz subunit of the human skeletal 
muscle sodium channel 

Genotype Channel Substitution Exon Phenotype First report 
domain no. 

Hyperkalemic periodic paralysis 
C2188T IIS5i Thr-7o4-Met 13 

Ge341A IIS6 VaI-781-Ile t3 

G3466A (IIIS4/5)i Ala-l156-Thr 19 

A4o78G I V S 1  Met-136o-Val 23 

Permanent 
weakness 
(non)-myotonic, 
most frequent 

Cardiomyopathy? 

Reduced penetrance 

Reduced penetrance 

A4774G IVS6i IvIet-1592-Val 24 Myotonic, frequent 

Paramyotonia congenita 
G3877A IIIS6i Val-1293-Ile 21 

C3938T (III/IV)i Thr-1313-Met 22 Frequent 

T4298G I V S 3  Leu-1433-Arg 24 

C4342T IVS4 Argq448-Cys 24 

G4343A IVS4 Arg-1448-His 24 

G4343C IVS4 Arg-1448-Pro 24 

G4372T IVS4 Val-1458-Phe 24 

T4418C IVS4t5i Phe-1473-Ser 24 

Potassium-aggravated myotonias 
C2411T IIS6i Ser-8o4-Phe 14 

Potential atrophy 

Potential atrophy 

Overlap 
Myotonia fluctuans 

A3478G (III/IV)i Ile-116o-Val 19 Acetazolamide- 
responsive 

G3917A (III/IV)i Glyq3o6-Glu 22 Myotonia permanens 
G3917C (III/IV)i Gly-13o6-Ala 22 Myotonia fluctuans 
G3917T (III/IV)i Gly-13o6-Val 22 Overlap 

Myotonia 

G4765A IVS6i Val-1589-Met 24 Myotonia 

Pt~ek etal. 1991a 

Baquero et al. 1995 

McClatchey 
et al.1992b 

Lehmann-Horn 
et a1.1993 

Rojas et al. 1991 

Koch et al. 1995 

McClatchey 
et al.1992c 

Ptg~ek et al. 1993 

Pt~ek et al. 1992a 

Pt~i~ek et al. 1992a 

Lerche et al. 1996b 

Heine et al. 1996 

Heine et al. 1996 

McClatchey 
et al.1992b 
Ricker et al. 1994 

Pt~i~ek et al. 1994b 

Lerche et al. 1993 
Lerche et al. 1993 
McClatchey 
et al. 1992c 
Lerche et al. 1993 
Heine et al. 1993 
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1156-Thr in the linker between III-S4 and III-S5 (McClatchey et al. 1992b) 
and Met-136o-Val in IV-S1 (Lehmann-Horn et al. 1993), respectively, are 
characterized by incomplete clinical penetrance in females, although "un- 
affected" family members show electrical myotonia in the electromyogram 
indicating that penetrance is really lOO% (Lehmann-Horn et al. 1993). The 
fifth mutation, predicting Val-783-Ile, is a sporadic case with hyperkalemic 
periodic paralysis and cardiac dysrhythmia (Baquero et al. 1995). One 
family that was convincingly diagnosed as having hyperkalemic periodic 
paralysis, was not linked to SCN4A (Wang et al. 1993). Genetic heteroge- 
neity is the most probable explanation. 

Three of the 8 point mutations leading to paramyotonia congenita in- 
volve Arg-1448 in segment IV-S4, replacing it by histidine, cysteine or 
proline (Pt~ieek et al. 1992a; Wang et al. 1993; Meyer-KMne et al. 1994a; 
Wang ] e t  al. 1995; Lerche et al. 1996b). The more the substitution differs 
from the normal arginine the more severe the clinical symptoms: a patient 
having the proline change is the most severely afflicted paramyotonia 
patient observed to date, with fixed ankle joint contractures (probably 
secondary to myotonia), and induction of severe myotonia and weakness 
by even tepid temperatures (Wang Je t  al. 1995; Lerche et al. 1996b). 

A frequent paramyotonia-causing mutation results in Thr-1313-Met 
(McClatchey et al. 1992c; Pt~ieek et al. 1993; Plassart et al. 1994; Tahmoush 
et al. 1994) and affects the cytoplasmic loop between repeats III and IV, 
i.e., the inactivation gate. Other mutations predict Leu-1433-Arg in IV-S3 
(Pt~ieek et al. 1993), Val-1293-Ile in III-S6 (Koch et al. 1995; Heine et al. 
1996), Val-1458-Phe in IV-S4 (Heine et al. 1996), and Phe-1473-Ser in the 
intracellular loop connecting $4 and $5 of repeat IV (Heine et al. 1996, 
Mitrovic et al. 1996). 

Two further mutations, predicting Gly-13o6-Glu (Lerche et al. 1993) and 
Gly-13o6-Ala (Lerche et al. 1993; Ricker et al. 1994; Mitrovic et al. 1995; 
Vita et al. 1995), cause myotonia permanens and myotonia fluctuans, re- 
spectively. A third, Gly-13o6-Val (McClatchey et al. 1992c; Lerche et al. 
1993; Plassart et al. 1994), causes a moderate degree of myotonia. The 
mutations substitute one of a pair of glycines (Gly-13o6/Gly-13o7) in the 
III-S6 to IV-S1 linker and thus affect the putative inactivation gate at the 
same position as the Gly-13o6-Val substitution causing paramyotonia con- 
genita. This pair of unbranched amino acids is believed to act as a kind 
of "hinge" of the inactivation gate and, therefore, should be essential for 
proper channel inactivation (West et al. 1992). As discussed above for the 
three Arg-1448 substitutions, the more the substituted amino acid differs 
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from the normal glycine, the greater the membrane hyperexcitability, and 
the more severe the clinical symptoms: a change from glycine to glutamic 
acid, an amino acid with a long and charged side-chain, causes myotonia 
permanens, the most severe form of all known nondystrophic myotonic 
diseases; vatine, an amino acid with a side-chain of intermediate size; 
causes moderate myotonia; whereas alanine, with a short side-chain, re- 
sults in a benign, often "subclinical" form of myotonia fluctuans. 

The other two mutations lead to moderate myotonia, Val-1589-Met in 
IV-S6 (Heine et al. 1993; Mitrovic et al. 1994), or myotonia fluctuans, Ser- 
8o4-Phe in II-S6 (Ricker et al. 1994). A family having mutation Ser-8o4-Phe 
had earlier been described as having "features of paramyotonia congenita 
and myotonia congenita" (McClatchey et al. 1992b). 

Finally, a mutation predicting Ile-n6o-Val in the linker of segments 4 
and 5 of repeat III was found to cause acetazolamide-responsive myotonia 
(Pt~i&k et al. 1994b). 

2.9 
Frequency of Natural Mutations in SCN4A 

Mutations of human genes may arise either as a consequence of en- 
dogenous error-prone processes, such as DNA replication and repair, or 
as a result of exposure to exogenous factors, for example, chemical mut- 
agens or ionizing/UV irradiation. A systematic investigation of sponta- 
neous point mutations causing human genetic disease disclosed that the 
dinucleotide CpG (p denotes cytosin 5' to guanin 3' binding) is a "hot 
spot" for mutations in the human genome (Cooper and Krawczak 199o). 
This has been explained to be the result of the hypermutability of methy- 
lated CpG, deamination of 5-methylcytosine (staG) to thymidine in this 
doublet giving rise to C --4 T or G --~ A substitutions depending upon 
in which strand the 5mC is mutated (Duncan and Miller 198o). Thymidine 
being a "normal" nucleoside is thought to be less readily detectable and 
removable by cellular repair mechanisms. Evaluation of 139 point muta- 
tions causing human genetic diseases other than sodium channelopathies, 
and consistent with methylation-mediated deamination of 5mC, yielded 
21 CG --~ TG and 23 CG --~ CA mutations, i.e., a total of 44 or 31.7% 
(Cooper and Krawczak 199o). 

Of the 19 mutations detected in SCN4A, 8 (40%) contained a mutated 
base in the CpG dinucleotide. Thus, the frequency of CpG mutations in 
SCN4A corresponds well with that found in general for disease-causing 
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point mutations (Heine 1995). With the exception of the "Ravensberg" 
families (Arg-x448-His, Meyer-Kleine et al. 1994a), a founder effect for the 
mutations could be excluded (Wang et al. 1993). Considering the number 
of independently originating SCN4A mutations in the 94 nonrelated 
families entering this review, 6o concerned the CpG dinucleotide. Thus, 
the percentage of mutations in a CpG nucleotide in SCN4A is even higher, 
i.e., around 64% of the total number. 

Second in frequency amongst the human disease-causing point muta- 
tions (Cooper and Krawczak 199o) were those affecting a GG dinucleotide. 
Interestingly, mutations of this type are responsible for the three substitu- 
tions for the amino acid Gly-13o6-Ala/Val/Glu in the supposed inactivation 
gate (Heine 1995). 

2.10 
Properties of Mutant Sodium Channels 
in Heterologous Expression Systems 

When wild-type SCN4A is transfected into mammalian cells, for example, 
human embryonic kidney (HEKz93) cells, inactivation is normal (Uko- 
madu et al. 1992). 

Patch-clamp recordings of sodium currents from HEK293 cells trans- 
fected with mutant channels revealed that the mutations leading to the 
clinically different phenotypes of hyperkalemic periodic paralysis, para- 
myotonia congenita or one of the potassium-aggravated myotonias, 
yielded similar results: The major defect of all investigated mutants was 
a more or less impaired inactivation (Cannon and Strittmatter 1993; Cum- 
mins et al. 1993; Chahine et al. 1994; Mitrovic et al. 1994, 1995; Yang et al. 
1994). The macroscopic changes of inactivation were evident as (a) a slow- 
ing of the decay of the current transients, elicited by depolarizing voltage 
pulses, (b) an increased steady-state current following the current, (c) 
shifts of the steady-state inactivation and/or activation curves increasing 
the window current, and (d) uncoupling of inactivation from activation. 
Single-channel recordings revealed that in particular point (b) was owing 
to a shift in the equilibrium between two physiological gating modes 
known for inactivation. A qualitatively similar but quantitative smaller 
late activity has been also seen with membrane patches from native normal 
skeletal and heart muscle as well as from brain cells of various species 
(Patlak and Ortiz 1986; Nilius 1988; Moorman et al. 199o; Zhou et al. 1991; 
Saint et al. 1992; Ju et al. 1994). 
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Careful investigation revealed that the changes of inactivation are not 
quite the same with different mutants. For example, slowing of the current 
decay was most pronounced with substitutions for Arg-1448 causing para- 
myotonia (Chahine et al. 1994; Lerche et al. 1996b), whereas a large per- 
sistent sodium current was found for the mutants Met-1592-Val (HyperPP, 
Cannon and Strittmatter 1993) and Val-1589-Met (PAM, Mitrovic et al. 
1994). 

There is reason to believe that it is hinged-lid inactivation of the chan- 
nels that is affected by the thirteen amino acid substitutions on the cy- 
toplasmic surface of the channel. Particularly, the mutations affecting Gly- 
13o6 may directly affect the hinge of the inactivation gate (West et al. 
1992; Lerche et al. 1993; Mitrovic et al. 1995). In contrast, the mutations 
within the voltage sensor IVtS4 (Arg-1448-HislCyslPro) uncouple activa- 
tion and inactivation which results in a relatively voltage-independent 
time course of inactivation (Chahine et al. 1994; Lerche et al. 1996b). Thus, 
the disease - causing mutations in the human muscle sodium channel 
have uncovered functions of the channel protein which had previously 
not been recognized in studies of in-vitro mutagenesis. 

Under the experimental conditions of voltage-clamp of heterologous 
cells, neither extracellular potassium nor low temperature had a marked 
and reproducible effect on any of the mutant channels investigated. There- 
fore, these triggering factors probably exert their effects indirectly, for 
example, they physiologically cause slight and sustained membrane depo- 
larization followed by an increase in the persistent sodium current. 

2.11 
Long (~T3 Syndrome, a Disease Linked to SEN5A Encoding the ~ Subunit 
of the Human Eardia¢ Muscle Sodium Channel 

In the congenital disorder of long QT syndrome (LQT), the cardiac action 
potential is prolonged as clinically evidenced by a prolonged QT interval 
of the electrocardiogram. The condition is transmitted as an autosomal 
dominant trait. Patients are predisposed to syncope and sudden death 
owing to ventricular arrhythmias. 

Linkage studies have demonstrated genetic heterogeneity for the disease 
by the identification of so far three different loci: LQT1 on chromosome 
11p15.5, LQT2 on 7q35-36, and LQT3 on 3p21-24. Whilst no candidate gene 
is knmvn for LQT1, mutations in HERG have been claimed to cause LQT2 
(Curran et al. 1995). The HERG gene product is believed to be a potassium 
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channel conducting the rapidly activating delayed rectifier current (IKr) 
in cardiac muscle (Sanguinetti et al. 1995). 

LQT3 was shown to cosegregate with polymorphisms within SCN5A, 
the gene encoding the o~ subunit of the major cardiac sodium channel 
(Jiang et al. 1994). Analysis of the DNA of affected members of two un- 
related LQT3 families revealed an in-frame deletion in SCN5A which results 
in the omission of three highly conserved amino acids (KPQ) in the cy- 
toplasmic linker between repeats III and IV, the inactivation gate (Wang 
Q et al. 1995). 

Expression of the mutated gene in Xenopus oocytes demonstrated ab- 
normal sodium channel gating and, as a result, a small persistent inward 
current (Bennett et al. 1995). Such a persistent sodium current may also 
flow during the plateau phase of the action potential of cardiac myocytes. 
The plateau is normally maintained by a delicate balance between inward 
and outward currents, and repolarization takes place when the outward 
currents prevail over the inward currents. The sustained inward current 
generated by the mutant sodium channel prolongs the action potential 
and thus lengthens the QT interval. Thus in LQT, the first recognized 
form of a myocardial ion channel disease, the defect in channel function 
seems to be very similar to defects described in the skeletal muscle sodium 
channel diseases. 

2.12 
A Mouse Mutant Having Motor Endplate Disease, Linked to Scn8a 

Motor endplate disease (MED), transmitted as a recessive trait, is char- 
acterized by progressive weakness and wasting of the skeletal muscles. It 
begins around day 9 after birth at the hind limbs and ends fatally lo-15 
days later. The cerebetlar Purkinie cells are degenerated and show a re- 
duction in sodium-dependent spontaneous action potentials. The motor 
neurons have an increased temperature sensitivity of action potentials as 
well as a reduced conduction velocity and prolonged refractory period 
(Angaut-Petit et al. 1982). The alterations in the motor nerves probably 
account for the failures in neuromuscular transmission. A progressive ab- 
normality of the skeletal muscle innervation is marked sprouting. As the 
muscle weakness becomes more severe, the terminal arborizations become 
increasingly more complex, in particular more elongated than normal, 
and may be in contact with several muscle fibers (Duchen 197o). The light 
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microscopic changes are in many ways similar to those seen in muscle 
after local injection of botulinum toxin. 

A gene encoding a sodium channel cz subunit was isolated from the 
flanking region of a transgene-induced allele of the rned gene and was 
called ScnSa. It is expressed in brain and spinal cord but not in skeletal 
or heart muscle. Scn8a is most closely related to a brain cDNA from the 
pufferfish Fugu rubripes, with 83% overall sequence identity and several 
shared insertions and deletions that are not present in other mammalian 
cDNAs. The divergence of Scn8a from the other brain sodium channels 
thus occurred prior to the separation of fish and mammals and predates 
the origin of the gene cluster on chromosome z. A deletion at the transgene 
insertion site spanning 5-1o kb genomic DNA causes loss of expression 
(Burgess et al. 1995). In MED mice, i.e., animals that are homozygous for 
the deletion, the absence of the Scn8a gene product could account for the 
above-mentioned symptoms although a multiplicity of other sodium chan- 
nel isoforms might be expressed. 

2.13 
Paralysis in Drosophila Due 
to para Locus Sodium Channel Mutations 

Para encodes a functionally predominant class of voltage-gated sodium 
channels in neurons of the fruit fly Drosophila melanogaster. It contains 
a minimum of z6 exons distributed over more than 6o kb genomic DNA. 
The transcript undergoes akernative splicing to produce several distinct 
channel subtypes. The proteins are very similar to those of vertebrate 
sodium channels (Loughney et al. 1989). 

Several insertions of transposable elements within introns of several 
Drosophila genes are known to interfere with transcription or processing 
of the RNA (Levis et al. 1984). These mutations often allow some degree 
of expression because a small fraction of the transcripts from the mutated 
gene is correctly transcribed and processed to produce functional mRNAs. 
A similar mechanism seems to operate for the para insertional mutations, 
so that they result in a low sodium channel expression rate rather than 
in the production of altered channels. Thus, in certain para mutants, the 
number of sodium channels may be greatly reduced in neurons whose 
sodium channels are expressed by the para gene. Excitation of these neu- 
rons may physiologically still be possible, but may be abortive under ad- 
versary circumstances. Indeed, some para mutants become paralyzed at 
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elevated temperature, probably because faster channel kinetics cause con- 
duction block (Loughney et al. 1989). 

3 
Potassium Channelopathies 

3.1 
The Multigene Family Encoding Voltage-Gated Potassium Channels 

A mutant of the fruit fly Drosophila melanogaster episodically presents, 
and consistently responds to ether anesthesia, with jerking leg movements 
and was therefore named "Shaker". Electrophysiological investigation of 
the muscle fibers of this mutant revealed potassium currents that inacti- 
vated much faster than those of wild type Drosophila. This led to the 
correct assumption that the Shaker mutation is located in a gene coding 
for a potassium channel (Shaker gene). Cloning and functional expression 
of this gene was the starting point for the identification of a large gene 
family encoding voltage-gated potassium channels that have homologs in 
vertebrates. The human homolog of the Shaker gene was termed KVl.1 or 
KCNA1 according to the nomenclature of mammalian potassium channel 
genes (Gutman and Chandy 1993). Typically enough, the first human chan- 
nelopathy detected involving a voltage-gated potassium channel is caused 
by a mutation in KV~.l (Browne et al. 1994). 

In vertebrates, the family consists of six subfamilies, with KvL1 to Kvl.7 
(KCNA1 to KCNA7) belonging to the Shaker gene-related subfamily 1. 
Correspondingly, subfamily 2 (Kv2 or KCNB) is related to Shab, subfamily 
3 (Kv3 or KCNC) to Shaw, and subfamily 4 to Shal, genes that are all 
related to potassium channel genes in Drosophila. Further related mam- 
malian subfamilies encode either voltage-gated (Kv5/KCND, Kv6/KCNG) 
or ligand-gated potassium channels. The voltage-gated potassium channels 
inactivate at different rates and to a varying extent (fast N-type and slow 
C-type inactivation). They are found in almost all eukaryotic cells of the 
animal and plant kingdoms (Rudy 1988) and are not only involved in the 
excitability of cells, such as nerve or muscle cells, but also of "inexcitabte" 
cells such as lymphocytes and pancreatic islet cells (Grissmer et al. 199o). 
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3.2 
Structure of the Drosophila-Related Mammalian Potassium Channels 

The functional channels are tetrameric complexes of four usually identical 
domains. Each potassium channel domain is encoded by a gene, whereas 
in the sodium channel, the whole tetramer is encoded by one gene. Corre- 
sponding to the segments $1-$6 in each of the repeats I-IV of the sodium 
channel, each potassium channel monomer contains six membrane-span- 
ning (z-helices, and the segments $5 and $6 and the linkers between them 
make up the lining of the conducting pore (Pongs 1992; Salkoff et al. 
1992). Homo- and heteromultimeric potassium channels may occur in 
nature, with heteromers belonging to the same subfamily. Most homote- 
trainers, for example, all Shaker-related channels except Kvl.4, inactivate 
slowly. Heterotetramers show fast inactivation if at least one of the four 
domains, for example, Kvl.4, carries the inactivation ball within its N-ter- 
minus (MacKinnon et al. 1993). 

3.3 
Episodic Ataxia with Myokymia (EA-1), a Kvl.1 Channeiopathy, 
and EA-2, a Possible Potassium Channelopathy 

This autosomal dominant human disease is characterized by episodic 
failure of excitation of cerebellar neurons and sustained hyperexcitability 
of the second motoneurons. The latter feature leads to repetitive twitching 
of small muscle fibers, for example, those around the eyes or in the hands. 
These so-called myokymias respond to anticonvulsants such as carbama- 
zepine. The onset of motion and exercise may provoke attacks of atactic 
gait that last for seconds to minutes. Acetazolamide is able to reduce the 
number and severity of attacks in some families (Gancher and Nutt 1986; 
Brunt and van Weerden 199o). Litt et al. (1994) showed linkage of the 
disease to chromosome 12p13, and six point mutations have been identified 
in Kvl.1 for six families: Val-176-Phe, Arg-a4o-Ser, Phe-a5o-Ile, Val-41o-Ala, 
Glu-325-Asp, Phe-184-Cys (Browne et al. 1994, 1995; Fig. 2). 

A clinically similar disease, episodic ataxia-type 2 (EA-z), has recently 
been linked to a locus that possibly encodes another potassium channel 
(Vahedi et al. 1995). This form of episodic ataxia is generally associated 
with interictal nystagmus. Attacks are provoked by emotional stress and 
exercise but not by starting movements. Attacks last for several hours to 
more than a day. Some patients develop progressive ataxia and dysarthria 



Molecular Pathophysiology of Voltage-Gated Ion Channels 

Neuronal K* channel Kvl.t 

O 

221 

Fig. 2. Substitutions predicted in potassium channel KVl.1 causing episodic ataxia with 
myokymia 

and may display cerebellar vermian atrophy on magnetic resonance im- 
aging. Acetazolamide is usually very effective in reducing the frequency 
of attacks. 

4 
Calcium Channelopathies 

4.1 
Types of Voltage-Gated Calcium Channels 

Initially, voltage-gated calcium channels were distinguished on the basis 
of their inactivation properties and named T-type when conducting tran- 
sient current or L-type when conducting long lasting current. A later classi- 
fication noted their presence in certain tissues, naming them B for brain, 
N for neuronal, and P for cerebellar Purkinje cells. Then, another classi- 
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fication was introduced according to their electrical threshold of activation 
(Nowycky et al. 1985), namely low (T-type), high (L-and P-types) and N 
(for neither L nor T-type). 

The recognition of different sensitivities of the various channels to 
organic blocking agents and several neurotoxins led to additional dif- 
ferentiation. N- and P-type channels, both expressed in neurons and neu- 
roendocrine cells, are blocked by omega-conotoxin GVIA (Hirning et al. 
1988) and the funnel web spider toxin omega-Aga-IVA, respectively (Mintz 
et al. 1992). The L-type channels are generally expressed in neuronal and 
endocrine cells, in cardiac, skeletal and smooth muscle as well as in fi- 
broblasts and kidney. Of particular interest in the context of this review 
are the L-type channels expressed in heart, smooth and skeletal muscle 
which are very sensitive to dihydropyridines (DHP, e.g., nifedipine), phe- 
nylalkalamines (PAA, e.g., verapamil), and benzothiazepines (BTZ, e.g., 
diltiazem). The blocking criterion led to the designation of the muscle 
L-type calcium channel as "dihydropyridine(DHP) receptor" which is a 
misnomer as it suggests ligand-activation when in fact voltage-gating is 
one of the main features of the channel. 

4.2 
Multigene Family, Structure, 
and Function of Voltage-Gated Calcium Channels 

Calcium channels are otigomeric proteins consisting of maximally five 
subunits: (z~, o~2, [3, y, and 8 (the y subunit seems only present in skeletal 
muscle L-type channels). 

4.2.1 
Theft Subunit 

The c~1 subunit shows slight variation depending on the tissue in which 
it is expressed. Structurally, it very much resembles the sodium channel 
o~ subunit with its four repeats (I-IV), each with six hydrophobic segments 
(Sa-S6) thought to span the T-tubular membrane. It always contains the 
channel pore and several voltage sensors. The muscular L-type channel 
c~1 subunit also contains the receptors for dihydropyridines, phenylalka- 
lamines and benzothiazepines. 

Six different cq subunit genes (CACNL1A1-6) have been identified in 
vertebrates. CACNL1A3, the gene encoding S, the oq subunit of skeletal 
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muscle, has been localized to human chromosome lq31-32 (Drouet et al. 
1993; Gregg et al. 1993) and its human cDNA sequenced (Hogan et al. 
1994). The mRNA was originally cloned from rabbit muscle (Tanabe et 
al. 1987). The gene product occurs in two isoforms, a rare z12-kDa protein 
containing the complete amino acid sequence, and a frequent (approx. 
95%) 19o-kDa isoform truncated by posttranslational proteolysis at aa 
169o (DeJongh et al. 1991). The truncated form was shown to be functional 
(Beam et al. 1992 ). Additional forms seem to exist, at least in postnatal 
muscle (Malouf et al. 1992). S-specific mRNA sequences have been also 
detected in other tissues including brain and kidney (see Hofmann et al. 
1994). 

CACNLIA1 is located on human chromosome 12p13 (Lacerda et al. 1991; 
Powers et al. 1991; Schultz et al. 1993) and encodes two different splice 
products, i.e., the (zl subunits for cardiac (Ca) and smooth (Cb) muscle. 
This gene is also expressed in most excitable and many nonexcitable cells 
such as fibroblasts. The L-type channel D encoded by CACNLIA2 on chro- 
mosome 3pz1.3-z1.2 (Chin et al. 1991; Seino et al. 1992b) seems to be specific 
for the neuroendocrine system (brain: Williams et al. 199z; pancreatic 
islet: Seino et al. 199za) as well as a splice variant of D or a channel 
encoded by CACNLIA4. Two other genes, CACNLIA5 on chromosome 9q34 
and CACNLIA6 on lqz5-31 seem also to code for L-type (zl subunits of so 
far unidentified distribution (Diriong, Genomics, 1995 GDB-No.). Brain 
cDNAs have been sequenced and functionally expressed for various P, N, 
and T type channels (A, B, and E, respectively; for review see Hofmann 
et at. 1994) but their human genes have not yet been localized. 

4.2.2 
The c~2/6 Subunit 

Although the c~1 subunit is able to form a calcium channel by itself, the 
fact that several other proteins consistently copurify with it has led to 
the idea that other modifying subunits also exist. The skeletal muscle O~1 

subunit copurifies with a protein of approximate molecular mass 175 kDa 
(c~z/8) that characteristically shifts to 15o kDa (or2) upon reduction, with 
appearance of three peptides of z5, z2, and 17 kDa (8; Catterall 1991). The 
(zz/8 protein is produced by a single gene with its 5'-end encoding o~z and 
its 3'-end encoding 8. The 6 subunit spans the membrane and anchors 
the extracellularly located c~a protein in the plasma membrane via disulfide 
bonds (Jay et al. 1991). Sequences identical or closely related to the skeletal 
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musde az/6 subunit have been found in a variety of tissues (o~dSb), in- 
cluding cardiac and smooth muscle, and the nervous system (Ellis et al. 
1988). The (zz/8 subunit from rat brain predicts an identical 8 protein and 
a splice variant of the processed c~2 protein. The corresponding human 
gene has been localized to chromosome 7q21-22 (Iles et al. 1994; Powers 
et al. ~994). 

4.2.3 
The [3 Subunit 

The skeletal 13 subunit (131) is a membrane protein, located intracellulary, 
consisting of 524 amino acids (Ruth et al. 1989). Its deduced amino acid 
sequence contains stretches of heptad repeat structure characteristic of 
cytoskeletal proteins. The corresponding human gene, CACNLB1, has been 
localized to chromosome 17q21-22 (Iles et al. 1993a). Differential splicing 
of the primary transcript of 131 results in at least three isoforms: ~la through 
13~c (Ruth et al. 1989; Pragnell et al. 1991; Powers et al. 1992; Williams et 
al. 1992); ~la is expressed in skeletal muscle whereas the two other isoforms 
are expressed in brain, heart, and spleen (Powers et al. 1992). The protein 
does not appear to be significantly glycosylated and is hydrophilic. Thus, 
it probably represents an extrinsic membrane protein and may normally 
be associated with the cytoplasmic aspect of the (Zl subunit. When skeletal 
muscle (z~ subunits were stably transfected in heterologous cells, coex- 
pression of the skeletal muscle ~ subunits dramatically increased the num- 
ber of DHP-binding sites but curiously had no effect on the current density 
(Lacerda et al. 1991; Varadi et al. 1991). However, the [~ subunit increased 
the rate of calcium current activation (Lacerda et al. 1991; Varadi et al. 
1991 ). Similar effects have been noted for the oq subunit from cardiac 
muscle. When this protein was expressed in oocytes, rate of activation 
and amplitude of the calcium current were substantially increased by the 
coexpression of either the skeletal muscle or cardiac muscle forms of the 
13 subunit (Perez-Reyes et al. 1992; Wei et al. 1991). Transcripts of two 
other genes (13~ and 13z) encoding proteins different from the skeletal 
muscle 13 subunit have been isolated from a cardiac cDNA library (Hullin 
et al. 1992). A fourth 13 subunit, [34, has been cloned from rat brain (Cas- 
tellano et al. 1993). 
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This subunit seems to be specific for skeletal muscle. It consists of 222 
aa and contains four putative transmembrane domains (Bosse et al. 199o; 
Jay et al. 199o). The human gene, CACNLG, has been localized to chro- 
mosome 17q24 (Iles et al. 1993b; Powers et al. :993). When the y subunit 
was coexpressed with cardiac 0q-subunits in Xenopus oocytes, rate of in- 
activation and amplitude of the calcium currents were increased, and the 
voltage range of inactivation was shifted in the hyperpolarizing direction 
(Singer et al. 1991; Lerche et al. 1996a), 

4.3 
The Skeletal Muscle L-Type Calcium Channel 

The high density of L-type channels in the transverse tubules of adult 
skeletal muscle was noticed as an unusually high concentration of DHP 
binding sites which made the isolation and characterization of the "DHP 
receptor" possible. It is for this reason that most of our knowledge on 
the structure and function of vokage-gated calcium channels stems from 
work on this channel. Linkage of human or animal diseases with genes 
encoding voltage-gated calcium channel genes concerns either the or: sub- 
unit or the o~2/8 subunit of the skeletal muscle L-type channel. 

In skeletal muscle, this channel is essential for excitation-contraction 
coupling which, in contrast to heart and smooth muscle, does not require 
calcium influx from the extracellular space. The channel is involved in 
voltage-dependent calcium release from the sarcoplasmic reticulum, medi- 
ating contraction (for review see Melzer et al. 1995). It is characterized 
by a high activation threshold and slow inactivation. Its exceptionally slow 
activation is unique for voltage-gated ion channels. 

The currents conducted by this channel have been studied mainly in 
frog and rat muscle both by the use of the microelectrode voltage clamp 
on intact fibers and the vaseline-gap clamp on cut fibers. 

The channel of intact adult muscle has not yet been characterized on 
the single-channel level because of its location in the depth of the trans- 
verse tubular system. However, its isolation and enrichment in vesicular 
membranes provided the basis for the reconstitution of functional chan- 
nels in artificial lipid bilayers. Fluctuations of the current conducted by 
single channels were usually investigated with high concentrations of per- 
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meant divalent cations on both sides of the bilayer. Two separate con- 
ductances (9 and 20 pS when measured with symmetrical 90 mM BaClz) 
were found in such an isolated channel preparation (Pelzer et al. 1989). 
For both conductances the open probability depended on the membrane 
potential. The large conductance was sensitive to dihydropyridines and 
phenylalkylamines as well as to cAMP-dependent phosphorylation, and 
was therefore attributed to the L-type channel. The small conductance 
was not sensitive to these agents and may perhaps be related to the fast 
calcium current in frog muscle (Cota and Stefani 1986). 

4.4 
Calcium Channels in Developing Skeletal Muscle 

Skeletal muscle fibers are formed either during embryogenesis by fusion 
of myoblasts or during regeneration by fusion of proliferated satellite 
cells. The early stages of this process can be followed in tissue culture by 
studying oligo- or multinucleated myotubes. Myotubes (or myoballs 
derived from them) exhibit both T-type and DHP-sensitive L-type currents 
(Cognard et al. 1986). Cultured human muscle cells conduct an additional 
high voltage-activated calcium current that resembles the N channel cur- 
rent as far as voltage-dependence and kinetics are concerned, but lacks 
N channel pharmacology (Rivet et al. 199z; Lehmann-Horn et al. 1995b; 
Sipos et al. 1995). In rat and mouse muscle fibers, the T-type current seems 
to prevail early during postnatal development, to give way later to L-type 
current (Beam and Knudson 1988a,b; Gonoi and Hasegawa 1988). In con- 
trast Cognard and colleagues reported that L-type channels start first and 
then the T-type channels are transiently expressed (Cognard et al. 1992, 

1993a,b). Experiments on fibers that had the connection of the transverse 
tubules to the surface membrane disrupted by glycerol treatment showed 
that at the later stages of development (e.g., 34 days of culture) the L-type 
channels are exclusively located in the T system whereas the T-type chan- 
nels reside in the surface membrane (Romey et al. 1989). Both types are 
found in the surface membrane as early as day 9 of culture. The spatial 
separation apparently goes along with the appearance of well-defined 
triads (Romey et al. 1989). 
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The mRNA for the 0~1 subunit of the cardiac L-type calcium channel pro- 
duced functional channels when introduced into Xenopus oocytes (Mi- 
kami et al. 1989). On the other hand, the attempt to express cDNA of the 
(rabbit) skeletal muscle al  subunit in the oocyte system did not result in 
functional channels. Functional expression of this cDNA was possible, 
however, in myotubes derived from mice with muscular dysgenesis (Ta- 
nabe et al. t988; see below). Moreover, when this cDNA was introduced 
into the nuclei of the dysgenic myotubes, not only the typical slow calcium 
current could be recorded, but also EC coupling was restored (Tanabe et 
al. t988). About lo% of the cells surviving the injection procedure con- 
tracted either spontaneously or upon electrical stimulation. Contracting 
cells showed slow calcium currents when investigated with the whole-cell 
technique. These currents were not necessary for contraction since EC 
coupling remained functional after the calcium current was blocked by 
o.5 mM cadmium ions. The restoration of the slow calcium current and 
skeletal muscle type EC coupling indicates that a protein derived from 
the same gene is a main constituent of both the calcium channel and the 
voltage-dependent mechanism that controls internal calcium release. 

4.6 
Hypokalemic Periodic Paralysis, a Disease Linked to CACNL1A3, 
the Gene Encoding the Skeletal Muscle L-Type Channel ~ Subunit 

Familial hypokalemic periodic paralysis is the most common form of the 
periodic paralyses in man. The condition is transmitted as an autosomal 
dominant trait. Its main symptom is the episodic occurrence of attacks 
of flaccid weakness. The attacks are associated with a decrease of the 
potassium concentration in the serum. They can be provoked by excessive 
intake of carbohydrates, strenuous exercise or by mental stress. Interes- 
tingly they do not occur during the physical stress but during a following 
rest, sometimes several hours later. The attacks vary in frequency, duration 
and severity. In severe attacks, the vital capacity may be reduced and 
death can occur from ventilatory failure or cardiac arrhythmia due to 
hypokalemia. However, usually patients show a normal life span (reviewed 
by Lehmann-Horn et al. 1994). Independent of the occurrence of attacks, 
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patients develop a late onset, progressive myopathy (Links et al. 1994a). 
The Burmese cat may be considered as a naturally occurring animal model 
for the disease (Blaxter et al. 1986; Mason 1988). 

The hypokalemia is assumed to be caused by stimulation of the so- 
dium-potassium pump by insulin which is one physiological mechanism 
by which potassium ions are transported from the extracellular space 
into the intracellular compartment (Zierler and Andres 1957; Clausen and 
Kohn 1977; Flatman and Ctausen 1979; Grob et al. 1957). Other hormones 
influencing the transmembrane movement of potassium are thought to 
contribute and thus to affect the frequency and severity of the clinical 
symptoms. This hypothesis is based on the observations that the onset 
of the disease is usually during puberty, penetrance in women is incom- 
plete, attacks become predominant during pregnancy, and adrenaline is 
a specific triggering agent. 

4.6.1 
Mutations in CACNLIA3 

A systematic genome-wide search in members of three families demon- 
strated that the disease is linked to chromosome lq31-32 and cosegregates 
with the gene encoding the L-type calcium channel (DHP-receptor) o~1 
subunit (Fontaine et al. 1994) which is located in this region (Drouet et 
al. 1993; Gregg et al. 1993). Sequencing of cDNA derived from muscle bio- 
psies of patients revealed so far three mutations (Fig. 3). Two of these are 
analogous predicting arginine to histidine substitutions within the highly 
conserved $4 regions of repeats II and IV (Arg-528-His and Arg-1239-His, 
respectively), the third predicts an arginine to glycine substitution in IVS4 
(Arg-1239-Gly; Jurkat-Rott et al. 1994; P t~ek  et at. 1994a; Grosson et al. 
1996). The substitutions have corresponding counterparts in the c6 subunit 
of the sodium channel and those cause paramyotonia congenita by un- 
coupling activation from inactivation (Chahine et al. 1994). The majority 
of families carry either the Arg-szS-His or the Arg-1239-His substitution 
(Elbaz et al. 1995). 

Expression of cDNA of CACNLIA3 results in functional channels only 
when (a) the cell system has a sarcoplasmic reticulum and triads necessary 
for EC-coupling and contraction and (b) the other four subunits of the 
pentameric DHP receptor are coexpressed. Thus, for the study of the dys- 
function of the mutant CACLN1A3 gene product, myotubes cultured from 
muscle specimens of patients are the preparation of choice although they 
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Fig. 3. Substitutions predicted in the c~ subunit of the L-type calcium channel of 
skeletal muscle causing hypokalemic periodic paralysis (HYPOPP) 

contain also normal channels. In such myotubes three voltage-dependent 
calcium currents can be separated (Rivet et al. 1992; Lehmann-Horn et 
al. 1995b; Sipos et al. 1995): (a) a rapidly activating and inactivating current 
with a low-voltage threshold at about -5o mV (T-type current), seen in 
the majority of cells, (b) a slowly activating and inactivating current with 
a high voltage threshold of about -20 mV, and sensitive to dihydropy- 
ridine, and (c) in one third of the cells, a second type of fast inward 
current with kinetics similar to the T-type current but with its maximum 
about 30 mV more positive (3rd-type according to Rivet et al. 1992). 

In myotubes from patients, both arginine-to-histidine exchanges 
seemed to influence channel inactivation but did not alter activation 
(Lehmann-Horn et al. 1995b; Sipos et aL 1995). The density of the 3rd-type 
current was markedly increased. As this current is also seen in normal 
myotubes, it is unlikely that it is conducted by mutant L-type channels. 
Rather, the authors suggested that calcium channel expression may be 
altered as a consequence of the mutation. A delay of the downregulation 
of the gene coding for the channel conducting the 3rd-type calcium current 
could account for the results. 

The L-type calcium current of myotubes with the II-S4 mutation (Arg- 
5z8-His) has a normal voltage dependence, however, its inactivation curve 
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is shifted to more negative potentials (Sipos et al. 1995) and thus resembles 
the altered currents seen in the presence of phenylalkylamine drugs such 
as gallopamil (D6oo) and devapamil (D888). These drugs bind to the 
intracellular side of segment IV-S6 of the channel (for review see Catterall 
and Striessnig 1992), selectively stabilizing a voltage-dependent inactive 
state (Erdmann and Lfittgau 1989). Since in the myotubes both the wild- 
type and the mutant channel is expressed, two L-type current components, 
a normal and a modified one, are expected. However, the presence of a 
monophasic inactivation curve suggested a homogenous population of 
channels with abnormal inactivation. This might be explained by an oli- 
gomeric arrangement of the ion-conducting channels forming a functional 
unit in which one mutant monomer is sufficient to produce malfunction 
of the entire complex. Such a functional unit might be constituted by the 
transverse tubular tetrads (Block et al. 1988; Lamb 1992). 

In contrast to the results obtained from patient myotubes, a study of 
the functional consequences of the corresponding Arg-to-His exchange 
in the cardiac cq subunit, which can be easily expressed in a heterologous 
cell system, did not show this shift (Lerche et al. 1996a). Since the tetradic 
organization of the DHP receptors is most likely lost in the cells used, 
the authors suggest that this arrangement is essential to create the specific 
functional change on inactivation observed in human myotubes. 

How inactivation of the L-type calcium current is related to hypokale- 
mia-induced attacks of muscle weakness which characterize familial hy- 
pokalemic periodic paralysis can only be speculated upon. Since electrical 
muscle activity is reduced or even absent during attacks (Engel et al. 1965; 
Links et al. 1994b), a failure of excitation is more probable than a failure 
of excitation-contraction coupling. Nevertheless, the hypokalemia-induced 
membrane depolarization observed in excised muscle fibers (Rfidel et al. 
1984) might also reduce calcium release by inactivating sarcolemmal and 
t-tubular sodium channels, and repolarization of the membrane by acti- 
vation of ATP-sensitive potassium channels restores force (Grafe et al. 
199o). 

4.7 
The Muscular Dysgenesis (mdg) Mouse 

A mouse mutant was discovered with homozygous animals dying at birth 
because of nonfunctional respiratory muscles. The disorder is inherited 
as an autosomat recessive trait and was shown to be caused by a deletion 
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of a single nucleotide in the gene encoding the L-type calcium channel 
(DHP receptor) c~1 subunit (Chaudhari 1992). In the muscles of homozy- 
gous animals, the altered mRNA is present only at low levels (Tanabe et 
al. 1988) and c~1 subunits are immunologically not detectable (Knudson 
et al. 1989). Action potentials can be elicited in these muscles but they do 
not trigger contractions. Mice heterozygous for the deletion are not dis- 
tinguishable from normal mice. 

Myotubes can be cultured from the muscle of newborns and studied 
in primary culture (Beam et al. 1986; Beam and Knudson 1988a,b; Adams 
and Beam 1989). The DHP-sensitive L-type current and excitation-con- 
traction coupling are both absent (Beam et al. 1986). However, L-type 
currents were present after rabbit cDNA encoding the al subunit had 
been injected into nuclei of these myotubes (Tanabe et al. 1988). Ever 
since this detection, this expression system was successfully used for the 
characterization of the structure-function relationship of the L-type cal- 
cium channel cq subunit. 

4.8 
Malignant Hyperthermia 

Susceptibility to malignant hyperthermia (MH) is a subclinical myopathy 
that is transmitted as an autosomal dominant trait. Life-threatening symp- 
toms may occur when a susceptible individual is exposed to triggering 
agents such as volatile inhalation anesthetics and depolarizing muscle 
relaxants. MH crises are characterized by a dysregulation of free myo- 
plasmic calcium that cause (a) increased skeletal muscle metabolism pro- 
ducing hypercapnia, hypoxemia, tachycardia, acidosis and elevated core 
temperature; and (b) skeletal muscle symptoms such as masseter spasms, 
generalized muscle rigidity, increased serum creatine kinase (CK), myo- 
globinuria and hyperkalemia (Denborough and Lovell 196o). 

In some of the affected families, the susceptibility to malignant hyper- 
thermia is linked to the gene encoding the skeletal muscle ryanodine 
receptor (RyR1; MacLennan et al. 199o; McCarthy et al. 199o), a calcium 
channel situated in the triadic membrane parts of the sarcoplasmic re- 
ticulum. This channel is not considered a voltage-gated channel per se 
although voltage sensitivity is generated in conjunction with the L-type 
calcium channels situated in the opposing triadic membrane parts of the 
transverse tubular system to which they are connected by the triadic "feet" 
structures (Francini-Armstrong 197o; for review see Francini-Armstrong 
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and ]orgensen 1994). Several point mutations in the RyR1 gene have been 
detected to cause this susceptibility (MH type 1). One of the point muta- 
tions (predicting Arg-614-Cys, Gi]lard et al. 1991) has a counterpart in the 
pig genome (predicting Arg-615-Cys) which causes the porcine stress syn- 
drome, an animal homologue of MH (Mitchell and Heffron 1982). HOW 
the mutations cause the intraceltular calcium dysregutation is still a matter 
of debate (for review see MacLennan and Phillips 1992). 

In other families with typical MH susceptibility, linkage of the condition 
to the RyR1 gene was excluded (Deufel et at. 1992). In one such family, 
linkage to chromosome 7q and the gene encoding the L-type calcium 
channel ct2/8 subunit was found (Iles et al. 1994). The Iod score for the 
linkage is close to 3 and therefore establishes this gene as candidate gene 
for MH type 2. This gene is not yet completely sequenced. 

5 
Chloride Channelopathies 

5.1 
Voltage-Gated Chloride Channels in Skeletal Muscle 

In nervous tissue, the chloride conductance is so small that it is usually 
neglected in considerations concerning axonal excitability. In contrast, 
the chloride conductance of resting adult skeletal muscle is rather large 
(133 ~tS/cm 2 in human external intercostal muscle fibers at the membrane 
potential of -80 mV, as compared to a potassium conductance of 
42 gS/cm z, Kwiecinski et al. 1984). Nevertheless, electrophysiological ident- 
ification and characterization of the channels responsible for this high 
conductance turned out to be very difficult. Three different types of 
chloride channel were found in single-channel recordings of human myo- 
tubes (Fahlke et al. 1992), and chloride channels of intermediate (Burton 
et al. 1988) or large (K61tgen et al. 1991) conductance were occasionally 
detected in membrane blebs from adult human muscle fibers, but none 
of these seemed to be responsible for the high conductance. After many 
laboratories had failed to fred the major chloride channel with the patch- 
clamp or to reconstitute it using techniques that had turned out successful 
with potassium channels, the use of the vaseline-gap technique on adult 
rat skeletal muscle fibers finally led to the desired determination of the 
properties of homologously expressed major muscle chloride channel 
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(Fahlke and Riidel i995). By that time the channel had also been cloned, 
functionally expressed and characterized in the heterologous Xenopus 
oocyte system (Steinmeyer et al. 1991b). It had been named ClC-1, and it 
was shown that it is responsible for the high chloride conductance of the 
muscle fiber membrane. Recent immunohistochemical analysis with Clc-1 
antibodies show that C1C-I is localized at least in the sarcolemma (Gurnett 
et al. 1995). 

5.2 
Muscle Diseases in Man Linked to CLCN1, 
the Gene Encoding CIC-1 

As mentioned, mutations in CLCN1 lead to several forms of myotonia, 
diseases characterized by a temporary muscle stiffness that can affect 
every skeletal muscle of the body. The first description of the classical 
picture of myotonia congenita was given by Asmus Julius Thomsen (1876) 
who had the disease himself. He already clearly described the myotonic 
stiffness and the nonprogressive character of the disease, and correctly 
stated that the mode of inheritance was dominant. 

In the 195os, Becker (1957) claimed that in many families diagnosed as 
having myotonia congenita, the mode of inheritance was recessive, as al- 
ready discussed by Thomasen (1948). In the recessive type, the symptoms 
were also not congenital but seemed to start at the end of the first decade 
of life. Becker also found that in the recessive type the myotonia was 
more generalized than in Thomsen's disease. Therefore he named this 
type "recessive generalized myotonia" and later it was considered a no- 
sological entity that received its own entry in the standard listing of hered- 
itary diseases (McKusick 1992). This "Becker form" of myotonia is also 
characterized by a transient weakness, particularly in the arm and hand 
muscles, that patients experience when they want to make use of their 
muscles after a period of rest. 

It is now clear that both the dominant and the recessive form are caused 
by mutations in CLCN1 (Koch et al. 1992). The intensive search for mu- 
tations that followed this discovery showed that the dominant form is 
very rare, as less than 1o different families have been identified at the 
molecular level up to date. The recessive form is much more common, 
and the estimation by Becker (1977) of a frequency between 1:23 ooo and 
1:5o ooo might still hold. Males seem to predominate at a rate of 3:1 when 
the Becker-type propositi are counted. However, family studies disclose 
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that women are affected at the same frequency though to a much lesser 
degree. 

In 1966, DeJong (1966) reported a very benign form of myotonia con- 
genita with dominant mode of inheritance and called it myotonia levior. 
The variant is characterized by mild symptoms, late onset of myotonia 
and absence of muscle hypertrophy. The mutation in CLCN1 that is re- 
sponsible for this benign form was recently described (Lehmann-Horn 
et al. 1995a). 

5.3 
Pathophysiology of Chloride Channel Myotonia 

The myotonic reaction can be described in electrophysiological terms as 
resulting from a lowered electrical threshold and an increased tendency 
to react to a prolonged current pulse with repetitive activity. The phar- 
macologist Shirley Bryant (1969) was the first to relate these abnormalities 
to a congenital absence or reduction of the chloride conductance of the 
muscle fiber. The "low chloride conductance theory of myotonia," first 
developed for an animal model, the myotonic goat, and later confirmed 
by in vitro studies on excised muscles from patients with both dominant 
and recessive myotonia (Lipicky et al. 1971; Lipicky 1979; Riidel et al. 1988; 
Franke et al. 1991), explains the hyperexcitability as follows (Adrian and 
Bryant 1974). During physiological activity potassium leaves the interior 
of the muscle fibers and accumulates in the lumen of the transverse tu- 
bules. In a normal fiber with a high chloride conductance, tubular po- 
tassium accumulation causes depolarization of about o.1 mV per action 
potential, not enough to be of physiological importance. In myotonic fibers 
with reduced chloride conductance, the same potassium accumulation 
causes about ten times as much depolarization. In other words, while in 
normal fibers the chloride conductance tends to clamp the membrane 
potential to the chloride equilibrium potential near -8o mV (Bryant 1976), 
the lack of this shunt in myotonic fibers leads to after-depolarization and 
subsequent repetitive activity. 

Variation of the parameters for a mathematical membrane model that 
included the T system showed that the mere lowering of the chloride 
conductance did not cause repetitive firing (DeCoursey et al. 1981 ). In 
fact, appropriate adjustment of the sodium channel activating kinetics 
was necessary for a correct simulation of the experimentally observed 
lack of accommodation. Interestingly, corresponding abnormalities in the 
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properties of the sodium channels were noted in myotonic muscle, both 
from the goat (Adrian and Marshall 1976) and humans (Lipicky 1977; 
Franke et al. 1991; Iaizzo et al. 1991). Variation of the degree of artificial 
block of the chloride conductance of normal rat muscle (Bryant 1982) 
showed that, for myotonia to occur, the fraction of the chloride conduct- 
ance may not be larger than 3o% of the total WT membrane conductance 
(the rest is mainly potassium conductance). Determination of this fraction 
in a large number of patients having either dominant or recessive myotonia 
congenita showed that this fraction ranged from 0% to 66% (Franke et 
al. 1991). Functional gene dosage compensation on the channel protein 
seems to determine the sarcolemmal density of chloride channels and 
the reduction of other ion conductances may be secondary effects of the 
myotonia (Chen et al. 1996, see also below: Myotonic Mice). 

This fairly coherent "low-chloride conductance" hypothesis was tested 
with many animal models, for example, the myotonic goat, rats that had 
been fed on a diet containing blockers of the cholesterol synthesis (see 
Kwiecinski 1981), and muscles made myotonic in vitro by replacing 
chloride in the extracellular fluid by an impermeant anion, or by blocking 
the chloride channels with monocarboxylic aromatic acids, the most po- 
tent of them being 9-anthracene carbonic acid (Bryant and Morales- 
Aguilera 1971). Up to the era of molecular biology it was unknown, how- 
ever, whether in the hereditary myotonias the muscle chloride channels 
were defective or altogether missing. This question was solved when 
CLCN1, the gene encoding sarcolemmal chloride channels, was discovered. 

5.4 
Myotonia in the Goat 

About 30 years after the first description of myotonia in man (Thomsen 
1876), White and Plaskett (19o4) described a breed of "fainting" goats 
raised in Tennessee. The animals tended to have attacks of extreme muscle 
stiffness when attempting a quick forceful motion, so that they often fell 
to the ground for 5-2o s with extension of the limbs and neck. Clark et 
al. (1939) were the first to refer to the disease as "a form of congenital 
myotonia in goats." It was excised external intercostal muscle from this 
strain, that the American pharmacologist Shirley H. Bryant used for his 
famous electrophysiological studies of the membrane conductance (re- 
viewed by Bryant 1973). These studies led him to the conclusion that the 
fundamental electrical abnormality of resting myotonic fibers is a reduced 
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chloride conductance. Studies on the same muscle from the myotonic 
goat also first elucidated the role of the T-tubular system in generating 
repetitive action potentials (Adrian and Bryant 1974). Curiously, the myo- 
tonic goat did not play a role for the finding of the genetic defect causing 
the reduced chloride conductance. Only long after the gene encoding the 
muscle chloride channel was localized and cloned for mouse (Steinmeyer 
et al. 1991a) and man (Koch et al. 1992), was the goat mutation in the 
homologous gene determined (Beck et al. 1996). It causes an Ala-885-Pro 
substitution in the C terminal end of the chloride channel protein (Fig. 4) 
that results in a right shift of the activation curve. 

Skeletal muscle CI" channel 

omir~ant myotonia corlger;}ta (DMC 
,~cessive myotonia congenita (RMC 
~yotonia ievior (dominar 

Fig. 4, Substitutions predicted in the voltage-gated chloride channel protein of skeletal 
muscle (modified after Middleton et al. 1994). adr, Positions of mutations in adr myo- 
tonic mouse; DMC, dominant myotonia congenita; RMC, recessive myotonia congenita 
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In the late 197os two spontaneous mouse mutations were detected (as 
reviewed by Riidel 199o), one in the AzG strain in London (Watkins and 
Watts 1984), the other in the SWR/J strain in Bar Harbor/Maine (Heller 
et al. 1982). The behavioral abnormalities of the affected animals were 
very similar, and in both mutations the traits were transmitted as an auto- 
somat recessive trait. The British scientists were struck by the observation 
that from days lO-12 onwards the affected animals had difficulty in righ- 
ting themselves when placed supine and therefore called the mutation 
"ADR" for "arrested development of righting response." The Americans 
observed that shaking the cage provoked sustained extension of an ani- 
mal's hind limbs, and since electrical myotonia was recorded in the EMG 
from the stiff muscles, this strain was called "MTO," for "myotonic." Thor- 
ough investigations of the time course of twitches and tetanic contractions 
and of the excitability properties of the muscle fiber membranes showed 
for both the MTO (Entrikin et al. 1987) and the ADR (Reininghaus et al. 
1988) mice that the typical myotonic features were present even in the 
isolated muscles. As far as the phenotype is concerned, the two models 
of myotonia are virtually indistinguishable (Reininghaus et al. 1988; K61t- 
gen et al. 1989). Transplantation experiments with ADR and wild type 
grafts showed that the ADR phenotype is based on an intrinsic muscle 
property (Ffichtbauer et al. 1988) and electrophysiology proved for MTO 
(Bryant et al. 1987) and ADR (Mehrke et al. 1988) that, as in the myotonic 
goat, the reason for the abnormal excitability is a reduced chloride con- 
ductance. Intercrosses of the type A2G adr/+alSWR/J into~+ lead to the 
diseased phenotype indicating that adr and mto are allelic (Jockusch and 
Bertram 1986). The latter allele was then renamed adr mw. Three further 
mutations in the adr allelomorphic series have been reported (Adkison 
et al. 1989; Neumann and Weber 1989), and the into allele was mapped 
by conventional markers to chromosome 6 (Davisson et al. 1989). The 
assumption of conservation of the genomic structure in the vicinity of 
the Hox t.1 gene led Jockusch (2990) to predict that the Becker myotonia 
gene is located on the human chromosome 7 before the major chloride 
channel, Clc-1, of mammalian skeletal muscle was cloned. 

When this was finally accomplished (Steinmeyer et al. 1991a; see below), 
it was soon shown that the spontaneous mutation of the ADR mouse 
consists in the insertion of a retroposon of the ETn family in the gene 
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coding for Clcq. This destroys the gene's coding potential for several mem- 
brane spanning domains (Steinmeyer et al. 1991b). From this and the lack 
of recombination between the Clcq gene and the adr locus, it was con- 
cluded that a lack of functional chloride channels is the primary cause 
of mouse myotonia. Meanwhile, it was found that the adr mr° allele has a 
stop codon introduced close to the N terminus, and that the ethylnitro- 
sourea-induced mutation adr I(causes the substitution Ile-553-Thr (Grone- 
meier et al. 1994). 

Tocainide, an antiarrhythmic drug often used in human patients for 
the temporary abolition of myotonia (Riidel et al. 198o) was administered 
to the animals by incorporating it in food pellets. It readily prevented the 
development of myotonia in young animals and suppressed an existing 
myotonia in older animals (Jokusch et al. 1988). At the same time as myo- 
tonia was suppressed the abnormalities in proportion of fiber types, 
myosin light chain phosphorylation and parvalbumin content were 
reversed. Thus, it is obvious that the biochemical abnormalities were just 
secondary effects of the hyperactivity. Neuromuscular transmission was 
found unimpaired both in ADR and MTO mice (K61tgen et al. 1991). 

Myotonic mouse models, mostly the ADR mouse, were also used to 
study the role of chloride conductance in myotubes and neonatal muscle 
(Wischmeyer et al. 1993) and the role of innervation on the expression 
of the Ctcq gene (Klocke et al. 1994). No indication of electrical myotonia 
was detected in cultured ADR myotubes and it was concluded that the 
low chloride conductance of myotubes is not controlled by the Ctcq gene 
as the presence of Clc-1 mRNA is % (Bardouille et al. 1996). In contrast, 
in the neonatal mouse, normal excitability depends on a normal dosage 
of functional Clc-i alleles. Ctcq expression was found to depend on the 
innervation by the motor nerves, and the level of Clc-1 mRNA was higher 
in fast (extensor digitorum longus) than in slow (soleus) muscle. In hete- 
rozygous adult adr/+ mice, the macroscopic chloride conductance of the 
sarcolemma is not significantly different from wild type in spite of the 
presence of only 50% functional Clc-I RNA. This indicates that a regulatory 
mechanism acts on the protein level limiting the density of Clcq channels 
(Chen et al. 1996). 

Wischmeyer et al. (1995) were successful in recording chloride and po- 
tassium currents from single channels in lipid-supplemented sarcolemmal 
vesicles prepared from mouse skeletal muscle. Five different chloride chan- 
nels were repeatedly identified and designated Clc-a to Clc-e, Clc-b being 
presumably identical with a known chloride channel (Chua and Betz 1991). 
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The function of all these channels is so far unknown, none of them seems 
identical with Ctc-1. Interestingly, Clc-d and Clc-e, showed some properties 
with the macroscopic chloride conductance and were not detected in 
vesicles made from ADR mouse muscle. The authors speculate that the 
chloride channels in the vesicles are made up of subunits of various 
chloride channel proteins (for multimeric structure of Clc-1, see below). 
Comparison of heterologously expressed C1C-1 channels with native chan- 
nels (Bretag 1987) has not revealed substantial functional differences. Thus, 
for the reconstituted channels a physiological function has yet to be found. 

5.6 
The CIC Multigene Family Encoding Voltage-Gated Chloride Channels 

C1C-1, the chloride channel of the skeletal muscle fiber membrane, belongs 
to a family of voltage-gated chloride channels whose members are encoded 
by a gene family that has no relation with any other known ion channel 
gene family. Thus, C1C-1 is structurally entirely different from the epithelial 
chloride channels affected in cystic fibrosis. 

Several electric fish of the species Torpedo contain at high density 
chloride channels in the cells of electroplax, the electric organ that de- 
velops from skeletal muscle tissue (White and Miller 1979). The cDNA 
encoding this channel was cloned by Jentsch et al. (199o). Expressed in 
Xenopus oocytes, it gave rise to large chloride currents. The channel con- 
ducting these currents was called C1C-o. It was the very first recognized 
gene product of a member of the newly detected CIC gene family (Stein- 
meyer et al. 1991b). 

Meanwhile at least nine different CIC genes (reviewed by Pusch and 
Jentsch 1994 and Jentsch et al. 1995) have been discovered in mammals, 
several of which seem to be expressed ubiquitously. CLCN1 encodes the 
major chloride channel in skeletal muscle, to be extensively discussed 
below. CLC-2, having an overall identity of about 5o% with CLCN1 codes 
for a swelling-activated chloride channel (Grfinder et al. 1992; Thiemann 
et al. 1992). Related to the same branch of the gene family are the kid- 
ney-specific channel genes CIC-K1 and CIC-K2 (Uchida et al. 1993) and 
their human counterparts hCLC-Ka and hClc-Kb (Kieferle et al. 1994). 
They are about 8o%-9o% homologous to each other, but the channels 
are differentially distributed along the nephron. A more distant branch 
of the family contains CIC-3 (Kawasaki et al. 1994, 1995) and CIC-4 (van 
Slegtenhorst et al. 1994). CIC-3 is rather ubiquitously expressed, its function 
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is not yet known. With CLC-4, expression in man is highest in muscle 
and brain (van Slegtenhorst et at. 1994), whereas in rat it is most prominent 
in liver and brain (Jentsch et al. 1995). It may play a role in patients with 
recessive myotonia congenita (Mail~nder et al. 1996). 

5.7 
CLCN1, the Human 6ene Encoding CIC-1 

Two independent lines of experiments led to the localization of CLCN1, 
the human gene encoding C1C-1. One line made use of the myotonic mouse 
mutant adr (for "arrested development of righting response," Heller et al. 
1982; see above). Conventional mapping techniques and the use of restric- 
tion fragment length polymorphisms (RFLPs) resulted in localization of 
the adr locus on chromosome 6, close to the locus for the T cell receptor 

(Tcrb; Adkison et al. 1989). This made it very probable that the Becker 
myotonia gene is localized in the homologous region on human chromo- 
some 7q32-ter. Subsequently, tight linkage was shown between the TCRB 
locus and Thomsen myotonia (Abdalla et al. 1992). 

The other, more direct way to localizing HUMCLC started by expression 
cloning of C1C-o, the chloride channel of the electric fish, Torpedo mar- 
morata (Jentsch et al. 199o). Partial cDNAs of chloride channels of rat 
and mouse (Steinmeyer et al. 1991b) and human (Koch et al. 1992) skeletal 
muscle, C1C-1, were then cloned by homology screening. The probes ob- 
tained in this way were used to show linkage to the adr locus and to both 
Becker and Thomsen myotonia, respectively (Koch et al. 1992). The gene, 
located at 7q35, spans at least 40 kb and contains 23 exons whose boun- 
daries have been located (Lorenz et al. 1994). It consists of 2964 base pairs 
and codes for a protein of 988 amino acids. The cDNA was functionally 
expressed in Xenopus oocytes (Lorenz et at. 1994). Primer sequences for 
the amplification of all exons are given in Lehmann-Horn et al. 1995. 

5.8 
Naturally Occurring Mutations in CLCN1 

Fourteen missense mutations, three nonsense mutations, and two deletions 
in various exons of CLCNI have been discovered (Fig. 4, Table 4. Which 
contains editional mutation very resently reported). Six point mutations 
exert dominant or partly dominant effects; five of them are missense mu- 
tations such as Gly-23o-Glu (George et al. 1993a), Pro-48o-Leu (Steinmeyer 
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Table 2. Mutations of CLCN1, the gene encoding the chloride channel of human adult 
skeletal muscle. T = terminus; E = exon 

Geno- E Substitution Domain Mode of Genetic status First report 
type inheritance of propositus 

C22oT 2 Gln-74-Stop N-T 

C313T 3 Arg-lo5-Cys N-T 

A4o7G 3 Asp-136-Gly 1 

A449G 4 Tyr-15o-Cys 1/2 

T494G 4 Val-165-Gly 2 

C5olG 4 Phe-167-Leu 2 

G598A 5 Gly-2oo-Arg 2/3 

G689A 5 Gly-23o-Glu 3/4 

A782G 7 Tyr-261-Cys 4/5 

C87oG 8 IIe-29o-Met 5/6 

G871A 8 Glu-291-Lys 516 

C898T 8 Arg-3oo-Stop 5/6 

G95oA 8 Arg-317-Gln 6 

G979A-1 8 Splice 6/7 
mutation 

8T986C 9 Ile-329-Thr 6/7 

Glo13A 9 Arg-338-Gln 6/7 

Recessive 

Recessive 

Recessive 

Recessive 

Recessive 

Recessive 

Dominant 

Dominant 

Recessive 

Dominant 

Recessive 

Recessive 

Dominant 

Recessive 

Recessive 

Recessive 

Homozygous Mail~inder 
et al. 1996 

Heterozygous Meyer-Kleine 

et al. 1995 

Homozygous Heine et al. 

1994 

Compound Mail~inder 
heterozygous et al. 1996 

Heterozygous Meyer-Kleine 

et al. 1995 

Heterozygous George et al. 

1994b 

Heterozygous Mail~inder 
et al. 1996 

Heterozygous George et al. 

1993a 

Compound Mailiinder 
heterozygous et al. 1996 

Heterozygous Lehmann-Horn 

et al. 1995a 

Compound Meyer-Kleine 
heterozygous et al. 1995 

Compound George et al. 
heterozygous a994b 

Heterozygous Meyer-Kleine 

et al. 1995 

Compound Lorenz et a l .  
heterozygous 1994 

Heterozygous Meyer-Kleine 

et al. 1995 

Compound George et al. 
heterozygous 1994b 
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Table z. Continued. 
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Genotype Channel 
domain 

Substitution 
n o .  

Exon Mode of 
inheritance of propositus 

z bp 7 fs 387-Stop lO 
deletion 

T1238G 8 Phe-413-Cys i1 

C1244T 8 Ala-415-Val 11 

1262insC 8/9 fs 429-Stop 12 

4 bp 8/9 fs 433-Stop 12 
deletion 
1282-85 

C1439T 9/10 Pro-48o-Leu 13 

14 bp 9/lO fs 5o3-Stop 13 
deletion 

1437-5o 

G1444A 9/lO Gly-482-Arg 13 

A1453G 9/lO Met-485-Val 13 

G1471A lO splice 13 
mutation 

G1488T lO/11 Arg-496-Ser 14 

A1655G lZ Gln-55z-Arg 15 

Cz68oT C-T. Arg-894-Stop 23 

Recessive 

Recessive 

Recessive 

Recessive 

Recessive 

Dominant 

Recessive 

Heterozygous Meyer-Kleine 
et al. 1995 

Homozygous/ Koch et al. 
heterozygous 1992 

Homozygous/ Mail/inder 
heterozygous et al. 1996 

Heterozygous Meyer-Kleine 
et al. 1995 

Homozygous Heine et al. 

1994 

Heterozygous Steinmeyer 
et al. 1994 

Homozygous/ Meyer-Kleine 
heterozygous et al. 1994b 

Recessive Heterozygous Meyer-Kleine 
et al. 1995 

Recessive Compound Meyer-Kleine 
heterozygous et al. 1995 

Recessive Compound Meyer-Kleine 
heterozygous et al. 1995 

Recessive Compound Lorenz et al. 
heterozygous 1994 

Dominant Heterozygous Lehmann- 
"levior" Horn et al. 

1995a 

Dominant Compound George et al. 
recessive heterozygous 1994b 

Homozygous Meyer-Kleine 
et al. 1995 
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et al. 1994), Ile-29o-Met (Lehmann-Horn et al. 1995a), Gln-552-Arg 
(Lehmann-Horn et al. 1995a), and Gly-2oo-Arg (Mail~inder et al. 1996); 
and the sixth is a nonsense mutation which causes truncation at the very 
end of the protein: Arg-894-Stop (George et at. 1994b), Pro-48o-Leu is 
present in Dr. Thomsen's offspring; Gln-552-Arg was found in a family 
with myotonia levior, a term coined by deJong for a dominant myotonia 
variant characterized by mild symptoms, late onset of myotonia and ab- 
sence of muscle hypertrophy. With the exception of Gly-23o-Glu which 
was detected in three Canadian families, each mutation was only detected 
in one single family. 

The other point mutations, i.e., Phe-413-Cys (Koch et al. 1992), Val-327- 
Ile, Arg-496-Ser (Lorenz et al. 1994), Phe-167-Leu, Arg-3oo-Stop, Arg-338- 
Gin (George et al. I994b), Asp-136-Gly (Heine et al. 1994), Gln-74-Stop, 
Tyr-150-Cys, Tyr-261-Cys, and Ala-415-Val (Mail~inder et al. 1996) and the 
4 bp (Heine et al. 1994) and 14 bp deletions (Meyer-Kleine et al. 1994b ) 
were detected in (approximately 60) Becker-type patiems. The majority 
of them were heterozygous for a mutation and supposed to carry a second, 
not yet identified mutation. Only thirteen index patients, most of them 
offspring of consanguineous parents, were homozygous (Koch et al. 1992; 
Heine et ai. 1994; Meyer-Kleine et al. 1994b; Lehmann-Horn et at. 1995a; 
Mail~nder et al. 1996) or compound heterozygous (George et ai. 1994b; 
Lorenz et al. 1994; Mail~inder et al. 1996). Ten further mutations that have 
been published very recently (Meyer-Kleine et al. 1995) are shown and in 
Table 2. 

5.9 
Analysis of the CLCN1 Gene Product 

C1C-1 (predicted molecular weight 11o kDa) is functional when expressed 
in Xenopus oocytes (Steinmeyer et al. 1991b ) or human embryonic kidney 
cells (Pusch et al. 1994; Fahlke et al. 1995) without any other subunits. Its 
properties are very similar to those of the channel protein, expressed in 
native muscle (Fahlke and Rtidel 1995). The channel conducts over the 
whole physiological voltage range, showing inward rectification in the 
negative potential range. It is activated upon depolarization and deacti- 
vated with hyperpolarizing voltage steps to a nonzero steady-state level. 
It is selective for chloride against bromide and iodide. Its single-channel 
conductance, estimated from noise analysis is very low, near I pS (Pusch 
et al. 1994). The large macroscopic chloride conductance, therefore, must 
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result from a high channel density in the membrane. As already known 
from macroscopic experiments (Bryant and Morales-Aguilera 1971; Palade 
and Barchi 1977) the channel can be blocked by external I - and by low 
concentrations of 9-anthracene carboxylic acid (Steinmeyer et al. 1991b; 
Pusch et al. 1994). 

When the Gly-z3o-G!u substitution of the Canadian family (George et 
al. 1993a) or the Pro-48o-Leu substitution of the Thomsen family (Stein- 
meyer et al. 1994) were inserted in the oocytes instead of wild type C1C-1, 
the chloride currents were completely missing (Lorenz et al. 1994; Stein- 
meyer et al. 1994). 

Any mutation may cause either a gain of function or a loss of function. 
Gene dosage effects of loss-of-function mutations may lead to a recessive 
or dominant phenotype, depending on whether 5o% of the gene product 
(supplied by the normal allele) is or is not sufficient for normal function. 
The effect of a particular mutation on the inheritance pattern depends 
on the ability of mutant C1C-1 to interact with other monomers and change 
the function of the channel complex. Mutant C1C-1 unable to polymerize, 
for example, severely truncated proteins, allow normal C1C-1 monomers 
(expressed by the other allele) to form normal complexes, although re- 
duced in number (5o%). If there are no compensatory mechanisms ef- 
fective, clinically normal heterozygous carriers of such mutations would 
have 5o% muscle chloride conductance; effects of such mutations would 
be recessive. Interestingly, the mutation predicting Arg-894-Stop was found 
to be transmitted either as dominant or recessive trait "probably depend- 
ing on the genetic background" (Meyer-Kleine et al. 1995). 

The number of C1C-1 monomers that make up the channel is still a 
matter of dispute. In experiments coexpressing wild-type and the two 
disease-producing mutants Gly-a3o-Glu and Pro-48o-Leu, Steinmeyer et 
al. (1994) found evidence suggesting the channel to be a tetramer. Middle- 
ton et al. (1994), purifying native Torpedo chloride channels (C1C-o), found 
sedimentation properties of a dimeric protein. 

In contrast to severely truncated proteins, mutant CIC-1 may be able 
to interact with normal C1C-1 and thus destroy or change the function 
of the complex. If all monomers need to be mutants for an effect, mutation 
of one allele leaves the majority of the complexes functional (75% with 
dimers, 94% with tetramers) and exerts recessive effects. If one mutant 
monomer is sufficient for an effect, only a minority of complexes will be 
functional (25% with dimers, 6% with tetramers). Such mutations exert 
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dominant effects unless the mutant complexes function partially 
(Lehmann-Horn and Riidel 1995). 

Experiments with myotonia-generating drugs (Kwiecinski 1981 ) have 
shown that blockade of 50% of the physiological chloride current is not 
sufficient to produce myotonic activity. This then explains the existence 
of recessive transmission in the case of mutations that completely destroy 
the gene's coding functions, such as the two myotonia-generating deletions 
reported above. Dominant inheritance would be explained by a mutant 
gene product that can bind to another protein and, in doing so, changes 
its function. 

5.10 
Structure-Function Relationship of ClC-1 

Our knowledge of this relationship is still very limited compared to that 
of voltage-gated cation channels, and relevant experimental findings have 
only recently begun to emerge. Based on a hydrophobicity analysis of 
C1C-o, Jentsch et al. (199o) originally proposed lZ or 13 transmembrane 
spanning segments (D1-D13). The lack of a signal sequence, combined 
with mutational results of C1C-2, another family member, suggests a cy- 
toplasmic location of both the N- and the C-terminals as well as segment 
D13 (Griinder et al. 199z). The linker region between D8 and D9 is most 
probably extracellularly located, because it contains a potential site for 
N-linked glycosylation, which has been demonstrated to be, indeed, gly- 
cosylated (Kieferle et al. 1994; Middleton et al. 1994). Accordingly, an odd 
number of transmembrane spanning segments between this linker region 
and both the N-terminus and D13 had to be assumed and a revision of 
the original model was necessary. Two new models have been proposed 
one of them placing segment Dz outside the membrane and Dlo in the 
cytoplasm (Middleton et al. 1994), the other placing D4 outside and leaving 
the topology of region Dg-DI2 unanswered (Pusch and Jentsch 1994). In 
the latter work, it was also claimed that a lysine residue in segment D12 
is located at the cytoplasmic end of the channel pore. 

The currents through C1C-1 channels expressed in HEK z93 cells re- 
corded at varied extracellular and intracellular chloride concentrations 
and pH values were used to develop a model for C1C-1 gating (Fahlke et 
al. 1996). A set of two identical residues carrying a single negative charge, 
are postulated to function as voltage sensor. Each of the three possible 
conformations of this voltage sensor determines another affinity of the 
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intracellular mouth of the pore for a gating particle that mediates the 
transitions between the open and closed channel. As a consequence of 
the three different configurations of this set of voltage sensors, current 
activation as well as deactivation is composed of three different compo- 
nents, with fast, slow and time-independent time course. The rearrange- 
ments that the two voltage sensors undergo both upon hyperpolarizing 
and depolarizing voltage steps, are very rapid. This model is able to explain 
all macroscopic gating properties described so far. 

The missense mutation (Asp-136-Gly) leading to recessive myotonia 
congenita (Heine et al. 1994) considerably affects voltage-dependent gating 
without altering permeation properties. This led to the suggestion that 
the aspartic acid in position 136 is the voltage sensor (Fahlke et al. 1995). 

The channel can be phosphorylated by activation of protein kinase C 
and the site of phosphorylation was postulated to be located at the ves- 
tibule of the cytoplasmic face of the pore (Rosenbohm et al. 1996). 

5.11 
DO Other Chloride Channels Influence the Degree of Myotonia? 

Heterozygous carriers of Becker mutations do not display any clinical 
symptoms of myotonia. However, heterozygous males often exhibit myo- 
tonic discharges in the electromyogram while heterozygous females 
usually do not (Mail~inder et al. 1996). The cause of this apparent sex 
predominance of subclinical myotonic signs is unclear. Sex hormones or 
the product of another muscle chloride channel gene, ClC-4 (Kawasaki 
et al. 1994, 1995), encoded on the X-chromosome, could contribute to this 
preference. Although probably not of importance in normal muscle fibers, 
i.e., in the presence of abundant C1C-1 channels, chloride channels encoded 
by ClC-4 expressed on both X-chromosomes could have a compensatory 
effect when the number of functional CIC-1 channels is reduced. A copy 
of ClC-4 on the Y-chromosome has been excluded (van Slegtenhorst et 
al. 1994) and its location on distal Xp may allow it to escape X-chromo- 
somal inactivation (Disteche 1995). 

The importance of muscular chloride channels other than C1C-1 was 
also suggested by results obtained with the missense mutation Asp-136-Gly 
(Heine et al. 1994) expressed in human embryonic kidney cells. This re- 
cessive mutation is associated with more severe myotonia than usually 
presented by Becker patients. The mutant differs from the wild type C1C-1 
in the gating properties causing pronounced inward rectification that per- 
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mits chloride influx but prevents chloride efflux. Thus, electrical activity 
would cause intracellular chloride depletion and a shift of the chloride 
equilibrium potential to very negative potentials. With this depletion, any 
additional chloride conductance that is operant in myotonia patients hav- 
ing mutations that do not cause this pronounced inward rectification 
becomes ineffective. Thus, the finding that myotonia is clinically so severe 
in Asp-136-Gly patients was taken as suggestive that in human skeletal 
muscle chloride channels other than C1C-1 (e.g., as described by Chua 
and Betz 1991) may be effective (Fahlke et al. 1995). 

6 
Conclusion 

In addition to the clarification of the pathology of a whole group of hered- 
itary diseases, the study of the consequences of these mutations at the 
levels of the whole system (patient), organ and cells (excised muscle spe- 
cimens), and of the channel proteins has taught us that our current opi- 
nions on channel structure-function relations are far from being com- 
prehensive. For instance it had been assumed that as in the potassium 
channel, also in the sodium and calcium channel proteins, the $4 unit is 
mainly responsible for channel activation. This notion has to be corrected 
as mutations in $4 of repeat IV were found to affec t mainly channel in- 
activation. Moreover mutations affecting other channel domains, such as 
interlinkers or other intramembraneous subunits cause virtually the same 
alterations, not only when tested with the limited probe of the patch clamp 
but also on the level of the patient. The lack of mutations in other parts 
of the genes, in particular those coding for sodium or calcium channels, 
may indicate that proper function of the corresponding protein domains 
is essential for life. Thus the knowledge derived from the experiments of 
Nature, as these diseases may be looked upon by the cell biologist, provides 
a valuable addition to the results from site-directed mutagenesis. For a 
final understanding of the pathology of the diseases, for example, trig- 
gering effects of cold or potassium, it seems that the regression from the 
proteins back to the cellular or even systemic levels is unavoidable. 
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