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The insulin secreting pancreatic 3 cells, by virtue of their pattern of protein
expression and the architecture of their secretory apparatus, share many features with
neurons in the central nervous system (CNS). The work described throughout this
dissertation arose from the observation that the 3 cells’ expression of the machinery
necessary for GABAergic neurotransmission makes the 3-cell cellular “phenotype” very
much resemble that of an inhibitory synapse. This observation led to the overarching

hypothesis that key insights into the functional maturation of 3 cells could be derived
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from existing knowledge of the development, differentiation and maintenance of
GABAergic synapses in the CNS.

B cells contain synaptic-like microvesicles of which the origin, trafficking and
role are poorly understood. Here, I demonstrate that the biogenesis of these vesicles in 3
cells is driven by adaptor proteins that are important for the formation of vesicular GABA
transporter-containing synaptic vesicles in the CNS. Additionally, high level expression
of the vesicular GABA transporter is detected in both human and rat 3 cells, and a novel
glucose-regulated variant of this protein is described. These findings suggest that B-cells
and neurons share molecules and mechanisms important for mediating the neuron-
specific GABAergic membrane trafficking pathways that underlie synaptic vesicle
formation.

The synaptogenic adhesion molecules, neuroligin and neurexin, drive synapse
formation in vitro and regulate the differentiation of nascent synapses into either
glutamatergic or GABAergic fully mature nerve terminals. Here, the expression of those
neuroligin and neurexin family members important for the maturation of GABAergic
synapses, and the expression of their intracellular, GABAergic binding partners, is
demonstrated in B-cells. Neuroligin expression is revealed to be important for glucose-
stimulated insulin secretion and evidence is presented that it may drive the proper
assembly of the insulin secretory apparatus. Neuroligin is found to affect insulin
secretion through a neurexin-independent mechanism in rat -cells.

Overall, these results indicate that knowledge of the pathways that guide

GABAergic synapse formation and function will aid in our understanding of B-cell
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development and functional differentiation, and may yield important targets for

remedying some of the B-cell dysfunction that occurs during the pathogenesis of diabetes.
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CHAPTER 1: INTRODUCTION

The insulin secreting pancreatic 3 cells, by virtue of their pattern of protein
expression and the architecture of their secretory apparatus, share many features with
neurons in the central nervous system (CNS). For example, these cells express high
levels of the major inhibitory neurotransmitter GABA and much of the machinery
necessary for GABA secretion and signaling [1-5]. The work described throughout this
dissertation arose from the observation that the -cells’ expression of the machinery
necessary for GABAergic neurotransmission makes the 3-cell cellular “phenotype” very
much resemble that of an inhibitory synapse. This observation led to the overarching
hypothesis that key insights into the functional maturation of B cells could be derived
from existing knowledge of the development, differentiation and maintenance of
GABAergic synapses in the CNS. The introduction that follows serves to familiarize the

reader with aspects of both neuronal and islet biology relevant to this dissertation.

A. The Neuronal Phenotype of Islet B cells

Insulin-secreting, pancreatic islet B cells appear to have evolved from a neuronal
precursor and to have retained exocytic mechanisms that, in neurons, are important for
neurotransmitter release. Evidence linking the B cells to a neuronal ancestor includes the
finding that in some non-vertebrate species, such as Drosophila, insulin is exclusively
released from neurons in the brain. Ablation of these neurons results in the accumulation
of sugar within a fly’s circulation—a phenotype that is similar to that observed in human

diabetic patients and that is consistent with these neurons being the functional equivalent



of mammalian B cells [6]. Further evidence of a common precursor comes from the
observation that human neural progenitor cells can be differentiated into glucose-
responsive, insulin-secreting cells [7]. Similarities between B cells and neurons can also
be observed at the molecular level. The absence of the transcriptional repressor, RE1
(REST), in B cells is consistent with a neuronal phenotype [8]. REST is expressed in all
tissues except mature neurons and acts to repress proteins that are important for normal
synaptic function and particularly, those scaffolding and synaptic vesicle proteins
important for exocytosis of neurotransmitter [9-11]. Many of these same proteins are
expressed by [ cells and are key components of the insulin secretory machinery [12-18].
Consistent with the 3 cell being dependent on neuronal traits for proper functioning, the
forced expression of REST in islets and f3 cell lines limits the expression of this
machinery and abolishes normal stimulus-secretion coupling [19, 20]. Taken
collectively, these data suggest that 3 cells and neurons utilize similar developmental

pathways and molecules to attain their fully differentiated state.

B. Putative Roles for GABA in Islet B cells

Consistent with their resemblance to neurons, B-cells express high levels of the
major inhibitory neurotransmitter GABA and much of the machinery necessary for
GABA synthesis, secretion and signaling [1, 5, 21]. In human and rat  cells, the
synthesis of GABA from L-glutamic acid is catalyzed by GAD-65 and then transported
into synaptic-like microvesicles by the vesicular GABA transporter (VGAT/VIAAT)

through the use of a proton electrochemical gradient set up by vacuolar H+ ATPase [1,



22-24]. GABA is then stored in these vesicles, which are distinct and much smaller than
the large dense-core vesicles that carry insulin, until it is exocytosed in a regulated
manner after entry of calcium through L-type channels and subsequent depolarization of
the B-cell membrane [24-28]. Secreted GABA most likely functions to regulate islet
hormone secretion via an autocrine or paracrine signaling mechanism [1].

Evidence is mounting that GABA released by 3 cells acts in an autocrine manner
via the metabotrophic GABAg receptor (GABAgR) to inhibit insulin secretion. This
receptor is a G-protein coupled receptor (GPCR) regulated by inhibitory G-proteins (G;).
Incubation of MIN-6 cells or rat islets with baclofen, a GABAgR agonist, markedly
inhibits glucose-stimulated insulin secretion [29, 30]. The effect of baclofen can be
inhibited by inclusion of pertussis toxin—a molecule that prevents interaction of G;
proteins with their GPCR receptors [29]. These results were consistent with an older
study demonstrating that GABA and baclofen inhibit glucose-stimulated insulin secretion
from isolated perfused pancreas [31]. Further evidence that GABA acts through
GABASgRs on B cells comes from mice lacking the gene for a key subunit of the
GABAGgR. Consistent with a role for GABA 1n the inhibition of insulin secretion, male
GABAGgR -/- mice exhibit markedly increased insulin secretion in response to a glucose
overload and decreased serum sugar levels during glucose tolerance testing [32]. In
contrast to isolated wildtype islets, baclofen treatment fails to inhibit glucose-stimulated
insulin secretion from isolated GABAgR -/- islets [32]. The combination of these data
suggests that secreted GABA is part of a feedback mechanism that acts to suppress

insulin secretion through the GABAgR under conditions of high glucose.



GABA secreted by f cells can also act in a paracrine manner to inhibit glucagon
release from a cells during hyperglycemic conditions via the iontropic GABA, receptor
(GABAR). This receptor is a Cl ion channel that upon activation leads to the influx of
CI ions and as a result, the hyperpolarization of the o cell plasma membrane [33].
Consistent with the idea that GABA mediates the inhibition of glucagon secretion,
treatment of isolated rat islets with the GABAAR antagonist, SR95531, completely
prevented the inhibition of glucagon under hyperglycemic conditions [34]. It was further
demonstrated that the GABAAR receptor was internalized by a cells under conditions of
normoglycemia and that insulin secreted by 8 cells during hyperglycemic conditions acts
on a cell insulin receptors to sensitize these cells to GABA by causing the
phosphorylation and translocation of GABAARSs to the a cell plasma membrane through
Akt-kinase mediated downstream signaling pathways [35]. These data explain how
insulin and GABA work together to inhibit glucagon secretion and underscore the
importance of GABA as an autocrine/paracrine mediator of the secretion of the hormones

most important for maintenance of glucose homeostasis throughout the body.

C. GAD-65, the Synaptic-Like Microvesicle and Diabetes

In autoimmune diseases of the nervous system, nerve terminal proteins are
especially susceptible to autoimmune attack, and, in Type 1 diabetes, shared -cell-nerve
terminal proteins are major, early targets of autoimmunity [36-39]. GAD-65, a protein
associated with GABAergic nerve terminals, is a major autoantigen in Type 1 diabetes

[39-42]. Autoantibodies to this protein are present in 70-80% of newly diagnosed type 1



diabetics [43-45]. Because GAD-65 is associated with the cytoplasmic face of synaptic-
like microvesicles and does not traffic to the plasma membrane, its role as an autoantigen
suggests that in order to come into contact with the immune system during the
development and pathogenesis of Type 1 diabetes it must be released from 3 cells [46-
49]. Support for this idea comes from an assay I developed alongside Dr. Chessler that
was later used to demonstrate that GAD-65 is released into the circulation in a rat model
of autoimmune diabetes [50, 51]. Because an important characteristic of B-cell and
nerve-terminal autoantigens is their tendency to be vesicle-associated proteins, increased
knowledge of the trafficking of GAD-65 and the mechanism of its association with the -
cell synaptic-like microvesicles may provide new insights into its release from 3 cells and
the pathogenesis of islet autoimmunity [38, 51-54].

The biogenesis of synaptic vesicles in neurons, the functional equivalent of
synaptic-like microvesicles in f cells, is driven by heterotetrameric adaptor protein
complexes. Four such complexes have been described (AP-1, AP-2, AP-3 and AP-4) and
each is comprised of 4 subunits (called adaptins): a large a, vy, o or €, a large 3, a medium
u, and a small ¢ subunit [55]. Synaptic vesicle biogenesis is primarily driven by AP-2
complexes via clathrin-mediated endocytosis from the plasma membrane; however,
synaptic vesicle formation also occurs from endosomes by means of an AP-3-mediated
mechanism [56, 57]. The AP-3-mediated pathway is of particular interest because the
trafficking of the vesicular GABA transporter, a protein associated with GAD-65 positive
synaptic vesicles in neurons and demonstrated to be a component of 3 cell synaptic-like
microvesicles in chapter 2 of this dissertation, is impaired as a result of decreased

GABAergic synaptic vesicle biogenesis in mice lacking the neuron-specific AP-3



subunits [58-60]. These findings, along with the well-documented similarities between 3
cells and GABAergic neurons, suggested that 3 cells would express neuronal AP-3
subunits and utilize them for the biogenesis of their synaptic-like microvesicles. This

hypothesis is explored in chapter 3 of this dissertation.

D. The Synapse as a Model towards a Better Understanding of B-cell Development and
Functional Differentiation

The architecture of the B-cell secretory apparatus very much resembles that used
by neurons for exocytosis of neurotransmitter. B cells express many of the scaffolding
and synaptic vesicle proteins important for neurotransmitter release [12], several of which
have also been implicated as key components of the insulin secretory machinery
including SNAP-25 [16], VAMP-2 [15], Mintl [18], ELKs [14], munc13 [61, 62],
munc18 [17], syntaxin [63] and piccolo [13]. The striking resemblance between the
neuronal and B-cell secretory machinery, along with the accumulation of the data
described thus far highlighting the similarities between the 3 cells and the GABAergic
neurons of the central nervous system, suggests that knowledge of the pathways that
guide synapse formation and neurotransmitter release may aid in the understanding of -
cell development and functional differentiation.

The formation of synapses—highly specialized cell-cell contacts through which
neurons communicate with each other— is thought to be mediated by synaptic adhesion
molecules that tether the pre and post-synaptic membranes. Synaptic adhesion molecules
on dendrites interact through both homophilic and heterophilic mechanisms with synaptic

adhesion molecules on axons to recruit the machinery necessary for neurotransmitter



release to the synapse (pre-synaptic differentiation). Likewise, synaptic adhesion
molecules on axons interact through both homophilic and heterophilic mechanisms to
induce the clustering and alignment of neurotransmitter receptors on dendrites (post-
synaptic differentiation) [64]. Several early studies implicated two protein families,
neurexin and neuroligin, as the primary drivers of synapse formation [65, 66].

The neurexins are a family of transmembrane proteins that are encoded by 3
distinct genes. Each of these genes is subject to a high degree of alternative splicing and
can be transcribed from two promoters, generating longer o and shorter 3 forms [67].
Transcription of a and 3 variants of each of the three neurexin genes results in the
expression of 6 different neurexin transcripts: 1o, 1B, 2a., etc. Their expression is
restricted to axons (presynaptic) and they interact across the synaptic cleft with the
neuroligins, which are localized to dendrites (post-synaptic). The neuroligins are also a
family of transmembrane proteins; they are encoded by four distinct genes in humans and
rodents, and are also subject to alternative splicing [68]. The expression of each of these
protein families is thought to be restricted to the nervous system [68-70].

In vitro co-culture experiments initially implicated neurexin and neuroligin family
members as key players in the process of synapse formation. Uniquely, when non-
neuronal cell lines expressing members of these protein families are co-cultured with
hippocampal neurons, synaptic densities form at points of contact between the non-
neuronal cells and the hippocampal neurons [65, 66, 71]. The expression of neurexin on
non-neuronal cells specifically induces postsynaptic differentiation, whereas the
expression of neuroligin specifically induces presynaptic differentiation on contacting

hippocampal neurons [65, 66]. Although these data and other follow up in vitro studies



provided compelling evidence that these protein families drove synapse formation, more
recent in vivo data suggests that the neurexin and neuroligin protein families are not
necessary for the initial formation of synapses, rather they are important for specifying
whether a particular synaptic connection will differentiate and mature into either a
glutamatergic (excitatory) or GABAergic (inhibitory) synapse. In studies analyzing the
brains of mice lacking the genes for all 3 neuroligin family members or all 3 neurexin
family members, little or no change in the structure or number of synapses were
observed; however, significant deficits in both GABAergic and glutamatergic synaptic
function were evident and these mice die of respiratory failure within 24 hours of birth
[72, 73]. Interestingly, when mice lacking individual neuroligin genes are studied,
neuroligin-1 deletion exclusively perturbs excitatory neurotransmission and neuroligin-2
deletion exclusively perturbs inhibitory neurotransmission [74]. These results are in
accord with the differential expression patterns of neuroligins-1 and -2, where neuroligin-
1 is detected primarily at excitatory synapses [75] and neuroligin-2 exclusively at
inhibitory synapses [76] and also, with overexpression studies in cultured hippocampal
neurons demonstrating that neuroligin-1 exclusively affects excitatory neurotransmission
and neuroligin-2 exclusively affects inhibitory neurotransmission [74]. It is not clear
whether specific neurexin genes or isoforms are differentially localized to either
inhibitory or excitatory synapses as studies are ongoing and an analysis of the effects of
deletion of individual neurexin genes on excitatory and inhibitory activity have yet to be
published; however, co-culture experiments involving a particular splice variant of
neurexin-1 suggest that it is more important for the differentiation of inhibitory synaptic

contacts [77]. Collectively, these data implicate the neuroligin and neurexin gene



families as necessary for the differentiation and maturation of synapses to either a
glutamatergic (excitatory) or GABAergic (inhibitory) phenotype.

The relevance of this detailed discussion of the role of neurexins and neuroligins
in the formation of GABAergic synapses stems from the observation that the f3 cells’
expression of the machinery necessary for GABAergic neurotransmission makes the 3-
cell cellular “phenotype” very much resemble that of an inhibitory synapse. This
observation led to the hypothesis that those neuroligin and neurexin family members
important for driving the functional differentiation of inhibitory synapses (e.g. neuroligin-
2) would be expressed by B cells and may play a role in the differentiation and maturation
of autocrine or paracrine GABAergic signaling mechanisms. This hypothesis is explored
in chapter 4 of this dissertation. Because neurexin-neuroligin interactions drive the
assembly of the synaptic exocytic machinery in vitro and are necessary for its proper
functioning in vivo [65, 66, 72, 73], the hypothesis that neurexins and neuroligins might
be important for the normal maturation and/or functioning of the highly-similar insulin
secretory apparatus is also considered in this chapter and expanded upon in chapter 5. A

more detailed rationale for this alternative hypothesis is presented in the next section.

E. The Role of Neurexin/Neuroligin in Presynaptic Differentiation and Stimulus-
Secretion Coupling

The mechanism through which neuroligin and neurexin regulate synaptic function
is not entirely clear. The in vivo neurexin and neuroligin data described thus far seem to
exclude the possibility that the trans-interaction of these two proteins across the synapse

is important for the initial contact between an axon and a dendrite, but do not exclude the
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idea that the interaction of these proteins across the synapse drives the recruitment and
proper assembly of the neurotransmitter release machinery on the axonal membrane after
an initial contact is established by other synaptic adhesion molecules. Consistent with an
in vivo role for neurexin in presynaptic differentiation, mice lacking all 3 neurexin genes
have significant deficits in neurotransmitter release from both excitatory and inhibitory
synapses, as well as defects in Ca*"-triggered exocytosis from secretory granules in the
pituitary gland [73, 78]. Further analysis of these mice suggested that neurexins are
required for the coupling of Ca*" channels to the synaptic exocytic machinery [73, 78,
79]. Itis possible that the interaction of neuroligin with neurexin promotes the coupling
of the exocytic machinery with Ca®" channels. Evidence that neuroligin is involved in
vivo in the regulation of presynaptic differentiation come from the findings that
transgenic mice overexpressing neuroligin-2 express significantly higher levels of several
key components of the exocytic machinery and that mice lacking all three neuroligin
genes have significant deficits in several key components of the exocytic machinery [72,
80]. Additionally, the presynaptic active zones in neurons isolated from mice lacking the
neuroligin-1 gene resemble those of immature neurons both structurally and functionally
[81]. When combined with the in vitro data demonstrating the ability of neuroligin to
induce the assembly of the secretory machinery through neurexin interactions in co-
culture studies, these in vivo data suggest that neuroligin promotes the assembly and
maturation of the neurotransmitter release machinery by inducing the clustering of
neurexins on axons and as a result, the coupling of Ca*" channels to the synaptic exocytic

machinery.
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It has been well-documented that cell-cell interactions between 3 cells are
essential for functional stimulus-secretion coupling [82-87]. It may be that, as in pre-
synaptic differentiation, interaction between proteins on two contacting f3 cells promotes
the coupling of voltage gated Ca®" channels to the secretory machinery—a process that is
necessary for robust glucose-stimulated insulin secretion from [ cells [88]. Because the
architecture of the B cell insulin secretory apparatus very much resembles that used by
neurons for exocytosis of neurotransmitter, these same proteins are critical for insulin
secretion from the 3 cell and many of these proteins interact in complex with neurexin at
the presynaptic active zone [89-95], it is intriguing to propose the hypothesis that
assembly of the apparatus necessary for insulin release from 3 cells is, like assembly of
the presynaptic active site, dependent on neurexin-neuroligin interactions. It is
conceivable that the interaction of neuroligin on one 3 cell with neurexin on a contacting
B cell promotes the coupling of voltage dependent Ca** channels with the exocytic
machinery and facilitates the enhanced glucose-stimulated insulin secretion observed in

contacting f3 cells. This hypothesis is explored in chapter 5 of this dissertation.

F. Objective of the Dissertation

The work described throughout this dissertation arose from the observation that
the [ cells’ expression of the machinery necessary for GABAergic neurotransmission
makes the B-cell cellular “phenotype” very much resemble that of an inhibitory synapse.
The objective of my dissertation research, then, was to explore the hypothesis that key

insights into the functional maturation of 8 cells could be derived from existing
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knowledge of the development, differentiation and maintenance of GABAergic synapses
in the CNS. Chapter 2 focuses on the expression and regulation of the vesicular GABA
transporter in 3 cells. Chapter 3 addresses the hypothesis that the proteins that mediate
the biogenesis of GABAergic synaptic vesicles in the central nervous system are
expressed by 3 cells and that these proteins regulate the assembly of synaptic-like
microvesicles. Chapter 4 investigates whether the proteins that regulate the
differentiation of an immature synapse to a GABAergic state are expressed by [ cells and
attempts to elucidate whether these proteins might also be important for insulin secretion.
Chapter 5 addresses whether the synaptic adhesion molecules important for recruiting the
GABAergic synaptic release machinery to an inhibitory synapse might be important for

regulating the assembly of the insulin secretory apparatus in f3 cells.



CHAPTER 2: THE INHIBITORY PHENOTYPE OF THE ISLET B—CELL:
IDENTIFICATION AND CHARACTERIZATION OF A NOVEL ISOFORM OF THE
VESICULAR GABA TRANSPORTER WITH GLUCOSE-REGULATED
EXPRESSION IN RAT ISLETS

A. Abstract

Pancreatic islets are unique outside the nervous system in that they contain high
levels of the inhibitory neurotransmitter y-aminobutyric acid (GABA), synthesized by the
enzyme glutamic acid decarboxylase (GAD). Since the role that GABA plays in the islet
and the mechanisms whereby the two major GAD isoforms (GAD65 and GAD67)
function as diabetes-associated autoantigens are unknown, continued characterization of
the islet GAD-GABA system is important. We previously demonstrated that the GABA
and glycine transporter VIAAT (vesicular inhibitory amino acid transporter, also known
as VGAT) is present in rat islets. Here we identify a novel 52-kDa variant of VIAAT in
rat islets: VIAAT-52 (V52). V52 is an amino-terminally truncated form of VIAAT (V57)
that likely results from utilization of a downstream start site of translation. V57 and V52
display different patterns of post-translational modification and cellular expression. Our
results indicate that islet content of V52, but not V57, is responsive to changes in glucose
concentration and other extracellular conditions. VIAAT is expressed in the islet a cells,
but there have been conflicting findings regarding the presence of VIAAT in the B cells.

Here we also provide additional evidence for the presence of VIAAT in islet 3 cells and

show that the 3 cell line INS-1 expresses V57. V52 may be better adapted than V57 to

13
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the unique rat a-cell GAD-GABA system, which lacks GAD65 and in which VIAAT

traffics to secretory granules rather than just to synaptic microvesicles.

B. Introduction

A distinctive feature of pancreatic islets is that they synthesize and store -
aminobutyric acid (GABA). Despite much work, though, the role of GABA in the
endocrine pancreas remains unknown [22, 96]. In the central nervous system, GABA is
the major inhibitory neurotransmitter. In the islets, it probably also functions as an
intercellular signaling molecule, perhaps—as there is evidence to suggest—as a paracrine
or autocrine regulator of insulin or glucagon secretion [22, 25, 29]. Recent evidence
suggests that a second inhibitory neurotransmitter, glycine, also plays a role in islet
function [2].

Characterization of the cellular GABA signaling machinery in islets will likely
yield important insights into the role of GABA in islet function. The GABA system is
also of great interest because the enzymes that catalyze the synthesis of GABA—GADG65
and GADG67, the two major isoforms of glutamic acid decarboxylase—are key
autoantigens associated with human (in the case of GAD65) and NOD mouse (in the case
of both GAD65 and GAD67) autoimmune diabetes [39, 97]. The interactions of GAD65
and GAD67 with other protein constituents of the islet GAD-GABA system may help
mediate the intracellular trafficking of the two enzymes, their characteristic association
with microvesicles, and, perhaps, therefore, their distinctive ability to function as

autoantigens [38].
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In the central nervous system, the vesicular inhibitory amino acid transporter
(VIAAT) is a key component of the GABAergic and glycinergic signaling machinery.
VIAAT is a transmembrane protein that utilizes a proton electrochemical gradient to
transport GABA and glycine into synaptic vesicles where they are stored prior to release
[98]. Because of the importance of characterizing the pancreatic islet GAD-GABA
system, we previously investigated the distribution of VIAAT in rat islets. We found that
the rat islet mantle (the islet periphery, where the a cells are found) harbors a unique
GAD-GABA signaling apparatus, characterized by the presence of GAD67, GABA and
VIAAT but not GADG65 [99]. Lower levels of VIAAT were also detected VIAAT in the
rat islet  cells, which contain GADG65 [99]. Hayashi et al. [100] subsequently confirmed
the presence of VIAAT in the rat islet mantle, detecting none in the islet 3 cells.
Unexpectedly, VIAAT was found to localize to the glucagon-containing secretory
granules rather than to the synaptic-like microvesicles also present in islet a cells. In
contrast, Gammelsaeter et al. [2] identified VIAAT in both secretory granules and
microvesicles in rat islet a cells and also detected comparatively low levels in the 3 cells.

VIAAT is a 57.4 kDa protein (V57). A phosphorylated form (V57') that migrates
more slowly by SDS-PAGE is observed in brain tissue extracts [101]. We found that islet
extracts, in contrast to neural tissue, contain little or no V57' [99]. Unexpectedly,
immunoblotting also revealed a second, more rapidly migrating form of the protein in
islet and brain extracts. This form was predominant in islet cell extracts and has an
apparent molecular weight of 52.5 kDa (V52). Hayashi et al.[100], using a novel

antibody that may have a relatively lower affinity for V57, observed only an ~52 kDa
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VIAAT band in rat islet extracts and aTC6 cells, while both V57 and V52 were detected
in brain. The ~52 kDa form of VIAAT is present in low abundance in rat and human
brain tissue extracts and is detected, as well, in purified synaptic vesicles and rat pineal
gland extracts [58, 99, 102, 103]. COS-7 and tsA201 cells transfected with different
VIAAT cDNA constructs also express an ~52 kDa form of the protein along with the
more-abundant 57 kDa form [102, 104]. Using rat and human brain extracts, we found
that the 52.5 kDa VIAAT proteins from neural and islet cells comigrate by SDS-PAGE
and are therefore most likely identical [99]. Similar data suggest that V52 from islet and
brain extracts is identical to that synthesized after VIAAT cDNA is either transfected into
tsA201 cells or introduced into reticulocyte lysates for in vitro transcription and
translation [99, 102].

Because of the relatively low abundance of V52 in neural tissue as compared to
islet cells, evidence pointing to the existence of a 52 kDa isoform of VIAAT has been
previously overlooked. Here, we identify V52 as a novel variant of VIAAT truncated at
the amino terminal end and differentially modified. We also show that V57 is present in
INS-1 cells and use immunohistochemistry to provide further evidence of the presence of
VIAAT in islet B cells. Herein, we also test the hypotheses 1) that V52 is formed by
utilization of an alternate start site of translation and 2) that its level of expression is

independent of that of V57 and responsive to glycemic conditions.
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C. Materials and Methods
Antibodies

The antibody referred to as VT/510 is an affinity-purified antibody to the carboxyl
terminus of VIAAT (Chemicon, Temecula, CA). VT/75 (Synaptic Systems, Gottingen,
Germany) is an affinity-purified antibody to VIAAT residues 75-87. A monoclonal
antibody raised against the same peptide (M-VT/75) was also purchased from Synaptic
Systems. VT/75 and M-VT/75 are well-characterized and have been used extensively to
detect VIAAT in neural and testicular tissue, to specifically identify inhibitory synapses
and to immunopurify VIAAT-carrying microvesicles (see, for example: [105-108].
VT/17 was made to our specifications by Alpha Diagnostic, Inc. (San Antonio, TX) in
rabbit hosts by coupling a peptide representing VIAAT residues 17-30
(CSNKSQAKVSGMFAR) to keyhole limpet hemocyanin. In preliminary
immunoblotting experiments, VT/17 was found to recognize the 57 kDa VIAAT band in
rat brain and islets but did not detect a 57 kDa protein in three tissues previously shown
not to express VIAAT: rat kidney, liver and skeletal muscle [109]. Preimmune serum
from the same rabbit used to generate VT/17 was retained for use as a negative control.
VT/17 was not suitable for immunohistochemistry using either frozen or paraffin-
embedded tissues. A monoclonal antibody to glyceraldehyde-3-phosphate dehydrogenase
was from Chemicon and another to the amino terminus of GAD65 was a kind gift from
Dr. Ake Lernmark [110]. Rat brain extract was purchased from Stressgen (Victoria,

Canada).
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In vitro expression of VIAAT

Transcription and translation of VIAAT cDNA to produce radiolabeled VIAAT in
rabbit reticulocyte lysates was carried out as described previously [99]. The Quickchange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) was used to introduce point
mutations into the VIAAT cDNA. A T>C substitution at cDNA position 2 was used to
generate mutation M1T, and M31L was created by changing A>C at position 91 and
G>A at position 93. MIT-6xHis was made by utilizing PCR to introduce a 6xHis tag on
the 3’ end of VIAAT MI1T: VIAAT MIT was amplified with the primers
GACCAAGCTTGCCGCCAC (5’) and
TTAATGATGATGATGATGATGGTCCTCCGCGTTGGTT (3°) and the resulting
product then cloned into PCRII-Topo (Invitrogen). Full-length sequencing of all plasmid
inserts confirmed that the constructs were as expected. 6xHis-tagged V52 was purified
using His-Select Nickel Affinity gel (Sigma, St. Louis, MO). Purified protein was sent to
the Harvard Microchemistry and Proteomics Facility (Cambridge, MA) for N-terminal
sequencing after being prepared and blotted onto Sequi-Blot PVDF membrane (Bio-Rad

Laboratories, Hercules, CA) as specified by the microsequencing facility.

Islet preparation

Islets were isolated from the pancreata of diabetes-resistant (DR) BioBreeding
(BB) rats [111] by digestion with Liberase (Roche Molecular Biochemicals, Indianapolis,
IN) followed by Optiprep (Nycomed, Oslo, Norway) gradient purification as previously

described [99]. Isolated islets were hand-picked in Hank’s Balanced Salt Solution
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(Invitrogen, Carlsbad, CA). They were then either rinsed with phosphate-buffered saline
(PBS) and lysed or cultured in RPMI (Invitrogen) with 3, 10 or 20 mmol/l glucose and
supplemented with 10% fetal bovine serum. Islets were lysed at 4°C in Novex NuPage
sample buffer (Invitrogen) or SDS boiling buffer (5% SDS, 10% glycerol, 60 mmol/l Tris
pH 6.8; 4 islets/ul) and the extracts either boiled for 4 min or heated for 7 min at 70°C At
the time of islet lysis, detergent buffers were supplemented with a protease inhibitor
cocktail (P8340, Sigma, St. Louis, MO) and 1 mmol/l phenylmethylsulfonyl fluoride
(PMSF). To test lysis in non-ionic detergent, islets were incubated for 30 min in a
solution of 1% Nonidet P40 (NP-40) in PBS, and the nuclei and other debris pelleted by
spinning for 10 min at 10,000 x g. Islets not immediately lysed were stored frozen at -

80°C.

INS-1 cells

INS-1 cells were a kind gift from Christopher Rhodes (Pacific Northwest
Research Institute, Seattle, WA). INS-1 cells from the Rhodes laboratory have been
successfully used by that laboratory and others as a model of 3 cell biology in the
publications cited here and others [112-115]. One of us (I. Sweet) has performed
perifusion experiments using the INS-1 that we received and that were in the same
passage number range as the cells used for the experiments described herein [116]. These
perifusion experiments demonstrated appropriate responses to glucose and epinephrine
and as well as sulfonylurea (glibenclamide) binding [116]. Using an insulin ELISA

(Crystal Chem Inc, Downers Grove, IL), we have periodically evaluated glucose-
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stimulated insulin secretion using static culture and similarly determined that the cells
have maintained glucose-responsiveness (data shown herein and other data not shown).
Immunhistochemistry reveals uniform insulin expression by this INS-1 line, with all cells
expressing insulin (data shown herein and other data not shown).

INS-1 cells were cultured in medium with 11 mM glucose as described [117].
Cells extracts were prepared in the same manner as islet extracts. Protein content of cell
and islet extracts was determined with the DC Protein Assay (Bio-Rad) to ensure that

equal amounts of protein were loaded into gel lanes.

Subcellular Fractionation

INS-1 cells were fractionated using the method of Clift-O’Grady et al. [118].
Briefly, cells were pelleted at 800 x g for 5 minutes, resuspended in budding buffer (38
mM potassium glutamate, 38 mM potassium gluconate, 20 mM 4-
morpholinepropanesulfonic acid pH 7.2, 5 mM reduced glutathione, 5 mM sodium
carbonate, 2.5 mM magnesium sulfate) and pelleted again at 800 x g for 5 minutes. Cells
were resuspended in budding buffer with protease inhibitors (Roche Molecular
Biochemicals, Indianapolis, IN) and homogenized using a Balch-designed cell cracker
(European Molecular Biology Laboratory). Trypan blue exclusion was used to ensure
efficient homogenization. The resulting homogenate was sedimented in an SS34 rotor at
1000 x g for 5 minutes to obtain low speed supernatant (S1). S1 supernatants were then
sedimented at 27,000 x g for 35 minutes to generate a high speed supernatant (S2) and

pellet (P2). To verify exclusion of secretory granules from the S2 supernatant, the
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supernatant was fractionated by velocity gradient centrifugation [118] and the fractions
evaluated for chromogranin A content by western blot analysis. The S2 supernatant
utilized for the experiments shown herein contained synaptophysin, a marker of synaptic-
like microvesicles, and, as expected, lacked chromogranin A, which instead was found in
P2 (A.S., unpublished observations). Tissue extract from BB (DR) rat brains and crude

synaptic vesicle preparations were made as previously described [58].

Immunofluorescence

Cells were seeded on 4-well chamber slides (BD Biosciences) coated with poly-
L-lysine and allowed to grow for 48 hours. They were fixed in a 4% paraformaldehyde
solution for one hour, washed twice in 1x phosphate buffered saline (PBS) and
permeabilized and blocked with PBS containing 0.2% Triton-X-100 and 3% BSA for 1
hour. Cells were then incubated with a 1:200 dilution of mouse anti-insulin and of rabbit
anti-VGAT antibody for 1 hour. After incubation, cells were washed three times with
PBS and incubated with a 1:200 dilution of AlexaFluor568 anti-mouse IgG conjugate, a
1:200 dilution of AlexaFluor488 anti-rabbit IgG and a 1:1000 dilution of To-pro 3
(Molecular Probes; OR). Confocal microscopy was performed on an FV1000 confocal
microscope configured with an Argon/Krypton laser (488- and 568-nm excitation lines)

(Olympus; Melville, NY).
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Insulin Secretion Assays

Cells were grown on 12 well plates 48 hours prior to measuring insulin then
washed 2 times with Krebs-Ringer bicarbonate buffer containing 0.2% BSA and 2.5 mM
glucose. They were then incubated for 30 minutes in this buffer. After incubation, this
solution was removed and replaced with Krebs-Ringer containing either 2.5 mM glucose
or 25 mM glucose. Cells were incubated for 2 hours, the media was removed and insulin

content was measured using a rat insulin ELISA kit (Crystal Chem).

Immunohistochemistry

Paraffin-embedded rat and human pancreas tissue were deparafinized and blocked
in a 1% bovine serum albumin/PBS solution for one hour at room temperature. Sections
were incubated with a 1:200 dilution of primary antibody for one hour. They were
washed twice in 1x PBS for 10 minutes and incubated in a 1:500 dilution of biotinylated
goat anti-rabbit IgG followed by a 30-min incubation in a 1:200 dilution of alkaline
phosphatase streptavidin. Vector Red (Vector Laboratories; Burlingame, CA) was used to
visualize the binding of the primary antibodies. Sections were counterstained with

hematoxylin (Fisher Scientific; Fairlawn, NJ) using standard methods.

Protein electrophoresis
Proteins were run on NuPage gels (Invitrogen) and immunoblotted as previously
described [99]. For quantitation, immunoblots were incubated with ECL-Plus

chemiluminescent substrate (Amersham Biosciences, Piscataway, NJ) and directly
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analyzed using a Molecular Dynamics Storm 840 imager and ImageQuant software
(Amersham). Otherwise, blots were incubated with ECL substrate (Amersham) and the
chemiluminescent signal captured by XAR film (Kodak, Rochester, NY).
Two-dimensional electrophoresis was performed according to the method of
O’Farrell [119] by Kendrick Labs, Inc. (Madison, WI). To enhance the solubility of
membrane proteins, islet samples were prepared in SDS boiling buffer [120]. No urea
was added to the sample buffer, and samples were kept frozen at -80°C, avoiding any risk
of carbamylation [121]. Isoelectric focusing was carried out in glass tubes using 2% pH
3.5-10 ampholines (Amersham). After equilibration, the tube gels were sealed to stacking
gels on top of 8% acrylamide slab gels for SDS-polyacrylamide gel electrophoresis
(PAGE). Two 2-dimensional gels were run in parallel: one with 200 pg islet extract,
which was analyzed after western transfer to polyvinylidene fluoride membrane, and
another with 10 ul of radiolabeled VIAAT spiked into 200 ug islet extract, which was
analyzed by autoradiography (using a storage phosphor screen) and phosphorimaging
with a Storm 840 imager. A tropomyosin marker was added to each sample, and
molecular weight markers (Sigma) were also run in the second dimension. Tropomyosin
yields a characteristic pattern of spots which was observed in all 2-D gels run. To allow
precise alignment of the resulting images, the western blot and the gel used for
autoradiography were both stained with Coomassie blue to allow visualization and
alignment of islet and marker proteins. Alignment was performed electronically using

scanned images.



Statistical analysis
Data are presented as means + SE. Differences between quantitative data sets

were analyzed by one-way ANOVA. P < 0.05 was considered significant.
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D. Results

1. Synthesis and stability of VIAAT

In vitro transcription and translation of VIAAT cDNA vyields significant quantities
of two proteins: V52 and V57. Parallel reactions with GAD67, GAD635, luciferase and S.
cerevisiae a-factor cDNAs, in contrast, yielded significant amounts only of the expected
protein: the appearance of a prominent, lower molecular weight protein was unique to
VIAAT [99]and data not shown). To verify that V52 does not result from proteolytic
degradation, the time-course of V52 and V57 synthesis was analyzed (Fig. 2.1A). In
repeated experiments, we consistently found that V52 and V57 appeared simultaneously:
accumulation of V52 was not preceded by accumulation of V57. Furthermore, the
amount of V52 relative to V57 did not increase over time, as would be expected if V57
were gradually converted to V52.

We also investigated the relative stability of both proteins in islet cell extracts,
both to test for evidence of proteolytic activity that converts V57 to V52 and also to
ensure that V52 is not formed as an artefact of islet cell lysis. We lysed isolated islets in
both ionic (SDS) and non-ionic (1% Nonidet P40) detergent solutions both with and
without addition of protease inhibitors. Each type of lysis buffer performed equally well
in extracting V52 and V57 from purified islets (data not shown). The lysates were
incubated at 4°C or 37°C and aliquots were withdrawn at set time points. To determine
whether there was an increase with time in the ratio of V52 to V57, which would be
consistent with post-lysis conversion of V57 to the smaller isoform, the VIAAT content
of the islet extract samples was examined by immunoblotting. One such experiment is

depicted in Fig. 2.1B. A similar approach was used by Bedet et al. [101] to demonstrate
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Figure 2.1. Synthesis and Stability of V57 and V52.

A, VIAAT cDNA was added to an in-vitro, reticulocyte lysate expression system
containing *°S-met (time 0). Aliquots of the reaction mix were withdrawn at the times
indicated above the lanes (left panel), and radiolabeled proteins were analyzed by SDS-
PAGE and autoradiography. V52 and V57 appeared simultaneously 15 min after the
addition of the VIAAT cDNA to the reticulocyte lysate, and there was no increase over
time in the ratio of V52:V57. Immunoprecipitation of the reaction mixture after 70 min
(right panel) with two different anti-VIAAT antibodies, VT/510 (lane “a”) and VT/75
(lane “b”), verified that the bands running at 57 kDa and 52 kDa were isoforms of
VIAAT. A control immunoprecipitation was also performed with normal rabbit serum
(NS). B, Islet proteins were extracted in NP-40 lysis buffer without addition of protease
inhibitors and incubated at 37°C for the amount of time indicated. V52 and V57 protein
content was analyzed by immunoblotting with antibody VT/510. Both isoforms are
stable in the lysis buffer. In experiments such as this with both non-ionic and ionic
(SDS) detergent buffers and both with and without protease inhibitors, there was no
evidence of conversion of V57 to V52.
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that V57' (a phosphorylated form of V57) is gradually converted to V57 in brain extracts.
In contrast, V57 was not converted into V52: there was no evidence of an increase in V52
content at the expense of V57 content during incubation at either 4°C or 37°C in either
type of detergent lysis buffer. The same result was obtained when radiolabeled, in vitro-
translated VIAAT was incubated in islet extracts and then analyzed by autoradiography

(data not shown).

2. The VIAAT gene contains an alternate start site of translation.

To test whether synthesis of V52 could be due to the utilization of an alternate,
downstream start site of translation, we analyzed VIAAT protein expression after
mutating the V57 initiator codon (V57-M1T). As shown in Fig. 2.2, V52 is preferentially
translated after mutation of VIAAT codon 1.

The ATG codon encoding methionine residue 31 occurs in a region of high
homology to the eukaryotic consensus sequence for translation initiation [122] and is thus
a candidate for an alternate translation start site. While alteration of this downstream
codon suppressed synthesis of V52, the degree of suppression was, for unclear reasons,
inconsistent (Fig. 2.2 and data not shown). As expected, the M>L substitution at residue
31 did not affect synthesis of V57.

The formation of V52 by utilization of a downstream start site of translation and
the recognition of this protein by an antibody to the carboxyl-terminus of VIAAT
suggests that it is truncated at its amino-terminal end relative to V57. To confirm this,

western blots of islet extracts were probed with an antibody to VIAAT residues 17-30
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Figure 2.2. VIAAT Synthesis from Mutated cDNA Templates.

Lanes 1-3, VIAAT (lane 1), VIAAT M31L (lane 2) and VIAAT MIT (lane 3)
were synthesized in rabbit reticulocyte lysates in the presence of *S-met and analyzed
by SDS-PAGE and autoradiography. As seen in lane 3, mutation of the initiator
methionine (M1T) suppressed synthesis of V57 but not V52. Lanes 4-6, To ensure that
an isoform of VIAAT was synthesized from the M1T template despite mutation of the
initiator codon, the M1T reaction product was immunoprecipitated with two anti-VIAAT
antibodies, VT/510 (lane 4) and VT/75 (lane5). The 52 kDa protein yielded by the MIT
template was recognized by both antibodies. Normal rabbit serum was used as a control
for non-specific binding (lane 6).
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(VT/17). Consistent with the hypothesis that the two VIAAT variants differ at their

amino-terminal ends, VT/17 recognized V57 but not V52 (Fig. 2.3).

To isolate V52, we introduced a 6xHis tag on the carboxyl terminus of V57-M1T.
V52-6xHis was preferentially translated from this construct and could be captured on
nickel agarose beads (not shown). This confirmed that the carboxyl-terminus of VIAAT
is intact in V52 (since the 6xHis tag remained functional). Captured V52-6xHis was sent
for amino-terminal sequencing. Sequencing, however, was unsuccessful, perhaps due to

N-terminal blockage, a common problem with eukaryotic proteins [123, 124].

3. Two-dimensional gel analysis of V52 and V57

In order to analyze the pattern of post-translational modification of islet VIAAT
and to confirm the identity of in vitro synthesized V52, VIAAT was detected by
immunoblotting rat islet proteins separated using two-dimensional non-equilibrium pH
gradient electrophoresis (NEPHGE)/SDS-PAGE [119]. As seen in Fig. 2.4, islet V57
runs as a “train” of five to eight spots. This indicates that post-translational modifications
result in multiple forms, but does not indicate the specific nature of the modifications. In
contrast, islet V52 appears only as a single spot.

To verify that islet V52 and the reticulocyte lysate-derived V52 synthesized after
mutation of codon 1 are the same, we asked whether they would comigrate during two-
dimensional electrophoresis. Radiolabeled V52 was prepared in the reticulocyte lysate
system, spiked into islet extract and loaded onto a 2-D gel. This gel was run in parallel

with the gel used to create the immunoblot shown in Fig. 2.4. The spots yielded by the
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52

Figure 2.3. Immunorecognition of V57 and V52 by Antibodies to the Amino and
Carboxyl Termini of VIAAT.

Lanes 1,2: A rat islet extract was immunoblotted with antibodies to the carboxyl
terminus (VT/510, lane 1) and to the amino terminus (VT/17, lane 2) of VIAAT. Lanes
3,4, Immunoblots of a rat brain extract using antibody VT/17 (lane 3) and preimmune
serum from the same rabbit (PI). VT/17 exhibits specific recognition of V57 but does not
bind V52. Detection of V52 by the carboxyl-terminal antibody (VT/510; lane 1, lower
band) but not the amino-terminal antibody (VT/17; lanes 2,3) shows that V52’s lower
molecular weight (compared to V57) is attributable to an amino-terminal truncation.
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radiolabeled V52 (Fig. 4Pi1) aligned with the immunoblot at the positions indicated (Fig.
2.4A). As shown in Fig. 2.4A, the pattern of modification undergone by V52 synthesized
in rabbit reticulocyte lysates is similar to that of islet-derived V57, with the protein
separating into five forms in the same pl range as V57. We previously observed that
bands representing V52 protein derived from islet and brain extracts and from in vitro
synthesis comigrate by SDS-PAGE [99]. In the present study, we find that reticulocyte-
lysate derived V52, in the case of the form with the most acidic pl, precisely comigrates
with rat islet V52 during two-dimensional electrophoresis, suggesting that they are
identical (Fig. 2.4A). Though membrane proteins can be well resolved during
NEPHGE/SDS-PAGE, variable protein loss is a common problem and likely explains
what, in Fig. 2.4, appears to be a greater abundance of V57 than V52 [120, 125, 126].
The two-dimensional gel results show V57 to consist of a heterogeneous group of
differentially modified VIAAT molecules (Fig. 2.4A and B). Some of this heterogeneity
is also apparent on standard one-dimensional gels, with brain-derived V57 frequently
seen to migrate as a doublet: V57 and V57’ [99, 101]. We previously showed that this
differential modification results in differential detection of V57 by antibodies, likely due
to specific modifications masking targeted epitopes [99]. VT/510, for example, does not
detect human brain V57 or V57’ on western blots [99]. Differential recognition of
differently modified forms of V57 is probably the reason why the pattern of V57 spots
seen with VT/75 and VT/510 varies (Fig. 2.4A and B). Differing detection of V57 by
different antibodies is also seen in Fig. 2.4D, with VT/75 preferentially binding more-

slowly migrating forms in brain extracts (lanes 1,2) as compared with VT/510 (lanes 3,4).
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Figure 2.4. 2-D Electrophoresis of VIAAT.

Two NEPHGE/SDS-PAGE gels were run in parallel to analyze proteins from rat
islets (by immunoblotting) and radiolabeled V52 synthesized in vitro using a VIAAT
cDNA construct with a mutated initiator codon. A, Immunoblot analysis of the rat islet
extract using antibody VT/510. V57 separated into a train of 5 spots (small arrows),
indicating that there are at least 5 differentially modified forms of the protein. V52, in
contrast, migrated as one spot (larger, bold arrow). Pi, In vitro synthesized, radiolabeled
V52 was spiked into islet extract and run in parallel on a separate 2-D gel. It also
separated into 5 differentially modified species. The phosphorimage (Pi) was aligned
with the immunoblot (panel A) as described in Materials and Methods to allow direct
comparison of the spots generated by in vitro synthesis with those derived from the islet
extract. One of the five VIAAT species detected by phosphorimaging precisely
comigrated with endogenous islet V52 (indicated by the bold arrow). The other four
forms ran where indicated by the circles drawn on the immunoblot. B, The
immunoblotted membrane was stripped and probed with a second anti-VIAAT antibody,
VT/75. The spots depicted by the five small arrows and one large arrow comigrate with
the spots shown in panel A. VT/75 also detected what are likely three additional V57
species (marked by asterisks) with more acidic pls. C, The immunoblotted antibody was
stripped and probed with normal rabbit serum. The 4 spots present in the upper left-hand
corner of this panel and panels A and B likely represent non-specific antibody binding.
D, Immunoblot of rat brain extract (lanes 1, 3) and rat brain synaptic vesicle preparation
(lanes 2, 4) with VT/75 (lanes 1,2) and VT/510 (lanes 3,4). As in panels A and B,
different patterns of recognition of V57 species can be seen depending on which antibody
is used. For example, in lane 1, VT/75 can be seen to preferentially detect a more slowly-
migrating form (V57").
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4. Differential regulation of V52 and V57 expression

Levels of VIAAT expression in the brain have been reported to be responsive to
agonists and antagonists of presynaptic GABAg receptors, to ethanol and to antipsychotic
medications [127-129]. Since, in the pancreatic islets, GAD65 and GAD67 expression
and GABA release are subject to metabolic regulation, we hypothesized that islet VIAAT
content may be similarly regulated [130-132]. We therefore investigated VIAAT
expression after islet exposure to different glycemic conditions. Rat islets were
equilibrated overnight in standard RPMI and then cultured for 20 hours in different
glucose concentrations. Afterwards, islet VIAAT content was examined by immunoblot
analysis (Fig. 2.5A). V57 content did not vary in response to media glucose
concentration. V52 levels, however, increased in response to higher glucose levels.
Consistent with past published results [130, 132], levels of GAD67—the form of GAD
present, along with VIAAT, in the islet mantle—were also observed to increase (data not
shown).

Unexpectedly, we noted that V52 levels decreased relative to V57 levels during
the overnight period of equilibration in RPMI medium immediately following islet
i1solation. The extent of decline was variable, and V52 levels reached their nadir--15 to
30% of 4 hour culture levels--by 20 hours (Fig. 2.5B and data not shown). Elevated
glucose concentrations significantly attenuated but did not prevent the fall in V52
content: after 4 hours, V52 content was 56% (£7%) greater in islets cultured at 20 mmol/l
glucose than in islets cultured in 3 mmol/l glucose, and, after 20 hours, V52 content was

41% (+ 5%) greater at the higher glucose level (n=5, p <0.05 for both; see Fig 2.5B). In
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contrast, V57 and glyceraldehyde 3-phosphate dehydrogenase levels did not change (Fig.
2.5B). During the initial 20 hour period of equilibration in culture media after islet
isolation, then, a higher glucose concentration resulted in less of a decline in V52 content
(as in Fig. 2.5B). In these experiments performed immediately after islet isolation, the
overall effect of glucose on V52 content was less than in experiments performed after the
islets had been allowed to equilibrate in culture medium overnight (as in Fig. 2.5A). The

initial fall in V52 content, then, was due to conditions other than just glycemic levels.

5. VIAAT expression in INS-1 and islet [ cells

Conflicting results have been published concerning whether VIAAT is expressed
in B cells [2, 99, 100]. Immunoblot analysis showed that the rat  cell line INS-1
expressed V57 but not V52, consistent with -cell expression of at least one form of the
transporter (Fig. 2.6A) [133].

Gammelsaeter et al. [2] presented evidence that VIAAT localizes to synaptic-like
microvesicles (SLMVs) in 3 cells. To test whether VIAAT also associates with SLMVs
in INS-1 cells, cells were fractionated as described in Materials and Methods to yield a
high-speed supernatant S2 containing microvesicles and depleted of secretory granules
and endosomes [118]. S2 contained VIAAT (Fig. 2.6A); this demonstrates its presence in
SLMVs but does not exclude that it is also present in secretory granules [118, 134].
Detection of microvesicular proteins in P2 in addition to S2 is typical due to their passage
through other, larger membranous compartments, such as endosomes, during sorting.

Because of this, detection of VIAAT in P2, as seen, is not informative as to whether
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Figure 2.5. Effects of Glucose Concentration on Islet VIAAT Content.

A, Islets were isolated and allowed to equilibrate overnight in RPMI. Equal
numbers of islets were then cultured separately at the glucose concentrations indicated,
and V52 and V57 content was analyzed by immunoblotting with VT/510 and VT/75.
Islet V57 content did not vary with glycemic conditions. V52 content varied as shown
(levels shown are relative to V52 content at 3 mmol/l glucose; n=6; p > 0.05 for the
difference between the 10 mmol/l and 20 mmol/l glucose datasets). B, We noted that islet
V52 content decreased over 20 hours after newly-isolated islets were placed in culture.
To test the effect of glucose on the decline in V52 levels during this initial 20 hour
period, newly isolated islets were cultured for 4 or 20 hours after purification as indicated
above each lane or lysed immediately after isolation (0 hours, left-most lane). The culture
media contained either 3 or 20 mM glucose, as indicated. After 4 or 20 hours in culture
media, the islets were harvested and lysed. VIAAT content in the resulting extracts was
analyzed by immunoblotting. A representative experiment is shown. As previously
noted, V52 content fell after the newly-purified islets had been in culture for 20 hours.
Higher glucose concentrations attenuated this decrease. After 4 hours, V52 content was
56% (£7%) greater in the islets cultured at 20 mmol/l glucose, and, after 20 hours, V52
content was 41 (+ 5%) greater at the higher glucose level (n=5, p <0.05 for both). In
contrast to V52 content, content of V57 and glyceraldehyde 3-phosphate dehydrogenase
(G3PDH) did not change significantly in response to removal of islets from the
pancreatic to the tissue culture environments or in response to glycemic conditions. Note
also that there was also no change in the protein apparent as a background band above the
two VIAAT bands.
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Figure 2.6. VIAAT Expression in the B-Cell Line INS-1.

A, Immunoblot of extracts prepared from rat islets (lane 1) and INS-1 cells (lane
2) using antibody VT/510. INS-1 cells express VIAAT, but only V57 and not V52. After
INS-1 cell fractionation, V57 was detected in S2 (lane 4), consistent with its presence in
synaptic-like microvesicles. VIAAT is also detected in P2 (lane 3) which contains the
other membranous compartments, such as endosomes and secretory granules, separated
from the microvesicles during the high-speed centrifugation. B, INS-1 cells were either
maintained in 11 mM glucose (lane 1) or switched 6 hours (lanes 2, 3) or 24 hours (lanes
4, 5) before being harvested into medium with 5 mM (lanes 2, 4) or 25 mM (lanes 3, 5)
glucose. Equal amounts of extracted proteins were analyzed by SDS-PAGE with
antibody VT/510. V57 content did not change in response to changes in glucose
concentration. As a control for protein loading, the blot was simultaneously probed with
an antibody to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). C, In parallel with
the experiment shown in panel B, insulin secretion was assessed in INS-1 cells cultured
in low glucose (2.5 mM) or high glucose (25 mM) for two hours. Secretion is shown as a
percent of total cellular insulin content (n=12, p<0.001 for the difference between low
and high glucose). D, INS-1 cells were immunostained for insulin (INS, red) and VIAAT
(with VT/510; VGAT, green). The merged image shows that VIAAT and insulin do not
colocalize. Control staining of INS-1 cells (panel labeled 1gG) with non-immune 1gG
revealed no non-specific.
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VIAAT is also present in secretory granules (Fig. 2.6A). V57 content in INS-1
cells did not change in response to glycemic conditions (Fig. 2.6B); this was in contrast
to insulin secretion, which was tested in parallel (Fig. 2.6C). Immunofluorescent staining
revealed that INS-1 cells uniformly expressed both insulin and VIAAT (Fig. 2.6D).
Consistent with trafficking of the transporter to microvesicles in INS-1 cells, VIAAT and
insulin did not colocalize (Fig. 2.6D). The intranuclear staining seen with VT/510 was
likely an artifact of cell fixation such as has been previously described [135-137].

Antibody VT/510 previously yielded relatively weak staining of the rat islet core
(B-cell region) compared to the mantle [99]. Because VT/75 displays a different pattern
of recognition of the modified forms of V57 and because it has been proven to be an
effective antibody for immunohistochemistry in a variety of settings (see, for example,
[105-108], we used it to stain rat and human pancreas sections (Fig. 2.7). VT/75 made
staining of the rat islet core readily apparent and enabled detection of VIAAT in human
islets for the first time (Fig. 2.7A,C). These results were reproducible with M-VT/510, a

monoclonal antibody made against the same peptide (for example, see Fig. 2.7D).
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Antibodies.

A, C, VIAAT was detected in rat (A) and human (C) islets using antibody VT/75.
In contrast to VT/510, which previously yielded weak staining of the islet core (B3 cell
region), detection of VIAAT with VT/75 was readily apparent. These results were
reproducible using a monoclonal antibody (M-VT/75) targeted to the same VIAAT
peptide. D, for example, shows human tissue stained using M-VT/75. B, Non-immune
rabbit IgG was used in the same concentration as VT/75 as a control for non-specific
staining. A representative rat islet (between arrows) stained with control IgG is shown.
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F. Discussion

Islet cells likely evolved from an ancestral neuronal precursor and have inherited
a diverse set of proteins that, in the central nervous system, provide the machinery for
cell-to-cell signaling across synapses [6, 138, 139]. These proteins include GADG65,
GADG67, GABA receptors, glutamate and glycine receptors and vesicular glutamate and
GABA transporters [2, 96, 99, 100]. It is highly likely that, in the islet, these proteins are
similarly constituents of intercellular signaling mechanisms. Continued characterization
of the islet neurotransmitter signaling apparatus will be important for eventually
understanding islet paracrine and autocrine signaling and the means by which islet
function is coordinated at the cellular level.

Here, we have followed up on our prior work demonstrating that rat islets contain
VIAAT, including a heretofore unidentified 52.5 kDa variant: V52. We have now
identified V52 as an isoform of VIAAT that likely results from translation initiation at an
alternate, downstream start site. V52 is subject to a different pattern of post-translational
modifications than V57. Cellular V52 content is regulated independently of V57 content
and is responsive to changes in glucose concentration. V52 content is affected as well by
other, extracellular conditions, since basal levels changed during islet culture regardless
of glycemic conditions. V57, we found, is subjected to a complex pattern of post-
translational modifications. These modifications result in formation of a doublet, V57 and
V57', seen on western blots, with V57' being most evident in brain extracts [101]. The
true heterogeneity of post-translationally modified V57, however, is only apparent after
two-dimensional electrophoresis which, we have shown, reveals approximately 5-8

differentially modified species.
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It is clear that, in the rabbit reticulocyte lysate system, V52 is synthesized as a
result of utilization of an alternate initiator codon. This mechanism for formation of
multiple protein products from the same gene, while not common, has been observed
with a variety of other eukaryotic genes (e.g., see refs.: [140-143]. Rat islet V52 and in-
vitro-synthesized V52 comigrate by SDS-PAGE and by two-dimensional NEPHGE/SDS-
PAGE, suggesting that they are identical and that they are thus formed by the same
mechanism of downstream translational initiation. It is also possible that V52 is formed
in islets by proteolytic cleavage during post-translational processing. In this case, the
identical (or nearly identical) localization of an alternate initiation codon and a
proteolytic cleavage site would have to be attributed to an unlikely coincidence. No
evidence of a proteolytic activity that converts V57 to V52 was detected in rat islet
extracts. Since antibody VT/17 binds only V57 while VT/75 binds both V52 and V57,
the site of the amino-terminal truncation that results in V52 must lie between the binding
sites of the two antibodies. These reside between VIAAT residues 17-30 for VT/17 and
between residues 75-87 for VT/75.

In the central nervous system, VIAAT traffics to synaptic vesicles and may
associate with GAD65 [58]. In islet a cells, GADG65 is absent, and the trafficking pattern
of VIAAT is different, as the protein ends up associated predominantly with secretory
granules [100]. It is possible that—as a result of truncation of VIAAT’s cytoplasmic
amino-terminal domain—V52 is better adapted to the different pathway of intracellular
sorting and protein complex formation that is perhaps followed by VIAAT in the islet a
cells. Here we show that in rat islet extracts, up to eight species of modified V57 but only

one of V52 are detected by two-dimensional NEPHGE/SDS-PAGE. Further work is
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needed to more fully characterize the sorting and posttranslational modification pathways
of the two isoforms.

Ebihara et al. [144] have reported that mouse neurons synthesize a VIAAT splice
variant with a unique carboxyl-terminal sequence. This splice variation, like the
truncation that produces V52, affects the cytoplasmic region of the protein [109, 144].
While the mouse VIAAT coding region spans 3 exons, the exon structure of the rat
VIAAT gene is identical to the human exon structure: the amino-terminal 130 residues
are encoded by one exon and the remaining 395 residues by a second [99, 144]. In the
absence of an exon-intron structure amenable to minor splice variations, as in the mouse,
utilization of alternate initiator codons provides a different means for modification of the
cytoplasmic region of VIAAT in rat and human cells. Others have presented evidence
that protein expression can be regulated in this manner and have proposed mechanisms
[140-143].

Immunohistochemistry with antibody VT/510 suggested that rat islet 3 cells
contain VIAAT (Chessler et al., 2002). Results published subsequently have been
conflicting [2, 100]. The immunostaining results shown herein provide further evidence
of B cell expression of VIAAT. We also found that INS-1 cells contain V57 but not V52.
This result is consistent with the presence of VIAAT in the islet  cells and suggests that
V52 may be limited to the a cells. The mechanism whereby V52 expression is
suppressed in INS-1 cells remains to be determined. Regulation may occur at the level of
translation, as has been described with other proteins formed from alternative start sites

or, alternatively, there may be increased turnover of V52 in INS-1 cells [141-143].
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The islet GAD-GABA system is subject to metabolic regulation. Levels of
GADG65 and GAD67 expression and of GABA release vary in response to glycemic
conditions [130-132]. This suggests that GABA signaling may play a role in coordinating
islet function to maintain euglycemia. Glycine likely plays a similar role [2]. Unlike
neurons or islet B cells, rat a cells contain only GAD67: GADG6S5 is absent. This unique
feature of the mantle GAD-GABA system has important implications, as it limits the
means by which GABA signaling can be regulated. Unlike GAD65, which is highly
regulated, both by association/dissociation with an essential cofactor and by
phosphorylation, GADG67 activity is not actively regulated, and the enzyme is, in essence,
constitutively active [39, 145]. We therefore hypothesized that regulation of a-cell
VIAAT content could provide an important means by which to regulate GABA release.
Regulation of VIAAT levels would similarly be expected to modulate islet cell glycine
release. Since GABA levels are markedly lower in rat o cells than in B cells, regulation
of glycinergic signaling may be particularly relevant to a cell function [2].

Our results show that cellular V52 content increases with glucose concentration.
Interestingly, the a-cell content of vesicular glutamate transporter (VGLUT) is affected
by glycemic conditions in the opposite direction [146]. Glutamate is an excitatory
neurotransmitter and, like VIAAT, a-cell VGLUT is secretory granule-associated [147].
It is possible, therefore, that as glucose concentrations rise, a cells secrete relatively more
GABA and glycine and less glutamate. Besides glycemic conditions, other metabolic or
intercellular signals play an important role in determining a-cell V52, but not V57,

content, as levels of the smaller isoform dropped after islets were removed from their
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native environment and placed in tissue culture. Regulation of cellular VIAAT content is
not unique to islet cells, as neuronal VIAAT content responds markedly to agonists and
antagonists of presynaptic GABAg receptors, ethanol and antipsychotic medications
[127-129]

In summary, we have identified a novel isoform of VIAAT: V52, a variant of the
transporter truncated within the cytoplasmic, amino-terminal domain. V52 is abundant in
rat islets and is also synthesized in neurons and in cells transfected with VIAAT cDNA
constructs. In reticulocyte lysates, VIAAT cDNA directs the synthesis of both V52 and
V57 as a result of utilization of alternate start sites of translation, and islet V52 is likely
formed by the same mechanism. Post-translationally, V52 traverses a different pathway
of processing and, perhaps, sorting than V57. Islet-derived V57, unlike V52, displays a
complex pattern of posttranslational modifications. By immunostaining pancreas
sections, we confirmed prior reports that VIAAT is present in islet B cells and were able
to detect the protein in both rat and human islets. We also found that the 3 cell line INS-1
expresses VIAAT, but only in the form of V57. Islet content of V52, but not of V57,
increases in response to higher glucose concentrations. This is consistent with prior
results indicating that the islet GAD-GABA system is responsive to metabolic stimuli.
This sensitivity to metabolic stimuli, in turn, suggests that GABAergic and probably also

glycinergic signaling helps coordinate the endocrine functioning of the islet.
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CHAPTER 3: THE INHIBITORY PHENOTYPE OF THE ISLET B—CELL: AN AP-3
DEPENDENT MECHANISM DRIVES SYNAPTIC-LIKE MICROVESICLE

FORMATION IN PANCREATIC ISLET B CELLS

A. Abstract

Pancreatic islet B-cells contain synaptic-like microvesicles (SLMVs). The origin,
trafficking and role of these B-cell SLMVs are poorly understood. Synaptic vesicle (SV)
biogenesis is mediated by cytosolic protein complexes called adaptors. Two different
adaptor complexes drive SV formation: a ubiquitous AP-2 complex and the neuron-
specific AP-3B complex. AP-3B modulates the composition of both glutamatergic and
GABAergic SVs. Since B-cell maturation and exocytic function seem to parallel that of
the inhibitory synapse and mice lacking neuronal AP-3B subunits have evident defects in
GABAergic neurotransmission, we predicted that AP-3B-associated vesicles would be
present in B-cells. Here, we test the hypotheses that the AP-3B subunits 3B (Beta-NAP)
and p3B are expressed in islets and that SLMYV biogenesis in 3-cells is mediated by AP-
3B. Another aim was to test whether the sedimentation properties of INS-1 B-cell
microvesicles are identical to those of bona fide SLMVs isolated from PC12 cells. Our
results show that the two neuron-specific AP-3 subunits are expressed in -cells, the first
time these proteins have been found to be expressed outside the nervous system.
Sucrose- and glycerol-gradient sedimentation indicates that -cell SLMVs share the same
sedimentation properties as PC12 SLMVs and contain SV marker proteins that sort

specifically to AP-3B-associated vesicles in the brain. Brefeldin A, a drug that interferes
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with AP-3-mediated SV biogenesis from endosomes, inhibited the delivery of AP-3
cargoes to B-cell SLMV. Our findings suggest that -cells and neurons share molecules
and mechanisms important for mediating the neuron-specific membrane trafficking

pathways that underlie synaptic vesicle formation.

B. Introduction

The pancreatic islet B-cells, by virtue of the architecture of their secretory
apparatus and their pathway of differentiation, have much in common with neurons [6,
19, 148-150]. In neurons, specialized vesicles, the synaptic vesicles (SVs), store
neurotransmitters in the presynaptic compartment. 3 cells contain synaptic-like
microvesicles (SLMVs), small vesicles which are distinct from the insulin granules and
that resemble SVs [28, 148].

The biogenesis and trafficking of the SLMVs in 3 cells is poorly understood.
Since B-cell SLMVs carry the inhibitory neurotransmitter GABA, one benefit of their
better characterization will be an increased knowledge of the B-cell GABAergic signaling
machinery [1, 28, 35]. In autoimmune diseases of the nervous system, nerve terminal
proteins are especially susceptible to autoimmune attack, and, in type 1 diabetes, shared
B-cell-nerve terminal proteins are major, early targets of autoimmunity [36-39]. Since an
important characteristic of both nerve-terminal and -cell autoantigens is their tendency
to be vesicle-associated proteins, increased knowledge of the B-cell SLMVs may provide
new insights into the pathogenesis of islet autoimmunity [38, 51-54].

Outside the central nervous system (CNS), the pancreatic 3 cells are the only

tissue with significant expression of the enzyme GADG65, which catalyzes the synthesis of
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GABA [22]. GADG65 binds to the surface of SVs/SLMVs and is both a neural and B-cell
autoantigen [39]. We previously determined that 3 cells also express the SV-associated
vesicular GABA transporter VGAT (also referred to as VIAAT: vesicular inhibitory
amino acid transporter) [5, 99]. Overall, 3 cells express all of the machinery necessary for
GABA synthesis, secretion and signaling [1, 5, 22]. More recently, we found that  cells
express cell-surface, synaptic cleft proteins critical for the maturation and continuing
function of the inhibitory pre- and post-synaptic terminals [149]. If, as we believe, the p-
cell secretory machinery develops and functions in a manner parallel to that of the
inhibitory synapse, a pathway of SV biogenesis that regulates the composition of
GABAergic nerve terminals in the central nervous system would be predicted to be
operative in the p-cells as well.

Adaptor protein complexes are involved in the biogenesis and cargo selection of a
variety of transport vesicles in the secretory and endocytic pathways [55]. Four adaptor
complexes have been described (AP-1, AP-2, AP-3 and AP-4). Each is comprised of 4
subunits (called adaptins): a large a, v, 0 or €, a large B, a medium p, and a small ¢
subunit [55]. SV biogenesis is primarily driven by AP-2 complexes via clathrin-mediated
endocytosis from the plasma membrane; however, SV formation also occurs at
endosomes by means of an AP-3-mediated mechanism [56, 57]. Several subunits of the
AP-3 complex are encoded by alternative genes. The B3A, u3A and 63 subunits are
expressed ubiquitously and play a role in the biogenesis of lysosomes and other
specialized secretory organelles. The B3B subunit (also referred to as Beta-NAP or AP-

3B2) and u3B (AP-3M2), which are unique to the AP-3B adaptor protein complex, are
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expressed exclusively in neural tissue and are important for the formation and function of
a distinct subset of synaptic vesicles including GABAergic SVs [57, 59, 151].

Mice lacking 3B and pu3B have phenotypes consistent with defective SV
assembly, and impaired formation of GABAergic SVs may underlie the reduced levels of
VGAT observed in the hippocampus of u3B knockout mice [59, 60]. Because of the
similarities between B-cells and neurons, most notably B-cell expression of VGAT and
other synaptic proteins, we hypothesized that -cells would express the neuronal AP-3B
subunits and that AP-3B would participate in the biogenesis of SLMVs within -cells.

Here, we demonstrate B-cell-specific expression of the neuronal AP-3 subunits.
We show that INS-1 B-cell SLMVs have identical sedimentation properties as PC12
SLMVs and that SLMV formation in INS-1 B-cells is sensitive to brefeldin A, much like
the formation of SLMVs by AP-3-dependent mechanisms in PC12 cells. 3-cell SLMVs
may be generated primarily from endosomes via the AP-3B mediated pathway. Further
analysis of this pathway may yield new insights into the trafficking and role of GAD65
and GABA in the pancreatic islets and into the mechanisms that render -cells

susceptible to autoimmune targeting.

C. Materials and Methods
Antibodies

The SV2 monoclonal antibody developed by K. M. Buckley was obtained from
the Developmental Studies Hybridoma Bank (University of lowa, lowa City, [A) [152].

Synaptophysin (SY38) and vacuolar ATPase antibodies were purchased from Chemicon
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(Temecula, CA) and Synaptic Systems (Gottingen, Germany), respectively.
Carboxypeptidase E, tubulin and 3 antibodies (for western blotting) were purchased
from BD Pharmingen (San Diego, CA). One of us (V.F.) has previously confirmed the
specificity of the monoclonal 3B antibody in immunoblot experiments using brain tissue
lysates from 3B knockout mice and control mice [60]. We also found that the
monoclonal yields a band corresponding to 3B in western blots with extracts from
human brain but not human liver. A previously-characterized rabbit polyclonal anti-

3B antibody (used for immunostaining) was generously donated by Robert Darnell of
The Rockefeller University [53]. In preliminary experiments, this polyclonal antibody
also yielded a band at the expected molecular weight in western blots with protein
extracts from brain and not with extracts from liver. Phosphatidylinositol 4-kinase type 11
alpha (PI4KIla) antibodies were described previously [153]. Rabbit antibodies against
n3B were made by injection of the peptides TVTSQMPKGVLN and YFGVCSEPVIKD
after conjugation to Keyhole Limpet Hemocyanin (KLH). Antiserum was validated for
affinity and specificity for n3B by ELISA, immunoprecipitation of recombinant n3B and
western blotting. Recombinant u3B was made by cloning the full-length mouse cDNA
(IMAGE Consortium/Open Biosystems, Huntsville, AL) into the plasmid vector pTNT
(Promega Madison, WI) and then performing in vitro transcription and translation in a
reticulocyte lystate-based system (TnT SP6 Quick Coupled Transcription/Translation

System, Promega) exactly as per the manufacturer’s instructions.
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RT-PCR

Total RNA from human islets was prepared as previously described [149]. Gene-
specific primers were designed over exon-exon boundaries to the neuronal AP-3 subunits
B3B (5—AGCCAAGCTCTACCTGACCA—3’ and 5°--
TCCAAGACTGGAGCTGGTTT—3’) and u3B (5’—
TGTCAGCTTCCATCCTTGTG—3’ and 5’—TCCCACCGTTATTTCAAAGC—3’)
and PCR was performed using human islet and brain cDNA (OriGene Technologies,
Rockville, MD). Amplification was performed with HotStarTaq enzyme. cDNA was
denatured at 92°C, annealed at 60 °C and extended at 72 °C for 35 cycles. PCR products
were analyzed by agarose gel electrophoresis and ethidium bromide staining. Controls
with no template (no reverse transcriptase added to the reverse transcription reaction)

were used to ensure that there was no genomic DNA contamination.

Cell Culture

INS-1 cells (provided by the cell culture facility of the University of Washington
Diabetes and Endocrinology Research Center, Seattle, WA) were cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum, 50 uM B-mercaptoethanol, I mM
sodium pyruvate, 2 mM L-glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin
(Invitrogen, San Diego, CA) in a humidified 37° C chamber with 5% CO,. PC-12 cells
were grown in DME H21 media supplemented with 10% horse serum, 5% fetal bovine
serum, 100 U/mL penicillin and 100 mg/mL streptomycin in a humidified 37°C chamber

with 10% CO,. Brefeldin A (Epicentre Biotechnologies, Madison, WI), when used, was
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added to the tissue culture medium for 2 h at 10 pg/ml (final concentration; stock

solution: 5 mg/ml in methanol).

Subcellular Fractionation

PC-12 and INS-1 cells were fractionated according to Clift-O’Grady et al. (1998).
Briefly, cells were removed from culture dishes by rinsing with calcium- and
magnesium-free phosphate buffered saline (PBS). They were pelleted at 800 x g for 5
minutes, resuspended in budding buffer (38 mM potassium glutamate, 38 mM potassium
gluconate, 20 mM 4-morpholinepropanesulfonic acid pH 7.2, 5 mM reduced glutathione,
5 mM sodium carbonate, and 2.5 mM magnesium sulfate) and pelleted again at 800 x g
for 5 minutes. Cells were resuspended in budding buffer with protease inhibitors (Roche
Molecular Biochemicals; Indianapolis, IN) and homogenized using a Balch-designed cell
cracker (European Molecular Biology Laboratory) pre-rinsed with budding buffer. INS-1
cells were passed 24 times through the cell cracker and PC-12 cells 16 times. Trypan blue
exclusion was used to ensure efficient homogenization.

The resulting homogenate was sedimented in an SS34 rotor at 1000 x g for 5
minutes to obtain S1 supernatant. For sucrose sedimentation, S1 supernatants were
loaded onto a 10-45% continuous sucrose gradient. Sucrose gradients were centrifuged
for 2.5 h at 183,440 x g,,. For glycerol sedimentation, S1 supernatants were sedimented
at 27,000 x g for 35 minutes to generate S2 supernatant. S2 supernatant was loaded onto
a 5-25% glycerol gradient and spun in an SWS55 rotor at 218,000 x g for 75 minutes. For
both types of gradients, 400 uL fractions were collected from the bottom and stored at -

80° C.
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Western Blot Analysis

Human brain and human and rat liver protein extracts were obtained
commercially (Biochain, Hayward, CA and ProSci, Poway, CA). INS-1 and human islet
extracts (ICR Basic Science Islet Distribution Program, City of Hope, Duarte, CA) were
prepared by homogenization in RIPA buffer (PBS, 1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 45 pg/ml aprotinin, 100 png/ml phenylmethylsulphonyl fluoride
and 1mM sodium orthovanadate). Cell extracts were quantified using the Bio-Rad D,
Protein Assay (Bio-Rad, Hercules, CA). Fractions and lysates diluted 1:4 with reducing
sample buffer were electrophoresed on either 10% SDS-PAGE gels, 4-12% Bis-Tris
NuPage gels or 3-8% Tris-Acetate NuPage gels according to the molecular weight of the
protein of interest (Invitrogen). The protein was transferred to a PVDF membrane
(Millipore, Billerica, MA) and blocked for 1 hour in 5% non-fat dry milk and TBS-
Tween (20 mM Tris-HCI, 137 mM NaCl, 0.1% Tween-20, pH 7.4). The membrane was
incubated in primary antibody at 4° C overnight and washed 3 times in TBS-tween for 10
minutes. It was then incubated with HRP-conjugated anti-mouse IgG or anti-rabbit IgG
(Jackson Laboratories, Bar Harbor, ME) for one hour and washed 3 times in TBS-tween
for 10 minutes. The membrane was immersed in ECL (Amersham Biosciences,

Piscataway, NJ) for 5 minutes and exposed to x-ray film (Kodak, Rochester, NY).

Immunofluorescence
Flash-frozen rat pancreas (Rockland Immunochemicals, Gilbertsville, PA) was

fixed for 24 hours in Pen-Fix (Richard Allan Scientific, Kalamazoo, MI), embedded in

paraffin, and sections were cut at 6 um by the Moores Cancer Center histology core at the
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University of California, San Diego. Tissue sections were deparaffinized in D-limonene
(Fisher Scientific, Fairlawn, NJ), rehydrated through a graded ethanol series and antigen
retrieval was performed on sections for 10 minutes in boiling 1x citrate buffer (10 mM
sodium citrate, 0.05% Tween 20, pH 6.0). Sections were blocked in a 3% bovine serum
albumin/1% goat or donkey serum/phosphate buffered saline solution for 1 hour and then
incubated with primary antibody in the same solution for 1 hour. They were washed
twice in PBS for 10 minutes each and then incubated with AlexaFlour conjugated anti-
mouse and anti-rabbit IgG conjugates (Invitrogen). Sections were washed twice in PBS
and mounted with coverslips. Images were captured using an Olympus FV1000 spectral
confocal microscope configured with an Argon/Krypton laser (488- and 568-nm
excitation lines) and either 40x or 60x oil immersion lenses. Controls included tissue
stained either exclusively with secondary antibody or treated with preimmune serum

followed by secondary antibody.

Immunohistochemistry

Paraffin-embedded rat pancreas sections were treated as described above through
the first wash step. Sections were then incubated with biotinylated anti-mouse or anti-
rabbit IgG in blocking buffer for 1 hour and washed twice with PBS. They were then
incubated for 30 minutes in a 1:200 dilution of alkaline phosphatase streptavidin (Vector
Laboratories, Burlingame, CA, USA). Vector Red (Vector Laboratories) was used to
visualize the binding of the primary antibodies. Sections were counterstained with
hematoxylin (Fisher Scientific) using standard methods. Images were captured on a

Nikon Optiphot microscope with a Nikon Coolpix 5400 using a 20x lens. Controls
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included tissue treated with preimmune serum followed by secondary antibody or stained

exclusively with secondary antibody.

D. Results
1. Neuronal AP-3 Subunits are Expressed in Human Islets

An expressed sequence tag (EST) search suggested the expression of the neuronal
AP-3 subunits, 3B and u3B, in human and mouse islets (data not shown). To confirm
expression of these genes, primers for f3B and n3B were designed over exon-exon
boundaries and PCR analysis was performed using human brain and islet cDNA.
Amplicons of the expected size were detected in human islets and, as expected, in human
brain (Fig. 3.1A).

To confirm B3B protein expression in islets, western blot analysis was performed
using a B3B-specific monoclonal antibody. As expected, B3B was detected in lysates
from human, rat and mouse brain (Fig. 3.1B). B3B protein was also detected in cell
lysates from the insulin-secreting -cell lines B-TC3, HIT-T15 and INS-1 and in tissue
lysates from isolated human and rat islets (Fig. 3.1B) [154, 155]. Lysates from the
dedifferentiated, glucagon- and insulin-producing mouse islet cell line aTC6 also
contained 3B protein (not shown). The monoclonal antibody is specific for the neuronal
protein: it does not yield a band with extracts from 3B knockout mouse brain [60] or
from human liver (not shown).

As with 3B protein, INS-1 and aTC6 cell lysates also contained pu3B protein

(Fig. 3.1C). As expected, u3B was not detected in liver extract (Fig. 3.1C) or, as will be
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discussed later, in immunostained pancreatic exocrine tissue. The observed u3B band
precisely comigrated with u3B synthesized de novo by in vitro translation, providing

further confirmation of the specificity of the u3B antibody (Fig. 3.1C).

2. B-Cell-Specific Expression of Neuronal AP-3B Subunits in Rat Islets

To determine the localization of the B3B and p3B proteins in islets,
immunolocalization studies were performed on rat pancreas sections using antibodies to
3B and u3B. B3B was detected exclusively in cells expressing insulin (i.e., -cells) but
not in those expressing glucagon (a-cells) (Fig. 3.2). B3B was absent from the
surrounding pancreatic exocrine tissue. Islet-specific expression of B3B was also
observed in mouse and human pancreas sections (not shown). A similar pattern of
expression was observed for u3B. Analysis of serial sections of rat pancreas revealed
u3B protein expression in B-cells but not in a-cells (Fig. 3.3). As expected, there was no
immunostaining of the exocrine pancreas. The latter result provides further confirmation
that the u3B polyclonal antibody does not cross-react with the ubiquitously-expressed

n3A isoform.

3. Resemblance of INS-1 p-cell SLMVs to PC-12 cell SLMVs
The expression of AP-3B in B-cells, along with its role in the biogenesis of SV in
neurons, led us to next ask whether AP-3B is important for the formation of SLMV in [3-

cells. A well-characterized B-cell line, INS-1, was chosen to test for AP-3B function
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Figure 3.1. Expression of Neuronal AP-3 mRNA and Protein in INS-1 B-cells and
Pancreatic Islet Extracts.

(A) PCR analysis was performed to determine whether the neuronal AP-3
subunits B3B (B-NAP) and pu3B are expressed in human islets (Isl). Human brain (Br)
cDNA was used as a positive control. PCR products of the expected size were detected
in brain and islets for both B3B and pu3B. A negative control (-) in which no reverse
transcriptase was added during the reverse transcription reaction (no RT Control) is
shown to the right the brain and islet lanes. cDNA from human tissues (shown) and from
rat tissues (not shown) yielded identical results. (B) To determine whether 3B (3-NAP)
protein is expressed in islets, western blot analysis was performed using a B3B-specific
monoclonal antibody. As expected, B3B was detected in human (H), rat (R) and mouse
(M) brain (Br). B3B protein was also present in cell lysates from the insulin-secreting [3-
cell lines BTC3 (B), HIT-T15 (Hit) and INS-1 (Ins), and in tissue lysates from human and
rat islets (Isl). B3B was also present in the dedifferentiated islet cell line aTC6 and was
(as expected) not detected in human liver or in brain from 3B knockout mice ([60] and
not shown). As observed previously, immunoblot detection of B3B yielded two bands. It
is not known why B3B forms a doublet band. The distance migrated by molecular weight
markers is indicated by arrows on the left. The prestained markers allow only
approximate estimation of molecular weight and exhibit less accuracy at higher
molecular weights. In general, in different experiments the 3B bands were observed to
run between molecular weight markers for ~115 kDa and ~200 dDa, consistent with the
reported molecular weight of ~140 kDa. (C) Left panel: u3B was detected in aTC6 cell
lysate (o), INS-1 cell lysate (Ins) but not in rat liver lysate (Liv). Right panel: u3B (p)
produced by in vitro transcription and translation (second lane) and analyzed by
immunoblotting with the u3B antibody ran at the expected M; of ~47,000 (location of
molecular weight markers is indicated to the left). This band comigrated precisely with
the band that was observed in aTC6 cells (a, first lane) and INS-1 cells. **>S-met was
included in the in vitro translation reaction. Autoradiographic detection of the
radiolabeled u3B (lane on far right) yielded a band that precisely aligned with the band
detected by immunoblot analysis. This confirms that the u3B antibody detected u3B
synthesized de-novo in the in vitro transcription and translation reaction.
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Figure 3.2. B3B is detected in the pancreatic islet 3 cells.

Immunofluorescent localization was performed to determine the localization of
3B (B-NAP, green) in rat pancreas sections. Tissues were co-stained for either insulin
(INS, bottom row, red) or glucagon (Glu, top row, red). 3B was detected in cells
expressing insulin (colocalization yields orange-yellow in the merged images) but not in
cells expressing glucagon. As expected, B3B was also not present in the surrounding
pancreatic exocrine tissue. Islet-specific expression of B3B was also observed by
immunostaining using the same antibody in mouse and human pancreas sections (not
shown). (Magnification, 60x).
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Figure 3.3. u3B is detected in pancreatic islet B cells.

Immunohistochemical localization was performed to determine the localization of
n3B in rat pancreas sections. Serial sections were stained for either insulin (Ins),
glucagon (GLU) or, as a control, preimmune serum (PI). Four serial sections containing
the same representative islet are shown. As is typical in rodent islets, the glucagon-
expressing a-cells are found in the islet periphery, surrounding the insulin-producing 3
cells. u3B was observed in the B cells but not in cells that stained positive for glucagon.
As expected, u3B was also not present in the surrounding pancreatic exocrine tissue.
Preimmune serum yielded very little background. (Glu, glucagon; Ins, Insulin; PI,
preimmune). (Magnification, 60x).
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because the fractionation studies necessary for analyzing SLMV require large numbers of
cells [133, 154].

To confirm that INS-1 cells are a suitable model for the study of B-cell SLMV
biogenesis, INS-1 cell post nuclear supernatant (S1) was sedimented in a sucrose velocity
gradient to resolve both secretory granules and SLMVs. The larger secretory granules
and endosomes migrate faster through the gradient than SLMVs [118]. Fractions were
collected from the bottom of the gradient and analyzed by immunoblotting with a
monoclonal antibody to the synaptic vesicle protein SV2—which, in B-cells, is present in
both the microvesicles and secretory granules—or with an antibody to the secretory
granule protein carboxypeptidase E (Fig. 3.4) [156, 157].

Two peaks were observed when fractions were stained for SV2: one consistent
with the presence of endosomes/secretory granules (centered at fractions 6-7) and one
consistent with the presence of SLMVs (centered at fraction 16). The location of the
peak resulting from sedimentation of INS-1 SLMVs in the sucrose gradient was identical
to the location of the PC-12 cell SLMV peak. This demonstrates that INS-1 SLMVs and
PC-12 SLMVs have the same sedimentation properties in sucrose velocity gradients. To
confirm that the first peak contained secretory granules, INS-1 fractions were stained for
carboxypeptidase E, a marker of secretory granules but not SLMV, and only one peak,
which corresponded to the earlier of the two SV2 peaks, was observed (fractions 6-7; Fig.
3.4) [156]. Carboxypeptidase E can be processed from a membrane-bound to a soluble
form which is released from broken secretory granules, and the protein was, as expected,
also present in the top fractions (fractions 17 and 18) containing the pool of soluble

proteins [158].
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Figure 3.4. Detection of synaptic-like microvesicles (SLMYVs) in INS-1 cell
homogenates by sucrose gradient sedimentation.

Post nuclear supernatant (S1) from INS-1 cells was sedimented in 5-45% sucrose
gradients and the resulting fractions analyzed by immunoblotting. When fractions were
stained with SV2 antibody, two distinct peaks (labeled “1”” and “2”’) were observed at
fractions 6 and 16. Larger vesicles sediment to the lower-numbered fractions, and peak 1
results from the presence of SV2 in larger endosomes and secretory granules. The
presence of secretory granule proteins in peak 1 was confirmed by immunoblotting for a
specific marker of the secretory granules: carboxypeptidase E (Carboxy). The presence
of a second peak centered at fraction 16 is consistent with the presence of SLMVs in
INS-1 cells and with the association of SV2 with the INS-1 cell SLMVs. The absence of
carboxypeptidase E from the second peak demonstrates that the population of
microvesicles comprising peak 2 was not contaminated with secretory granules.
Carboxypeptidase E released from broken secretory granules was, as expected, present in
the pool of soluble proteins in fraction 18. An immunoblot from PC-12 cells fractionated
in parallel (bottom row) was probed for synaptophysin (sphysin), which localizes
primarily to SLMV. Synaptophysin content formed a peak around fraction 16,
demonstrating that the pattern of PC-12 SLMV sedimentation in the sucrose gradient
matches that of INS-1 SLMV. Lesser amounts of synaptophysin are also present in
larger PC-12 cell compartments, including secretory granules, which explains the
presence of bands in PC-12 fractions 6 and 7 [159, 160].
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4. INS-1 and PC-12 SLMVs cosediment and share similar synaptic vesicle markers

A defining feature of SLMV and SV is their distinctive size of ~40 nm [161, 162].
Past studies to determine the size of the B cell SLMVs by electron microscopy have
produced conflicting results. This may be due to the difficulty of discriminating sectioned
tubules and endosomes from SLMVs in whole cells [134, 163]. A recent study, for
example, reported the average size of the B-cell SLMV to be 90 nm with SLMVs ranging
up to ~150 nm [25].

Glycerol velocity gradient sedimentation allows discrimination of organelles
based on size [118]. In these gradients, brain SVs and P12 SLMVs co-sediment in the

middle of the gradient as a symmetric peak. Moreover, the size of these organelles has
been confirmed independently by electron microscopy [161, 164, 165]. To corroborate

that the SV2 peak observed in Fig. 3.4 corresponded to SLMV, we performed glycerol
velocity sedimentation to determine whether INS-1 cell microvesicles co-sediment with
PC-12 cell SLMVs [134]. PC-12 cells contain SLMV that are virtually indistinguishable
from neuronal SV, and the PC-12 cell line is commonly used for the study of SV/SLMV
biogenesis [134].

INS-1 and PC-12 post nuclear supernatants (S1) were spun at 27,000 x g for 35
minutes to generate high speed supernatants (S2) lacking larger membranes such as
endosomes and secretory granules. S2 high-speed supernatants from both cell lines were
then sedimented in glycerol velocity gradients to resolve SLMV according to size.
Fractions were collected from the bottom of the gradients and analyzed by
immunoblotting with antibodies to markers of PC-12 cell SLMVs including

synaptophysin, SV2 and vacuolar ATPase (Fig. 3.5). PC-12 fractions were analyzed by
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Figure 3.5. B-cell microvesicles are identical in size to PC-12 SLMVs and have
matching cargo protein content.

PC-12 cells produce SLMVs with biophysical properties indistinguishable from
those of neuronal SVs. High speed supernatants (S2) obtained from PC-12 and INS-1
cells were fractionated by glycerol gradient centrifugation, a technique especially well
suited for resolving the ~40 nm SVs and SLMVs. Fractions containing SLMVs were
identified using antibodies to previously-characterized PC-12 SLMV proteins. Maximal
immunoreactivity to the SV marker synaptophysin (sphysin) was observed in fraction 8
in both INS-1 and PC-12 cells, demonstrating that the SLMVs in the two cell types are
the same size. Vacuolar ATPase (vATPase), a constituent of SV/SLMV, and SV2 were
also detected in the INS-1 SLMV fractions (rows 2 and 4) as was phosphatidylinositol 4-
kinase type II alpha (PI4KIla), an SV protein sorted specifically by an AP-3B dependent
mechanism (see Fig. 3.6).
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immunoblot with synaptophysin antibodies (Fig. 3.5, top row). Maximal PC-12 cell
synaptophysin immunoreactivity was observed in fraction 8. When INS-1 fractions were
stained with synaptophysin, maximal immunoreactivity was also observed in fraction 8.
This indicates that INS-1 SLMV co-sediment with PC-12 SLMVs, as would be predicted
if B-cell SLMVs were ~40 nm (Fig. 3.5). Further, INS-1 fractions enriched in SLMVs
were also enriched in other characteristic markers of SV and SLMV such as SV2 and
vacuolar ATPase (Fig 3.5). Importantly, INS-1 SLMV also contained an SV/SLMV
protein whose sorting to these organelles is regulated by AP-3: phosphatidylinositol-4-
kinase type II alpha (PI4KIla, Fig 3.6) [166-168]. These results indicate that INS-1 B cell
SLMVs closely resemble PC-12 SLMVs and suggest that neuronal AP-3 subunits may

contribute to the biogenesis of INS-1 3 cell SLMVs.

5. An AP-3 Dependent Pathway Drives SLMV Biogenesis in INS-1 -Cells

Brefeldin A inhibits AP-3 mediated SV/SLMV biogenesis from endosomes but
does not affect AP-2 mediated SV/SLMYV biogenesis from the plasma membrane [151,
169]. To determine whether SLMYV biogenesis in B-cells is dependent on AP-3, INS-1
cells were incubated in the presence or absence of brefeldin A, and high speed
supernatants were sedimented in 5-25% glycerol gradients to resolve SLMV. SLMV
content was analyzed using antibodies to proteins known to be associated with rat brain
SV and PC-12 SLMV. Equal loading of proteins from untreated (-) and treated (+) cells
into the gradients was confirmed using an antibody to tubulin (Fig. 3.6). Relative to
control cells (- signs in Fig. 3.6), treatment with brefeldin A (+ signs in Fig. 3.6)

markedly reduced the content of SV2, synaptophysin and vacuolar ATPase in INS-1
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Figure 3.6. SLMYV biogenesis in INS-1 3 cells is mediated by AP-3.

High-speed S2 supernatants obtained from INS-1 cells incubated for 2 h in the
presence (+ in column on the far right) or absence (-) of brefeldin A (BFA) were
sedimented in 5-25% glycerol velocity gradients to resolve SLMV. Fractions (numbered
1- 17) were analyzed by immunoblotting using antibodies to proteins known to be
associated with SVs and PC-12 SLMVs. Recovery of SLMVs from the glycerol gradient
peaked at Fraction 8. Treatment with BFA markedly reduced the content of vacuolar
ATPase (vATPase), SV2, phosphatidylinositol 4-kinase type II alpha (PI4KIIa)
and synaptophysin (sphysin) in the INS-1 SLMV fractions (compare fractions 6-9 in the
“+” rows with the same fractions in the “-“ rows directly above). The observed depletion
of protein content in the INS-1 SLMYV fractions during brefeldin A treatment is identical
to previous results demonstrating AP-3-mediated SLMV biogenesis using brefeldin A in
PC-12 cells [164, 170, 171]. Probing for tubulin (bottom two rows, fractions 14-17)
confirmed that the glycerol gradients were loaded with extracts with equal protein
content. Cytosolic proteins like tubulin are expected to localize to the upper fractions, as
is seen here. “+” and “-““ blots were run, transferred and exposed to film (for equal
lengths of time) in parallel.
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SLMYV (fractions 6-10 in Fig. 3.6). The content of PI4KIla, a protein specifically
targeted to AP-3 derived SLMV, was similarly reduced after treatment with BFA
(fractions 6-10) [166-168]. These data show that INS-1 SLMV biogenesis is sensitive to
brefeldin A. The depletion of SLMV proteins from the INS-1 SLMV fractions by
brefeldin A parallels results from earlier studies in which the presence of an AP-3-
mediated pathway of SLMV biogenesis in PC-12 cells was demonstrated using brefeldin
A in the same manner as depicted here [164, 170, 171]. These results are consistent with

a model where AP-3 mediates the bulk of SLMV biogenesis in INS-1 B-Cells.

E. Discussion

The pancreatic islet B-cells express much of the machinery that is important for
the differentiation and maintenance of GABAergic (inhibitory) synapses in the central
nervous system (CNS) [149]. Previous studies with mice lacking the neuronal AP-3
subunits 3B (B-NAP) and u3B show that these proteins are important for normal
synaptic function and play an important role in GABAergic signaling [59, 60]. In u3B
knockout mice, Nakatsu et al (2004) observed impairment of K'-evoked release of
GABA which they attributed, at least in part, to reductions in synaptic VGAT protein
levels [59]. Islet B-cells express VGAT and other components of the neuronal
GABAergic signaling machinery [5, 99]. Because of more recent findings also suggesting
that B-cells mature in a manner similar to that of GABAergic synapses, we hypothesized

that AP-3B would be important for the biogenesis of SLMVs in B-cells [149]. Here, we
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demonstrate the expression of f3B and pu3B in the pancreatic islets. This is the first time
that B3B and n3B have been shown to be expressed outside of neural tissue.

Our results indicate that rat pancreatic expression of AP-3B is islet -cell-specific.
We show that, as in neurons, AP-3 protein complexes in INS-1 B-cells are involved in the
biogenesis of SLMVs, as suggested by the strong inhibition of SLMVs after brefeldin A
treatment. Because AP-3B-mediated microvesicle formation occurs at endosomes, -cell
SLMVs may primarily originate from endosomal compartments [56]. Our results
confirm that the protein content and sedimentation properties of INS-1 3 cell SLMVs

closely resemble that of PC-12 and neuronal SVs/SLMVs.

1. Expression of AP-3B Subunits in Islets and Beta-Cells

Transcripts of both adaptin subunits specific to the neuronal AP-3 complex, 3B
(B-NAP) and pn3B, were detected in islets. Immunolocalization studies demonstrated that
both AP-3B subunits are expressed exclusively by the islet -cells in rat pancreas
sections.

The expression of B3B by B-cells, the propensity for B-cell autoantigens to be
vesicle-associated and the prior observation that 3B functions as an autoantigen in
cerebellar degeneration suggested that 3B itself could be a B-cell autoantigen [38, 53,
54]. Alternatively, B3B and u3B may contribute to the triggering of anti-3 cell
autoimmunity by mediating the formation of nerve-terminal-like vesicles that carry
potential autoantigens in a way that allows them to be discharged outside the cell under

certain circumstances [38, 51]. The SLMV-associated enzyme GADG65, for example, is a
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major autoantigen in type 1 diabetes and is released into the circulation during -cell
injury [51]. We conducted a preliminary search for evidence of autoreactivity against
B3B and u3B using radioligand binding assays similar to a proven assay for GAD65 and
other autoantibodies [172, 173]. Plasma samples from controls and from 10 children
newly diagnosed with type 1 diabetes were tested for 3B and u3B antibodies. These 10
well-characterized samples have previously been used by the Immunology of Diabetes
Workshops to standardize measurements of diabetes-associated autoantibodies [ 174,
175]. Results from this pilot study were negative for the presence of autoantibodies

against either of the two proteins in the sera of subjects with type 1 diabetes and controls.

2. AP-3-mediated SLMV Biogenesis in 5 Cells

The biophysical properties of synaptic vesicles and synaptic-like microvesicles
are virtually identical [134]. Both are characterized by their homogenous size, the
presence of unique markers and the absence of markers of larger endosomes and
secretory granules. It was unclear how the biophysical properties of islet 3 cell SLMVs
compare to SVs and PC-12 SLMVs. Previous characterization of these vesicles has
yielded conflicting results and suggested that the size of these microvesicles differ from
true SVs/SLMVs, which have a remarkably constant diameter of about 40 nm [161, 162].
Using electron microscopy, Braun et al. reported that the B-cell SLMV are on average 90
nm in diameter and can be as large as 150 nm, whereas Christgau et al. reported that
these same vesicles are between 30-60 nm [25, 46]. Such electron microscopy-based
analysis performed in intact cells cannot discriminate between sectioned tubules and

endosomes and SLMVs unless proper markers are used. To circumvent this problem,
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SLMVs can be separated from endosomes and larger vesicles with standard cell
fractionation techniques followed by sedimentation through glycerol velocity gradients
[134, 164]

The INS-1 line is one of the best-characterized 3 cell lines [133, 154]. Sucrose
gradient sedimentation of INS-1 B-cell homogenates yielded a peak due to the presence
of endosomes/secretory granules and a second peak consistent with the presence of
SLMVs that co-sediment with PC-12 SLMVs. Glycerol gradient sedimentation
confirmed that the INS-1 -cells contain bona fide SLMVs. Our results show that INS-1
SLMVs carry SV/SLMV markers including SV2, synaptophysin, PI4KIla and vacuolar
ATPase. INS-1 SLMVs sedimented in the same glycerol gradient position as PC-12
SLMVs indicating that INS-1 SLMVs are the same size as PC-12 SLMVs and neuronal
SVs, with a diameter of around 40 nm. These results validate INS-1 cells as a model for
investigations of SLMV biogenesis and SLMV function in -cells.

Treatment of INS-1 B-cells with brefeldin A markedly inhibited the formation of
SLMVs, suggesting that neuronal AP-3 mediates the biogenesis of a significant portion
of B-cell SLMVs. These studies do not exclude the possibility that there is also a
population of SLMVs formed via an AP-2 dependent mechanism. Both pathways are
used for the biogenesis of SLMV in PC-12 cells [164].

B-cells and testis are the only tissues outside the CNS that express the zinc
transporter ZnT3 [176, 177]. In neural tissue, ZnT3 incorporation into SVs/SLMVs is
AP-3 dependent [164]. It is possible that, as in neurons, B-cell neuronal AP-3 drives the

biogenesis of SLMV containing ZnT3 and these that vesicles are important for zinc
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storage. ZnT3 plays a significant role in B-cell function: silencing of ZnT3 expression in
B-cells decreases insulin secretion [176]. This may occur because zinc is important for
insulin storage in secretory granules [178]. Also, zinc is secreted with insulin after
glucose stimulation and has been proposed to act in a paracrine manner on o.-cells [179].
Further characterization of the function of f-cell SLMVs formed as a result of AP-3
action may lead to novel insights into both zinc and GABAergic autocrine/paracrine
signaling within the islet.
3. Closing Remarks

Taken collectively, our data demonstrate expression of the neuronal AP-3
subunits outside of the CNS and the neurosecretory chromaffin cells and suggest that AP-
3-mediated SLMV biogenesis occurs in B-cells. Experiments utilizing glycerol velocity
gradient confirm that the biophysical properties of B-cell SLMVs match those of the bona
fide SLMVs produced by PC-12 cells. Future studies of AP-3-derived SLMV may
provide insights into important aspects of pancreatic -cell biology including the function
of GABA within the islet, B-cell zinc metabolism and the mechanisms that render
neuronal, vesicle-associated B-cell proteins particularly susceptible to autoimmune

targeting.
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CHAPTER 4: THE INHIBITORY PHENOTYPE OF THE ISLET B—CELL:
EXPRESSION OF NEUREXIN, NEUROLIGIN, AND THEIR CYTOPLASMIC
BINDING PARTNERS IN THE PANCREATIC BETA-CELLS AND THE
INVOLVEMENT OF NEUROLIGIN IN INSULIN SECRETION

A. Abstract

The composition of the B-cell exocytic machinery is very similar to that of
neuronal synapses, and the developmental pathway of B-cells and neurons substantially
overlap. B cells secrete GABA and express proteins that, in the brain, are specific
markers of inhibitory synapses. Recently, neuronal coculture experiments have identified
three families of synaptic cell-surface molecules--neurexins, neuroligins and SynCAMs--
that drive synapse formation in vitro and that control the differentiation of nascent
synapses into either excitatory or inhibitory fully mature nerve terminals. The inhibitory-
synapse-like character of the 3 cells led us to hypothesize that members of these families
of synapse-inducing adhesion molecules would be expressed in [ cells and that the
pattern of expression would resemble that associated with neuronal inhibitory
synaptogenesis. Here, we describe -cell expression of the neuroligins, neurexins and
SynCAM and show that neuroligin expression affects insulin secretion in INS-1 f3 cells
and rat islet cells. Our findings demonstrate that neuroligins and neurexins are expressed
outside the central nervous system and help confer an inhibitory-synaptic-like phenotype
onto the B cell surface. Analogous to their role in synaptic neurotransmission, neurexin-
neuroligin interactions may play a role in the formation of the submembrane insulin

secretory apparatus.
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B. Introduction

Insulin-secreting, pancreatic islet B-cells appear to have evolved from a neuronal
precursor and to have retained exocytic mechanisms that, in neurons, are important for
neurotransmitter release. Evidence linking the -cells to a neuronal ancestor includes the
finding that in some non-vertebrate species, such as Drosophila, insulin is exclusively
released from neurons in the brain and also the observation that neural progenitor cells
can be differentiated into glucose-responsive, insulin-secreting cells [6, 7]. B-cells also
express many of the scaffolding and synaptic vesicle proteins important for
neurotransmitter secretion, and these seem to be key components of the insulin secretory
machinery [12-18]. Consistent with their resemblance to neurons, 3-cells express high
levels of the major inhibitory neurotransmitter GABA and all of the machinery necessary
for GABA synthesis, secretion and signaling [1, 5, 180]. The B-cell GABAergic
signaling machinery most likely functions to regulate islet hormone secretion via an
autocrine or paracrine signaling mechanism [1].

In the central nervous system, the differentiation and maturation of synapses to
either a glutamatergic (excitatory) or GABAergic (inhibitory) phenotype is regulated, at
least in part, by the synaptic adhesion molecules neurexin and neuroligin [181]. The
neurexins are encoded by 3 distinct genes, are subject to a high degree of alternative
splicing and, each can be transcribed from two promoters, generating longer o and
shorter 3 forms [182]. Transcription of a and 3 variants of each of the three neurexin
genes results in the expression of 6 different neurexin transcripts: la, 183, 2a, etc. Their

expression is restricted to axons (pre-synaptic) and they interact across the synaptic cleft
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with the neuroligins, which are localized to dendrites (post-synaptic). The neuroligins are
encoded by five genes in humans and four in rodents and are also subject to alternative
splicing [183, 184]. SynCAMI1, a member of a family of adhesion molecules encoded by
4 distinct genes, also helps drive the functional differentiation of synapses [71].

Co-culture experiments using non-neuronal cell lines expressing members of the
neurexin and neuroligin gene families revealed that neurexins specifically induce post-
synaptic differentiation and neuroligins specifically induce pre-synaptic differentiation at
points of contact between the non-neuronal cells expressing these proteins and
hippocampal neurons [65, 66, 185, 186]. SynCAM induces both pre- and post-synaptic
differentiation in contacting neurons [187]. Neuroligin-1 and specific B-neurexin splice
variants are important for the formation of glutamatergic synapses while the a-neurexins
and neuroligin-2 drive the formation of GABAergic synapses [74, 188]. These results are
in accord with differential expression patterns of neuroligins-1 and -2, where neuroligin-1
is detected primarily at excitatory synapses [75] and neuroligin-2 exclusively at
inhibitory synapses [76] and with overexpression studies demonstrating that neuroligin-1
exclusively affects excitatory neurotransmission and neuroligin-2 exclusively affects
inhibitory neurotransmission [74]. More recent in vivo studies with mice lacking the
neuroligin genes confirms that theses genes are important for determining whether a
maturing synaptic connection will be excitatory or inhibitory [74].

Previously, we described the expression of the vesicular GABA transporter
VGAT inislet B cells [5, 99]. Because B cells express the protein machinery necessary
for GABAergic neurotransmission and because neuroligin-2 is important for driving the

functional differentiation of GABAergic (inhibitory) synapses, we hypothesized that
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neuroligin-2 and the interacting neurexins are expressed in B-cells. There, they may play
a role in the maturation of autocrine or paracrine GABAergic signaling mechanisms.
Furthermore, since neuroligin-neurexin interactions induce assembly of the synaptic
exocytic machinery in tissue culture and are necessary for its proper functioning in vivo
[65, 66, 72, 73], we postulated that neurexins and neuroligins may be important for the
normal maturation and/or functioning of the highly-similar insulin secretory apparatus.
Here, we demonstrate expression of neuroligin and neurexin family members in
B-cells, as well as expression of intracellular, inhibitory-synapse-associated neuroligin
and neurexin binding partners and provide evidence that neuroligin family members play
a role in the insulin secretory mechanism. Our findings suggest that the functional
maturation of the 3 cell may share common mechanisms with that of the inhibitory

synapse.

C. Materials and Methods
Antibodies

The following primary antibodies were obtained commercially: mouse anti-
gephyrin, mouse anti-PSD-95, mouse anti-CASK (BD Biosciences, San Diego, CA), goat
anti-neurexin 1 (P-15), goat anti-neuroligin 2 (D-15) (Santa Cruz Biotechnology, Santa
Cruz, CA), rabbit anti-neuroligin-3 (Synaptic Systems), mouse anti-insulin, mouse anti-
glucagon, mouse anti-syntaxin-1 (Sigma, St. Louis, MO) and chicken anti-SynCAM
(Medical & Biological Laboratories Co., Woburn, MA). Rabbit antibodies against
neuroligin-2 were made by Alpha Diagnostic, Inc. (San Antonio, TX) after injection of

the extracellular domain, which was generated in HEK293 cells as previously described
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[189]. Antiserum was validated for affinity to neuroligin-2 by ELISA and western
blotting.
Plasmid Constructs

cDNAs encoding rat neuroligin-1, -2 and -3 and human neuroligin-4 were
subcloned into a vector encoding the FLAG epitope tag (Sigma) downstream of the
amino-terminal cleaved signal sequence of preprotrypsin [190, 191]. Neuroligin-4 cDNA
was a kind gift of Dr. Sergio Gloor, Swiss Federal Institute of Technology. A previously-
described splice variant of acetylcholinesterase that lacks a transmembrane domain but
that is anchored to the membrane via a GPI linkage was used in transfection experiments
[191].

To generate reference templates for real time quantitative PCR analysis (QPCR),
regions of the neurexin-2 and neurexin-3 genes flanking the real-time PCR amplicons
were amplified by PCR of rat brain cDNA. The following primers were used: neurexin-
2 (5’—gcactgttggggtgattttt—3’ and 5’—tggctgttgaagatggtcag—3’) and neurexin-3 (5’—
agcggtggtctcatcctcta—3” and 5’—tcgttgacaggggttctctc—3”). These PCR products were
ligated into the TOPO TA vector (Invitrogen, Carlsbad, CA), transformed into TOP10

cells (Invitrogen), isolated and then quantified.

PCR/RT-PCR

Human fetal pancreas RNA was generously donated by Alberto Hayek
(University of California, San Diego). Total RNA from INS-1 cells, NIT cells and
human islets was isolated using the RNA Easy isolation Kit (Qiagen). RNA was reverse

transcribed using random hexamers at 42 °C for 50 minutes with SuperScript II Reverse
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Transcriptase (Invitrogen). The gene-specific primers used to amplify cDNA are shown
in Table 4.1. For amplification with HotStarTaq enzyme, cDNA was denatured at 92°C,
annealed between 58 and 62 °C and extended at 72 °C for 35 cycles. PCR products were
analyzed by agarose gel electrophoresis and ethidium bromide staining. Controls with no

template were used to ensure that there was no DNA contamination.

Quantitative RT-PCR

Total RNA was isolated from INS-1 cells and rat brain using TriZOL (Invitrogen)
and from human and rat islets using the GenElute Total Mammalian RNA miniprep kit
(Sigma). It was then treated with Turbo DNAse (Ambion) to remove any contaminating
genomic DNA. RNA was reverse transcribed with Superscript 11 reverse transcriptase
(Invitrogen) and random hexamers. Using gene-specific primers and TagMan probes,
quantitative PCR analysis was performed with the cDNA product from 50 ng RNA per
well on an ABI Prism 7700 (Applied Biosystems). Primers and TagMan probes are listed
in supplemental tables 4.2, 4.3 and 4.4. Each sample was analyzed in duplicate along
with a corresponding sample to which no reverse transcriptase was added (no RT
control). To generate standard curves, real-time PCR analysis was performed with 10" to
10° copies of plasmid DNA encoding either the full-length neuroligin/neurexin genes or
the portions of the neurexin genes flanking the gPCR amplicons. The standard curves
allowed for calculation of the number of copies of each gene present in the cDNA

samples. For analysis of RNA interference studies, neuroligin gene expression was
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Forward Primer

Reverse Primer

rat neuroligin-1

5’—gatggaccagcgagaacatt—3’

5’—atcgatcacaggtccaaagg—3’

rat neuroligin-2

5’—tttctgegggaatttgtacc—3’

5’—cctgctatgcaaggaggaag—3’

rat neuroligin-3

5’—gacggggatgaagatgaaga—3’

5’—agcccctcagagtgatgaga—3°

rat neurexin-lo

5’—gcagatacccttcgactgga—3’

5’—tcatcacattgtgccactga—3’

rat neurexin-1f3

5’—gcacctcgagaagactgtcc—3

5’—cggagcatcctctggtacat—3’

rat neurexin-2o.

5’—tcaacctgtccctcaagtcc—3’

5’—ggtgtaatcctectgegtgt—3

rat neurexin-2f3

5’—gtctcgtccagectcage—3

5’—gggaggccatgtataggtga—3

rat neurexin-3o

5’—cattgtggagccagtgaatg—3

5’—gcccaacataggaggagtca—3’

rat neurexin-3f3

5’—tgggagaagtcccatcagtc—3’

5’—gcttctggetgacctacctg—3’

human neuroligin-1

5’— gttggccacaaaagttggtt —3

5’—ttgagtgaagatccgetgtg —3°

human neuroligin-2

5’—ggcttaagggacacagtgga—3’

5’—gattgtcgggattgttttgg—3’

human neuroligin-3

5’—caccctgtggttcctcagtt—3’

5’—cgtggatgtagaccatgacg—3’

human neurexin-1o

5’—cgacttcctggagetgattc—3’

5’—agcacacacctccgttgag—3’

human neurexin-1f3

5’—cggctatgtttcggattgtt—3’

5’—tcaatggcgatgtcatctgt—3’

human neurexin-2o

5’—ttgtcatcgagctggtcaag—3’

5’—tggcacaggactcttcagtg—3’

human neurexin-2f3

5’—ccggcaggaaactttgataa—3’

5’—catctgtgttctgggtggtg—3’

human neurexin-3o

5’—ctctggceaccatcaaagtga—3’

5’—ttcttgcaggggtagetgte—3’

human neurexin-3f

5’—aaactcacctgaacccacttg—3’

5’—cccatcatagcaggaggaag—3’

mouse neuroligin-1

5°’—ggggatgaggttccctatgt—3’

5’—ccgtggatggcactttagtt—3’

mouse neuroligin-2

5’—tagcaggtgggagcagactt—3’

5’—agacacaagtgggagggttg—3’

mouse neuroligin-3

5’—acatggaaggaacaggcaac—3’

5’—agagccactttggatgatgg—3’

mouse neurexin-1

5’—agttgtacctgggtggcttg—3’

5’—aaaccgttgectctetctca—3’

mouse neurexin-2

5’—caccacccagaacacagatg—3’

5’—tgttcttettggecttgett—3°

mouse neurexin-3

5’—tcctaaccacaacgggctac—3’

5’—ctcagtggtecgaaagtcaa—3
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Table 4.2. Primers and Tagman Probes for Real Time PCR Analysis of INS-1 Cells
and Rat Islets.

Transcript

Forward Primer

Reverse Primer

Probe

Neuroligin-1

tccatatgetgetccaccaa

cggatatcagaccagggagatg

agaacatcgatttcagcctccagaacca

Neuroligin-2

ggcgatgtagtcectgatgac

cgccaatgagcatgttcgtagt’

tgagatcctcatgcaacagggagaattce

Neuroligin-3

ggaagtagectggtccaaataca

gatcacgaacccttggtttca

ccegggaccagcetctaccttcacate
Neurexin-1lo ttccgecaacaccactctctaca ccctgegettggacttga cgctgaggcecaagtgggtgga
Neurexin-10 gcgceaccacatccaccat gctggtgacctgtagattgcaat catggcagcagcaagcatcattcagt
Neurexin-2 | cacggatgacattacaattgatga agcgcaccacgtgatatttg ccaacgccatctgtagegacg
Neurexin-3 gacccagcacacgctctga tgcgtactaagacaccatccttca tcgeegtgggattcageacca
18s cgeegetagaggtgaaattc ttggcaaatgctttegete tggaccggegeaagacggac




Table 4.3. Primers for Real Time PCR Analysis of Human Islets.
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Transcript

Forward Primer

Reverse Primer

Neuroligin-1

5’—aatggatgatgtggacccactggt—3’

5’—agatggtggttctggaggctgaaa—3’

Neuroligin-2

5’—ccgagcgtatcaccatcttt—3’

5’—gcagacactccacagcttca—3’

Neuroligin-3

5’—tcacctgcctacagcaacgagaat—3’

5’—aggccagaacgttaaggaacagga—3’

Neurexin-lo

5’—caacaatgtggaaggtctgg—3’

5’—atattgtcaccatagcgtgtc—3’

Neurexin-13

5’—cacatccaccatttccatgg—3’

5’—tttcectggtgtatatgcag—3’

Neurexin-2o

5’—gtcaatggcaagttcaacga—3’

5’—cttatagaccacgtccttgag—3’

Neurexin-2f3

5’—ccaccacttccacagcaag—3’

5’—gcgaagttgtgtttaagtgte—3’

Neurexin-3o

5’—gcgaagttgtgtttaagtgtg—3°

5’—ctgatatagtacctgatctgcca—3’

Neurexin-3f3

5’—tgtagcttcctectectcca—3’

5’—accaagatgccatccttcac—3’

Beta-Actin

5’—tcatgaagtgtgacgttgacatccgt—3’

5’—cctagaagcatttgcggtgcacgatg—3’

18s

5’—cgccgctagaggtgaaattc—3’

5’—ttggcaaatgctttcgetc—3’




Table 4.4. Primers for Splice Site Analysis of Neurexin and Neuroligin in INS-1

Cells and Human Islets.

Transcript

Forward Primer

Reverse Primer

rat nl-1 flanking SSA

5’—tgtgcaagaccagagtgaaga—3’

5’—taccgtagcttgccaacaca—3’

human nl-1 flanking SSA

5’—ctcctgtgtgtccccagaat—3’

5’—ccccactgtcccgaatatct—3’

rat nl-1 internal SSA

5’--caccatctccctggtetgat—3°

5 —attttcttgcegggttttct—3’

human nl-1 internal SSA

5’—ctcctgtgtgtccccagaat—3’

5’—atattttcttgcegggettt—3’

rat nl-1 flanking SSB

5’—gctgactttatcccattattctgaa—3’

5’—gctggaaagggctgttccactctga—3’

human nl-1 flanking SSB

5’—ctgcaaaggggaactatgga—3’

5’—actaacagcccagetggaaa—-3

rat nl-1 internal SSB

5’—ttggggtacttggcettcttg—3’

5’—ttgctccaacggttaccttc—3’

human nl-1 internal SSB

5’—ggtaaccgttggagcaattc—3’

5’—tgtggtatcgagetggttga—3°

rat nl-2 flanking SSA

5’—tgtgtggttcaccgacaact—3’

5’—gccgtgtagaaacagcatga—3’

human nl-2 flanking SSA

5’—tgtgtggttcaccgacaact—3’

5’—tggagaaacagcatcacagg—3’

rat nl-2 internal SSA

5’—tgtgtggttcaccgacaact—3

5’—tatctgtgtctggeggattg—3’

human nl-2 internal SSA

5’—ccatcatgetgectgtgtg—3’

5’—gattgagcgtcgectegt—3’

rat nl-1 flanking SSA1/2

5’—ttatatccaggagcccaacg—3’

5’—tccgtggatgtagaccatga—3’

human nl-1 flanking SSA1/2

5’—ggttcactgccaacttggat—3’

5’—cgtggatgtagaccatgacg—3’

rat nl-1 internal SSA1

5’—cccagaacatccacacagc—3’

5’—attttcttgttgggctttcg—3’

human nl-1 internal SSA1

5’—tgtaaagcggatttccaagg—3’

5’—cgtggatgtagaccatgacg—3’

rat nl-1 internal SSA2

5’—aagaaacagggcgaggactt—3’

5’—atgacgatgacgttgccata—3’

human nl-1 internal SSA2

5’—aagaaacagggcgaggactt—3’

5’—ggtgatgacgatgacattgc—3’

rat nrxn-1 flanking SS4

5’—gcctgggtgactaccttgag—3°

5’—tgtggtggtctccatgattg—3’

human nrxn-1 flanking SS4

5’—acagatgacatcgccattga—3’

5’—ccgccaattattatggttec—3’

rat nrxn-1 internal SS4

5’—acagatgacatcgccattga—3’

5’—aggcgctcgttatcattgtt—3’

human nrxn-1 internal SS4

5’—acatcgccattgaagaatcc—3’

5’—ccattcatcaactactcgacca—3’
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normalized to the expression of 18s rRNA. RNA knockdown was analyzed using the
formula: 2”(( Cr neuroligin-2 in INS-1 cells treated with RNA1 - Ct 18s in same cells) -

(Cr neuroligin-2 in INS-1 cells treated with control RNAi - Ct 18s in same cells)).

Cell Culture and Transfection

INS-1 cells were cultured in RPMI 1640 medium supplemented with 10% fetal
bovine serum, 50 uM B-mercaptoethanol, ImM sodium pyruvate, 2 mM L-Glutamine,
100 U/mL penicillin and 100 mg/mL streptomycin in a humidified 37° C incubator with
5% CO,. NIT-1 cells were cultured in DMEM supplemented with 10% fetal bovine
serum, 2 mM L-Glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin. Rat islets
were cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM
L-Glutamine, 100 U/mL penicillin and 100 mg/mL streptomycin. 24 hours prior to
transfection, rat islets were dispersed using 0.05% trypsin-EDTA and plated onto 24 well
plates coated with poly-D-lysine.

For transfections, INS-1 cells were plated on to 12 well plates and allowed to
grow to 50% confluency in antibiotic-free media. The cells were then transfected with
the gene of interest using Lipofectamine 2000 (Invitrogen) according to the
manufacturer’s protocol. Cells were incubated in the transfection cocktail for 48 hours
prior to conducting insulin secretion experiments and confirmation of gene expression by

western blot analysis.
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RNA Interference

A pool of siRNA duplexes targeted to neuroligin-2 was purchased from
Dharmacon Research. The siRNA duplexes lacked significant homology to other rat
genes as confirmed by a BLAST search. The sequences of each of the duplexes is listed
in table 4.5. The pool of siRNA duplexes was transfected into INS-1 cells or dissociated
rat islets with Lipofectamine 2000 (Invitrogen) according to the manufacturer’s protocol.
As a control, a pool of non-targeting siRNA duplexes (Dharmacon Research) were used.
Insulin secretion assays were performed 48 hours post-transfection and knockdown was
analyzed via quantitative PCR analysis. For rat islet experiments, 12 wells were treated
with non-targeting siRNA and 12 wells were treated with neuroligin-2 siRNA. Half of
each of these samples were used to isolate RNA for analysis of knockdown and half were

used to isolate protein for analysis of total insulin content.

Insulin Secretion Assays

Cells were washed twice with Hanks Balanced Salt Solution and then incubated
in Krebs—Ringer bicarbonate buffer containing 0.2% BSA and 2.75 mM glucose. After
30 min incubation, this solution was removed and replaced with Krebs—Ringer containing
2.5 mM glucose for one hour. The solution was collected and replaced with Krebs-
Ringer containing 15 mM glucose for INS-1 cells or 25 mM glucose for rat islets for an
additional hour. The solution was collected and insulin content was measured using a rat

insulin RIA (Linco/Millipore, Billerica, MA).



Table 4.5. Neuroligin-2 SiRNA Pool.

SiRNA # | Sense Antisense (5’P on all)

1 5’—gagcuaagcgugacuguaguu—3’ 5’—cuacagucacgcuuagcucuu—-3’
2 5’—gcacggaagcuguggaauguu—3’ 5’—cauuccacagcuuccgugcuu—3
3 5’—gcgcaguagucaugaccuauu—3’ 5’—uaggucaugacuacugcgcuu—3’
4 5’—guauggagcaaguucaacauu—:3 5’—uguugaacuugcuccauacuu—3’
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Immunofluoresence

Cells were seeded on 4-well chamber slides (BD Biosciences) coated with poly-
D-lysine and allowed to grow to confluency. Prior to immunostaining, they were fixed in
a 4% paraformaldehyde solution for 10 minutes, washed twice in 1x PBS and
permeabilized with 0.2% triton x-100 in PBS for 20 minutes.

16 um sections of frozen rat pancreas were prepared by the by the University of
California, San Diego histology core. Before staining, frozen sections were fixed in a 1:1
acetone:methanol solution at -20°C for 20 minutes. For paraffin sections, the tissue was
fixed for 24 hours in Pen-Fix (Richard Allan Scientific), embedded in paraffin and
sections were cut at 6 um. Immunostaining experiments were performed as previously
described [5, 192]. Images were captured using either Nikon-TE-200 deconvolution
microscope or an Olympus FV1000 spectral confocal microscope configured with an
Argon/Krypton laser (488- and 568-nm excitation lines) and either 40 or 60x oil
immersion lenses. Controls included tissue stained with either secondary antibody and no

primary antibody or preimmune serum followed by secondary antibody.

Islet Isolation

Rat islets were provided by the University of Washington Diabetes and
Endocrinology Research Center (DERC) Islet Cell and Functional Analysis Core [5].
Briefly, islets were isolated from the pancreata of Sprague Dawley rats by digestion with
Liberase (Roche Molecular Biochemicals) followed by Optiprep (Nycomed) gradient
purification as previously described [193]. Isolated islets were hand-picked in Hank’s

balanced salt solution (Invitrogen).
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Western Blot Analysis

Cell extract was made by homogenizing the tissue or cells of interest in RIPA
buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 45 pg/ml aprotinin, 100
pg/ml PMSF and 1mM sodium orthovanadate). Cell extract was quantified using the
Bio-Rad D, Protein Assay (Bio-Rad, Hercules, CA). Protein diluted 1:4 with reducing
sample buffer was electrophoresed on either 4-12% Bis-Tris NuPage gel or 3-8% Tris-
Acetate NuPage Gels (Invitrogen). The protein was then transferred to PVDF membrane

and analyzed by immunoblot analysis as previously described [5, 99].

Statistical Analysis
Data are presented as means + S.E. Differences between quantitative data sets

were analyzed by t-test. P<0-05 was considered significant.

D. Results
1. Expression of neurexin and neuroligin transcripts in islets and [-cell lines at levels
comparable to brain.

Initial PCR studies revealed the expression of neuroligin-1, -2 and -3 and the
neurexin family members la, 1B, 2o 2 and 3P in human islets (Fig. 4.1A). Expression
was also observed in the rat-derived INS-1 and mouse-derived NIT —cell lines and in
the developing human pancreas (Fig. 4.1B-D).

To compare the expression levels of individual neuroligin and neurexin family

members in islets and to determine how these levels compare with those observed in
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Figure 4.1. Expression of neurexin and neuroligin mRNA in human pancreatic
islets and rat and mouse f-cell lines.

To determine whether neurexin and neuroligin transcripts are expressed in islets
and B-cell lines, cDNA from human islets, INS-1 cells, NIT cells and human fetal
pancreas was analyzed by PCR amplification using gene-specific primers to all neurexin
and neuroligin family members. Brain cDNA from the appropriate species was used as a
positive control. As expected, products of the expected molecular weight were detected
in brain for all neurexin and neuroligin family members analyzed. (A) In human islets,
products corresponding to transcripts from the neurexin-la, —1p, -2a., -2f3, -3 and from
the neuroligin-1, -2 and -3 genes where detected. (B) In the rat B-cell line INS-1, products
corresponding to transcripts from the neurexin-la., -1p, -2a., -2 and from the neuroligin-
1, -2 and -3 genes were detected. (C) In NIT-1 cells, products corresponding to
transcripts from the neurexin-1, -3, neuroligin-1 and -2 genes were detected. Faint bands
corresponding to neurexin-2 and neuroligin-3 were also observed. (D) In fetal pancreas,
products corresponding neurexin-3f and all of the neuroligin genes were detected. Trace
amounts of the neurexin-1a and -1 PCR products were detected but the other neurexin
genes were not. The lack of expression of neurexin-3a in humans islets, fetal pancreas
and INS-1 cells distinguishes their neurexin expression from that in brain, from which
neurexin-3a was readily amplified. (Br, brain; Is; human islets; Nt, no template; I, INS-1
cells; N, NIT cells; P, human fetal pancreas; Nrxn, neurexin; NL, neuroligin).
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brain, absolute real-time qPCR analysis was performed using cDNA derived from rat
islets, INS-1 cells and rat brain. Rat islets were found to express high levels of
neuroligin-1, neuroligin-2, neurexin-1a and neurexin-3 (Fig. 4.2). Transcript copy
numbers were comparable to or greater than those observed in brain. Relatively lower
levels of neuroligin-3, neurexin-1f3 and neurexin-2 are detected in rat islets (Fig. 4.2).
The total number of copies observed for neurexin 2 and neurexin 3 represent the sum of
both the o and 3 isoforms. The restricted pattern of expression observed in rat islets is
distinct from that observed in brain where neuroligin and neurexin family members are
expressed at relatively similar levels. The pattern of expression in human islets is similar
to that observed in rat islets (Fig. 4.3).

In the rat B-cell line INS-1, neuroligin-2 was the most abundant transcript
detected (Fig. 4.2). Its level of expression was 8-fold greater than neuroligin-1 and 3-fold
greater than neuroligin-3. Of the neurexin family members, neurexin-1o and neurexin-2
were the most abundant transcripts detected. Both of these transcripts were expressed at
levels that were at least 10-fold greater than neurexin-1f and neurexin-3. The levels of
neuroligin-2, neurexin-1o and neurexin-2 observed in INS-1 cells did not differ

statistically from those observed in brain (Fig. 4.4).
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Figure 4.2. Abundance of neuroligin and neurexin transcripts in INS-1 3 cells and
Rat Islets.

Absolute real-time qPCR analysis was employed to compare the expression levels
of individual neuroligin (NL) and neurexin (Nrxn) family members within rat-derived
INS-1 B cells, rat islets and rat brain. Standard curves were generated using plasmids
encoding either whole or partial neuroligin/neurexin sequences, and these were used to
calculate the number of copies of each transcript per cDNA sample. Samples were
prepared in parallel, though rat islet RNA was prepared separately because of the need to
utilize an alternative method. Each cDNA sample represents an equal amount (50 ng) of
input total RNA. In INS-1 cells, neuroligin-2 (16,489 + 1,055 copies/50 ng RNA),
neurexin-la (5,296 £ 927 copies/50 ng RNA) and neurexin-2 (8,370 = 1,302 copies/50
ng RNA) are expressed at the highest levels relative to other neuroligin and neurexin
family members. (The neurexin-2 and -3 primer sets could not distinguish between the a
and 3 forms.) In rat islets, neuroligin-1 (72,914 + 14,836 copies), neuroligin-2 (108,683
+ 14,413 copies), neurexin-lo (27,668 £ 2,417 copies) and neurexin-3 (10,115 = 769
copies) are expressed at the highest levels relative to other neuroligin and neurexin family
members. In rat brain, expression of neuroligins and neurexin mRNA is more evenly
distributed. Values obtained were: neuroligin-1 (15,058 £ 3,987 copies), neuroligin-2
(9,260 + 2888 copies), neuroligin-3 (26,156 + 8,018 copies), neurexin-la (4,412 + 1,077
copies), neurexin-1f (3,464 + 883 copies), neurexin-2 (6,451 £ 1,552 copies) and
neurexin-3 (11,239 + 2,727 copies). Equal loading of input RNA was verified by parallel
qPCR analysis of 18s rRNA. 18s cycle threshold values (Cr) in INS-1 cells and rat brain
were consistently identical. Rat islet 18s cycle threshold values were higher (slightly less
than 2 Cr values), likely the result of differences in the technique used for RNA isolation.
(n of 3 separately-prepared RNA/ cDNA samples per experiment).
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Figure 4.3. Neuroligin and neurexin mRNA expression in human islets.

To determine the relative abundance of neuroligin and neurexin transcripts in
human islets, RNA was isolated and reverse transcribed to cDNA and analyzed by real
time PCR analysis. Neuroligin-1, neuroligin-2, neurexin-1o., neurexin-2f3 and neurexin-
3B were the most abundant transcripts detected. Lower levels of neuroligin-3, neurexin-
2a and neurexin-3o transcripts were detected and neurexin-13 was not detected in human
islets. Data are expressed as the difference between cycle threshold values for human
islet cDNA amplified with either neurexin or neuroligin primers and background signal
(RNA not treated with reverse transcriptase).
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Figure 4.4. Abundance of Neurexin and Neuroligin transcripts in INS-1 cells relative
to rat brain.

To determine how transcript levels compare in INS-1 cells and the rat brain, the
number of transcripts detected in INS-1 cells was expressed as a percentage of the
number of transcripts detected in brain. Statistically, no difference was detected between
brain and INS-1 mRNA levels for neuroligin-2 (116%), neurexin-1a (72%) or neurexin-2
(87%). Neuroligin-3 was expressed in INS-1 cells at 14% of brain levels and all other
neurexin and neuroligin genes tested were at levels that were at least 10-fold lower than
levels detected in brain. Elevated 18s Ct values in rat islets, possibly as a result of
differing RNA isolation methods, made us uncomfortable expressing rat islets as a
percentage of brain. (n of 3 separately-prepared RNA/ cDNA samples per experiment).
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2. Expression of alternatively spliced neuroligin exons in human islets and INS-1 cells

Alternative splicing within the extracellular domain occurs in all neuroligin
family members [68, 184]. For neuroligin-1, two alternative exons, A and B, have been
described (Fig. 4.5A) [70]. The other neuroligin family members undergo alternative
splicing at site A but not site B (Fig 4.5A) [68]. This alternative splicing helps to
determine synapse type (excitatory or inhibitory) and to determine the neurexin isoforms
to which neuroligin molecules can bind [184, 194]. To compare alternative splicing of
neuroligin transcripts in -cells to splicing in the brain, primers that either flank or sit
within each of the potential inserts (see table 4.4) were used to amplify neuroligin regions
from human islet and INS-1 cDNA. In parallel, cDNA samples prepared from rat and
human brain RNA were also amplified.

Amplification using primers internal to the alternatively spliced exons yielded
products of the expected size in both human islets and INS-1 cells for each of the
alternatively spliced exons (Fig. 4.5B-4.5D). This indicates that neuroligin mRNA
processing in the B-cells can yield the same pattern of alternative splicing as observed in
brain. Sequencing of neuroligin transcripts from human islet and INS-1 cells confirmed
that the alternatively spliced exons were identical in islet and brain (data not shown).

In human brain, only primers flanking neuroligin 3 site A yielded a PCR product
consistent with the absence of the alternatively spliced exon (Fig. 4.5D). The absence of
PCR products lacking inserts at splice sites A and B for neuroligin-1 (Fig. 4.5B) and
splice site A for neuroligin 2 (Fig. 4.5C) suggests that, in human brain, neuroligin-1 and -
2 transcripts that contain the alternatively spliced exons predominate. In human islets,

PCR products consistent with the absence of inserts at splice site A in neuroligin-1 and
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Figure 4.5. Characterization of neuroligin splice variants in pancreatic 3 cells.

(A) Schematic representation of alternative splice inserts in neuroligin (NL) gene
family members. Splice site A is present in all neuroligin family members, while splice
site B is only present in neuroligin-1. Different alternative exons (A1-A3) can be
included at site A. (B-D) To determine which neuroligin splice variants are expressed in
islets, primers were designed to either flank or sit on each of the known neuroligin splice
inserts. PCR was performed using cDNA from either human islets or INS-1 cells and
from either human or rat brain. Each of the known splice inserts in neuroligin-1 (B),
neuroligin-2 (C) and neuroligin-3 (D) were detected in both human islets and INS-1 cells.
Transcripts lacking inserts at splice site A in neuroligin-1 were detected in human islets,
rat brain and INS-1 cells but not in human brain (B, row 2). Neuroligin-1 transcripts
lacking inserts at splice site B and neuroligin-2 inserts lacking site A were not detected in
brain, INS-1 cells or human islets (bottom two panels of B and C). Neuroligin-3
transcripts lacking an insert at splice site A were detected in all tissues tested. (D, bottom
two panels). (Br, brain; Isl, islets; Ins, INS-1; Nt, no template; (+), presence of insert; (-),
absence of insert; (++), presence of both inserts).
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neuroligin-3 were detected (Fig. 4.5B, 4.5D). PCR products lacking splice inserts at
splice site B in neuroligin-1 and at splice site A in neuroligin-2 were not detected (Fig.
4.5B, 4.5C). Findings concerning the presence or absence of splice variants are
summarized in Table 4.6.

Rat brain cDNA, unlike human, yielded a neuroligin-1 PCR product lacking an
insert at splice site A (Fig. 4.5B). This transcript appears to be the predominant form. As
with human brain, amplification of neuroligin-2 from rat brain cDNA yielded only a PCR
product containing a spliced-in exon at site A (Fig. 4.5C). These data are consistent with
previous studies of neuroligin-1 and -2 splicing in rat brain [184]. Alternative splicing at
neuroligin-1 site A results in inclusion of a different alternative exon than splicing at
neuroligin-2 site A (Fig. 4.5A). Splice site A in neuroligin-1 is conserved in neuroligin-
3. Additionally, a distinct exon can be used at this site (A3, Fig. 4.5A). Unexpectedly,
both of these alternatively spliced exons were utilized at site A in neuroligin-3:
neuroligin-3 transcripts containing both alternative exons, one exon or lacking both were

detected (Fig. 4.5D and Table 4.6).

3. Expression of an insert at splice site 4 in neurexin-1 transcripts

Alternative splicing of a.-neurexin can occur at 5 sites; these are numbered 1
through 5 beginning at the site closest to the amino-terminus of the o.-neurexin gene as
depicted in Fig. 4.6A. Three sites occur exclusively in o variants, and two (splice sites 4
and 5) are shared by both o and 3 variants (Fig. 4.6A) [67]. A splice insert at splice site

4 favors the formation of inhibitory synapses [77]. Because we hypothesize that the
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Table 4.6. Neuroligin and Neurexin Splice Variants Detected.

Human Rat
Brain Islet Brain INS-1 B cells
NL-1, site A [+] [+, -] +,- +,-
NL-1, site B + + + +
NL-2, site A + + + +
NL-3, site A ++,+,- ++,+,- e -
Nx-1, site 4 + + [+,-] [+]

Differences between brain and islet/INS-1 tissue highlighted by brackets: [ ]. At site A in
NL-3, the alternative exon used in NL-1 and an exon specific to NL-3 can either be
incorporated in tandem (++) or only one of the alternative exons may be spliced in (+).
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Figure 4.6. Expression of an insert at splice site 4 in neurexin 1 islet transcripts.

(A) Schematic representation of splice insertions in neurexin gene family
members. A total of 5 alternative exons have been described in the neurexin-1 gene. An
insert at splice site 4 is known to promote the formation of inhibitory synapses. LNS
domains are the extracellular neurexin domains that resemble repeats of laminin-
neurexin—sex hormone—binding globulin. (B) To determine if neurexin transcripts in
human islets and rat-derived INS-1 f cells contain an insert in splice site 4, primers were
designed to either flank or sit on this insert. PCR was performed using cDNA from either
human islets or INS-1 cells and either rat or human brain. Transcripts with an insert at
splice site 4, but not ones lacking, were detected in both human islets and INS-1 cells. As
expected, neurexin-1 transcripts both with and without an insert at site 4 were detected in
rat brain. In contrast, in human brain, human islets and INS-1 {3 cells, only transcripts
containing an insert at splice site 4 were detected. (Br, brain; Isl, islets; Ins, INS-1; Nt,
no template; (+), presence of insert; (-), absence of insert).
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functional development of the 3-cell may parallel that of the inhibitory synapse, we asked
whether -cell neurexin-1 transcripts contain the alternatively spliced insert at site 4.

As seen in Fig. 4.6B, the splice insert at site 4 was detected in both human islets
and INS-1 cells as well as in the brain controls. When PCR was performed with primers
flanking the splice site, transcripts both containing and lacking the insert were detected in
rat brain (Fig. 4.6B, upper panels). It is unclear why transcripts lacking the insert were
not detected in human brain; it is possible that transcripts containing the splice insert
represent the predominant form in the human brain. In islets and INS-1 cells, only

neurexin transcripts containing the inhibitory synapse-associated insert at site 4 were

detected (Fig. 4.6B, Table 4.6).

4. Expression of specific inhibitory and excitatory post-synaptic protein markers in 3
cells

In coculture experiments, neurexin expression on non-neuronal cells induces the
clustering of both inhibitory and excitatory post-synaptic markers in the dendrites of
cultured hippocampal neurons [185]. Gephyrin and PSD-95 are examples of specific
markers of the inhibitory and excitatory post-synaptic densities, respectively [195, 196].
Because -cells appear to differentiate along a pathway that results in an inhibitory-
synapse-like phenotype (with -cell expression of both pre- and post-synaptic proteins),
we predicted that B-cells would express gephyrin, a cytoplasmic neuroligin binding
partner and the central scaffolding protein at the inhibitory synapse, but not the

scaffolding protein PSD-95, a central constituent of the excitatory post-synaptic density



99

[197, 198]. Immunoblot analysis revealed that rat and human islets as well as the B-cell
lines INS-1 and NIT express gephyrin but not PSD-95 (Fig. 4.7). As expected, both
gephyrin and PSD-95 were detected in extracts from human, mouse and rat brain (Fig.
4.7).

The cytoplasmic protein CASK, along with Mint, directly interacts with neurexins
to help initiate the assembly of the presynaptic secretory machinery [92]. Previously,
Mint was shown to be expressed in B-cells [18]. If, as in axons, assembly of the B-cell
secretory machinery is dependent on neurexin clustering, we hypothesized that CASK

would also be expressed in B-cells. As shown in Figure 4.7, CASK was detected in all

islet and B-cell extracts tested by immunoblot analysis.

5. Expression of neuroligin-2 protein in pancreatic islets

Neuroligin-2 was detected by western blot analysis in human brain, human colon
and human islets but was not detected in human heart, liver, kidney or whole pancreas
(Fig. 4.8A). Due to sequence homology between the neuroligins, it is possible that this
antibody, which was raised to the extracellular domain of neuroligin-2, has some level of
affinity for other neuroligin proteins. Identification of the neuroligin band detected in
human islets rests on the observations that 1) the band comigrates with neuroligin-2 and
not neuroligin-1 and 2) that neuroligin-3 is not detected in human islets using an antibody
that is specific for this protein and that detects neuroligin-3 in brain (Fig. 4.8B). We were
unable to identify a neuroligin-1 antibody that detects the human variant of this protein

(data not shown).
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Figure 4.7. Expression of gephyrin and CASK but not PSD-95 in islets and -cell
lines.

Western blot analysis was performed on islet and -cell line extracts using
antibodies to gephyrin, PSD-95 and CASK. Brain lysates were used as positive controls.
As expected, gephyrin, PSD-95 and CASK were detected in human, mouse and rat brain
near their expected molecular weights of 93 kDa, 95 kDa and 120 kDa, respectively.
Gephyrin was also detected in human islets, rat islets, INS-1 cells, NIT-1 cells and aTC-6
cells (with the latter two extracts yielding a weaker band). Alpha-TC6 is a partially
dedifferentiated islet a cell line. PSD-95 was not detected in human islets, rat islets or
any of the islet cell-lines tested. CASK was detected in human islets, rat islets and all islet
cell lines. (H, human; M, mouse; R, rat; Br, brain; a, atc-6 cell lysate; Ins, INS-1 cell
lysate; Nit, NIT-1 cell lysate; Isl, islet tissue lysate).
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Figure 4.8. Expression of neuroligin-2 in islets.

To determine whether neuroligin-2 and neuroligin-3 proteins are expressed in
islets, western blot analysis was performed using rabbit polyclonal antibodies to (B)
neuroligin-2 and (C) neuroligin-3. (A) Neuroligin-2 was detected in human brain, human
colon and human islet cell lysate. Possible low-level expression was also observed in the
testes cell lysate. (B) Neuroligin-3 was only detected in human brain. (Isl, Islet extract;
Br, brain extract; Col, colon extract; Hrt, heart extract; Liv, liver extract;, Kid, kidney
extract, Pan, pancreas extract; Tes, testes extract).
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6. Localization of the synaptogenic adhesion molecules neurexin, neuroligin and
SynCAM in pancreatic islets

To determine the localization of neuroligin and neurexin proteins,
immunohistochemistry was performed on rat pancreas sections using antibodies to
neurexin and neuroligin. Both neurexin-1 and neuroligin-2 were detected exclusively in
cells expressing insulin (B-cells) (Fig. 4.9 rows 1 and 3) but not in cells expressing
glucagon (a-cells) (Fig 4.9 row 2 and Fig. 4.10). Neuroligin-2 staining was not cell-
surface specific, indicating that there is a significant cytoplasmic content. This lack of
plasma membrane-specific localization of neuroligin is consistent with the pattern of
immunostaining previously observed by others in neurons and non-neuronal cell lines:
exclusive cell-surface localization of neuroligin proteins is only observed when
neuroligins are overexpressed in non-neuronal cell lines such as HEK293 or COS [65, 75,
106]. Neurexin-1 was expressed in a punctate pattern on the surface of the 3 cells and
did not co-localize with insulin (Fig. 4.9 row 3). Neurexin-1 co-localized with syntaxin-
1—a SNARE protein expressed on the cytoplasmic face of the f—cell plasma membrane
(Fig. 4.9 row 4) [63].

SynCAM, like the neuroligins and neurexins, induces synaptic differentiation in
adjacent neurons in coculture experiments [71]. SynCAM’s synaptogenic activity is
dependent on homophilic SynCAM1 binding interactions or on heterophilic SynCAM1-
SynCAM?2 binding across the synaptic cleft [71, 187]. If the pattern of expression
synapse-inducing adhesion molecules on the -cell surface resembles that in the synaptic

cleft, we reasoned that the 3 cells would express SynCAM. Immunostaining revealed
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Figure 4.9. Localization of Neuroligin-1, Neuroligin-2 and SynCAM in Pancreatic
Islets.

To determine the localization of neurexin, neuroligin and SynCAM in rat
pancreas sections, immunohistochemical localization was performed using antibodies to
neurexin-1, neuroligin-2 and SynCAM. Tissues were co-stained for insulin, glucagon or
syntaxin-1. Images were captured under either a confocal or deconvolution microscope
equipped with a 60x lens. Both neuroligin (row 1) and neurexin (row 3) were exclusively
detected in cells that expressed insulin and absent in cells that expressed glucagon (row 2
and supplemental fig. 4), indicating a -cell specific pattern of expression. Neuroligin-2
displayed some intracellular co-localization with insulin (row 1, yellow in merged
image). Neurexin was primarily expressed on the cell-surface and co-localized in -cells
with the plasma-membrane associated SNARE protein syntaxin-1 (row 4). SynCAM was
detected both in the islet mantle (the periphery, which primarily consists of non-3
endocrine cells: mostly a-cells) and in the insulin positive B-cells (row 5). Staining for
SynCAM was consistently stronger in the islet mantle region (NL-2, neuroligin-2; Nrxn,
neurexin-1; Ins, insulin; Glu, Glucagon).
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Figure 4.10. Neurexin-1 is not expressed in a-cells.

To determine whether neurexin was expressed in islet a-cells,
immunohistochemical localization was performed using a polyclonal antibody to
neurexin-1 and a monoclonal antibody to glucagons. Images were captured with a
confocal microscope equipped with a 60x lens. Neurexin was not detected in cells
expressing glucagon. (Nrxn, neurexin-1; glu, glucagon).
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that SynCAM is expressed on the cell surface of both the a and B-cells, with higher
expression evident in the a—cells and evident cell-surface localization (Fig. 4.9 row 5).
The observed staining pattern was reminiscent of that previously reported for the neural
adhesion molecule NCAM [199]. Overall, islet-specific expression of members of each
of the three families of synapse-inducing synaptic adhesion molecules—the neuroligins,

neurexins and the SynCAMs—was observed.

7. Overexpression of neuroligin family members increases insulin secretion

Since the neuronal neurotransmitter and -cell insulin secretory apparatuses are
highly similar to one another, we asked whether neuroligins are important for insulin
secretion [200, 201]. To test this hypothesis, INS-1 cells were transiently transfected
with neuroligin-2 and secreted insulin was measured 48 hours post-transfection. Controls
included either cells treated with Lipofectamine alone, cells transfected with empty
vector or cells transfected with acetylcholinesterase, an a-B-hydrolase-fold protein that
shares significant sequence identity with the extracellular domain of the neuroligins
[202].

At basal levels of glucose, no significant difference in insulin secretion was
observed between mock-transfected cells and cells transfected with acetylcholinesterase.
Overexpression of neuroligin-2 resulted in 61% (Fig. 4.11A) and 47% (Fig. 4.11B)
increases in secreted insulin relative to mock-transfected cells and cells overexpressing
acetylcholinesterase. When insulin secretion was measured in cells transfected with
neuroligin-2 at stimulating levels of glucose (15 mM), a 44% increase in insulin secretion

was observed relative to mock-transfected controls (Fig. 4.11A). Transfection of the
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Figure 4.11. Overexpression and knockdown of neuroligin-2 alters insulin secretion
in INS-1 cells.

INS-1 cells were transfected with a construct encoding full-length neuroligin-2
(NL-2), cultured for 48 hours and then conditioned for 1 hour in a solution containing
2.75 mM glucose. After conditioning, secreted insulin was measured by
radioimmunoassay after sequential treatment with low (2.75 mM) and high (15 mM)
glucose for 1h each. Secreted insulin was normalized to total cellular protein content. (A)
Overexpression of NL-2 increased secreted insulin levels by 61% (n=6, p=.0005) and
44% (n=6, p=.0046) relative to mock-transfected cells when cultured under conditions of
low and high glucose. (B) As a control, INS-1 cells were transfected with
acetylcholinesterase, a protein which shares significant homology with the extracellular
domain of neuroligin. Secreted insulin levels were measured at basal glucose levels and
compared to cells transfected in parallel with neuroligin-2. A 66% increase in secreted
insulin was observed in NL-2-transfected cells relative to acetylcholinesterase-transfected
cells (n=12, p=.0016). Overexpression of NL-1, -3 and -4 similarly increased basal
insulin secretion (Fig. 4.12). (C and D) INS-1 cells were transfected with either a pool
of non-targeting siRNAs or a pool of siRNAs targeted to NL-2, cultured for 48 hours and
then conditioned for 1 hour in a solution containing 2.75 mM glucose. After conditioning,
secreted insulin was measured by radioimmunoassay after treatment with 15 mM glucose
for 1h. RNA was isolated, reverse transcribed to cDNA and knockdown was analyzed by
real time quantitative PCR analysis. (C) NL-2 mRNA was decreased by 77% in cells
treated with NL-2 siRNAs relative to those treated with non-targeting siRNAs (n=10,
p=.00002). (D) A 42% decrease in secreted insulin was observed in NL-2 siRNA treated
cells relative to non-targeting siRNA treated cells (n=10, p=.0004).
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Figure 4.12. Overexpression of Neuroligin-1, -3 and -4 increase insulin secretion at
basal glucose levels.

INS-1 cells were transfected with a constructs encoding either full-length
neuroligin-1, neuroligin-3 or neuroligin-4, cultured for 48 hours and then conditioned for
1 hour in a Krebs-ringer solution containing 2.75 mM glucose. After conditioning,
secreted insulin was measured by radioimmunoassay after treatment with low (2.75 mM)
glucose for 1h. Overexpression of neuroligin-1, -3 and -4 led to 61% (n=7, p=.004),
149% (n=12, p=.00009) and 168% (n=12, p=.000006) increases in secreted insulin levels
relative to mock-transfected controls.
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other three major neuroligins into INS-1 cells also increased insulin secretion at basal

glucose levels (Fig. 4.12).

8. Neuroligin Knockdown Reduces Insulin Secretion in INS-1 Cells and Rat Islet Cells

INS-1 cells were transiently transfected with either a pool of neuroligin-2 siRNAs
or a pool of non-targeting, control siRNAs and secreted insulin was measured 48 hours
post-transfection. Knockdown was verified by real time PCR analysis. Neuroligin-2
RNA was decreased by 77% in cells treated with neuroligin-2 siRNAs relative to those
treated with non-targeting siRNAs (Fig. 4.11C). After treatment with 15 mM glucose, a
42% decrease in insulin secretion was observed relative to non-targeting siRNA treated
control cells (Fig. 4.11D).

Dissociated rat islets were also transfected with either a pool of non-targeting
siRNAs or a pool of siRNAs targeted to neuroligin-2 and secreted insulin was measured
48 hours-post-transfection. Neuroligin-2 RNA was decreased by 69% in islet cells
treated with neuroligin-2 siRNAs relative to those treated with non-targeting siRNAs
(Fig. 4.13A). Total intracellular insulin was virtually identical between cells treated with
control siRNAs and neuroligin-2 siRNAs (Fig. 4.13B). Under high glucose conditions
(25 mM), a 43% decrease in secreted insulin was observed in neuroligin-2 siRNA treated
dispersed islet cells relative to non-targeting siRNA treated dispersed islet cells.
Dissociated islet cells treated with high glucose (25 mM) and non-targeting siRNA
secreted 40% more insulin than those treated with low glucose (2.75 mM) and non-
targeting siRNA (n=6, p=.01; Fig. 4.14). Consistent with previous studies performed on

dissociated rat islet cells, robust glucose-stimulated insulin secretion was not observed in
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Figure 4.13. Knockdown of neuroligin-2 in dissociated rat islets inhibits insulin
secretion.

Dissociated rat islets were transfected with a pool of control, non-targeting
siRNAs or a pool of siRNAs targeted to neuroligin-2, cultured for 48 hours and then
conditioned for 1 hour in a solution containing 2.75 mM glucose. After conditioning,
secreted insulin was measured by radioimmunoassay after treatment with high (25 mM)
glucose for 1h. (A) RNA was isolated from half of the samples, reverse transcribed to
cDNA and knockdown was analyzed by real time quantitative PCR analysis. Neuroligin-
2 was decreased by 69% in dispersed islet cells treated with neuroligin-2 siRNAs relative
to those treated with control siRNAs (n=6, p=.0001). (B) Protein was isolated from the
other half of the samples and total cellular insulin content was measured in the cell lysate.
No difference in insulin content was detected between cells treated with control siRNAs
and neuroligin-2 siRNAs. An equal amount of lysis buffer was used to prepare each
sample. (C) Under high glucose conditions (25 mM), a 43% decrease in secreted insulin
was observed in neuroligin-2 siRNA treated dispersed islet cells relative to control
siRNA treated cells (n=12, p=.0007). At 2.75 mM glucose, there was no significant
change in insulin secretion between cells treated with control siRNA and those treated
with neuroligin-2 siRNA.
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Figure 4.14. Insulin secretion from dispersed islet cells treated with low and high
glucose.

Dispersed islets were transfected with a pool of non-targeting SIRNA, cultured for
48 hours and then conditioned for 1 hour in Krebs-ringer solution containing 2.75 mM
glucose. After conditioning, basal insulin secretion was measured by
radioimmunoassay after treatment with low (2.75 mM) glucose for 1h. Dispersed islets
were then treated with high glucose (25 mM) for 1 hour to measure stimulated insulin
secretion. Dispersed islet cells treated with high glucose (25 mM) and non-targeting
siRNA secreted 40% more insulin than those treated with low glucose (2.75 mM) and
non-targeting siRNA (n=6, p=.01). Secreted insulin was normalized to total insulin in the
cell layer.
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these studies [203]. Under low glucose conditions, a significant difference in secreted
insulin was not observed between dispersed islet cells treated with neuroligin-2 siRNA

and cells treated with non-targeting siRNA.

E. Discussion

The great resemblance at the molecular level between the 3 cells of the endocrine
pancreas and inhibitory (GABAergic) synapses suggests that key insights into the final
functional maturation of B-cells can be derived from knowledge of synapse formation and
differentiation [1, 2, 5, 22]. A similar resemblance has been observed between the o-
cells of the endocrine pancreas and excitatory (glutamatergic) synapses [204]. During
synaptogenesis, the synaptogenic adhesion molecules neurexin and neuroligin appear to
be important for instructing a developing synaptic density to become either glutamatergic
(excitatory) or GABAergic (inhibitory) [74, 181, 188]. Here, we demonstrate that islets
express several neurexin and neuroligin family members and reveal a pattern of
expression in B3 cells that resembles the pattern observed in inhibitory synapses. Overall,
these results indicate that knowledge of the pathways that guide inhibitory synapse
formation will aid in our understanding of 3-cell development and functional

differentiation.

1. Neuroligin and neurexin gene expression in rat and human islets and INS-1 f cells
In the CNS, neuroligin-2 is specifically expressed by and important for the

differentiation of inhibitory synaptic densities [74, 76], and neuroligin-1 is primarily
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expressed by and implicated in the differentiation of excitatory synapses [74, 75]. Alpha-
neurexins, like neuroligin-2, specifically promote the formation of inhibitory synaptic
densities in co-culture studies [188]. Rat and human islets and the 3 cell line INS-1 all
express high levels of both neuroligin-2 and neurexin-1a, a finding consistent with
published microarray results identifying these genes as having high level expression in
human islets [205]. In marked contrast to the brain, in which neurexin-1a and neurxin-
1B are expressed at similar levels, islet and INS-1 neurexin-1 expression consists almost
exclusively of the a form. Neuroligin-1 is also expressed at high levels by rat and human
islets but is only detected at low levels in INS-1 cells. The expression of high levels of
neuroligin-2 and neurexin-la in these cells, and relatively low levels of neuroligin-1 in
INS-1 B cells, along with immunolocalization studies demonstrating that expression of
neuroligin-2 and neurexin-1 is restricted to 3 cells are consistent with the idea that the
functional differentiation of the -cells parallels that of the inhibitory synapse.
Expression by [ cells of the inhibitory synaptic marker gephyrin but not the
excitatory synaptic marker PSD-95, is further evidence of their parallel development.
Interestingly, neuroligin-1 promotes the formation of inhibitory synapses in the absence
of PSD-95 [106]. Although an effect on inhibitory synapses is not observed in the CNS
of mice lacking the neuroligin-1 gene [74], the high level expression of neuroligin-1 in
islets along with the absence of PSD-95 might favor the development of an inhibitory
phenotype by B cells. Alternatively, neuroligin-1 might, as it does in the CNS, promote

the development of the excitatory phenotype observed in o cells.
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2. Alternative splicing of neurexin and neuroligin in islets

Because alternative splicing of neuroligin and neurexin transcripts helps to
determine the ability of specific pairs of neurexin and neuroligin proteins to interact, the
pattern of expression of alternative splicing contributes towards the specification of
nascent synapses as either excitatory or inhibitory [77, 184, 188, 194]. We found that
human islet and INS-1 B-cell neurexin-1 transcripts uniformly contain an insert at splice
site 4. This clearly differentiates the pattern of INS-1 B-cell neurexin-1 splicing from that
observed in the rat brain, in which both insert-positive and insert-negative forms are
expressed [188]. This splicing pattern, along with the predominance of the o form of
neurexin-1, would be expected to strongly favor development of an inhibitory synaptic
phenotype [77, 188].

Neuroligin-1 transcripts with an insert at splice site B (neuroligin-1B+) are
predominant in islets, matching the pattern observed in brain [184]. The splice insert at
site B introduces a site of N-glycosylation that impedes the binding of neuroligin-1B+ to
splice site 4-positive neurexin-1[3 molecules. In neurons, inclusion of the insert at
neuroligin-1 site B favors excitatory synapse formation. In islets, neuroligin-1B+
molecules might be important for promoting the development of glutamatergic signaling
within o cells—an autocrine signaling mechanism important in the regulation of
glucagon secretion from these cells [204]. As in brain, B-cell neuroligin-1 and -2
transcripts containing an insert at splice site A are predominant. A report by Chih et al.
suggests an association between inclusion of the alternatively spliced exon at this site and

the formation of GABAergic synapses [184].
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In neuroligin-3, two splice inserts can be alternatively spliced into splice site A.
Neuroligin-3 has been less well studied than neuroligins-1 and -2, and the effects of
alternative splicing on interactions with neurexins is unknown. We found that in both
islets and brain, neuroligin-3 transcripts are produced containing none, one, or both of the
alternative site A inserts. Further work will be required to unravel the function of
neuroligin 3 and the role of alternative splicing at neuroligin-3 site A in both neurons and

B cells.

3. Expression of gephyrin, but not PSD-95, in [ cells

Gephyrin is a post-synaptic cytoplasmic protein that clusters near GABA
receptors and binds the intracellular domain of neuroligin-2 [195]. B-cell expression of
gephyrin is consistent with an inhibitory synapse-like character. The presence of GABAA
receptors on the surface of human [ cells further enhances this similarity [206]. In
contrast, PSD-95--a protein that clusters exclusively at excitatory synapses--was not

detected in islets or in B-cell lines [207].

4. pcell-specific expression of neurexin and neuroligin

Immunolocalization studies demonstrated that 3 cells express members of each of
the three synaptic adhesion protein families that are capable of inducing synaptogenesis
in cultured neurons: the neuroligins, the neurexins and the SynCAMs. The ability of
these proteins to initiate assembly of the presynaptic exocytic machinery points to their

potential importance in B-cell secretory function. The expression of these proteins
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suggests that the 3 cell surface displays synaptic adhesion proteins capable of
heterophilic or (in the case of SynCAM) homophilic extracellular binding interactions
[71, 187, 208]. Since B cells lack an equivalent of the axon/dendrite polarization of
synaptic protein expression in neurons, neuroligin-neurexin interactions can potentially
occur in trans (between molecules on different B cells) and/or in cis (between molecules
on the surface of the same [ cell). Structural characterization of neurexin-neuroligin
interactions in neurons indicates that a trans interaction is likely [189, 194, 209]. The
possibility of trans-cellular interactions between heterophilic binding partners co-
expressed on the 3 cell surface is exemplified by Ephrin A and EphA, which were
recently shown to be co-expressed on the 3 cell surface, to localize to different micro-
domains and to engage in trans interactions that help regulate insulin secretion [85].

It has been observed that mature nerve terminals develop in neuronal processes at
sites of contact with cultured islet endocrine cells [210]. The presence on the 3 cell
surface of neuroligins, neurexins and SynCAM available for interaction with their
neuronal binding partners would readily explain how cultured islet cells induce synaptic
differentiation in neurons.

Unlike neuroligin-2 or neurexin, SynCAM is present on both the o and 3 cell
surface, and SynCAM binding interactions could potentially bridge the two different cell
types. The neural adhesion protein NCAM shares with SynCAM a pattern of a-cell
predominant islet expression [199, 211]. NCAM is neither synapse-specific nor synapse-
inducing, so it is unclear whether, despite their similar intra-islet distribution, NCAM’s

function in mediating islet cell organization provides clues as to the role of SynCAM.
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5. Involvement of neurexin and neuroligins in exocytosis and conclusion

During synaptogenesis, transcellular neurexin-neuroligin interactions initiate the
assembly of a complex presynaptic scaffolding assembly around Mint and CASK
proteins bound to neurexin PDZ domains [212]. Mint is expressed in B-cells [18].
Consistent with the idea that B-cell and synaptic secretory function develop along parallel
pathways, we have found that CASK is also expressed. It is possible that neuroligin-
neurexin interactions similarly enable GABA secretion by [ cells. However, it is also
conceivable that the GABAergic and insulin secretory assemblies are separate, perhaps
being formed at sites seeded by a distinct combination of neurexin-neuroligin
interactions.

There is a very high degree of overlap between the proteins known to mediate
neurotransmitter secretion and those known to mediate insulin secretion, and it is highly
likely that assembly of the apparatus necessary for insulin release is, like assembly of the
presynaptic active site, dependent on neuroligin-neurexin interactions. Our finding that
neuroligin overexpression increases insulin secretion and that neuroligin knockdown
decreases insulin secretion in both INS-1 cells and rat islet cells supports the hypothesis
that the neuroligins are involved in insulin secretion. This is consistent with the recent
observation that the neuroligin-1 gene is one of two genetic loci linked to fasting insulin
levels [213]. Preliminary evidence that neurexin knockout mice exhibit impaired insulin
secretion and hyperglycemia also implicates the neurexins as participating in the insulin
secretory mechanism [214]. The involvement of transcellular neurexin-neuroligin
interactions in insulin exocytosis may, like Ephrin-Eph A interactions, contribute to the

decreased glucose-stimulated insulin secretion by individual 3 cells that is observed after
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islet dissociation [82, 84, 86, 203]. Extracellular interactions involving SynCAM may
similarly function to help establish normal [ cell secretory function.

In the future, it will be important to identify the specific roles in B-cell functional
maturation and exocytic function of each of the individual neuroligins, neurexins and
SynCAMs expressed within the islet. This may lead to new means by which to coax 3-
cells generated in vitro into behaving more like true B cells—for example, by inducing
expression of inhibitory-synapse-associated proteins—and to new therapies for

modulating islet function and thereby treating diabetes.
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CHAPTER 5: UTILIZATION OF THE INHIBITORY SYNAPTIC MACHINERY FOR
REGULATION OF INSULIN SECRETION: IDENTIFICATION OF A NEUROLIGIN-
DEPENDENT BUT NEUREXIN-INDEPENDENT MECHANISM FOR

REGULATION OF INSULIN SECRETION FROM PANCREATIC BETA-CELLS.

A. Introduction

The architecture of the pancreatic islet B-cell secretory apparatus is remarkably
similar to the machinery used by neurons for neurotransmitter release. Many of the
scaffolding and synaptic vesicle proteins important for neurotransmitter secretion are
expressed by pB-cells and seem to be key components of the insulin secretory machinery
[12-18]. In B-cells and neurons, the proper differentiation, assembly and functioning of
this machinery is dependent on interactions between opposing cell membranes [82, 87,
215].

In neurons, synaptic adhesion molecules (SAM) on dendrites interact through
both homophilic or heterophilic mechanisms with SAM family members on axons to
recruit the machinery necessary for neurotransmitter release to the synapse (pre-synaptic
differentiation) [216]. SAM families that can induce the assembly of the synaptic
exocytic machinery on neurons include neuroligin, SynCAM, netrin G ligands and EphB.
Co-culture experiments using non-neuronal cell lines expressing each of these proteins
demonstrated that they can induce presynaptic differentiation at points of contact between
the non-neuronal cells expressing these proteins and hippocampal neurons [71, 72, 217,
218]. These findings have been validated in vivo as mice lacking the genes for several of

these SAMs have significant synaptic dysfunction [72, 217, 219, 220].

120
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Interactions are also important between islet -cells, providing for maintenance of
a differentiated state and a robust secretory response to glucose [82, 87]. Unlike B-cells
embedded in islets, dissociated B-cells fail to secrete insulin in response to glucose.
Reaggregation of these cells restores normal stimulus-secretion coupling [87]. Analysis
of secretion from individual 3 cells relative to contacting -cell pairs, triplets and so on
reveals increased glucose-stimulated insulin secretion on a per cell basis as the number of
contacting cells increases. This effect is not observed when the contacting cell is another
islet cell type [82]. Contact enhanced stimulus-secretion coupling has been replicated in
the B-cell line MIN-6, thereby validating it as a satisfactory model for studying cell-cell
interactions in [-cells [84, 86]. The molecular basis for this phenomenon in MIN-6 cells
and islets has been attributed, at least in part, to homophilic cadherin and heterophlic
ephrin A/eph A interactions [83, 85].

The neuroligin family of SAMs, and in particular neuroligin-2, is of particular
interest because neuroligin-2 is expressed specifically by B cells and has been implicated
by our group in the regulation of glucose-stimulated insulin secretion in INS-1 B-cells
and rat islets [149]. In neurons, interaction of post-synaptic neuroligin with either
neurexin or another protein is thought to drive the recruitment of the neurotransmitter
release machinery to the axonal membrane [66, 185]. Evidence that neuroligin regulates
pre-synaptic differentiation through another protein comes from the finding that non-
synaptogenic neuroligin point mutants can still interact with neurexin as effectively as
wildtype neuroligin and from studies where overexpression of non-neurexin binding

neuroligin mutants in neurons enhances synaptic density equally as well as wildtype
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neurons [66, 221]. In vivo studies confirm the role of neuroligin in pressynaptic
differentiaton as significantly higher expression levels of several key components of the
exocytic machinery are observed in transgenic mice overexpressing neuroligin-2, and
significant deficits and dysfunction in several key components of the exocytic machinery
are observed in mice lacking all three neuroligin genes [72, 80]. The clear role of
neuroligin-2 in the maintenance and differentiation of the neurotransmitter release
machinery, along with the importance of cell-cell contacts in the regulation of stimulus
secretion in 3 cells, led us to hypothesize that neuroligin drives the assembly of the 3 cell
secretory apparatus through trans-cellular interactions and that this interaction facilitates
glucose-stimulated insulin secretion in contacting cells.

Here, we demonstrate cell-surface expression of neuroligin-2 in f3 cells and the
presence of a neuroligin-2 binding partner on the surface of these cells. Further, we
provide evidence that neuroligin-2 is important for contact enhanced stimulus-secretion
coupling through co-culture assays in MIN-6 cells and through use of a soluble
neuroligin-2 protein to disrupt endogenous frans-interactions in rat islets. Evidence that
the ability of neuroligin-2 to drive GSIS occurs through a neurexin-independent
mechanism is also presented. Combined, these data suggest that neuroligin may promote
the development, maturation and maintenance of stimulus-secretion coupling in 3 cells

through trans-cellular interactions.
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B. Materials and Methods
Antibodies

The following antibodies were obtained commercially: mouse anti-FLAG
(Sigma-Aldrich Corp., St. Louis, MO), goat anti-mouse HRP, goat anti-rabbit HRP
(Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and Alexa Fluor 488 goat anti-mouse
IgG (Invitrogen, Carlsbad, CA). Rabbit antibodies against neuroligin-2 were made by
Lampire Biological Laboratories after injection of the soluble extracellular domain.
Antiserum was validated for affinity to neuroligin-2 by ELISA and Western blotting.
Incubation of the antibodies with soluble NL-2 prior to primary antibody incubation
abolished binding to transfected NL-2 and the co-migrating bands in rat brain (Fig. 5.1).
Rabbit antibodies against a-neurexin were made by after injection of the KLH
conjugated cytoplasmic peptide CAKSANKNKKNKDKEYYV. Antiserum was
validated for affinity to a-neurexin by ELISA and Western Blotting, and specificity
confirmed by knockdown of endogenous a-neurexin via RNA interference and Western

Blotting (Merrie Mosedale, Unpublished Data).

Cell Culture

INS-1 cells were obtained from the University of Washington Diabetes and
Endocrinology Research Center Virus, Molecular Biology and Cell Core. INS-1E cells
were generously provided by Dr. Pierre Maechler at the Universite De Geneva. MIN-6
cells were generously provided by Dr. R. Paul Robertson at the University of
Washington, Dr. Fred Levine at the University of California, San Diego and Dr. Kathryn

Haskins at the University of Colorado Denver.
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Figure 5.1. Immunoblotting Analysis with Neuroligin-2 Antibodies Pre-incubated
with Soluble Acetylcholinesterase or Soluble Neuroligin-2.

To validate antibodies generated against the extracellular domain of neuroligin-2,
Western blot analysis was performed after pre-incubation of the antibodies with a 200-
fold molar excess of soluble acetylcholinesterase (left blot) or neuroligin-2 (right blot).
On blots treated with antibody pre-incubated with acetylcholinesterase, neuroligin-2 was
detected at its expected molecular weight in rat brain lysates. These bands co-migrated
with a band in HEK cells transfected with full-length neuroligin-2 that is absent in
untransfected HEK cells. A band was also detected in cells transfected with neuroligin-1,
indicating some affinity for this close family member. On blots treated with antibody
pre-incubated with neuroligin-2, the neuroligin-2 bands were greatly diminished in rat
brain lysates and HEK cells transfected with neuroligin-1 and neuroligin-2. (Acherase,
acetylcholinesterase; NL-2, neuroligin-2; 1, rat brain lysate; 2, rat brain lysate; 3, rat
brain lysate; 4, rat brain lysate; K, untransfected HEK cells; NL1, HEK cells transfected
with full-length NL-1; NL2, HEK cells transfected with full-length NL-2).
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INS-1 and INS-1E cells were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum, 50 uM B-mercaptoethanol, 1 mM sodium pyruvate, 2 mM L-
glutamine, 100 U/mL penicillin, and 100 mg/mL streptomycin. MIN-6 cells were
cultured in DMEM supplemented with 20% fetal bovine serum, 2 mM L-glutamine, 50
uM B-mercaptoethanol, 100 U/mL penicillin, and 100 mg/mL streptomycin. HEK cells
were cultured in DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine,
100 U/mL penicillin, and 100 mg/mL streptomycin. Rat Islets were cultured in 2.75 mM
glucose RPMI 1640 medium supplemented with 10% fetal bovine serum, 2 mM L-
glutamine 100 U/mL penicillin, 100 mg/mL streptomycin and 250 pug amphoterecin B.
All cells were cultured in a humidified 37" C incubator with 5% COs.

For transfections, HEK cells were plated onto 12-well plates and allowed to grow
to 100% confluency in antibiotic-free media. The cells were then transfected with the
gene of interest using Lipofectamine 2000 (invitrogen) according to the manufacturer’s
protocol. Unless otherwise noted, cells were incubated in the transfection cocktail for 48

h before insulin secretion studies and confirmation of gene expression.

Protein Purification

A soluble NL-2 cDNA was generated by introducing a stop codon at phenylaline
616 of the FLAG-tagged full-length cDNA [189]. The soluble NL-2 was then stably
transfected into HEK cells by G418 selection (Sigma-Aldrich Corp). After 3-4 weeks,
surviving cells formed colonies suitable for clonal selection. The best producing clones
were identified by Western Blotting and expanded in triple layer flasks. After the cells

reached 100% confluency, the medium was collected daily and passed over an M2 anti-
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FLAG affinity column (Sigma-Aldrich Corp.). The column was washed twice with a 10
mM Hepes/150 mM NaCl buffer and protein was eluted in this Hepes/NaCl buffer
containing 100 pg/mL FLAG Peptide. The soluble NL-2 protein was then concentrated
in a 30,000 MW Amicon concentrator (Millipore, Billerica, MA) and analyzed on an
SDS-PAGE gel by coomassie staining (Invitrogen).

To make NL-2 Fc (NL-2-hlgG), the cDNA encoding for the soluble extracellular
domain of neuroligin-2, from AA P42 to L615, was cloned into a PCMV6-XL4 using
NOT/Xba restriction enzymes. The original vector, pPCMVIGNIa-1, was a kind gift of Dr.
Thomas Siidhof (Stanford, CA) and it was described in Ushkaryov et al. 1994 [222]. We
adapted this construct with the introduction of a 3C protease cleavage site between
residue L615 of NLGN2 and the first residue of the hIgG sequence. HEK cells were
stably transfected with this construct and selected as described above. The best
producing clones were identified by Western Blotting and expanded in triple layer flasks.
After the cells reached 100% confluency, the medium was collected daily and passed
over a protein A column (Invitrogen). The column was washed twice with Protein A IgG
binding buffer (pH 8; Pierce) and then NL-2 Fc protein was eluted with Protein A IgG
elution buffer (pH 2.8; Pierce). The soluble NL-2 protein was then concentrated and
analyzed as described above.

Soluble acetylcholinesterase was prepared as described previously [223]. Soluble
neuroligin-1 was generated by introducing a stop codon at isoleucine 639 of the FLAG-
tagged full-length cDNA [189]. To generate non-neurexin binding neuroligin mutant
(G500A), site-directed mutagenesis was performed to substitute alanine (GCC) for

glycine (GGC).
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Flow Cytometry

After MIN-6, INS-1 and INS-1E cells reached 100% confluency in 75 cm’ flasks,
suspensions of cells were prepared by removing the cells with Cellstripper (Cellgro,
Manassas, VA), washing the cells with complete media and then equilibrating the cells in
Kreb’s ringer bicarbonate buffer (KRBB). Cells were then incubated for 45 minutes at
37" C with 700 nM FLAG peptide or 700 nM FLAG-NL-2 pre-incubated with
monoclonal FLAG antibody, washed three times with ice cold KRBB and then incubated
with AlexaFluor 488 goat anti-mouse IgG for 30 minutes at 4° C. They were washed
three more times with KRBB and analyzed by flow cytometry using a FACSCalibur (BD
Biosciences, San Jose, CA).

For experiments to determine whether NL-2 is present on the surface of INS-1,
suspensions of cells were incubated for 45 minutes at 4° C with either pre-immune serum
or NL-2 antibodies, washed three times with ice cold KRBB and then incubated with
AlexaFluor 488 goat anti-rabbit IgG for 30 minutes at 4° C. They were washed three

more times with KRBB and analyzed as described above.

Islet Isolation

Islets were isolated from Sprague-Dauley or Wistar rats (240-260 grams; Charles
River, Wilmington, MA) euthanized with an intra-peritoneal injection of 150 mg/kg
nembutol as previously described [99]. Briefly, pancreata were digested with collagenase
P (Roche, Indianapolis, IN) and islets were isolated from acinar tissue on a Histopaque
gradient (Sigma-Aldrich). Islets were handpicked under a dissecting microscope and 10

islets were plated per well on a 96-well plate. Prior to experimental analysis, they were
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cultured in RPMI 1640 containing 2.75 mM glucose for 18 hours to allow for recovery
from the isolation process. All animal procedures were approved by the University of
California, San Diego Internal Animal Care and Use Committee. For some experiments,
islets were provided by the University of Washington Diabetes and Endocrinology

Research Center Islet Cell and Functional Analysis Core.

Competitive Binding Assays

Soluble neuroligin-2 was labeled with 1251 by Dr. Robert Speth by the lodogen
method according to the manufacturer’s protocol (Pierce, Rockford, IL). The specific
activity of 125I-labeled soluble neuroligin-2 was 113.7 uCi/pg.

After iodination, polypropylene test tubes containing INS-1E cells (2.5 x 105) in
170 uL of media were placed in a shaking water bath at 37 degrees Celsius for 30
minutes. Using an Eppendorf Repeater pipet, varying concentrations of unlabeled
neuroligin-2 were added to the test tubes just prior to adding 125I-labeled soluble
neuroligin-2. The cells were further incubated for 30 minutes. The concentration of 1251-
labeled soluble neuroligin-2 in the media was approximately 50 pM. Accumulation of
radiolabel was determined by separating the cell associated radioactivity (CAR) from the
free radioactivity by transferring the cell suspension to a 0.4 mL centrifuge tube
containing a layer of oil consisting of 1:37.5 volume to volume ratio of n-dodecane:
bromo-dodecane (Sigma-Aldrich) and spinning for 8 seconds at 12,535 x g. Tubes were
placed briefly in liquid nitrogen, cut through the radioactive-free oil layer with a razor
blade, and the bottom portion of the tube containing the pellet was placed into a

borosilicate glass scintillation vial (7mL). Radioactivity was counted on a gamma
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counter (Packard 5500 Augogamma gamma counter, Meriden, CT). The CAR relative to
the CAR,, of water was calculated as the ratio of CAR for soluble neuroligin-2 to the
CAR of [3H]-water (Amersham Life Science, Buckingham, England) that was
determined by couting on a Packard Tri-Carb liquid scintillation counter (Model

1900CA, Packard, Meriden, CT).

Soluble NL-2 Insulin Secretion Studies

Suspensions of small clusters of MIN-6 cells were prepared as described above.
Cells were then washed twice with KRBB containing 2.75 mM glucose, aliquoted to
wells on a 96 well plate and allowed to equilibrate in this KRBB for 45 minutes. Cells
were then incubated in a 30 mM glucose KRBB containing either FLAG peptide, soluble
acetylcholinesterase, soluble NL-1 or soluble NL-2. The KRBB for each condition was
then collected and the cells were lysed in RIPA buffer. Secreted insulin and total cellular
insulin content were analyzed by radioimmunoassay (Linco/Millipore, Billerica, MA). In
experiments where islets were incubated with the soluble proteins, conditions were

identical with the exception that islets were not treated and dissociated with Cellstripper.

Co-Culture Assays

HEK cells were transiently transfected with full-length NL-2 as described above.
24 hours post-transfection, trypsinized MIN-6 cells were seeded onto confluent
monolayers of untransfected HEK cells or HEK cells transfected with NL-2 and were
incubated overnight in MIN-6 media. Co-cultured cells were then washed twice with

KRBB containing 2.75 mM glucose and then equilibrated in this solution for 45 minutes.
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They were then treated with KRBB containing either 2.75 mM glucose or 16.75 mM
glucose for one hour.

For short-term co-culture assays, HEK cells were transfected as described above.
48 hours post-transfection, confluent HEK cells, HEK cells transfected with NL-2 and
MIN-6 cells were prepared as suspensions by removal with Cellstripper. Cells were then
separately washed twice with complete MIN-6 media, washed twice with KRBB
containing 2.75 mM glucose and then equilibrated in this KRBB for 45 minutes. MIN-6
cells were then combined in 96 well plates with either HEK cells or HEK cells
transfected with NL-2 and incubated with KRBB containing 30 mM glucose for one
hour.

For each condition in the co-culture assays described above, the KRBB was
collected and total protein was isolated from co-cultured cells by lysis with RIPA buffer
containing protease inhibitors (Sigma-Aldrich). Secreted insulin and total insulin content

were analyzed by radioimmunoassay.

Immunoprecipitation/Western Blot

Suspensions of MIN-6 cells were prepared as described above and incubated with
soluble neuroligin-2 Fc for 45 minutes at 37" C. Cells were washed twice with Kreb’s
Ringer, twice with D-PBS and then incubated for 2 hours on ice with the membrane-
impermeable, reversible cross-linker DTSSP at 2 mM. The crosslinking reaction was
stopped with by incubating cells with 20 mM Tris, pH 7.5 for 15 minutes, protein was
isolated in RIPA lysis buffer and neuroligin-2 Fc complexes were immunoprecipitated

with protein A beads. DTSSP crosslinks were cleaved (reversed) by incubating
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immunoprecipitated complexes in 5% P-mercaptoethanol in SDS-PAGE sample buffer at
100" C for 5 minutes and then the dissociated complexes were analyzed by Western
blotting using polyclonal neurexin and neuroligin-2 antibodies as previously described

[149].

Statistical Analysis
Data are presented as means + S.E. Differences between quantitative data sets

were analyzed by the ¢ test. P <.05 was considered significant.

C. Results
1. Neuroligin-2 is Expressed on the Surface of f-Cells.

The expression of neuroligin on the cell surface of neurons enables this protein to
interact in trans with neurexin and other receptors on the axons of opposing neurons to
facilitate presynaptic differentiation and the assembly of the secretory apparatus at
synapses [65, 66, 221]. For neuroligin to drive the assembly of the secretory apparatus
through interaction with receptors on contacting f3 cells, at least some of the protein
would need to be present on the cell surface. Our previous immunostaining experiments
did not clearly demonstrate the expression of neuroligin-2 on the surface of 3 cells and
suggested their might be a significant portion of the protein in intracellular compartments
(See Fig. 4.9 and [149]). To determine whether neuroligin-2 is expressed on the surface
of B cells, flow cytometry was performed after incubating INS-1E f cells with antibodies
generated against the extracellular domain of neuroligin-2 (Fig. 5.2A). An overall

increase in the fluorescent signal in INS-1E cells treated with neuroligin-2 antibody
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Figure 5.2. Endogenous Neuroligin-2 is Expressed on the Surface of INS-1E Cells.

(A) To determine whether neuroligin-2 is expressed on the surface of j cells,
flow cytometry was performed on INS-1E cells using an antibody generated against the
extracellular domain of neuroligin-2. The x-axis depicts the intensity of fluorescence
exhibited by an individual INS-1E cell and the y-axis depicts the number of INS-1E cells
with that intensity of fluorescence. Consistent with neuroligin-2 expression on the
surface of f3 cells, the intensity of fluorescence was greater on average on cells treated
with neuroligin-2 antibody (purple curve) relative to cells treated with preimmune serum
(green curve). (B) Quantification of the mean fluorescent intensity observed in (A).
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(purple in Fig. 5.2A) is observed as a right shift relative to cells treated with preimmune
serum (green in Fig. 5.2A) on the coordinate in Fig. 5.2. Consistent with neuroligin-2
expression on the surface of 3 Cells, the mean fluorescence intensity of cells treated with

neuroligin-2 antibody was 5.47-fold greater than in cells treated with preimmune serum

(Fig. 5.2B).

2. The Extracellular Domain of Neuroligin-2 Binds to the Surface of [-Cells.

To determine if a neuroligin-2 binding partner is present on the surface of B-Cells,
flow cytometry was performed after incubating either clonal INS-1E f cells, INS-1
[ cells or MIN-6 B cells with the purified extracellular domain of neuroligin-2 (soluble
neuroligin-2). Consistent with the presence of a neuroligin-2 receptor on the surface of
B cells, an overall increase in the fluorescent signal in all three cell lines treated with
soluble neuroligin-2 protein (purple) was observed as a right shift relative to cells treated
with 3x FLAG peptide (green) on the coordinates in Fig 5.3A, C and E. The mean
fluorescent intensity of INS-1E, INS-1 and MIN-6 cells treated with soluble NL-2 protein
was 4.33-fold, 2.84-fold and 6.97-fold greater than these cells treated with 3x FLAG
peptide (Fig. 5.3B, D and F). Unlike in INS-1 and INS-1E cells, there are two discrete
peaks observed in MIN-6 cells treated with soluble neuroligin-2 protein. The peak on the
left (Fig. 5.3E, purple) represents cells that do not interact with neuroligin-2 as it aligns
exactly with the peak observed in cells treated with 3x FLAG peptide (Fig. 5.3E, green)

and the peak on the right, highlighted by the black line above it, represents cells that
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Figure 5.3. Binding of Soluble Neuroligin-2 to the Surface of INS-1E, INS-1 and
MIN-6 Cells.

To determine whether a receptor for neuroligin-2 was present on the surface of 3
cells, soluble FLAG-neuroligin-2 was incubated with (A) INS-1E cells, (C) INS-1 cells
or (E) MIN-6 cells and binding was assessed by flow cytometry. As a control, 3x FLAG
peptide was used. Consistent with a neuroligin-2 binding partner being present on the
surface of 3 cells, an increase in fluorescent signal (right shift) was observed in INS-1E,
INS-1 and MIN-6 cells treated with soluble neuroligin-2 (purple) relative to cells treated
with 3x FLAG peptide (green). (B), (D), (F) Quantification of the mean fluorescent
intensity observed for FLAG peptide and soluble neuroligin-2 in (A), (C) and (E). The
mean fluorescence intensity was greater in INS-1E, INS-1 and MIN-6 cells treated with
soluble neuroligin-2 relative to those cells treated with 3x FLAG peptide.
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interact with the soluble neuroligin-2 protein. Each population includes about 50% of the
cells.

To determine the affinity of neuroligin-2 for its receptor on [ cells, a trace amount
of '*’I-labeled soluble neuroligin-2 was incubated with INS-1E cells and competed away
with increasing concentrations of unlabeled soluble neuroligin-2. A clear decrease in the
cell associated reactivity (CAR) relative to the CAR of [’H]-water is observed with
increasing concentrations of soluble neuroligin-2 (Fig. 5.4). Neuroligin-2 binding is
detected at concentrations as low as 2 nM and saturates at about 100 nM. From this plot,
the dissociation constant (Kp) of soluble neuroligin-2 for its receptor on INS-1E cells was

determined to be 15 nM.

3. Co-Culture of [-Cells with HEK Cells Expressing Full-Length Neuroligin-2 Markedly
Enhances Glucose Stimulated Insulin Secretion

In the CNS, trans-synaptic interaction of neuroligin on dendrites with neurexin
and possibly other proteins on axons is important for presynaptic differentiation [66, 72,
80, 221]. The high degree of overlap between the synaptic exocytic machinery and the 3
cell secretory machinery, along with the observation that 3 cell-f3 cell interactions are
essential for robust glucose-stimulated insulin secretion (GSIS) [84, 85, 87, 224], led us
to hypothesize that neuroligin drives the assembly of the 3 cell secretory apparatus,
similar to the way it drives the assembly of the synaptic exocytic machinery in vitro,
through trans-cellular interactions with neurexin and/or other cell surface receptors and

that this interaction facilitates glucose-stimulated insulin secretion in contacting cells.
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Figure 5.4. Neuroligin-2 Binds to the Surface of INS-1E Cells with a Dissociation
Constant of 15 nM.

To determine the affinity of neuroligin-2 for its receptor on [ cells, a trace amount
of '*’I-labeled soluble neuroligin-2 was incubated with INS-1E cells and competed away
with increasing concentrations of unlabeled soluble neuroligin-2. A clear decrease in the
cell associated reactivity (CAR) relative to ["H]-water is observed with increasing
concentrations of soluble neuroligin-2. From this plot, the dissociation constant (Kp) of
soluble neuroligin-2 for its receptor on INS-1E cells was determined to be 15 nM.

Fractionalized CAR (Relative to Water)
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To provide evidence for this hypothesis, HEK cells were transiently transfected
with full-length neuroligin-2 and co-cultured overnight with MIN-6 (3 cells. Secreted
insulin was then measured by RIA after incubation for 1 hour in Kreb’s Ringer
containing either basal (2.75 mM) or stimulatory (15 mM) levels of glucose. The ability
of MIN-6 cells to secrete insulin in response to glucose was not affected by co-culturing
as MIN-6 cells cultured on untransfected HEK cells secreted 3.49-fold more insulin
under stimulatory conditions than MIN-6 cells treated with basal levels of glucose (Fig.
5.5). Consistent with neuroligin-2 playing a role in the assembly and organization of the
B cell secretory apparatus, MIN-6 cells cultured on HEK neuroligin-2 expressing cells
secreted 2.87-fold more insulin under basal glucose conditions and 3.26-fold more insulin
under stimulatory glucose conditions than MIN-6 cells cultured on untransfected HEK
cells (Fig. 5.5). Secreted insulin was not detected from untransfected HEK cells or HEK

cells expressing full-length neuroligin-2 (data not shown).

4. Soluble NL-2 Markedly Inhibits Glucose-Stimulated Insulin Secretion

To provide further support for a role for neuroligin-2 in the assembly of the f3 cell
secretory apparatus, a soluble neuroligin-2 protein lacking the transmembrane and
cytoplasmic domains was incubated with clusters of MIN-6 cells and intact rat islets in
order to disrupt existing trans interactions between endogenous neuroligin and its 3 cell
receptor (Fig. 5.6 and 5.7). MIN-6 cells treated with soluble neuroligin-2 and high
glucose secreted 70.9% less insulin than cells treated with high glucose and 3x FLAG
peptide (Fig. 5.6A). As a control, MIN-6 cells were treated with identically prepared

soluble acetylcholinesterase--a protein that shares significant sequence identity with the
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Figure 5.5. Co-culture of MIN-6 Cells with HEK Cells Expressing Full-length
Neuroligin-2 Markedly Enhances Insulin Secretion.

MIN-6 cells were cultured for 24 hours on monolayers of HEK cells transfected
with Neuroligin-2. After conditioning of co-cultured cells in 2.75 mM glucose for 1
hour, secreted insulin was measured by RIA after a 1 hour treatment with low (2.75 mM)
or high (16.75 mM) glucose. Consistent with functional stimulus-secretion coupling in
co-cultured cells, MIN-6 cells cultured on untransfected HEK cells secreted 3.49-fold
more insulin under high glucose conditions relative to low glucose conditions. MIN-6
cells cultured on HEK neuroligin-2 expressing cells secreted 2.87-fold more insulin under
low glucose conditions relative MIN-6 cells cultured on untransfected HEK cells (n=3;
P=.048). Under high glucose conditions, MIN-6 cells cultured on HEK neuroligin-2
expressing cells secreted 3.26-fold more insulin relative to MIN-6 cells cultured on
untransfected HEK cells (n=3; P=.002).
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Figure 5.6. Soluble Neuroligin-2 Inhibits Insulin Secretion from MIN-6 Cells.

Suspended MIN-6 cells were conditioned in a 2.75 mM glucose Kreb’s ringer
buffer for 1 hour. Cells were then incubated for 1 hour in a 30 mM glucose Kreb’s ringer
solution with either 10 uM 3x FLAG peptide, 10 uM soluble neuroligin-2, 10 uM soluble
acetylcholinesterase or 10 uM soluble neuroligin-1. Secreted insulin was then measured
by radioimmunoassay. (A) MIN-6 cells treated with soluble neuroligin-2 secreted 70.9%
less insulin than cells treated with 3x FLAG peptide (n=4; p=.00000069) and 70.8% less
insulin than cells treated with acetylcholinesterase (n=4; p=.00000141). (B) MIN-6 cells
treated with soluble neuroligin-1 secreted 43.4% less insulin than MIN-6 cells treated
with 3x FLAG peptide (n=3; p=.0002). In this experiment, a similar response was
observed for MIN-6 cells treated with soluble neuroligin-2.
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Figure 5.7. Soluble NL-2 Inhibits Glucose Stimulated Insulin Secretion from Rat
Islets in a dose dependent fashion.

To determine whether soluble NL-2 can inhibit insulin secretion in islets, intact
islets were conditioned for 1 hour in 3 mM glucose Kreb’s ringer buffer and were then
treated for 1 hour with 20 mM glucose containing soluble NL-2 at varying
concentrations. As controls, islets were separately incubated with 3 mM glucose, 20 mM
glucose, 20 mM glucose and 10 uM acetylcholinesterase, and 20 mM glucose and NaCl
HEPES (the buffer the protein is stored in). Relative to 3 mM glucose, robust and similar
glucose-stimulated insulin secretion was observed in all controls. There was not any
significant difference in secreted insulin between islets treated with 20 mM glucose only,
islets treated with 20 mM glucose and either 10 uM soluble acetylcholinesterase or
NaCl/HEPES. Islets treated with 20 mM glucose and either 5 uM NL-2, 100 nM NL-2 or
10 nM NL-2 secreted 64.6% (n=3; p=.007), 65.6% (n=3; p=.006) and 36.9% (n=3; p=.04)
less insulin than islets treated with 20 mM glucose alone. Islets treated with 20 mM

glucose and 1 nM NL-2 secreted insulin at control levels.
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extracellular domain of neuroligin but lacks synaptogenic and neurexin binding activity
(Fig. 5.6A) [65, 191]. No decrease in GSIS was observed when MIN-6 cells treated with
soluble acetylcholinesterase were compared with cells treated with 3x FLAG peptide
(Fig. 5.6A). When neuroligin-2 treated cells were compared to acetylcholinesterase
treated cells, a 70.8% decrease in GSIS was observed (Fig. 5.6A). MIN-6 cells were also
treated with high glucose and soluble neuroligin-1 lacking the transmembrane and
intracellular domains to determine whether the effect on GSIS was specific within the
neuroligin protein family to neuroligin-2. Consistent with the effect not being specific to
neuroligin-2, a 43.4% decrease in GSIS was observed in MIN-6 cells treated with soluble
neuroligin-1 relative to cells treated with 3x FLAG peptide (Fig. 5.6B).

In rat islets incubated with high glucose and soluble neuroligin-2, GSIS was
significantly inhibited at neuroligin-2 concentrations of 10 nM and above (Fig. 5.7).
Relative to islets treated with 20 mM glucose only, GSIS was inhibited by 36.9% when
islets were treated with 10 nM soluble neuroligin-2, 65.6% when islets were treated with
100 nM neuroligin-2 and 64.6% when islets were treated with 1 uM neuroligin-2.
Decreased GSIS was not observed at 1 nM (Fig. 5.7). As controls, islets were separately
incubated with 3 mM glucose, 20 mM glucose, 20 mM glucose and NaCI/HEPES (the
buffer the protein is stored in), and 20 mM glucose and 10 uM acetylcholinesterase.
Robust GSIS was observed relative to 3 mM glucose in all controls incubated with high
glucose (Fig. 5.7) and no differences in GSIS were observed between islets treated with
20 mM glucose alone or with eitherNaClI/HEPES or 10 uM acetylcholinesterase (Fig.
5.7). To determine whether the inhibitory effects of neuroligin-2 on GSIS in rat islets

correlates with the soluble neuroligin-2 dissociation constant, a dose response curve was
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generated (Fig 5.8). Inhibition is dose-dependent and is maximal at concentrations
greater than 100 nM. The concentration at which soluble neuroligin-2 causes 50%
inhibition (ICsg) of its maximal effect on GSIS is 9 nM (Fig. 5.8), a value that is
strikingly similar to the 15 nM dissociation constant observed for neuroligin-2 binding to

the cell surface of INS-1E f cells (Fig. 5.4).

5. Neuroligin-2 Interacts with a-Neurexin in [-Cells.

To determine whether neuroligin-2 associates with a-neurexin in MIN-6 3-Cells,
soluble neuroligin-2-Fc bound to the surface of MIN-6 cells was cross-linked with
DTSSP. Neuroligin-2-Fc complexes were then immunoprecipitated, dissociated and
analyzed by Western blot using rabbit polyclonal antibodies to neurexin. As a control,
cells were treated identically with soluble acetylcholinesterase. Western blot analsysis
revealed that a-neurexin was immunoprecipitated from cells treated with soluble
neuroligin-2-Fc but not from cells treated with acetylcholinesterase (Fig. 5.9A). To
confirm that neuroligin-2-Fc was successfully immunoprecipitated, Western blot analysis
was performed on immunoprecipitated proteins using rabbit polyclonal antibodies to
neuroligin-2. A band at the expected molecular weight of neuroligin-2-Fc was detected

in cells treated with soluble NL-2 but not with cells treated with acetylcholinesterase

(Fig. 5.9B).
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Figure 5.8. Dose-Response Curve for NL-2 Inhibition of Glucose-Stimulated Insulin
Secretion from Rat Islets.

To determine whether the soluble NL-2 binding dissociation constant correlates
with the inhibitory effects of NL-2 on glucose-stimulated insulin secretion in rat islets, rat
islets were conditioned in 3 mM glucose and then incubated for one hour in 20 nM
glucose and varying concentrations of soluble NL-2. Secreted insulin was measured by
RIA and a dose-response curve was generated. Inhibition is maximal at concentrations
greater than 100 nM. The concentration at which soluble NL-2 causes 50% inhibition of
its maximal effect on GSIS was calculated to be 9 nM.
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Figure 5.9. NL-2 is Associated with o-Neurexin in MIN-6 3 Cells.

To determine whether NL-2 interacts with a-neurexin, soluble NL-2-Fc was
incubated with suspended MIN-6 cells for 45 minutes, unbound NL-2 was washed away
and a reversible membrane impermeable crosslinker was applied. Complexed NL-2-Fc
was immunoprecipitated with protein A, the crosslink reversed and the
immunoprecipiated proteins were analyzed by Western blot. As a control, cells were
treated identically with soluble acetylcholinesterase. (A) Consistent with an association
between NL-2 and a-neurexin, Western blot analysis using affinity purified rabbit
polyclonal antibodies to neurexin revealed that o-neurexin was immunoprecipitated with
cells treated with soluble NL-2 but not with cells treated with acetylcholinesterase. (B)
To confirm that NL-2 was successfully immunoprecipitated, Western blot analysis was
performed on immunoprecipitated proteins using rabbit polyclonal antibodies to NL-2. A
band at the expected molecular weight of NL-2-Fc was detected in cells treated with
soluble NL-2 but not with cells treated with acetylcholinesterase. (A, soluble
acetylcholinesterase; 2-Fc, soluble neuroligin-2 Fc).
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6. Neuroligin Regulates Glucose-Stimulated Insulin Secretion Via a Neurexin-
Independent Mechanism

In neurons, neuroligin can enhance synapse formation via a neurexin-independent
mechanism [66, 221]. To determine whether the affect of neuroligin on GSIS was
dependent on neurexin binding, intact rat islets were treated with a soluble neuroligin that
cannot bind to neurexin (Davide Comoletti, Unpublished Data). This protein contains a
glycine to alanine substitution, at position 500 of neuroligin-1, which is at the neuroligin-
neurexin binding interface and is calculated based on analysis of binding energies to
destabilize the neuroligin-neurexin complex [225, 226]. Treatment of rat islets with 20
mM glucose and 10 uM neuroligin mutant decreased insulin secretion by 42% relative to
islets treated with 20 mM glucose and HEPES/NaCl buffer. A 5.1-rold increase in GSIS
was observed in islets treated with 20 mM glucose relative to islets treated with 2.75 mM

glucose.
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Figure 5.10. Neuroligin Inhibits Glucose Stimulated Insulin Secretion via a
Neurexin-Independent Mechansism.

To determine whether neuroligin inhibition of insulin secretion is dependent on
interaction with neurexin, intact islets were treated with a soluble neuroligin containing a
single amino acid substitution (Glycine to Alanine at position 500 of NL-1) that prevents
interaction with neurexin. Treatment with 20 mM glucose and 10 uM neuroligin-1
mutant decreased insulin secretion by 42% (n=4; p=.02) relative to islets treated with 20
mM glucose and HEPES/NaCl buffer (the buffer the protein is stored in).
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D. Discussion

Previously, we demonstrated the expression of the synaptogenic adhesion
molecules neuroligin and neurexin in 3 cells and provided evidence that neuroligin is
important for glucose-stimulated insulin secretion [149]. These studies and the
abundance of in vitro and in vivo evidence implicating neuroligin in the functioning and
differentiation of the presynaptic active zone in neurons led us to hypothesize that
neuroligin may play a role in the formation of the submembrane insulin secretory
apparatus [65, 72, 80, 185]. In the present study, we demonstrate that neuroligin-2 can
potentiate glucose stimulated insulin secretion through a frans-interaction with a receptor
on the B cell surface. Disruption of this interaction significantly diminishes the ability 3
cells to secrete insulin in response to glucose. These studies suggest that neuroligin is
important for the maintenance and possibly the proper differentiation of the B-cell

stimulus-secretion coupling machinery.

1. Cell-Surface Expression of Neuroligin-2 and a Receptor on the Surface of [-Cells
Pancreatic 3 cells express high levels of neuroligin-2 and its trans-synaptic
binding partner a-neurexin [149]. The striking polarity of these proteins observed in
neurons, where neuroligins are postsynaptic (on dendrites) and neurexins are presynaptic
(on axons), and the lack of an obvious equivalent to the axo-dendritic axis in [ cells
leaves open several questions regarding the localization, organization and role of these
proteins within f3 cells. Our previous immunofluoresence studies clearly demonstrated

the expression of a-neurexin on the surface of 3 cells but suggested that a significant
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proportion of neuroligin-2 was localized to intracellular compartments (See Fig. 4.9 and
[149]). For neuroligin to drive the assembly of the secretory apparatus through trans-
interaction with neurexin or other receptors on contacting 3 cells, as it does in neurons, at
least some of the protein needs to be present on the cell surface. The finding that
endogenous neuroligin-2 is present on the surface of 3 cells and that the exogenous
soluble extracellular domain of neuroligin-2 interacts with a protein on the surface of 3
cells demonstrates the potential for neuroligin-2 on one [ cell to interact in trans- with a
receptor on a contacting 3 cell. Because in the present study, the soluble neuroligin-2
orientation and presentation is not controlled as it would normally be in the plasma
membrane it is impossible to determine whether this protein is interacting in cis- or trans-
with its receptor on the 3 cell surface. Evidence that neuroligin-2 acts via a trans-
interaction with its receptor on contacting 3 cells is supported by the finding that full-
length neuroligin-2 expressed on the surface of non-neuronal HEK cells leads to
increased glucose-stimulated insulin secretion from contacting MIN-6 cells.

In MIN-6 cells treated with soluble neuroligin-2, a population of cells that
interacts with neuroligin-2 and a population of cells that does not interact with
neuroligin-2 are observed. This particular cell line, along with most 3 cell lines, is
known to dedifferentiate and lose the ability to secrete insulin in response to stimuli [227,
228]. In our hands, several of the MIN-6 cell lines initially obtained for this study stop
responding to glucose and eventually to IBMX several passages after thawing, and it has
been observed that those cells that are unresponsive to glucose and IBMX do not bind to

neuroligin-2. Although outside the scope and purpose of this study, these observations
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suggest that the cells that bind neuroligin-2 might represent differentiated MIN-6 cells
and the cells that do not represent dedifferentiated cells. Further studies are necessary to

validate and formally test this hypothesis.

2. The Involvement of Neuroligin-2 in the Regulation of Glucose-Stimulated Insulin
Secretion

Synapses are highly specialized regions of the membrane where neurotransmitter
is released. Neuroligin was initially implicated in the formation of synapses and
presynaptic differentiation after co-culture studies of non-neuronal cells with
hippocampal neurons revealed the ability of this protein to recruit the active zone proteins
necessary for neurotransmitter exocytosis to sites of contact between the neuroligin
expressing cells and neurons [65]. Neuroligin and these same presynaptic active zone
proteins are expressed by [ cells and are implicated in the regulation of glucose-
stimulated insulin secretion [12-18, 149]. As in axo-dendritic neuronal contacts, 3 cell-3
cell interactions are important for the proper functioning of the p cell stimulus-secretion
coupling machinery [82, 87]. It is possible that the interaction of neuroligin on one {3 cell
with neurexin or another receptor on a contacting 3 cell drives the assembly of the
stimulus-secretion coupling machinery and facilitates the enhanced glucose-stimulated
insulin secretion observed in contacting [ cells.

Co-culture of MIN-6 B-cells with non-neuronal cells expressing full-length
neuroligin-2 markedly enhances glucose-stimulated insulin secretion from MIN-6 cells,

suggesting that neuroligin-2 can act in trans with a 3 cell receptor to regulate glucose-
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stimulated insulin secretion from [3 cells. The clustering of neuroligin-2 through its
cytoplamic tail is important for its localization and its ability to drive presynaptic
differentiation. Treatment of contacting MIN-6 f3 cells and intact islets with a soluble
neuroligin-2 lacking the transmembrane and cytoplasmic domains of the molecule
significantly disrupts glucose-stimulated insulin secretion, as might be expected if the
soluble neuroligin-2 displaced endogenous neuroligin-2 and disrupted existing
neuroligin-receptor interactions around which the secretory machinery was already
assembled. Strikingly, the concentration at which soluble neuroligin-2 causes 50%
inhibition of glucose-stimulated insulin secretion is almost identical to the binding
constant (Kp) determined for the interaction of soluble neuroligin-2 with the surface of 3
cells. Taken together, these data demonstrate that neuroligin acts to regulate stimulus-
secretion coupling by a mechanism similar to the one used by neurons to regulate pre-
synaptic differentiation and the proper functioning of the neurotransmitter release
machinery.

In the central nervous system, neuroligin expressed on dendrites interacts with
neurexin on axons of an opposing neuron [185]. Cross-linking studies demonstrate that
neuroligin-2 can interact with neurexin on the surface of f cells. Because contacting 3
cells lack an obvious equivalent to the axonal and dendritic membrane regions, the
possible organization of neuroligin and neurexin within islet  cells is not very clear.
One attractive possibility is that the interaction of neuroligin with neurexin on contacting
B cells leads to the formation of microdomains where the stimulus-secretion coupling

machinery assembles. The existence of specialized Ca2+ rich regions (microdomains) on
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the B cell membrane has previously been proposed [229]. Further support for the
existence of these domains comes from total internal reflection fluorescence microscopy
studies where discrete clusters of syntaxin were observed at regions of the 3 cell
membrane where insulin exocytosis was occurring [230]. Interestingly, syntaxin has
been shown to interact with neurexin [94]. The development of reagents or animal
models to help assess the spatial organization of these proteins within contacting 3 cells
may help to provide more insight into the mechanism by which these proteins interact to
regulate insulin secretion and may shed light on the possible existence of microdomains

and the organization of the secretory apparatus at these domains.

3. Neuroligin-2 Regulates Glucose-Stimulated Insulin Secretion Through a Neurexin-
Independent Pathway

In the central nervous system, evidence is mounting that at least some of the
synaptogenic effects of neuroligin on neurons can occur through a neurexin-independent
pathway. The observations that non-synaptogenic neuroligin mutants can interact with
neurexin as effectively as wildtype neuroligin (synaptogenic) and that overexpression of
non-neurexin binding neuroligin point mutants in neurons increases synaptic density to
levels identical to levels seen with wildtype neuroligin suggest that neuroligin can
mediate at least some aspects of pre-synaptic differentiation through another protein [66,
221]. Treatment of islets with a soluble non-neurexin binding neuroligin mutant inhibits
glucose-stimulated insulin secretion nearly as effectively as treatment with soluble
neuroligin-1 or -2, suggesting that neuroligin can regulate stimulus-secretion coupling in

B cells through a protein other than neurexin. Identification of the receptor through
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which neuroligin is acting to mediate both glucose-stimulated insulin secretion may
provide insight into the signaling pathways through which it is acting in both 3 cells and

neurons.

4. Closing Remarks

In summary, these findings implicate neuroligin in the regulation of contact
enhanced glucose-stimulated insulin secretion in islets and suggest that it acts to mediate
the assembly of the secretory machinery through trans-interactions with an as yet
unidentified receptor on a contacting 3 cell. Future studies will attempt to elucidate
whether neuroligin is critical for the development and differentiation of 3 cells and
whether neuroligin or downstream molecules might be useful targets for alleviating the

dysfunction in glucose-stimulated insulin secretion observed in diabetic patients.
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CHAPTER 6: CONCLUSIONS, OPEN QUESTIONS AND FUTURE STUDIES

The major goal of this dissertation was to test the hypothesis that key insights into
the functional maturation of 3 cells could be derived from existing knowledge of the
development, differentiation and maintenance of GABAergic synapses in the CNS. The
work that resulted from testing this hypothesis has demonstrated that at least one of the
GABAergic trafficking pathways thought to be exclusive to neurons is used by [ cells to
generate synaptic-like microvesicles and revealed that the proteins that drive the
assembly of the GABAergic neurotransmitter release machinery in neurons are expressed
and used by B cells for maintenance of glucose-stimulated insulin secretion. A novel
variant of a key GABAergic transporter protein is also described. Because an extensive
discussion of these findings is provided at the end of each chapter, this final chapter will
be devoted to addressing the open questions that remain as a result of this work. Along
the way, the future work that might help to resolve some of these open questions and the
potential use of these molecules as targets for diabetes diagnosis and therapy are

discussed.

A. Does GAD-65 Associate with AP-3 Generated Synaptic-Like Microvesicles in Islet 3
Cells?

The interest in understanding the biogenesis of the synaptic-like microvesicles in
B cells stemmed from the finding that the synaptic-like microvesicle associated protein
GAD-65, a major autoantigen in type 1 diabetes, is released into the circulation in a rat

model of autoimmune diabetes [51, 231]. Because a key characteristic of autoantigens
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in diabetes and autoimmune diseases of the central nervous system is their tendency to be
vesicle-associated proteins, the questions of whether the association of GAD-65 with the
synaptic-like microvesicle makes it more susceptible to discharge from the 3 cell under
certain conditions and whether the discharge of GAD is the primary trigger for
autoimmune attack of the § cell during the pathogenesis of type 1 diabetes were of
particular interest[38].

In chapter 3 of this dissertation, the biogenesis of 3 cell synaptic-like
microvesicles is demonstrated to be mediated by the neuronal AP-3 complex. While it is
likely that the vesicles generated by AP-3 are the GAD-65 containing vesicles, it is not
unequivocally demonstrated in this dissertation. Because mouse islets do not express
GAD-65 and as a result autoimmunity to GAD-65 is not observed in the NOD mouse
model of autoimmune diabetes, the questions of whether GAD-65 associates with AP-3
generated vesicles in 3 cells and whether this association triggers autoimmune attack can
not be addressed by investigating the various mouse lines lacking AP-3 subunits or by
crossing these lines onto a NOD background [232]. The analysis of GAD-65 expression
is further complicated because [ cell lines do not express endogenous GAD-65 and
isolated islets lose expression after 24 hours in culture, making perturbations in AP-3
gene expression in these models fruitless [233]. Although not ideal, the question of
whether AP-3 mediated vesicles carry GAD-65 might best be addressed by introducing
GAD-65 cDNA into islets isolated from mice lacking AP-3 subunits and assessing the
trafficking patterns of GAD-65 protein relative to wildtype islets. The increased
knowledge of the trafficking of GAD-65 and the mechanism of its association with the -

cell synaptic-like microvesicles that might be yielded by this type of analysis will likely
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provide new insights into its release from 3 cells and additional opportunities to analyze

its role in the pathogenesis of islet autoimmunity.

B. The Localization of Neuroligin and Neurexin in Islet 3 Cells?

The expression of neuroligin and neurexin on distinct regions of the neuronal
membrane, where neuroligins are expressed on dendrites and neurexins are expressed on
axons, and the lack of an obvious equivalent to the axo-dendritic axis in 3 cells leaves
open several questions regarding their localization and organization within 3 cells. While
evidence is presented throughout this dissertation that the pancreatic 3 cells express high
levels of neuroligin-2 and its ¢trans-synaptic binding partner a.-neurexin, and that these
proteins can interact, it is left unresolved how 3 cells might regulate the trafficking of
these proteins [149].

One attractive possibility is that 3 cell neuroligin and neurexin are segregated by
distinct membrane trafficking pathways into discrete regions of the plasma membrane. In
neurons, the cytoplasmic tails of neuroligin and neurexin regulate their trafficking into
discrete vesicles destined for the dendrite in the case of neuroligin and the axon in the
case of neurexin [234, 235]. Because [ cells share several membrane trafficking
pathways with neurons (See Chapter 1 and 3 for in depth analysis), it seems reasonable to
propose that neuroligin and neurexin are similarly trafficked to different regions of the 3
cell membrane, hereafter referred to as microdomains, via the pathways that regulate their
trafficking in neurons. In this scenario, the neurexin-containing microdomains in one cell

interact with the neuroligin-containing microdomains on another cell to drive the
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assembly of the stimulus-secretion coupling machinery on the neurexin-containing
microdomain and the recruitment of GABAergic receptors important for autocrine
regulation of insulin secretion on the neuroligin-containing microdomain. The possible
existence of “pre-synaptic” microdomains is supported by the presence of specialized
Ca2+ rich regions on the 3 cell membrane and the finding by total internal reflection
fluorescence microscopy that there are discrete clusters of syntaxin, a protein important
for vesicle fusion, at regions of the 3 cell membrane where insulin exocytosis is
occurring [230]. Although hypothetical, this model representing the 3-cell equivalent of
a synapse makes sense in light of the strikingly polarity of these proteins in both neuronal
function and localization, the ability of neuroligin to drive the assembly of the secretory
machinery on axons and to cluster neurotransmitter receptors at dendrites, and in light of
the importance of autocrine feedback mechanisms through GABAergic signaling
mechanisms within 3 cells. The future development of constructs or animal models that
result in the expression of tagged versions of these genes in B-cell lines or islets
combined with high-resolution microscopy, such as TIRF, might help to assess the spatial
organization of these proteins within contacting 3 cells and will likely provide more
insight into the possible existence of microdomains, into the organization of the secretory
apparatus at these domains and into the mechanism by which these proteins interact to

regulate insulin secretion.
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C. What is the Receptor through which Neuroligin Acts to Potentiate Insulin Secretion in
the B Cells?

The finding, here, that a non-neurexin binding neuroligin mutant can alter
glucose-stimulated insulin secretion as well as wildtype neuroligin suggests that
neuroligin regulates stimulus-secretion coupling in 3 cells through a neurexin-
independent pathway. This is consistent with the recent finding that the ability of
neuroligin to alter at least some synaptic activities occurs through a binding partner that is
yet to be identified [66, 221]. The identification of the receptor through which neuroligin
is acting to mediate glucose-stimulated insulin secretion will likely provide great insight
into the signaling pathways through which it is acting in both 3 cells and neurons.

During the early stages of this dissertation work, studies were conducted to
identify proteins other than neurexins that might interact with neuroligin-2 as a result of a
hypothesis that is no longer supported by compelling data. The pull-down studies that
were performed to test this hypothesis identified several candidate proteins as a
neuroligin-2 receptor. A close family member of the most interesting candidate, eph
receptor A2, was demonstrated to interact in trans on contacting f3 cells to potentiate
insulin secretion through ephrin-A—a protein that associates with the membrane through
a GPI-linkage. The transmembrane protein that allows ephrin-A to traverse signals into
the cell and ultimately to the secretory machinery has not yet been identified [85]. Cross-
linking in combination with immunoprecipitation analyses are currently being conducted
to confirm an association between the eph receptor A2-ephrin-A complex and neuroligin-

2, and to identify other proteins that might interact with neuroligin-2 to potentiate insulin
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secretion. Because eph receptor A2-ephrin-A signaling pathways have been identified in
B cells, efforts are also under way to determine if these signaling proteins are activated
after the frans-presentation of neuroligin-2 to 3-cell lines or dissociated f3 cells.
Elucidating the receptor and/or signaling pathways through which neuroligin-2 acts to
regulate insulin secretion B cells will likely provide insight into its ability to regulate
synaptic function and yield targets for remedying some of the (3-cell dysfunction that

occurs during the pathogenesis of diabetes.

D. Are B cell Neuroligin and Neurexin Important for Both Regulated GABA and Insulin
Secretion?

In the central nervous system, neuroligin-2 is exclusively expressed by and
essential for the normal differentiation and functioning of GABAergic synapses [74, 76].
It has been stressed throughout this dissertation that [ cells resemble GABAergic
synapses and may use GABAergic signaling to regulate hormone secretion via autocrine
and paracrine mechanisms from 3 cells and other islet cell types, yet the role of
neuroligin-2 in the regulation of GABA secretion from 3 cells has not been addressed
experimentally in this dissertation [32, 35]. The failure to study GABA secretion was
primarily due to the lack of a robust assay to directly measure its release from islets over
meaningful time periods (< 1 hour). Although it has been demonstrated here that
neuroligin-2 potentiates insulin secretion from the 8 cell, it is conceivable given its role
in the central nervous system that its interaction with a-neurexin and/or another receptor

might also drive the assembly of the in B-cell GABAergic exocytic machinery.
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How, then, might neuroligin-2 simultaneously regulate the exocytosis of GABA
from synaptic-like microvesicles and insulin from secretory granules in 3 cells? Both the
exocytosis of insulin and GABA are stimulated by glucose and are dependent on
depolarization via Ca*" entry through L-type voltage-gated Ca®"-channels [25, 27, 34].
This suggests that both GABA and insulin are released in parallel from the 3 cell. These
two distinct vesicles also share proteins that are important for their docking and fusion
during exocytosis [15]. One scenario to help explain how neuroligin-2 might regulate
both GABAergic and insulin exocytosis from distinct vesicles is that sites of neuroligin-
2-neurexin interaction on the 3 cells represent sites where exocytosis of both GABA and
insulin might occur simultaneously. In another scenario that might result from the
extensive splicing that both neuroligin and neurexin family members under go, the
GABAergic and insulin secretory machinery are regulated similarly but assemble on
separate regions of the B-cell membrane around differentially spliced combinations of
neuroligin-2 and neurexin [67, 184, 189, 194]. Future studies to attempt to distinguish
between these two possibilities will be difficult because most B-cell lines lack
(unpublished observations) and isolated islets lose expression of some key components of
the GABAergic machinery after 24 hours in culture [233]. The analysis of perifused
pancreases from mice lacking the neuroligin-2 gene with newly developed GABA
immunoassays, along with measurements to determine if paracrine inhibition of glucagon
secretion is perturbed in these mice, might help to determine whether neuroligin-2 is also

important for the assembly of the GABAergic secretory apparatus.
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E. Are B-cell Neuroligin and Neurexin Necessary for the Differentiation and Maturation
of the Stimulus-Coupling Machinery in 3 cells?

The identification of proteins that promote the development, maturation and
maintenance of stimulus-secretion coupling in -cells might be useful for the
development of new therapies for both forms of diabetes. The work presented throughout
this dissertation clearly implicates neuroligin-2 as a key player in the regulation of
glucose-stimulated insulin secretion from B-cells. Additionally, the finding here that 3
cells express high levels of a-neurexin and the unpublished observation by a close
collaborator that mice lacking the a.-neurexin gene are hyperglycemic, their 3 cells are
hypomorph and they exhibit defects in stimulus-secretion coupling suggests that o.-
neurexin may be important for the differentiation and maturation of the -cell stimulus-
secretion coupling machinery. In order to establish that neuroligin-2, and confirm that a-
neurexin, are necessary for the functional differentiation of 3 cells, future studies will
need to determine whether the onset of neurexin/neuroligin gene expression coincides
with the appearance of stimulus-secretion coupling in developing -cells and whether
perturbations in neurexin/neuroligin gene expression affect the normal development of
glucose-stimulated insulin secretion in B-cells.

Along with a time course investigating neuroligin and neurexin gene expression at
various time points throughout islet development, an already established in vitro model
might be useful for determining whether the onset of neurexin/neuroligin gene expression
coincides with the appearance of stimulus-secretion coupling in developing B-cells. It

has been well-documented that fetal and neonatal islets do not secrete insulin in response
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to changes in glucose concentration and that isolation and culturing of these developing
islets under hyperglycemic conditions induces the development/maturation of stimulus-
secretion coupling [236, 237]. If fetal/neonatal islets are cultured under hypoglycemic
conditions then the islets fail to secrete insulin in response to changes in glucose
concentration, suggesting that hyperglycemic conditions induce the expression of genes
important for normal stimulus-secretion coupling. Using this model, it seems reasonable
to propose that differences in the expression of neurexin and neuroligin would be
observed between fetal/neonatal islets treated with hyperglycemic conditions relative to
those treated with hyperglycemic conditions if these genes are important for the
development/maturation of stimulus-secretion coupling in B-cells [236, 237].

Although the analysis of mice lacking the neuroligin-2 or a-neurexin gene would
be ideal for determining whether perturbations in neurexin/neuroligin gene expression
affect the normal development of glucose-stimulated insulin secretion in -cells, this in
vitro model might be useful as an alternative or interim approach given the complexities
and time involved in obtaining and breeding these mice. The role of neurexin and
neuroligin in the development of stimulus-secretion coupling in this in vitro model could
be further investigated through the use of adenoviruses designed to express either
neuroligin-2 or a-neurexin cDNA or alternatively, neuroligin-2 or a-neurexin shRNA.
Increasing the expression of either the neurexin and/or the neuroligin genes through the
introduction of their cDNA might be expected to speed up the development/maturation of
stimulus-secretion coupling whereas decreasing the expression through the introduction
of shRNA might be expected to slow down the development/maturation of stimulus-

secretion coupling in fetal islets exposed to hyperglycemic conditions if these genes are
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important for the functional differentiation and maturation of stimulus-secretion coupling
in developing B-cells. Whether these approaches are used, or alternative approaches are
employed, it will be important to further understand the role of neuroligin and neurexin in
the development and/or maintenance of glucose-stimulated insulin secretion in islet 3
cells as these genes might be useful targets for future therapies or represent markers for
identifying differentiated 3 cells in the pursuit to generate a 3 cell replacement therapy

from stem cells.

F. Where is Neuroligin-1?

Endogenous neuroligin-1 exclusively localizes to glutamatergic (excitatory)
synapses in the central nervous system and is essential for their proper differentiation [74,
75]. Interestingly, the glucagon-secreting a-cells of the endocrine pancreas express much
of the machinery necessary for glutamatergic signaling including ionotropic glutamate
receptors and the vesicular glutamate transporter [100, 147, 204, 238]. Under
hypoglycemic conditions, glutamate is co-secreted from secretory granules with glucagon
and thought to act in an autocrine manner to potentiate glucagon secretion [147, 204].
These observations, along with the established association of neuroligin with ionotropic
glutamate receptors at synapses and my work in chapter 4 demonstrating high level
expression of neuroligin-1 in rat and human islets but not in the B-cell line INS-1, suggest
that islet neuroligin-1 is expressed by a-cells and is important for the co-secretion of
glucagon and glutamate and the ability of the a-cell to potentiate glucagon secretion

through glutamate receptors [149, 239].
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Because of the distinct and opposite roles of neuroligin-1 and neuroligin-2 in
synaptic neurotransmission, an intense effort was put forth as part of this dissertation
work to determine the localization of neuroligin-1 within islets. The lack of available
commercial antibodies and the inability to generate antibodies that are both specific for
neuroligin-1 and useful for immunostaining during this dissertation work hindered this
effort. Future in situ hybridization analyses on pancreatic sections or single-cell RT-PCR
analyses on dissociated islet cells may be necessary to determine the localization of

neuroligin-1 within islets.

G. The Synaptogenic Adhesion Molecules as Targets for 3 Cell Imaging?

Type 1 diabetes results from autoimmune attack and destruction of islet 3 cells.
Autoantibodies to B-cell antigens are present years before clinical onset and their presence
is predictive of the eventual manifestation of disease [240-242]. Most patients do not
present with clinical symptoms until 90% of their 8 cells have been destroyed [243].
There is also a significant loss of B-cell mass in Type 2 diabetics [244]. Because the goal
of most therapies is to prevent/slow the destruction of 3 cells or alternatively, to induce
the regeneration of B cells, a method of tracking B-cell mass in vivo has been a highly
sought after but elusive goal. Such a method would allow for tracking the progression of
B-cell destruction during the etiology of Type 1 diabetes, and could be used to evaluate
the efficacy of therapies aimed at slowing or preventing the disease. Down the road,
quantification of  cell mass might be useful as an endpoint to measure the success of

clinical trials.
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Thus far, the major hurdle in tracking B-cell mass using imaging technologies
such as position emission tomography (PET) is identification of agents that bind to beta
cells with high enough specificity to overcome the low ratio of B cells to exocrine tissue
[117]. The finding here that the cell surface proteins, neuroligin-2 and o-neurexin, are
expressed at high levels specifically by 3 cells and the finding by another group whose
microarray study demonstrated that these genes are the 10™ and 11™ most abundant
membrane-associated transcripts in human islets suggests that these proteins are ideal
candidate targets for tracking -cell mass [205].

One approach to the design of high affinity binding reagents to neuroligin-2 and
a-neurexin might be to generate antibodies, and eventually antibody fragments that
reduce non-specific binding and blood clearance time, to the extracellular domains of
these proteins [117, 245]. After extensive characterization and testing, the antibody
fragments could then be labeled with positron-emitting iodine using standard methods,
injected into patients, where 3 cell mass would be proportional to the radioactive decay
measured by PET.

An alternative approach might involve taking advantage of the growing list of
proteins known to interact with any one of the six distinct extracellular lamin-neurexin-
sex hormone binding domains (LNS) of a-neurexin. Some binding partners with
similarly restricted expression patterns include: neuroligins, a.-dystroglycan,
neurexophilin and a-latrotoxin [68, 246-248]. With the recent publication of several
neurexin-neuroligin crystal structures and the advancement of peptide array technologies,

peptides at the interface of a-neurexin interaction with any one of its binding partners
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could be identified that might eventually be useful for tracking -cell mass [208, 225,
249-252]. Briefly, a-neurexin peptides from the LNS domain of interest could be
synthesized by a peptide synthesizer and arrayed onto a membrane. The membrane
containing the peptides could then be incubated with the extracellular domains of binding
partners and interacting peptides detected by immunoblotting for bound extracellular
domain. Identified peptides might then be modified to enhance affinity, tagged with an
appropriate positron-emitting label and after extensive characterization and testing used

for tracking B-cell mass.

H. Therapeutic Applications?

Although the necessary proof of principle studies for the application of this
dissertation research for the treatment of disease are probably several years away, a brief
discussion on the potential therapeutic applications of this work seems warranted given
this dissertation will result in a degree in biomedical sciences from a medical school. The
demonstration here that soluble neuroligin-2 potently inhibits insulin secretion from islet
B cells, as a result of its ability to disrupt endogenous neuroligin-2-receptor interactions
around which the insulin secretory machinery is thought to be assembled, may have
implications for insulinoma treatment. Insulinomas are rare tumors that originate from 3
cells and eventually lose the ability to regulate insulin secretion in response to changes in
the concentration of serum glucose. As a result, they continuously secrete insulin,
leading to increased uptake of serum glucose by peripheral tissues and eventually to
hypoglycemia [253]. It is possible that insulin secretion and glucose homeostasis might

be better controlled in patients with insulinomas by treatment with either soluble
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neuroligin-2 or a molecule that is similarly capable of interfering with endogenous
neuroligin-2-receptor interactions. Because most insulinomas are benign and normal
glucose homeostasis generally returns after surgical removal of the tumor, this type of
treatment may only be warranted in patients prior to surgical removal, in patients with
metastatic insulinomas or in patients that are not healthy enough to undergo surgery.
Type 2 diabetes is another indication that this work may have implications for.
During the pathogenesis of Type 2 diabetes, peripheral insulin resistance develops, leads
to increased hepatic glucose production and decreased uptake of glucose by peripheral
tissues, and as a result hyperglycemia occurs. There are also significant deficits in the
ability of B cells to secrete insulin in response to glucose [254]. One of the two major
methods of treatment involves the use of secretagogues that aim to increase the secretion
of endogenous insulin from {3 cells. The hope with this treatment is that the increased
insulin will help to overcome resistance, lead to suppression of glucose production from
the liver and increased glucose uptake in peripheral tissues, and alleviate at least some of
the hyperglycemia associated with Type 2 diabetes [255]. Through co-culture studies, it
has been demonstrated that it is likely that endogenous neuroligin-2 acts to drive the
assembly of the insulin secretory apparatus and this results in a marked enhancement in
glucose-stimulated insulin secretion. Combined with data from neurons demonstrating
that the clustering of neuroligin is necessary for its function, these data suggest that the
development of agents that act to enhance the clustering of neuroligin-2 might potentiate
insulin secretion from [3 cells and ultimately be useful as secretagogues for the treatment

of Type 2 diabetes [256].
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