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Summary

Insulin secretion by pancreatic islet B-cells is critical for glucose homeostasis, and a blunted p-cell
secretory response is an early deficit in type 2 diabetes. Here, we uncover a regulatory mechanism
by which glucose recruits vascular-derived neurotrophins to control insulin secretion. Nerve
Growth Factor (NGF), a classical trophic factor for nerve cells, is expressed in pancreatic
vasculature while its TrkA receptor is localized to islet p-cells. High glucose rapidly enhances
NGF secretion, and increases TrkA phosphorylation in mouse and human islets. Tissue-specific
deletion of NGF, TrkA, or acute disruption of TrkA signaling impairs glucose tolerance and
insulin secretion in mice. We show that internalized TrkA receptors promote insulin granule
exocytosis via F-actin reorganization. Furthermore, NGF treatment augments glucose-induced
insulin secretion in human islets. These findings reveal a non-neuronal role for neurotrophins, and
identify a new regulatory pathway in insulin secretion that can be targeted to ameliorate p-cell
dysfunction.

eTOC Blurb

Blunted insulin secretion by pancreatic B-cell contributes to type 2 diabetes. Houtz et al. reveal
that glucose stimulates paracrine neurotrophin signaling between pancreatic vasculature and islet
beta-cells to control insulin secretion. These findings identify a non-canonical role for
neurotrophins, classical neuronal growth and survival factors, in insulin secretion and glucose
homeostasis.
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Introduction

Insulin-producing p-cells are a small population of endocrine cells that comprise less than
2% of the pancreas, yet their function is imperative to maintenance of blood glucose
homeostasis. In response to elevated blood glucose, p-cells secrete the hormone insulin
which triggers glucose uptake by peripheral tissues. Blunted insulin secretion by p-cells is
one of the earliest features of type 2 diabetes, a disease affecting almost 300 million people
worldwide (Guariguata et al., 2014), observed even in pre-diabetic individuals and thought
to precede the onset of overt hyperglycemia (Weir and Bonner-Weir, 2004). Strikingly, it has
been postulated that by the time a diagnosis of diabetes is made, patients have lost almost
80% of p-cell function (Defronzo, 2009). Although loss of B-cell secretory responses
precede a reduction in B-cell mass in type 2 diabetes (Defronzo, 2009; Weir and Bonner-
Weir, 2004), research has predominantly focused on mechanisms governing p-cell
proliferation (Vetere et al., 2014; Wang et al., 2015).

While glucose is the primary stimulus for insulin secretion, B-cell secretion is potentiated by
extrinsic signals that include fatty acids, amino acids, peptide hormones, and
neurotransmitters that play essential roles (Henquin et al., 2003; Prentki et al., 2013;
Rorsman and Braun, 2013). Glucose-stimulated insulin secretion (GSIS) involves the key
steps of glucose uptake in p-cells, mitochondrial metabolism to alter the ATP/ADP ratio,
closure of ATP-sensitive K*-channels and subsequent B-cell plasma-membrane
depolarization, opening of voltage-gated Ca2*-channels, and Ca2*-dependent exocytosis of
insulin granules (MacDonald et al., 2005). Extrinsic signals influence GSIS either by
producing metabolic intermediates within p-cells, or by generating signaling second
messengers that impinge on p-cell electrical activity and/or insulin exocytosis (Prentki et al.,
2013; Rorsman and Braun, 2013). Because nutrient, hormonal, and neural inputs are
precisely regulated by glucose itself, together they ensure insulin secretion remains glucose-
dependent at much lower plasma glucose concentrations than are effective /n vitro (Henquin
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et al., 2003; Prentki et al., 2013). Thus, a small meal-related increase in plasma glucose
elicits a larger insulin response than predicted from /n vitro dose-response curves, due to
effects of glucose on non-glucose stimuli. Conversely, the exquisite glucose-dependence of
these non-glucose insulin secretagogues also protects against hypoglycemia (Henquin et al.,
2003).

Neurotrophins are soluble peptide factors known predominantly for their functions in
neuronal survival, axon growth, and synaptic communication (Huang and Reichardt, 2001).
Although neurotrophins and their Trk receptor tyrosine kinases are expressed in non-
neuronal tissues including the pancreas (Tessarollo, 1998), little is known about their in vivo
functions outside of the nervous system. Autocrine signaling by the classical neurotrophin,
Nerve Growth Factor (NGF), has been implicated in p-cell survival and secretion in cell
cultures (Navarro-Tableros et al., 2004; Rosenbaum et al., 2001). However, whether
neurotrophin signaling is essential for B-cell function 77 vivo where intercellular
communications between B-cells and neighboring cell types are preserved, has not been
addressed. The need to understand the physiological relevance of neurotrophins in islet
function is underscored by evidence that altered neurotrophin secretion and/or signaling
could contribute to the etiology of diabetes (Bullo et al., 2007; Kim et al., 2009; Schreiber et
al., 2005). In humans, mutations in the 77kA gene encoding for the NGF receptor, cause a
form of hereditary peripheral neuropathy called congenital insensitivity to pain and
anhidrosis (CIPA) (Indo et al., 1996). Children with CIPA show decreased insulin secretion
in response to a glucose challenge, suggesting that NGF signaling may play a role in insulin
responses in humans (Schreiber et al., 2005). Furthermore, altered circulating NGF levels
have been noted in type 2 diabetes (Bullo et al., 2007; Kim et al., 2009), although whether
this reflects a cause or effect in disease pathogenesis remains undefined.

Here, we uncover a fundamental role for neurotrophin signaling in controlling glucose-
stimulated insulin secretion, and elucidate the cellular underpinnings. We found that NGF is
robustly expressed in pancreatic vascular contractile cells, whereas its TrkA receptor is
localized to islet B-cells. Elevated glucose rapidly increases NGF secretion, and stimulates
TrkA phosphorylation in islets. Vascular-specific NGF deletion, pancreas-specific 7rkA
deletion, or acute inactivation of TrkA impairs glucose tolerance and attenuates GSIS in
mice. TrkA activity promotes insulin granule localization to the p-cell plasma membrane via
disassembly of a rigid F-actin barrier. Furthermore, Trk-mediated endosomal signaling, a
critical determinant of neurotrophin actions in neurons, is conserved in p-cells and
functionally important for insulin secretion. Finally, NGF potentiates GSIS in human islets.
These findings elucidate a new pathway by which glucose promotes NGF/TrkA-mediated
actin reorganization to trigger insulin secretion in p-cells.

Pancreatic TrkA receptors are essential for glucose homeostasis and insulin secretion

We recently reported that NGF signaling indirectly influences islet architecture and
functional maturation by recruiting sympathetic nerves to developing islets (Borden et al.,
2013). However, both NGF and its TrkA receptors are reportedly expressed in rat p-cells
(Kanaka-Gantenbein et al., 1995; Rosenbaum et al., 1998), suggesting a cell-autonomous
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requirement for NGF signaling. To identify an intrinsic role for NGF signaling in pancreatic
cells, we first defined TrkA localization in the mouse pancreas. Since available TrkA
antibodies were inadequate for immunohistochemical analyses in the pancreas, we employed
a ligand binding assay where mouse pancreatic tissue sections were incubated with
biotinylated NGF followed by detection with Alexa-546-conjugated streptavidin. Highest
levels of biotinylated NGF binding were observed in islets and co-localized with insulin
immunostaining (Figure 1A). TrkA expression in p-cells was also confirmed by
immunoblotting of FAC-sorted p-cells from MIP-GFPtransgenic mice (Figure S1A), which
express a GFP reporter under the insulin promoter (Hara et al., 2003). In addition to TrkA,
NGF also binds the p75 receptor. Immunohistochemistry with a p75 antibody revealed p75
expression in nerve fibers surrounding islets, but not in endocrine cells (Figure 1B). Ligand
binding was not detected in nerve fibers innervating the pancreas (Figure 1A), likely due to
low levels of TrkA in mature axons (Miller et al., 1994), and the lower affinity of NGF for
p75 (Rodriguez-Tebar et al., 1990). Together, these results suggest that NGF signaling in
islets is primarily transduced by p-cell-localized TrkA receptors.

To address the intrinsic role of TrkA in endocrine cells, we mated floxed 77kA ( TrkA™f
mice (Chen et al., 2005) with PdxI-Cretransgenic mice (Hingorani and Tuveson, 2003),
where Pdx1 is a transcription factor expressed in pancreatic progenitor cells. PaxI-

Cre; TrkA”  mice would be expected to have an early and pancreas-wide deletion of 77kA.
Pax1-Cre; TrkA”f mice survived to adulthood, had no gross morphological abnormalities,
and had normal body weight (Figure S1B). Ligand binding and TrkA immunoblotting
demonstrated reduced TrkA protein levels in mutant islets (Figures 1C-E), indicative of
efficient 77kA deletion. Immunostaining with islet hormone markers, insulin and glucagon,
revealed normal islet formation and cyto-architecture in neonatal PdxZ-Cre,; TrkA™f mice
(Figure S1C). However, mutant islets showed a modest decrease in size by one month of age
(Figures S1D,E), and this may be due, in part, to the trophic effects of NGF signaling in p-
cells (Navarro-Tableros et al., 2004). When we assessed metabolic parameters at the whole
animal level, 1.5-2 month-old PdxI-Cre; TrkA™ mice were slightly hyperglycemic when fed
ad libitum, although fasted blood glucose levels were normal (Figures 1F,G). However,
Pdx1-Cre; TrkA™ mice showed significant glucose intolerance and decreased circulating
insulin levels after glucose administration, compared to control 77kA”' mice (Figures 1H,1).
Although Cre recombinase activity has been reported in extra-pancreatic tissues, including
the hypothalamus, in PdxI-Cretransgenic mice (Song et al., 2010), there is little overlap
with TrkA expression (Fagan et al., 1997). Additionally, the ( 7g(PdxI-Cre™) transgenic
mice that we employed have not been reported to carry a human growth hormone mini-gene,
commonly found in several Cre lines, that elicits metabolic defects (Brouwers et al., 2014).
Together, these results suggest that loss of 7rkA in pancreatic tissues causes the defects in
glucose homeostasis and insulin secretion in Pax1-Cre; TrkA7 mice.

TrkA kinase activity is acutely required for GSIS

In Pax1-Cre; TrkA”  mice, deletion of 7rkA s initiated at early embryonic stages. Thus, the
observations of impaired glucose tolerance and reduced insulin secretion in these mice could
stem from developmental anomalies and/or acute deficits in insulin secretion. To distinguish
between developmental versus acute effects of TrkA signaling, we employed a chemical-
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genetic approach to inducibly silence TrkA kinase activity in mature mice at 2 months of
age. TrkAF592A knock-in mice express receptors with a mutated ATP binding pocket that
can be selectively, rapidly and reversibly inhibited by a small molecule membrane-
permeable inhibitor, INMPP1 (Chen et al., 2005) (Figure 2A). Although 77kAF5924 mice
have been reported to be hypomorphic (https://www.jax.org/strain/022362), these mice are
viable and fertile, and TrkA signaling is effectively blocked by application of INMPP1
(Chen et al., 2005). In T7kA592A mice, we always compared effects of INMPP1
administration to vehicle (DMSO) treatment in litter-mates. INMPP1 treatment attenuated
TrkA phosphorylation in isolated 77kA92A islets, but had no effect in wild-type islets
(Figures 2B,C). Importantly, acutely disrupting TrkA activity /in vivo by injecting INMPP1
(20 ng/g body weight, intra-peritoneally), 20 minutes prior to a glucose challenge, elicited
glucose intolerance in adult 77kAF>92A mice (Figure 2D), similar to PaxI-Cre; TrkA” mice.
The area under the curve (AUC) values of plasma glucose was significantly higher with
INMPP1 treatment compared to vehicle (DMSO) injection (Figure 2E). Furthermore,
TrkAF592A mice treated with INMPP1 showed reduced insulin secretion in the first phase of
a glucose challenge, as well as dampened insulin levels in the sustained second phase
(Figure 2F). Consistently, INMPP1 treatment also significantly decreased GSIS in
TrkAF592A jslets in static insulin secretion assays (Figure 2G).

There were no differences in total islet insulin content and insulin sensitivity between
1INMPP1- and vehicle-injections in 77kA %924 mice (Figures 2H,1). Thus, glucose
intolerance in INMPP1-treated mice likely does not arise from defects in insulin
biosynthesis and insulin responsiveness. Notably, INMPP1 treatment did not alter glucose
tolerance or insulin secretion in wild-type animals (Figures S2A—C), highlighting specific
effects of INMPP1 in the context of the 77kA%92A mutation.

Together, these results indicate that TrkA signaling acutely regulates glucose homeostasis
and insulin secretion, in a manner independent of developmental effects.

TrkA signaling promotes insulin granule exocytosis via F-actin remodeling

Regulatory control of insulin secretion can occur at the level of glucose uptake and
metabolism in p-cells, p-cell membrane depolarization, and insulin granule mobilization and
exocytosis (MacDonald et al., 2005). A key question is, which step in this stimulus-secretion
coupling pathway is affected by TrkA signaling? Exposure to high extracellular K* is a well-
established strategy to depolarize the p-cell plasma membrane, thus by-passing the need for
glucose uptake and metabolism to trigger insulin secretion (Hatlapatka et al., 2009).
Elevated potassium chloride (KCI) results in the opening of voltage-dependent Ca%*
channels to promote the exocytosis of secretion-ready insulin granules (Hatlapatka et al.,
2009). To determine if the requirement for TrkA signaling in insulin secretion was
downstream of glucose sensing and metabolism, we assessed the effects of INMPP1 on
KCl-induced insulin secretion. INMPP1-mediated inhibition of TrkA activity abolished
insulin secretion induced by high KCI (30mM) in 7TrkA9%2A islets (Figure 3A). Thus, TrkA
signaling is required in the step(s) of the insulin secretory pathway that is distal to
membrane depolarization.
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To further probe the requirement for TrkA activity in insulin secretion, we employed ultra-
structural analyses. Electron microscopy revealed an increase in insulin granule localization
at the p-cell plasma membrane in response to an /n vivo glucose challenge compared to the
fasted state in 77kAF%92A mice (Figures 3B,C, and F). However, INMPP1 injection, 20
minutes prior to glucose administration, suppressed glucose-induced recruitment of insulin
granules to the cell periphery, but had no effect on insulin docking under basal conditions
(Figures 3D,E, and F). INMPP1-treated p-cells had fewer docked insulin granules
(quantified as granules within 50 nm of the plasma membrane) in the presence of high
glucose. Since islet insulin content was unaffected by 1INMPP1 treatment (see Figure 2H),
the reduction in surface-localized insulin granules is not due to defects in insulin biogenesis.
Together, these results suggest that TrkA activity is necessary for glucose-dependent insulin
granule positioning at the p-cell surface.

Since a brief (20 minute) exposure to INMPP1 was sufficient to elicit glucose intolerance
and attenuate GSIS in 7TrkA™9%A mice, we reasoned that TrkA signaling likely influences
insulin secretion by mechanisms independent of gene transcription. Actin rearrangement is a
critical acute determinant of GSIS (Kalwat and Thurmond, 2013). Actin microfilaments are
organized as a dense meshwork beneath the p-cell plasma membrane that restricts insulin
granule access to the docking and fusion machinery (Oreci et al., 1972). Glucose stimulation
rapidly promotes filamentous actin (F-actin) remodeling to mobilize insulin granules to the
cell periphery (Kalwat and Thurmond, 2013; Thurmond et al., 2003). However, how glucose
stimulation regulates actin reorganization has remained unclear.

Remaodeling of the actin cytoskeleton is also a key cellular process by which neurotrophins
control vesicular trafficking in neurons (Harrington and Ginty, 2013). Thus, we asked
whether TrkA signaling promotes actin rearrangements in B-cells, a pre-requisite step in
insulin granule positioning at the plasma membrane. Isolated 77kAF%92A B-cells were pre-
treated with INMPP1 for 20 minutes prior to stimulation with either low (2.8 mM) or high
glucose (16.7 mM), and F- actin was visualized using Alexa-546-labeled phalloidin. Under
basal conditions, both vehicle and INMPP1-treated B-cells showed a thick F-actin cortical
ring (Figures 3G,I). High glucose treatment elicited a striking reduction in F-actin (Figures
3H,K), consistent with previous reports (Cai et al., 2012; Nevins and Thurmond, 2003).
However, the glucose-induced dissolution of F- actin was prevented by INMPP1-mediated
silencing of TrkA signaling (Figures 3J,K). Thus, TrkA activity is required for glucose-
triggered actin reorganization in p-cells.

Glucose-mediated actin remodeling in B-cells depends on the activities of several actin-
modulatory proteins including the Racl GTPase (Kalwat and Thurmond, 2013). In clonal -
cell lines and in islets, elevated glucose stimulates Racl activity (Kowluru, 2011). p-cell-
specific deletion of Racl inhibits F-actin disassembly and impairs glucose tolerance and
GSIS in mice (Asahara et al., 2013). Rac1-deficient B-cells also show impaired glucose-
dependent recruitment of insulin granules to the p-cell membrane (Asahara et al., 2013),
similar to that seen with TrkA inhibition. However, how elevated glucose activates Racl
remains unclear. Using an ELISA-based immunoassay, we observed that high glucose
treatment for 15 minutes significantly increased GTP-bound Racl levels (1.8 + 0.15-fold
increase) in 77kAF592A islets, which was suppressed by TrkA inhibition with INMPP1
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(Figure 3L). These results suggest that TrkA kinase activity is required for glucose-mediated
activation of Racl.

We next reasoned that if indeed a perduring F-actin barrier was a key contributor to
decreased GSIS upon TrkA inhibition, then forcing F-actin disassembly should alleviate
impaired insulin secretion in INMPP1-treated islets. To test this prediction, we assessed
insulin secretion in islets that were co-treated with INMPP1 and cytochalasin D, a cell-
permeable fungal toxin that disrupts actin polymerization. As expected, INMPP1 treatment
alone attenuated GSIS compared to vehicle (DMSO) in TrkAF592A islets (Figure 3M).
Remarkably, normal insulin secretion in response to elevated glucose was observed in
TrkAF592A jslets treated with INMPP1 plus cytochalasin D (Figure 3M). Together, these
results indicate that TrkA-mediated actin reorganization is a key mechanism contributing to
glucose-induced insulin secretion.

We also noted that cytochalasin D treatment alone had a striking potentiating effect on GSIS,
in agreement with previous studies (Lacy et al., 1973; van Obberghen et al., 1973), which
was significantly higher than that observed in cytochalasin D plus INMPP1-treated islets
(Figure 3M). That INMPP1 treatment dampened GSIS in the presence of cytochalasin D
suggests that TrkA inactivation might diminish the efficacy of cytochalasin D, and/or that
TrkA signaling utilizes additional mechanisms that are independent of the actin cytoskeleton
to influence insulin granule exocytosis.

Endocytosed TrkA receptors mediate actin reorganization and insulin secretion

In neurons, endosomal signaling from intracellular TrkA receptors is a key determinant of
actin remodeling (Harrington et al., 2011). NGF promotes endocytosis of its TrkA receptors
in nerve endings into signaling endosomes that are retrogradely transported to neuronal cell
bodies to activate trophic signaling (Ascano et al., 2012). Endosomal TrkA signaling
overcomes a dense peripheral actin network in axons to “carve a path” for retrogradely
moving vesicles (Harrington et al., 2011). These findings raise the possibility of an
analogous mechanism in B-cells where neurotrophin signaling endosomes might mediate
changes in F-actin necessary for insulin granule mobilization.

To address this possibility, we first asked whether TrkA receptors undergo ligand-dependent
endocytosis in p-cells. We probed TrkA endocytosis using a cell surface biotinylation assay
in MING cells, a mouse insulinoma cell-line that exhibits many characteristics of primary -
cells, including GSIS, and have been widely used for biochemical analyses (Ishihara et al.,
1993). NGF stimulation for 30 minutes markedly increased TrkA endocytosis compared to
un-stimulated cells (Figures 4A,B). Furthermore, we visualized trafficking of surface TrkA
receptors in primary B-cells using a well-established antibody-feeding assay (Ascano et al.,
2009). Primary p-cells were infected with an adenoviral vector expressing FLAG-tagged
chimeric receptors that have the extracellular domain of TrkB and the transmembrane and
intracellular domains of TrkA (FLAG-TrkB:A). Chimeric Trk receptors respond to the TrkB
ligand, Brain-Derived Neurotrophic Factor (BDNF), but retain the signaling properties of
TrkA. Live-cell FLAG antibody feeding revealed predominantly surface localization of the
receptors in the absence of ligand (Figure 4C). However, in BDNF-stimulated p-cells, Trk
receptors accumulated in intracellular punctae that co-localized with Early Endosome
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Antigen 1 (EEAL), an early endosome marker (Figures 4D, E). Thus, ligand-mediated
endocytosis of Trk receptors is a conserved mechanism that occurs in both B-cells and
neurons.

In neurons, TrkA signaling triggers its own internalization by recruiting and activating the
downstream effector, Phospholipase C gamma (PLCy) (Bodmer et al., 2011). Employing
cell surface biotinylation to monitor internalization, we found that a selective PLCy
inhibitor, U73122, markedly decreased endocytosis of endogenous TrkA receptors in MING
cells (Figures 4F,G). Phosphorylation of TrkA receptors at a specific tyrosine residue, Y794,
is necessary for PLCy recruitment (Stephens et al., 1994). To assess the requirement of
Y794 phosphorylation for endocytosis, we performed antibody-feeding assays in MING cells
transfected with mutant FLAG-TrkAY794F or control FLAG-TrkA receptors. Upon NGF
treatment, FLAG-TrkA receptors were found in intracellular punctae, whereas mutant
FLAG-TrkAY794F receptors remained largely at the cell surface (Figures 4H, 41, 4J, and 4L).
Furthermore, FLAG-TrkAY499F receptors, mutated at a site necessary for recruitment of the
adaptor protein, Shc, and coupling to downstream MAP kinase and phosphatidylinositol 3-
kinase (PI-3K) effector pathways, were internalized normally in response to ligand (Figures
4K and 4L). Thus, TrkA phosphorylation at Y794 and activation of PLC-y are required for
endocytosis in p-cells, as in neurons.

To investigate the effects of endocytosis-deficient Trk receptors on actin remodeling and
insulin secretion in primary p-cells and islets, we generated adenoviral vectors expressing
mutant FLAG-TrkAY794F or control FLAG-TrkA receptors, that were also doxycycline-
inducible to precisely control expression. FLAG-tagged receptors were expressed in a
doxycycline-dependent manner and also appeared normally on the cell surface in infected
MING cells (Figure S3A). To assess the effects of ectopic TrkA receptors on glucose-
induced actin remodeling, isolated B-cells from 77kAf5924 mice were infected with FLAG-
TrkA adenoviruses, treated with doxycycline (100 ng/ml) for 24-30 hr, and then treated with
INMPP1 for 20 minutes to silence endogenous TrkA activity. The FLAG-TrkA receptors are
impervious to INMPP1 since they do not harbor the F592A mutation. p-cells were then
exposed to low (2.8 mM) or high (16.7 mM) glucose, and F-actin visualized with phalloidin
labeling. We found that ectopic expression of control FLAG-TrkA receptors promoted
glucose-dependent actin reorganization in INMPP1-treated cells (Figures 4M, 4N and 4Q).
In contrast, mutant FLAG-TrkAY794F receptors were unable to rescue the INMPP1-
mediated impairment in actin reorganization (Figures 40-Q). In insulin secretion assays,
control FLAG-TrkA receptors elicited robust insulin secretion in response to glucose,
despite the presence of INMPP1 (Figure 4R). However, GSIS was suppressed in islets
expressing mutant FLAG-TrkAY794F receptors (Figure 4R). Furthermore, PLCy inhibition
also decreased GSIS in islets, similar to the effects of the non-internalizable TrkA receptors
(Figure S3B). These results suggest that TrkA endocytosis, via PLC-y activity, is required for
glucose-stimulated actin remodeling and insulin secretion.
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NGF expression in the vasculature, but not pancreatic anlage, is necessary for glucose
homeostasis, GSIS, and actin remodeling

Our findings that TrkA receptors in p-cells are required for GSIS prompted us to address the
cellular source of NGF in the pancreas. Previous studies have reported NGF expression in -
cells (Rosenbaum et al., 1998), and antibody-mediated neutralization of endogenous NGF
attenuated GSIS in dissociated p-cell cultures (Rosenbaum et al., 2001). To address whether
B-cell-derived NGF is essential for glucose homeostasis and GSIS /7 vivo, we crossed mice
carrying a floxed NGFallele (NGF”f mice) (Muller et al., 2012) with Pax1-Cre mice.
Surprisingly, conditional loss of NGF from all pancreatic cell types including p-cells did not
impair glucose tolerance (Figure 5A), and isolated PdxI-Cre;NGFf islets showed normal
insulin secretion in response to a glucose challenge (Figure 5B). These results suggest that
autocrine NGF signaling in B-cells is not a major contributing factor to glucose homeostasis
at the whole animal level and for GSIS in intact islets.

To obtain a thorough profile of NGF expression in the pancreas, we next used NGFLacZ/*
knock-in mice where the LacZ transgene reports NGF expression (Liu et al., 2012). Using
X-gal staining, we observed robust LacZ expression in large diameter blood vessels outside
islets, and in intra-islet micro-vasculature (Figure 5C). To further define vascular cell types
that express NGF, we performed double immunofluorescence for B-galactosidase (B-gal) and
vascular markers. We observed B-gal immunofluorescence in vascular smooth muscle cells
(VSMCs) labeled by smooth muscle actin (SMA) in large arteries outside islets (Figure 5D),
and in smooth muscle cell-like pericytes labeled by PDGFR within the islet micro-
vasculature (Figure 5E). Reporter expression was not detected in pancreatic endothelial
cells, ducts, or exocrine tissue (Figures S4A,B). We did not detect LacZ expression in -
cells in tissue sections, in agreement with the lack of metabolic phenotypes in PaxI-
Cre;NGF”" mice. However, low LacZ expression was seen in p-cells in dissociated islet
cultures (Figures S4C,D), consistent with previous findings (Rosenbaum et al., 1998). In
dissociated islet cultures, prominent NGF expression was observed in intra-islet pericytes
that are also present (Figures S4E,E’). Together, these results suggest vascular contractile
cells as a likely source of NGF in the pancreas.

To address the role of vascular-derived NGF in glucose homeostasis and insulin secretion,
we generated mutant mice to inducibly delete NGF from vascular contractile cells. We
crossed NGF”' mice to Myh11-CreER'Z transgenic mice, in which tamoxifen-induced Cre
expression is specific to vascular smooth muscle cells including pericytes (Heinze et al.,
2014; Wirth et al., 2008). To visualize tamoxifen-induced Cre activity in NGF-expressing
cell types, we generated Myh11-CreER2:R26-EYFP mice which were then mated to
NGF-2cZ/* mice. Cre reporter fluorescence was observed in NGF-expressing large-diameter
blood vessels outside islets and in intra-islet pericytes but not p-cells, upon tamoxifen
injection in NGF-3Z/*\yh11-CreER™2:R26- YFP mice (Figure S4F). gPCR analysis
showed significant NGF depletion in islets isolated from tamoxifen-injected-My#h11-
CreER™2:NGF”f mice compared to vehicle treated controls (Figure S4G). When we
evaluated metabolic parameters, tamoxifen-injected Myh11-CreER2:NGF”f mice were
found to be glucose intolerant two weeks after induction of Cre activity (Figure 5F).
Furthermore, isolated islets from tamoxifen-injected mice had attenuated GSIS ex vivo,
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compared to vehicle treatment (Figure 5G). These results indicate that glucose homeostasis
and GSIS relies on NGF derived from pancreatic vascular contractile cells.

We next asked whether vascular-specific inactivation of NGF influences glucose-induced
cellular events in p-cells. Thus, we examined actin rearrangements in response to high
glucose in dissociated islet cultures from vehicle- and tamoxifen-injected My#h11-
CreER™2-NGF”f mice. Tamoxifen injection would ablate NGF from intra-islet pericytes that
are present in dissociated islet cultures, but not from p-cells. Visualization of F-actin with
Alexa-546-labeled phalloidin revealed that while high glucose elicited cortical actin
dissolution in B-cells from vehicle-injected mice (Figures 5H, 51, and 5L), this effect of
glucose was abrogated in p-cells from tamoxifen-injected mice (Figures 5J, 5K, and 5L),
similar to our observations with TrkA inactivation. Since islet pericytes are the only cell
types in the dissociated cultures that would be targeted by tamoxifen-induced Cre activity,
these results indicate that NGF produced by intra-islet pericytes is necessary for glucose-
induced actin remodeling in B-cells. Thus, although cultured p-cells express low levels of
NGF, this expression is insufficient to mediate glucose-dependent cellular changes in the
absence of vascular-derived NGF.

Elevated glucose acutely enhances NGF secretion and TrkA phosphorylation

Alterations in NGF levels have been noted in serum, nerves, and peripheral tissues in
diabetic humans and animal models (Bullo et al., 2007; Kim et al., 2009; Meloni et al.,
2012). Additionally, elevated glucose enhances NGF biosynthesis and secretion in cultured
B-cells and islets (Pingitore et al., 2016; Rosenbaum et al., 1998). These results, together
with the observed expression patterns of NGF and TrkA in the pancreas, prompted us to ask
if the NGF signaling pathway might be regulated by glucose /n vivo. To address this
question, we measured serum NGF levels in mice that were fasted overnight and subjected
to a glucose challenge administered intra-peritoneally. We observed a significant elevation
(1.5-fold increase) in circulating NGF levels within 15 minutes of the glucose challenge
(Figure 6A), suggesting that NGF secretion is acutely regulated by glucose 7n vivo. We were
unable to directly profile local release of NGF from islets in response to glucose, because the
levels were below the detection limit of our immunoassay, perhaps in part, due to the
entrapment of secreted NGF in the extracellular matrix and/or because NGF-expressing
pericytes comprise a small fraction of the islet cell population. However, in dissociated
aortic tissue cultures, an abundant source of vascular smooth muscle cells, we found that
NGF secretion was significantly enhanced (1.48-fold increase) by 15 minutes of exposure to
elevated glucose (Figure 6B), similar to the increase in serum NGF observed with an /n vivo
glucose challenge. Together, these results highlight a direct and acute effect of glucose on
vascular smooth muscle cells, the primary NGF-expressing cell types in the pancreas, to
elicit NGF release.

Given that elevated glucose acutely enhanced NGF secretion, we next asked if glucose
influences TrkA activity in islets. Thus, we assessed TrkA phosphorylation in isolated islets
treated with high glucose (16.7mM). 15 minutes of exposure to elevated glucose stimulated
a robust increase (11.69 + 1.9-fold) in islet TrkA phosphorylation levels, compared to basal
conditions (2.8 mM glucose) (Figures 6C, D). NGF binds with high affinity to TrkA
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receptors with a reported Kd of 10711M (i.e. 130 pg/ml) (Bibel and Barde, 2000; Sutter et
al., 1979). Given that our measurements of circulating NGF was ~200 pg/ml, it is reasonable
that modest increases in NGF levels with glucose stimulation would elicit large alterations in
TrkA activity. Together, these findings indicate that NGF secretion and signaling in
pancreatic islets are regulated by glucose, and suggest an instructive role for the NGF
pathway in facilitating GSIS.

We next addressed whether glucose-mediated regulation of the NGF pathway occurs in
human islets. Similar to our findings in mouse islets, we found that elevated glucose
significantly increased TrkA phosphorylation in human islets (Figure 6E, F), although the
fold change (1.74 + 0.27-fold) was modest compared to that in mouse islets. Although
human and mouse NGF have similar binding affinities for TrkA (Altar et al., 1991), that
human islets had higher basal TrkA phosphorylation compared to mouse islets could reflect
differences in basal NGF levels, tyrosine phosphatase activity, age of islets, or manner of
islet isolation and culture. Nevertheless, these findings support the notion that the ability of
elevated glucose to activate NGF signaling in islets is conserved.

NGF enhances glucose-dependent insulin secretion in cultured rodent p-cells and islets
(Pingitore et al., 2016; Rosenbaum et al., 2001). Whether NGF has a similar effect on human
islets has not been addressed. We found that NGF treatment augmented GSIS in human
islets, but basal insulin secretion was unaffected (Figure 6G). These results support a
physiological role for NGF in potentiating GSIS, although NGF is insufficient by itself to
trigger insulin secretion.

Discussion

Here, we reveal a mechanism by which neurotrophin signaling influences endocrine
functions. Our findings suggest a feed-forward model whereby NGF, secreted by the
pancreatic vasculature in response to glucose, activates p-cell TrkA receptors to acutely
promote glucose-stimulated insulin secretion in p-cells (Figure 7). TrkA signaling,
specifically by internalized receptors, overcomes a peripheral F-actin barrier to boost insulin
granule exocytosis in p-cells. Together, these findings identify a new regulatory pathway
essential for insulin secretion and blood glucose homeostasis.

The spatial pattern of NGF and TrkA expression in the pancreas, and effects of vascular-
specific NGF deletion on GSIS support a paracrine effect of vascular-derived NGF on
neighboring pB-cells. The NGF expression pattern also implies that signals derived from large
diameter blood vessels juxtaposed to islets and/or intra-islet pericytes should be sufficient to
support adult islet function. Consistent with this notion, regression of intra-islet endothelial
cells due to loss of VEGF signaling did not perturb adult insulin secretion, and elicited only
modest elevations in blood glucose (D'Hoker et al., 2013; Reinert et al., 2013). In particular,
impaired GSIS in isolated islets ex vivo from tamoxifen-injected Myh11-CreERT2:NGF’*
mice highlights an essential role for NGF produced by intra-islet pericytes in p-cell function.
Recently, diphtheria toxin-mediated killing of islet pericytes was found to impair GSIS in
mice (Sasson et al., 2016), supporting the significance of these cell types within the islet
micro-environment. Although B-cells express NGF, we show that loss of p-cell-derived NGF
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does not compromise glucose homeostasis /77 vivo. Notably, NGF expressed in p-cells
cannot compensate for loss of vascular-derived NGF in GSIS and actin remodeling. The
reasons for differences between our findings and previous reports of autocrine NGF
signaling in insulin secretion (Pingitore et al., 2016; Rosenbaum et al., 2001) remain unclear,
although the possibility remains that dissociated islet cultures employed in previous studies
may have included NGF-expressing pericytes, as we noted in this study. Together, our results
support the notion that, while autocrine NGF signaling may be relevant for p-cell
development or survival (Navarro-Tableros et al., 2004), paracrine NGF signaling is
predominantly required for GSIS and glucose homeostasis.

We identify TrkA signaling as a key mechanism by which glucose stimulation overcomes a
dense F-actin meshwork to mobilize insulin granules to the p-cell membrane for efficient
secretion. The disparate roles of actin in regulated exocytosis have been well-documented
with evidence to support both negative and positive effects. On the one hand, F-actin tracks
are needed for mobilizing vesicles from deeper reserve pools to the plasma membrane
(Schuh, 2011). On the other hand, cortical F-actin acts as a physical barrier to limit
exocytosis in diverse cell types (Porat-Shliom et al., 2013). In B-cells, the barrier function of
the cytoskeleton has been proposed to be critical for maintaining low levels of insulin release
under basal conditions (Kalwat and Thurmond, 2013). Importantly, a dense cytoskeletal
meshwork at the cell periphery presents a layer of regulation for controlled insulin release
under elevated glucose (Zhu et al., 2015). Each individual p-cell contains approximately
10,000 secretory granules of insulin but only a fraction (several hundreds) are released at a
time in response to high glucose, emphasizing the precise regulation of release probability of
insulin granules (Rorsman and Renstrom, 2003). The relevance of actin dynamics in glucose
homeostasis is exemplified by genetic studies in mice where deletion of Racl, or its effector,
p21-activated kinase (PAK), elicits glucose intolerance and diminished insulin secretion
(Asahara et al., 2013; Wang et al., 2011). Notably, a 10-fold increase in total cellular actin
has been observed in islets from type 2 diabetes patients (Ostenson et al., 2006). Although a
number of actin regulators of glucose-stimulated insulin secretion including Racl, Cdc42,
PAK, Focal Adhesion Kinase (FAK), cofilin, and gelsolin, have been identified in -cells
(Kalwat and Thurmond, 2013; Thurmond et al., 2003), the events upstream of these actin-
modulatory proteins have remained unclear. Our results, together with a previous study in
the MING cell line implicating EphA receptors in actin dynamics and insulin secretion
(Konstantinova et al., 2007), highlight receptor tyrosine kinase signaling as a critical link in
relaying a glucose signal to the p-cell cytoskeleton.

Although neurons and p-cells have distinct developmental origins (Pictet et al., 1976), they
share remarkable similarities in terms of electrical properties, ion channel composition, and
exocytosis machinery involved in regulated secretion (Arntfield and van der Kooy, 2011). In
this study, we describe a non-canonical role for neurotrophins outside of the nervous system,
and also define a conserved mechanism for neurotrophin actions via signaling endosomes in
non-polarized B-cells. TrkA receptors, that were incapable of internalizing, failed to
stimulate actin reorganization and insulin secretion in response to glucose. In neurons, TrkA
internalization in axon terminals and subsequent endosomal signaling is obligatory for long-
distance communication between distal axons, the site of action of target-derived NGF, and
neuronal cell bodies, as recently reviewed in (Cosker and Segal, 2014). In pB-cells, TrkA
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endocytosis may allow access to intracellular signaling effectors including actin modulatory
proteins, prolong receptor activation, or allow localized responses at specific sub-cellular
domains (Sorkin and von Zastrow, 2009). Interestingly, p-cell specific deletion of dynamin 2
resulted in a striking increase in F-actin density and impaired insulin secretion and glucose
tolerance (Fan et al., 2015), similar to our observations with TrkA inactivation, raising the
possibility that TrkA receptors may be a cargo for dynamin 2-mediated endocytosis in -
cells. Together, our findings suggest TrkA-harboring endosomes as a unique locus for
regulatory control of insulin granule mobilization in p-cells.

Intriguingly, we observed that although cytochalasin D normalized GSIS in INMPP1-treated
islets, the secretory response in these islets was still blunted compared to the effects of
cytochalasin D alone. These findings suggest that TrkA activity might be necessary to render
the actin network more susceptible to cytochalasin D-mediated actin disassembly, perhaps
by affecting actin-modulatory proteins that influence the ability of cytochalasin D to cap
barbed ends or bind actin monomers (Cooper, 1987). Additionally, these observations could
suggest contributions of actin-independent TrkA signaling mechanisms to GSIS. Two
candidate TrkA pathways that might influence GSIS are the Ca2* and cAMP second
messenger systems. NGF- dependent insulin secretion in cultured rat -cells was shown to
be dependent on Ca2* influx through voltage-gated Ca2* channels (Rosenbaum et al., 2001).
Furthermore, cCAMP signaling via Epac2, a guanine nucleotide exchange factor and its target
small GTPase, Rapl, is a key contributing mechanism to insulin exocytosis (Shibasaki et al.,
2007). In neurons, Rapl is localized to TrkA-containing endosomes (Wu et al., 2001),
making it an attractive candidate endosomal effector of TrkA that might elicit insulin
secretion. Monitoring TrkA-mediated Ca2* and cCAMP activity in B-cells and assessing the
consequences of manipulating pathway effectors on insulin secretion and glucose
homeostasis will be of interest in future studies.

Our study revealed an unexpected physiological cross-talk between nutrient and
neurotrophin signaling. Elevated glucose rapidly increased NGF secretion /n vivo, and
enhanced TrkA phosphorylation in both mouse and human islets. These results suggest an
instructive mechanism by which glucose recruits the NGF signaling axis to augment insulin
secretion. This is similar to the effects of glucose on intestinal hormones and
neurotransmitters that subsequently act in concert to tightly regulate a post-prandial insulin
secretory response. Future studies will be of interest in elucidating the glucose sensing and
signaling mechanisms that underlie glucose-mediated neurotrophin secretion in pancreatic
vascular cells.

Previous studies on neurotrophin regulation of metabolism have primarily focused on central
hypothalamic circuits that control appetite and energy balance (Xu and Xie, 2016). Despite
expression of neurotrophins and their receptors in peripheral metabolic tissues, little is
known about peripheral mechanisms by which neurotrophins influence metabolism.
Recently, p75 receptors in adipocytes were found to regulate energy expenditure and obesity,
although this effect was independent of the p75 extracellular domain and neurotrophin
binding (Baeza-Raja et al., 2016). Here, we report a direct role for NGF/TrkA signaling
within pancreatic endocrine cells in controlling insulin secretion and blood glucose
homeostasis. These findings are of clinical relevance given that 7rkA mutations have been
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linked to impaired glucose-stimulated insulin secretion in humans (Schreiber et al., 2005).
Our results that NGF treatment potentiated GSIS in human islets suggest the potential utility
of neurotrophins and small molecule receptor agonists in the treatment of type 2 diabetes.

Experimental Procedures

Details of immunohistochemistry, EM, receptor trafficking analyses, plasmids, adenoviral
vectors, drug treatments, antibodies, insulin and NGF ELISAs, metabolic analyses and
insulin secretion can be found in Supplemental Experimental Procedures.

Mice and cell lines

Procedures relating to animal care and treatment conformed to Johns Hopkins University
Animal Care and Use Committee (ACUC) and NIH guidelines. Mice were housed in a
standard 12:12 light-dark cycle. Mice were maintained on a C57BL/6 background, or mixed
C57BL/6and 129P, or C57BL/6and FVB backgrounds. Both sexes were used for analyses
at 1-2 months of age. TrkAP%A (TrkA™Y, Myh11-cre/ERT2, R26-EYFPand MIP-GFP
mice were from Jackson Laboratory, and Pax-Cre mice ( Tg(PdxI-Cre’") were obtained
from NCI Frederick. NGF-2Z* mice were gifted by Dr. David Ginty (Harvard) and NGF”*
mice were previously generated in the Minichiello laboratory (Muller et al., 2012). MING
cells were obtained from Dr. Jun-ichi Miyazaki (Osaka University) and Dr. Donald Steiner
(University of Chicago).

In vivo metabolic analyses

For glucose tolerance tests, 1-2-month-old mice were fasted overnight, with a blood glucose
reading the evening before the assay serving as fed blood glucose measurement. Mice were
injected with glucose (2g/kg, i.p). Blood glucose measurements were made from tail blood
using OneTouch Ultra glucometer (Gu et al., 2010). For acute INMPP1 treatments, mice
received i.p. injections with 20ng/g INMPP1 or DMSO, 20 min prior to glucose
administration. For /n vivoinsulin and NGF secretion, mice were fasted overnight before
being injected with glucose (3 g/kg, i.p.). Blood was collected from the tail, spun down, and
the plasma fractions subjected to either insulin (Crystal Chem, 90080) or NGF ELISA
(Millipore, CYT304). Reactions were assessed using a Tecan infinite 200 plate reader. For
insulin sensitivity, mice were separated into individual cages with food the evening prior to
the assay. The next morning, mice were treated with 0.75 U/kg of insulin (Novolin-R; Novo
Nordisk), and blood glucose measurements were made from tail blood (Bruning et al.,
1997).

Islet insulin secretion

Islets pooled from 4-5 mice were allowed to recover overnight in RPMI 1640 media
containing 5% FBS and 5 U/l penicillin/streptomycin. Groups of 5-10 islets of similar size
were handpicked into 24-well dishes, washed in KRHB containing 2.8 mM glucose and
allowed to stabilize for 1 hr. Islets were pre-incubated with vehicle (DMSO) alone, INMPP1
(20uM), cytochalasin D (25uM) alone or INMPP1 (20 uM) plus cytochalasin D (25uM) for
20 minutes. Islets were then incubated in 2.8 mM or 16.7 mM glucose, or KCI (30 mM) in
KRHB buffer for another 30 min. Supernatant fractions were removed, islets lysed in acid
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ethanol, and both cellular and supernatant fractions were subjected to insulin ELISA
(Crystal Chem). For total insulin, islets were lysed with acid ethanol, and insulin content
determined by ELISA and normalized to DNA, measured from the same lysates using a
PicoGreen kit (Invitrogen). To assess effects of endocytosis-defective TrkA receptors on
GSIS, TrkAF592A islets were incubated with high-titer adenoviruses expressing either
FLAG-TrkAY794F or control FLAG-TrkA receptors, and treated with doxycycline (100
ng/ml) in RPMI 1640 media containing 5% FBS and 5 U/l penicillin/streptomycin for 30 hr.
Islets were then incubated in INMPP1 (20uM) for 20 min to silence endogenous TrkA
receptors, and insulin secretion was measured in low or high glucose conditions.

Human islets were obtained from 10 cadaver donors through the Integrated Islet Distribution
Program (1IDP) funded by NIDDK. Islets were allowed to recover overnight in CMRL 1066
medium containing 10% human serum albumin, 5 U/L penicillin/5ug/L streptomycin, 2mM
GlutaMAX, and 1mM sodium pyruvate, washed in KRHB containing 2.8 mM glucose and
allowed to stabilize for 1 hr. Insulin secretion was measured using ELISA (ALPCO) as
described above.

Statistical analyses

All graphs and statistical analyses were done using GraphPad Prism software. Except where
noted, Student’s ¢tests were performed assuming Gaussian distribution, two-tailed,
unpaired, and a confidence interval of 95%. One-way or two-way ANOVA analyses were
performed when more than two groups were compared.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Glucose acutely stimulates NGF secretion and signaling in the pancreas
. Vascular NGF and beta-cell TrkA receptors are essential for glucose
homeostasis
. Internalized TrkA receptors promote insulin exocytosis via F-actin
reorganization
. NGF augments glucose-stimulated insulin secretion in human islets
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Figure 1. Pdx1-Cre; TrkA” mice are glucose intolerant and have reduced insulin secretion

(A) Biotinylated NGF (b-NGF) binding in insulin-positive p-cells. (B) p75 expression in
nerve fibers at the islet perimeter. (C,D) b-NGF binding is reduced in PdxI-Cre; TrkA”
islets. Scale bar, 100 um for (A-D). (E) Loss of TrkA in Pdx-Cre; TrkA™ islets.
Representative images in (A—E) are from at least 3 animals per genotype. (F,G) Pax1-

Cre,; TrkA"f mice have normal fasted blood glucose, but have high fed glucose. Means +
SEM for n=13 control, 14 mutant mice for (F), n=19 control, 15 mutant mice for (G). (H,I)
Pax1-Cre; TrkA”f mice are glucose intolerant and have reduced insulin secretion. Means +
SEM for n=13 control, 14 mutant mice for (H), n=4 mice per genotype for (1). *p<0.05,
**p<0.01, ***p<0.001, £test for (F,G, H, and 1).
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Figure 2. Acute TrkA inactivation impairs glucose tolerance and insulin secretion
(A) Chemical-genetic approach to silence TrkA kinase activity in 77kA92A mice. (B,C)

INMPP1 decreases TrkA phosphorylation in 77kAF%92A islets, but has no effect in wild-type
islets. Quantification of phospho-TrkA levels normalized to total TrkA. Values are relative to
vehicle-treated islets. Means + SEM from 3 experiments. (D) 1INMPPL1 injection, prior to a
glucose challenge, impairs glucose tolerance in 77kA592A mice. n=6 vehicle- and n=8
INMPP1-injected 7rkAF592A mice. (E) Area under the curve (AUC) for glucose tolerance.
(F) INMPP1 injection impairs glucose-induced insulin secretion in 77kA"%92A mice. n=5
mice each for DMSO- and INMPP1-injections. (G) INMPP1-mediated attenuation of GSIS
in isolated 77kAF592A islets. Means + SEM from n=6 experiments. (H) Total islet insulin
content is normal with INMPP1 treatment. Means £ SEM from n=5 experiments. (1)
Normal insulin sensitivity in 77kA™9%2A mice treated with INMPP1. Means + SEM from
n=5 mice each for INMPP1 and vehicle injections. *p<0.05, **p<0.01,***p<0.001, n.s. not
significant, +test for (C, D, E, F, H, and I) and two- way ANOVA with Bonferroni post-hoc
test for (G)
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Figure 3. TrkA signaling regulates insulin exocytosis via actin remodeling
(A) TrkA activity is necessary for KCI-induced insulin secretion. INMPP1 suppresses

insulin secretion in response to high KCI (30 min) in 77kAF592A islets. Means + SEM from
n=5 experiments. (B-E) TrkA signaling is necessary for glucose-induced surface
localization of insulin granules. Docked insulin granules in B-cells are indicated by red
arrowheads. Scale bar, 1 um. (F) Quantification of docked insulin granules per micron of
plasma membrane. Means + SEM from n=3 mice each for vehicle and INMPP1 injections.
(G-J) 16.7 mM glucose (30 min) decreases F-actin in 77kA 924 B-cells. Glucose-
dependent F-actin remodeling was prevented by INMPP1. F-actin is marked by Alexa-546-
phalloidin and B-cells were identified by insulin immunostaining. Scale bar, 5um. (K)
Average fluorescence intensity for F-actin. Means + SEM from n=7 experiments. (L)
INMPP1 attenuated glucose-induced increase in Racl activity. Means + SEM from n=5
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experiments. (M) Cytochalasin D corrected the GSIS defect in INMPP1-treated 77kAF>92A
islets. Means + SEM from n=7 experiments. *p<0.05, **p<0.01, ***p<0.001, n.s. not
significant, two-way ANOVA with Bonferroni post-test for (A, F, K, L and M).
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Figure 4. TrkA endocytosis is necessary for glucose-induced actin changes and insulin secretion
(A) NGF (100 ng/ml, 30 min) promotes TrkA internalization in MING cells, assessed by a

cell-surface biotinylation assay. Supernatants after neutravidin precipitation were probed for
p85 for protein normalization. (B) Quantification of internalized TrkA. Means + SEM from
4 experiments. (C,D) FLAG-TrkB:A chimeric receptors undergo BDNF-dependent
internalization in B-cells, assessed by FLAG antibody feeding. Scale bar, 5 um. (E) Trk
internalization into early endosomes was determined by assessing EEAL and FLAG co-
localization. Means £ SEM from 3 experiments. (F, G) The PLCy inhibitor, U73122, blocks
NGF-dependent TrkA internalization in MING cells. Total surface TrkA is shown in the “no
stripping” lane. Means + SEM from 7 experiments. (H-K) TrkA phosphorylation at Y794,
the PLCy docking site, is necessary for TrkA endocytosis. Scale bar, 5 um. (L) Internal
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accumulation of FLAG-TrkA receptors was determined by assessing co-localization of
FLAG with cytoplasmic GFP. Means + SEM from 5 experiments. (M—-Q) FLAG-TrkAWT,
but not FLAG-TrkAY794F receptor, expression corrected INMPP1-mediated impairment of
glucose-induced F-actin disassembly in isolated 77kAF>924 B-cells. Scale bar, 5 um. Means
+ SEM from n=6 experiments. (R) Expression of wild-type FLAG-TrkA, but not FLAG-
TrkAY794F receptors, rescued 1INMPP1-mediated impairment of GSIS in 77kA92A is|ets.
Means + SEM from n=5 experiments. *p<0.05, **p<0.01, ***p<0.001, n.s. not significant,
ttest for (B, E), one-way ANOVA and Tukey's post-hoc test for (G, L), and two-way
ANOVA and Bonferroni post-hoc test for (Q, R).
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Figure 5. Vascular-specific NGF deletion impairs glucose homeostasis, GSIS, and actin
remodeling

(A) Normal glucose tolerance in Pax1-Cre;NGF” mice. Values are means + SEM from
n=10 mice per genotype. (B) GSIS is unaffected in PdxI-Cre;NGF islets. Means + SEM
from n=11 NGF”fand n=7 Pdx1-Cre;NGF"f animals. (C) X-gal staining reports NGF
expression in large diameter blood vessels outside islets (red arrows), and also within islets
(red arrowheads) in NGF-3Z* mice. An islet is outlined in dashed lines, and shown below
in higher magnification. Scale bar, 100 um (D,E) Co-localization of p-gal with smooth
muscle actin (SMA), and PDGFR, a pericyte marker. Insulin staining is in blue. Inset
shows intra-islet pericytes. Scale bars, 100 um for (D,E) and 50 um for inset in E.
Representative images in (C—E) are from analyzing five NGF-2Z/* mice. (F) Vascular-
specific NGF loss impairs glucose tolerance in tamoxifen-injected My#h11-CreER2:NGF”
mice. Means + SEM for n=7 mice each for vehicle and tamoxifen injections. (G) GSIS is
attenuated in tamoxifen-injected Myh11-CreER™2;:NGFf islets. Means + SEM from n=8
mice each for vehicle and tamoxifen injection. (H-L) Cultured p-cells from tamoxifen-
treated Myh11-CreERT2:NGF” mice show persistent cortical F-actin in high glucose. Scale
bar, 5 ym. Means + SEM from n=7 experiments. *p<0.05, **p<0.01, n.s. not significant,
two-way ANOVA and Bonferroni post-hoc test for (B, G, and L) and #test for (F).
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Figure 6. NGF signaling is acutely regulated by glucose, and exogenous NGF enhances insulin
secretion in human islets

(A) Circulating NGF levels are rapidly increased 15 min after a glucose injection. Values are
the mean £ SEM from n=14 mice. (B) 16.7 mM glucose (15 min) enhances NGF secretion
from cultured vascular smooth muscle cells. Means £ SEM from n=3 experiments. (C, D)
TrkA phosphorylation is increased by high glucose (15 min) in mouse islets. Means = SEM
from n=3 experiments. (E,F) 16.7 mM glucose (15 min) enhances TrkA phosphorylation in
human islets. *p<0.05, #test. (G) NGF treatment potentiates GSIS in human islets. Islets
were treated with either 2.8 or 16.7 mM glucose in the presence or absence of NGF (100
ng/ml) for 30 min. *p<0.05, **p<0.01, #test for (A, B, D, F, G).
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Figure 7. Neurotrophin signaling acutely promotes glucose-induced insulin secretion via actin
reorganization in p-cells

(1) NGF is secreted by pancreatic vascular smooth muscle cells and intra-islet pericytes in
response to elevated glucose. (2) Vascular-derived NGF activates TrkA receptors on islet p-
cells. (3) TrkA phosphorylation on Y794 leads to association and activation of the
downstream effector, PLC-y, which triggers receptor internalization. (4) Endosomal
signaling from internalized TrkA receptors recruits and activates the actin modulatory
protein Racl, to (5) remodel a peripheral F-actin barrier, and (6) promote insulin granule
exocytosis.
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