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ABSTRACT 

 Studies in the ankyrin-B+/- mouse reveal that ankyrin-B deficiency is associated 

with both the benefits of enhanced cardiac contractility and the costs of arrhythmia, early 

senescence, reduced lifespan, and impaired glucose tolerance. This constellation of traits 

is known as ankyrin-B syndrome, which may have important implications for humans 

possessing functional ankyrin-B mutations. We found that ankyrin-B variants are 

surprisingly common, ranging from 2 percent of European individuals to 8 percent in 

individuals from West Africa. Furthermore, by studying of the metabolic phenotype 

associated with ankyrin-B mouse, we have uncovered a major new dimension to 

ankyrin-B syndrome, a link between ankyrin-B and parasympathetic control of insulin 

secretion. Stimulation of pancreatic beta cells by acetylcholine augments glucose-

stimulated insulin secretion by inducing inositol-trisphosphate receptor (InsP3R)-

mediated Ca2+ release. We report that ankyrin-B is also enriched in pancreatic beta cells. 

Ankyrin-B-deficient islets display impaired potentiation of insulin secretion by the 

muscarinic agonist carbachol, blunted carbachol-mediated intracellular Ca2+- release, 

and reduced InsP3R stability. Ankyrin-B(+/-) mice also display postprandial 

hyperglycemia, consistent with impaired parasympathetic potentiation of glucose-

stimulated insulin secretion.  R1788W mutation of ankyrin-B impairs its function in 

pancreatic islets and associates with type 2 diabetes in Caucasians and Hispanics. 

Finally, we have generated knockin mice corresponding to the R1788W and L1622I 

mutations. Functional characterization of these animals will allow us to better 

understand the relationship between human ankyrin-B variants and ankyrin-B syndrome.  
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Chapter 1. INTRODUCTION 

 

The majority of this chapter is a reprint, as allowed by the journal in which it was 

published. 

Vann Bennett and Jane Healy Trends in Molecular Medicine 14, 28 (Bennett and 
Healy, 2008). 

And 
Vann Bennett and Jane Healy CSH Review Series, in review 

 

1.1 Overview of the role of ankyrins and spectrins in metazoan membrane 

organization and human disease. 

 

 Plasma membranes of multicellular animals are precisely patterned into well-

defined neighborhoods or domains that are optimized for physiological functions, 

such as vectorial transport of salt and water, electrical signaling, and stimulus-

secretion coupling. Nodes of Ranvier and axon initial segments of myelinated nerves, 

sites of cell-cell contact in early embryos and epithelial cells, neuromuscular 

junctions of skeletal muscle, and electrically-coupled pancreatic beta cells all perform 

physiological functions that depend upon clustering of functionally related but 

structurally diverse ion transporters and cell adhesion molecules within microdomains 

of the plasma membrane.  This topographical organization requires mechanisms to 

prevent diffusion of membrane-spanning proteins in the fluid phospholipid bilayer. 

To accomplish this, cells must segregate functionally related membrane proteins 

1



within the same domains. These specialized cell surface domains appeared at 

different times in metazoan evolution, involve a variety of cell types, and are 

populated by distinct membrane-spanning proteins. Nevertheless, recent work has 

demonstrated that these domains all share on their cytoplasmic surfaces a membrane 

skeleton comprised of members of the ankyrin and spectrin families.  This 

introduction will summarize basic features of ankyrins and spectrins, and will discuss 

emerging evidence that these proteins are key players in a conserved mechanism 

responsible for assembly and maintenance of physiologically important and 

surprisingly diverse sets of specialized plasma membrane domains. I also discuss the 

human diseases known to occur when this mechanism of membrane assembly fails.  

 

1.2 Characteristics of spectrins and ankyrins 

 

1.2.1 Spectrins 

Spectrins are flexible rods 0.2 microns in length with binding sites for F-actin 

at each end (Bennett and Baines, 2001)(Figure 1 A). The human spectrin family 

includes two α subunits and five β subunits. 

  Each spectrin subunit is comprised primarily of multiple copies of a 106-

amino acid repeat known as a spectrin repeat (Speicher and Marchesi, 1984).   In 

addition to the canonical 106-residue repeat, beta spectrins also have a C-terminal 

pleckstrin homology domain (Hyvonen et al., 1995) and tandem N-terminal calponin 

homology domains (Banuelos et al., 1998), while alpha spectrins contain a SH3 site 
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(Musacchio et al., 1992), a calmodulin-binding site (Simonovic et al., 2006), and EF 

hands (Fig 1a).  

 The ankyrin-binding sites of beta spectrins 1-4 are located in the 15th spectrin 

repeat, which is folded identically to other repeats but has distinct surface-exposed 

residues (Davis et al., 2009; Ipsaro et al., 2009)(Fig 1a, 2a).  Mammalian beta 5 

spectrin and its orthologue beta-H spectrin in Drosophila and C. elegans are the only 

beta spectrins lacking ankyrin-binding activity (McKeown et al., 1998; Stabach et al., 

2009; Thomas, 1998). 

The α and β subunits of spectrin assemble antiparallel and side-to-side into 

heterodimers. α/β Heterodimers, in turn, form end-to-end tetramers in which the N-

terminus of each α subunit associates with the C-terminus of each β subunit (Figures 

1 B). In human erythrocytes, where spectrin was first characterized, short actin 

filaments are each linked to five or six spectrin tetramers to form a geodesic dome-

like structure that has been resolved by electron microscopy (Byers and Branton, 

1985). Spectrin-binding proteins include the N-methyl-D-aspartate (NMDA) receptor 

(Wechsler and Teichberg, 1998), the neuronal glutamate transporter EAAT4 (Jackson 

et al., 2001) and the epithelial sodium channel (ENaC) (Rotin et al., 1994) (Figure 4).  

 

1.2.2 Ankyrins 

Spectrin is coupled to the inner surface of the erythrocyte membrane primarily 

through association with ankyrin proteins. Ankyrins are encoded by three genes: 

ankyrin-R (first characterized in erythrocytes and also present in a restricted 

3



distribution in brain and muscle), ankyrin-B and ankyrin-G (Figure 2). Ankyrin-B and 

ankyrin-G are both expressed in most cells, although they have distinct functions 

(Bennett and Baines, 2001). 

 

 Ankyrins consist of 4 principal domains, an amino-terminal membrane-

binding domain, followed by the spectrin-binding domain, death domain, and 

carboxy-terminal regulatory domain (Figure 2). Ankyrin interacts with spectrin 

through a ZU5 element located within its spectrin binding domain (Bennett, 1978)  

and with most of its membrane partners through its membrane binding domain, which 

comprised of 24 ankyrin (ANK) repeats (Bennett and Baines, 2001) (Figures 1, 2).  

Ankyrins are closely related in their ANK repeats, and spectrin-binding domains, but 

diverge in their C-terminal regulatory domains.  Regulatory domains are natively 

unstructured and extended (Abdi et al., 2006).  These flexible domains engage in 

intramolecular interactions with the membrane-binding and spectrin-binding domains 

that modulate protein associations and provide functional diversity between otherwise 

conserved ankyrins (Abdi et al., 2006; Davis et al., 1992; Hall and Bennett, 1987). 

 In addition to the canonical versions of ankyrins, many variants of these 

proteins are expressed with addition and/or deletion of functional domains due to 

alternative splicing of pre-mRNAs (Bennett and Baines, 2001) (Figure 2). For 

example, giant ankyrins have insertions of up to 2,000 residues (Chan et al., 1993; 

Koch et al., 2008; Kordeli et al., 1995; Pielage et al., 2008) while other ankyrins lack 

either the entire membrane-binding domain (Hoock et al., 1997), or both membrane- 

4



and spectrin-binding domains (Zhou et al., 1997). The insertions in 440 kDa ankyrin-

B and 480 kDa ankyrin-G (Fig 1b) have an extended conformation that potentially 

could have specialized roles in connections between the plasma membrane and 

cytoskeleton of axons where these giant ankyrins reside (Chan et al., 1993; Kordeli et 

al., 1995). 

 The ANK repeats of the membrane binding domain are stacked in a super-

helical array to form a solenoid (Michaely et al., 2002) (Figure 3 A). Interestingly, the 

ANK repeat stack behaves like a reversible spring when it is stretched by atomic 

force microscopy (Lee et al., 2006). This elastic behavior of ankyrin might contribute 

to the mechanical stability of the erythrocyte membrane. ANK repeats are one of the 

most common motifs in biology and participate in many types of protein interactions 

(Mosavi et al., 2004). The versatility of the ANK motif in macromolecular 

recognition is currently being exploited to create new protein interactions using 

designed ANK-repeat proteins (DARPins) engineered to interact with specific ligands 

(Stumpp and Amstutz, 2007). DARPins have the favorable properties of small size, 

stability and high specificity, and they promise to provide an alternative to antibodies 

for a variety of diagnostic and therapeutic applications (Stumpp and Amstutz, 2007).  

 Diverse, structurally unrelated membrane proteins associate with ankyrins 

through ANK repeats (Bennett and Baines, 2001) (Figure 3 B, 4). In the red cell 

membrane, which was the first membrane in which ankyrin was characterized, 

ankyrin is linked to the cytoplasmic domain of the anion exchanger. The anion 

exchanger is responsible for chloride–bicarbonate exchange, and thus has an 
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additional role as a structural protein through its association with ankyrin (Bennett 

and Baines, 2001) (Figure 4, 5). Other proteins identified as having ankyrin binding 

activity include the anion exchanger (AE1), voltage-gated sodium channels, the 

Na+/K+ ATPase, Na+/Ca2+ exchanger, inositol 1,4,5 triphosphate (IP3) receptors, 

the Rh antigen and RhAG ammonium transporter (Lopez et al., 2005; Nicolas et al., 

2003), voltage-regulated K+ KCNQ2/3 channels (Pan et al., 2006), Kv3.1 channels, 

and cell adhesion molecules including L1CAMs, CD44 (Bennett and Baines, 2001), 

and E and N-cadherin (Kizhatil et al., 2007a), and beta-dystroglycan (Figure 4). The 

ankyrin-binding sites have been defined in many of these proteins as relatively short 

stretches of 10-20 amino acids that do not contain a single defining motif (Figure 3B, 

C). Instead, it has been hypothesized that multiple unrelated proteins have 

independently developed ankyrin-binding activity through convergent evolution (Cai 

and Zhang, 2006). Once ankyrin-binding activity appears in a protein family, the 

binding sites remain highly conserved. For example, the ankyrin-binding sites of 

human L1CAMs are nearly identical to the binding site of the C. elegans L1 homolog 

(Chen et al., 2001), while sites of voltage-gated sodium channels and KCNQ2/3 

channels are absent in Drosophila but are conserved between humans and zebrafish 

(Pan et al., 2006). 
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1.3 The evolutionary origins of the spectrin-based membrane skeleton 

 

 Spectrin and ankyrin family members are expressed in most, if not all, 

metazoan (animal) cells. In contrast to cytoskeletal proteins such as actin and tubulin, 

spectrins and ankyrins are not present in bacteria, plants or fungi. Spectrins are 

believed to have evolved from an ancestral alpha-actinin containing calponin 

homology domains and two spectrin repeats but not other domains (Pascual et al., 

1997; Thomas et al., 1997). ANK repeats are expressed in all phyla, presumably due 

to a combination of evolutionary relationships and retroviral horizontal gene transfer.  

However, the spectrin-binding domain of ankyrin is present only in metazoans (Fig 

1b). Vertebrate ankyrins are encoded by three genes:  ankyrin-R (ank1), ankyrin-B 

(ank2), and ankyrin-G (ank3). The Drosophila genome contains two ankyrin genes:  

dank1 (Dubreuil and Yu, 1994)  and dank2 (Bouley et al., 2000).  C. elegans 

possesses a single ankyrin gene termed unc-44 (Otsuka et al., 1995). It is believed 

that all ankyrin genes are derived from a single gene in early chordate evolution (Cai 

and Zhang, 2006). 

Spectrin and ankyrin thus belong to an interesting group of proteins that are 

present specifically in metazoans. This group also includes phosphotyrosine-related 

signaling components, tumor suppressors and cell adhesion molecules. Mutations in 

these metazoan-specific genes might not cause death of individual cells but can be 

responsible for defects in intercellular interaction and thus can cause disease. It is 

possible that evolution of ankyrins and spectrins could have been one of the 
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adaptations required for organization of cells into tissues in multicellular animals. 

 

1.4 Membrane domains involving ankyrins and spectrins 

 

Together, ankyrins and spectrins display a remarkable capacity for protein 

interactions. This section will address how these protein interactions are utilized to 

form specialized membrane assemblies.  

 

1.4.1 Red cell plasma membrane 

Spectrin is coupled to the inner surface of the erythrocyte membrane primarily 

through association with ankyrin, which is in turn linked to the cytoplasmic domains 

of the anion exchanger (Bennett, 1978; Bennett and Stenbuck, 1979b) (Figure 5) and 

Rh/RhAG ammonium transporter (Nicolas et al., 2003). The spectrin-based 

membrane skeleton and its connections through ankyrin to membrane-spanning 

proteins are essential for survival of erythrocytes in the circulation, and mutations in 

these proteins result in hereditary hemolytic anemia (Bennett and Healy, 2008). 

 

1.4.2 Epithelial cell: lateral membrane 

      The lateral membrane domain of epithelial cells is of considerable 

physiological importance because of its roles in salt and water homeostasis and 

protection of epithelial tissues from mechanical stress (Figure 6). Moreover, loss of 

this specialized domain is a hallmark of metastatic cancer cells. Early 
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immunofluorescence studies identified ankyrin and spectrin in a polarized pattern 

localized to lateral membranes of cultured epithelial cells as well as in tissues 

(Drenckhahn and Bennett, 1987; Drenckhahn et al., 1985; Nelson and Veshnock, 

1986).  More recently, studies employing siRNA have revealed that ankyrin-G and 

beta-2 spectrin collaborate in formation of the lateral membrane of bronchial 

epithelial cells in addition to their expected function in stabilizing this membrane 

domain (Kizhatil and Bennett, 2004; Kizhatil et al., 2007a). Cells depleted of either 

protein maintain apical-basal polarity but are converted from a columnar to a 

squamous morphology with minimal lateral membrane and expanded apical and basal 

membranes. The loss of lateral membrane in ankyrin-G- and β -2-spectrin-depleted 

cells is accompanied by a failure in de novo membrane biogenesis during mitosis. 

Cells depleted of ankyrin-G can be restored to a columnar morphology by 

transfection with wild-type ankyrin-G. However, ankyrin-G needs to associate with β-

2 spectrin, because ankyrin-G mutants lacking β -2-spectrin-binding activity cannot 

restore the lateral membrane. Thus ankyrin-G and β -2 spectrin work together to 

accomplish bulk delivery of proteins and phospholipids to the lateral membrane. 

Clues to how ankyrin-G and β -2 spectrin could participate in the biogenesis of the 

lateral membrane come from the findings that β-2 spectrin interacts with membrane 

phospholipids through multiple sites and with phosphatidylinositol (PI) lipids through 

its pleckstrin- homology (PH) domain (An et al., 2004; Hyvonen et al., 1995; 

Muresan et al., 2001). Moreover, spectrins also interact with microtubule-based 

motors either directly (Takeda et al., 2000) or indirectly through interaction with 
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dynactin (Holleran et al., 2001; Muresan et al., 2001). These properties of interactions 

with lipids and motor proteins have led to proposals that β -spectrin has a role in 

connecting membrane compartments with microtubule-based motors (Muresan et al., 

2001). Ankyrin-G recognizes multiple membrane proteins through its ankyrin repeats 

and is capable of forming homo- and hetero-meric complexes between membrane 

proteins (Michaely and Bennett, 1995). Ankyrin-G, therefore, might mediate sorting 

of basolateral membrane proteins, whereas β-2 spectrin coordinates membrane lipids 

and motor proteins for their subsequent transport along microtubules.  

E-cadherin is a key cell adhesion molecule that is required to form the first 

lateral membrane domains in development, and is a ubiquitous component of lateral 

membranes in epithelial tissues (Takeichi, 1995). It has recently been reported that E-

cadherin binds to ankyrin-G through a highly conserved site in the E-cadherin 

cytoplasmic domain and requires ankyrin-binding activity for efficient exit from the 

trans- Golgi network (Kizhatil et al., 2007a). Moreover, both ankyrin-G and β -2 

spectrin are required for accumulation of E-cadherin at the lateral membrane in both 

epithelial cells and preimplantation embryos. E-cadherin thus works together with 

ankyrin-G and β -2 spectrin to coordinate membrane assembly with extracellular 

interactions at sites of cell–cell contact (Figure 6). Coupling of E-cadherin to a 

versatile adaptor protein such as ankyrin-G could promote co-recruitment of diverse 

proteins to sites of cell–cell contact. For example, ankyrin-G associates with other 

lateral membrane proteins, including the Na+/K+ ATPase (Nelson and Veshnock, 

1986) and the RhBG ammonium transporter (Lopez et al., 2005).  An interesting 
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possibility is that ankyrin-G is a general adaptor that 'reads' multiple basolateral 

targeting signals. 

  Spectrin-actin complexes are stabilized by accessory proteins such as adducin, 

which recruits spectrin to the fast-growing end of actin filaments (Gardner and 

Bennett, 1987; Kuhlman et al., 1996; Li et al., 1998), and tropomodulin, which caps 

the slow-growing ends of actin filaments (Littlefield and Fowler, 2008).  Adducin and 

tropomodulin are both required to stabilize spectrin-actin networks on the lateral 

membrane of epithelial cells (Abdi and Bennett, 2008; Weber et al., 1998).  Depletion 

of either protein by siRNA results in loss of lateral membrane height.  Moreover, 

depletion of adducin increases long-range mobility of E-cadherin on the lateral 

membrane (Abdi and Bennett, 2008).  Adducin is phosphorylated and inactivated by 

protein kinase C (Kimura et al., 1998), suggesting the possibility of signals that 

modulate the stability of the spectrin-actin network in the lateral membrane.  

Interestingly in this regard, pleiotrophin is a cytokine that promotes adducin 

phosphorylation and increased proliferation of epithelial cells (Pariser et al., 2005). 

 

 

1.4.3 Neuron: axon initial segment  

An ankyrin–spectrin pathway also operates at axon initial segments in 

neurons, where action potentials are generated, and at nodes of Ranvier, where action 

potentials are propagated (Figure 7). Axon initial segments act as integrator sites in 

neurons, places where inputs from dendritic synapses (sometimes on the order of 
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several hundred thousand) are transduced into action potentials.  These action 

potentials result in both signaling to other neurons or target cells when propagated 

down the axon, and to modulation of synaptic function when back-propagated into 

dendritic shafts . In myelinated axons, action potentials are propagated at periodic 

interruptions in the myelin sheathe known as nodes of Ranvier.  Myelin and nodes of 

Ranvier are adaptations of vertebrates that allow rapid nerve conduction utilizing 

small caliber axons.  

In these domains, the principal membrane-spanning proteins associated with 

ankyrin are the voltage-gated Na+ channel, which binds through sites in both α 

(Garrido et al., 2003; Lemaillet et al., 2003) and β-1 (Malhotra et al., 2002) subunits 

of the Na+ channel, and neurofascin, which is a member of the L1CAM family of cell 

adhesion molecules (Davis et al., 1996; Lambert et al., 1997). 480/270 kDa 

alternatively spliced variants of ankyrin-G are clustered at both initial segments and 

nodes along with β-4 spectrin (Berghs et al., 2000; Kordeli et al., 1995). β-4 Spectrin 

is the principal component of a specialized membrane undercoat at initial segments 

and nodes of Ranvier that was first described over 50 years ago (Lacas-Gervais et al., 

2004).  

 

1.4.3.1 Ankyrin-G 

Targeted knockout of ankyrin-G in the postnatal cerebellum in mice results in 

severe ataxia, loss of ability to fire action potentials and loss of the voltage-gated Na+ 

channel (Nav1.6) from the initial segment (Jenkins and Bennett, 2001; Zhou et al., 
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1998).).  In addition, beta-4 spectrin is absent and neurofascin is no longer restricted 

to ankyrin-G-deficient initial segments (Jenkins and Bennett, 2001). These results 

from Purkinje neurons have been recapitulated in cultured hippocampal neurons, 

where knockdown of ankyrin-G results in mis-localization of beta-4 spectrin, voltage-

gated sodium channels, as well as neurofascin (Hedstrom et al., 2007; Yang et al., 

2007). KCNQ2/3 channels modulate activity of voltage-gated Na+ channels and co-

localize with these channels at axon initial segments (Pan et al., 2006). KCNQ2/3 

channels also have ankyrin-binding sites in their cytoplasmic domains and require 

ankyrin-G for targeting to axon initial segments (Chung et al., 2006; Pan et al., 2006; 

Rasmussen et al., 2007). Strikingly, knockdown of ankyrin-G in cultured 

hippocampal neurons also results in the conversion of axon initial segments into 

dendrites (Hedstrom et al., 2007).  Taken together, these data indicate that ankyrin-G 

is required for the proper targeting of all of the marker proteins that define the axon 

initial segment, as well as for preservation of the entire axon initial segment.  It will 

be of interest to determine the role of ankyrin-G in the establishment of initial 

segments as well as whether ankyrin-G operates downstream of axonal polarity 

pathways.   

Within the axon intial segment, the ankyrin-binding activity of ankyrin’s 

molecular partners is subject to regulation.  Phosphorylation of neurofascin at the 

FIGQY tyrosine in its ankyrin-binding site abolishes ankyrin-binding (Garver et al., 

1997; Whittard et al., 2006) and results in gain of function in binding to doublecortin 

(Kizhatil et al., 2002).  FIGQY-phosphorylated neurofascin is excluded from the node 

13



of Ranvier but is concentrated in paranodes (Jenkins et al., 2001).  Ankyrin-binding 

activity of the voltage-gated sodium channel is markedly enhanced by 

phosphorylation by casein kinase 2 (Brechet et al., 2008).  Interestingly, casein kinase 

2 is concentrated at nodes of Ranvier and axon initial segments, and could provide a 

local activation signal for stabilizing voltage-gated sodium channels at these sites 

(Brechet et al., 2008). 

In addition to its effects on the axon intial segment, loss of the neurofascin 

enrichment in ankyrin-G-deficient Purkinje neurons results in disruption of a class of 

synapse formed by interneurons that connect Purkinje neurons in the cerebellum 

(Ango et al., 2004). Thus, ankyrin-G is responsible for stabilizing transcellular 

connections as well as for organizing the composition of initial segments. 

 

1.4.3.2 Beta-IV spectrin  

Loss of β-4 spectrin by gene knockouts in mice results in diminution of the 

membrane undercoat and increased membrane blebbing at nodes of Ranvier (Lacas-

Gervais et al., 2004). Ankyrin-G recruits β-4 spectrin to nodes and initial segments 

(Jenkins and Bennett, 2001; Yang et al., 2007) and is still present in the absence of β-

4 spectrin. Beta-4 spectrin thus plays an important role in stabilizing these excitable 

membranes, following establishment by ankyrin-G alone at initial segments or 

ankyrin-G in collaboration with axonal neurofascin and Schwann cell gliomedin at 

nodes of Ranvier (Dzhashiashvili et al., 2007; Eshed et al., 2005).  

Spectrin and ankyrin are likely to function in other axonal domains of 
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myelinated neurons. For example, paranodes are specialized zones immediately 

adjacent to the nodal gap in myelinated axons; the paranodes contain shaker-type 

voltage-gated potassium channels and are characterized ultrastructurally by prominent 

axon–glial junctions. Paranodes contain a membrane skeleton distinct from nodes and 

this skeleton includes β -2 spectrin, ankyrin-B and protein 4.1 B (a protein that 

promotes spectrin–actin interactions) (Ogawa et al., 2006). α-2 Spectrin is present in 

paranodes, where it associates with β-2 spectrin, and also at the nodal gap, where it 

partners with β -4 spectrin. α -2 Spectrin mutations in zebrafish result in abnormal 

development of nodes of Ranvier and are responsible for destabilizing initial clusters 

of voltage-gated Na+ channels (Voas et al., 2007). Together, these findings suggest 

that spectrins and ankyrins are likely to be important in the preservation of the 

integrity of myelinated axons.  

 

1.4.4 Skeletal muscle: neuromuscular junction 

       Spectrin and ankyrin stabilize neuromuscular junctions through both 

presynaptic and postsynaptic mechanisms.  Presynaptic beta spectrin is required for 

normal transmitter release and to stabilize Drosophila neuromuscular junctions 

following initial establishment of these synapses (Featherstone et al., 2001; Pielage et 

al., 2005).  Interestingly, two groups independently identified presynaptic giant 

ankyrin-2 isoforms through different unbiased forward genetic screens for mutations 

affecting the Drosophila neuromuscular junction (Koch et al., 2008; Pielage et al., 

2008).  The phenotypes of ankyrin-mutant junctions included retraction of synaptic 

15



boutons, loss of axonal microtubules, and mis-organization of synaptic cell adhesion 

molecules. The defects in synaptic stability increased with distance from the neuron 

cell body and were accompanied by accumulation of synaptic vesicles in axons, 

suggesting a role of ankyrins in axonal transport in addition to their local function at 

the synapse (Koch et al., 2008).  

 Spectrin and ankyrin-G are localized in specialized postsynaptic domains in 

mammalian neuromuscular junctions that are distinct from the acetylcholine receptor 

and are enriched in voltage-gated sodium channels (Bailey et al., 2003; Flucher and 

Daniels, 1989; Kordeli et al., 1998; Wood and Slater, 1998).  Ankyrin-B also is 

located at the periphery of mammalian neuromuscular junctions (Ayalon et al., 2008).  

Experiments in flies and mice demonstrate that postsynaptic spectrin and ankyrins are 

required to stabilize neuromuscular junctions.  Knockdown of postsynaptic spectrin in 

the Drosophila by siRNA results in mis-organization of active zones and abnormal 

growth of the neuromuscular junction (Pielage et al., 2006).  Similarly, knockdown of 

postsynaptic ankyrin-B in adult mouse muscle results in shrinkage of the 

neuromuscular junction from its adult form back to the size of neonatal junctions 

(Ayalon et al., 2008).   

 

1.4.5 Skeletal muscle: costamere 

        Costameres (Figure 8) are specialized domains formed at the junction of the 

plasma membrane and Z-discs of peripheral myofibrils in skeletal muscle and 

cardiomyocytes (Bloch et al., 2004; Ervasti, 2003; Pardo et al., 1983; Rybakova et al., 
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2000b). Costameres function as force buffers that transmit force across the plasma 

membrane from sarcomeres to the extracellular matrix, and protect the muscle plasma 

membrane from damage during contraction.  The dystrophin-glycoprotein complex 

(DGC) provides a transmembrane connection at costameres through association of 

dystrophin with gamma-actin and dystroglycan, and dystroglycan with extracellular 

laminin (Ervasti, 2003; Rybakova et al., 2000a). The dystrophin-glycoprotein-

complex is absent from the plasma membrane in Duchenne muscular dystrophy, 

which results in membrane damage and contributes to death of muscle cells (Cohn 

and Campbell, 2000; Dalkilic and Kunkel, 2003; Ervasti et al., 1990).   

      Ankyrin-B and ankyrin-G cooperate in localization of dystrophin and beta-

dystroglycan at costameres and are required to prevent exercise-induced injury 

(Ayalon et al., 2008).  Ankyrin-B is required for transport of beta dystroglycan to the 

plasma membrane, while ankyrin-G retains beta-dystroglycan at costameres.   Loss of 

ankyrin-B in skeletal muscle is accompanied by loss of microtubules, both at the 

neuromuscular junction (see above) as well as costameres (Ayalon et al., 2008).  

Ankyrin-B binds directly to dynactin-4/p62 of the dynactin complex, and may capture 

fast-growing ends of microtubules at costameres and neuromuscular junctions to 

establish transport routes from the trans-Golgi network for newly synthesized beta-

dystroglycan (Ayalon et al., 2008).   
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1.4.6 Cardiomyocyte: T-tubule 

         Rhythmic contraction of mammalian hearts requires nearly synchronous 

waves of calcium release and reuptake throughout the intracellular space of 

ventricular cardiomyocytes.  This is achieved though precise placement of membrane 

transporters and signaling molecules related to import and export of calcium within 

microdomains of T-tubules (Figure 9).  T-tubules are invaginations of the plasma 

membranes that form a complex three-dimensional network juxtaposed to the 

sarcoplasmic reticulum (Brette and Orchard, 2007).  Ventricular myocyte T-tubules 

contain three microdomains that can be resolved by high resolution light microscopy:  

a domain containing L-type voltage-gated calcium channels complexed with 

ryanodine receptors in the sarcoplasmic reticulum, a second domain enriched in the 

Na/Ca exchanger, and a third domain enriched in voltage-gated sodium channels 

(Scriven et al., 2000).   Voltage-gated sodium channels are responsible for activating 

voltage-gated calcium channels which admit a small amount of calcium and activate 

calcium release from the sarcoplasmic reticulum. The Na/Ca exchanger contributes to 

calcium homeostasis by export of calcium back across the T-tubule. Evidence will be 

reviewed below indicating that ankyrin-B is required for the Na/Ca exchanger 

microdomain, and ankyrin-G is required for the domain enriched in voltage-gated 

sodium channels. 

       The Na/Ca exhanger (NCX1) binds to ankyrin-B and co-localizes with 

ankyrin-B in cardiomyocyte T-tubules (Cunha et al., 2007; Li et al., 1993; Mohler et 

al., 2005a).   In addition, NCX1 and ankyrin-B also co-localize with the Na/K 
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ATPase in the T-tubule membrane and with the IP3 receptor in the sarcoplasmic 

reticulum (Mohler et al., 2005a). Haploinsufficiency of ankyrin-B in mice results in 

selective loss of T-tubule-localized sodium/calcium exchanger, Na/K ATPase as well 

as IP3 receptor from adult cardiomyocytes. Moreover, ankyrin-B-deficient 

cardiomyocytes exhibit increased contractility and increased calcium transients 

(Mohler et al., 2005a; Mohler et al., 2003). These observations suggest that ankyrin-

B-dependent co-localization of NCX1 and Na/K ATPase could result in functional 

coupling between these transporters, with Na/K ATPase-driven export of sodium ions 

entering the cell in exchange for calcium ions. The IP3 receptor in the ankyrin-B 

complex has been proposed to function in coupled calcium export from the 

sarcoplasmic reticulum directly through NCX1 (Mohler et al., 2005a).  The 

physiological importance of the ankyrin-B-microdomain in T-tubules is supported by 

findings that ankyrin-B-deficient mice and humans heterozygous for loss-of-function 

mutations of ankyrin-B exhibit stress-induced sudden cardiac death and cardiac 

arrhythmia symptoms (Mohler et al., 2003; Mohler et al., 2004d).     

 Nav1.5 and ankyrin-G and are both localized to T-tubules and intercalated 

discs of adult cardiomyoctes  (Mohler et al., 2004c).  Although high-resolution 

double-labeling for these proteins has not been reported, several findings strongly 

indicate that Nav1.5 and ankyrin-G are molecular partners in the heart. E1053K 

mutation of the ankyrin-binding site of Nav1.5 eliminates ankyrin-G-binding as well 

as ability of Nav1.5 to accumulate at the cell surface of cardiomyocytes (Mohler et 

al., 2004c).  Interestingly, this Nav1.5 mutation is associated with Brugada syndrome, 
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which is a cardiac arrhythmia associated with loss-of-function mutations of Nav1.5.   

Nav1.5 requires interaction with ankyrin-G through ank repeats 14 and 15 for 

expression at the cell surface of neonatal cardiomyocytes (Lowe et al., 2008). 

 

1.5 Core mechanisms and evolution of membrane domains 

 

         Having gone into details of individual membrane domains, it is worthwhile to 

consider common requirements and the special features of ankyrins and spectrins that 

satisfy these core needs.  All of the domains considered in this review depend on co-

recruitment of functionally related but structurally distinct membrane partners.  For 

example, axon initial segments are enriched in voltage-gated Na channels, KCNQ2/3 

channels, and 186 kDa neurofascin (Figure 7), lateral membranes have E-cadherin 

and the Na/K ATPase (Figure 6), and ankyrin-B-based cardiomyocyte T-tubule 

domains contain the Na/K ATPase together with the Na/Ca exchanger (Figure 9).  

These proteins all have independently evolved ability to bind to ankyrin. A shared 

feature of many ankyrin-binding sites is that they are either predicted or demonstrated 

to be extended peptides lacking secondary structure.  For example the anion 

exchanger site is an 11 amino-acid loop based on the crystal structure (Michaely et 

al., 2002), the cytoplasmic domains of E-cadherin and L1 CAMS are established to be 

natively unstructured by biophysical methods (Huber and Weis, 2001; Zhang et al., 

1998), and sites of Nav channels, KCNQ2/3 channels, RhBG ammonium transporter, 

and beta-dystroglycan are predicted to be unstructured (Figure 3 B).   
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 A possible binding site for unstructured peptides could be the ankyrin groove 

that runs the 240-angstrom length of the repeat stack (Michaely et al., 2002) (Figure 3 

C).  A groove of this length with variation in surface-exposed residues, could 

potentially accommodate multiple types of partners. Interestingly, ANK repeats can 

bind to more than one partner at a time and thus are capable of forming homo- and 

hetero-complexes (Michaely and Bennett, 1995).   

Natively unstructured domains of proteins are widely utilized in protein 

recognition (Dyson and Wright, 2005). One advantage of such a code is that 

unstructured proteins can multitask, engaging in endocytic machinery with other 

adaptor proteins depending on cellular requirements. Another advantage is that the 

affinity for ankyrin can vary: the Kd for ankyrin is 10 nM for the anion exchanger, 50 

nM for neurofascin, and 500 nM for E-cadherin.  This variable affinity allows for 

flexibility depending on the physiological context.  Finally, intrinsically unstructured 

proteins represent the most rapidly evolving part of the genome (Iakoucheva et al., 

2002), and have the potential to adjust readily to new physiological demands such as 

the rapid acquisition of myelination.  

Another emerging theme as we learn more about ankyrin-based membrane 

domains is that they assemble through direct targeting of components along 

microtubules to specific sites.  A similar direct targeting pathway has been proposed 

for assembly of gap junction subunits at adherens junctions (Shaw et al., 2007).  

Direct targeting is in contrast to many current models that invoke endocytosis and 

transcytosis as primary mechanisms for sorting.  Ankyrins can bind directly to 
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microtubules (Bennett and Davis, 1981), and also can serve as adaptors for the 

dynactin complex, which can stabilize the fast-growing ends of microtubules, at least 

in skeletal muscle (Ayalon et al., 2008).  Ankyrins also stabilize microtubules at the 

presynaptic neuromuscular junction, and may have roles in axonal transport (Koch et 

al., 2008; Pielage et al., 2008).  A current mystery is how newly synthesized 

membrane proteins are coupled to the appropriate microtubules, especially in in 

epithelial cells and neurons where multiple types of microtubules coexist.    

In addition to their roles in stabilizing proteins at the plasma membrane and in 

directed transport, ankyrin and spectrin may also establish specialized membrane 

domains.  For example, ankyrin-G and beta-2 spectrin are required for biogenesis of 

epithelial lateral membranes (Kizhatil and Bennett, 2004; Kizhatil et al., 2007a; 

Kizhatil et al., 2007b).  Ankyrin-G also is required to form axon initial segments, 

which loose all initial segment markers and develop dendritic properties in ankyrin-

G-knockdown cells (Hedstrom et al., 2007).  Clues to how ankyrins and beta spectrins 

could participate in bulk transport of proteins and phospholipids in assembly of 

membrane domains come from the findings that beta-2-spectrin interacts with 

membrane phospholipids through multiple sites (An et al., 2004; Muresan et al., 

2001) and with PI lipids through its PH domain (Hyvonen et al., 1995).  Moreover, 

spectrins also interact with microtubule-based motors either directly (Takeda et al., 

2000), or through dynactin (Holleran et al., 2001; Muresan et al., 2001). The 

combination of ankyrin with its diversity in protein recognition and beta spectrin with 

its capacity to connect membrane compartments with microtubule-based motors 
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seems well suited for segregation and transport of membrane proteins and lipids to 

specialized domains.   A central unanswered question is the identity of the initial 

polarity signals that define the site of delivery for ankyrin/spectrin cargo.  

 

1.6 Diseases linked to mutations in spectrins and ankyrins  

 

1.6.1 Hereditary spherocytosis  

Hereditary spherocytosis (HS) is a hemolytic anemia in humans and mice and 

was the first disease to be linked to spectrin and ankyrin (Agre et al., 1985; 

Greenquist et al., 1978; Lux et al., 1990). Although mutations of the genes encoding 

the anion exchanger, band 4.2 (a protein associated with the anion exchanger) and 

spectrin subunits can all cause spherocytosis, mutations of ankyrin-R (encoded by the 

ANK1 gene) are responsible for the majority of human cases (Eber and Lux, 2004; 

Gallagher, 2005). Mutations in all of these genes result in the same final outcome: 

insufficiency of spectrin, which is the defining feature of spherocytosis (Agre et al., 

1985). Both spectrin and ankyrin have elastic properties (Discher and Carl, 2001; Lee 

et al., 2006), and loss of these proteins results in reduced mechanical resilience of the 

membrane. The spherical shape of spectrin- or ankyrin-deficient erythrocytes thus 

could represent a consequence of fragmentation of these cells in the high shear 

environment of the vascular system and loss of unsupported membrane. Recent 

measurements of rates of formation and loss of the anion- exchanger–ankyrin 

interaction (Anong et al., 2006) will be important for realistic modeling of effects of 
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HS mutations on the complex material properties of the membrane.  

A much rarer but instructive anemia also results from the absence of the Rh 

complex (Lopez et al., 2005). The Rh complex binds to ankyrin and requires ankyrin 

for stable expression in erythrocytes. Moreover, Rh null erythrocytes exhibit features 

of spherocytosis. Ankyrin thus binds to both the anion exchanger and Rh antigen, 

although the anion exchanger is the major attachment site (Figure 5).  

 

1.6.2 Spinocerebellar ataxia  

Spinocerebellar ataxia (SCA) is a dominantly inherited progressive 

neurodegenerative disorder that results in slurred speech and loss of coordination 

(Soong and Paulson, 2007). Spinocerebellar ataxia type 5 (SCA5) is of historical 

interest as a disease associated with the paternal grandparents of Abraham Lincoln 

(Ikeda et al., 2006). Recently, it was reported that SCA5 was caused by mutations in 

the β -3 spectrin gene in the Lincoln lineage as well as in two other families. Two 

mutations resulted in in-frame deletions of either 39 bp or 15 bp, whereas the third 

was a mis-sense L253P mutation in the actin-binding domain. β -3 Spectrin is very 

similar to β-2 spectrin but has a more restricted pattern of expression, primarily in the 

nervous system, especially in the cerebellum (Sakaguchi et al., 1998). β -3 Spectrin 

was initially characterized as the Golgi spectrin-related protein identified by Beck and 

colleagues using an antisera (Beck et al., 1994; Stankewich et al., 1998). However, 

the crossreacting protein in the Golgi network was subsequently found to be syne-1 

(also termed nesprin), which has spectrin repeats but otherwise is distantly related to 
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β spectrin (Gough et al., 2003). β -3 Spectrin thus might have roles in intracellular 

transport that are similar to those of β-2 spectrin.  

Loss-of-function mutations of β -3 spectrin could cause SCA5 by several 

mechanisms that are not mutually exclusive. First, β-3 spectrin might be required to 

stabilize axons mechanically, as has been reported for β spectrin in C. elegans 

(Hammarlund et al., 2007). In addition, β-3 spectrin stabilizes two synaptic proteins 

related to the excitatory neurotransmitter glutamate; these proteins are (i) a member 

of the glutamate transporter family (EAAT4) and (2) the GluRdelta2 subunit of the -

amino-3- hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor (Ikeda et al., 

2006). It is conceivable that mis-handling of glutamate because of loss of β-3 spectrin 

could result in neural toxicity and eventual cell death. Finally, β-3 spectrin might be 

required for delivery of presynaptic components involved in neurotransmission by 

vesicular transport, as has been observed in Drosophila (Featherstone et al., 2001; 

Pielage et al., 2005).  

 

1.6.3 Cardiac rhythm disturbances 

Loss-of-function mutations of ankyrin-B cause a dominantly inherited cardiac 

arrhythmia with increased risk for stress-induced sudden cardiac death (Mohler et al., 

2003; Mohler et al., 2004d). This disease was initially termed type 4 long QT 

syndrome due to prolongation of the QT interval (determined by electrocardiograms 

as (Mohler et al., 2003)the interval between onset of ventricular depolarization and 

completion of ventricular repolarization) in the founding family. However, additional 
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mutations and kindreds have been identified in which a prolonged QT interval is not a 

consistent feature of the syndrome (Mohler et al., 2004d). Ankyrin-B-based cardiac 

arrhythmia has therefore been termed sick sinus syndrome with bradycardia (OMIM) 

or simply ankyrin-B syndrome (Mohler et al., 2007b). Mice heterozygous for a null 

mutation in ankyrin-B are haploinsufficient for this gene, and have been used as 

models for the human disease (Mohler et al., 2004d). Neonatal cardiomyocytes from 

ankyrin-B heterozygous mice exhibit abnormal calcium dynamics that can be rescued 

by wild-type human ankyrin-B but not by ankyrin-B with mutations associated with 

cardiac arrhythmia (Mohler et al., 2007b; Mohler et al., 2003; Mohler et al., 2004d). 

These mutant animals have a similar arrhythmia to that of humans and exhibit sudden 

death after sympathetic stimulation due to administration of epinephrine during 

exercise (Mohler et al., 2003). Studies with ankyrin-B (+/−) cardiomyocytes have 

revealed that the basis for sudden death associated with the arrhythmia is probably 

due to extrasystoles (irregular heart beats) induced by increases in calcium transients 

in the context of sympathetic stimulation.  

It has been proposed that the cellular basis for altered calcium dynamics in 

ankyrin-B (+/−) cardiomyocytes results from a deficiency of a complex of ankyrin-B 

with the Na+/K+ ATPase, Na+–Ca2+ exchanger and the IP3 receptor localized in a 

specialized microdomain in cardiomyocyte T-tubules (Mohler et al., 2005a) (Figure 

10). It has been hypothesized that this ankyrin-B-based complex promotes export of 

calcium directly from the sarcoplasmic reticulum through IP3 receptors and across 

the plasma membrane through the Na+–Ca2+ exchanger. The presence of the 
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Na+/K+ ATPase in the complex could result in export of Na+ resulting from Na+–

Ca2+ exchange and allow electroneutral export of calcium. In the absence of 

electroneutral export of calcium, unbalanced entry of sodium through the Na+–Ca2+ 

exchanger, which exchanges three sodium ions for one calcium ion, can result in 

depolarization and can provoke an arrhythmia. This Na+/K+ ATPase–Na+–Ca2+ 

exchanger–IP3R complex is depleted in ankyrin-B (+/−) mouse cardiomyocytes, 

which could explain the increased calcium transients observed in these cells. 

Interestingly, the E1425G ankyrin-B mutation in the founding family blocks the 

ability of ankyrin-B to form the complex in in vitro assays (Mohler et al., 2005a).  

 

1.7 Diseases linked to mutations in ankyrin-binding proteins  

 

Although rare, human mutations that abolish ankyrin-binding activity of 

membrane-spanning proteins are of interest in understanding physiological and 

pathophysiological functions of ankyrin interactions. Mutations in L1CAM cause 

mental retardation as well as other neurological symptoms referred to as CRASH 

syndrome (corpus callosum hypoplasia, retardation, aphasia, spastic paraplegia, 

hydrocephalus) (Fransen et al., 1997). The ankyrin-B knockout mouse exhibits loss of 

L1 from axons and exhibits many of the CRASH symptoms, although in a more 

severe manner (Scotland et al., 1998a). Humans with null mutations in ankyrin-B 

have not yet been identified. However, given that heterozygotes with loss-of-

functions in ankyrin-B are present in about 2% of Caucasian populations (Mohler et 
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al., 2007a), rare homozygotes or mixed heterozygotes might exhibit CRASH 

symptoms. S1224L and Y1229H mutations of human L1 that cause a CRASH 

syndrome in humans are located within the ankyrin-binding site that is highly 

conserved among L1CAM family members (Needham et al., 2001). Both S1224L and 

Y1229H mutations abolish ankyrin-binding activity of L1, suggesting that L1 

requires ankyrin-binding activity for its function in the nervous system. Given that L1 

CAMs have been implicated in synaptogenesis in the central nervous system (Ango et 

al., 2004; Godenschwege et al., 2006), ankyrin-B and/or ankyrin-G might also have 

roles at the synapse.  

Nav1.5 is the primary voltage-gated Na+ channel (Duncan et al.) in heart and 

is required for the rapid initial depolarization phase of the action potential of 

ventricular cardiomyocytes. Nav1.5 co-localizes with ankyrin-G at cardiomyocyte 

intercalated discs and T-tubules and co-immunoprecipitates with ankyrin-G from 

heart extracts (Mohler et al., 2004c). Human loss-of-function mutations in Nav1.5 

lead to action potential shortening and Brugada syndrome, characterized by right 

bundle branch block, ventricular arrhythmia and risk of sudden cardiac death (Priori 

and Napolitano, 2004). A human proband with Brugada syndrome was identified with 

an E1053K mutation in Nav1.5 located in the ankyrin-binding motif (Mohler et al., 

2004c). This site is highly conserved in ankyrin-binding motifs of sodium channels, 

and the E1053K mutation blocks binding activity of Nav1.5 to 190 kDa ankyrin-G. 

Interestingly, the E1053K mutation prevented accumulation of Nav1.5 at the cell 

surface when virally expressed in adult rat cardiomyocytes. Loss of surface 
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expression of the E1053K Nav1.5 in cardiomyocytes is not due to misfolding, 

because the mutant channel still reaches the cell surface in human embryonic kidney 

293 cells and exhibits voltage-dependent sodium permeability. Ankyrin-binding 

activity thus is probably required for either targeting and/or retention of Nav1.5 in 

cardiomyocytes. The requirement of ankyrin-G for targeting Nav1.6 at axon initial 

segments of neurons (Jenkins and Bennett, 2001) therefore is conserved at 

intercalated discs and T-tubules of cardiomyocytes. It will be of interest to determine 

whether ankyrin-G has additional roles in the organization of other channels in 

cardiomyocytes.   

 

1.8 Conclusions and perspectives 

 

Ankyrins and spectrins, first discovered in human erythrocytes, are now 

known to organize and strengthen the plasma membranes of many types of cells. The 

basic logic is straightforward: spectrins form a two-dimensional network that is 

coupled to the inner membrane surface by ankyrins, which in turn bind to diverse 

membrane-spanning proteins through their ANK repeats. In addition to this 

scaffolding role, recent advances indicate that ankyrins and spectrins are required for 

assembly of specialized membrane domains. Inherited human diseases due to defects 

in spectrin and/or ankyrin include HS, SCA5 and a cardiac arrhythmia termed sick 

sinus syndrome with bradycardia or ankyrin-B syndrome. These diverse disorders all 

share a common mechanism of loss of coupling between membrane-spanning 
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proteins and the underlying ankyrin and/or spectrin. It is surprising how varied the 

ankyrin- and spectrin-associated membrane proteins are: the anion exchanger in 

spherocytosis, EAAT4 and the GluRdelta2 subunit of the AMPA receptor in 

spinocerebellar ataxia, and the Na+/K+ ATPase, Na–Ca exchanger and IP3 receptor 

in ankyrin-B syndrome. Together, these findings support the importance of an 

emerging class of diseases caused by failure in ankyrin/spectrin-based organization of 

membrane-spanning proteins. One future challenge will be to identify the full 

complement of membrane proteins interacting with ankyrin and spectrin and the 

physiological consequences of these interactions. A second area for future work will 

be to elucidate how ankyrin and spectrin form and stabilize membrane domains at a 

cellular and molecular level.  

Clearly, resolving the ankyrin–spectrin pathway has pervasive implications 

for physiology as well as clinical medicine. It is likely that other diseases involve loss 

of function spectrin and/or ankyrin. For example, potential roles in the decrease of 

higher cognitive functions are indicated by observations of loss of interneuron 

synapses in ankyrin-G-deficient mice (Ango et al., 2004) and defective synaptic 

function in spectrin-deficient flies (Featherstone et al., 2001; Pielage et al., 2005). 

Moreover, roles in malignancies are suggested by identification of spectrin mutations 

in breast and colorectal cancers (Sjoblom et al., 2006) and the finding of increased 

hepatocellular cancer in β-2-spectrin-deficient mice (Kitisin et al., 2007). 
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1.8 Brief overview of organization of thesis work 

 

The goal of my dissertation work has been to characterize ankyrin-B 

syndrome, with a focus on the metabolic pathogenesis associated with it. In Chapter 

2, I present data supporting the existence of ankyrin-B syndrome as a broad spectrum 

disorder encompassing multiple organ systems and resulting in both positive 

attributes, such as improved cardiac contractility, and negative attributes, such as 

reduced life span and an increased risk of cardiac arrhythmia. In this work, I used 

population genetics to show that function ankyrin-B polymorphisms are present at 

different frequencies in different ethnic backgrounds. The L1622I mutation is of 

particular interest, being present in as much as 8% of a West African population 

sample. In Chapter 3, I follow up on the finding presented in Chapter 2 that ankyrin-B 

is enriched in beta cells of the endocrine pancreas.  This chapter represents the main 

project of my thesis. I found that ankyrin-B in pancreatic beta cells is required for 

postprandial glucose tolerance. Ankyrin-B deficiency is associated with reduced 

muscarinic stimulation of insulin secretion and intracellular calcium release. I next 

present a potential mechanism for the functional impairment in insulin release by 

providing evidence that ankyrin-B is required for beta cell InsP3R stability. Finally, I 

show that R1788W, a functional ankyrin-B mutation, is associated with type 2 

diabetes in humans and demonstrates loss of function in insulin secretion assays. 

Finally, in Chapter 4, I describe my efforts into creating mouse models of ankyrin-B 

related disease.  I have generated two knockin mice, one harboring the L1622I 
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mutation found in high prevalence in West Africans, and one harboring the R1788W 

mutation, which I found to associate with type 2 diabetes and which was described 

previously as having one of the most severe functional phenotypes in cardiomyocytes. 

By providing a rigorous model for the study of these mutations in vivo, these mice 

will provide valuable insights into the nature and pathogenesis ankyrin-B related 

disease.  
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Figure 1. Domain organization of spectrin proteins. B. Schematic of the two 
alpha spectrins and �ve beta spectrins are shown here. Spectrins are comprised 
of modular units called spectrin repeats (yellow). Other domains such as the 
Src-homology domain  (SH3, blue), EF-hand domain (red), and calmodulin-
binding domain (green) promote interactions with binding targets important 
for spectrin function. The pleckstrin homology domain (black) promotes assoca-
tion with the plasma membrane via phosphoinositol lipids and the actin bind-
ing domain (grey) tethers the spectrin-based membrane skeleton to the under-
lying actin cytoskeleton. Ankyrin binding repeat is shown in purple. 
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MEMBRANE BINDING DOMAIN                              
(24 ANK REPEATS)

SPECTRIN BINDING DOMAIN

ZU5 DOMAIN

DEATH DOMAIN

REGULATORY DOMAIN

INSERTE D SEQUENCE

DOMAINS:
                                               

N C

Canonical ankyrins: B, G and R

Neuronal variants: B and G 

D. melanogaster giant Ank2

 DOMAIN SEQUENCE HOMOLOGY FOR ISOFORMS R, B, AND G                                    

                83%                                 78%             89%        25%

                                               

Figure 2. Domain structure of ankyrin proteins. A. Molecular domains pres-
ent in canonical ankyrins. The membrane binding domain (orange) is 
comprised of 24 ANK repeats. The spectrin binding domain (green-blue) 
allows ankyrins to coordinate integral membrane proteins to the mem-
brane skeleton. The death domain is pink and the regulatory domain is dark 
blue. The regulatory domain interacts intramolecularly with the membrane 
binding domain to modulate ankyrin’s a�nity for other binding partners. B. 
Percent homology between the three ankyrin proteins in each domain. C. 
All ankyrins and spectrins are subject to alternative splicing, which further 
increases their functional diversity.
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 ANKY RIN BINDING SITE 
NaV VPIAGESDFE 
KCNQ2  PYIAEGESDTDSD  
E-cadherin KEPLLPPEDDTRDNVYY-

YDEEGGGEED 
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L1CAMs 

QFNEDGSFIGQY 

RhBG KLPFLDSPP 
Dystroglycan  GVPIIFAD ELDDSK 
AE1 PA VLTRSGDPS 
 

B

A ANKYRIN MEMBRANE
    BINDING DOMAIN

C

Figure 3. Ankyrins bind to natively unstructured regions of many proteins. A. A 
theoretical model of the ankyrin-R membrane binding domain based on crystal 
structures of 12 ANK repepats. The stack of ANK repeats coils into a solenoid. A 
magni�ed image shows 2 ANK repeats. Each 33 amino acid ANK repeat forms 
an L- shaped structure comprised of two anti-parallel alpha helices separated 
by a beta-hairpin. The ANK repeats are connected by unstructured loops. B. 
Known binding sites of ankyrin proteins. All of these regions lie in regions 
predicted to be intrinsically unstructured. ABBREVIATIONS: NaV, voltage-gated 
sodium channels; KCNQ2, voltage-gated potassium channels; RhBG, rhesus 
blood group antigen; AE1, anion exchanger. C. A theoretical model of how the 
ankyrin membrane binding domain could bind to unstructured peptides. This 
pocket is 240 angstroms in length with a variety of surface exposed residues. 
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ION CHANNELS:
Anion exchanger
Na+/K+ ATPase
Voltage-gated 
Na+ channels
Na+/Ca2+ Exchanger
KCNQ2/3
Rh antigen
InsP3 receptor
Ryanodine receptor
CELL ADHESION 
MOLECULES:
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CD44
E-cadherin
Dystroglycan
CELLULAR 
TRANSPORT:
Tubulin
Clathrin

Spectrin FasL Hsp40
Obscurin
PP2A

BETA

MEMBRANE ANCHORS  
PI lipids
Band 4.1
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EAAT4 (glutamate)

SIGNALLING
RACK-1

CYTOSKELETON/ 
CELLULAR TRANSPORT
F-actin
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Dynactin
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NHE2 (ammonium)
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SIGNALLING
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Calmodulin

SPECTRIN BINDING PARTNERS

ANKYRIN BINDING PARTNERS 

Figure 4. Binding partners of spectrins and ankyrins. A. Binding partners for alpha 
and beta spectrin. ABBREVIATIONS: ENaC, epithelial amelioride sensitive sodium 
channel; NHE2, Na-H exchanger; NDMA receptor, glutamate receptor; PI lipids, 
phosphoinositol lipids; EAAT4, Na-dependent glutamate/aspartate transporter; 
RACK-1, receptor for activated protein kinase C. B. Binding partners of ankyrins, 
categorized by the domain to which they adhere. ABBREVIATIONS: AE1, Anion 
exchanger;   NaV1.2/1.3 voltage gated sodium channels; NCX1, Na+/Ca2+ 
exchanger; KCNQ2/3, voltage-gated potassium channels; Rh antigen, erythrocytic 
Rhesus blood group antigen; InsP3R, inositol-trisphosphate receptor;  L1-CAM,  
neural cell adhesion molecule L1;  CD44, heparan sulfate proteoglycan;  E 
cadherin, epithelial cadherin;  FasL, Fas antigen ligand; hsp40, heat shock protein 
40kDa;  PP2A, serine/threonine protein phsophatase 2A. 
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SPECTRIN TETRAMER

ANKYRIN R

Rh/ RhAGANION EXCHANGER

ERYTHROCYTE PLASMA MEMBRANE

Figure 5. Ankyrins and spectrins provide structural stability to the red 
cell membrane. The red cell membrane is the original model of 
ankyrin/spectrin assembly. Here, ankyrin R couples the anion exchanger 
and Rh antigen to the spectrin membrane skeleton. 
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E-CADHERIN

Na/K ATPase

ANK G

SPECTRIN TETRAMER

  BETA-CATENIN

LATERAL MEMBRANE

EPITHELIAL CELL

ADDUCIN

TROPOMODULIN

F-ACTIN

Figure 6. Ankyrin G in epithelial lateral membrane assembly. Ankyrin G 
binds to E-cadherin, beta II- spectrin, and the Na+/K+ ATPase. Spectrins 
are connected via F actin bridges bound to alpha/gamma adducin and 
tropomodulin. 
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NEURON 

NEUROFASCIN

VOLTAGE-GATED
   Na+ CHANNEL
        (NaV1.6)

ANK G

AXON INITIAL SEGMENT

KCNQ2/3

BETA-IV SPECTRIN TETRAMER

Figure 7. The spectrin-based membrane skeleton in the axon initial 
segment. Ankyrin-G forms a complex with beta-IV spectrin, neurofascin 
(a cell adhesion protein), and ion channels (KCNQ2/3 and voltage-gated 
sodium channel) at axon initial segments in Purkinje neurons.
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LAMININ
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ACTIN
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EXTRACELLULAR
           MATRIX
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WITHIN THE
SARCOLEMMA

SKELETAL MUSCLE
Figure 8. Costamere assembly and maintenance requires ankyrins and 
spectrins. In force bu�ering costameres of skeletal muscle, ankyrins B 
and G cooperate to target and stabilize key components of the dystro-
glycoprotein complex. At the membrane, ankyrin G is binds to dystro-
phin and beta-dystroglycan.
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Figure 9. The cardiomyocyte transverse tubule utilizes ankyrin-based 
membrane assembly. In cardiomyocyte transverse tubules, ankyrin B 
and G coordinate separate microdomains. Ankyrin-B binds Na+/K+ 
ATPase, Na+/Ca2+ exchanger (NCX-1) and the inositol triphosphate 
receptor (IP3R). Ankyrin G forms a complex with NaV1.5 and spectrin. 
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CHAPTER 2: ANKYRIN-B SYNDROME: ENHANCED 
CARDIAC FUNCTION BALANCED BY RISK OF 

CARDIAC DEATH AND PREMATURE SENESCENCE 
 

Much of this chapter is a reprint, as allowed by the journal in which it was published. 

Peter J. Mohler, Jane A. Healy,  Hui Xue, Annibale A. Puca, Crystal F. Kline, R. 
Rand Allingham, Evangelia G. Kranias,

 Howard A. Rockman, and Vann Bennett 

PLoS ONE 2, e1051 (2007). 
 

 
2.1 Overview 

 
 

Here we report the unexpected finding that specific human ANK2 variants 

represent a new example of balanced human polymorphisms.  The prevalence of 

certain ANK2 (encodes ankyrin-B) variants range from 2 percent of European 

individuals to 8 percent in individuals from West Africa.  Ankyrin-B variants 

associated with severe human arrhythmia phenotypes (eg E1425G, V1516D, 

R1788W) were rare in the general population.  Variants associated with less severe 

clinical and in vitro phenotypes were unexpectedly common.  Studies with the 

ankyrin-B(+/-) mouse reveal both benefits of enhanced cardiac contractility, as well 

as costs in earlier senescence and reduced lifespan.  Together these findings suggest a 

constellation of traits that we term “ankyrin-B syndrome”, which may contribute to 

both aging-related disorders and enhanced cardiac function. 
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2.2 Introduction 

  

2.1.1 Ankryin-B is unique within the ankyrin family 

As discussed in the last chapter, ankyrins are a versatile family of membrane-

associated adaptors that were first discovered based on the role of ankyrin-R in 

mediating membrane attachment of spectrin in human erythrocytes (Bennett, 1978; 

Bennett, 1979; Bennett and Stenbuck, 1979a).  Consistent with this function, 

mutations in ankyrin-R are the major cause of hereditary spherocytosis, a disorder 

associated with spectrin deficiency and increased membrane fragility in humans 

(Agre et al., 1985; Eber and Lux, 2004).  Ankyrins-G and -B are expressed in non-

erythroid tissues, where they function in the maintenance and establishment of 

specialized membrane domains by interacting with a diverse set of membrane 

proteins.   

A detailed discussion of the functions of ankryin-G is provided in the 

introduction. Briefly, ankyrin-G is required for accumulation of voltage-gated sodium 

channels in excitable membranes at axon initial segments of neurons (Jenkins and 

Bennett, 2001; Zhou et al., 1998) and at transverse-tubules in cardiomyocytes 

(Mohler et al., 2004c). A cardiac voltage-gated sodium channel SCN5A human 

variant that abolishes binding of Nav1.5 with to ankyrin-G results in Brugada 

syndrome, which is a dominantly-inherited fatal cardiac arrhythmia (Mohler et al., 

2004c).  Ankyrin-G also is required for biogenesis of the lateral membrane of 

epithelial cells and pre-implantation embryos (Kizhatil and Bennett, 2004; Kizhatil et 
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al., 2007b).  Loss of ankyrin-G function thus would likely have major consequences 

beginning in early development.  In contrast to ankyrin-G, ankyrin-B has more 

specialized roles, and is required for postnatal life in mice but not for prenatal 

survival (Scotland et al., 1998b).     

 

2.1.2 Insights into ankyrin-B related disease from the ankyrin-B mouse 

Most of what is known about the physiological function of ankyrin-B is 

derived from study of the ankyrin-B knockout mouse (Scotland et al., 1998a). The 

first report of a functional role of ankyrin-B in the nervous system disclosed that 

Ankyrin-B(-/-) mice exhibit hypoplasia of the corpus callosum and pyramidal tracts, 

dilated ventricles, and extensive degeneration of the optic nerve, and neonatal 

death. This phenotype is associated with a reduction in L1 expression in 

premyelinated axons of long fiber tracts, including the corpus callosum, fimbria, and 

internal capsule in the brain, and pyramidal tracts and lateral columns of the spinal 

cord. This phenotype is similar to, but more severe than the phenotype of L1(-/-) mice 

and shares features of human patients with L1 mutations (Scotland et al., 1998a).  

Ankyrin-B(-/-) mice also possess characteristics of congenital myopathy and 

major loss of thymic lymphocytes (Tuvia et al., 1999). These are associated with 

dramatic alterations in intracellular localization of key components of the Ca2+ 

homeostasis machinery in ankyrin-B (-/-) striated muscle and thymus. These 

abnormalities are believed to represent a defect in intracellular sorting of these 

proteins. These data suggest a physiological requirement for ankyrin-B in intracellular 
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targeting of the calcium homeostasis machinery of striated muscle and immune 

system. 

As discussed earlier, mice heterozygous for a null mutation in ankyrin-B 

(ankyrin-B(+/-) mice) also possess a cardiac phenotype characterized by sinus 

bradycardia, repolarization defects, and susceptibility to exercise and catecholamine-

induced cardiac arrhythmia and sudden cardiac death (Mohler et al., 2003). Studies 

with ankyrin-B(+/-) cardiomyocytes revealed that the basis for sudden death 

associated with the arrhythmia  is heightened Ca2+ transients and catecholamine-

induced afterdepolarizations and extrasystoles. The cellular basis for altered calcium 

dynamics in ankyrin-B(+/-) cardiomyocytes has been proposed to result from a 

deficiency of a complex of ankyrin-B with the Na/K ATPase, Na/Ca exchanger, and 

IP3 receptor localized in a specialized microdomain in cardiomyocyte transverse-

tubules (Mohler et al., 2005b).  

 

2.1.3 The identification of loss of function mutations of ankyrin-B in humans 

Evidence that defects in ankyrin-B function were associated with cardiac 

arrhythmia in humans first came from a genetic linkage study of type 4 long QT 

syndrome in a large French kindred that mapped the disease the chromosomal region 

4q25, the location of the ANK2 (ankyrin-B) gene (Mohler et al., 2003). Family 

members affected by this disorder displayed a similar phenotype to ankyrin-B 

haploinufficient mice, including polymorphic ventricular arrhythmia, syncope, and 

sudden death in response to exercise or emotional stress (Mohler et al., 2004d). 
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Sequencing of the ANK2 gene from individuals in this pedigree revealed that a 

coding mutation in ankyrin-B, E1425G, associated with the disease phenotype. 

Futhermore, abnormal calcium dynamics in ankyrin-B(+/-) neonatal cardiomyocytes 

can be rescued by expression of wild-type human ankyrin-B but not by ankyrin-B 

containing the E1425G associated with cardiac arrhythmia (Mohler et al., 2007b; 

Mohler et al., 2003; Mohler et al., 2004d; Mohler and Wehrens, 2007). 

 

2.1.4 Ankyrin-B mutants represent an allelic series 

Subsequently, other ankyrin-B polymorphisms were identified in individuals 

with cardiac arrhythmia and sudden cardiac death phenotypes (Mohler et al., 2004d). 

These mutations all exhibit clear cellular phenotypes in vitro (Mohler et al., 2007b; 

Mohler et al., 2004d). However, similar to other inherited arrhythmia syndromes 

(Priori et al., 1999; Roden, 2004), the penetrance of the sudden cardiac death 

phenotype 1n families with ankyrin-B variants can be relatively low.  For example, in 

the first family studied with the E1425G polymorphism, while numerous individuals 

displayed sinus node dysfunction, atrial fibrillation, and ventricular arrhythmia, only 

2 of the 21 heterozygotes experienced fatal outcomes (Mohler et al., 2003).  

In assays testing each variants’ capacity to restore normal contractility, Ca2+ 

dynamics and normal expression of Na/K ATPase, Na/Ca exchanger, and InsP 3 

receptor in cardiomyocytes, ankyrin-B polymorphisms display a range of severity 

(Mohler et al., 2003; Mohler et al., 2004d) (Figure 10 A). This may account for some 

of the variation in clinical phenotype noted in population-based studies. Moreover, 
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ankyrin-B variants associated with minor cellular phenotypes may be relatively 

common in specific human populations (Sherman et al., 2005). This would imply that 

ankyrin-B mutations represent an allelic series. Allelic series disorders have been 

described for other conditions, such as the thalassemias. Allelic series disorders are 

characterized by mutations of varying severity that related to the severity of their 

clinical phenotype. 

All of the reported variants are located in or near the carboxy-regulatory 

domain of ankyrin-B (Figure 10 A). The regulatory domain of ankyrin-B participates 

in intramolecular interactions with the amino-terminal membrane- and spectrin-

binding domains (Mohler et al., 2004b).  Therefore, these mutations could affect the 

binding affinity of the regulatory domain for membrane- or spectrin-binding domains. 

One of the ankyrin-B mutations, R1788W, directly abolishes the binding interaction 

between ankyrin-B and the molecular co-chaperone Hsp40/Hdj1. R1788W mutation 

is located within an amphipathic alpha-helix required for ankyrin-B intramolecular 

interactions and for association with Hsp40/Hdj1 (Mohler et al., 2004b).  

 

2.1.5 Introduction to present work 

 Here, we present evidence that specific ankyrin-B variants represent a new 

example of balanced polymorphisms in humans.  The prevalence of ankyrin-B 

variants varied from 2 percent of European to 8 percent in individuals from West 

Africa.  Moreover, African and European populations also exhibit distinct patterns of 

ankyrin-B variants.  Studies with the ankyrin-B(+/-) mouse reveal both benefits of 
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enhanced cardiac contractility, as well as costs in earlier senescence and reduced 

lifespan.  Together these findings suggest a constellation of traits that we term 

“ankyrin-B syndrome”, which may contribute to both aging-related disorders and 

enhanced cardiac function.  

  

2.3 RESULTS 

 

 2.3.1 Prevalence of ankyrin-B variants in human populations  

  An initial screen for ankyrin-B polymorphisms in arrhythmia patients detected 

individuals with several mis-sense variants in the ankyrin-B gene (Mohler et al., 

2003; Mohler et al., 2004d). These variants include E1425G, L1622I, T1626N, 

R1788W, and E1813K. Comparison of ankyrin-B protein primary sequence from 

different species (Figure 10 B) shows that the identified polymorphisms are highly 

conserved in vertebrates. Of the six variants shown, only T1626N does not show 

100% sequence identity from humans to chickens. The high degree of conservation 

across species suggests that these residues are likely to be critical for ankyrin-B 

stability and/or function.   It was therefore unexpected when Sherman and colleagues 

reported that certain ankyrin-B gene variants were present in healthy Caucasian and 

African American individuals (Sherman et al., 2005).  Notably, L1622I was found in 

4% of African-Americans in this study.  One intriguing possibility is that the apparent 

discrepancy is due to ethnic differences in ankyrin-B SNP allele frequency.  
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Thus, we first determined the allele frequencies of these genetic variants in 

defined ethnic populations. We decided to explore the differences between white and 

black populations. In order to do this, we obtained genomic DNA samples from 

European and African populations. Since African-Americans represent an admixture 

of Caucasian, African, and Native American haplotypes that would confound our 

analysis, we chose to exclude them from this initial study.  

 We genotyped 384 west African and 1152 European individuals using a PCR-

based allelic discrimination assay. Figure 11 A shows the allele frequency of each 

polymorphism in the European (black) and west African (Kitisin et al.) populations 

tested, as well as the allele frequency of the pooled functional polymorphisms (Total). 

L1622I was surprisingly common in Africans, and was present in ~8.6% of the 

individuals genotyped. It was the only variant detected in the west African 

population. In the European population, all SNPs had an allele frequency of less than 

0.01, though combined, 2.1% of the European sample had a loss of function ankyrin 

B variant.   

As discussed later, ankyrin-B(+/-) mice demonstrate signs of accelerated 

senescence compared to litter matched controls (see below). Using population tools, 

we next evaluated whether there were negative consequences for longevity in 

individuals with ankyrin-B variants. If so, we would predict these variants to be 

depleted or absent in centenarians (humans that reach the age of 100). The European 

genomic DNA samples used in the population study were a collection of 768 

centenarians and 384 non-centenarians obtained from the Associazone Longevita in 
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Italy. Figure 11 B shows the allele frequency of the each variant in non-centenarians 

(black) and centenarians (Kitisin et al.).   Centenarians had a reduced frequency of 

variants at 1.6 percent compared to non-centenarians with 2.4 percent. However, the 

association between ankyrin-B variants and centenarian status was not significant (for 

combined Ankyrin B loss of function polymorphisms p = 0.3570 for Fischer’s exact 

test, p = 0.3501 for chi-squared test). However, we believe that the high p value is 

likely to result from a lack of power at this sample size. Given the low allele 

frequency of these polymorphisms, the p value could be improved by increasing the 

numbers of individuals tested in each group. At the proportions seen in this study, we 

would need approximately 6000 patients to get a significant p value. We hope to 

address this in future studies.     

 These data indicate that specific ankyrin-B gene variants are both more 

common than expected and segregated with respect to ethnicity. Negative 

consequences for those having a function ankyrin-B variant may include both 

susceptibility to cardiac arrhythmia and reduced longevity. However, the prevalence 

of these variants and racial differences detected in their frequency suggest the 

interesting possibility that these ankyrin-B variants may benefit organism survival.  

 

2.3.2 Increased contractility of ankyrin-B(+/-) cardiomyocytes  

We next explored whether ankyrin-B haploinsufficiency could provide a 

benefit to the mouse. Ankyrin-B(+/-) cardiomyocytes exhibit a 15 percent elevation in 

calcium transients (Mohler et al., 2003), which has been proposed to result from loss 
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of Na/K ATPase localized in a complex with ankyrin-B as well as the Na/Ca 

exchanger and InsP3 receptor (Mohler et al., 2005b).  Elevated intracellular calcium 

transients in ventricular cardiomyocytes would lead to enhanced contractility, which 

would increase cardiac output. These findings suggested the hypothesis that ankyrin-

B deficiency mimics effects of cardiac glycosides, which inhibit the Na/K ATPase, 

cause elevation in intracellular calcium stores, and increase cardiac contractility as a 

positive outcome.  There is considerable uncertainty regarding which isoforms of the 

Na/K ATPase are physiological targets for cardiac glycosides and in which species 

(Muller-Ehmsen et al., 2001; Wang et al., 2001).  Therefore we first determined 

effects of ankyrin-B deficiency in mouse cardiomyocytes on the affinity and capacity 

for 3[H]-ouabain, which is a commonly used cardiac glycoside (Figure 12 A).  

Freshly isolated cardiomyocytes from ankyrin-B(+/-) mice have reduced numbers 

(~15%) of surface 3H-ouabain-binding sites, but similar affinity for ouabain 

compared to cells derived from wild-type littermates (wild-type Bmax =1.90 pmol/mg 

(Kd=31.3 nM); ankyrin-B(+/-) Bmax=1.61 pmol/mg (Kd=33.1 nM); Figure 2B).  

Scatchard plots reveal a single class of ouabain-binding sites for both wild-type and 

ankyrin-B(+/-) cells, suggesting that the sites lost in ankyrin-B(+/-) cells have the 

same affinity as the sites that remain (Figure 12 B). These data with isolated 

cardiomyocytes are consistent with a ~15% reduction in level of both Na/K ATPase 

a1 and a2 isoforms in ankyrin-B(+/-) heart tissue determined previously (Mohler et al., 

2003). Na/K ATPase expression and localization at sarcolemmal and intercalated disc 

membranes is unaffected in ankyrin-B(+/-) cells.  Therefore, loss of T-tubule-
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associated Na/K ATPase is paralleled by loss of a small population of ouabain-

binding sites in ankyrin-B(+/-) cardiomyocytes that have the same affinity for ouabain 

as the residual binding sites.   

We next compared effects of ouabain and ankyrin-B-deficiency on cellular 

shortening in freshly isolated unloaded wild-type and ankyrin-B(+/-) adult ventricular 

cardiomyocytes.  The extent of cell shortening provides a functional readout of 

[Ca2+]i transients and contractility, since cardiomyocytes respond to elevated calcium 

levels by contraction.  Field-stimulated wild-type cardiomyocytes exhibited 12.3% 

shortening (n=5 mice) that increased ~1.7-fold to 20% in the presence of 100 uM 

ouabain (a saturating concentration) (Figure 13 A).  In contrast, ankyrin-B(+/-) 

cardiomyocytes exhibited 15% basal shortening (n=4 mice), a value significantly 

greater than that of unloaded wild-type cardiomyocytes (p<0.01).  Ankyrin-B(+/-) 

cardiomyocytes were further activated by 100 uM ouabain to 20% shortening, or a 

~1.3-fold increase (Figure 13 A).  Ankyrin-B(+/-) cardiomyocytes thus behave as if 

they were treated with ouabain, with increased basal levels of contraction and that can 

be activated to the same final extent in response to maximal levels of ouabain. These 

results suggested that the fraction of Na/K ATPase missing in ankyrin-B(+/-) 

cardiomyocytes (~15% based on immunoblots, ~16% based on radiolabeled ouabain-

binding, accounts for ~38% of the maximal contractile response to ouabain.  

2.3.3 Enhanced cardiac function in ankyrin-B(+/-) mice 

The finding that loss of ankyrin-B-coupled Na/K ATPase mimics effects of 

cardiac glycosides in isolated ankyrin-B(+/-) cardiomyocytes, suggested the 
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hypothesis that ankyrin-B(+/-) mice also have enhanced cardiac function.  Digitalis 

has a relatively subtle effect on the unstressed heart with a normal left ventricular 

(LV) pressure, and at one point was believed to only act in the context of heart failure 

(Glitsch, 2001). We therefore measured left ventricular (LV) fractional shortening (an 

intact heart correlate of cellular shortening and one measure of cardiac function) by 

echocardiography in conscious mice before and after induction of LV pressure 

overload.  LV pressure overload was induced by transverse aortic constriction (TAC) 

(Rockman et al., 1991). Before TAC, ankyrin-B(+/-) mice displayed a modest, but 

significant 10% increase in percent fractional shortening compared to wild-type mice 

(wild-type= 58.3 ± 1.9%, n=16; ankyrin-B(+/-) = 63.9 ± 1.5% n= 15 mice; p<0.05) 

(Figure 13 B).  Following TAC for seven days that induced similar increases in LV 

pressure overload as measured by the trans-stenotic gradient (see Figure 13 C), 

ankyrin-B(+/-) mice exhibited preservation of higher fractional shortening (51.8 ± 

7.8%, n=11; p<0.05) (Figure 13 B) compared to the striking ~74% decline in 

fractional shortening to 29.8 ± 7.9%, n=9; p<0.05 observed in wild-type animals.  

Therefore, one benefit of loss of ankyrin-B-coupled Na/K ATPase is preservation of 

cardiac function under conditions of elevated afterload induced by hemodynamic 

stress.  

 

2.3.5 Ankyrin-B(+/-) mice display reduced sensitivity to ouabain-induced arrhythmia 

         Enthusiasm for clinical use of cardiac glycosides has subsided due to their 

capacity to promote fatal cardiac arrhythmias.  The results with isolated adult 
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cardiomyocytes suggested the possibility that ankyrin-B(+/-) mice might be at least 

partially resistant to proarrhythmic effects of ouabain.   We evaluated effects of 

ouabain on heart rate and rhythm by measuring electrocardiograms in conscious 

animals using implanted wireless transmitters (Figure 14).  Intraperitoneal injection 

of a low, sub-lethal dose of ouabain (100 mg/kg) leads to an expected modest 

decrease in heart rate in 6/6 wild-type mice tested, but no effect in ankyrin-B(+/-) 

mice, which already have bradycardia (Mohler et al., 2003).  Lethal doses of ouabain 

(10 mg/kg) caused polymorphic arrhythmia in wild-type C57BL/6 WT mice (8/8 

mice) (Figure 3A) within 16 minutes of injection, followed by death (6/8 mice). 

Identical injections of lethal doses of ouabain to C57BL/6 ankyrin-B(+/-) littermate 

mice did result in decreased heart rate (8/8 mice), but no significant ventricular 

arrhythmias (1/8 mice), and, remarkably, no death (0/8 mice) (Figure 14, 15 C).  

Ankyrin-B(+/-) mice thus are resistant to ouabain in three functional readouts:  

reduction in heart rate, ventricular arrhythmia, and death (Hauptman and Kelly, 

1999).  

Ankyrin-B(+/-) mice are not intrinsically resistant to all forms of arrhythmia 

since strenuous exercise plus injection of high doses of epinephrine caused 

ventricular arrhythmia, syncope, and death in ~75% of ankyrin-B(+/-) mice (Figure 

14 A, B) (Mohler et al., 2003).  However, a trivial explanation for ouabain-resistance 

of ankyrin-B(+/-) mice could be that chronic elevation of [Ca2+]i transients in 

ankyrin-B(+/-) cardiomyocytes caused compensatory adaptations.  Phospholamban-

null mice have chronic elevation of [Ca2+]i transients comparable to ankyrin-B(+/-) 
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mice due to increased Ca-affinity of SERCA2 (Wolska et al., 1996) and provide a 

control for generalized Ca2+-induced changes in protein expression.  Phospholamban-

null mice in a 129 background respond to high doses of ouabain with a similar 

arrhythmia (9/10 mice) and death (8/10 mice) in the same manner as C57BL/6 WT 

mice (8/8, 6/8 mice) and 129 WT mice (9/10,8/10 mice) (Figure 14 C).  Ankyrin-

B(+/-) mice thus are resistant to ouabain-induced cardiac arrhythmia due to a 

mechanism independent of adaptation to chronic Ca2+ elevation.  

 

2.3.6 Ankyrin-B(+/-) mice display premature senescence and reduced longevity 

 As ankyrin-B mutant mice aged we noticed a consistent pattern of kyphosis, 

hair loss and general deterioration compared to their littermates (Figure 16, 17).  We 

therefore evaluated senescence in ankyrin-B(+/-) mice.  Consistent with premature 

aging, we observed decreased soft tissue mass in >12 month ankyrin-B(+/-) animals 

(see 12 and 24 month animals in Figure 16, 17).  In fact, when compared to their age-

matched wild type littermates, ankyrin-B(+/-) mice demonstrate a loss of adiposity 

that begins at 6 months of age and progresses until death (Figure 16). This loss is not 

due to a decrease in food intake or core body temperature.  These mice consume 

similar quantities of rodent chow, and have similar conscious body temperatures (not 

shown).  Moreover, ankyrin-B(+/-) mice display severe kyphosis which begins at 6 

months of age and becomes increasingly pronounced in two year ankyrin-B(+/-) 

mice.  Ankyrin-B(+/-) mice (>1 yr) also have an impaired ability to re-grow hair 

(Figure 17 A).   Hair growth requires functioning stem cells, suggesting these animals 
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may have impaired stem cell regeneration, which can promote premature senescence 

(Tyner et al., 2002). Histological evaluation of the dorsal skin sections of two-year 

old wild-type and ankyrin-B(+/-) mice show a decrease in sub-dermal adipose tissue 

when compared with wild-type littermates, which also is a phenotype consistent with 

senescence (Figure 17 B).  Finally, the life-span of ankyrin-B(+/-) mice is 

significantly reduced compared with wild-type littermate controls (Figure 18).  

Specifically, ankyrin-B(+/-) mice live on average to ~90 weeks; while their wild-type 

littermates survive to ~120 weeks (consistent with the C57Bl6 life-span) (Liang et al., 

2003).  These data demonstrate that accelerated aging is a highly penetrant 

consequence of ankyrin-B-deficiency in mice. 

 

2.3.7 Ankyrin-B-haploinsufficiency in multiple cell types  

 As a first step in determining possible physiological differences underlie the 

complex phenotype of ankyrin-B(+/-) mice, we evaluated in these mice the pattern of 

expression of ankyrin-B. 220 kD ankyrin-B is abundantly expressed in both brain, 

heart and thymus (Scotland et al., 1998a; Tuvia et al., 1999).  Ankyrin-B also is 

present at detectable levels in skeletal muscle, kidney, lung, testes, spleen and lung, 

and is reduced about 50 percent in all of these tissues in ankyrin-B(+/-) mice (Figure 

19 A, B, 20 A, B).  

         We next determined the cell types expressing ankyrin-B in several tissues.   In 

the pancreas, ankyrin-B is highly expressed in islets and is virtually absent from 

surrounding acinar cells (Figure 20 C, D).  Within pancreatic islets, ankyrin-B 
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staining was concentrated in beta cells and virtually absent from alpha cells 

(glucagon-positive) or delta cells (somatostatin-positive) (Figure 20 C-F).  Ankyrin-B 

immunostaining in beta cells is significantly reduced in ankyrin-B(+/-) pancreas 

(Figure 20 F, G). Identical labeling and imaging protocols (see Methods) revealed an 

approximate 47% decrease in the intensity ratio of ankyrin-B/glucagon in ankyrin-

B(+/-) islets compared to wild-type 1slets (+/+, 0.90 ± 0.1; +/-, 0.48 ± 0.1, n=20, 

p<0.05). As ankyrin-B expression in acinar cells is minimal, the reduction of ankyrin-

B by quantitative immunoblot in pancreas (Figure 20 B) is due primarily to loss of 

ankyrin-B in beta cells.   

In the heart, reduced expression of ankyrin B protein results in decreased 

levels of ankyrin-binding partners IP3 receptor, Na/Ca exchanger and Na/K ATPase. 

The loss of these channels/transporters in critical microdomains of cardiomyocyte 

transverse-tubules/sarcoplasmic reticulum is believed to be the basis of the 

arrhythmia phenotype. (Mohler et al., 2005b).   We determined that ankyrin-B 

haploinsufficiency also results in loss of IP3 receptor in other cell types, including 

Purkinje neurons in the cerebellum (Figure 21 A, B) and bronchial epithelial cells 

(Figure 22), and in the lung alveoli (Figure 23) as a correlate of ankyrin-B function in 

these cells.   Future work will investigate the consequences of ankyrin-B deficiency at 

a molecular level, and determine which cell types contribute to the global phenotype 

of the ankyrin-B mouse. 
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2.4 Discussion 

 

2.4.1 Implications of cardiac and longevity phenotypes for humans possessing 

ankyrin-B mutations 

This study reports that certain loss-of-function variants in the ANK2 gene are 

present in “normal” European and west African populations. The frequency of these 

variants is surprising given the high degree of protein conservation between species 

and within most human populations.  Mice heterozygous for a null mutation in 

ankyrin-B have previously been demonstrated to have a similar cardiac arrhythmia as 

humans with ankyrin-B variants (Mohler et al., 2003; Mohler et al., 2004d).  Further 

characterization of ankyrin-B(+/-) mice in this paper reveal a heretofore unrecognized 

syndrome of increased cardiac contractility and resistance to cardiac glycoside-

induced arrhythmia that is balanced by premature senescence. Ankyrin-B is co-

expressed with IP3 receptors in specific cell types including Purkinje neurons and 

bronchial epithelial cells.  Interestingly, both ankyrin-B and IP3 receptors are reduced 

in these cells in ankyrin-B(+/-) mice (Figures 21-23).  Diminished function of IP3 

receptors in calcium signaling thus may underlie some of the phenotypes observed in 

ankyrin-B(+/-) mice.  Together, these findings suggest that the 2 percent of Europeans 

and up to 8 percent of individuals in west Africa that harbor specific ankyrin-B 

variants may respond favorably to digitalis treatments and also have increased risk of 

sudden cardiac death and diseases related to aging. 

58



        Results with ankyrin-B(+/-) mice suggest several hypotheses that will be 

important to test in people.  The high levels of ankyrin-B expression in the brain and 

pancreatic beta cells and early senescence in ankyrin-B(+/-) mice suggests that human 

populations with age-related neurological disorders and/or type 2 diabetes should be 

evaluated for ANK2 variants.  Resistance of ankyrin-B(+/-) mice to ouabain-induced 

arrhythmia suggests that cardiac glycosides could be potentially used more safely in 

humans with ankyrin-B variants.  Moreover, these findings suggest that interference 

with ankyrin-B function in the heart could be a potentially useful strategy to modify 

cardiac contractility. 

A striking and highly penetrant effect of ankyrin-B deficiency in the mouse is 

a moderate reduction in life span accompanied by premature senescence in multiple 

tissues.  One hypothesis to explain this phenotype 1s that disordered calcium 

homeostasis as observed in ankyrin-B(+/-) cardiomyocytes results in mitochondrial 

stress.   Inter-relationships between calcium, mitochondria, and aging have been 

attributed to accumulated damage from reactive oxygen due to calcium overload of 

mitochondria  (Nicholls, 2002).  It will be important to evaluate effects of ankyrin-B 

deficiency and loss-of-function variants on mitochondrial function. 

        8.6 percent of the people in our sample from Ghana are heterozygous for the 

L1622I gene variant.   Therefore up to 0.7 percent of this population could be 

homozygous for the L1622I mutation in the absence of negative selection.  While no 

individuals homozygous for the L1621I, were detected in 384 individuals, this could 

result from the relatively small sample size.  It will be of interest in the future to 
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screen larger populations from Ghana as well as African Americans to determine if 

homozygous L1622I individuals exist, and if so whether they exhibit features of 

ankyrin-B syndrome characterized so far in mice. 

 

2.4.2 Speculation towards the function of balanced ankyrin-B polymorphisms  

      An obvious question is the nature of the benefit conveyed by certain ankyrin-B 

variants. Resistance to malaria is an unlikely factor, since ankyrin-B is not expressed 

in erythrocytes (not shown), or in vascular endothelial cells (Figure 22), and since 

variants are present in both Africans and Europeans.  A simple hypothesis is that 

increased cardiac contractility enhances cardiac output during physical exertion, and 

thus improves survival. A corollary that can be experimentally tested is that athletes 

may be more likely to have ankyrin-B variants.  Moreover, ankyrin-B variants may 

contribute to sudden cardiac death among young athletes.    

 

2.5 Summary and Conclusions 

 

      In summary, this study demonstrates an unexpected prevalence of mutations in 

ankyrin-B that have been linked to risk for sudden cardiac death.  We present the first 

evidence from a mouse model deficient in ankyrin-B that ankyrin-B variants can be 

viewed as balanced polymorphisms with increased risk of sudden death and early 

aging offset by increased cardiac contractility.    
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2.6 Methods 

 

2.6.1 Protein Alignment  

Protein alignments were performed in CLUSTALW using the following 

protein sequences from NCBI: Homo sapiens gi|119626696|gb|EAX06291.1; Macaca 

mulatta gi|109075425|ref|XP_001095471.1; Canis familiaris 

gi|74002173|ref|XP_545031.2; Mus musculus gi|37590265|gb|AAH59251.1| ; Rattus 

norvegicus gi|109467596|ref|XP_001076082.1|; Pan troglodytes  

gi|114595754|ref|XP_517403.2; Gallus gallus gi|118090374|ref|XP_420641.2. 

 

2.6.2 Genetic Studies 

ANK2 variants reported previously to have functional consequences in 

cardiomyocytes were used for genotyping genomic DNA samples from West 

Africans residing in the country of Ghana (collected by Rand Allingham and co-

workers, Duke University Dept. of Ophthalmology) and Europeans (collected by the 

Associazone Longevita, Italy). SNP genotyping was determined using the ABI 

7900HT Taqman SNP genotyping system (Applied Biosystems, Foster City, 

California, United States), which uses a PCR-based allelic discrimination assay in a 

384-well–plate format with a dual laser scanner. Allelic discrimination assays were 

purchased from Applied Biosystems, or, if the assays were not available, primer and 

probe sets were designed and purchased through Integrated DNA Technologies 
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(Coralville, IA,). Successful genotyping was obtained for greater than 95% of the 

DNA samples used in the study.  

 

2.6.3 Animal care 

Ankyrin-B(+/-) mice (Scotland et al., 1998b) were backcrossed >10 

generations (>99.5% pure) into a C57/Bl6 background before experiments.  Both 

ankyrin-B(+/-) and wild-type littermates mice were housed in the same facility 

(temperature and humidity), consumed the same diet (Lab Diet, 23% protein, 4.5% 

fat, 6.0% fiber, 8.0% ash, 2.5% minerals (0.95% Ca2+, 0.67% phosphorus, 0.40% 

non-phytate phosphorus), 56% complex carbohydrate from overhead wire feeders) 

and water ad libitum, and were kept on identical 12 hour light/dark cycle.  Food 

intake was monitored over 24 hour periods and averaged over 2-3 days in mice 

individually housed.   

 

2.6.4 3H ouabain-binding   

Equilibrium [3H] ouabain binding was performed on isolated live adult 

cardiomyocytes (>70% rod-shaped) for 60 min at 35º C in modified Tyrode's buffer 

(0.5 mM KCl).   Non-specific binding was determined as binding in the presence of 

10 mM non-radioactive ouabain.  Membranes were separated from buffer and 

sequentially washed by vacuum filtration in cold buffer followed by liquid 

scintillation counting. 
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2.6.5 Mouse echocardiograms   

Two-dimensional guided M-mode echocardiography was performed as 

described [22].  Mice were studied in a conscious state.  For pressure overload 

induced cardiac failure, mice were anesthetized, intubated; the chest was opened in 

the second intercostal space.  A 7-0 suture was placed around the transverse aorta and 

tied to a 27 gauge needle to create aortic constriction [23]. The needle was then 

recovered, mice were allowed to recover, and follow-up echocardiograms were 

performed on wild-type and ankyrin-B(+/-) mice seven days post-ligation.   Fractional 

shortening values were compared between wild-type and ankyrin-B(+/-) mice over a 

range of similar pressure gradients.  Values represent mean ± standard error.   

 

2.6.6 Mouse studies   

Animal care was in accordance with institutional guidelines. Wild-type (n=6) 

and ankyrin-B(+/-) mice (n=6) were implanted with radiotelemetry transmitters [14].  

Following an intraperitoneal injection of a low (100 mg/kg) or high dose (10 mg/kg) 

of ouabain, conscious mice were monitored for heart rate and ECG abnormalities.  

Mice were implanted with radiotelemetry transmitters as described [14].  Following 

an intraperitoneal injection of 10 mg/kg ouabain or 2 mg/kg epinephrine, conscious 

mice were monitored for heart rate, ECG abnormalities, syncope, or death.   

 

2.6.7 Preparation of Adult Cardiac Myocytes and Contractility Studies   
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Mice used in these studies were female adult WT C57BL/6 mice and ankyrin-

B(+/-) littermates (C57 BL/6), or wild-type and PLN-/- littermates (129), 3 - 6 months 

of age and weighing 30-40 g. Animals were handled according to approved protocols 

and animal welfare regulations of the Institutional Review Board (DUMC). Mouse 

ventricular cardiomyocytes were isolated as described in [24]. Myocytes were 

isolated and visualized with an inverted microscope (Nikon Eclipse TE 300). Single-

cell contraction was measured by video edge detection, and recordings were made 

under basal conditions and after administration of 100 mM ouabain [24].  Cellular 

shortening was measured for 15-20 cells of equal length/mouse to determine the mean 

cellular shortening per mouse under each condition.  Values reported represent mean 

± standard deviation of cellular shortening for 4-5 mice.   

2.6.8 Temperature measurements  

Following anesthesia, six month mice were surgically implanted with 

radiotelemetry temperature probes (Data Sciences International).  Five days after 

surgery, the temperature of non-anesthetized animals was determined. 

 

2.6.9 Immunofluorescence and Immunoblotting   

Freshly extracted pancreas from wild-type C57B/6 and ankyrin-B(+/-) 

C57B/6 mice was fixed for 18 hours at 4 °C in 4% paraformaldehyde.  Tissues were 

embedded and sectioned at 10 µm thickness.  Primary antibody incubation was 

performed for 18 hours at 4 °C and slides were washed thoroughly with a solution of 
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phosphate buffered saline, pH 7.4 (PBS) + 0.1% Triton X-100 (v/v).  Incubation with 

secondary antibodies was performed for six hours at 4°C and slides were again 

washed with PBS + 0.1% (v/v) Triton X-100.  Pancreas sections were analyzed using 

the following antibodies: insulin (Santa Cruz, Chemicon) glucagon (Sigma), 

somatostatin (Chemicon), and ankyrin-B.   

 

2.6.10 Antibodies 

Primary antibodies included rabbit anti-insulin (Santa Cruz Biotechnology); 

rabbit anti-somatostatin (Chemicon International); mouse anti-glucagon (Sigma); 

affinity-purified ankyrin-B monoclonal and polyclonal Ig.  Secondary antibodies 

included goat anti-rabbit and goat anti-mouse Alexa Fluor 488 and 568 (Molecular 

Probes). 

 

2.6.11 Survival curve 

Ankyrin-B(+/-) mice (n = 100) and their wild-type littermates (n = 100) 

(C57B/6) were monitored for three years.   Each group of mice were kept in identical 

environments. Relative survival for each genotype was calculated as a per cent 

cumulative survival of its group (either wild-type or ankyrin-B(+/-)).  Evaluation 

continued until all mice within each population died (0% survival).   

 

2.6.12 Statistics  
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Data were analyzed using either paired two-tailed t tests or two-way ANOVA, 

and P values less than 0.05 were considered significant (*). 
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FIGURE 10. Ankyrin-B polymorphisms vary in phenotype severity and 
are evolutionarily conserved. A. The domain structure of 220 kD 
ankyrin-B protein, showing the N-terminal membrane binding domain 
(red), spectrin-binding domain (green), death domain (yellow), and 
C-terminal domain (blue). Magni�ed insert shows the location of previ-
ously identi�ed variants. Variants had range of functional severity in 
mouse cardiomyocytes, indicated with yellow (mild), gray (moderate) or 
red (severe) bars. B. A�ected residues are highly conserved across 
species. Ankyrin-B alignment from human, monkey, rat, mouse, dog, 
chicken, and zebra�sh. Residues a�ected by the nucleotide variants are 
shown in red. Figure by Jane Healy.

              E1425G      V1516D
H. sapiens      LPIYTKESESD...EPFEIVERVKE
M. mulatta      LPIYTKESESD...EPFEIVERVKE
C. familiaris   LPIYTKESESD...EPFKIVEKVKE
R. norvegicus   LPIYAKESESD...EPFEIVERVKE
M. musculus     LPIYAKESESD...EPFEIVERVKE
G. gallus       LPVYTKESESD...EPFEIVERVKE
                **:*:******...***:***:***
 
           
                L1622I T1626N
H. sapiens      DSSSTALFPQTHKEQVQQDFSGKMQD
M. mulatta      DSSATALFPQTHKEQVQQDFSGKMQD
C. familiaris   DSSATELFPQTHKEQVQQDFSGKTQG
R. norvegicus   DSPAAALSPQMHQESVQQDFSGKMQD
M. musculus     DSPAAALSPQMHQEPVQQDFSGKTQD
G. gallus       ELSMAELLRQTHKEQVEAEFSGKPQD
                : . : *  * *:* *: :**** *. 

                 R1788W       E1813K
H. sapiens      TRKIIRRYVSS...EPVNIEEGDGYS
M. mulatta      TRKIIRRYVSS...EPVNIEEGDGYS
C. familiaris   TRKIIRRYVSS...GPISIEEGDGYS
R. norvegicus   TRKIIRRYVSS...EPVNIEDGDSYS
M. musculus     TRKIIRRYVSS...EPVNIEDGDNYS
G. gallus       TRKIIRRYVSP...KPVTVEEGDGYS         
                **********.....*:.:*:**.**
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FIGURE 11. Human ankyrin-B variants have unique population distributions 
and may a�ect longetivity. A.Allele frequency of the ANK2 variants in 1152 
Europeans (black bars) and 384 West Africans (red bars) as determined by 
PCR based allelic discrimination assay. Right, Allele frequency of pooled 
functional variants. B. Ankyrin-B variants are less frequent in Europeans that 
reach the age of 100. Allele frequency of the each variant in European 
non-centenarians (black bars) and centenarians (red bars). Asterisks indicate 
that no individuals were identi�ed with the variant. Figure by Jane Healy.
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FIGURE 12. Loss of ankyrin-B dependent tritiated-oubain binding sites 
in adult mouse cardiomyocytes. A. Live, isolated ankyrin-B+/- cardio-
myocytes display reduced (~20%) surface expression as measured by 
binding of [3H]-ouabain (n = 3, p<0.01). B. Scatchard plot of the 
binding assay. Figure by Peter Mohler.
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FIGURE 13. Loss of oubain binding sites in ankyrin-B(+/-) cardiomyocytes 
mimics the actions of digitalis. A. Isolated unloaded ankyrin-B+/- ventricular 
cardiomyocytes display increased cellular shortening compared to unloaded 
WT cardiomyocytes, consistent with increased [Ca2+]i transients. Asterisk 
represents p<0.01 between untreated WT and ankyrin-B+/- cardiomyocytes 
(15–20 cardiomyocytes from 4–5 mice). WT and ankyrin-B+/- cardiomyocytes 
treated with maximal doses of ouabain (100 µM) display signi�cant elevations 
in cellular shortening compared with untreated WT and ankyrin-B+/- cardio-
myocytes (15–20 cardiomyocytes from 4–5 mice, p<0.01, asterisks). B,C. Con-
scious echocardiograms of wild-type and ankyrin-B+/- mice before and after 
transverse aortic constriction. Black labels represent wild-type animals, white 
labels represent ankyrin-B+/- data. Ankyrin-B+/- mice show preserved fractional 
shortening compared to wild-type mice over a wide range of hemodynamic 
stress (induced through transverse aortic constriction). Figure by Peter Mohler.
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FIGURE 14. Ankyrin-B(+/-) mice are resistant to oubain-induced arrhythmia. 
Wild-type (n = 8) and ankyrin-B+/- mice (n = 8), and wild-type (n = 10) and 
phospholamban-null mice (n = 10) were surgically-implanted with radiote-
lemetry ECG probes. Mice were injected with a high dose (10 mg/kg) of 
ouabain or 2 mg/kg epinephrine, and conscious ECGs were recorded. Unlike 
wild-type or phospholamban-null mice, ankyrin-B+/- mice display resistance 
to ouabain-induced ventricular arrhythmia (1/8) and death (0/8). Panel A 
represents ECG data from wild-type, ankyrin-B+/-, and PLN null mice treated 
with ouabain. Figure by Peter Mohler.
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FIGURE 15. Ankyrin-B(+/-) mice are resistant to oubain-induced arrhythmia, 
syncope and death.A,B,C. Data represent summary syncope, death, and 
arrhythmia data for mice following exercise (panel A), exercise plus epineph-
rine injection (panel B), and ouabain injection (panel C). Figure by Peter 
Mohler.
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FIGURE 16. Ankyrin-B(+/-) mice demonstrate premature senescence. Gross 
phenotypes of wild-type and ankyrin-B(+/-) mice at (A) eight weeks, (B) six 
months, and C) two years. While we observe no major di�erences in pheno-
types at eight weeks, we observe a slight decrease in size and the presence 
of lordokyphosis in ankyrin-B(+/-) mice at six months of age. At two years, 
unlike wild-type littermates, living ankyrin-B(+/-) mice display a signi�cant 
decrease in adiposity and loss of soft tissues as well as prominent lordoky-
phosis. Figure by Hui Xue.
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FIGURE 17. Ankryin-B (+/-) mice exhibit impaired hair regrowth and 
reduced subcutaneous fat. A. Dorsal hair regrowth phenotypes in 12 
month C57Bl/6 wild-type and ankyrin-B(+/-) littermates. We observed no 
di�erence in regrowth in 1 or 3 month mice. B. H&E stain of dorsal skin 
sections from age-matched (24 month) wild-type and ankyrin-B(+/-) 
littermates. Note the decrease in adipose from the subdermis of 
ankyrin-B(+/-) mouse skin. Figure by Hui Xue.
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FIGURE 18. Reduced longevity of ankyrin-B(+/-) mice compared with 
wild-type littermates. Graph depicts survival curve, n=20 
animals/phenotype. Figure by Peter Mohler.
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FIGURE 19. Ankyrin-B haploinsu�ciency in multiple cell types. A. 
Relative 220 kD ankyrin-B expression across mouse tissues.Panel B 
illustrates expression of 220 kD ankyrin-B in ankyrin-B+/- mouse tissues 
compared with wild-type littermate tissue (n>3, p<0.05) Figure by 
Peter Mohler.

76

janehealy
Typewritten Text



A B

FIGURE 20. Ankyrin-B expression pattern in the pancreas. A. Immunob-
lot of 220 kD ankyrin-B expression in ankyrin-B(+/-) and (+/+) mouse 
pancreas. (n>3). B. Blot quanti�cation of mean ankyrin-B expression in 
immunoblots. C,D, Immunolocalization of glucagon and ankyrin-B in 
wild-type mouse pancreas and low (C) and high (D) magni�cation.  E. 
Immunolocalization of somatostatin and ankyrin-B in wild-type islets. F. 
Immunolocalization of glucagon and ankyrin-B in wild-type mouse 
islets. G. Immunolocalization of glucagon and ankyrin-B in islets of 
ankyrin-B+/- mice. Note the signi�cant decrease in ankyrin-B levels. 
Figure by Peter Mohler.
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Figure 21. InsP3R expression in Purkinje neurons is reduced in ankyrin-
B(+/-) brain. Cerebellar sections from wild-type and ankyrin-B(+/-) mice 
were immunolabeled with a�nity-puri�ed antibody to (A) ankyrin-B 
and (B) InsP3R (pan). Wild-type and ankyrin-B +/- sections were 
prepared, stained, and imaged using identical protocols. Scale bar 
equals 50 microns. Figure by Peter Mohler.
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FIGURE 22. Ankyrin-B expression at the apical membrane of airway 
epithelial cells is signi�cantly reduced in ankyrin-B(+/-) lung. Lung 
sections from wild-type and ankyrin-B(+/-) mice were immunolabeled 
with a�nity-puri�ed antibodies for beta-tubulin and ankyrin-B. No 
staining was observed using non-immune serum. Scale bars from top 
to bottom equal 100, 30, 100, and 25 microns. Wild-type and ankyrin-
B(+/-) tissue sections were prepared and imaged identically. Abbrevia-
tions: Bronchus (Br), apical (ap), smooth muscle (sm), alveoli (al), artery 
(A). Figure by Peter Mohler.
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Figure 23. InsP3R expression is reduced in ankyrin-B(+/-) lung. InsP3R 
localization with beta-tubulin (stains columnar epithelial cells) in lung 
sections. InsP3R is highly expressed at the apical membrane of epithe-
lial cells and in smooth muscle. C, D. Reduction of ankyrin-B in 
ankyrin-B(+/-) lung is associated with InsP3R reduction at the apical 
membrane of epithelial cells, while there is no reduction in smooth 
muscle InsP3R. Scale bars from top to bottom equal 100, 20, 100, and 
15 microns.  Abbreviations: Bronchus (Br), apical (ap), smooth muscle 
(sm), alveoli (al), artery (A).Figure by Peter Mohler.
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CHAPTER 3: PARASYMPATHETIC AUGMENTATION 
OF INSULIN RELEASE REQUIRES INSP3R 

STABILIZATION BY ANKYRIN-B 
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3.1 Introduction 

 

3.1.1 The definition of diabetes and its relevance to the modern world 

Defects in insulin secretion, action, or both are the hallmark of diabetes 

mellitus, a chronic disease affecting approximately 20 million Americans and over 

170 million people worldwide. Even more serious is the growing prevalence of 

diabetes in almost all ethnicities, with worldwide prevalence expected to double by 

2025 (Harris et al., 1997; Hogan et al., 2003). The rising prevalence of diabetes 

mellitus is alarming given its physical and monetary consequences. Diabetes is a 

leading cause of blindness, limb loss, peripheral neuropathy, and renal failure in the 

United States. Diabetes is also associated with a reduced lifespan and an increased 

risk for cardiovascular disease (Warram et al., 1997). In 2006, the estimated total cost 
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of diabetes to the US health care system was 200 billion dollars annually (Doria et al., 

2008).  

Two general forms of diabetes exist; type 1 diabetes, a relatively rare 

autoimmune disease characterized by the selective destruction of beta cells, leading to 

insulin deficiency, and Type 2 diabetes, in which the insulin secreted is inadequate to 

maintain blood glucose levels within the normal range. This may be due to an 

inability of beta cells to respond to glucose with adequate insulin secretion, an 

impaired ability of muscle, fat, and liver to respond to insulin, or both. Type 2 

diabetes constitutes about 95% of all cases (Doria et al., 2008; Gerich et al., 1976; 

Kahn, 1994).   

The common element for Type 1 and 2 diabetes is that insulin secretion is 

inadequate to keep blood glucose concentrations within the normal physiologic range 

(Kahn, 1994).  The diagnosis of diabetes utilizes the glucose tolerance test, in which a 

fasted test subject is administered glucose orally or intravenously, and the blood 

glucose level is measured before and at time points following the stimulus (Harris et 

al., 1997). According to the 1997 ADA diagnostic criteria, normal individuals 

maintain a fasting plasma glucose concentration of less than 100 mg/dL, and a 

glucose level of less than 140 mg/dL 2 hours post-glucose administration. Diabetes is 

defined as a fasting plasma glucose of greater than 125 mg/dL on more than one 

occasion and/or a 2 hour post-glucose level of greater than 200 mg/dL (Harris et al., 

1997). In other words, diabetics demonstrate both fasting hyperglycemia and a 

blunted stimulus-secretion response. Impaired glucose tolerance, which often 
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suggests insulin resistance, is an intermediate category in which hyperactive beta cell 

function compensates for reduced insulin sensitivity in peripheral tissues (Kahn, 

1994). These individuals may be normoglycemic or have mildly elevated fasting 

blood glucose levels in the range of 110-125 mg/dL with a blood glucose 

concentration of less than 200 mg/dL following a 2 hour tolerance test (Harris et al., 

1997).  

The worldwide impact of diabetes underscores the importance of 

understanding the physiologic mechanism of glucose homeostasis and the 

pathophysiologies that can disrupt it. We will first discuss the known causes of type 2 

diabetes in the human population.   

 

3.1.2 Risk factors for type 2 diabetes  

 Diabetes is a multifactorial disease that is caused by both environmental and 

genetic influences (Figure 24). Epidemiologic studies have shown that diabetes 

correlates with age, sex, race, body mass index (BMI), and family history (Kahn, 

1994). The correlation between diabetes and positive family history is well 

established. There is a higher concordance rate of Type 2 diabetes in monozygotic 

than dizygotic twins (Weijnen et al., 2002). The prevalence of diabetes in certain 

ethnic groups, such as Mexicans and Pima Indians, is high compared to others (Flegal 

et al., 1991). Finally, measurements of diabetic risk, such as insulin resistance, 

demonstrate familial clustering (Weijnen et al., 2002).  Overall, it has been estimated 

that 30-70% of Type 2 diabetes risk can be attributed to genetics (Poulsen et al., 

83



1999). In spite of this, the genes responsible for conferring susceptibity to Type 2 

diabetes are not well understood. Fortunately, due to new technologies, the last three 

years have witnessed an explosion in the field of population genetics in the 

identification of genetic risk factors for Type 2 diabetes (Doria et al., 2008). The 

reasons for these recent advancements and their findings will be discussed next.  

Prior to the last five years, most genetic studies into human disease involved a 

careful notation of family history in diseased individuals, followed by attempts to fit 

this history into a Mendelian inheritance pattern (Doria et al., 2008). While this has 

proven successful for some rare, highly penetrant monogenic forms of Type 2 

diabetes, the common form of the disease remained a mystery. Much like other 

common diseases including hypertension and arteriosclerosis, diabetes does not fit 

into an easily described pattern of inheritance (Kahn, 1994). Another complication 

has been that segregating comorbidities, such as obesity, are not always observed 

together in familial clustering. This suggests that Type 2 diabetes is both polygenic 

and heterogenous. In other words, multiple genes are likely to be involved and 

different combinations of genes are likely to play a role in different subsets of 

individuals. The contributions of genetics and environmental factors, such as diet, are 

believed to influence insulin resistance and beta cell function, and ultimately manifest 

in diabetes in certain individuals (Figure 24).  

 Monogenic diabetes is a form of Type 2 diabetes in which the disease is 

transmitted in a Mendelian dominant inheritance pattern.  Monogenic diabetes is a 

collection of rare genetic disorders which collectively comprise 2-5% of the disease 
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population (Doria et al., 2008). It includes neonatal diabetes, the MODY syndromes 

(maturity onset diabetes of the young), syndromes of severe insulin resistance, and 

mitochondrial diabetes. A detailed listing of these disorders is given in Table 1. 

Though these disorders represent a small fraction of the total disease, their study has 

uncovered significant insights into transcriptional control of beta cell development, 

the role of Akt2 and PPARγ in insulin resistance, and the role of the KATP channel in 

insulin secretion (Duncan et al., 1998).  

 The study of the common variety of diabetes has been made possible by 

recent advances in genetics that have paved the way for the genome wide association 

studies. One such advance was the completion of the HapMap project, which 

characterizes the genome-wide pattern of linkage disequilibrium in humans (2003; 

Frazer et al., 2007). Linkage disequilibrium (LD) is the statistical association between 

genetic alleles at physically distinct but evolutionarily linked loci within a 

chromosome. Blocks of LD are common to particular ethnicities and are referred to as 

ancestral haplotypes. This phenomenon causes adjacent single nucleotide 

polymorphisms (SNPs) to be correlated to the point of being strong proxies for one 

another. This means that one does not need to know every allele in an individual’s 

genome to predict their genome sequence. By screening a few representative alleles, 

one can determine the individual’s haplotype, for which the co-segregating alleles are 

known. Knowing the structure of LD within the human species allows us to screen 

only 300,000 SNPs to represent the 10 million most common SNP variants in the 

human genome (Frazer et al., 2007; Johansson et al., 2007).  
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  Knowledge of human haplotypes allowed researchers to design genome wide 

association (GWA) studies to identify common alleles associated with disease. These 

are generally constructed in a two-stage strategy consisting of a GWA screen in an 

intial cohort of cases and controls, followed by a replication study in additional sets 

of patients. These studies are generally large, collaborative efforts involving several 

institutions and populations of study. The results of the largest GWA studies of type 2 

diabetes are provided in Table 2, with associating genes listed in order of p value 

(Gudmundsson et al., 2007; Saxena et al., 2007; Scott et al., 2007; Sladek et al., 2007; 

Zeggini et al., 2008; Zeggini et al., 2007). This collection of work tells us several 

things about the genetics of Type 2 diabetes.  The studies suggest that diabetes is 

heterogenous and may comprise a very large number of different disorders that have a 

common clinical phenotype. They also indicate that diabetes risk alleles are present in 

high frequency in the general population, with each individual allele conferring only a 

small degree of risk. The combination of multiple risk alleles, as well as 

environmental factors, are likely required for the manifestation of disease.   

Several limitations and caveats exist for the use of haplotype structure to 

uncover genetic risk factors for type 2 diabetes. Firstly, GWA studies rely on 

hundreds of thousands of comparisons being done in a single analysis. This increases 

the probably that SNPs will show association with diabetes by chance alone. For 

example, if a scientist screened 20 SNPs, the definition of the 95% confidence 

interval is that one of these SNPs is likely be significant by chance alone. Therefore, 

one must correct for multiple testing. As a result, the p value required for significance 
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is set to a much higher threshold (usually p < 1 x 10 -7), meaning that a large sample 

set is required to preserve statistical power.  This provides a second limitation, 

financial cost of these studies, considering that the sample populations for GWA 

studies include approximately10-20,000 well-matched cases and controls. Thirdly the 

heterogenous nature of diabetes makes study design an ongoing challenge. If one 

picks a sample population of diabetics with a history of obesity, it is likely that he or 

she will identify different risk factors than a study of diabetics and controls that have 

similar BMIs. Finally, the use of GWA studies implies that the SNPs that confer 

susceptibility to diabetes are relatively common, having a minor allele frequency of at 

least 5%. Despite theoretical support for this theory (Frazer et al., 2007; Johansson et 

al., 2007), rare variants have been shown to contribute significantly to the 

development of complex metabolic traits (Brunham et al., 2006). Furthermore, the 

loci identified to date only explain a portion of the familial clustering of Type 2 

diabetes. In one GWA study, the nine most strongly associated loci taken together 

only accounted for 7% of the 60% increase in risk of Type 2 diabetes typically 

observed in siblings of Type 2 diabetic probands compared to the general population 

(Zeggini et al., 2007).  

The limited ability of GWA studies to identify rare alleles associated with 

diabetes underscores the importance of another type of genetic study, the candidate 

gene approach. These studies involve the identification of genes that are associated 

with diabetic phenotypes in animal models. By focusing on genes already implicated 

in glucose homeostasis, the candidate gene approach aims to then confirm the role of 
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these genes in human diabetes. Once identified, candidate genes can be studied using 

association studies and studies of familial transmission.  My study into the functional 

role of ankyrin-B in Type 2 diabetes represents a candidate gene approach. I will next 

give an overview of islet biology as it relates to diabetes and to my project. 

 

3.1.3 The anatomy, physiology, and pathophysiology of the pancreatic islet 

The regulation of glucose homeostasis is essential for the survival of an 

organism in an unpredictable, changing environment. The task of maintaining a 

relatively constant blood glucose level despite rapid fluctuations in the supply and 

demand for metabolic fuel is accomplished largely by the pancreatic islets of 

Langerhans (Figure 25). These microorgans consist of specialized neurosecretory 

cells that secrete insulin (beta cells), glucagon (alpha cells), pancreatic polypeptide 

and somatostatin (delta cells), peptide hormones that have metabolically interrelated 

effects on target tissues (Gerich et al., 1976). Of these secretory products, insulin and 

glucagon are the best understood. Insulin and glucagon have well-characterized, 

antagonistic functions. Glucagon, secreted by islet alpha cells during the fasted state, 

prevents hypoglycemia by promoting glycogenolysis, gluconeogenesis, and glucose 

release from hepatocytes. In the fed state, insulin release from islet beta cells prevents 

hyperglycemia by stimulating cellular glucose uptake, glycolysis, and hepatic 

glycogen synthesis (Unger et al., 1978). Islet cells receive signals from metabolic 

fuels, gut hormones and neurotransmitters that modulate their secretory activities, 

allowing them to respond quickly nutrient intake or physiologic stress to maintain a 
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blood glucose range between 50-170 mg/dL in a healthy individual (Gerich et al., 

1976).  

In the diabetic state, impairments in both beta and alpha cell function have 

been reported (Gerich et al., 1976). Defects in insulin secretion, action, or both are the 

hallmark of the disease (Kahn, 1994). Type 1 diabetics suffer from a relatively rare 

autoimmune disease characterized by the selective destruction of beta cells, leading to 

inadequate insulin release. Type 2 diabetics secrete insufficient insulin to maintain 

blood glucose levels within the normal range. This insulin deficiency is usually 

associated with both islet cell secretory dysfunction and insulin resistance (Kahn, 

1994). In contrast to Type 1 diabetics, those with Type 2 diabetes may secrete more, 

less, or normal levels of insulin, depending on the stage of the disease. If insulin 

resistance is present, elevated serum insulin levels are often observed in early phases 

(Hales et al., 1968; Kahn, 1994; Poulsen et al., 1999). As time progresses, however, 

beta cell function cannot meet the increasing demand for insulin production and beta 

cell failure ensues (Varsano-Aharon et al., 1970; Ward et al., 1984). Glucagon levels 

are also elevated in Type 2 diabetics, indicating dysregulated alpha cell function as 

well (Unger et al., 1970; Unger et al., 1978). Normally, glucagon secretion is 

negatively regulated by insulin and high blood glucose. In the context of the disease, 

hyperglucagonemia exacerbates hyperglycemia by stimulating gluconeogenesis in 

hepatocytes (Freymond et al., 1988), thus increasing glucose mobilization from 

metabolite precursors. Insulin resistance frequently results from a post-receptor 

signaling defect in insulin sensitive tissues including adipose tissue (Thies et al., 
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1990) and skeletal muscle (Bjornholm et al., 1997; Goodyear et al., 1995). This also 

contributes to hyperglycemia.  

Type 1 and 2 diabetes are associated with characteristic pancreatic islet 

pathologies (Figure 26). In humans, these pathologies have been studied in post-

mortem pancreas specimens from type 1 (Foulis et al., 1986; Junker et al., 1977) and 

type 2 diabetics (Guiot et al., 2001; Hellman and Angervall, 1961). The patterns that 

have emerged from these works are not absolute, but are present in the majority of 

cases. Before reviewing these islet differences, the organization of a normal islet will 

be considered. The topographical arrangement of islet cells is species specific(Unger 

et al., 1978). In rodents, alpha cells comprise about 25% of the islet mass and appear 

in a ring surrounding a spheroid cluster of beta cells, which account for about 60% of 

the cell population. Delta cells form the remainder, sparsely distributed throughout 

the inner islet. In humans alpha and delta cells align with blood vessels within the 

islet, forming cordlike structures (Unger et al., 1978). In recent onset type 1 diabetics, 

islets can be found at three stages of disease progression: apparently normal islets, 

islets with marked lymphocytic infiltration, and “pseudoatrophic” islets (Doniach and 

Morgan, 1973; Gepts, 1965). The mononuclear infilitrate, sometimes referred to as 

“insulinitis”, results from immune response to islet cell antigens, followed by beta 

cell destruction (Foulis et al., 1986). Pseudoatrophic islets are reduced significantly in 

size, owing to marked beta cell loss. Alpha and delta cells are generally spared, 

giving the islet an irregular cordlike appearance. (Gepts, 1965; Junker et al., 1977) 
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Many viable beta cells appear degranulated. Islets from pancreases of long standing 

type 1 diabetics contain principally pseudoatrophic islets (Gepts, 1965).   

In a type 2 diabetic, pancreas sections frequently show decreased islet size and 

a 40-60% reduction in islet beta cell mass (Guiot et al., 2001; Hellman and Angervall, 

1961). Decreased beta cell mass is reflected in both beta cell size and number. Unless 

the type 2 diabetes is highly progressed (see Figure 26), profound beta cell loss, as 

seen in the pancreases of type 1 diabetics, is generally absent. A study performed in 

partially-pancreatectomized dogs showed that a 66% reduction in islet mass alone did 

not result in hyperglycemia (Ward et al., 1988). This suggests that the degree of beta 

cell mass lost in type 2 diabetics is not sufficient to cause a secretory defect. Thus, 

hyperglycemia and reduced glucose stimulated insulin secretion likely require insulin 

resistance and/or malfunction of existing beta cells to manifest the disease phenotype. 

Nondiabetic insulin resistant individuals often demonstrate an increase in islet size 

due to beta cell hypertrophy (Unger et al., 1978). Thus, diabetes is associated with 

clearly defined pathology of the pancreatic islet and of beta cells that depends the 

stage and the type of the disease. 

 

3.1.4 The molecular mechanism of glucose stimulated insulin secretion 

Owing to the central role that the beta cell plays in the pathogenesis of 

diabetes, the cellular events that underlie glucose stimulated insulin secretion have 

been studied extensively. Since Banting and Best first purified insulin from dog 

pancreatic islets in the 1922, much has been learned about its secretion from the beta 
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cell. It is now generally agreed that glucose stimulated insulin secretion is calcium 

dependent process (Grodsky and Bennett, 1966; Malaisse et al., 1976; Satin, 2000). 

This assumption is based on observations that either the removal of extracellular 

calcium (Boyd et al., 1986; Grodsky and Bennett, 1966) or the presence of specific 

calcium channel inhibitors blocks insulin secretion from intact pancreatic islets 

(Malaisse et al., 1976). Furthermore, it is now believed that glucose metabolism and 

insulin granule exocytosis are intimately coupled within the beta cell (Gerich et al., 

1976). This assumption is based on a large body of experiments performed over 

several decades. The general consensus model, shown schematically in Figure 27, is 

as follows: 

  

1. Glucose is taken up by the beta cell GLUT-2 transporter and metabolized, 

increasing the cellular ATP/ADP ratio (Ashcroft and Rorsman, 1989). 

 2. ATP inactivates KATP channels within the beta cell plasma membrane, 

which demonstrate dominant conductance in these cells. Therefore, KATP inactivation 

leads to cellular depolarization (Arkhammar et al., 1987; Chow et al., 1995; Cook and 

Hales, 1984).  

3. Depolarization then opens voltage gated calcium channels (L-type) within 

the plasma membrane, increasing cytosolic calcium and stimulating insulin granule 

exocytosis in a manner analagous to synaptic vesicle fusion (Ashcroft and Rorsman, 

1989; Renstrom et al., 1996).  
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Though this is the generally accepted scheme by which glucose uptake is 

coupled to insulin release, it is an oversimplification of the process and important 

questions still exist. The temporal aspect of calcium-secretion coupling is one 

frequently cited limitation (Satin, 2000). In intact islets, glucose stimulated insulin 

secretion follows a biphasic time course, characterized by an initial spike 1-2 minutes 

after the glucose load, followed by a slower, plateau phase (Rorsman et al., 2000). 

The first step is believed to result from a rapid, KATP
 channel–dependent increase in 

cytoplasmic calcium concentration, triggering the exocytosis of a small pool of readily 

releasable granules, as described in the consensus model. However, the plateau step 

requires both continuous production of the triggering signal (increased cytoplasmic 

calcium) and amplification of exocytosis by a KATP channel–independent mechanism 

(Bokvist et al., 1995). Further, calcium-secretion coupling is not totally understood. 

Though increased calcium flux and insulin secretion occur concurrently following 

glucose stimulation, insulin secretion stops immediately upon beta cell repolarization, 

whereas intracellular calcium remains elevated for several seconds (Bokvist et al., 

1995).  It is not clear from the consensus model why insulin secretion does not 

continue until intracellular calcium levels return to normal. The easiest explanation 

for this discrepancy is that exocytosis is determined by local calcium levels in 

proximity to insulin granules (mirroring the activity of nearby calcium channels), 

rather than the average intracellular calcium concentration (Bokvist et al., 1995; 

Satin, 2000). This would suggest the presence of spatially organized intracellular 

domains that are important for calcium-secretion coupling. 
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In this vein, the coupling of beta cell depolarization to insulin granule release 

has been re-explored.  In 1995, Rorsman et al. used confocal microscopy and patch 

clamp techniques to show that L-type calcium channels within the beta cell plasma 

membrane are unevenly distributed, and sites of high L-type channel concentration 

co-localize with regions of insulin secretory granule release(Bokvist et al., 1995).  

Following this report, Shibaski, et al. demonstrated an interaction between the KATP 

channel and overexpressed L-type calcium channel subunits by immunoprecipitation 

in the MIN6 insulinoma cell line (Shibasaki et al., 2004). This work suggests that 

specialized membrane domains exist within the beta cell plasma membrane, which 

spatially couple key components of the insulin secretory apparatus. This close spatial 

arrangement would provide physical proximity for local ion fluxes in the vicinity of 

insulin granules dictating the speed and amplitude of granule release. This also 

suggests that membrane adapter proteins that known to organize membrane domains, 

such as ankyrins, could play an important role in the process of insulin secretion.  

 

3.1.5 Potentiators of insulin release 

Though glucose is the principle regulator of insulin release, effective 

postprandial insulin release relies on the presence several neurotransmitters and 

hormones. Measurements of insulin release during studies of glucose tolerance have 

demonstrated that plasma insulin levels are significantly greater following oral 

administration of glucose compared to levels achieved following intravenous glucose 

challenge in normal human subjects (Ahren, 2000; Gilon and Henquin, 2001). The 

94



GI-associated potentiation of insulin secretion was attributed to humoral and neural 

factors, named incretins, that augmented insulin secretion following enteral nutrient 

digestion. Of these incretins, the neurotransmitter acetylcholine (Ach) and the enteric 

hormones glucagon-like peptide 1 (Glp-1) and gastric inhibitory peptide (GIP) play 

prominent roles (Gilon and Henquin, 2001). The role of incretins in the context of 

islet function is outlined in Figure 28. The mechanism by which these peptides 

augment glucose stimulated insulin secretion and their importance in animal models 

of disease will be discussed next.  

 

3.1.5.1 Acetylcholine and the parasympathetic nervous system 

3.1.5.1.1 Overview 

 The autonomic nervous system consists of two types of neurons with 

antagonizing functions. The sympathetic nervous system generally suspends digestion 

and inhibits insulin secretion, thereby generating hyperglycemia in preparation for a 

“fight or flight” response.  In contrast, the parasympathetic nervous system promotes 

digestion and nutrient storage during times of feeding. These neurons stimulate 

salivation in preparation for a meal, and during a meal promote gut motility and the 

release of bile acids, bicarbonate, and digestive enzymes into the alimentary canal, 

and the release of insulin into the blood (Gilon and Henquin, 2001). Thus, the 

autonomic nervous system provides a context for islet behavior, allowing an organism 

to optimize hormone release in response to different external stimuli (Ahren, 2000).  
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3.1.5.1.2 Anatomy and physiology of parasympathetic nervous system 

 The parasympathetic neurons that promote insulin secretion originate in the 

dorsal motor nucleus of the vagus nerve (cranial nerve X), which is under the control 

of the hypothalamus. These neurons project preganglionic axonal fibers along the 

hepatic, gastric, and cephalic branches of the vagus nerve, eventually synapsing 

within intrapancreatic ganglia (Gilon and Henquin, 2001).  Acetylcholine release 

from preganglionic fibers causes activation of nicotinic receptors on intraganglionic 

neurons (Gilon and Henquin, 2001). 

Postganglionic axonal fibers travel along intrapancreatic arteries to reach 

islets of Langerhans, and form synpases with all of the islet cell types. Though islets 

are richly innervated by parasympathetic fibers, well-differentiated synapses are 

rarely observed (Gilon and Henquin, 2001). The postganglionic fibers release a 

number of neurotransmitters into the synapse, including acetylcholine, vasoactive 

inhibitory peptide (VIP), gastrin-releasing peptide (GRP), nitric oxide (NO), and 

pituitary adenylate cyclase-activating polypeptide (PACAP) (Ahren, 2000; Gilon and 

Henquin, 2001). Because postganglionic fibers release various neurotransmitters apart 

from acetylcholine, one must remember that the effect of parasympathetic activation 

is not always the same as the effect of acetylcholine acting alone.        

As shown in Figure 28, acetylcholine is released from postganglionic 

parasympathetic nerve endings immediately before a meal (the preabsorptive phase of 

feeding) and during a meal (the absorptive phase of feeding) (Gromada and Hughes, 

2006). The net effect of acetylcholine release is to promote insulin release, and thus to 
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enhance the beta cell response to food intake beyond what can be achieved by glucose 

alone(Gilon and Henquin, 2001).   This occurs by two principle mechanisms. During 

the preabsorptive phase, cholinergic stimulation prepares insulin secreting beta cells 

for the impending glucose load by promoting insulin granule priming (Gilon and 

Henquin, 2001; Gromada and Hughes, 2006). During the absorptive phase, 

acetylcholine potentiates glucose stimulated insulin secretion by increasing the 

cytoplasmic Ca2+ concentration. The scientific evidence supporting the effect of 

acetylcholine on glucose-stimulated insulin secretion will be discussed next. 

  

3.1.5.1.3 Evidence for parasympathetic effects on insulin secretion.  

 The first report to implicate the parasympathetic nervous system as a regulator 

of insulin release came from Zunz and LaBarre in 1927, who used a cross-perfusion 

model in dogs to show that stimulation of the vagal nerve in one animal cause 

hypoglycemia in the another (Gilon and Henquin, 2001). During the 1960-80’s, 

several groups reported that the hypoglycemia resulting from vagal stimulation was 

associated with hyperinsulinemia and was reversible with the muscarinic antagonist 

atropine (Bergman and Miller, 1973; Bloom and Edwards, 1985a; Bloom and 

Edwards, 1985b; Kaneto et al., 1967). Glucose tolerance tests in the presnce of 

atropine were more confusing. Depending on the study, tolerance to a glucose load 

was either impaired or unaffected by atropine administration, and the resulting insulin 

response was less, unchanged, or more than controls (Henderson et al., 1976; 

Mattheeuws et al., 1980). There were several reasons for these inconsistencies.  
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Species response differences made these studies difficult to interpret. Furthermore, 

the postganglionic parasympathetic nerve endings release at least five 

neurotransmitters that have been demonstrated to affect insulin secretion (Gilon and 

Henquin, 2001). Although this can be partially addressed by atropine, which blocks 

acetylcholine specifically by inhibiting of muscarinic receptors, most animal cells 

express at least two different types of muscarinic receptors, meaning that atropine 

administration causes multiorgan effects. Despite these issues, the results became 

more consistent when the insulinogenic index (Δ serum insulin/Δ serum glucose) was 

calculated, and when the mode of the glucose adminstration was considered. It was 

generally accepted that acetylcholine did not affect basal glucose levels. When 

glucose was given intravenously, the insulinogenic index was unaffected by atropine 

or vagotomy. However, when glucose was administered orally, the insulinogenic 

index was significantly reduced by these treatments, and the postprandial rise of 

serum insulin was delayed, leading to glucose intolerance (Aagaard et al., 1973; 

Daniel and Henderson, 1975; Hakanson et al., 1971). The effects of acetylcholine on 

isolated rat islets have also been studied extensively (Garcia et al., 1988; Hermans et 

al., 1987). In agreement with the in vivo experiments, 0.1 mM acetylcholine did not 

affect insulin secretion at basal (3 mM) glucose concentrations.  Acetylcholine starts 

to potentiate insulin secretion at 5-7 mM glucose and persists until maximally 

effective glucose concentrations (30mM) (Gilon and Henquin, 2001).  

Though these data indicate that acetylcholine is capable of regulating insulin 

secretion, it still does not definitively prove that acetylcholine is the principle agent 
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responsible for the hyperinsulinemic hypoglycemia that results from vagal 

stimulation.  Evidence that acetylcholine is required for parasympathetic 

augmentation of insulin release finally appeared in 2006, when Gautam et al. reported 

the generation of a beta cell specific muscarinic receptor type 3 (M3R) knockout 

mouse that displayed impaired glucose tolerance and reduced insulin secretion in 

response to glucose load (Gautam et al., 2006). This showed that a selective 

disruption of the main acetylcholine receptor on beta cells generated a phenotype 

similar to that observed by vagotomy or atropine administration, and proved that 

acetylcholine was essential for normal glucose homeostasis.  A discussion of the 

mechanism by which acetylcholine regulates insulin secretion follows. 

 

3.1.5.1.4 The mechanism of acetylcholine stimulated insulin secretion.  

 Acetylcholine stimulates muscarinic receptors (principally M3Rs) on the beta 

cell surface (Verspohl and Herrmann, 1996; Verspohl et al., 1990). These receptors 

are Gq-associated G protein coupled receptors (GPCRs). The α-subunit of Gq 

subsequently activated phospholipase C (PLC-β), leading to phosphoinositide (PI) 

hydrolysis and generation of dialcylglycerol (DAG) and inositol trisphosphate (InsP3) 

(Verspohl and Herrmann, 1996). These two products of PI hydrolysis then promote 

the two mechanisms by which acetylcholine promotes insulin release: insulin granule 

priming and increased intracellular Ca2+ release(Gilon and Henquin, 2001; Gromada 

and Hughes, 2006).  
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DAG is lipid-soluble and remains within the plasma membrane, where it 

recruits protein kinase C (PKC). In the presence of phosphatidyl serine and Ca2+, 

DAG activates PKC.  PKC then phosphorylates proteins involved in insulin granule 

priming (Persaud et al., 1991). One such protein is the myristoylated, alanine-rich C 

kinase substrate (MARCKS), an actin and Ca2+ -calmodulin binding partner involved 

in vesicular transport (Gilon and Henquin, 2001). Activation of this protein might 

increase the mobility of cytoplasmic insulin granules, allowing them to dock with the 

plasma membrane in preparation for release (Rorsman et al., 2000). This mechanism 

dominates during the preabsorptive phase of feeding, when intracellular calcium 

levels are close to basal (Gromada and Hughes, 2006). This allows carbachol to prime 

the beta cell without causing the release of insulin. This makes intuitive sense, since 

release of insulin prior to food consumption would cause hypoglycemia.  

 The second mechanism by which acetylcholine augments insulin secretion is 

diagramed in Figure 29. The hydrolysis of PI lipids also generate water soluble InsP3, 

which diffuses through the cytoplasm to reach target InsP3 receptors (InsP3Rs) in the 

endoplasmic reticulum (ER), which then release Ca2+ into the cytoplasm. 

Mobilization of Ca2+ in response to acetylcholine has been demonstrated in islets 

perifused with calcium-free buffer (Niwa et al., 1998; Weng et al., 1993). This 

mobilization is not produced by physiologic inositols other than InsP3 (Berridge and 

Irvine, 1984; Nilsson et al., 1987) and can be prevented by injecting individual beta 

cells with heparin (Nilsson et al., 1988), a InsP3R inhibitor. Calcium mobilization can 

also be prevented by pre-treatment of beta cells with thapsigargin, a SERCA inhibitor 
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that blocks the uptake of Ca2+ into the ER (Nilsson et al., 1987). This indicates that 

acetylcholine mobilizes calcium from intracellular stores, and that the calcium release 

is mediated by InsP3Rs.  

 Three isoforms of InsP3R (type 1, 2, and 3) have been described in rodent 

pancreatic islets. The islet expression levels of these isoforms appear to be species 

specific, with mice expressing type 1 predominantly, and rats producing equal levels 

of type 1 and 3, and tenfold less type 2 (Lee et al., 1998). The contribution of the 

individual isoforms to the process of carbachol-induced calcium release is largely 

unknown. The type 1 InsP3R knockout mouse has no reported metabolic phenotype, 

but demonstrates compensatory overexpression of type 2 and 3 InsP3R in a number 

of tissues (Mikoshiba, 2002). An InsP3R type 2 and 3 double knockout out mouse has 

also been generated (Futatsugi et al., 2005). This animal is underweight and feeds 

poorly due to impaired salivary function, which confounds any measure of glucose 

tolerance. One essential aspect of InsP3R biology is its ability to participate in Ca2+ -

dependent Ca2+ release. InsP3Rs are allosterically modulated by Ca2+ such that the 

Ca2+ -mobilizing capacity of InsP3 is markedly amplified when [Ca2+ ]c increases 

(Miyakawa et al., 1999). This has important implications for the absorptive phase of 

feeding.  When glucose reaches the beta cell via the bloodstream, it causes membrane 

depolarization, the activation of voltage-gated calcium channels, and a rise in 

intracellular calcium (Gromada and Hughes, 2006). If acetylcholine is also present, 

InsP3Rs will be bound to InsP3, and thereby poised to participate in Ca2+ -induced 

Ca2+- release. The resulting rise in intracellular calcium levels will increase the 
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maturation and fusion capacity of insulin granules and generate more insulin release. 

This is the mechanism by which carbachol potentiates glucose stimulated insulin 

secretion during times of feeding.     

 

3.1.5.2 Glp-1 and GIP 

 Enteric hormones are also known to potentiate glucose-stimulated insulin 

secretion (Drucker, 2006). GIP and Glp-1 are secreted from intestinal L and K cell, 

respectively, within minutes after food intake. These hormones are converted to their 

active forms by proteases within in blood as they traverse the enteric vessels en route 

to the pancreas (Drucker, 2001; Drucker, 2006). The receptors for GIP and Glp-1 are 

Gs-associated G protein coupled receptors (GPCRs) which lead to cyclic AMP 

formation and the activation of downstream pathways that increase intracellular 

calcium, activate immediate early gene expression though Erk1/2, and potentiate 

glucose stimulated insulin secretion. In addition to its function in beta cells, Glp-1 

also lowers blood glucose levels by inhibiting alpha cell-mediated glucagons release 

(Drucker, 2001; Drucker, 2006).  Glp-1 and GIP knockout mice have been generated 

previously. Both models display impaired oral glucose tolerance. Glp-1 knockout 

mice additionally exhibit impaired tolerance to intravenously administered glucose. 

This may be related to extrapancreatic effects considering that Glp-1 receptors are 

expressed in multiple tissues (Hansotia and Drucker, 2005). 

 

3.1.6 Introduction summary 
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In this section, I have described the growing world epidemic of diabetes 

mellitus that underscores the importance of basic research in the field of metabolism. 

I have summarized the successes and limitations of population genetics in identifying 

the causes of diabetes susceptibility in humans. I have discussed the role of islet 

biology in the control of glucose homeostasis and provided a description of islet 

pathology in the context of diabetes. Finally, I have touched upon the general 

mechanics of glucose-stimulated insulin secretion and discussed its modulation by 

acetylcholine and the enteric hormones GIP and Glp-1. I will now present evidence 

that ankyrin-B is required for acetylcholine-mediated augmentation of insulin release 

and, based on studies using a candidate gene approach, I will present evidence that 

human mutations in ankyrin-B may associate with diabetes in certain populations. 

 

3.1.7 Initial suggestion of a link between ankyrin-B and diabetes 

 As previously mentioned, postprandial insulin secretion reflects the aggregate 

influence of glucose stimulation of pancreatic beta cells and the regulatory effect of 

neurotransmitters and enteric hormones. Amongst the regulators of insulin secretion, 

vagal release of acetylcholine plays an important role. Acetylcholine is essential for 

normal glucose tolerance, as it augments glucose-stimulated insulin secretion during 

the passage of food through the gastrointestinal tract (Ahren, 2000).   Acetylcholine 

acts on pancreatic beta cells by stimulating muscarinic receptors, thereby initiating a 

cascade of second messenger signaling that results in the activation of Gq-dependent 

release of inositol-trisphosphate (InsP3), the stimulation of inositol-trisphosphate 
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receptors (InsP3R), the release of Ca2+ from ER stores and the exocytosis of insulin 

containing granules (Benthem et al., 2000; Bloom and Edwards, 1985a; Iversen, 

1973).  

 Apart from functioning downstream of acetylcholine, InsP3Rs also bind to 

ankyrin-B, and in mouse cardiomyocytes, the disruption of ankyrin-B mediated 

InsP3R stabilization results in abnormal Ca2+ dynamics (Mohler et al., 2005a; Mohler 

et al., 2004a).   As mentioned in the previous chapters, human ankyrin-B mutations 

that disrupt InsP3 receptor stabilization in cardiomyocytes have been identified 

previously. (Mohler et al., 2003; Mohler et al., 2004d). We report here that ankyrin-B 

also functions in pancreatic beta cells where it stabilizes the InsP3R and is required 

for normal Ca2+ release and enhanced insulin secretion in response to muscarinic 

agonists. 

 

3.2 Summary of experimental findings 

 

 Parasympathetic stimulation of pancreatic beta cells augments glucose-

stimulated insulin secretion by inducing inositol-trisphosphate receptor (InsP3R)-

mediated Ca2+ release.  Ankyrin-B binds to the InsP3R and modulates Ca2+ dynamics 

in cardiomyocytes, and is enriched in pancreatic beta cells. Here we report that 

ankyrin-B-deficient islets display impaired potentiation of insulin secretion by the 

muscarinic agonist carbachol, blunted carbachol-mediated intracellular Ca2+- release, 

and reduced InsP3R stability. Ankyrin-B-haploinsufficient mice display 

104



hyperglycemia after oral ingestion but not after intraperitoneal injection of glucose, 

consistent with impaired parasympathetic potentiation of glucose-stimulated insulin 

secretion.  Finally, R1788W mutation of ankyrin-B impairs its function in pancreatic 

islets and associates with type 2 diabetes in Caucasians and Hispanics. This 

mechanism of glycemic regulation has potential implications for the 2-8% of the 

population with ankyrin-B mutations. 

 

3.3 Results 

 

3.3.1 Ankyrin-B is required for InsP3R protein stability in islets and INS-1 cells 

 Previous work had demonstrated that ankyrin-B is enriched in beta cells of the 

endocrine pancreas (figure 30 A) (Mohler et al., 2007a)). We first confirmed these 

initial findings using immunofluorescence microscopy. We compared the 

intrapancreatic staining patterns of ankyrin-B and G, using insulin as a marker for 

pancreatic islets (Figure 30 A and B). In contrast to ankyrin-G, which was present in 

both exocrine and endocrine tissue, ankyrin-B was specific for the pancreatic islet. 

We next evaluated the intra-islet localization pattern of ankyrin-B with insulin, 

somatostatin, and glucagon, which are markers for beta, delta, and alpha cells, 

respectively (Figure 30 A, C and D). In these figures, ankyrin-B co-localizes 

exclusively with the beta cells. These data show that ankyrin-B is concentrated within 

beta cells of the endocrine pancreas.  
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 Since ankyrin-B and InsP3R form a functional complex in cardiomyocytes, we 

next tested whether they co-localized by immunofluorescence in sections of wild type 

mouse pancreas (Figure 31). Staining patterns of ankyrin-B and InsP3R receptor were 

identical within the islet. To confirm that InsP3R and ankyrin-B exist within similar 

cellular compartments, we also utilized subcellular fractionation of lysates from rat 

insulinoma cell line 823/3 cells (Figure 32). Consistent with their residence within the 

endoplasmic reticulum, InsP3Rs were present exclusively in the 10,000g pellet, 

similar to ER marker SERCA. Ankyrin-B was found in all subcellular compartments, 

but it appears prominently in the 10,000g pellet. This supports the hypothesis that a 

subset of beta cell ankyrin-B exists in the same intracellular compartment as its 

binding partner, InsP3R.  

 We then evaluated whether InsP3R expression levels were altered in mice 

heterozygous or homozygous for a null mutation in the gene encoding ankyrin-B. Of 

these mice, only ankyrin-B(+/-) mice reach adulthood. Ankyrin-B(+/-) mice are 

haploinsufficient, with islet ankyrin-B expression being ~50% wild type levels by 

immunofluorescence (Figure 33) and immunoblot (Figure 34).   As ankyrin-B(-/-) 

mice die perinatally, we first compared InsP3R levels in neonatal ankyrin-B(+/+), (+/-

), and (-/-) pancreatic islets by immunofluorescence (Figure 35 A, B). Whereas 

neonatal ankyrin-B(+/-) islets demonstrated a 21% reduction in InsP3R fluorescence 

intensity (p= 0.05, n=6), ankyrin-B(-/-) islets demonstrated a 42% reduction (p=0.03, 

n=6) as compared to ankyrin-B(+/+) islets. Pancreatic islets of adult ankyrin-B(+/-) 

106



mice exhibit a comparable reduction in InsPR intensity of 18% (p=0.03, n=6, Figure 

36 A, B).   

 To study how ankyrin-B affects InsP3R protein levels, we evaluated both 

InsP3R mRNA and protein expression during ankyrin-B knockdown using the rat 

insulinoma cell line INS-1 823/3. Since InsP3Rs are encoded by three distinct genes, 

ITPR1-3, we first determined the relative expression of the three genes in our 

particular cell line (Figure 37). Real time PCR showed that type 1 and 3 were 

expressed in 10-fold higher anbundance than type 2 in our model system, a finding 

that was in agreement with previous data using rat islets (Lee et al., 1998). We next 

determined whether the expression level of ITPR 1 or 3 was affected by ankyrin-B 

mRNA suppression. Quantitative PCR showed no difference in InsP3R mRNA 

expression in the ankyrin-B siRNA treated cells compared to untreated control 

(Figure 38).  By contrast, immunoblot analysis of protein expression during ankyrin-

B knockdown showed a dramatic reduction in InsP3R levels (Figure 39). Other 

proteins known to be essential to glucose-stimulated insulin secretion, including the 

dihydropyridine receptor (DHPR) and the KATP channel subunit Kir6.2 were 

unaffected.   The reduction in InsP3R protein expression in the context of normal 

mRNA expression suggests that the stability of InsP3R might be reduced.  

We next measured InsP3R protein turnover by blocking protein synthesis with 

cycloheximide (1 uM) and quantifying IP3R expression levels thereafter (Figure 40).   

After 8 hours, InsP3R expression was reduced by 57% in cells treated with ankyrin-B 
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siRNA and 22% in those treated with control siRNA (p=0.01, n=4). The increase in 

protein turnover indicates that ankyrin-B promotes InsP3R stability.  

 

3.3.2 Ankyrin-B is required for carbachol-stimulated insulin release 

We next evaluated ankyrin-B’s role in pancreatic islet function. Since the 

InsP3R plays an essential role in the beta cell response to cholinergic stimuli (Nilsson 

et al., 1987; Nilsson et al., 1988), we evaluated whether a reduction of ankyrin-B, and 

therefore InsP3R, would affect acetylcholine-mediated insulin release. As treatment 

of islets with the muscarinic receptor agonist carbachol leads to significant 

potentiation of insulin release in the presence of stimulatory glucose concentrations 

(Gagerman et al., 1978; Garcia et al., 1988; Gilon and Henquin, 2001), we compared 

insulin release from islets isolated from ankyrin-B(+/+) and (+/-) mice in the presence 

of basal glucose (3mM), stimulatory glucose (16.7mM), and stimulatory glucose plus 

carbachol (0.1mM) (Figure 41).  In wild type 1slets, we found that carbachol 

potentiated insulin release by 2.1-fold. Ankyrin-B(+/-) mouse islets also showed 

normal insulin release in response to high glucose alone (21.2- fold low glucose 

levels).  However, ankyrin-B(+/-) islets demonstrated a 40% reduction in carbachol-

stimulated insulin release (p=0.007, n=6).  This difference is observable in the setting 

of batch incubation (Figure), as well as islet perifusion (Figure 42). 

To confirm that the results we observed with batch incubation ankyrin-B(+/-) 

islets were specifically due to deficiency in ankyrin-B within the islet rather than 

other tissues, we measured carbachol-stimulated insulin release in wild type rat islets 
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subjected to adenovirally delivered siRNA. Using this technique, we achieved ~60% 

suppression of ankyrin-B protein levels estimated by immunoblots (Figure 43).  

Importantly, Figure 43 also shows that muscarinic receptor protein expression levels 

were not affected by ankyrin-B knockdown. Similar to our results with islets isolated 

from haploinsufficient mice, Figure 44 again shows normal glucose stimulated insulin 

release and an 88% reduction in carbachol-stimulated insulin release (p=0.04, n=6) 

(panel B). Figure 45 shows that the adenoviral delivery of full-length human ankyrin-

B to the knockdown islets leads to partial rescue (~40%) of the phenotype of impaired 

carbachol-mediated insulin release (p=0.03, n=6). Figure 46 shows an immunoblot of 

ankyrin-B expression during knockdown and rescue experiments. Note that equal 

levels of ankyrin-B are present in untreated samples and samples treated with both 

ankyrin-B siRNA and human full length ankyrin-B viruses. Overall, these data 

demonstrate that carbachol-dependent insulin release is reduced in the context of 

ankyrin-B deficiency, and can be partially rescued by expression of exogenous 

ankyrin-B. 

 

3.3.4 Blunted calcium release in ankyrin-B(+/-) islets in response to carbachol 

In order to determine how ankyrin-B-deficiency impairs carbachol-mediated 

insulin release, we next measured intracellular Ca2+ dynamics in islets from ankyrin-

B(+/-) mice. Islets perifused with basal glucose (3.3mM) produce a transient spike in 

intracellular Ca2+ concentration upon the addition of either 0.1 mM acetylcholine or 

0.1 mM carbachol (Berggren et al., 2004; Gilon and Henquin, 2001; Wollheim et al., 
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1980). This Ca2+ spike is observed in the absence of extracellular Ca2+, indicating that 

carbachol stimulates Ca2+ release from intracellular (ER) stores.  To investigate 

whether this intracellular Ca2+ release is disrupted by ankyrin-B haploinsufficiency, 

we loaded mouse islets with the fluorescent Ca2+ probe Fura-2 and perifused with 

Ca2+-free buffer containing carbachol (0.1mM) (Figure 47). When compared with 

ankyrin-B(+/+) islets, ankyrin-B(+/-) islets displayed a ~79% reduction in 

intracellular Ca2+ release (p=0.01,n=6). Blunted Ca2+ release was similarly observed 

when ankyrin-B(+/-) islets were exposed to carbachol (0.1mM) in buffer containing 5 

mM Ca2+ (64% reduction, p=0.002, n=6) (Figure 48). To ensure that intracellular 

Ca2+ handling was not grossly affected, we also tested intra-islet Ca2+ levels following 

treatments with KCl and glucose, agents known to depolarize the β-cell plasma 

membrane and elicit extracellular Ca2+ entry via voltage-gated Ca2+-channels (Yang 

and Berggren, 2006). In ankyrin-B(+/-) islets, Ca2+ entry was unaffected in response 

to either of these agents (Figure 49, 50). Collectively, these results indicate that 

ankyrin-B(+/-) mouse islets have an impaired ability to release Ca2+ from internal 

stores in response to cholinergic stimuli, which is consistent with the observed 

reduction in carbachol-mediated insulin release. 

Carbachol is also known to effect Ca2+ release in the context of stimulatory 

levels of glucose. In this setting, islet Ca2+ levels oscillate due to waves of cellular 

depolarization and connections between islets cells known as gap junctions (Berggren 

et al., 2004; Satin, 2000). When islets are perifused with both carbachol and 

stimulatory glucose, Ca2+ oscillations decrease in amplitude and increase in 
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frequency. A representative trace of calcium oscillations in an islet derived from a 

C57B6 mouse is shown in Figure 51. It is currently unclear how these phenomena 

affect insulin secretion. We evaluated the ability of ank-B (+/-) mouse islets to 

oscillate in response to stimulatory glucose (11mM) and stimulatory glucose plus 

carbachol. The oscillation period and amplitude were not affected in this setting 

(Figure 52). However, it has been recently demonstrated that carbachol also induces 

nearby islets to synchronize the phase of their oscillations. This synchronized 

behavior may serve as a layer of insulin release regulation heretofore unrecognized 

(Zhang et al., 2008).  In the future it will be important to determine whether ankyrin-

B deficiency affects islet Ca2+ synchronization.  

 

3.3.4 Ankyrin-B(+/-) mice display impaired postprandial glucose tolerance and 

insulin release 

Having demonstrated that ankyrin-B is essential for normal parasympathetic 

augmentation of glucose stimulated insulin secretion in vitro, we next sought to 

establish the effects of ankyrin-B on glucose homeostatsis in vivo. Mice used in these 

metabolic studies were litter-matched males, 3-6 months of age with equivalent 

weights.  We administered 2.0 mg/g glucose either intraperitoneally (intraperitoneal 

glucose tolerance test or IPGTT, Figure 53) or orally (oral glucose tolerance test or 

oral GTT, Figure 54 A) and then monitored blood glucose levels over time. In 

contrast to the IPGTT, which relies exclusively upon the absorption of glucose from 

the peritoneal cavity to stimulate insulin secretion, the OGTT requires glucose to first 
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pass through the gastrointestinal system, thereby allowing parasympathetic 

stimulation to augment the islet’s response to a given glycemic load.  Following 

intraperotineal injection of glucose, ankyrin-B(+/-) and (+/+) mice had identical blood 

glucose levels as a function of time (Figure 53).  Consistent with our in vitro 

experiments, however, ankyrin-B(+/-) mice exhibited impaired tolerance to orally 

administered glucose as compared with (+/+) controls (Figure 54 A). Though fasting 

glucose levels were unaffected (Figure 53 and 54 A, time point 0), ankyrin-B(+/-) 

mice had elevated plasma glucose levels at 10 minutes and subsequent time points 

thereafter during the glucose challenge (p=0.003, n=9).  The area under the curve for 

oral GTT was increased 32% in ankyrin-B(+/-) mice compared to controls (p=0.001, 

n=9, Figure 54 B), indicating that ankyrin-B-deficiency disrupts normal postprandial 

glucose regulation. However, these mice cleared glucose normally when it was 

injected intraperotineally. Serum insulin measurements before and 30 min after IP 

versus oral glucose administration show that ankyrin-B(+/-) mice secrete 54% less 

insulin than their ankyrin-B(+/+) counterparts in response to an oral glucose stimulus 

(p=0.02,n=6) (Table 3). To determine whether altered insulin sensitivity of target 

tissue influenced theses results, we next measured insulin tolerance by administering 

insulin (1.0 U/kg) intraperotineally, and then following blood glucose levels (Figure 

55). Insulin tolerance was unaffected. Similarly, body weight (Figure 56) and 

morphometric analysis of islets (Table 4), including size and density, and total 

pancreatic insulin content were not significantly different in the ankyrin-B(+/-) 

animals. Representative examples of islets used in the morphometric analysis are 
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shown in Figure 57. Impaired oral GTT combined with normal IPGTT indicate that 

ankyrin-B(+/-) mice have normal glucose-stimulated insulin secretion but an 

inadequate ability to potentiate insulin release by vagal stimulation, consistent with 

our in vivo islet experiments.  

Incretin hormones such as glucagon-like peptide 1 (Glp-1) also influence oral 

glucose tolerance by potentiating glucose stimulated insulin secretion (Drucker, 

2006).  To test whether ankyrin-B(+/-) mice demonstrated normal Glp-1 activity, we 

measured Glp-1-stimulated insulin release in islets from (+/-) and (+/+) mice (Figure 

58 A). Glp-1 (100 nM) potentiated glucose-stimulated insulin release ~1.6 fold in 

wild type animals. Ankyrin-B(+/-) islets exhibited no loss of response to Glp-1 and 

actually demonstrated an increase in insulin release with this peptide (2.1 fold, 

p=0.01, n=6). In islets treated with ankyrin-B siRNA, Glp-1 mediated insulin release 

was indistinguishable from the control siRNA treated islets (Fig 58 B). This 

suggested that the increase in Glp-1 stimulated insulin secretion in ankyrin-B(+/-) 

mouse islets was not directly caused by islet ankyrin-B deficiency. We then explored 

the possibility that the increased insulin response to Glp-1 observed in ankyrin-B(+/-) 

islets could be due to enhanced islet sensitivity to Glp-1 in the face of impaired Glp-1 

secretion in the ankyrin-B(+/-) mice. We measured Glp-1 release during oral GTT in 

ankB mice (Table 5). Glp-1 levels were equivalent in (+/-) and (+/+) mice.  The 

increased Glp-1 sensitivity of ankyrin-B(+/-) islets may represent a compensation for 

their impaired cholinergic response. 
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3.3.5 Ankyrin-B mutation R1788W associates with type 2 diabetes in certain human 

populations 

Acetylcholine affects the first phase of insulin secretion, the period that is 

most often affected in humans with impaired glucose tolerance (Cerasi and Luft, 

1967; Davies et al., 1994; Del Prato and Tiengo, 2001).  We therefore asked whether 

ankyrin-B loss of function of mutations are associated with diabetes using the 

American Diabetes Association GENNID cohort, a collection of partial sibships from 

families with noninsulin-dependent diabetes (Raffel et al., 1996). We genotyped 524 

diabetic probands and 498 non-diabetic controls for the three ankyrin-B mutations 

previously shown in neonatal cardiomyocytes to have severe loss of function 

phenotypes: E1425G, V1516D and R1788W (Mohler et al., 2007b). The degree to 

which individual mutations disrupt InsP3R targeting in neonatal cardiomyocytes 

roughly correlates with phenotype severity in patients with ankyrin-B syndrome 

associated arrhythmias (Mohler et al., 2003; Mohler et al., 2004d). As ankyrin-B loss 

of function mutations vary by ethnicity (Mohler et al., 2007a), we limited our analysis 

to Caucasians and Hispanics. The R1788W point mutation, corresponding to a C/T 

mutation in exon 45 of the ankB (ank2) gene, was found exclusively in patients with 

diabetes (p=0.035) (Table 6). In addition, we identified 7 family members of the 5 

probands also heterozygous for the R1788W mutation, all of whom were diabetic 

(Figure 59). By contrast, other factors that can influence diabetic risk, including age, 

sex and body-mass index, were indistinguishable between patients with the R1788W 

mutation and the controls (Table 7). Individuals possessing E1425G or V1516D 
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mutations were not identified in this data set. Arginine 1788 is highly conserved 

amongst species (Figure 60), and R1788W is unique among ankyrin-B mutations with 

respect to its ability to modulate its affinity to binding partners, such as obscurin 

(Cunha and Mohler, 2008) and hsp40 (Mohler et al., 2004d). Previously reported 

minor allele frequencies (MAFs) for R1788W have ranged from 0.09%, in a study of 

1152 European centenarians and controls(Mohler et al., 2007a), and 0.3% in a study 

of 664 American cardiac arrhythmia patients (Mohler et al., 2004d). The ~1% MAF 

in diabetics from our study suggests that the mutation is enriched in this population. 

  

3.3.6 R1788W ankyrin-B demonstrates loss of function in insulin secretion assays   

Since the R1788W mutation was present only in type 2 diabetics in the 

association study, we next tested the ability of human ankyrin-B R1788W to rescue 

islet cholinergic function during ankyrin-B knockdown (Figure 61). Compared to 

wild type ankyrin-B, the R1788W variant did not rescue carbachol mediated insulin 

secretion (p=0.004, n=6). Ankyrin-B R1788W thus demonstrates loss of activity in a 

cellular assay of islet function. As this phenotype could result from altered binding 

affinity of InsP3R for ankyrin-B, we tested the ability of native InsP3R purified from 

brain to associate with full-length ankyrin-B containing the R1788W mutation 

(Figure 61). Figure 61A shows a PAGE gel and stained for protein with Coomassie 

Blue. Purified ankyrin-B MBD-GST(lane 1); GST alone (lane 2); full length human 

ankyrin-B (lane 3); human ankyrin-B containing R/W mutation (lane 4); purified 

cerebellar InsP3R (lane 5).For Scatchard plot (Figure 61 B), values for non-specific 
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binding were determined using GST alone beads and were subtracted. In this binding 

assay, InsP3R demonstrated a normal affinity for R1788W ankyrin-B. This suggests 

that the impaired carbachol-mediated insulin release is not due to an impaired ability 

of R1788W ankyrin-B to bind to InsP3R. Alternatively, R1788W ankyrin-B may 

disrupt InsP3R targeting to microdomains within pancreatic beta cells in a manner 

similar to that seen in cardiomyocytes. (Mohler et al., 2005a). While localized Ca2+ 

release events have been observed previously in islets and isolated beta cells (Satin, 

2000), the millisecond timescale of these events and the small size of the beta cell do 

not permit sufficient intracellular spatial resolution to study microdomains directly. 

 

3.4 Summary and Conclusions 

 

 We have demonstrated that ankyrin-B is required for parasympathetic 

enhancement of insulin secretion using an animal model and in vitro targeted 

knockdown/rescue experiments. We have also identified a plausible mechanism by 

which ankyrin-B influences carbachol-dependent insulin release by demonstrating 

that ankyrin-B is required for normal levels of InsP3R in islets and insulinoma cells. 

Finally, we have identified a human R1788W mutation of ankyrin-B, that both 

associates with diabetes and causes a loss of function in pancreatic islets.  

Extrapolating the frequency of this mutation in our small sample to the 10 million 

Caucasians and Hispanics in the United States with type 2 diabetes suggests that 

approximately 100,000 diabetics may harbor the R1788W mutation.  Other ankyrin-B 
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mutations are present in aggregate in 2 percent of Caucasians and up to 8 percent in 

populations in east Africa (Mohler et al., 2007a), and may also be risk factors for 

diabetes.  Screening for ankyrin-B mutations could help personalize disease treatment 

strategies. For example, our data suggests that strategies that blunt postprandial 

hyperglycemia (Chiasson et al., 2002; Van de Laar et al., 2006) or promote glp-1 

signaling (Drucker, 2006) would be especially beneficial. As a newly identified 

player in the regulation of insulin secretion, Ankyrin-B could be used as a drug target 

for the development of a new class of insulin secretagogues. Future work on human 

patients possessing ankyrin-B mutations could provide information about prognosis 

and prospective risk.  

 In this section, we have demonstrated that human genetic mutations in 

ankyrin-B may represent a risk factor for diabetes. The next chapter describes the 

generation of R1788W and L1622I knockin mice that will be used to extensively 

characterize the metabolic phenotype caused by these point mutations. 

  

3.5 Methods 

 
 3.5.1 Antibodies and molecular construct preparation  

Full length 220kD human ankyrin-B containing a carboxy terminal FLAG tag 

was inserted into AdEasy pShuttleCMV (Stratagene) using molecular techniques. Full 

length 220kD ankyrin-B containing a carboxy terminal His tag was inserted into 

BakPak 9 (Clontech) using standard molecular techniques. The R/W mutation was 

generated using Quikchange Mutagenesis (Stratagene). Constructs were sequenced 
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and expressed in 293K cells to ensure full length protein and FLAG tag integrity. 

Affinity purified ankyrin-B and G antibodies were generated in rabbits against a 

bacterially expressed cleaved fusion protein representing the carboxy-terminal 

domain of the ankyrin. Mouse monoclonal ankyrin-B antibody was generated as 

described previously(Mohler et al., 2005a). Affinity purified pan- InsP3R antibody 

was generated in rabbits against bacterially expressed cleaved fusion protein 

representing the C-terminal cytoplasmic domain of InsP3R. Guinea pig anti-insulin, 

rabbit anti-glucagon, and rabbit anti-somatostatin antibodies (catalog number 

180067,180064, 180078, respectively) were purchased from Invitrogen. 

Glyceraldehyde-3-phosphate dehydrogenase and M2 recognizing FLAG tag DDDDK 

epitope monoclonal antibodies (ab8245 and ab49763) were purchased from Abcam. 

Dihydropyridine receptor (DHPR) antibody (MA1-90408) were purchased from 

Affinity Bioreagents. KATP channel subunit Kir6.2 and muscarinic receptor 3 

antibodies (ab5495 and ab9453) were purchased from Millipore.  

 

3.5.2 Protein alignment 

Protein alignments were performed in CLUSTALW using the following 

protein sequences from NCBI: Homo sapiens gi|119626696|gb|EAX06291.1; Macaca 

mulatta gi|109075425|ref|XP_001095471.1; Canis familiaris 

gi|74002173|ref|XP_545031.2; Mus musculus gi|37590265|gb|AAH59251.1|; Rattus 

norvegicus gi|109467596|ref|XP_001076082.1|; Pan troglodytes 

gi|114595754|ref|XP_517403.2; Gallus gallus gi|118090374|ref|XP_420641.2. 
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3.5.3 Genetic Studies  

ANK2 variants reported previously to have severe functional consequences in 

cardiomyocytes were used for SNP analysis of 1122 patient samples from the 

GENNID collection. Genomic DNA was purchased from Corriell Laboratories. SNP 

genotyping was performed using the ABI 7900HT Taqman SNP genotyping system 

(Applied Biosystems, Foster City, California, United States), which uses a PCR-based 

allelic discrimination assay in a 384-well–plate format with a dual laser scanner. 

Allelic discrimination assays were purchased from Applied Biosystems, or, if the 

assays were not available, primer and probe sets were designed and purchased 

through Integrated DNA Technologies (Coralville, IA,). Successful genotyping was 

obtained for greater than 95% of the DNA samples used in the study. Patient partial 

pedigree information, diabetes status, race, age, sex, BMI, glucose and lipid levels, 

and history of heart and kidney disease were available in the Corriell GENNID 

catalog. P values for association were determined using chi-squared analysis for 

diabetes status, sex, and history of heart or kidney disease. For comparisons of 

numeric values, including BMI, age, fasting glucose, and lipid levels, p values were 

determined using a two-tailed T-test and p values less that 0.05 were considered 

significant. 
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3.5.4 Animal care 

AnkB mice were backcrossed >20 generations (>99.5% pure) into a C57/Bl6 

background before experiments. Ankyrin-B(+/+),(+/-), and (-/-) mice were housed 4-

5 per cage in the same barrier facility with temperature and humidity and 12 hour 

light/dark cycles controlled. The mice were fed standard mouse chow (Lab Diet, 23% 

protein, 4.5% fat, 6.0% fiber, 8.0% ash, 2.5% minerals (0.95% Ca2+, 0.67% 

phosphorus, 0.40% non-phytate phosphorus), 56% complex carbohydrate from 

overhead wire feeders) and water ad libitum.  

 

3.5.5 In vivo physiological studies  

Glucose tolerance tests. Oral GTT and IGTT were performed on 4-6 month 

old mice subjected to an overnight (12h) fast. For the oral GTT, glucose (2mg/g) was 

administered via oral gavage after being anesthetized with isofluorane gas. For the 

IGTT, mice received glucose (2 mg/g) via intraperotineal injection. For both tests, 

blood samples were collected from the tail vein before (0 min) and time intervals 

thereafter (5, 10, 15, 30, 60, 120 min). For fasted/fed serum insulin and Glp-1 

measurements, blood was collected from the submandibular vein before (0 min) or 30 

minutes after oral or i.p. glucose administration.  Data presented represent the mean 

blood glucose level +/- SEM for each time point. Glucose measurements were 

performed using a handheld automated glucometer (Accucheck). Significance for the 
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tolerance tests was determined by two way ANKOVA. Area under the curve(Salonen 

et al.) calculations were performed using the trapezoidal rule and significance was 

determined by two-tailed T test. Serum insulin was measured by insulin ELISA 

(Crystal Chem Inc). Active serum Glp-1 was measured using MULTIARRAY 

(Mesoscale Discovery). Insulin tolerance tests. Using 4-6 month littermates, 

overnight fasted mice were injected with recombinant human insulin (Sigma, 

0.75U/kg). Blood glucose was monitored before (0 min) and at time intervals (15, 30, 

60 min) after insulin injection by tail vein blood collection.  Data represent the mean 

blood glucose value +/- SEM. Mouse weights. Mouse weights were determined on 4-

6 month old mice, 10 animals/genotype. Measurments were taken three times on each 

animal and averaged. Data represents the mean weight (g) +/- SEM.  

3.5.6 Islet morphometric analysis 

Pancreases from 4-6 month old ankB(+/+ and (+/-) mice were used for 

immunofluorescent detection of the islet maker insulin as described in the following 

section. Six animals/genotype were used. Islet density (number islets/section) were 

determined for all samples. Islet size was determined using LSM 510 software. Total 

insulin content was determined using acid ethanol extraction as described previously. 

All data represent the mean value +/- SEM. P value was calculated using a two-tailed 

T test. 

3.5.7 Immunofluorescence  

Neonatal or 16-24 week mouse pancreases were washed with phosphate 
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buffered saline (PBS, pH 7.4) and fixed in cold 4% paraformaldehyde (4° C). 

Pancreases were embedded in paraffin and 5 uM sections were mounted on glass 

slides and stored at room temperature. Sections were rehydrated and permeabilized 

before use by incubating in xylenes for 5 minutes for two washes, 100% ethanol for 2 

minutes for two washes, followed by one 1 minute wash each of 95%, 90%, 80%, and 

70% ethanol. Slides were then incubated in deionized water 10 minutes, followed by 

2 five minute washes in 1xPBS. Sections were then incubated in blocking buffer for 

30 minutes (PBS containing 1% BSA, 1% fish oil gelatin, 5% horse serum, and 

0.02% Tween-20) and in primary antisera overnight at 4°C. Following washes (PBS 

plus 0.025% Tween-20), cells were incubated in secondary antisera (Alexa 488, 568; 

Molecular Probes) for 2-3 hours at 4° C and mounted using Vectashield (Vector) and 

#1 coverslips. Images were collected on Zeiss LSM 510 confocal microscope 40 

power oil, pinhole equals 1.0 Airy Disc) using Carl Zeiss Imaging software. Both 

channels were collected on PMT3. Images were imported into Adobe Photoshop for 

cropping and contrast adjustment. Image quantitation was performed using LSM-

Image Examiner software, histogram function. Equivalent size regions of interest 

were marked on islets and background regions, and intensity-background was 

averaged. Values represent the mean +/- standard error of the mean (Guiot et al.). 

 

3.5.8 Preparation and use of recombinant adenoviruses  

INS-1-derived cell line 823/3 was cultured as described previously(Hohmeier 

et al., 2000). Small interfering RNA (siRNA) sequences corresponding to rat ankyrin-
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B siRNA1: GGCCAGAAGATCTCAAGGA, siRNA2: 

GCTGTGTAGCATTTTAACA, or a control siRNA which is siRNA 1 mutated at 

three base sites: GGCCCGAAGAGCTCAAGGA, were cloned into vector EH006 

and used for construction of Ad-ankB siRNA recombinant adenoviruses by the 

methods described (Bain et al., 2004). Complimenary DNAs encoding human 

ankyrin-B or ankyrin-B W/W(Mohler et al., 2003; Mohler et al., 2004d) was used to 

prepare recombinant adenoviruses (AdCMV-h ankB and h ankB R/W) using the 

AdEasy system (Stratagene catalog number 240010).  An adenovirus containing the 

green fluorescent protein gene (AdCMV-_GFP) was used as a control. Purified 

viruses were incubated with INS-1 823/3 cells or islets at multiplicities of infection of 

20-50 for 18 h. Assays were undertaken 72 h later.  

 

3.5.9 Islet isolation and insulin secretion assays 

Islets were isolated from ankB littermates and male Wistar rats by pancreatic 

perifusion as previously described (Hohmeier et al., 2000). Islets were maintained in 

culture medium containing 11mM glucose until the day of the assay. Insulin secretion 

was assayed in HEPES balanced salt solution (HBSS) (114 mM NaCl, 4.7 mM KCl, 

1.2 mM KH2PO4, 1.16 mM MgSO4, 20 mM HEPES, 2.5 mM CaCl2, 25.5mM 

NaHCO3, and 0.2% BSA, pH 7.2). Islets were pre-incubated HBSS containing 3mM 

glucose for 2 hours. Insulin secretion was then measured by using static incubation 

for a 1 h period in HBSS containing 3mM glucose. Islets were then transferred to 

HBSS containing 16.7 or 8 mM glucose for 1 hour, and then HBSS containing 16.7 or 
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8 mM mM glucose plus 0.1mM carbachol or 100 nM Glp-1 for 1 hour. Following the 

incubations, islet samples were normalized for insulin content by extraction with 1 M 

acetic acid in 0.1% BSA. Static incubation samples and extract samples were 

analyzed for insulin concentrations via radioimmunoassay with the insulin Coat-a-

Count kit (Diagnostic Products, Los Angeles). Values presented represent the mean 

values +/- SEM. 

 

3.5.10 Intraislet calcium measurements using Fura-2 

Islets from 8-10 month ankyrin-B(+/+) and (+/-) mice were isolated as 

described above and incubated overnight in medium containing 11 mM glucose. The 

following day, islets were washed with HEPES-buffered Krebs ringer bicarbonate 

buffer (KRB) and transferred to 3mM glucose KRB containing 2 uM Fura-2 AM 

(Invitrogen), and were incubated 45 min at 37°C. Islets were then affixed to a glass 

coverslip within a Ludin-style perifusion chamber using Bio-gel (Biorad). Chamber 

was then mounted that was affixed to a Zeiss Axiovert epifluorescence inverted 

microscope fitted with a 40x objective. The fluorescence (excitation at 340 or 380 

nm) was recorded by a slow-scan charged-coupled device (CCD) camera (TILL 

Photonics) and quantitated using AndorIQ software. All perifusions were performed 

at 37°C using a HEPES-buffered Krebs-Ringer bicarbonate medium containing either 

3mM glucose, 11 mM glucose , 30 mM KCl in 3 mM glucose, or 0.1 mM carbachol 

in 3mM glucose. To assay carbachol effects in the absence of calcium, KRB 

containing 2 mM EGTA and 0 mM Ca2+ was used. Data represent the mean +/- SEM 
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of 3-7 individual islet recordings/animal using 6 animals/genotype. Significance was 

calculated using two-tailed T test.   

 

 

3.5.11 Real time PCR studies 

 Total RNA was isolated from INS-1 823/3 cells treated with ankyrin-B 

specific, control, or no siRNA and coverted to cDNA using Applied Biosystems Cells 

to CT kit. Gene expression levels for InsP3R genes ITPR1-3 were measured by real 

time quantitative PCR (7500 SDS, Applied Biosystems). GAPDH expression served 

as an internal control. Reactions were carried out in triplicate. Data are represented as 

fold expression relative to ITPR1 (Supp fig 2A) or relative to untreated (Suppl Figure 

2B). Data represent the mean +/- SEM. 

 

3.5.12 Immunoblotting and protein sample preparation 

Lysates from INS-1 cells and islets were prepared from cell pellets washed 

with 1x PBS, dissolved in RIPA buffer and sonicated. Samples were normalized for 

protein content using the BCA protein assay kit (Pierce Biotechnology) and subjected 

to polyacrylamide gel electrophoresis using NuPAGE (Invitrogen) 3-8% Tris-acetate 

gels (Invitrogen). Gels were transferred to PVDF membrane for western blot analysis 

using the antibodies specified. Membranes were blocked in PBST containing 5% milk 

for 30 minutes and incubated in primary antibody overnight. The following day,  

membranes were washed in PBST and incubated with HRP- conjugated secondary 
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antibody for 2-3 hours at 4°C. Blots were then washed and developed using ECL 

(Pierce Biotechnology).  Bands were detected by film autogradiography and 

quantified using densitometry software. Values represent the mean +/- standard error 

of the mean (Guiot et al.). 

 

 

3.5.13 Protein turnover study  

Ins-1 823/3 cells grown in 12 well plates were treated with ankyrin-B specific 

or control siRNA and grown to confluency (1x106 cells/well) were incubated with 1 

uM cycloheximide (Cx, Sigma) to inhibit protein synthesis. After 30 min, cells were 

washed with 1X PBS and fresh media was added. Cell lysates were prepared  for each 

well in duplicate before cycloheximde administration (0 h) and at time intervals 

thereafter (2,4,6,8 h). InsP3R and GAPDH protein levels in lysates were measured by 

immunoblot and were quantified by blot densitometry. Data (fig 1E) represent the 

mean protein levels +/- SEM. Significance was determined by two way ANKOVA. 

 

3.5.14 Protein purification 

InsP3R / 220 kD human ankyrin-B and ankyrin-B membrane-binding domain 

purification- 220kD Histidine-tagged ankyrin-B and ankyrin-B R/W were expressed 

using the BakPak baculovirus expression system (Clontech). The proteins were 

purified on an NiNTA affinity column (GE). InsP3R was purified from bovine brain 

cerebellum as described previously (Maeda et al., 1990). Protein G-conjugated 
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Dynabeads were purchased from Dynal Biotech. Ankyrin-B membrane-binding 

domain (MBD) with the addition of the first 80 residues of the spectrin-binding 

domain (SBD) containing a monoclonal antibody epitope was expressed in bacteria 

and purified as described previously (Mohler et al., 2004a).  

 

3.5.15 In vitro binding experiments  

Glutathione-conjugated sepharose beads (Invitrogen) were loaded with either 

0.1 uM GST conjugated ankyrin-B membrane-binding domain (MBD) or GST alone. 

Ankyrin-B beads were incubated with 125I-labelled purified cerebellar InsP3R and 

increasing concentrations of purified full length human ankyrin-B or ankyrin-B 

R/W(0-1 uM) in binding buffer (20 mM Hepes, 50 mM NaCl, 1 mM EDTA, 1 mM 

NaN3, 0.2% Triton X-100; pH 7.3) for two hours at 4° C in a final volume of 50 μl. 

Beads were layered over 20% glycerol barriers and spun in Beckman J6B centrifuge 

at 4000 RPMs. Samples were then frozen on dry ice, pellets cut off and assayed for 

125I in a gamma counter.  
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RISK FACTORS FOR
          DIABETES

TYPE 2
DIABETES

 BETA CELL 
FUNCTION

 INSULIN
RESISTANCE

Obesity

Genetic risk

Dietary excess Sedentary
   lifestyle

Aging

Mitochondrial 
 dysfunction

Tissue lipid accumulation

Stress response

In�ammation

 Incretin response

 glucose sensing beta cell proliferation/
             survival

Figure 24. Pathogenesis of type II diabetes. Risk factors are depicted 
in yellow. Cellular and metabolic changes leading to glucose intol-
erance are shown in orange. Multiple di�erent risk factors and 
cellular disorders manifest �nally as the common disease pheno-
type that we call type II diabetes. 
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100 um

Islet 

Figure 25. Overview of pancreatic organization. Inset is a low magnifica-
tion of a slide of hematoxylin and eosin stained mouse pancreas. Islets 
appears as paler staining “islands” amidst the exocrine acinar cells. 
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GENE NAME COMMON
NAME 

PROTEIN 
FUNCTION 

CHROM.  
LOCATION 

PHENOTYPE 

    

HNF4A Hepatocyte 
nuclear factor 
4 alpha 

Transcription 
factor 

20q12 MODY1: impaired 
beta cell function 

GCK Glucokinase Phosphorylates 
glucose to G-6-
P 

7p15 MODY2: mild fasting 
hyperglycemia 

TCF1 Hepatocyte 
nuclear factor 
1 apha 

Transcription 
factor 

12q24 MODY3: progressive 
impaired beta cell 
function 

PDX1 Insulin 
promoter 
factor 1 

Homeodomain 
transcription 
factor  

13q12 MODY4: 
Heterozygote, 
progressive 
impaired beta cell 
function; 
homozygote, 
pancreatic agenesis  

TCF2 Hepatocyte 
nuclear factor 
1 beta 

Transcription 
factor 

17q21 MODY5: Renal cysts, 
pancreatic atrophy, 
neonatal diabetes 

NEUROD1 Beta2 bHLH 
transcription 
factor 

2q32 MODY6: progressive 
impaired beta cell 
function 

KIF11 Kruppel-like 
factor 11 

TGF-beta 
inducible 
transcription 
factor  

2p25 MODY7: impaired 
insulin expression 

CEL Carboxyl ester 
lipase 

Lipid 
metabolism 
enzyme 

9q34 MODY8: impaired 
function of 
endocrine and 
exocrine pancreas 

    

KCNJ11 Kir6.2 Inward recti�er 
potassium 
channel 

11p15 Permanent/transient 
neonatal diabetes 

ABCC8 Sur1 Sulfonylurea 
receptor  

11p15 Permanent/transient 
neonatal diabetes 

EIF2AK3 PERK Pancreatic EIF2 
alpha kinase 

2p12 Wolcott-Rallison 
syndrome 

MODY Syndromes

Neonatal diabetes

TABLE  1: Monogenic diabetes syndromes
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PLAGL1 Pleiomorphic 
adenoma gene 
1 

Plagl1- nuclear 
zinc �nger 
protein 

6p24 Transient neonatal 
diabetes 

PTF1A Pancreas 
transcription 
factor 1 

Alpha sununit of 
PTF 

10p12 Permanent neonatal 
diabetes with 
cerebellar agenesis 

INS Insulin Hypoglycemia 
hormone 

11p15 Permanent neonatal 
diabetes 

     

Mitochondrial 
genome 

MIDD Leucine tRNA  3243 
mtDNA 

Maternally inherited 
diabetes and deafness 

Mitochondrial 
genome 

Mitochondrial 
myopathy, lipid 
type 

Glutamic acid 
tRNA 

14709 
mtDNA 

Mitochondrial 
myopathy and 
diabetes 

    

WFS1 Wolframin Function 
unknown 

4p16 Wolfram syndrome, 
diabetes insipidus and 
mellitus, optic atrophy 
and deafness 

ZCD2 ERIS Zinc finger 
protein ZCD2 

4q22 Wolfram syndrome 2 

INSR Insulin receptor Receptor 
tyrosine kinase 

19p13 Leprechaunism, 
Rabson-mendenhall 
syndrome, insulin 
resistant diabetes 

AKT2 Protein kinase 
B- beta 

Serine-threonine 
kinase 

19q1 Severe insulin resistant 
diabetes 

    

LMNA Lamin A Inner nuclear 
membrane 
protein 

1q21 Diabetes, partial 
lipdystrophy with 
peripheral fat loss, 
cardiomyopathy, 
musclar dystrophy, 
Hutchinson-Gilford 
Progeria 

PPARG  Peroxisome 
proliferator  
activated 
receptor 
gamma 

Nuclear receptor 
for 
prostaglandins 
and 
thiazolidiones 

3p25 Insulin resistant 
diabetes, 
hypertension, buttock 
lipodystrophy 

 

Syndromes involving diabetes

Mitochondrial diabetes

TABLE  1 continued
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TCF7L2 TCF4 Transcription factor 10q25 1.7 10-48  0.26 
FTO Fat mass and obesity 

associated gene 
Alters BMI in general 
population 

16q12 1.27 10-12  0.38 

CDKN2A/B p16 Cyclin-dependent 
kinase inhibitor  

9p21 1.20 10-14  0.73 

SLC30A8 Zinc transporter 8 Transports zinc into 
insulin granules 

8q24 1.18  0.65 

PPARG  Peroxisome proliferators 
activated receptor 
gamma 

Transcription factor, 
receptor for  
thiazolidiones 

3p25 1.18 10-7 0.85 

THADA Thyroid adenoma 
associated gene 

unknown 2p21 1.15 10-9 0.90 

KCNJ11 Kir6.2 Risk allele impairs 
insulin secretion 

11p15 1.14 10-10  0.47 

IGF2BP2 IMP2 Growth factor 
binding protein, 
pancreatic 
development 

3q28 1.14 10-16  0.29 

NOTCH2 Notch2 GPCR, pancreatic 
development 

1p12 1.13 10-8 0.11 

IDE Insulin degrading 
enzyme 

Metallopeptidase 
that degrades 
insulin 

10q23 1.13 10-10  0.53 

COMMON NAME FUNCTION CHR. OR  P
VALUE

         FREQ. 
OF ALLELE

GENE

TABLE  2: Genetic loci associated with type 2 diabetes “common variety” in genome wide 
association studies
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HHEX Hematopoetically 
expressed homeobox 

Homeobox 
transcription factor, 
pancreatic 
development 

10q23 1.13 10-10  0.53 

KIF11 Kinesin family member 
11 

Kinesin-related 
motor protein 

10q23 1.13 10-10  0.53 

CDKAL1 CDK5 regulatory subunit 
associated protein 1 

CDK5 inhibitor, islet 
glucotoxicity sensor 

6p22 1.12 10-11  0.31 

CDC123/ 
CAMK1D 

Cell division cycle 
protein 123 
homolog/Ca/calmodulin 
dependent protein 
kinase i delta 

Cell cycle/protein 
kinase 

10p13 1.11 10-10  0.18 

JAZF1 Juxtaposed with 
another zinc finger gene 
1 

Transcriptional 
repressor associated 
with prostate cancer 

7p15 1.10 10-14  0.50 

TSPA N8/ 
LGR5 

Tetraspanin 8/ leucine-
rich repeat containing 
GPCR 

Cell surface 
glycoprotein/orphan 
GPCR 

12q21 1.09 10-9 0.27 

ADAMTS9 Disintegrin-like matrix 
metalloproteinase 

Proteolytic enzyme 
regulating ECM 

1.09 10-8 0.76 

TABLE  2 continued.

COMMON NAME FUNCTION CHR. OR  P
VALUE

         FREQ. 
OF ALLELE

GENE
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normal type I diabetes type 2 diabetes

Figure 26. Representative islet pathology of type I and II diabetes. Images are H 
and E stained sections containing examples of a normal, healthy islet (left), an 
islet from an individual with type I diabetes (center), and an islet from an indi-
vidual with advanced type II diabetes (right). Note the lymphocytic in�ltrate 
present in the type I islet, and the hypocellularity and atrophy present in the type 
II islet.  
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Figure 27. Schematic of glucose-stimulated insulin secretion. 
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Figure 28. Schematic of incretin function in the pre- and post-absorptive 
phases of feeding. Insert shows the two pathways by which acetylcho-
line augments glucose-stimulated insulin secretion. Figure adapted from 
Gromada et all. Cell Metabol 3(6):390-2. 
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Figure 29. Schematic of molecular events that lead to potentiation of 
insulin secretion by acetylcholine. Abbreviations: G, glucose; DHPR, dihy-
dropyridine receptor or voltage-gated calcium channel; Ach, acetylcho-
line; M3R, muscarinic receptor type 3; Gq, g protein; PLC, phospholipase C; 
DAG, dialcylglycerol; InsP3, inositol trisphosphate; InsP3R, inositol trispho-
sphate receptor.
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Figure 30. Ankyrin expression patterns in wild type mouse pancreas. 
A. Ankyrin-B is enriched in beta cells of the endocrine pancreas. Top 
two panels (A and B) show co-localization of ankyrin-B and ankyrin-G 
with beta cell marker insulin in sections of B6 mouse pancreas. 
Bottom two panels show localization of ankyrin-B and somatostatin 
(SS, C) and glucagon (D), markers of alpha and delta cells, respec-
tively. 
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ANK B         InsP3R MERGE

Figure 31. Islet Ankyrin-B colocalizes with InsP3R. A. Pancreas sections 
 from a C57-B6 mouse co-stained with anti-ANK B (green) and InsP3R (red) 
antibodies.  

139



ANK B

SERCA

InsP3R

TRX

Rac1

DSI

Nuc Fx

ER Fx
Micro

somal F
x

Cyto
plasm

Figure 32. Fractionation of INS-1 cell lysates shows subcellular distribution of 
ankyrin-B. Nuc Fx, nuclear fraction, 1000 x g pellet; ER fx, ER/mitochondrial 
fraction, 10,000 x g pellet; Microsomal fx, 100,000 x g pellet containing 
plasma membrane proteins. Abbreviations: ANK B, ankyrin-B; SERCA, smooth 
endoplasmic reticulum calcium ATPase, a, ER marker; Rac1, Ras-related C3 
botulinum toxin substrate 1, a cytoplasmic protein with membrane binding 
capacity; DSI, disul�de isomerase, ER marker; TRX, thioredoxin, cytoplasmic 
marker; InsP3R, inositol-trisphosphate  receptor. InsP3R cosegrates with 
known ER markers and partially cosegregates with ankyrin-B. 
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Figure 33. Ankyrin-B expression is reduced in the ankyrin-B(+/-) mouse by 
immuno�uorescence. Neonatal ankB (+/+), (+/-), (-/-) mouse pancreas 
sections co-stained with  ankyrin-B and insulin antibodies.
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Figure 34. Islets from the ankyrin-B(+/-) mouse are haploinsufficient.
A. Representative immunoblot of ankyrin-B (ANK B) and 
GAPDH expression in adult ankB (+/+) and (+/-) mouse islet lysates. 
D. Quanti�cation of islet ankyrin-B expression in adult ankB mice 
(n=3). Data represent the mean values +/- SEM.
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Figure 35. Islet InsP3R expression is reduced in a dose dependent manner in 
neonatal ankyrin-B mice. Pancreases from neonatal ankB (+/+), (+/-), (-/-) mice 
co-stained with anti-InsP3R and islet-marker insulin. C. Quanti�cation of mean 
intra-islet InsP3R staining (n=6, *p =0.05, **p=0.01). Levels are a percentage of 
wild type staining +/- SEM.
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Figure 36. Islet InsP3R expression is reduced in adult ankyrin-B(+/-) mice by immu-
no�uorescence. A. Images show pancreases from 3 month old ankB (+/+) and 
(+/-) mice co-stained with anti-InsP3R and islet-marker insulin. B. Quanti�ca-
tion of mean intra-islet InsP3R staining (n=6, *p =0.05). Levels are a percentage 
of wild type staining +/- SEM.
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Figure 37. Quantitative PCR of InsP3R gene subtypes 1-3 
(ITPR1-3) in INS-1 832/3 cells. Data re�ect the mean +/- 
SEM, n=3.
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Figure 38. Ankyrin-B knockdown does not a�ect the expression of the 
predominant subtypes of InsPR in INS-1 cells. Quantitative PCR of ITPR 1 
and 3 in 823/3 cells treated with ankB siRNA (ankB siRNA 1 and 2), control 
siRNA, or no siRNA (untreated). Data re�ect the mean +/- SEM of three 
independent experiments.
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Figure 39. Ankyrin-B knockdown in INS-1 cells results in a reduction in 
InsP3R by immunoblot.  Immunoblots of INS-1 823/3 cell lysates treated 
with ank B-speci�c siRNA (ankB siRNA 1 and 2), control (ctl) siRNA, or no 
siRNA (untreated). Blots show expression of ankyrin-B (ANK B), InsP3R, 
K-ATP channel subunit (KIR6.2), dihydropyridine receptor (DHPR) or 
loading control GAPDH. 
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Figure 40. Ankyrin-B knockdown accelerates InsP3R protein turnover 
in Ins-1 cells. A. Protein turnover of InsP3R and GAPDH as a measure 
of expression change 0, 2, 4, 6, and 8 hours after cycloheximide 
treatment. Graph of mean protein expression from ankyrin-B (ankB) or 
control (ctl) siRNA treated INS-1 cells were quanti�ed and graphed 
(**p=0.01, n=4). Protein expression is given as a percentage of 
untreated levels. InsP3R and GAPDH turnover in ankB siRNA treated 
cells (red and gray lines), and ctl siRNA treated cells (pink and black 
lines). F. Representative immunoblot of turnover experiment. 
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Figure 41. Ankyrin-B de�cient islets display reduced carbachol stimu-
lated insulin secretion. Insulin secretion assay using islets from ankB 
(+/+) and (+/-) mice. Graphs depict secretion response to basal or 
stimulatory glucose (3.3 or 16.7 mM glu) or 16.7 mM glucose plus 0.1 
mM carbachol (Cch)(n=6). Data re�ect the mean values +/- SEM for 6 
independent experiments. ** p value<0.01.
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Figure 42. Dynamics of insulin release. A. Islets isolated from ankB (+/-) 
mice (n = 3) and the wild-type control mice (n = 3) were subject to perifu-
sion and insulin release was performed. Average % of basal insulin values 
± SEM are shown every 2 minutes. Bar above the trace indicates the 
duration of stimulus. E�ects of stimulation of 0.1 mM Carbachol (CCh) 
were shown during 20-minute perifusion with 11 mM glucose. B. AUC for 
insulin release after stimulation with 0.1 mM CCh and 11 mM glucose. 
Average values ± SEM are shown. Arbitrary unit is shown for AUC. * indi-
cates P value less than 0.05. 

0.1 uM Cch

150



ANK B 

M3R

GAPDH

untre
ate

d

an
kB

 siR
NA

co
ntro

l si
RNA

Figure 43. Immunoblot of ankyrin-B and muscarinic receptor  levels
following ankyrin-B knockdown in islets. Representative immuno-
blot of ankyrin-B expression in rat islet lysates after ankyrin-B (ankB) or 
control siRNA treatment.. Abbreviations: ANK B, ankyrin-B; M3R, mus-
carinic receptor type 3; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase. GAPDH serves as a loading control. 
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Figure 44. Ankyrin-B de�cient islets display reduced carbachol stimu-
lated insulin secretion. Insulin secretion assay using islets from ankB 
(+/+) and (+/-) mice. Graphs depict secretion response to basal or 
stimulatory glucose (3.3 or 16.7 mM glu) or 16.7 mM glucose plus 0.1 
mM carbachol (Cch)(n=6). Data re�ect the mean values +/- SEM for 6 
independent experiments. ** p value<0.01.
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Figure 45. Human siRNA-resistant ankyrin-B partially restores carbachol-
stimulated insulin secretion in islets subjected to ankyrin-B knockdown. 
Insulin secretion assay using rat islets treated with adenovirus expressing 
siRNA-resistant human ankyrin B (h ankB), ankB siRNA, and/or ctl siRNA. 
Presence (+) or absence (-) of each virus is indicated. Insulin secretion is 
represented as fold response relative to 8mM glucose +/- SEM (n=6). **p 
<0.001. 
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Figure 46. Representative immunoblot of ankyrin-B expression levels during  
 islet treatment with recombinant adenoviruses. Viruses include GFP, control  
 (ctl) or ankB siRNA, full length FLAG-tagged human ankyrin-B or ankyrinB R/W 
 (h ankB or h ankB R/W).  Presence (+) or absence (-) of each virus is indicated.  
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Figure 47. Ankyrin-B (+/-) islets demonstrated impaired carbachol-mediated 
calcium release in the absence of extracellar calcium.  A. Representative 
experiment of calcium response over time, given as 355/380 ratio. Data 
depict intraislet calcium levels in Fura-2 loaded ankB(+/-) (red) and ankB(+/+) 
(black) islets and treated with bu�er containing to 0.1uM Cch in 0 mM 
calcium + EGTA (Cch). B.  Bottom panel shows mean peak-baseline values +/- 
SEM for  stimulus. Data represent recordings from 3-7 islets/animal for 6 
animals/genotype (*p=0.05).   

155



time (s)

0.1

0.05

35
5n

m
/3

80
nm

35
5n

m
/3

80
nm

 a
bs

 r
at

io

(+/+) (+/-)

pe
ak

-b
as

el
in

e

Cch + CaCl2

0 22515075

(+/+)
(+/-)

2.0

2.15

1.85

1.7

**B

A

Figure 48. Ankyrin-B (+/-) islets demonstrated impaired carbachol-
mediated calcium release in the presence of extracellular calcium.  A. 
Representative experiment for calcium response over time, given as 
355/380 ratio. Data depict intraislet calcium levels in Fura-2 loaded 
ankB(+/-) (red) and ankB(+/+) (black) islets and treated with bu�er 
containing to 0.1uM Cch in 5 mM calcium (Cch + CaCl2). B.  Bottom 
panel shows mean peak-baseline values +/- SEM for  stimulus. Data 
represent recordings from 3-7 islets/animal for 6 animals/genotype 
(**p=0.01).   
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Figure 49. Ankyrin-B (+/-) islets demonstrated normal potassium-stimulated 
calcium release in the presence of extracellular calcium.  A. Representative 
experiment depicting calcium response as 355/380 ratio over time. Data 
depict intraislet calcium levels in Fura-2 loaded ankB(+/-) (red) and 
ankB(+/+) (black) islets and treated with bu�er containing to 30mM KCl in 5 
mM calcium (KCl + CaCl2). B.  Bottom panel shows mean peak-baseline 
values +/- SEM for  stimulus. Data represent recordings from 3-7 
islets/animal for 6 animals/genotype ( n.s.= not signi�cant).   
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Figure 50. Ankyrin-B (+/-) islets demonstrated normal glucose-stimulated 
calcium release in the presence of extracellular calcium.  A. Representative 
experiment depicting calcium response as 355/380 ratio over time. Data 
depict intraislet calcium levels in Fura-2 loaded ankB(+/-) (red) and 
ankB(+/+) (black) islets and treated with bu�er containing 16.7 mM glucose 
in  5 mM calcium (16.7 mM Glu+ CaCl2). B.  Bottom panel shows mean 
peak-baseline values +/- SEM for  stimulus. Data represent recordings from 
3-7 islets/animal for 6 animals/genotype ( n.s.= not signi�cant).   
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Figure 51. Representative intraislet calcium oscillations in response to 
stimulatory glucose and carbachol. Fura-2 treated wild type B6 mouse 
islet was perifused with bu�er containing 3 mM (3G) or 11 mM glucose 
(11G), 11 mM glucose plus 10 or 100 uM carbachol (11G + 10/100 uM 
cch), or 3 mM glucose plus 30 mM KCl (KCl).  Note the oscillations that 
occur after the 11G glucose stimulus, and how these oscillations 
increase in frequency in a dose dependent manner upon the addition of 
carbachol. Data represent the A355/380 ratio collected every 1s 
throughout experiment. 
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Figure 52. Calcium oscillations in ankyrin-B(+/-) islets in response to 
stimulatory glucose and carbachol do not signi�cantly di�er from (+/+) 
islets. Intraislet calcium levels were measured in Fura-2 loaded ankB(+/-) 
(red) and ankB(+/+) (grey) islets and treated with bu�er containing to 
11mM glucose with or without 10uM or 100uM carbachol.  Top panel 
shows mean amplitude +/- SEM for  stimulus. Bottom panel shows mean 
oscillation period +/- SEM for each stimulus. Data represent recordings 
from 3-7 islets/animal for 6 animals/genotype.
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Figure 53. Ankyrin-B(+/-) mice display normal IP glucose tolerance relative to 
(+/+) controls. Intraperotineal glucose tolerance test (IP GTT): blood glucose 
levels following intraperotineal administration of glucose (2 mg/g). Data 
represent mean +/- SEM for six animals/phenotype. 
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Figure 54. Ankyrin-B(+/-) mice demonstrate impaired oral glucose 
tolerance. A. Oral glucose tolerance test B. (ORAL GTT): blood glucose 
levels following oral administration of glucose (2 mg/g). B. Quanti�ed 
area under the curve (AUC) for oral GTT. Data re�ect the mean +/- SEM of 
six animals/genotype. *** p <0.001.
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 (+/+)  (+/-)  p value  

Fasted,ng/dL 
 

0.93(0.7)  0.97(0.6)  0.96  

1.74(0.9)  1.77(0.6)  0.97  

Table 3. Serum insulin levels in ankB mice

Fed IGTT, ng/dL
Fed OGTT,ng/dL 2.66(0.3) 1.48(0.6) 0.02

Table 3. Mean serum insulin levels (ng/mL) in mice before (fasted) and 
30 min after (fed) glucose administration (intraperotineal or oral). Data 
re�ect the mean +/- SD (given in parenthesis) for six animals/genotype.  
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Figure 55. Ankyrin-B(+/-) mice display normal insulin tolerance. Insulin toler-
ance test (ITT): blood glucose levels measured following the i.p. administra-
tion of insulin (0.75 U/kg). Data are expressed as a percentage of intial glucose 
level, n=6. 
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Figure 56. A. Fasting glucose levels and B. body weights of 16-20 month 
ankyrin-B(+/-) mice are not signi�cantly di�erent than (+/+) controls. 
Data represent the mean+/- SEM  for 10 animals/genotype. 
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 (+/+)  (+/-) p value 
I slet size, um (SD) 72.4 (23) 68.1 (32) 0.92 
Density,  # /cr oss 
section (SD)   

12.1 (6.8) 10.3 (4.1) 0.97 

Pancr eatic insulin 
content, IU/g (SD) 

0.21 (0.02) 0.20(0.01) 0.51 

 

Table 4 . Islet morphometric analysis in ankyrin-B mice

Table 4. Islet morphometric analysis, including size and density as 
determined by immuno�uorescence quanti�cation of pancreas sections 
treated with insulin antibody, and total pancreatic insulin content, measured 
by insulin RIA of acid ethanol extracted pancreas. Data represent the mean 
+/- SEM for 6 animals/genotype. Standard deviation (SD) is shown.
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Figure 57. Size and morphology of ankyrin-B mouse islets. Representative 
examples of ankyrin-B mouse islets stained with insulin antibody.
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Figure 58. Glp-1 stimulated insulin secretion in ankyrin-B de�cient islets. 
A. Insulin secretion assay using islets from ankB(+/-) and (+/+) mice. B. 
Rat islets treated with ankyrin-B (ankB) or control (ctl) siRNA containing 
adenovirus. Insulin secretion is represented as Glp-1 fold response 
relative to 16.7 mM glucose Data represent mean values +/- SEM (n=6).
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 (+/+)  (+/-)  p value 
Fasted, ng/dL 

 
   7.6(4.1)       6.0(2.3)         0.7

11.0(4.2)     12.3(5.4)    0.5  

Table 5. Serum active Glp-1 levels in ankB mice

Fed OGTT, ng/dL

Table 5. Mean serum Glp-1 levels (ng/mL) in mice before (fasted) and 30 
min after (fed) oral glucose administration. All measurements were 
performed on 16-22 week old littermates (n=6 per genotype). Data 
re�ect mean values, with standard deviation given in parenthesis. P 
value was determined by two-tailed T test. 
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  Diabetic 
total (%) 

Nondiabetic
     total(%)

  
 

GENNID probands 

 

            1022 524 (46.6) 498 (44.3)
Non-hispanic white             514 263 (51.2) 251 (48.8)
Hispanic             508 261 (51.4) 247 (48.6)
 
 AA change SNP 

p value 

E1425G  4273  G/A    0 0 0 
 V1516D 4546  G/A   0 0 0 
 R1788W 5362  C/T  5 (0.45) 5 (0.95) 0 0.035 

 

Total

Table 6. Association study for ankyrin-B polymorphisms and type 2 
diabetes

Table 6. R/W ankyrin-B associates with type II diabetes in white and hispanic 
patients from the GENNID cohort. . A. Case-control study of severe ankyrin-B 
mutations in a GENNID sample population. Top panel shows GENNID 
probands screened. Racial diabetes prevalence is given as an absolute value 
and a percentage of total. The bottom panel shows the point mutation tested 
(AA change), the corresponding genomic nucleotide change (SNP), and the 
number of heterozygotes identi�ed. 
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* R/W heterozygote

Figure 59. Partial pedigrees of the R/W heterozygotes identi�ed in an 
association study of type II diabetes using the GENNID cohort. 
(Circle=female; square =male; black=diabetic; white=nondiabetic; *=R/W 
heterozygote). 
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Category GENNID probands             
(n = 1022) 

R/W heterozygotes     
(n = 13) 

Sex, % male 39.9% 31% 
Age, years 61.3 (13.1) 62.8 (10.6) 
BMI,  kg/m2 (SD) 30.2 (8.1) 34.5 (8.6) 
Fasting glucose,  mg/dL (SD) 174.1 (72.6) 179.9 (60.1) 
Total cholesterol, mg/dL (SD) 189.8 (40.6) 184.9(37.1) 
HDL, mg/dL (SD) 38.2 (11.1) 38.2 (9.9) 
LDL, mg/dL (SD) 118.4 (33.9) 112.6 (25.5) 
Triglycerides, mg/dL (SD) 168.8 (150.2) 130.0 (41.2) 
History of heart disease 

 
17.1% 15%  

History of hypertension  
 

41.8%  38% 
History of kidney disease 

 
4.1% 7% 

 

Table 7. Clinical characteristics of GENNID probands and R/W heterozygotes

0.58
0.63  
0.13  
0.76  
0.59  
1.00  
0.45  
0.82  
1.00 
0.17 
1.00 

p value     
 

Table 7. GENNID probands and R1788W heterozygotes have similar clinical 
characteristics. SD, standard deviation. P values were determined by two-tailed T 
test for quantitative traits, and by chi squared analysis for binomial traits (sex, 
history of heart disease, hypertension, and kidney disease.
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Figure 60 .  Clustal-W protein sequence alignment of 
ankyrin-B shows conservation of R-1788 in multiple 
species. Arginine is depicted in red. 

H. sapiens       TRKIIRRYVSS

C. familiaris    TRKIIRRYVSS

M. musculus      TRKIIRRYVSS

R. norvegicus    TRKIIRRYVSS

M. mulatta       TRKIIRRYVSS

G. gallus        TRKIIRRYVSP
**********.
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 Figure 61. Ankyrin B R1788W binds to InsP3R with equal a�nity as 
wild type ankyrin-B. Competition assay measuring ability of wild type or 
R1788W ankyrin-B (h ankB or h ankB R/W) to displace 125I labelled-
InsP3R from immobilized GST-conjugated ankyrin-B membrane-
binding domain (ankB MBD). Coomassie gel shows protein input. 
Scatchard analysis shows ankyrin-B-InsP3R interactions (125-I InsP3R 
tetramer bound as a percentage of control). Values are normalized to 
background GST binding. Figure by J Davis. 
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Figure 62. R1788W ankyrin-B does not rescue carbachol-mediated insulin 
secretion in ankyrin-B knockdown islets. Insulin secretion assay using rat islets 
treated with adenovirus expressing green �uuorescent protein (GFP), 
ankyrin-B (ankB) or control (ctl) siRNA, siRNA-resistant human ankyrin-B (h 
ankB), and/or human ankyrin-B containing the R/W mutation (h ankB R/W). 
Insulin secretion is represented as fold response relative to 8mM glucose +/- 
SEM. (n=6, **p=0.03, n.s.=not signi�cant).
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CHAPTER 4. THE GENERATION OF R1788W  

AND L1622I ANKYRIN-B KNOCKIN MICE 

 

4.1 Introduction 

 

4.1.1 The role of knockout mice in determining gene function  

Since the development of knockout mice by the Capecchi lab(Mansour et al., 

1988) two decades ago, mice have been used to explore the role of genetics in disease 

pathogenesis in a variety of different ways. For traditional gene knockout mice, a null 

allele of a particular gene is created by replacing coding exon(s) with a selection 

marker (Sioud, 2007). This strategy is valuable for the study of the earliest essential 

role of a particular gene, or, alternatively, one may discover that the gene plays no 

essential role in the tissue of interest. Unfortunately, there are limitations to 

traditional gene knockout strategies. Firstly, if the gene functions in embryogenesis or 

early development, the gene knockout mouse is often embryonically or neonatally 

lethal. This prevents any analysis of gene function in mature organ systems. 

Secondly, the gene may function in a variety of tissues. If this is the case, impaired 

multiorgan function makes the study of any individual tissue type difficult to 

interpret. Finally, the choice exon(s) to delete can have a profound impact on the 

phenotype of the knockout mouse. Some genes encode multiple splice variants and 
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possess more than one transcriptional start site. These issues can make the results of 

gene knockout studies diffcult to explain in many cases (Lee and Threadgill, 2004).  

Although the ankB mouse has provided valuable evidence of the role of 

ankyrin-B in animal physiology, this animal represents a good example of all three of 

the mentioned problems. Ankyrin-B(-/-) mice die embryonically or neonatally, 

dependent on the background strain. This prevents their use for studies of adult 

animal physiology (Scotland et al., 1998a). As discussed in chapter 2, ankyrin-B(-/-) 

mice also demonstrate abnormal organization and function of multiple organs, 

including brain and muscle (Ayalon et al., 2008; Scotland et al., 1998a; Tuvia et al., 

1999). Since both systems are affected, however, it is difficult to determine whether 

the hypotonia noted in ankyrin-B(-/-) mice is primarily due to deficient tissue 

innervation or abnormal myofiber formation. Furthermore, more than 20 transcript 

variants of ankyrin-B have been described (Cunha et al., 2008), some of which do not 

contain the exon that was deleted in the ankyrin-B mouse. This means that some 

transcripts of ankyrin-B may persist in the ankyrin-B(-/-) animal. Because the severe 

phenotype of ankyrin-B(-/-) mice prevents the study of adult animals, we frequently 

used the haploinsufficient ankyrin-B(+/-) mouse to uncover disease processes 

associated with the ankyrin-B deficient state. However, the problems of broad tissue 

distribution and multiple transcripts persist in the haploinsufficient state. For this 

reason, we believed that it was necessary to develop a better mouse model for the 

study of ankyrin-B in human disease. 
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4.1.2 The rationale for generating  L1622I and R1788W ankyrin-B knockin mice   

The identification of human point mutations in ankyrin-B that associate with 

cardiac arrythmia and impaired protein function in cardiomyocytes (Mohler et al., 

2003; Mohler et al., 2004d) provided a new, exciting angle with which we could 

study ankyrin-B function in a context that is relevant to the human population. As 

discussed in chapters 1 and 2, in vitro studies associated with this large body of work 

were accomplished by transfecting full ankyrin-B containing human mutations into 

ankyrin-B deficient cardiomyocytes. These studies are both technically challenging 

and experimentally limited by the short survival time of mature cardiomyocytes in 

culture and low transfection efficiency. Due to advances in the field of gene targeting, 

it is now possible to introduce a genetic change as small as a point mutation into a 

gene of interest into a mouse (Lee and Threadgill, 2004; Sioud, 2007). The resulting 

mouse is called a knockin, an animal in which a portion of a gene is altered or added, 

in comparison to a knockout, where a portion of a gene is deleted. Creating a mouse 

that harbors the point mutation corresponding to a human ankyrin-B variant 

eliminates the need for complicated transfection strategies to study the effect of the 

SNP in a particular tissue. Furthermore, the mutation can be studied in the context of 

the entire animal, rather than just isolated tissues. Apart from studying humans 

directly, this approach provides the most accurate model for the study of ankyrin-B 

mutations in vivo. 
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4.1.3 Overview of knockin mouse strategy 

The strategy designed for the generation of ankyrin-B knockin mice is 

illustrated in figures 63 and 64. The first step is to make a targeting construct 

containing the mutation (figure 63). To accomplish this, a DNA fragment including 

the exon of interest is isolated from mouse genomic DNA and ligated into a backbone 

plasmid. Next, the point mutation is introduced using site-directed mutagenesis. 

Finally, a selection marker such as a neomycin resistance gene is then inserted 

adjacent to the mutation-containing exon. This marker is flanked by 34 base pair lox 

P sites. This allows the marker to be removed at a later stage by the addition of Cre 

recombinase. The targeting construct is then linearized and transfected into 

embryonic stem cells (figure 64). The positive recombinants are selected in G418 

media. The resulting clones are then screened to ensure the insert recombined in the 

proper place and orientation within the mouse genome. ES cells containing the 

mutation are next injected into blastocysts and transferred to pseudopregnant female 

mice. The resulting offspring are chimeras, containing some cells derived from the 

mutated ES cells and some cells from the native blastocyst. If the chimera mouse’s 

germ cells are derived from the ES cells, it is called a germline chimera. If the 

germline of a chimera is 100% colonized by ES cells, then the result of a mating with 

a wild type mouse will be offspring heterozygous for the targeted mutation. These 

mice are then bred to homozygosity. Homozygotes for the mutation are then bred 

with a transgenic mouse expressing Cre-recombinase to remove the selection marker. 

179



Finally, the mutant mice are backcrossed onto a specific mouse line and 

characterized. 

 

4.2 Results 

 

4.2.1 Generation of ankyrin-B knockin targeting constructs 

In preparation for the generation of ankyrin-B knockin mice, we first picked 

two representative ankyrin-B mutations for the project. We chose L1622I, the most 

common of the identified ankyrin-B mutations. L1622I is present in up to 8% of the 

west African population, as discussed in the chapter. We also chose R1788W, a 

mutation that causes the islet dysfunction, associates with type 2 diabetes, and causes 

the most severe phenotype in cardiomyocytes (Mohler et al., 2007b). The location of 

these SNPs within the ankyrin B gene and the human and corresponding mouse 

sequences containing these mutations are shown in Figure 65. In the case of L/I 

mutation, there was non-identical gene sequence homology in the codon 

corresponding to leucine 1622 from humans and mice. This required us to mutate of 

two bases in the mouse gene to generate the desired L to I conversion. 

Figure 66 shows maps of the targeting constructs for L1622I and R1788W 

used to the insertion of the mutant ankyrin-B allele into the ankyrin-B gene locus in 

ES cells. It is theoretically possible for the constructs to insert at various locations 

within the genome. For this reason, before the ES cells are transfected, it is important 
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to design a strategy for screening positive clones for proper insert orientation and 

location.  

 

4.2.2 Screening ES cells for targeted homolgous recombination 

To maximize the volume of colonies that we could potentially screen, we 

designed a PCR-based assay as an initial screen for proper insertion. We designed 

PCR primers to amplify a ~3 kB region of the insertion site. In each set, one primer 

anneals to the inserted DNA region, and the other primer anneals to the genomic 

DNA adjacent to the insertion site (see Figure 67). This way, neither the targeting 

contruct alone nor the genomic DNA alone can serve as a template.  The DNA must 

be inserted into the proper genomic region to get a PCR product. In order for the PCR 

product to be the correct size, the insertion must have occurred in the proper 

orientation. We used 129/SvJ mouse genomic DNA to design a mock plasmid that 

mimics the predicted sequence of targeted homologous recombination. This construct 

served as a positive control for the PCR reaction. Using the mock plasmid, we could 

also optimize PCR reaction to ensure a successful screen. Only PCR primers capable 

of amplifying DNA from the mock plasmid diluted to femptomolar concentrations in 

genomic DNA were used. This improves the likelihood that they would be sensitive 

enough to detect a single gene region within the mouse genome.   

For the generation of ankyrin-B targeted ES cells and blastocyst injections, the 

expertise of the Duke Transgenic Mouse Facility was enlisted. The ES cells used in 

the gene targeting experiment were 129SX1/SvJ background, low passage, and 
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characterized for optimum electroporation parameters, neomycin concentration, and 

culture conditions. To facilitate homologous recombination, the targeting constructs 

were linearized as described the methods section and transfected into mouse ES cells 

using electroporation. Cells that did not successfully incorporate the insertion cassette 

containing the neomycin resistance gene were eliminated using G418-containing 

media. G418 resistant colonies were collected and screened by PCR. Using this 

strategy we identified 26 L1622I ES clones and 5 R1788W ES clones containing 

proper homologous recombination of the gene cassette (Figure 68 A).    

Though the PCR assay is ideal for an initial, high thoroughput screen, we 

needed to confirm targeted insertion by Southern blot analysis and by DNA 

sequencing. Southern blotting utilizes restriction enzyme sites present within the 

targeting construct to create a unique DNA fragment only in the event of insertion. 

The results for southern blot analysis and DNA sequencing are shown in figure 68 B. 

To perform this technique, genomic DNA was extracted from ES cell colonies and 

digested with unique restriction enzymes. For L1622I, DNA was digested with 

EcoR1, giving a 2.1 kB fragment if recombination occurred properly, or a 6.5kB 

fragment for genomic DNA without insertion. For R1788W, DNA was digested with 

Nhe1, giving a 1.3 kB insert if recombination occurred properly, or a 2.4 kB insert for 

genomic DNA without insertion. Positive ES cells will have the insertion present in 

only one gene copy, so both bands appear on the film. Both PCR and Southern 

blotting give confirmation that homologous recombination occurred in the proper 

place and orientation.  
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Unfortunately, there is no way to verify that a gene alteration as small as a 

point mutation is present using these techniques. For this, we used direct DNA 

sequencing of the inserted gene region. We used the PCR primers from the ES cell 

screen to amplify the gene region containing the mutation. For both constructs, the 

primer annealing to the inserted sequence is anchored in the neomycin cassette. This 

ensures that only the gene allele containing the inserted sequence will be amplified. 

Using this technique, we confirmed that the positive clones identified in the PCR and 

Southern screening procedures contained the desired point mutation. Chromatograms 

of the ES cell clones used for the blastocyst injections are shown in Figure 68 C. 

 

4.2.3 Generation of ankyrin-B knockin chimeric mice 

Having verified positive recombination in a set of L1622I and R1788W ES 

cell clones, these clones were then expanded in number, microinjected into freshly 

harvested C57BL/6 blastocysts, and implanted into pseudopregnant female recipient 

mice. It is important to note that the ES cells used in the gene targeting experiments 

had been derived from 129X1/SvJ brown mice. The blastocysts and female host 

recipients were derived from C57BL/6 black mice. A mixture of targeted cell derived 

brown and host embryo derived black coat colors was present in the offspring 

chimeras, which are known as agouti mice. The use of mice strains with different coat 

colors is useful in the determination of the degree to which the mutant ankyrin-B ES 

cells contributed to the chimera. Chimeras containing lighter colored coats indicate 

that the mutant ES cells highly contributed to the development of the mouse and that 
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there is a high likelihood that the modified cells have colonized the germline. Darker 

coats, conversely, suggest a low likelihood that ankyrin-B mutant ES cells have 

colonized the germline. 

 

4.2.4 Generation and genotyping of germline knockin mice 

In the next step, the L1622I and R1788W chimera mice with the lightest coat 

colors were mated to C57BL/6 mice to determine if the allele was present in the 

germline, meaning that the chimera’s offspring would harbor the mutant ankyrin-B 

allele. Progeny produced from the chimera and the C57BL/6 matings were tail 

biopsied and the DNA was extracted for genotyping. A strategy for the genotyping of 

ankyrin-B knockin mice was designed. The initial PCR screening primers could not 

be used permanently because one primer for each construct was anchored in the 

neomycin gene, which would soon be removed by mating the knockin mice with a 

mouse expressing Cre recombinase. Eventually, the only difference between mutant 

and wild type ankyrin-B mice will be the presence of a point mutation and one lox-P 

site. The size of the loxP insert is 34 base pairs, too small to reliably detect on a DNA 

gel. We thus decided to use DNA sequencing our screening method.  We developed a 

PCR-based screening method in which the region of ankyrin-B flanking the mutation 

was amplified, and then the PCR product was purified and sequenced to determine 

the genotype. If the chimera offspring inherited the mutant ankyrin-B allele, then they 

would be heterozygous for the mutation. Under these conditions, PCR would result in 

the amplification of both the normal allele and the mutant allele in equal 
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concentrations. DNA sequencing of the PCR product would yield peaks 

corresponding to both wild and mutant bases on the chromatogram. In practice, we 

found this method to be unreliable for the detection of heterozygotes. Occasionally, 

duplicate samples had differing results. In some cases, only one of the two bases 

would be visible on the chromatogram.  

We needed a more reliable method of knock-in mouse genotyping. We 

decided to try allelic discrimination, the same technology utilized for SNP genotyping 

in humans. In the 5’ allelic discrimination assay, or Taqman assay, a gene region of 

100-150 base pair flanking the SNP is amplified in the presence of two probes, each 

specific for one allele(Hui et al., 2008). The probes possess a fluor called the reporter 

at their 5’ ends. The fluor does not fluoresce when free in solution because it is 

inhibited by a quencher, located at the 3’ end of the probe. The quencher absorbs the 

fluorescence from the reporter. During PCR, the probe binds to its region of 

homology within the genome. Taq DNA polymerase encounters the probe 

specifically bound with its target and unwinds it. The exonuclease activity of the 

polymerase then cleaves the partially unwound probe, thus liberating the reporter 

from the quencher, increasing the net fluorescence. The presence of two probes with 

different fluors, allows one to detect two different alleles within the same reaction. 

For this reason, allelic discrimination is used for reliable detection of the presence and 

copy number of human point mutations in the field of population genetics. An 

example of a SNP genotyping result is given in figure 69. The use of allelic 

discrimination for the genotyping of mice has not been previously described. We 
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decided to use this technique to genotype our knockin mice. Using this method, we 

designed probes for the L1622I and R1788W mutations and tested the assay using 

DNA from the ES cells that we had previously genotyped using DNA sequencing. In 

all the colonies screened, SNP genotyping reproduced the results of DNA sequencing 

(figure 70). An added benefit was the time required to perform the genotyping 

procedure. Whereas the PCR-sequencing required several days to receive the results 

of the sequence analysis, allelic discrimination could be performed in half an hour. 

Using this assay, we next screened chimera offspring for the presence of the R1788W 

mutant ankyrin-B allele. We identified heterozygotes, which then served as the 

founders for our mouse colonies. for the L1622I allele, we are currently waiting for 

offspring of the chimeras to grow to sufficient age that we can genotype to check for 

germline transmission. 

For the R1788W mutant mice, we are currently in the process of breeding the 

heterozygote knock-in mice to homozygosity. The floxed neomycin gene will then be 

removed from the homozygotes. This will be achieved by mating these animals with 

CMV-Cre mice. The CMV promoter expresses uniformly in most cell types, ensuring 

uniform Cre expression in all tissues. DNA sequencing and the absence of PCR 

amplification from genomic DNA using of the ES PCR screening primers will 

confirm the removal of the neomycin cassette. Once the neomycin is removed, the 

mice will be backcrossed six generations on the C57BL/6 line prior to 

characterization.   
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4.3 Discussion/Future Directions 

 

The first step in the characterization of ankyrin-B knockin mice is to 

determine whether the presence of the homozygous allele results in embryonic 

lethality. No homozygotes of the R1788W or L1622I mutations have been reported in 

humans. This may be due to the deleterious effects of the mutation. However, it is 

equally possible that a homozygote has not been identified because the number of 

genotyped individuals is too small and the allele frequencies of the mutations are too 

low. Characterization of the homozygote knockin mice will allow us to determine 

whether the double allele produces a more severe phenotype. To test the hypothesis 

that homozygous L/I and R/W knockin mutations result in embryonic lethality, we 

will set up matings of several heterozygote animals. If the mutation does not affect 

prenatal survival, we would expect the dihybrid cross to result in a 25:50:25 ratio of 

homozygous wild types to heterozygotes to homozygous mutants, respectively. If this 

ratio is not met, the further characterization of embryonic homozygous null mice will 

be necessary. If homozygous mutant mice survive the perinatal period, they will then 

be inspected by physical examination for morphologic abnormalities, and physical or 

neurological functional impairments compared to heterozygous mutants and wild type 

controls. 

We will next complete a general characterization of ankyrin-B expression 

levels in the homozygous and heterozygous. We will isolate mRNA and protein from 
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various tissue types in litter matched ankyrin-B knockin and wild type mice. We will 

then quantify ankyrin-B protein and mRNA levels in each to determine whether the 

presence of the mutation alters expression. We will also determine whether the 

presence of the point mutation alters the cellular localization of ankyrin-B. We will 

prepare samples of various ankyrin-B expressing tissues, section these tissues and 

evaluate ankyrin-B staining by immunofluorescence. If the R/W mutation acts as a 

dominant negative, as is suggested by the previous in vitro work performed in 

cardiomyocytes and pancreatic islets, we may see impaired ankyrin-B targeting in 

tissue samples from the heterozygote animals. These expression and localization 

studies will also guide mechanistic work into how these particular mutations impair 

cellular function. For example, by measuring the expression levels and localization of 

InsP3R, Na/K ATase, and NCX1 in isolated knockin mouse cardiomyocytes, we will 

be able to test the hypothesis that the L1622I and R1788W mutations affect the 

targeting and stabilization of key binding partners.  

Finally, we plan to use these animals for the study of animal physiology in 

which ankyrin-B is known to play a vital role, particularly with regard to the heart, 

brain, and pancreas. In the context of cardiac physiology, the animals can be 

evaluated for electrocardiogram, ultrasound, and stress test. We will look for signs of 

impaired contractility, arrythmia and cardiomyopathy. In the brain, we will check for 

normal CNS organization and mental function. We will also evaluate the metabolic 

phenotype of these animals by measuring weights and serum glucose and insulin 
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levels, and performing glucose and insulin tolerance tests. If abnormal, we will test 

glucose and carbachol stimulated insulin secretion in isolated pancreatic islets.  

In conclusion, the generation of ankyrin-B knockin mice containing functional 

human point mutations will provide a new tool for determining the effect of these 

mutations on whole animal and cellular physiology. It will also provide new insights 

into the function of the ankyrin-B carboxy-terminal domain and how point mutations 

within this region can modulate ankyrin-B’s affinity for known binding partners.  

 

4.4 Methods 

 

4.4.1 Targeting plasmid construction  

 The base changes utilized to generate the human mutations L11623 and 

R1788W in mice are indicated in Figure 65. The human and mouse sequences were 

obtained from Ensembl (gene ID: ) Mouse Ank2 is located on chromosome and 

consists of 24 exons spanning a 300 kB region. The coding region that corresponds to 

L1622I in human ankyrin-B is located in mouse exon 19. The coding region that 

corresponds to R1788W in human ankyrin-B is located in mouse exon 22. 

 To generate the targeting construct containing these mutations, the expertise 

of UNC Transgenic Facilty were enlisted. The following plasmids were used to build 

the targeting construct: pBS KS + (Stratagene) and pBS/SDTRX, which contains the 

floxed neomycin expression cassette. First, a 129/SvJ mouse genomic BAC library 

(Incyte Genomics) was screened with DNA probes specific for exon 19 or 22. 
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Positive BAC plasmids were further analyzed for the presence of these exons using 

restriction enzyme digestion and Southern blot analysis. After the BAC plasmids 

were determined to contain the appropriate exon, a 10 kB fragment was subcloned 

into pBS for site directed mutagenesis of the knockin allele. DNA mutagenesis was 

performed using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) 

according to the protocol provided by the manufacturer. The plasmids were then 

sequenced to confirm the presence of the CTG/ATC mutation for the L1622I 

conversion, or C/T for the R1788W conversion. The DNA fragment was then 

digested out of pBS and religated into the pBS/SDTRX  adjacent to the floxed 

Neomycin cassette. Successful transfer was confirmed by restriction enzyme digest 

and sequencing. A diagram of the L1622I and R1788W targeting constructs is shown 

in Figure 66.  

 

4.4.2 ES cell transfection    

Before the targeting vector can be electroporated into embryonic stem cells, 

the vector must be linearized and desalted. We digested 30 ug of maxipreped L/I ans 

R/W targeting constructs with BstE2 and Hind3, respectively. The DNA was then  

purified using Qiaquik PCR Cleanup (Qiagen)and eluted in deionized nuclease free 

water. To achieve maximum recombination efficiency we purified the linearized 

DNA to high concentration (1 ug/uL) using roto-evaporation prior to injection.  

The ES cell injection was performed by Cheryl Bock at the Duke Trasgenic 

Mouse Facility. ES cells used in the generation of the ankyrin-B knockin mice were 
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derived from 129/SvJ blastocysts. Approximately 30ug of the each construct was 

transfected into 107 ES cells suspended in phosphate buffered saline using 

electroporation. Cells were then plated in media containing 300 ug/mL G418, a 

neomycin analog. Resistant colonies were isolated and individually cultured in 24-

well plates. Plates were expanded and genomic DNA was isolated to analyze if the 

correct integration of the ankyrin-B knockin alleles occurred.  

 

 

4.4.3 Screening for positive ES cell recombinants: PCR  

A PCR-based strategy was designed for screening for positive recombinants. 

We first generated a mock plasmid that would mimic the sequence of a targeted 

recombination event for each knockin construct. Figure 67 shows a diagram of the 

result of a targeted recombination for each knockin, as well as a schematic of the 

mock construct used to mimic this sequence. To generate the mock plasmid, we 

utilized the pL451 vector (a gift from Pentao Liu), which contains a floxed neomycin 

cassette identical to the targeting vector adjacent to a multiple cloning site. Using a 

129/SvJ mouse library, we amplified ~3kB of genomic sequence flanking the 

neomycin cassette and including the allele of interest. For each construct, one primer 

must be anchored outside of the sequence contained within the targeting construct. As 

diagramed in Figure 67, this sequence is 5’ to the neomycin in the L/I construct and 

3’ to the neomycin in the R/W construct. After generating the mock plasmids, we 

then designed a PCR strategy with one primer anchored in the neomycin gene and the 
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other primer anchored in genomic DNA outside of the targeting construct. This 

ensures that only targeted recombination can result in the amplification of a PCR 

product. By determining the size of the PCR product, one can also determine whether 

the recombination occurred in the correct orientation. Finally, by sequencing the PCR 

product, we can confirm the incorporation of the point mutation.  

Using these criteria, we screened multiple primer sets for the ability to 

amplify the mock plasmid diluted in 129/SvJ genomic DNA to femptomolar 

concentrations. This determines whether the primers will be specific and successful 

enough to amplify a single copy gene from genomic DNA during the ES cell screen. 

The primer pairs used in the PCR screens are as follows: L1622I: F: 

CCATAGGTGGCCATCCAGTTCCTT R: CTGCTAAAGCGCATGCTCCAGACT; 

R1788W F: GATGAGAATGGATACACACCGT 

R:CTGTGCAATAAACTCTGCGG.  The results of the PCR screening from L1622I 

and R1788W targeting in ES cells is shown in Figure 68 A.  The PCR products of the 

positive clones were then purified and sequenced. The results are shown in Figure 68 

C. 

 

4.4.4 Screening for positive ES cell recombinants: Southern blotting 

 To verify the results of the PCR, we next employed Southern blotting. In this 

procedure, the DNA of a genomic sample is cut into smaller pieces using restriction 

digestion. These fragments are then separated by size using agarose gel 

electrophoresis, transferred to a nylon membrane, and affixed to the membrane using 
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UV crosslinking. Hybridization of the membrane-fixed DNA with a radiolabelled 

probe allows for the visualization of the DNA of interest via autogradiography. Our 

screen for positive insertion is based on the observation that the insertion of the 

targeted sequence during homologous recombination introduces new restriction 

enzyme sites that will change the size of the DNA fragment encompassing our two 

mutations. By designing a probe to hybridize to this region, we can confirm insertion 

and proper orientation. We designed PCR primers for the generation of probes ~150 

base pairs in size. We used the mock plasmids described in the previous section as the 

PCR template. L/I southern F: AATTCCCACTTGCCATTAGGTCTC 

R: CCCAAACACTGTCACAATTATGTC  

R/W southern F: GAATCGTATGATTATGTACCCGAAACCA  

R: ACACAAATTGTTCAAGAAGGAAAGCTGG  

DNA from positive ES cells was extracted and digested with restriction enzymes. 

DNA from L/I clones was digested with EcoR1 and DNA from R/W clones was 

digested with Nhe1. In both cases, Digestion of genomic 129/SvJ DNA was included 

as a control. DNA was transferred to nylon membranes in preparation for probing. 

Probes were synthesized in the presence of 32-P dCTP and hybridized to the DNA-

containing membranes in buffer containing 0.9M NaCl, 50 mM Na2HPO4, 5mM 

EDTA, 2.5X Denhardt’s solution, 150 ug/ml ssDNA, 50% formamide. Blots were 

then washed and exposed to film. For L1622I, a band of the size 2.1 kB indicates that 

recombination occurred, whereas a 6.5kB fragment is present for genomic DNA 

without insertion. For R1788W, a band of the size 1.3 kB is present if recombination 

193



occurred, and a 2.4 kB represents genomic DNA without insertion. Examples of L/I 

and R/W clones testing positive for insertion by Southern blot analysis are given in 

figure 68 B.  

 

4.4.5 Ankyrin-B knockin chimera generation 

 The next step in the generation of the knockin mice was the transfer of ES 

cells positive for the mutant allele to the whole organism. Positively identified ES 

cells were expanded in preparation for blastocyst injection. Blastocysts were 

generated from the mating superovulated C57BL/6 mice (Jackson labs). Ankyrin-B 

knockin targeted ES cells were injected into each blastocyst and transferred into the 

oviduct of 0.5-dpc pseudopregnant female mice. The transplanted female mice gave 

birth to chimera mice containing the targeted ES cells. Of the chimeras obtained, high 

density chimeras are distinguished by their brown coat. High density chimeras were 

bred with C57BL/6 mice. Mouse tail DNA was used to test for germline transmission 

in the resulting progeny using the SNP genotyping assay.  

 

4.4.6 The use of allelic discrimination for mouse genotyping 

 SNP genotyping was performed on mouse tail DNA using the ABI 7500 

Taqman SNP genotyping system (Applied Biosystems, Foster City, California, 

United States), which uses a PCR-based allelic discrimination assay in a 96-well–

plate format with a dual laser scanner. Allelic discrimination assays were purchased 

from Applied Biosystems. The sequence of the probes is as follows: L1622I: 
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GCAGGAAGCTTCCAAAGAAAGCGAGTCTAGCGACCACCCGCCCATGGTCT

CCGAAGAAGACATATCTGTCGGTTATTCCACATTTCAGGATTGCCTCCCCA

AAACTGAAGGGGACAGCCCAGCAGCAGCA[CTG/ATC]TCTCCTCAAATGC

ACCAGGAGCCAGTTCAACAAGATTTCTCAGGGAAAACGCAAGACCAGCA

GGAATATTAGTGAGTTTCATAAGAAAGTCTGTTAAGTACAGTTCC; 

R1788W: 

CAAGGGCTCTGTACAGGGCTGACCTCAGTCTTCCTGTTCAAAGGCTATCA

CTAGTGTGGTTCCGTAACTCAAAAATAAGAGGGACTCATGAAATGTTTTT

CAGGTTACCCGGAAAATCATTAGG[C/T]GGTACGTTTCCTCTGATGGCACA

GAGAAGGAGGAGGTTACCATGCAGGGAATGCCTCAGGAGCCAGTCAACA

TTGAGGATGGGGACAATTATTCCAAAGTGATAAAGCGCGTGGT 
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�oxed neomycin cassette
                is added

Mutation introduced using 
site-directed mutagenesis 

               Generate
 10 kB  region of interest

Mouse genomic library

Exon 1
Intron Intron

Allele A

Exon 1
Intron Intron

Allele B

Exon 1
Intron Intron

Allele B

Neo R

Figure 63. Outline of knock-in mouse targeting construct generation. The 
gene of interest is ampli�ed from obtained from a mouse genomic 
library and inserted into a backbone targeting vector. The point muta-
tion is then introduced using site directed mutagenesis (allele A to B). 
Finally, a neomycin resistance gene (NeoR) �anked by loxP sites(><) is 
added to an adjacent intron to complete the targeting construct. 
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Exon 1
Intron Intron

Allele B

Neo R

Exon 1
Intron Intron

Allele A

TARGETING CONSTRUCT

GENOMIC DNA

HOMOLOGOUS RECOMBINATION

Exon 1
Intron Intron

Allele B

Neo R

GENOMIC DNA

     microinject ES cells into 
  blastocyst and transfer into 
pseudopregnant female mice

linearize targeting 
       construct

screen for proper insert
location and orientation

           select for 
postive recombination 

transfect ES cells

         breed chimera mice 
to obtain germline transmission

        remove �oxed 
Neomycin resistance gene

mate and analyze mice

Figure 64. Outline of the strategy for knockin mouse generation. Diagram 
of homolgous recombination in ES cells shown on the right, where allele B 
is the introduced point mutation and allele A is the wild type allele.
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EXON

INTRON

EXON 19 L/I

EXON 22 R/W

Mouse Ankyrin-B (ANK2) gene: 

mouse ANK2 L/I: CAG CAG CAC CTG/ATC TCT CCT CAA 

human ANK2 L/I: CAG ACA CAC C/A  TC TTT CCC CAA 

          Q   Q   H    L/I    S   P   Q 

 Q   T   H    L/I    F   P   Q 

mouse ANK2 R/W: AGG C/T GG TAC GTT TCC TCT GAT 

human ANK2 R/W: AGA C/T GA TAT GTC TCA TCA ACC 

          R   R/W    Y   V   S   S   D 

 R   R/W    Y   V   S   S   T 

Figure 65. Knockin mutation strategy for mice containing the human 
L1622I and R1788W mutations. Top diagram shows the mouse ankyrin-B 
gene, ANK2, which consists of 24 exons, shown in red. Exon 19 harbors 
the gene region of the L/I mutation (blue) and exon 22 harbors the R/W 
gene region. The sequence of the mouse and human genes are shown 
in the blue (L1622I) and yellow (R1788W) boxes.  The gene mutation 
that results in the necessary amino acid point mutation is shown in red. 
The corresponding protein sequence is given underneath the gene 
sequence. 
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Figure 66. Schematic of the targeting constructs for the introduction of 
mutations L1622I and R1788W mutations into ES cells. Introns are 
depicted in light blue, exons in red, and the exon containing the muta-
tion is indicated with bold lettering. In each case, a loxed neomycin 
cassette (green) was inserted into an adjacent intron. The neomycin 
cassette contains the resistance gene, along with PGK and EM7 promot-
ers.
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Figure 67. PCR based screening method for testing targeting 
constructs for proper insertion orientation. Left panels show the 
expected genomic region of homologous recombination for each 
targeting construct (TC). Region of insertion derived from TC is boxed, 
surrounding genomic DNA is shown in black. Yellow F/R boxes indicate 
the location of PCR primers used to screen for insertion. If insertion is 
in correct orientation, the PCR band will be a particular size (3KB for L/I 
and 2.4 kB for R/W. ) Right panels show diagrams of the mock plasmids 
generated for use as positive controls and to optimize the PCR condi-
tions. Red, exons inside  TC. Light blue, introns inside TC. Box, LoxP 
sites.

200



Sequence:

L/I R/W
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insert
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Figure 68. Con�rmation of targeted recombination in ES cells by PCR, 
Southern blot, and DNA sequencing. A, Inital PCR screen of G418- 
resistant ES cells. Mock construct, which serves as a positive control, is 
indicated. B. Southern blots showing restriction digest patterns for L/I 
(EcoR1 digest) and R/W (Nhe1 digest). Sizes of bands are indicated. C. 
DNA sequencing chromatogram showing correct mutation of ES cell 
DNA for the clones used subsequently for blastocyst injection.
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Figure 69. Example of the results from an allelic discrimination assay. The 
ampli�cation data is plotted on a graph where the X axis is ampli�cation of 
the X allele and the Y axis is ampli�cation of the Y allele.  If a sample contains 
DNA corresponding to only one allele of a gene, allele X, the resulting it
 would appear as a dot in the right lower cluster on the graph. 
Note that no movement along the Y axis relative to no DNA controls has 
occurred for this cluster.  If a sample contains DNA corresponding to only 
allele Y, it would appear as a dot in the left upper cluster on the graph.
Note that little movement along the X axis relative to no DNA controls
has occurred for this cluster. If the sample contains genetic material
corresponding to both alleles, it will appear as a dot in the central cluster,
since ampli�cation of both X and Y alleles has occured. 
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Figure 31. Genotyping results for L1622I chimeras and  
R1788W germline mutants. If the mutant ES cells colonize 
the animal, chimeric mice are produced (see L1622I). If 
the mutant ES cells colonize the chimera germline, then 
the o�spring from the chimeras will be heterozygous for 
the mutation (see R1788W). These pups will serve as 
founders for the knockin mouse colonies.  

R1788W Knockin Mouse

L1622I Chimera Screen
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