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Phospholipase D (PLD) is essential for different aspects of vesicle trafficking and 

regulated exocytosis in a variety of biological models. PLD1 and PLD2 are the two major 

mammalian isoforms and both isoforms localize to different organelles where they 

generate phosphatidic acid (PA), the effector molecule of PLD activity. The role of PLD1 

in glucose-stimulated insulin release (GSIR), a form of regulated exocytosis, has been 

well characterized. Additionally, the role of PLD1 in anterograde vesicle trafficking from 

the ER to the cis-golgi and from the trans-golgi to the plasma membrane has also been 
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described. The role of PLD2 in GSIR and vesicle trafficking has been less defined. Here 

we report an essential role for PLD2 in cis-golgi architecture maintenance and GSIR. 

Loss of PLD2 leads to increased GSIR and tubulated cis-golgi morphology. 

Dysregulation of Ca2+ homeostasis was found to be responsible for increased GSIR in 

PLD2 knockdown cells. We further identified a putative lipid sensor and phosphatidic 

acid phosphatase (PAP), PITPNM3, that plays a role downstream of PLD2 activity to 

support golgi architecture. For the first time, we suggest a role for PA to DAG conversion 

as an integral process for cis-golgi architecture maintenance. Finally, in insulin- secreting 

cells, we provide evidence that supports opposing roles for PLD1 and PLD2 in golgi 

architecture maintenance and GSIR. In renal epithelial cells, we found cis-golgi 

fragmentation and lysosomal trafficking defects when PLD2 was knocked down. 

Examination of PLD2-/- mouse kidneys showed vacuolization of the proximal tubules 

without any measurable decline in renal function. 

 Failure of insulin secretion by β-cells is the underlying cause of type-I diabetes. 

To date, there is no way to monitor functional β-cell mass non-invasively. Here we 

demonstrate a proof of principle approach to the detection and quantification of 

functional β-cell mass using an established metabolomic approach.  
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Chapter 1 

 

Introduction 

 

The phospholipase D (PLD) family of enzymes is found widely from plant, 

bacterial (Wang, 2000; Wang et al., 1993; Wang et al., 2002; Wang et al., 2000; Wang et 

al., 1994; Whitaker et al., 2001) and yeast (Ella et al., 1995; Rose et al., 1995) to 

mammals (Colley et al., 1997a; Colley et al., 1997b; Hammond et al., 1995; Hammond et 

al., 1997). The proteotypic catalytic activity of this family of enzymes involves the 

hydrolysis of phosphatidylcholine (PC) to phosphatidic acid (PA) (Fig 1-1) (Saito and 

Kanfer, 1975). PA can further be metabolized to diacylglycerol (DAG) by phosphatidic 

acid phosphatases (PAP) (Sciorra and Morris, 1999). The reverse reaction to 

phosphorylate DAG to generate PA is performed by DAG kinase. PA can also be 

reversibly converted to lysoPA (LPA) (Brindley and Waggoner, 1996). In the presence of 

primary alcohols, PLD generates phosphatidylalcohols (PEt) via a transphosphatidylation 

reaction, which is the more general form of the hydrolysis reaction described above 

(Edwards and Murray, 1995; Kobayashi and Kanfer, 1987; Yang et al., 1967) (fig 1-1). In 

mammalian cells, there are at least 5 isoforms of PLD, three of which are well studied 

(Choi et al., 2006; Colley et al., 1997a; Colley et al., 1997b; Hammond et al., 1997). 

Phospholipase D1 (PLD1), Phospholipase D2 (PLD2) and MitoPLD are all widely 

expressed in many tissues. PLD1 and PLD2 are structurally very similar with both 

enzymes containing a phox homology domain (PX), a pleckstrin homology domain (PH), 

and four conserved motifs. Motifs II and IV each encode an HKD half-catalytic domain 

that juxtapose in the folded structure to form the active catalytic site (Xie et al., 1998; Xie 
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et al., 2000) to hydrolyze PC (Stuckey and Dixon, 1999; Sung et al., 1997). PLD1 

contains a unique 116-amino acid loop region between motifs II and III, deletion of 

which increases its activity 3-fold (Sung et al., 1999b), suggesting its role as a negative 

regulatory element. Addition of this loop region to PLD2 did not alter its activity 

(Hammond et al., 1997; Sung et al., 1999a). 

PLD1 and PLD2 differ in their basal activity and regulation. PLD1 has very low 

basal activity and requires agonist stimulation, while PLD2 has been shown to exhibit 

high basal activity (Colley et al., 1997a; Colley et al., 1997b; Jenkins and Frohman, 2005; 

Sung et al., 1999a; Sung et al., 1999b). ADP ribosylation factors (ARF) are well-

characterized stimulants of PLD activity. ARF1 (Brown et al., 1993; Cockcroft et al., 

1994; Martin et al., 1996), ARF3 (Brown et al., 1995), ARF5 and ARF6 (Brown et al., 

1995; Caumont et al., 1998) are potent activators of PLD1. Activation of PLD2 by ARF 

on the other hand is very modest by comparison (Lopez et al., 1998; Sung et al., 1999a). 

PLD catalytic activity is also strongly dependent on phosphoinositides. 

Phosphatidylinositol 4,5 bisphosphate (PI4,5P2) is a potent stimulator of PLD and an 

essential cofactor for ARF stimulation of PLD (Brown et al., 1995; Brown et al., 1993). 

Phosphoinositides are generated by phosphoinositol kinases, which have been shown to 

also be positively regulated by PA (Jenkins et al., 1994; Moritz et al., 1992) 

 As mentioned earlier, PLD is expressed widely in various mammalian cells and 

tissues. However, its intracellular localization has been difficult to define. This is due in 

part to the relative unavailability of highly specific antibodies, and in part because the 

subcellular location may differ in different cell types, or even in cell lines in comparison 

to primary tissues. For instance, Hughes et al. (2004) (Hughes et al., 2004) originally 
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reported that PLD2 was not expressed in MIN6 insulinoma cell lines. This finding 

conflicted with Laine et al. who showed expression of both PLD isoforms in pancreatic 

tissue (Laine et al., 2000). Influenza epitope- tagged PLD1 microinjected into rat embryo 

fibroblasts showed a distribution that was consistent with golgi, endoplasmic reticulum 

(ER) and late endosomes (Colley et al., 1997b). Subcellular fractionation studies in 

insulinoma and rat kidney epithelial cells (NRK) also showed that PLD1 was associated 

with the golgi membrane (Freyberg et al., 2001). Studies in Cos 7 and CHO cell lines 

(Lucocq et al., 2001) suggested that PLD1 was present in multivesicular and 

tubulovesicular bodies, golgi structures and endosomal membranes. This study also 

reported PLD1 localization to punctate perinuclear structures, a finding not corroborated 

by Colley et al (Colley et al., 1997b). In contrast to these studies, other groups have 

reported PLD1 localization to the endosomal and lysosomal compartment (Hughes and 

Parker, 2001) without any localization to the ER or golgi (Toda et al., 1999). In 

insulinoma, neuroendocrine and mast cells, PLD1 has been reported to localize to 

secretory vesicles (Brown et al., 1998; Choi et al., 2002; Hughes et al., 2004; Vitale et al., 

2001), presumably to facilitate secretion. Upon agonist stimulation, PLD1 has been 

shown to translocate to the plasma membrane (Brown et al., 1998; Choi et al., 2002; Du 

et al., 2003; Huang et al., 2005). On the other hand, PLD2 has mostly been reported to 

localize to the plasma membrane (Choi et al., 2002; Du et al., 2004; Honda et al., 1999). 

Upon stimulation by serum or EGF, PLD2 translocates to sub-membranous vesicles and 

membrane ruffles (Colley et al., 1997b; Honda et al., 1999). Cytoplasmic (Honda et al., 

1999) and β-actin (Honda et al., 1999) localization have also been reported for PLD2. 

PLD activity has also been reported in the nucleus (Balboa et al., 1995) and mitochondria 



	
   4	
  

(Madesh and Balasubramanian, 1997). Much of the discrepancy in the literature 

regarding PLD localization and function can be attributed to the methods used for the 

study.  1-butanol, a frequently used inhibitor, has potentially off-target effects (Su et al., 

2009), some of the tags used for the study might natively prefer certain cellular 

compartments, and PLD could be playing different roles in different cell types. 

Additionally, both isoforms of PLD are dynamic, translocating to various organelle 

membranes to generate PA in response to the changing needs of the cell.  

 PLD activity, mainly via the generation of PA, has been described in many cell 

biological systems. PLD activity has been linked to actin cytoskeletal reorganization, 

membrane ruffling and stress fiber formation (Brown et al., 1998; Cross et al., 1996; 

Honda et al., 1999). GLUT4 receptor trafficking from the intracellular compartment to 

the plasma membrane in 3T3-L adipocytes is dependent on PLD activity (Emoto et al., 

2000; Huang et al., 2005). In the liver, the conversion of apolipoprotein B-containing 

precursors to VLDL depends on ARF1 activation of PLD (Asp et al., 2000; Olofsson et 

al., 1999).  In immune cells, PLD has been shown to play an important role in exocytosis. 

In neutrophils, inhibition of PLD activity led to a decrease in azurophilic granule release 

(Fensome et al., 1996). Inhibition of lysosomal granules from HL60 cells in mutant PLD-

expressing cells has also been reported (Jones et al., 1999). In mast cells, inhibition of 

PLD prevented IgE agonist-stimulated insulin release (Way et al., 2000). In general, 

PLD, most often PLD1, is believed to play a role in vesicle trafficking and exocytosis. 

Experiments showing PLD co-localization with the golgi and cytoplasmic vesicles, 

butanol-inhibition studies showing golgi fragmentation and failure of exocytosis, and 

elegant experiments linking PLD localization/function to stimulus-driven exocytosis all 
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support a critical role for PLD in organelle maintenance, vesicle trafficking and 

exocytosis.  

With rare exceptions, most of the investigations into the role of PLD listed above 

have involved the use of 1-butanol as a pan-PLD inhibitor. Because of the subversion of 

PA production, generation of phosphatidylbutanol has been used extensively to probe the 

role of PLD in many biological processes. There are however two drawbacks to this 

approach; 1-butanol possesses off-target effects (Su et al., 2009), and both isoforms are 

simultaneously inhibited, making it impossible to determine which PLD isoform is 

primarily responsible for the phenotype under investigation.  In summary, the localization 

and function of the PLD isoforms has remained incompletely defined.  

 Vesicle trafficking in eukaryotic cells is a delicate balance of anterograde 

trafficking from the ER to the golgi, from the golgi to the plasma membrane, lysosome, 

or other vesicular body, and retrograde transport back from the plasma membrane to 

endosomes or the golgi and from there back to the ER. Vesicles leaving the ER to the 

Golgi primarily do so via recruitment of COPII proteins. COPII dependent trafficking is 

initiated by the ADP-ribosylation family (ARF) member Sar1p. Sar1p is activated from 

its GDP-bound state to a GTP-bound state by Sec12p, a transmembrane ER protein. 

Upon activation, Sar1-GTP associates with the ER and recruits COPII proteins. One of 

the recruited coatomer proteins, Sec23p, contains GAP activity that stimulates Sar1-GTP 

hydrolysis. Sar1p-GTP hydrolysis provided a convenient explanation for vesicle fission, 

but this notion has since been disputed (Barlowe et al., 1994; Oka and Nakano, 1994), 

suggesting that vesicle uncoating (Sar1-GTP hydrolysis) is separable from actual vesicle 

fission. Since ARF-family members are known to activate PLD, investigators proposed a 
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role for PLD in vesicle trafficking. Kistakis et al (Ktistakis et al., 1996) found that 1-

butanol treatment inhibited vesicle budding without affecting coatomer binding. 

Secondary alcohols used as controls did not affect either coatomer binding or vesicle 

scission. This experiment suggested a role for PLD generated PA downstream of 

coatomer binding in vesicular trafficking. Further adding to this appeal was the 

knowledge that PA might promote vesicle scission because of its biophysical properties. 

On the other hand, COPI-coated vesicles mediate retrograde trafficking from the cis-golgi 

to the ER. ARF1 has been shown to regulate COPI recruitment, following which the 

activity of BARS protein has been reported to be critical for membrane fission (Yang et 

al., 2005; Yang et al., 2006). Recently, PA and possibly DAG have been implicated as 

required components for COPI – coated vesicle fission (Yang et al., 2008). Despite 

binding of COPI proteins and BARS, PA generation was found to be required for the 

final pinching-off of the vesicles in vitro. In many instances, conversion of PA to DAG 

by PAPs serves as a way to terminate PLD activity, but conversion to DAG might 

actually be a necessary continuum of PLD activity with respect to vesicle fission (Roth et 

al., 1999; Yang et al., 2008). 

 β-cells are specialized cells that secrete insulin upon glucose stimulation. This 

process, a form of regulated exocytosis, culminates in the release of insulin into the 

blood. Like many other proteins destined for secretion, insulin is synthesized in the ER 

and is trafficked through the golgi and insulin-containing vesicles that bud off the trans-

golgi and aggregate adjacent to the plasma membrane ready for release. 

Electrophysiology studies and electron micrograph images show insulin granules at 

different regions of the β-cell. Some vesicles are extremely close to the plasma 
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membrane and these vesicles constitute the readily releasable pool (RRP) that is available 

for immediate release on cue. A second wave of vesicles are located deeper within the 

cell and are mobilized to replenish the RRP. Agents that interrupt or dismantle the golgi 

lead to diminished insulin release. Inhibition of PLD1 abolishes insulin secretion (Hughes 

et al., 2004) likely because of the role of PLD1 in promoting anterograde traffic from the 

ER to the golgi and from the trans-golgi to the plasma membrane. Also, 1-butanol 

treatment of cells leads to golgi fragmentation and abolishment of insulin release.    

In the following study, I characterize the role of PLD2 and to a lesser extent, its 

relationship to PLD1 in β-cells. Because of the significance of β-cells to diabetes, 

characterization of the role of PLD2 in organelle function and glucose-stimulated insulin 

release could potentially have an impact on our therapeutic approach to the disease. 
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Figure 1-1. Overview of PA generation from PC by PLD. PLD hydrolyzes PC to PA 
(black branch point). PA can further be dephosphorylated to DAG or converted to lysoPA 
(LPA). In the presence of primary alcohols (e.g. 1-butanol), PC is instead 
transphosphatidylated to phosphatidylethanol (pink branch point). Image from Liscovitch 
et al. (2000) 
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Figure 1-1 

Liscovitch et al. (2000)	
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Chapter 2 

The Role of PLD2 in GSIR 

 

β-cells are insulin-secreting cells present in the pancreas of all mammals. These 

cells are responsible for the maintenance of euglycemia. Shortly after the consumption of 

a meal, rising serum glucose levels are sensed and internalized by GLUT2 receptors 

present on the surface of β-cells. This internalized glucose is metabolized to pyruvate to 

generate ATP. A shift in the ATP: ADP ratio inside the β-cell leads to closure of the 

ATP-sensitive K+ channel which in turn leads to membrane depolarization. Membrane 

depolarization then opens L-type voltage-gated Ca2+ channels (VDCC) which permit 

Ca2+ influx, leading to insulin-loaded secretory vesicle fusion with the plasma membrane 

(exocytosis) and release of insulin into the bloodstream (Aguilar-Bryan et al., 2001; 

Ohara-Imaizumi et al., 2007; Srinivasan et al., 2000). β-cells are also responsive to 

secretagogues such as GLP1, small peptides, EGF and the parasympathetic nervous 

system (Asp et al., 2000; Hughes et al., 2004; Lee et al., 2008a; Lee et al., 2008b; Liu et 

al., 2008; MacDonald, 2007; Wei et al., 2005). These secretagogues potentiate insulin 

release by stimulating phospholipase C (PLC). PLC generates IP3 and DAG from 

PI(4,5)P2. Intracellular Ca2+ stores in the ER and golgi are gated by IP3 receptors (IP3R) 

(Pinton et al., 1998; Worley et al., 1994) and upon IP3 binding release Ca2+. There is 

evidence that suggests that there is a small burst of Ca2+ that occurs shortly after glucose 

triggered depolarization of the cell membrane but before the opening of the VDCC 

(Worley et al., 1994). Prevention of K+ channel closure with diazoxide abolishes this 

small spike, but depletion of extracellular Ca2+ with EGTA has no effect, suggesting that 
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glucose triggers a small burst of Ca2+ release from intracellular stores prior to the opening 

of the VDCC.  

 The role of PLD in GSIR is unclear. While some reports suggested that only 

PLD1 was expressed in β-cells (Hughes et al., 2004), other reports have reported that 

PLD2 is also expressed (Laine et al., 2000). Exogenously-provided PA has been shown to 

stimulate insulin release (Metz and Dunlop, 1990), but not in the context of PLD activity. 

The use of 1-butanol has also impeded the delineation of the role of PLD2 in GSIR. Lee 

et al (Lee et al., 2008a; Lee et al., 2008b) reported EGF-stimulated PLD2 activity leads to 

insulin release. But this activity was largely due to CDK5 activation and EGF was used 

as the secretagogue activator; glucose-stimulated insulin release was actually not 

examined. With the new availability of mice lacking PLD2, I conducted preliminary 

studies to identify potential phenotypes, which, as described subsequently, led me to 

examine the role of PLD2 in GSIR. 
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Materials and Methods. 

 

PLD2-/- mice and genotyping 

WT and PLD2-/- mice were generated by Dr. Gilbert DiPaolo (Columbia University). 

Briefly, a loxP sequence was cloned upstream of PLD2 exon 13 and a FRT-Neo-FRT-

LoxP cassette was inserted downstream of exon 15. The construct was microinjected into 

129svj embryonic stem cells. PLD2-NEO/+ clones were selected and subsequently 

implanted into C57BL/6 blastocysts. Adult male mice were crossed with Cre-expressing 

mice leading to deletion of exons 13-15. PLD2+/- mice were crossed to generate PLD2-/- 

mice. Deletion of exons 13-15 was confirmed by genotyping using primers spanning the 

deleted region. Forward primers are 5’-GGGAATCTGAGGCTTCAAGACTGGG-3’ and 

5’-GCACGGGGCCCTCCCACATC-3’ and 5’-GCTGGTGTTTTGAGGATGCTTG-3’ 

for the reverse primer. Tails were snipped from the animals and incubated in 50 mM 

NaOH at 98°C for 50 min. The dissolved tails were briefly vortexed, neutralized with 1 

M Tris (pH 8) and centrifuged for 6 min at 14000 RPM. The supernatant was collected 

and used for PCR. Primers generate a 150 bp band for WT and 521 bp for PLD2-/- mice. 

Heterozygous mice contained one of each band. All animals were maintained on a 12- hr 

light/dark cycle and fed standard mouse chow. All animal experiments were performed in 

accordance with the rules and regulations of the Animal Care and Use Committee, State 

University of New York at Stony Brook, Stony Brook, USA. For experiments, WT and 

PLD2 -/- pup littermates from heterozygous mice were initially used. Results from these 

studies were comparable to data from pure strain crosses and C57 backcrossed stain (F8 

backcross).  
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Isolation of primary pancreatic islets and β-cells 

Animals were sacrificed by CO2 asphyxiation. A midline incision was made and the 

pancreas identified and removed. The pancreatic tissue was dissolved in Hanks balanced 

salt solution (HBSS) containing 2 mg/ml collagenase (Sigma) for 50 min at 37°C. The 

digestion was stopped by adding ice-cold HBSS containing 10% FBS (Hyclone). The 

mixture was centrifuged for 3 min and the pellet was washed 3 times with ice-cold HBSS 

and finally resuspended in 10 ml ice-cold HBSS. Aliquots were plated on a dish and islets 

were visually identified and hand picked under a dissecting microscope. Picked islets 

were cultured in Gibco RPMI 1640 (Invitrogen) supplemented with 10% FBS, 100 µg/ml 

streptomycin and 100 IU/ml penicillin. To prepare β-cells, primary islets were picked and 

incubated in trypsin for 5 min. Complete media (DMEM supplemented with 10% FBS, 

100 µg/ml streptomycin and 100 IU/ml penicillin and L-glutamate) was added to 

terminate the trypsinization. The islets were then mechanically dispersed with a 25 G 

needle attached to a 10 mL capacity syringe. Dispersed β-cells were seeded unto poly-L- 

lysine coated plates/ coverslips and cultured in DMEM containing 5 mM glucose and 

10% calf serum (Hyclone) and supplemented with 100 µg/ml streptomycin and 100 

IU/ml penicillin (Sigma).  

 

Intraperitoneal glucose and insulin tolerance tests 

8-12 week old male WT and PLD2-/- mice were weighed and fasted overnight. The 

following morning, fasting plasma glucose was measured from tail bleeds using a 

glucometer (One Touch). They were then injected i.p with 1 g/kg of 25% D-glucose. Tail 

blood was then collected at various time points for glucose measurement. 2 mice were 
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used from each genotype and the experiment was repeated 3 times. For insulin tolerance 

test, mice were fasted for 6 hrs followed by i.p injection of 0.85 u/kg insulin (Novolin R; 

Novo Nordisk). Glucose measurements were taken from tail blood at different time 

points before and after the insulin injection. 2 animals per genotype were used and the 

experiment was repeated twice.         

 

NIT-1 cell line and PLD2 RNAi transfection 

The NIT-1 insulinoma cell line was purchased from ATCC and maintained in Hams F12 

media supplemented with 10% FBS, 100 µg/ml streptomycin and 100 IU/ml penicillin 

and L-glutamate. PLD2 was transiently down-regulated using a PLD2 RNAi plasmid 

(PLD2-723). RNAi targeted against luciferase was used as a control vector. Vectors were 

transfected using Fugene HD (Roche) for 48 hrs. Knockdown efficiency was determined 

by RT-PCR. 

 

RNA isolation and RT-PCR 

Total RNA was isolated from cells transfected with either luciferase or PLD2 RNAi for 

48 hrs using an RNA isolation kit (Qiagen). Isolated RNA was briefly treated with 

DNAase I (Qiagen) and subjected to one-step RT-PCR (Qiagen). PLD2 was amplified 

with 5’-CGAGAAGCTCCTGGTGGTAG-3’ and 5’-CCAGTCCTTGGTGATGAGGT-3’ 

to generate an amplicon size of 232 bp. 1 cycle of cDNA synthesis was performed at 50° 

C for 30 min, followed by 94° C for 2 min. PCR amplification was performed for 35 

cycles as follows; 94 ° C for 15 sec (denaturation), 55° C for 30 s (annealing) and 72° C 

for 1 min (extension). A final extension step was performed at 72° C for 10 min. 
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Insulin secretion via static incubation 

10 pancreatic islets from each genotype were picked under a dissecting microscope and 

incubated in 250 µL of KRBH buffer (KCl: 4.74 mmol/L, NaCl: 125 mmol/L, NaHCO3: 

5 mmol/L, MgSO4: 1.2 mmol/L, CaCl2: 1 mmol/L, HEPES: 25 mmol/L, KH2PO4: 1.2 

mmol/L, BSA: 0.10%) containing 2.5 mM D-glucose for 60 min at 37°. Subsequently, 

the buffer was removed and fresh KRBH media containing 2.5 mM D-glucose was added 

and placed at 37°C for 60 min. The buffer was collected, briefly centrifuged and the 

supernatant was collected as basal insulin secretion. For “stimulated” insulin secretion, 

the buffer was replaced with KRBH containing 20 mM glucose and incubated for 60 min 

at 37°C. The collected buffer was centrifuged and the supernatant preserved. All insulin-

containing samples were placed on ice immediately after collection or stored at 20°C. To 

determine total insulin content, the islets were dissolved in 70% ethanol and 0.18 M HCl 

overnight, sonicated and centrifuged before samples were taken for ELISA 

measurements. ELISA measurements to determine basal, stimulated and total insulin 

concentrations were done with ultrasensitive mouse insulin ELISA (Mercodia: 

10115010) and BioRad plate reader. 

 

Microarray 

Pancreatic islets were isolated from 8 WT (4 male and 4 female) and 8 PLD2-/- mice (4 

male and 4 female). The islets were then matched and grouped according to sex (male 2 

WT and 2 PLD2-/- mice; male 2 WT and 2 PLD2-/-; female 2 WT and 2 PLD2-/- ; female 2 

WT and 2 PLD2-/- ) and subjected to microarray analysis by Agilent whole genome 
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microarray (Miltenyi Biotech). Gene expression was compared between WT and PLD2-/- 

mice and repeated in quadruplicate.   

 

Ca2+ measurements 

NIT-1 cells were cultured in a 100 mm dish until they reached 85% - 90% confluency. 

The cells were subsequently trypsinized and diluted 1:5 into black-walled 96-well plates 

(Falcon). 24 hours after after seeding, the cells were transfected with luciferase or PLD2 

RNAi for 48 hrs. The cells were washed once with KRBH containing 2.5 mM D-glucose 

and loaded with Fluo-4 cell- permeable Ca2+ dye for 45 min at 37° and 15 min at room 

temperature. Base-line intracellular measurements were taken using a Fluostar microplate 

reader exciting the dye at 488nm (argon laser) and emitted light was acquired at 505-530 

nm. 20 mM glucose was then added to the cells and the scan was repeated 10 min later. 

Fold intracellular Ca2+ was calculated by dividing stimulated fluorescence values by 

baseline values. Data for each drug treatment was collected over 3 independent 

experiments. 

 

Inhibitors and general reagents 

PLC inhibitor U-73122 and IP3 receptor (IP3R) inhibitor Xestospongin were purchased 

from Calbochem. VDCC inhibitors Nifedipine and Diltiazem were purchased from 

Sigma.  
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Statistical analysis 

Student’s t-test was performed and significance was set at p < 0.05 unless otherwise 

stated in individual figure legends.    
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Results 

 

PLD2 -/- mice exhibit exaggerated insulin release upon glucose stimulation 

Insulin release from pancreatic beta cells and immortalized insulinoma cell lines 

is triggered by an increase in extracellular glucose concentrations. Post-parandially, rising 

serum glucose is internalized by GLUT2 receptors on pancreatic beta cells and this signal 

is transduced into eventual membrane depolarization and an increase in cytoplasmic Ca2+, 

a universal signal for vesicle fusion and exocytosis. To directly examine the role of PLD2 

in regulated exocytosis, I measured both random and fasting plasma glucose in PLD2-/- 

and matched wildtype (WT) mice (Fig. 2-1a,b). PLD2-/- mice exhibited lower random and 

fasting serum glucose, suggesting a sustained increase in circulating serum insulin. In 

vivo insulin secretion was directly stimulated by injecting PLD2-/- mice with an 

intraperitoneal bolus of glucose (Fig. 2-1c). Serum glucose measurements showed a 

blunted rise in PLD2-/- animals when compared to WT. Since serum glucose levels can 

also be affected by peripheral tissue sensitivity to glucose, I performed an insulin 

tolerance test (ITT) (Fig. 2-1d). WT and PLD2-/- animals showed comparable decreases 

in serum glucose over time, suggesting that peripheral glucose uptake in these animals 

were similar. However, in order to directly test the hypothesis that attenuation of PLD2 

promotes exocytosis, I performed an ex vivo glucose stimulation test. Pancreatic islets 

were dissected from matched WT and PLD2-/- animals and directly stimulated with 

glucose (Fig. 2-1e). Both low (2.5 mM) and high (20 mM) glucose stimulation led to a 

greater increase in insulin secretion by islets from PLD2-/- mice compared to WT islets. 

Possible explanations for increased insulin release by PLD2-/- islets could be attributable 

to differences in islet size, or total insulin content. I found no differences in gross islet 
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size by histology and electron microscopy (Fig. 2-2a-b). Total insulin content was also 

similar between both groups (Fig. 2-2c-d). In summary, genetic deficiency of PLD2 leads 

to increased exocytosis of insulin in response to glucose stimulation. Exaggerated insulin 

release in PLD2-/- mice leads to decreased resting serum glucose and a heightened 

response to rising serum glucose levels.     

 

Transient inhibition of PLD2 leads to increased GSIR 

Increased GSIR in PLD2-/- islets could be the result of long term compensation 

not directly related to PLD2 knockdown.  To address this possibility, I transfected the 

NIT-1 insulinoma cell line with PLD2 RNAi to acutely deplete PLD2 (48 hr 

transfection). NIT-1 cells showed greater than 90% transfection efficiency.  PLD2 

knockdown in NIT-1 cells led to increased GSIR in NIT-1 cells compared to luciferase 

RNAi controls (Fig. 2-3).  

 

Microarray analysis shows alterations in Ca2+ homeostasis  

To elucidate the underlying mechanism of increased GSIR, I subjected islets 

dissected from WT and PLD2-/- mice to microarray analysis. I expected compensation 

from other genes involved in PA metabolism. Unexpectedly, I did not find any changes in 

genes known to be directly involved in PA generation and metabolism. No differences 

were seen in PLD1, DAG kinase, phosphatidic acid phosphatase (PAP), and LPA 

phosphatase transcript levels (data not shown). Interestingly, transcripts of genes 

involved in PC transport were downregulated (Fig. 2-4). Specifically, levels of 

membrane-associated phosphatidylinositol transfer protein 3 (PITPNM3, also known as 
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Nir1 – (Lev et al., 1999)), a member of the PI/PC transport protein family (Bankaitis, 

2009) was downregulated 5-fold (Fig. 2-4). ATP binding cassette, sub-family b, member 

1b (Abcb1b), a p-glycoprotein reported to be involved in positively regulating second 

phase insulin release (Tang et al., 2009) showed a 3-fold upregulation. Finally, transcript 

levels of carbonic anhydrase related protein (CAR8/CARP), an IP3 receptor (IP3R) 

inhibitor (Hirota et al., 2003) were reduced 5-fold. I became interested in CAR8 because 

of its function as an IP3R inhibitor. 

 

PLD2-silenced cells show increased intracellular calcium levels upon stimulation 

 Intracellular calcium influx is the step immediately prerequisite to exocytosis and 

insulin release. To further characterize the mechanism of increased GSIR in PLD2 

knockdown cells, I performed measurements of intracellular calcium (iCa2+) upon 

glucose stimulation in PLD2 silenced and control cells. Luciferase and PLD2 knockdown 

cells were loaded with Fluo-4, a cell-permeable Ca2+ dye. Baseline scans were taken, 

following which the cells were stimulated with 20mM glucose and a repeat scan 

performed 10min later. The fold-change in intracellular Ca2+ levels is shown (Fig. 2-5a). 

Upon stimulation, control cells showed a 1.19 ± 0.05-fold increase in intracellular Ca2+. 

PLD2-silenced cells showed a 2.07 ±0.04-fold increase over basal. Compared to control 

cells, PLD2-silenced cells showed a 73.9% fold greater increase in intracellular Ca2+. 

Involvement of CAR8 downregulation in increased intracellular Ca2+ in PLD2 silenced 

cells was explored by co-expressing PLD2 RNAi and a CAR8 expression construct and 

assessing GSIR and intracellular Ca2+ (Fig. 2-5b,c). Expression of CAR8 caused a 42% 

decrease in basal GSIR and 31% in stimulated GSIR in control cells (Fig. 2-5b) but most 
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importantly, it abolished the increased insulin release seen in PLD2-silenced cells 

(decreased by 56% in basal and 58% in stimulated conditions). Measurement of 

intracellular Ca2+ revealed a 39% decrease in control cells and a 59% decrease in PLD2 

RNAi and CAR8 co-expressing cells compared to controls (Fig. 2-5c). There was no 

difference between cells co-expressing CAR8/Luciferase RNAi and CAR8/PLD2 RNAi 

(0.99 ± 0.01 versus 0.92 ± 0.03 respectively). These results support a role for down-

regulation of CAR8, an IP3R inhibitor, in the increased GSIR observed in PLD2-silenced 

cells. Reduced expression of CAR8 in cells with depleted PLD2 leads to increased 

intracellular Ca2+ and GSIR. To test the hypothesis that increased IP3R-gated calcium 

was responsible for increased GSIR in PLD2-silenced cells directly, luciferase control 

and PLD2 knockdown cells were treated with xestospongin c, an IP3R inhibitor, and 

subjected to GSIR (Fig. 2-5d). Inhibition of the IP3R decreased basal and stimulated 

GSIR in control cells (32% and 54% respectively) and abolished the increased GSIR in 

PLD2-depleted cells at both low and high glucose concentrations (62% and 77% 

respectively) compared to controls. Phospholipase C (PLC) generates IP3, the ligand for 

the IP3R, by hydrolyzing PIP2 to yield IP3 and DAG. Since PLC levels were unaltered in 

our microarray, I treated PLD2 knockdown and control cells with U-73122, a PLC 

inhibitor, and stimulated the cells with glucose (Fig. 2-5d). PLC inhibition led to a 

reduction in basal and stimulated GSIR in control cells (27% and 69% respectively) but 

had no effect on low glucose insulin secretion in PLD2 knockdown cells (7%). However, 

high glucose insulin secretion was diminished by 80% in PLD2 knockdown compared to 

control. Intracellular Ca2+ was also reduced in both PLC (5% in control, 4% in PLD2 

RNAi) and IP3R (31% in control, 50% in PLD2 RNAi) inhibitor treatments (Fig. 2-5e) 
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and the increased glucose-stimulated intracellular Ca2+ in PLD2-silenced cells was 

reduced to “no treatment” levels. Treatment with thapsigargin also abolished the 

differences in intracellular Ca2+ between control and PLD2-silenced cells (1.37-fold in 

control versus 1.4-fold in PLD2-silenced cells) (Fig. 2-5f). Glucose-stimulated PLC 

activity has been reported to be downstream of membrane depolarization (Gromada et al., 

1996; Vadakekalam et al., 1996), but VDCC activation is still the major contributor to 

intracellular Ca2+	
  upon glucose stimulation. To validate that in our system, I treated 

control and PLD2-silenced NIT-1 cells with different L-type Ca2+ inhibitors (Nifedipine, 

Diltiazem) and measured intracellular Ca2+ and GSIR. Both intracellular Ca2+ (Fig. 2-5g) 

and GSIR (Fig. 2-5h) were quenched in the presence of VDCC inhibitors. VDCC 

inhibition leading to reduced cytoplasmic Ca2+ influx and GSIR is in agreement with 

established literature (Gromada et al., 1996; Vadakekalam et al., 1996). Overall, our data 

suggests an accentuating role for PLC-derived IP3 in glucose stimulated GSIR. PLD2, by 

downregulating CAR8, increases VDCC-dependent intracellular Ca2+ and insulin release 

upon glucose stimulation.        
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Discussion 

 

PLD1 and PLD2 have been described as facilitators of secretagogue- stimulated 

insulin release (Hughes et al., 2004; Lee et al., 2008a; Lee et al., 2008b). Thus far, the 

role of PLD in glucose-stimulated insulin release (GSIR) has not been described. 

Pancreatic β-cells and insulinoma cell lines are exocytosis models that can yield insight 

into the pathophysiology of diabetes. In pancreatic β-cells, PLD1 and PLD2 are 

expressed (Laine et al., 2000) and generate PA from PC (Hughes et al., 2004; Lee et al., 

2008b). I found that PLD2-/- mice had lower random and fasting serum glucose. When 

challenged with i.p glucose, there was a blunted rise in serum glucose in PLD2-/- mice 

compared to WT animals. This suggested a hyper-insulinemic phenotype that was 

subsequently confirmed by direct stimulation of pancreatic islets with glucose. This was 

surprising because attenuation of PLD2 activity has been shown to inhibit secretagogue-

stimulated insulin release (Lee et al., 2008b) and hexoseaminidase secretion in mast cells 

(Choi et al., 2002). RNAi inhibition of PLD2 in NIT-1 cell-lines also led to an increase in 

GSIR suggesting that increased insulin secretion was an acute (48 hour RNAi silencing) 

and reproducible phenotype. Importantly, these earlier studies focused on secretagogues, 

which utilize a distinct mechanism from glucose stimulation (Cheng et al., 2007; Liu et 

al., 2008; MacDonald, 2007). Additionally, use of 1-butanol and over-expression of a 

catalytically-inactive mutant PLD allele as a dominant negative isoform in these studies 

may have masked the true role of PLD2 by inhibiting both PLD isoforms and /or 

inducing off-target effects through sequestering PLD2-interacting proteins and lipids. My 

data suggest that the increased GSIR may be a direct result of dysregulated Ca2+ 

homeostasis. This is not surprising because tight regulation of intracellular (ER)-stored 
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Ca2+ is important for maintaining membrane potential in beta cells (Worley et al., 1994). 

Failure to maintain a hyperpolarized membrane in our PLD2 KO islets might lead to 

inappropriate or premature membrane depolarization, increased Ca2+ influx and insulin 

release. Microarray data from isolated PLD2-/- islets has led to an interesting novel target 

that may yield further insight into the mechanism of increased GSIR in PLD2-/- islets. 

Car8 (CARP) is an IP3R inhibitor (Hirota et al., 2003) that was down-regulated in our 

microarray screen. Expression of CAR8 in PLD2-silenced cells reduced insulin secretion 

and intracellular Ca2+ to WT levels. This is consistent with the reduction of iCa2+ and 

insulin secretion in PLD2 knockdown cells when treated with PLC and IP3 inhibitors. 

PLC is known to be activated upon high glucose treatment via Ca2+-induced Ca2+ release 

(CICR) (Gromada et al., 1996; Vadakekalam et al., 1996; Vadakekalam et al., 1997). 

This would partly explain the effect of PLC inhibition on high-glucose stimulated insulin 

release but not on low-glucose stimulation. Inhibition of L-type VDCC abolished most of 

the intracellular Ca2+ and insulin release in both PLD2 silenced and control cells, 

suggesting that PLD2 exacerbation of Ca2+ influx and insulin release is upstream of the 

VDCC opening. This data agrees with published literature by Gromada et al (1996) and 

Vadakekalam et al (1996) (Gromada et al., 1996; Vadakekalam et al., 1996) describing 

PLC activation and IP3 generation downstream of K+ channel closure and membrane 

depolarization. Ablation of PLD2 might be increasing sensitivity to glucose-stimulated 

IP3 generation (via CAR8 downregulation) leading to a greater increase in Ca2+ influx 

and insulin secretion. The key question that remains unanswered is the mechanism by 

which PLD2 regulates CAR8.    



	
   25	
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2-1. PLD2-/- mice exhibit lower random and fasting glucose, enhanced GTT 
and increased GSIR. (a). Serum glucose were taken at 3 time points during the day for 3 
consecutive days from matched WT and PLD2-/- mice (n=4 mice from each group. *, p < 
0.03). (b). Serum glucose measurements were taken from matched WT and PLD2-/- 
animals fasted overnight (n=4 mice from each group. * p < 0.01. Experiment repeated 3 
times). (c).  WT and PLD2-/- mice were injected i.p with 1g/kg of 25% glucose. Serum 
glucose was subsequently measured over plotted time course. (n=2 mice from each 
group. Experiment repeated 3times.*, p < 0.03, student’s t-test). (d). Insulin tolerance test 
performed on matched WT and PLD2-/- mice. (n = 2 mice per group, experiment repeated 
2 times) (e) 10 islets isolated each from WT and PLD2-/- mice were stimulated with 2.5 
mM (basal) and 20 mM (stimulated) glucose and secreted glucose measured. (*, p < 0.03 
. Representative of 10 sets of experiments performed over 3 days, n= 100 islets). 
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Figure 2-1 
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Figure 2-2. PLD2-/- islets are morphologically similar to WT and do not contain 
more insulin. (a). Pancreatic tissue from WT and PLD2-/- mice were fixed, embedded 
and stained with H&E. Islets of beta cells are indicated in text and exocrine acinar cells 
are also labeled (b). EM images of WT and PLD2-/- islets. Dense black dots in the 
cytoplasm represent insulin granules (white arrow). Nucleus is marked as “N” (c). WT 
and PLD2-/- pancreatic tissue were fixed and stained with anti-insulin antibodies. Islets 
shown. Endocrine Islets and exocrine acinar cells are marked (d). Total insulin was 
extracted (see methods) from WT and PLD2-/- islets and measured by ELISA 
(Experiment repeated 3 times, 10 islets per group per experiment total islets: WT; n = 200 
islets. PLD2-/-; n = 170 islets.). 
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WT PLD2-/- 

Figure 2-2 
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Figure 2-3. RNAi–silencing of PLD2 in NIT-1 cells leads to increased GSIR Cultured 
NIT-1 cells were transfected with PLD2 RNAi and stimulated with 2.5 mM and 20 mM 
glucose 48 hours later (n = 4 *, p < 0.03. Experiment repeated twice). Secreted insulin 
was collected and quantified by ELISA. NIT-1 cells were transfected for 48 hours with 
either luciferase RNAi or PLD2 RNAi. 100 ng of total RNA isolated from the transfected 
cells was subjected to RT-PCR (see materials and methods).  
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Figure 2-3 
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Figure 2-4. Microarray analysis of WT and PLD 2-/- primary islets. WT and PLD2-/- 
islets were dissected and subjected to microarray analysis. Islets were pooled from two 
mice for each group and paired. A total of 4 groups (n=4, 8 animals for each genotype), 
were used (*, p < 0.05). Hits column represents number of times a candidate appears in 
our screen.
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Figure 2-4 
 
Hits Sequence 

name 
Sequence description Fold 

change 
4 Pitpnm3 

 
PITPNM family member 3 
 

-5.2 
 

4 Mid1 
 

Midline 1; E3 ubiquitin ligase;  TRIM family 
member 
 

-4.9 
 

4 Car8 
 

Carbonic anhydrase related protein 8 
 

 
-4.6 
 

4 Xaf1 
 

XIAP associated factor 1 
 

-3.6 
 

4 Cap1 
 

CAP, adenylate cyclase-associated protein 1 
 

2.4 
 

4 Cftr 
 

Cystic fibrosis transmembrane conductance 
regulator homolog 
 

2.4 
 

4 Abcb1b 
 

ATP-binding cassette, sub-family B (MDR/TAP), 
member 1B 
 

3.1 
 

4 Cap1 
 

CAP, adenylate cyclase-associated protein 1 (yeast) 
 

2.4 
 

4 Ptprz1 
 

Protein tyrosine phosphatase, receptor type Z, 
polypeptide 1 
 

4.3 
 

4 Inpp4b 
 

Inositol polyphosphate-4-phosphatase, type II 
 

3.9 
 

3 Kcna1 
 

Potassium voltage-gated channel, shaker-related 
subfamily, member 1 
 

-3.1 
 

3 Inpp4b 
 

Inositol polyphosphate-4-phosphatase, type II 
 

3.8 
 

3 Ppp1r3a 
 

Protein phosphatase 1, regulatory (inhibitor) subunit 
3A 
 

27.1 
 

3 Pou5f1 
 

POU domain, class 5, transcription factor 1 
 

33.1 
 

2 Pde3a 
 

Phosphodiesterase 3A, cGMP inhibited 
 

-2.9 
 

2 Golim4 
 

Golgi integral membrane protein 4 
 

-2.5 
 

2 Rab5b 
 

RAB5B, member RAS oncogene family 
 

-2.4 
 

2 Kcna6 Potassium voltage-gated channel, shaker-related, -2.4 
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 subfamily, member 6 
 

 

2 Scfd1 
 

Sec1 family domain containing 1 
 

-2.3 
 

2 Sh3gl3 
 

SH3-domain GRB2-like 3 
 

-2.3 
 

2 Hps1 
 

Hermansky-Pudlak syndrome 1 homolog (human) 
 

-2.1 
 

2 Rnd1 
 

Rho family GTPase 1 
 

2.3 
 

2 Mdr 
 

Mus musculus multidrug resistant protein (Mdr) 
mRNA, partial cds. 
 

2.3 
 

2 Plcxd1 
 

Phosphatidylinositol-specific phospholipase C, X 
domain containing 1 
 

2.5 
 

2 Rab38 
 

Rab38, member of RAS oncogene family 
 

2.9 
 

2 Pik3cg 
 

Phosphoinositide-3-kinase, catalytic, gamma 
polypeptide 
 

4.8 
 

2 Rabl3 
 

RAB, member of RAS oncogene family-like 3 
 

5.2 
 

2 Ap1m2 
 

Adaptor protein complex AP-1, mu 2 subunit 
 

10.4 
 

2 Grm1 
 

Glutamate receptor, metabotropic 1 
 

16.9 
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Figure 2.5. PLD2 knockdown cells show increased intracellular Ca2+ upon 
stimulation. (a) Luc and PLD2-silenced cells were loaded with Fluo-4 Ca2+ dye in 2.5 
mM glucose for 45 min. Baseline fluorescence was recorded and then the cells were 
stimulated with 20mM glucose for 10 min. Fold-increase in Ca2+ is shown (n = 5 *, p < 
0.003. (b). PLD2 RNAi and CAR8 cotransfected cells were stimulated with low and high 
glucose and secreted insulin levels were measured (n = 4 *, p < 0.05). (c). NIT-1 cells 
were cotransfected 1:1 with PLD2 RNAi and CAR8. 48 hours later, cells were loaded 
with Fluo-4 and intracellular Ca2+ measured (n = 7 *, p < 0.05). (d). Cultured NIT-1 cells 
were transfected with Luciferase RNAi or PLD2 RNAi and treated with 1 µM 
Xestospongin or 10 µM U-73122 for 60 min before being stimulated with 2.5 mM or 20 
mM glucose for another 60 min in the presence of the drug (see materials and methods 
for details). Secreted insulin was measured and shown (n = 4 *, p < 0.05). (e). Luciferase 
RNAi or PLD2 RNAi transfected cells were treated with 1 µM Xestospongin or 10 µM 
U-73122 and loaded with fluo-4 and intracellular Ca2+ was measured (n = 4 *, p < 0.05). 
(f). Luciferase RNAi transfected or PLD2 RNAi transfected cells were loaded with Fluo-
4 in the presence of thapsigargin for 60 min and then stimulated with 20 mM glucose for 
10 min. (g). Control and PLD2 silenced cells were treated with 2 different L-type VDCC 
inhibitors (Nifedipine: 10 µM, Diltiazem: 50 µM) for 60 min and intracellular Ca2+ was 
measured (n = 6 *, p < 0.05). (h). Same drug treatments as (g) but secreted insulin in 
response to glucose stimulation was measured. (n = 4 *, p < 0.05).  
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Figure 2-5 
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Chapter 3 

 

The role of PLD2 in golgi architecture maintenance 

 

Insulin synthesized in the ER is trafficked to the cis-golgi and subsequently to the 

trans-golgi and the plasma membrane. PLD1 associates with the ER, recruits Sar1p and 

facilitates COPII-mediated anterograde trafficking to the cis-golgi (Pathre et al., 2003). 

PLD1 activity stimulates vesicle budding from the trans-golgi (Chen et al., 1997) and co-

localizes with insulin vesicles destined for secretion (Hughes et al., 2004). However, as 

described below, a broad-based morphological characterization of islet cells in PLD2-/- 

mice revealed alterations in Golgi structure. Although PLD2 is best known for being at 

the plasma membrane and affecting cell shape and endocytosis, there have been a few 

reports that proposed roles for PLD2 at the golgi. For example, golgi membrane 

tubulation experiments have suggested a role for PLD2 in vesicle scission and COPI-

mediated retrograde transport (Yang et al., 2008), albeit these experiments utilized an in 

vitro reconstitution system that only model in part the complexity of an intact cell. Other 

experiments have shown that 1-butanol treatment of neuroendocrine cells leads to golgi 

membrane fragmentation and cessation of exocytosis (Siddhanta et al., 2000) but these 

experiments, like all 1-butanol experiments, cannot delineate between the role of PLD1 

and PLD2. Additionally, caution is advised in the interpretation of experiments using 1-

butanol because of its potential off-target effects (Su et al., 2009). The role of PLD2-

generated PA in golgi architecture maintenance has yet to be determined in vivo. To this 

end, I set out to delineate the role of PLD2 in golgi-architecture maintenance. 
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Materials and Methods. 

 

Antibodies, inhibitors and general reagents 

cis-golgi antibody GM-130, cis/mid golgi antibody Giantin and Trans-golgi antibody 

TGN38 were purchased from ABCAM. IP3 receptor antibody was purchased from 

Thermo scientific. PMA was purchased from Sigma. Mouse and Rabbit Alexia 

fluorescently conjugated secondary antibodies and rhodamine-conjugated phalloiden 

were purchased from Invitrogen. FIPI, a pan-PLD1/PLD2 inhibitor was prepared as 

described previously (Su et al., 2009) and isoform-specific PLD inhibitors purchased 

from Cayman Chemicals. 

 

Immunocytochemistry and Immunohistochemistry 

Dispersed β-cells were seeded on poly-L-lysine coated coverslips for 48 hrs. Cells were 

fixed in 4% paraformaldehyde for 10 min and rinsed with room temperature PBS. Cells 

were then permeabilized with 0.1% triton X-100 for 10 min. After rinsing with PBS, cells 

were then probed with primary antibody for 60 min, followed by 60 min incubation with 

fluorescently-labeled secondary antibodies. The same protocol was used for staining 

NIT-1 cells that had been transected with either Luc or PLD2 RNAi. For 

immunohistochemistry, 4 µm sections of WT and PLD2-/- paraffin-embedded pancreas 

were immunostained with the various primary antibodies as indicated followed by 

biotinylated secondary antibodies.  
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Electron Microscopy 

WT and PLD2-/- islets were fixed in 2% paraformaldehyde/2% EM grade glutaraldehyde 

in 0.1 M phosphate buffer, pH 7.4 for 15 min, postfixed in 2% OsO4 in PBS for 1h, 

dehydrated, infiltrated and embedded in plastic resin. Ultrathin sections were cut on an 

Ultracut E ultramicrotome (Reichert-Jung), stained with uranyl acetate and lead citrate 

before examination with a FEI BioTwinG2 Transmission Electron Microscope (TEM).  

 

Inhibition of PITPNM3 

PITPNM3 siRNA and control (Negative) oligos were purchased from Invitrogen. Oligo 

1: 5’-UUUACUUAGCCUCCGUUCUGUGCGC-3’, Oligo 3: 5’-

AGAUCAUGCCCUGUGGGAAGUUGUG-3’.  Knockdown was verified using RT-PCR 

with primers 5’-GTTCAGAGTCCTCGGACAGC-3’ (forward) and 5’-

CCAGACCAGTGCTCTCCTTC-3’ (reverse). Knockdown efficiency was examined by 

RT-PCR.  1 cycle of cDNA synthesis was performed at 50° C for 30 min, followed by 

94° C for 2 min. PCR amplification was performed for 35 cycles as follows; 94 ° C for 15 

sec (denaturation), 55° C for 30 s(annealing) and 72° C for 1 min (extension). A final 

extension step was performed at 72° C for 10 min. 

 

Overexpression of PLD1 and PLD2 

NIT-1 cells seeded on coverslips were transfected with pCGN vectors expressing human 

PLD1 or mouse PLD2 for 48 hrs or the empty vector as control. The PLD1-expressing 

cells were stimulated with PMA for 60 min. Cells were fixed and stained with the 

indicated antibodies. 
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Golgi quantification 

Golgi images were analyzed using image J software. For each cell, the Golgi highlighted 

and the fluorescence intensity threshold was set and “Area fraction” function was used. 

Cells were counted over the course of 3 independent experiments.  

 

Statistical analysis 

Student’s t-test was performed and significance was set at p < 0.05 unless otherwise 

stated in individual figure legends. 
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Results 

 

PLD2-/- islets show expanded cis-golgi morphology 

In an effort to initially characterize the mechanism underlying GSIR in PLD2-/- islets 

(chapter 2), I performed immunohistochemical analysis of WT and PLD2-/- pancreatic 

tissue. Surprisingly, I found an intense and expanded staining of the cis-golgi architecture 

(Fig. 3-1a) using anti-GM130 antibodies. In both the endocrine (islet) and exocrine 

pancreas, the cis-golgi appeared longer and more tortuous. WT and PLD2-/- pancreatic 

islets were dissociated into β-cells and probed with a cis-golgi antibody (Fig. 3-1b). In 

WT β-cells, the cis-golgi structure was compact and peri-nuclear while in PLD2-/- β-cells, 

the cis-golgi appeared distended and, as quantitated, revealed a 2-fold expansion 

compared to WT β-cells (Fig. 3-1c). PLD2-/- islets examined by electron microscopy 

showed dilated structures that extended to the plasma membrane (Fig. 3-1d. plasma 

membrane in red, dilated structures are marked by blue asterisk) consistent with our 

immunohistochemical data. In order to examine the extent of the perturbation, the trans-

golgi was examined using TGN 48 antibodies (not shown). The early endosomal marker 

EEA1 was also used to examine perturbations in endocytosis (not shown) and the 

lysosomal antibody LAMP1 was used the visualize lysosomes (not shown). Finally, 

membrane transferrin localization was examined using the anti-transferrin antibody (not 

shown). No differences were found in any of these trafficking events. 

 

Transient inhibition of PLD2 leads to tubulated cis-golgi  

Tubulated cis-golgi in PLD2-/- islets could be the result of long-term compensation in my 

primary β cells.  To address this possibility, I transfected NIT-1 insulinoma cell lines 
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with PLD2 RNAi. Additionally, the NIT-1 cell line would permit experiments that would 

be difficult in primary cells (for example, transfection of plasmids). Knockdown of PLD2 

led to a 2-fold expansion of the cis-golgi over Luciferase RNAi-transfected control cells 

(Fig. 3-2a,b). Probing the cis-golgi with another antibody that localizes to the cis and 

medial golgi also showed 2-fold tubulated golgi architecture (Fig. 3-2c,d). This 

independently confirms our finding of an expanded cis-golgi and it also suggests an 

expansion of the cis-golgi into the medial-golgi space. Examination of the trans-golgi did 

not show differences between control and PLD2 knockdown cells (Fig. 3-2e,f).  I also did 

not find differences in the ER (Fig. 3-3a) or microtubule (Fig. 3-3b) morphology.  

 

Micro-array analysis shows alterations in PC transport gene 

Among the targets described in chapter 2, we focused on PITPNM3/ NIR1. Specifically, 

levels of membrane-associated Phosphatidyl Inositol Transfer protein (PITPNM3/ NIR1), 

a member of a large family of PI transfer proteins, were downregulated 5-fold (Fig. 2-4). 

Surprisingly, analysis of PITPNM3 showed that it had a c-terminus haloacid 

dehalogenase (HAD)- like domain similar to the Lipin HAD domain. The Lipin HAD 

domain converts PA to DAG, raising the possibility of this or a related enzymatic activity 

for PITPNM3.  

 

Inhibition of PITPNM3 leads to tubulated cis-golgi   

PITPNM3 is a transmembrane protein containing a Lipin-like HAD domain 

(unpublished) without the N-terminal PC sensing domain of other PITP family members 

(Lev et al., 1999). First, I wanted to test if PITPNM3 was downstream of PLD2 
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knockdown as suggested by my microarray analysis. Silencing of PITPNM3 using 2 

different oligos in NIT-1 cells showed a 2.3-fold (Oligo 1) and 2.2-fold (Oligo 3) 

expansion of the cis-golgi  (Fig. 3-4a,b). This suggested that knockout of PLD2 leads to 

downregulation of PITPNM3, which subsequently leads to tubulation of the cis-golgi. 

PLD2 KO islets and PLD2-silenced NIT-1 cells also showed increased GSIR in addition 

to tubulated cis-golgi. In the previous chapter, I found increased GSIR as a consequence 

of PLD2 knockdown and decided to investigate if PITPNM3 had any role in this. To test 

the hypothesis that PITPNM3 also played a role in GSIR, I silenced PITPNM3 in NIT-1 

cells and stimulated the cells in vitro with low and high glucose levels. No differences 

were observed in GSIR between the control and PITPNM3 silenced cells (Fig. 3-4c), 

suggesting that cis-golgi tubulation and GSIR are separable consequences of PLD2 

ablation. 

 

PLD overexpression leads to tubulated cis-golgi 

PLD2 generates PA and proteins with PAP domains metabolize PA to DAG (Reue and 

Brindley, 2008). I became interested in the idea that conversion of PA to DAG not only 

served to terminate PA action, but the product, DAG, was necessary for continuation of 

the vesicle budding process. DAG has already been shown to play an important role in 

vesicle fission from the trans-golgi (Baron and Malhotra, 2002; Diaz Anel, 2007; Guo et 

al., 2007), and Yang et al reported increased DAG levels on the cis-golgi (Yang et al., 

2008). To test the hypothesis that PA alone is not enough to promote fission, I transfected 

NIT-1 cells with constructs overexpressing PLD1 and PLD2. To my surprise, 

overexpression of PLD2 led to a 3.4-fold tubulation of the cis-golgi (Fig. 3-5a,b) without 
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any changes to the trans-golgi (not shown). PLD1 has very low basal activity (1.3-fold 

tubulation) and was stimulated with PMA and that lead to a 3.7-fold cis-golgi tubulation. 

I did not see significant tubulation in control cells transfected with the empty vector or 

cells transfected with PLD1 without PMA stimulation.  

 

Overexpression of PITPNM3 rescues PLD2 knockdown tubulation phenotype. 

Next, I examined if expression of PITPNM3 would decrease tubulation in PLD2-silenced 

cells. To do this, I constructed C-terminal fused PITPNM3-GFP plasmid and a HAD-

domain mutant PITPNM3-mut-GFP. The mutation was performed in the HAD consensus 

sequence among all 3 PITPNM3 family members. This mutant contains an alanine in 

place of an aspartic acid (SIDGS was mutated to SIAGS). In the yeast homolog of lipin, 

PAH1p, mutations in the aspartic acid residue in the HAD domain abolished phosphatase 

activity by 99% (Han et al., 2007). Hence, we rationalized that mutation of the aspartic 

acid residue in the HAD domain of PITPNM3 would also abolish any catalytic activity it 

might have. Both constructs were expressed in NIT-1 cells, and they both displayed 

cytoplasmic localization (Fig. 3-6a). Neither construct had any appreciable effect on 

golgi morphology (Fig. 3-6a,b). I then co-expressed PLD2 RNAi and PITPNM3/mut for 

48 hours in NIT-1 cells and reexamined the cis-golgi. I found cis-golgi tubulation in 

PLD2 silenced cells expressing PITPNM3 mutant but normal cis-golgi in PLD2-silenced 

cells expressing WT PITPNM3. This result suggests that PITPNM3 has enzymatic 

activity because expression of the protein rescues the PLD2 knockdown phenotype while 

the mutant PITPNM3 does not. The nature of this enzymatic activity is currently 

unknown. The implication that both generation of PA and the subsequent conversion of 
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PA to DAG (by PITPNM3) are required for proper golgi architecture maintenance is 

attractive but this speculation remains to be proven.
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Discussion 

Cis-golgi tubulation in PLD2-/- cells was an unexpected finding. Germline 

deletion and RNAi-mediated silencing of PLD2 led to a 2-fold expansion of the golgi 

membrane. Earlier studies had indicated PLD2 localization to the golgi apparatus 

(Freyberg et al., 2002) and PLD2-generated PA has been shown to be required for COPI-

mediated budding and vesicle scission (Yang et al., 2008). Complete abolishment of PLD 

activity leads to golgi-membrane fragmentation and cessation of exocytosis (Chen et al., 

1997; Freyberg et al., 2003; Siddhanta et al., 2000).  Microarray analysis of PLD2-/- islets 

led to the identification of PITPNM3, a member of a family of PI transfer proteins 

(Bankaitis et al., 2005). PITP proteins are known as Sec14p in yeast and have been found 

to be essential for golgi secretory activity and cell viability (Bankaitis et al., 1989; 

Novick et al., 1980). Sec14p bypass mutants were found to be proteins that caused 

decreased PC biosynthesis or increased PC metabolism to other lipids. Specifically, PLD 

activity was also critical for Sec14p bypass (Li et al., 2000; Sreenivas et al., 1998; Xie et 

al., 1998). Presumably, PLD activity is required to consume some of the PC by 

converting it to PA. When I downregulated PITPNM3 in NIT-1 cells, I saw a 2-fold 

expansion of the cis-golgi, consistent with what I saw in PLD2 knockout and knockdown 

cells. This would suggest that the activity of PLD2 on the cis-golgi involves more than 

just the generation of PA. The role of other lipid metabolizing enzymes in golgi 

architecture maintenance has been described (Bankaitis, 2009; Schmidt and Brown, 

2009). Yang et al (2009) described increased production of DAG on the golgi membrane 

but this was described as a metabolic consequence of PA generation, i.e. PA generated on 

the golgi membrane is metabolized to DAG. When I increased the production of PA in 
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the cell by overexpressing PLD2 or stimulating PLD1 activity with PMA, I saw golgi 

tubulation. This phenotype is the same I observed with PLD2 knockdown, suggesting that 

PLD activity is only one aspect of cis-golgi membrane trafficking. Overexpression of 

PLD2 provides the prerequisite PA needed for the recruitment of membrane fission 

machinery. Based on this data, I speculate that failure to generate DAG at an equivalent 

level inhibits adequate fission (despite the production of PA).  
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Figure 3-1. PLD2-/- islets and β-cells show tubulated cis-golgi architecture. (a). Fixed 
WT and PLD2-/- pancreatic tissue was probed with anti-GM130 cis-golgi antibody. 
Endocrine islet and exocrine acinar cells are indicated. Inset shown represents enlarged 
cell (N: nucleus). Arrow points to cis-golgi (b) Primary β-cells from WT and PLD2-/- 
islets were stained with anti-GM130 and anti-insulin antibodies and imaged with a 
confocal microscope. (c). Golgi area from (b) quantified using area fraction analysis in 
Image J (see materials and methods). (n = 6 for 3 independent experiments. *, p < 0.05.) 
(d). Electron micrographs of WT and PLD2-/- islets. Each horizontal image is a 
magnification of the preceding panel. The red line corresponds to plasma membrane 
while the blue asterisks indicate golgi. (N: nucleus. I: insulin granule). 
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Figure 3-1 
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Figure 3-2. RNAi–silencing of PLD2 in NIT-1 cells leads to golgi tubulation. (a). 
Cultured NIT-1 cells were transfected with PLD2 RNAi and stained with anti-GM130 
and anti-insulin antibodies 48 hours later. White arrow points to tubulated golgi. (b). 
Quantification of cis-golgi area from Fig. 3b (see materials and methods for 
quantification method) (*, p < 0.0001). (c). NIT-1 cells transfected with PLD2 RNAi for 
48 hours was stained with anti-GM130 (cis-golgi) and anti- Giantin (cis/mid-golgi) 
antibodies. (d). Quantification of golgi area from Fig 3-2b (n = 27. *, p < 0.003). (e). 
Anti- TGN38 (trans-golgi) and phalloiden stains of NIT-1 cells transfected with PLD2 
RNAi for 48 hours. (f). Quantification of trans-golgi. n = 10.  
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Figure 3-2 
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Figure 3-2 

c. 

d.

. 

e. 

f. 
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Figure 3-3. PLD2 knockdown does not perturb ER or microtubular morphology. 
(a). PLD2-silenced NIT-1 cells were fixed (48-hours post transfection) and stained with 
the anti-KDEL ER marker and with phalloidin. (b). NIT-1 cells transfected with PLD2 or 
control luc RNAi for 48 hours were fixed and probed with an anti-tubulin antibodies and 
phalloidin. 
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Figure 3-3 
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Figure 3-4. PITPNM3 silencing leads to cis-golgi tubulation. (a) NIT-1 cells were 
treated with 50 nM of control or two different siRNA (O1 and O3) directed against 
PITPNM3. After 48 hrs, cells were fixed and stained with anti-GM130 and anti-insulin 
antibodies. White arrow points to tubulated golgi. (b). Quantification of golgi tubulation 
on PITPMN3-silenced cells (see methods for quantification methods) (n = 15. *, p < 
0.03). Results are representative of 3 experiments. (c). Control and PITPMN3-silenced 
cells were stimulated with 2.5 mM and 20 mM glucose 48 hrs post-transfection and 
secreted insulin measured. n = 5. 100 ng of total RNA isolated from NIT-1 cells 
transfected with PITPNM3-silencing oligo1 and oligo3 was subjected to RT-PCR (see 
methods). 
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Figure 3-4 
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Figure 3-4 
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Figure 3-5. PLD overexpression leads to tubulated cis-golgi. 
(a). NIT-1 cells were transfected with PLD1 or PLD2 expression plasmids (or an empty 
vector control) for 48 hrs and stimulated with 100 ng/ml PMA for 1 hr. Cells were 
subsequently fixed and stained for cis-golgi and actin. White arrow points to tubulated 
golgi (b). Quantification of cis-golgi from (a). n = 29 .*, p < 0.05.  
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Figure 3-5 

 
a.	
  

b.	
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Figure 3-6. Overexpression of PITPNM3 rescues the PLD2 knockdown tubulation 
phenotype. 
(a). NIT-1 insulinoma cells were transfected with PITPNM3-GFP, PITPNM3-mut-GFP, 
or PLD2 RNAi and PITPNM3-GFP/ mut at a 1:1 ratio and incubated for 48 hours. After 
the indicated time, the cells were fixed and stained for cis-golgi and actin. White asterisk 
indicates compact golgi in PITPNM3-GFP cells, white arrow points to tubulated golgi in 
PITPNM3-mut cell. (b). Quantification of cis-golgi for (a). n = 14. *, p < 0.05.  
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Figure 3-6 
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Chapter 4 

PLD1 and PLD2 play opposing roles in GSIR and Golgi architecture maintenance 

 

Much of the work delineating the roles of PLD1 and PLD2 have relied on 1-

butanol, a pan PLD inhibitor with potential off-target effects (Su et al., 2009). This has 

led to difficulty assigning individual roles to each isoform. In immune cells where PLD 

has been extensively studied, PA has been shown to be a chemoattractant (Frondorf et al., 

2010) but the PLD isoform responsible for this PA generation was more difficult to pin 

down. Similarly, a role for PLD1 in phagocyte adhesion (Iyer et al., 2006) has also been 

identified but the function of PLD2  in this system was largely unaddressed. 

Overexpression studies identified a role for PLD2 in LPS-induced nitric oxide synthesis 

in macrophage cell lines (Park et al.). Cooperative roles for both PLD1 and PLD2 (Choi 

et al., 2002; Lehman et al., 2006) have been described in phagocyte migration and mast 

cell degranulation, respectively. In β-cells, PLD1 was shown to be critical for 

secretagogue-mediated insulin release (Hughes et al., 2004) but PLD2 was reportedly not 

expressed in the MIN6 cell line used for this study. Another study suggested a role for 

PLD2 in EGF (a secretagogue)-mediated insulin release in primary islets (Lee et al., 

2008b). While independent and cooperative roles for PLD1 and PLD2 have been 

reported, antagonistic roles for both isoforms have yet to be documented. Earlier work 

from our lab replicated 1-butanol inhibition of GSIR in β-cells (Su et al., 2009) 

previously published by other groups (Hughes et al., 2004; Lee et al., 2008b). 

Surprisingly, treatment with FIPI (also a pan-PLD inhibitor) did not lead to significant 

changes in GSIR. This suggested to us that the PLD isoforms playing opposing roles in 
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β-cells, such that simultaneous inhibition of both isoforms leads to a lack of change in 

GSIR.  
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Materials and Methods 

 

Antibodies, inhibitors and general reagents 

cis-golgi antibody GM-130, and Trans-golgi antibody TGN38 were purchased from 

ABCAM. Mouse and rabbit alexia fluorescently conjugated secondary antibodies and 

rhodamine-conjugated Alexa phalloidin were purchased from Invitrogen. FIPI, a pan 

PLD inhibitor was developed by a collaborator and isoform-specific PLD inhibitors were 

purchased from Cayman Chemicals. 

 

Intraperitoneal glucose tolerance test 

8-12 week old male WT and PLD2-/- mice were weighed and injected with 1 mg/kg FIPI. 

The following morning, fasting serum glucose was measured from tail bleeds using a 

glucometer (One Touch) and then injected again with 1 mg/kg FIPI. 60 min later, the 

animals were injected i.p with 1 g/kg of 25% D-glucose. Tail blood was then collected at 

various time points for glucose measurement. WT and PLD2-/- mice were also injected 

with an equal volume of vehicle. Experiment was repeated 3 times for each condition. 

 

Insulin secretion via static incubation 

NIT-1 cells seeded overnight in 12- well plates were transfected with either luc RNAi or 

PLD2 RNAi for 48 hrs. Subsequently, all wells were incubated in 250 µL of KRBH 

buffer (KCl: 4.74 mmol/L, NaCl: 125 mmol/L, NaHCO3: 5 mmol/L, MgSO4: 1.2 

mmol/L, CaCl2: 1 mmol/L, HEPES: 25 mmol/L, KH2PO4: 1.2 mmol/L, BSA: 0.10%) 

containing 2.5 mM D-glucose and ± 750 nM FIPI for 60 min at 37°C. Subsequently, the 

buffer was removed and fresh KRBH media containing 2.5 mM D-glucose and ± 750 nM 
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FIPI was added and placed at 37°C for 60 min. The buffer was collected, briefly 

centrifuged and the supernatant was collected as basal insulin secretion. For “stimulated” 

insulin secretion, the buffer was replaced with KRBH containing ± 750 nM FIPI and 20 

mM glucose and incubated for 60 min at 37°C. The collected buffer was centrifuged and 

the supernatant preserved. All insulin-containing samples were placed on ice immediately 

after collection or stored at 20°C. To determine total insulin content, the islets were 

dissolved in 70% ethanol and 0.18 M HCl overnight, sonicated and centrifuged before 

samples were taken for ELISA measurements. ELISA measurements to determine basal, 

stimulated and total insulin concentrations were done with an ultrasensitive mouse insulin 

ELISA (Mercodia: 10115010) and BioRad plate reader. Each experimental condition was 

repeated 3 times. 

 

Golgi quantification 

Golgi images were analyzed using image J software. For each cell, the Golgi was 

highlighted and the fluorescence threshold was set and “Area fraction” analysis was used. 

Cells were counted over the course of 3 independent experiments. 

 

Immunocytochemistry  

NIT-1 cells were seeded on coverslips overnight. Cells were fixed in 4% 

paraformaldehyde for 10 min and rinsed with room temperature PBS. Cells were then 

permeabilized with 0.1% triton X-100 for 10 min. After rinsing with PBS, cells were then 

probed with primary antibody for 60 min, followed by 60 min incubation with 

fluorescently labeled secondary antibodies.  
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Results 

PLD1 inhibition relieves the PLD2 GSIR phenotype 

In a previously published report (Su et al., 2009), I explored the effect of PLD 

inhibition using a pan-PLD inhibitor on GSIR. To my surprise, I found no difference in 

insulin secretion for cells treated with FIPI, a pan-PLD inhibitor. Inhibition of PLD 

activity with 1-butanol, the current gold standard, showed robust depression of GSIR in 

agreement with published literature (Hughes et al., 2004; Lee et al., 2008b). I concluded 

that inhibition with butanol produced off-target effects. I further hypothesized that PLD1 

and PLD2 performed opposing functions in β-cells. I investigated if FIPI treatment would 

affect GSIR in PLD2 knockdown cells (Fig. 4-1a). PLD2 knockdown cells secreted 

greater amounts of insulin upon low and high glucose stimulation relative to wild-type 

cells, as shown in Chapter 2. PLD2 knockdown cells that had been treated with 750 nM 

FIPI showed decreased insulin secretion compared to PLD2 knockdown cells in both low 

(16% decrease) and high glucose (19% decrease) concentrations. This decrease did not 

quite reach levels secreted by control cells (basal: 0.7% luc RNAi vs 1.0% PLD2 RNAi + 

FIPI: stimulated: 4.2% luc RNAi vs 5.8% PLD2 RNAi + FIPI). Luc RNAi-transfected 

control cells treated with FIPI did not exhibit significant differences in insulin secretion 

compared to control cells without FIPI treatment. To test if I would see the same 

attenuation of insulin secretion in vivo, I injected PLD2-/- and WT mice with FIPI 

overnight and 1 hour before GTT (Fig. 4-1b) with 1 mg/kg. PLD2-/- mice treated with 

FIPI showed a partial reversal of the enhanced GTT observed in PLD2-/- mice. FIPI 

treatment did not significantly impact GTT in WT animals. Higher doses of FIPI up to 3 

mg/kg did not mediate a stronger effect in PLD2-/- mice.    
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PLD1 inhibition relieves PLD2 cis-golgi tubulation phenotype 

NIT-1 cells were transfected with luc or PLD2 RNAi and subsequently treated with FIPI 

overnight. After the treatment period, I examined the cis-golgi (Fig. 4-2a). In PLD2 

knockdown cells, the cis-golgi was tubulated as expected. However, I found a 31% 

reduction in tubulation in PLD2 knockdown cells that were treated with FIPI (Fig. 4-2b). 

Use of an isoform-specific PLD2 inhibitor (PLD2i) (Scott et al., 2009) also led to golgi 

tubulation (Fig. 4-3a). Of note, no tubulation was observed when the PLD1 specific 

isoform (PLD1i) alone or a mixture of both PLD1 and PLD2 specific isoforms were used 

(supporting FIPI findings). Golgi tubulation in PLD2 knockdown cells was rescued with 

treatment with the PLD1i (Fig. 4-3b). Our microarray screen of PLD2-/- islets (Fig. 2-4) 

identified downregulated levels of PITPNM3, and subsequent experiments emphasized 

the role of PITPNM3 downstream of PA generation by PLD2 (chapter 3). I hypothesized 

that PITPNM3 was downstream of PLD2 and restoration of normal golgi architecture by 

PLD1 inhibition was in the context of PITPNM3 reduction. NIT-1 cells were transfected 

with PITPNM3 siRNA for 48 hours and then treated with FIPI for 1 hour. The cells were 

then fixed and stained for cis-golgi (Fig. 4-4). PITPNM3 silencing led to cis-golgi 

tubulation that was subsequently reversed with short term FIPI treatment.  



	
   67	
  

Discussion 

In contrast to PLD1, PLD2 has constitutive activity (Sung et al., 1999a), and it has 

been shown that PLD1 and PLD2 target to different organelles and could have distinct 

functions (Brown et al., 1998; Chen et al., 1997; Choi et al., 2002; Cockcroft, 2001; 

Freyberg et al., 2002; Laine et al., 2000; Pathre et al., 2003; Yang et al., 2008) despite the 

production of an identical signaling mediator (PA). Earlier data from our lab suggested 

the possibility that PLD1 and PLD2 played either no role in GSIR or functioned 

antagonistically (Su et al., 2009). Indeed, I found that subsequent inhibition of PLD1 in 

the background of PLD2 knockdown led to attenuation of the PLD2 phenotype. I found 

reductions in the severity of cis-golgi tubulation and reduction in both in vitro GSIR and 

in vivo GTT.  This is a new paradigm in our understanding of PLD function. Constitutive 

activity by PLD2 could serve a gatekeeper function while stimulus-activated PLD1 could 

be needed to overcome PLD2 inhibition. The different subcellular localization for each 

isoform may also contribute to how they oppose each other’s function. For instance, 

PLD1 localization to the ER facilitates anterograde traffic (Roth et al., 1999) while PLD2 

localizes in part to the Golgi (Freyberg et al., 2002; Freyberg et al., 2003; Freyberg et al., 

2001; Yang et al., 2008) and facilitates retrograde traffic from the cis-golgi back to the 

ER. In our model (Fig 4-5), inhibition of PLD2 activity would lead to delayed vesicle 

budding from the cis-golgi to the ER without any effect on anterograde transport from the 

ER to the cis-golgi. This would then lead to tubulated or distended cis-golgi architecture. 

In this context, inhibition of PLD1 activity (with FIPI or PLD1i or combined PLD1i and 

PLD2i) would lead to delayed trafficking in both directions resulting in a relatively 

normal appearing cis-golgi. 
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Figure 4-1. FIPI treatment attenuates GSIR and GTT in PLD2-silenced NIT-1 cells 
and PLD2-/- animals respectively. (a). NIT-1 cells transfected with PLD2 RNAi for 48 
hours were treated with 75 nM FIPI overnight and stimulated with low (2.5 mM) and 
high glucose (20 mM) concentrations (n = 4 for all genotypes. *, p < 0.03. Experiment 
repeated twice). (b) WT and PLD2-/- animals were fasted and injected i.p with 1 mg/kg 
FIPI for 16 hours. Animals were again injected 1 hour before performing a GTT (n = 4. 
*, PLD2-/- + FIPI compared to WT. **, PLD2-/- compared to WT. p< 0.04. **, PLD2-/- 
compared to PLD2-/- + FIPI is only significant at t = 0. Experiment was repeated twice). 
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Figure 4-1 

 

a
. 

b
. 
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Figure 4-2. FIPI treatment of PLD2-silenced cells recues tubulated golgi 
morphology. (a). NIT-1 cells were transfected with either luciferase or PLD2 RNAi for 
48 hours. A subset was then treated with 750 nM FIPI overnight and all samples stained 
with anti-GM130 and anti-insulin antibodies. (b). Quantification of golgi tubulation (n = 
14. *, p < 0.003). White arrows point to tubulated golgi.  
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Figure 4-2 
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Figure 4-2 
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Figure 4-3. Isoform specific PLD inhibitors support a role for PLD2 in golgi 
maintenance. (a). NIT-1 cells were treated with PLD1-specific (PLD1i, 10 µM), PLD2-
specific (PLD2i, 10 µM) or a mixture of both PLD1i and PLD2i overnight (5 µM each). 
Cells were fixed and stained for cis-golgi. Quantification of golgi tubulation is shown 
below the image. (n = 16. *, p < 0.003) (b). Luciferase and PLD2-silenced cells were 
treated with PLD1i overnight and stained with cis-golgi antibody. (n = 15. *, p < 0.003). 
White arrows point to tubulated golgi.   
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Figure 4-3 
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Figure 4-3 

 

 



	
   76	
  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-4. FIPI treatment reverts PITPNM3-mediated cis-golgi tubulation. 

(a). NIT-1 cells were transfected with 50 nM control and PITPNM3 siRNA for 48 hours. 
They were then treated with 750 nM FIPI for 1 hour, fixed and stained with a cis-golgi 
marker (GM130). (n = 15. *, p < 0.05). White arrows point to tubulated golgi.  
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Figure 4-4 
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Figure 4-5.	
  Proposed model describing the roles of PLD1 and PLD2 in vesicular 
trafficking. (a) Figure summarizing the roles of PLD1 and PLD2 in anterograde and 
retrograde vesicular trafficking from the ER to the golgi to the plasma membrane (PM). 
(b). In the absence of PLD2 activity, there is attenuated retrograde transport from the cis-
golgi to the ER. Anterograde (PLD1-mediated) is unaffected. Eventually, the trafficking 
imbalance will lead to tubulated cis-golgi. (c). Addition of FIPI, leads to an attenuation of 
PLD1 and PLD2, slowing both anterograde and retrograde trafficking, leading to an 
attenuation of the tubulated cis-golgi phenotype. 
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Figure 4-5 
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Chapter 5 

 

Role of PLD2 in vacuolar nephropathy 

 

Renal tubule epithelial cells are an excellent model for the study of vesicular 

trafficking. Because of their central role in acid/base homeostasis, and body fluid 

regulation, renal epithelial cells must maintain an apical-basal polarity and traffic various 

channels and pumps in response to stimuli. For example, the aquaporin 2 (AQP2) channel 

is a critical water channel used to maintain urine osmolarity. Upon vasopressin 

stimulation, AQP2 channels are phosphorylated and trafficked from the cytosol to the 

plasma membrane (Brown, 2003; Sasaki and Noda, 2007; Valenti et al., 2005). Failure of 

this relatively straightforward trafficking event leads to diabetes insipidus (Bichet, 2008; 

Loonen et al., 2008). Recycling of endocytosed vesicles and receptors is also a critical 

function of renal epithelial cells. The target of vasopressin, the vasopressin type 2 

receptor is a G-protein coupled receptor (GPCR) that recycles slowly (Madziva and 

Birnbaumer, 2006) and much of the internalized receptor is degraded by lysosomes 

(Robben et al., 2006; Yi et al., 2007). Since some GPCR have been shown to signal from 

intracellular compartments such as the golgi and the ER (Boivin et al., 2008), V2R 

signaling from recycling endosomes is currently an area of intense investigation 

(Hanyaloglu and von Zastrow, 2008; Shenoy and Lefkowitz, 2005; Tzafriri and Edelman, 

2007). Besides GPCRs, the extensive endosomal networks in renal epithelial cells are 

required for the degradation of several other membrane proteins via the 

endosomal/lysosomal pathway (Christensen and Birn, 2002; Marshansky et al., 2002). 

Reduced endosomal acidification in renal epithelial cells has been shown to lead to 
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albumin and other small proteins wasting into the urine (Marshansky et al., 2002) further 

underscoring the importance of endosomal/lysosomal trafficking. 

PLD is expressed in a variety of tissues including kidneys (Kim et al., 2007). The 

function of either isoform in kidney organogenesis and function is currently unknown. 

ARF-stimulated PLD activity has been shown to be important for lysosomal and 

endosomal recycling (Jovanovic et al., 2006; Toda et al., 1999).  Because of the 

importance of cargo sorting (Ellis et al., 2006), vesicular trafficking (Nokes et al., 2008) 

and lysosomal degradation and processing of endocytosed vesicles (van Balkom et al., 

2009) in renal epithelial cells, I hypothesized that PLD2 might play a role in vesicular 

trafficking in kidney epithelial cells. 
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Materials and Methods 

 

Antibodies and general reagents 

AQP2 and Na+/K+ ATPase antibodies were purchased from Abcam. GM130 antibodies 

were purchased from BD Transduction Laboratories. Oil Red O was purchased from 

Sigma Aldrich. Serum LDL and HDL kits were purchased from Biovision. Glucose 

oxidase test for urine glucose measurement was purchased from Pointe Scientific. The 

QuantiChrome creatinine assay kit was purchased from BioAssay Systems. The albumin 

ELISA kit was purchased from Exocell. Anti-LAMP1, LC-3 and EEA1 antibodies were 

purchased from BD Transduction Laboratories. 

 

Immunocytochemistry and Immunohistochemistry 

MDCK3 cells (ATCC) were fixed in 4% paraformaldehyde or 10% formalin for 10 min 

and rinsed with room temperature PBS. Cells were then permeabilized with 0.1% triton 

X-100 for 10 min. After rinsing with PBS, cells were then probed with indicated primary 

antibody for 60 min, followed by a 60 min incubation with fluorescently labeled 

secondary antibodies. Knockdown was achieved in cells using either luciferase RNAi, 

PLD2 RNAi or luciferase/ PLD2 RNAi also expressing dsRed. For 

immunohistochemistry, freshly dissected kidneys were weighed and immediately fixed in 

either 4% paraformaldehyde or 10% formalin. 2 µm sections of WT and PLD2-/- paraffin 

embedded kidneys were probed with the various antibodies as indicated, followed by 

biotinylated secondary antibodies. 
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Oil Red O staining 

MDCK cells were transfected with luciferase or PLD2 RNAi for 48 hrs and fixed with 

10% formalin for 10 min. Cells were then washed with distilled H2O twice and 60% 

isopropanol added to the cells for 5 min. The isopropanol was removed completely and 

Oil Red O was added for 10 min, followed by washing four times with distilled H2O and 

imaging using light microscopy. 

 

 Serum collection for cholesterol and albumin measurements 

Animals were anesthetized with isoflurane for 5-10 min. A fine capillary tube was then 

inserted behind the eye to draw blood. Collected blood was incubated at 37oC for 60 min 

to allow for clotting and then briefly centrifuged to separate serum. LDL and HDL levels 

were measured using the appropriate kit (Biovision) according to the manufacturers 

instructions.  

 

Urinalysis 

Age-matched male mice were placed in a urine collection chamber overnight with 

unrestricted access to food and water. The following morning, pooled urine from each 

animal was examined under the microscope (for hematuria) and then centrifuged. The 

supernatant was then transferred to a fresh tube and used for measurements as described 

according to manufacturers instructions. 
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Results 

PLD2-/- mice have vacuolated kidney tubules 

Kidneys from WT and PLD2-/- mice were collected and fixed. PLD2-/- mice had 

slightly higher raw kidney weight (WT: 0.2487 g ± 0.056, PLD2-/-: 0.2948 g ± 0.027) 

(fig. 5-1a), but because the animals weighed 26% more (WT: 29.2 g ± 2.2, PLD2-/-: 39.66 

g ± 2.5) (fig. 5-1b), kidney weight as a fraction of body weight was not significantly 

different compared to WT animals (fig. 5-1c). H&E sections of the kidney showed large 

vacuoles in the PLD2-/- kidneys (fig. 5-2a). Some apoptotic cells could be identified by 

their pyknotic nuclei and some regions showed cells that had sloughed into the tubule 

lumen. There were no differences in glomerular size, frequency or distribution by light 

microscope analysis. Vacuolar pathology was observed throughout the PLD2-/- kidneys, 

but to determine the cell type most affected, I performed a PAS stain. PAS staining 

highlights brush-border cells, which are mostly prevalent in the proximal tubules of the 

kidney. I found extensive vacuolization in brush border-containing regions in PLD2-/- 

kidneys, suggesting extensive proximal tubule damage (fig. 5-2b).  

 

PLD2-/- pathology does not involve golgi, Na+/K+ ATPase or AQP2 distribution 

Because of other ongoing studies in our laboratory, I had reason to suspect dysregulation 

of the golgi apparatus in PLD2-/- mice. Dysregulation of the cis-golgi would provide a 

ready explanation for disrupted vesicle trafficking, which could in-turn lead to 

vacuolization and eventually apoptosis. Fixed histological samples from PLD2-/- and WT 

kidneys were probed with a cis-golgi antibody. The cis-golgi was punctate and 

cytoplasmic in both control and PLD2-/- cells. I found no differences in cis-golgi staining 
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localization or intensity between both genotypes (fig. 5-3a). Next I examined the 

localization and distribution of the Na+/K+ ATPase channel responsible for proper water 

balance. Our hypothesis was that mislocalized or mistrafficked Na+/K+ ATPase channels 

could lead to the formation of fluid-filled cysts. Immunohistochemical staining did not 

show any differences in Na+/K+ ATPase staining (fig. 5-3b). In both cases, Na+/K+ 

ATPase localized to the plasma membrane. I then directly checked AQP2 channel 

localization, which has been shown to be mistrafficked in many human vacuolar 

nephropathies (Moon et al., 2009). AQP2 was diffusely distributed with some 

localization to the plasma membrane in both control and PLD2-silenced cells.  I did not 

find any differences in AQP2 channel distribution and localization (fig. 5-3c). 

 

PLD2-/- mice do not exhibit declined renal function 

In order to probe the correlation between renal function and vacuolar nephropathy in 

PLD2-/- mice, I subjected the animals to overnight urine collection. Urine volume was 

similar between both genotypes and no blood or cloudiness was found in PLD2-/- urine 

(not shown). To directly test filtration function, I measured urine creatinine and found no 

difference in PLD2-/- mice (fig. 5-4a). Albumin is an abundant serum protein that is 

typically spilled into the urine when there is kidney damage (Tojo et al., 2001). There 

were no differences in serum albumin (fig. 5-4b) in PLD2-/- mice but there was a slight 

but non-significant reduction in urine albumin (fig. 5-4c). Finally, I measured urine 

glucose, which also leaks into the urine when the kidney is not able to properly reabsorb 

it from urine. I found lower urine glucose in PLD2-/- mice compared to WT mice (fig. 5-
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4d). This was not surprising considering the hyperinsulinimic (hypoglycemic) phenotype 

of PLD2-/- mice (see chapter 2).  

 

PLD2-/- mice have lower serum LDL 

LDL cholesterol is one of the lipids that is metabolized and recycled in the proximal 

tubules of the kidney (Birn et al., 2000; Chatterjee et al., 1986; Saito et al., 2010). 

Measurement of serum HDL and LDL in WT and PLD2-/- mice showed a 58% decrease 

in LDL levels in the PLD2-/- serum samples (Fig 5-5a), however, this reduction was not 

statistically significant. No differences in HDL levels were observed (fig. 5-5b). 

 

PLD2 knockdown in vitro shows accumulation of lipid and dysregulated vesicular 

trafficking 

Due to the differences in serum LDL in PLD2-/- mice, I became interested in cholesterol 

homeostasis in renal epithelial cells. In control MDCK (kidney) epithelial cell lines, the 

cytoplasm contained relatively few vesicles. Knockdown of PLD using RNAi showed 

accumulation of tiny vesicles in MDCK cells compared to luc RNAi controls (Fig. 5-6a). 

To determine if these vesicles contained any lipids, they were subjected to Oil Red O 

staining. Oil Red O selectively binds to lipids and displays a deep red stain. There was no 

retention of Oil-red-o in control cells while PLD2-silenced cells displayed weak retention 

of the stain (Fig. 5-6b). This suggested to us that the content in these vesicles was not oil 

(because of the weak staining).  

Lysosomes are critical organelles for cholesterol metabolism and homeostasis in 

cells (Saftig and Klumperman, 2009). Lysosomal staining of PLD2 RNAi cells showed 
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very large lysosomal vesicles (fig. 5-7a) that were not present in control cells.  Early 

endosomes, which later on mature to become lysosomes (Saftig and Klumperman, 2009) 

were much smaller in PLD2 knockdown cells compared to control cells (fig. 5-7b) further 

supporting the hypothesis of a  vesicular trafficking defect in PLD2 mutants. To 

determine whether caveolae and autophagosomes are also affected, I examined caveolin-

1 (fig. 5-7c) and LC3 (fig. 5-7d) distribution between control and PLD2 RNAi cells but 

found no differences. Analysis of the cis-golgi in these cells showed micro-fragmentation 

(fig. 5-7e), and this was verified in mouse embryonic fibroblasts (MEF) isolated from 

PLD2-/- mice (fig. 5-7f).        
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Discussion    

Vesicle trafficking is a critical component of cellular homeostasis. Endocytosis of 

receptors and vesicles leads to materials being targeted to the trans golgi, multivesicular 

bodies, or lysosomes for degradation. The consequences of a defect in any of these 

pathways vary in different cell types. Failure to properly traffic vesicles to lysosomes in 

macrophages leads to an increase infection susceptibility while failure to recycle GLUT4 

receptors to the cell surface leads to insulin resistance (Lauritzen, 2009; Pieters, 2008). 

  PLD2 localizes to the plasma membrane and translocates to sub-membranous 

vesicles and membrane ruffles upon stimulation (Choi et al., 2002; Du et al., 2004; 

Honda et al., 1999). The importance of PLD activity to endosomal recycling has already 

been described (Jovanovic et al., 2006) but its role in intracellular lipid homeostasis, 

particularly in renal epithelial cells, has not been explored. Here I find that PLD2 

knockdown leads to abnormal lysosomes. It is not yet clear if the lysosomes are 

functional or not. Lysosomal hydrolases and organelle pH studies would be required to 

further characterize PLD2-/- lysosomes. Endosomal changes in PLD2-/- cells further 

suggest that the downstream block in lysosomal activity/maturation is affecting proper 

endosomal trafficking. Our finding of fragmented cis-golgi in epithelial and fibroblast 

cells was surprising at first. I had found tubulated cis-golgi in insulin secreting cells 

(chapter 3). The finding of fragmented cis-golgi is actually corroborated by 1-butanol 

studies showing similar effects on golgi morphology (Freyberg et al., 2003). However, 

since insulin-secreting cells are functionally different from resting epithelial cells and 

fibroblasts, PLD2 dysfunction might result in different phenotypes. What I have yet to 

explore is the phenotypic importance of fragmented cis-golgi in renal epithelial cells. 
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Specifically I would be interested in following the trafficking of proteins synthesized in 

the golgi that need to be targeted to various organelles in order for them to function 

properly. For example, mannose-6-phosphate receptors are trafficked from the golgi to 

lysosomes and are critical for lysosomal function (Nadimpalli and Amancha, 2009). A 

key question that needs to be addressed is the functional capacity of lysosomes in PLD2 

knockdown cells.  

 Despite the gross cytopathological findings in PLD2-/- kidneys, it is not entirely 

surprising that there is little or no renal function decline. Kidneys often need to suffer a 

large amount of persistent damage for frank renal failure to occur and since the PLD2-/- 

mice have probably gradually developed this phenotype over time, there would have been 

plenty of opportunity for their kidneys to adapt. It would still be interesting to see what 

would result if these animals were placed in a salt-loading or high fat diet. Acute stressors 

such as the ones mentioned might overcome any chronic adaptation in the PLD2-/- mice 

and help elucidate the physiological consequences of the PLD2 knock out. 
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Figure 5-1. PLD2-/- mice kidney weight. 
(a). Age-matched male WT and PLD2-/- mice were sacrificed and their kidneys were 
immediately surgically removed and weighed. n = 4 (b). Body weight of WT and PLD2-/- 
mice used for the kidney studies. n = 6, * p < 0.05. (c). Kidney weight of WT and PLD2-/- 
mice represented as raw kidney weight divided by body weight. n = 4. 
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Figure 5-1 
a. 

b. 

c. 
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Figure 5-2. Vacuolated proximal tubules Kidney in PLD2-/- mice kidneys. 
(a). Kidneys from WT and PLD2-/- mice were fixed, embedded in paraffin and 2 µm 
sections were stained with hematoxylin and eosin. (b). PAS stain of WT and PLD2-/- 

kidneys. Brush borders in proximal tubules retain deep pink stain. Black arrows point to 
vacuoles.  
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Figure 5-2 
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Figure 5-3. Expression and localization of cis-golgi, Na+/K+ ATPase and AQP2 in 
PLD2-/- kidneys. 
(a). Immunohistochemical stain of the cis-golgi using GM130, a cis-golgi antibody in 
WT and PLD2-/- kidneys. (b). Na+/K+ ATPase immunohistochemical stain of WT and 
PLD2-/- kidneys. (c). WT and PLD2-/- kidneys probed with AQP2 antibodies. 
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Figure 5-3
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Figure 5-4. PLD2-/- mouse urinalysis. 
(a). Urine creatinine levels were measured from overnight urine collections from WT and 
PLD2-/- mice. n = 4 (b). Albumin was measured from serum collected from retro-orbital 
bleeds from WT and PLD2-/- mice. n = 4 (c). Overnight urine albumin concentrations in 
WT and PLD2-/- mice urine. n = 6 (d). Glucose levels were measured in WT and PLD2-/- 
urine. n = 4 * p < 0.05.  All results are representative of 3 independent experiments. 
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Figure 5-4  

a.	
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Figure 5-5. PLD2-/- mice have lower serum LDL cholesterol. 
(a). Serum LDL was measured from blood collected from WT and PLD2-/- mouse retro-
orbital bleeds. n = 7 (b). Serum HDL measurements from WT and PLD2-/- mice. n = 7. 
All results are representative of 3 independent experiments.   
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Figure 5-5 

a.	
  

b.	
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Figure 5-6. Lipid droplets in PLD2 RNAi MDCK cells. 
(a). Bright-field images of MDCK cells transfected with either luciferase or PLD2 RNAi 
for 48 hours. Black arrows point to vesicles. (b) Luciferase or PLD2 RNAi transfected 
MDCK cells stained with Oil Red O. Enlarged region showed inset. Black arrows point 
to droplets. Results are representative of 2 experiments.   
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Figure 5-6 
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Figure 5-7. Trafficking defects in PLD2-silenced MDCK cells. 
(a). Luciferase or PLD2 RNAi silenced cells were fixed and stained with LAMP-1, a 
lysosomal marker. PLD2 and Luciferase plasmids contain a dsRed marker to identify 
transfected cells. White arrow points to an enlarged lysosome (b). MDCK3 cells were 
transfected with PLD2 or Luciferase RNAi for 48 hours and then fixed and stained with 
EEA-1. White arrow indicates enlarged endosome. (c). Luciferase and PLD2-silenced 
cells stained with caveolin-1 antibody. (d). Autophagosome staining of luciferase and 
PLD2 RNAi –transfected cells. (e). MDCK3 cells transfected with luciferase or PLD2 
RNAi for 48 hours and stained with cis- golgi antibody GM130. White arrows point to 
fragmented golgi (f). WT and PLD2-/- MEF’s fixed and stained with cis- golgi antibody. 
White arrows point to fragmented golgi.
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Figure 5-7 
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Figure 5-7
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Figure 5-7 
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Chapter 6 

Imaging the pancreatic β-cell using NMR 

Type I diabetes is a disease characterized by complete failure of β-cells to secrete 

insulin.  Despite a strong genetic link, it is often difficult to predict when the disease will 

develop in susceptible individuals. Furthermore, the course of the disease is also difficult 

to predict in patients who have become symptomatic (Lin et al., 2008; Souza et al., 2006). 

This has significant therapeutic ramifications because patients need to be switched from 

secretagogues and sensitizers like metformin to insulin when there is significant β-cell 

failure. Detection of serum anti-glutamic acid decarboxylase (GAD), anti-islet and anti-

insulin  (IA2) antibodies have been utilized with limited success to determine β-cell 

destruction. However, these assays reveal evidence of on-going or prior autoimmunity, 

but provide limited ability to predict disease progression or severity. Because there is no 

direct way to image and assess functional β-cell mass, frequent monitoring of serum 

glucose levels is the current gold standard of treatment. The same challenges are 

encountered in patients who are undergoing therapy to preserve β-cells or those who have 

just received β-cell transplantation.   

Current efforts to image β-cell mass involve PET scanning (Simpson et al., 2006; 

Wangler et al., 2004), SPECT imaging using radioactive ligands (Moore et al., 2001) or 

MRI with Mn2+ (Medarova and Moore, 2009). All these approaches are sensitive enough 

to detect large β-cell loss, but by this time the patient is usually symptomatic, so the 

utility of these approaches in the clinic is questionable. Also, since these methods often 

require repeated administration of radioactive or other contrast agents (Hampe et al., 
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2005) their utility for monitoring the progress of treatment is not without risk, especially 

in pediatric populations where this disease is most devastating. Following the discovery 

that neural precursor cells (NPCs) posses unique metabolomic signals that could be 

identified by proton NMR (1H-NMR) in vitro and MRS (1H-MRS) in vivo (Manganas et 

al., 2007), I hypothesized that pancreatic β-cells could also be identified using 1H-NMR 

and 1H-MRS. This study further showed that increases in NPCs induced by 

electroconvulsive shock were detectable by 1H-MRS suggesting that this approach was 

sensitive enough to detect low levels of a specific NPC metabolite and also detect 

changes in metabolite level that correlated with the number of NPCs present (Manganas 

et al., 2007). I decided to explore 1H-NMR and 1H-MRS as a non-invasive and 

quantitative approach to image β-cell mass.   
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Materials and methods 

Cell lines and primary cells 

Insulin-secreting β-cell lines; NIT-1, MIN6 and TC-β6 were purchased from ATCC. 

NIT-1 cells were cultured in F12 media + 10% fetal bovine serum (FBS) and MIN6 and 

TC-β6 were cultured in RPMI + 10% FBS. The alpha cell line α1 was also purchased 

from ATCC and cultured in DMEM + 10% calf serum. Fibroblast (3T3) and 

neuroendocrine (PC12) cell lines were purchased from ATCC and cultured in DMEM + 

10% calf serum. Primary Islets were isolated as described in chapter 2. Briefly, Animals 

were sacrificed by CO2 asphyxiation and the pancreas was removed. Mouse pancreata 

was then incubated in collagenase dissolved in HBSS buffer for 50 min. The digestion 

was terminated by washing with ice-cold HBSS containing 5% FBS three times. After the 

final wash, individual islets were hand picked under a dissecting microscope. The 

remaining cells are primary pancreatic acinar cells and were used for certain experiments. 

To dissociate islets into individual β-cells, islets were washed in PBS and incubated in 

trypsin for 15 min at 37o. Complete media was added and the solution was passed 

through a 25G needle a few times to mechanically dissociate the islets to β-cells.  

 

Homogenates 

Freshly dissected whole pancreas was briefly rinsed in ice-cold PBS and then suspended 

in ice-cold PBS. The tissue was then briefly blended with a tissue homogenizer until no 

more solid tissue could be identified. This was regarded as 100%. Aliquots were then 

taken out and diluted in PBS at the percentages described for each experiment.  
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1H-NMR scans 

For adherent cells, cells were rinsed with PBS and briefly trypsinized. The trypsinization 

was stopped by adding complete media, centrifuged and resuspended in PBS. The cells 

were counted and the final amount used for each experiment was resuspended in 500 µL 

PBS. Homogenates, β-cells, acinar cells and islets were similarly resuspended in 500 µL 

PBS. For certain experiments, 5 µL TMS was added to the solution containing 

cells/homogenate. 100 µL of deuterium was added right before each scan. The entire 

solution was briefly mixed added to a cuvette and placed in a 16-Tesla NMR.   
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Results 

Different cell lines possess different 1H-NMR spectral scans 

Our hypothesis that β-cell mass could be identified and quantified using NMR hinged on 

the emerging data that cells posses unique metabolites that can be readily identified by 

NMR. To test this in our system, I prepared and scanned 3 classes of cells. Insulinoma 

cell lines NIT-1, TC-β6 and MIN6 were used to represent insulin-secreting β-cells. I used 

PC12 cell lines to represent neuroendocrine cells. Similar to insulinoma cells, 

neuroendocrine cells also exhibit regulated exocytosis and need to be distinguished from 

β-cells. Additionally, neuroendocrine cells are chromaffin cells on the superior pole of 

the left kidney, inferior to the pancreas so signals generated from these cells need to be 

distinguished from signals generated by β-cells. I also included 3T3 cells (fibroblasts) 

because these signals should be readily distinguishable from insulinoma and 

neuroendocrine cells because they do not have the same agonist-stimulated exocytotic 

machinery. Signals emanating from fibroblasts also need to be distinguished from β-cells. 

First, I scanned PBS (not shown), which is the diluent for all our scans, and the spectrum 

for PBS is flat except the peak between 4.5 and 5.0, which represents H2O. Scans of NIT-

1, TC-β6 and MIN6 showed no differences among these cell lines (NIT-1 and TC-β6 

shown Fig. 6-1a). The green spectrum corresponds to TC-β6 and the red spectrum 

corresponds to NIT-1. Close-ups of region 3.0 - 4.0 ppm (Fig. 6-1b) and 5.0 - 6.0 ppm 

(Fig. 6-1c) show similar peaks between NIT-1 and TC-β6 cell lines (note the black peaks 

represent PBS). Next I compared 3T3 to PC12 cells and found that they were 

significantly different from each other (Fig. 6-2). The blue peaks represent PC12 and the 

purple peaks correspond to 3T3 spectra. 3T3 cells compared to TC-β6 cell also showed 
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significant differences (Fig. 6-3a). For example, a higher resolution examination of the 

region between 3.0 - 4.0 ppm highlights several of the differences between 3T3 cells and 

TC-β6 cells (Fig. 6-3b). All the same scans were performed using NIT-1 and MIN6 cells 

using all the comparisons discussed above with the same results (not shown). 

 

β-cell scans are different from alpha cells. 

The functional pancreatic islet is composed largely of β-cells (85% - 90%), a small 

percentage of α-cells (~8%) and an even smaller amount of δ-cells (> 2%). Because of 

the close juxtaposition of β and α-cells I needed to scan and compare spectra from both 

cell lines. Scans of NIT-1 and α-1 cell lines show significant difference between the two 

(Fig. 6-4a). Closer examination of regions 2.0 – 3.0 ppm (Fig. 6-4b) and 3.0 – 4.0 ppm 

(fig. 6-4c) highlights the differences between both species of cells. Based on these results, 

I have proof of principle that cells of different lineages are different from one another and 

can be visually distinguished by 1H-NMR. Further, closely apposed β and α-cells are 

easily distinguished by 1H-NMR. 

 

Unique spectral peaks are not a result of cell-culture media 

The different cell lines used in our experiments were cultured in different media and I 

wondered if the media made any contribution to the spectral scans I was observing. I 

performed spectral scans on the 3 media types I use for the culturing the cell lines. I 

found minor differences among spectral scans conducted on F12, DMEM and RPMI 

media (Fig. 6-5a), but they were mostly similar. I then cultured 3T3 cells in each of the 

media for 48 hours and scanned the cells (Fig. 6-5b). I did not find any differenced 
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among 3T3 cells cultured in F12, DMEM or RPMI media. Hence, differences in spectra 

among different cell lines was not due to contamination or metabolites unique to the 

media they were cultured in. 

 

Primary β-cells posses different scans from primary acinar cells 

The majority of the pancreas is composed of the exocrine pancreas. These acinar cells 

secrete digestive enzymes and are present in overwhelming numbers compared to 

endocrine (β-cells) pancreatic cells. Distinguishing the signal generated from acinar cells 

is extremely important in the development of any in situ β-cell quantification method. An 

overwhelming signal from acinar cells could potentially drown-out β-cell signals. To 

address this issue, I purified primary β-cells and acinar cells from mice. 1H-NMR 

scanning revealed that β-cells generated a unique spectra and was visually 

distinguishable from acinar cells (Fig. 6-6a-c).   

 

1H-NMR can distinguish pancreatic homogenates from WT and type-I diabetic 

animals. 

 Ultimately, 1H-NMR should not only be able to distinguish different cell types from one 

another but it should be able to quantitate functional pancreatic β-cell mass. In the first 

step towards this goal, I switched to using whole pancreatic homogenates for β-cell 

spectral scans. Since our earlier studies with cell lines and primary cells suggested that β-

cell spectra was sufficiently unique enough from acinar and other contaminating cell 

types, I felt confident proceeding in this direction. I used the pharmacological agent 

streptozocin (STZ) to induce type-I diabetes in mice. STZ is a toxin that selectively 
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induces apoptosis in Glut-2 positive cells (β-cells). I injected C57 black mice with 200 

mg/Kg STZ for 1 day, 3 days or 7 days. At the 7-day time point, all animals (including 

“no-injection” controls) were sacrificed and their entire pancreas was homogenized and 

subjected to 1H-NMR analysis. Overview of the entire spectra did not show any 

immediate difference because of the overall low resolution (Fig. 6-7a). However, when 

individual sections are compared, differences in the amplitude of several spectra are 

obvious. The interval 1.0 – 2.5 ppm shows a gradual decrease in the peak at 

approximately 2.4 ppm. This peak is prominent in the control, 1-day and 3-day post- STZ 

but is notably absent 7-day post STZ treatment (Fig. 6-7b). The region between 2.5 – 3.5 

ppm also shows a peak at approximately 3.04 ppm that gradually decreases with the 

length of STZ treatment (Fig. 6-7c). The region between 3.5 – 4.5 ppm (Fig. 6-7d) does 

not show any apparent differences. The study has been repeated multiple times and all the 

groups show consistency between scans taken months apart on different animals. Scans 

on control animals (Fig. 6-8a), 1-day post-STZ (Fig. 6-8b), 3-day post-STZ (Fig. 6-8c) 

and 7-day post-STZ (Fig. 6-8d) all show remarkable consistency. 

 

PCA mathematical categorization differentiates healthy from diabetic animals 

In collaboration with Dr. Petar Djuric (Stony Brook University) of the Engineering 

department, healthy and diabetic animals that had been treated with STZ for varying 

amounts of time were mathematically modeled and distinguished using Principal 

Component Analysis (PCA). Mathematical characterization and classification is 

important because it eliminates human error and it also takes the entire spectrum into 

consideration instead of individual peaks.     
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Discussion 

I have undertaken and successfully completed the prerequisite in vitro studies 

required for in vivo quantification of β-cell mass using 1H-NMR. Here I show that 

different cell lines can be distinguished from each other using 1H-NMR. Insulinoma cells 

are visually distinguishable from fibroblasts and neuroendocrine cells. I further 

demonstrate that primary β-cells can be distinguished from primary acinar cells which 

constitute the majority of pancreatic cell mass. Finally, I show quantitative differences 

between control and an experimental type-I diabetes mouse model. Animals injected with 

STZ, a β-cell toxin, showed identifiable decreases in unique spectral peaks. A peak at 

3.04 ppm is a prominent example but there are also a few other peaks that can be visually 

scored. Animals that had been treated with the toxin the longest (i.e. 7 days) showed the 

most significant deceases in signal amplitude and mice treated for shorter periods showed 

less reduction compared to control mice.  

 Since visual inspection of peaks can be subject to experimenter bias, I 

collaborated with signal analysis experts who were able to convert the spectral scans to 

unique mathematical models that described control, 1-day, 3-day and 7-day diabetic 

mice. These models could automatically identify which scan belonged to which treatment 

paradigm without human intervention. This approach provides a more powerful approach 

to visual spectra characterization. Visual characterization depends on identification of 

individual peaks, some of which might to too small to distinguish. Deconstructing each 

spectrum to individual points and then mathematically modeling its constituent points can 

describe the whole spectrum. This promotes automatic classification and removes 

experimenter bias. 
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The next step in this research is to move to in vivo 1H-MRS (the in vivo cognate 

of 1H-NMR). In this approach, live animals will have their panaceas scanned in situ. The 

resulting spectrum will then be compared to STZ-injected mice and other genetic models 

of diabetes. These scans can then be subjected to PCA or equivalent mathematical 

analysis and a predictive model that quantifies the degree of β-cell destruction can be 

generated. These studies will set the stage for non-invasive 1H-MRS scanning of people 

with the hope of early type-I diabetes detection, especially in pediatric populations. This 

technology will enable physicians to follow islet-transplant patients to monitor rejection 

and patients undergoing therapy to preserve endogenous β-cell function.  
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Figure 6-1. Insulinoma cell lines have similar NMR spectra. 
(a). NIT-1 (red) and TC-β6 (green) cell lines were subjected to NMR scanning. Spectra 
shown covers 0.0 ppm – 7.0 ppm. Water peak is located between 4.5 ppm – 5.0 ppm. (b). 
Region 3.0 ppm – 4.0 ppm of NIT-1 and TC-β6 spectra shown. Note PBS (black plot) 
spectra also plotted in this graph. (c). Region 5.0 ppm – 6.0 ppm of NIT-1 and TC-β6 
spectra. 
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c. 

b. 

a. 

Figure 6-1 
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Figure 6-2. Other cell lines are different from one another.	
  
Neuroendocrine PC12 (blue) and fibroblast 3T3 (purple) cell lines were scanned and the 
spectrum plotted from 0.0 ppm – 10.0 ppm. 
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Figure 6-3. Insulinoma cells can be differentiated from fibroblasts by NMR. 
(a). NMR plot of TC-β6 (green) and 3T3 (purple) cell lines over the range of 0.0 ppm – 
10.0 ppm. (b). Spectrum of TC-β6 (green) and 3T3 (purple) between 3.0 ppm – 4.0 ppm. 
In both cases, PBS spectrum is also plotted in black. 
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Figure	
  6-­‐3	
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Figure 6-4. Insulin secreting β-cells can de distinguished from α-cells by NMR. 
(a). β-cell line NIT1 (red) and α-cell line α-1 (brown) NMR scans plotted between 0.0 
ppm – 2.0 ppm. (b). NIT1 and α-1 scans representing regions 2.0 ppm – 3.0 ppm shown. 
(c). Regions 3.0 ppm – 4.0 ppm of NIT1 and α-1 NMR scans. 
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Figure 6-5. Culture media does not affect Cell-line NMR scans. 
(a). NMR scans of different culture media used in NMR experiments. DMEM (black), 
RPMI (red) and F12 (blue). Regions 0.0 ppm – 10.0 ppm plotted. (b). NMR scans of 3T3 
cells cultured for 48 hours in either DMEM (black), RPMI (red) or F12 (blue) media. 
Regions 0.0 ppm – 10.0 ppm plotted.  
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Figure	
  6-­‐5  
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Figure 6-6. Primary β-cells posses different scans from primary acinar cells. 
(a). Isolated primary β-cells and primary acinar cells were scanned by NMR. β-cell 
spectrum (red) and acinar cell spectrum (black) are plotted from 0.0 ppm – 2.0 ppm. (b). 
β-cell and acinar cell spectrum plotted from 2.0 ppm – 3.5 ppm. (c). β-cell and acinar cell 
spectrum plotted from 3.5 ppm – 4.5 ppm.  
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Figure 6-6 
 a. 

b. 

c. 

a. 

b. 

c. 
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Figure 6-7. Homogenate scans of WT and diabetic animals reveal differences by 
NMR. 
(a). Pancreatic homogenates from WT and STZ-treated animals were prepared and 
scanned by NMR. Homogenates from control (black), 1-day post- STZ treatment (blue), 
3-day post-STZ treatment (red) and 7- day post STZ treatment (green) scans from region 
0.0 ppm – 10.0 ppm shown. (b). Regions 0.0 ppm – 2.5 ppm of STZ treated animals. (c). 
2.5 ppm – 3.5 ppm sections and (d). 3.5 ppm – 4.5 ppm regions of pancreatic 
homogenates prepared from STZ treated animals. Diabetes was confirmed in treated 
animals and defined as plasma glucose > 20 mmol/L. 
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Figure 6-8. NMR scans of pancreatic homogenates are consistent between various 
animals. 
(a). Scans of 4 different non-STZ treated control animals. Regions 0.0 ppm – 10.0 ppm 
shown. (b). Scans of 2 different animals treated with STZ and scanned 1 day later, 
regions 2.5 ppm – 4.5 ppm. (c). Scans of 3 different animals treated with STZ and 
scanned 3 days later, regions 0.0 ppm – 10 .0 ppm shown and (d). 2 animals treated with 
STZ ad scanned 7 days later. Regions 0.0 ppm - 10.0 ppm shown.  
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Figure	
  6-­‐8	
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Chapter 7 
 

Conclusion 

PLD2, insulin secretion and disease 

Diabetes is a disease characterized by failure of β-cells to secrete insulin, 

insensitivity of peripheral tissue to insulin, or both. In insulin-resistant type-II diabetes, 

peripheral tissue insensitivity to insulin leads to increased insulin secretion by β-cells. To 

maintain euglycemia, β-cells secrete ever-increasing amounts of insulin over time 

eventually leading to β-cell burnout. At this point, β-cells paradoxically secrete less 

insulin and the patient has to take exogenous insulin for survival. In non-insulin resistant 

forms of type-II diabetes, β-cells secrete inadequate amounts of insulin to maintain 

euglycemia. This form of diabetes is very similar to early stages of type-I diabetes where 

gradual failure of β-cell function is manifest as worsening hyperglycemia. An important 

class of drugs used for the management of early type-I and type-II diabetes are 

sulfonylureas. Glipizide is an example of this class of drugs and it functions primarily by 

inhibiting β-cell K+ channels leading to increased Ca2+ influx and insulin release. One of 

the major drawbacks of this class of drugs is their propensity to facilitate too much 

insulin secretion and cause hypoglycemia.  

In this study I demonstrate that PLD2-/- mice have resting and fasting 

hypoglycemia. PLD2-/- mice also have enhanced GTT, clearing glucose more rapidly than 

WT animals. Insulin tolerance tests strongly suggest that the effect of PLD2 is in the β-

cell and this is confirmed by ex vivo islet stimulation with glucose. Islets isolated from 

PLD2-/- mice secrete more insulin when stimulated with low and high glucose 

concentrations compared to WT islets. Microarray analysis of WT and PLD2-/- islets 
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show down-regulation of an IP3R inhibitor. Further studies using IP3R, PLC, and VDCC 

inhibitors show that PLD2 hypersecretory phenotype is primarily due to increased influx 

of Ca2+ upon stimulation leading to increased insulin release. This is what happens 

downstream of glipizide activity, albeit via a different mechanism. Cursory behavioral 

monitoring of PLD2-/- mice does not yield any signs of pathological hypoglycemia. For 

instance, sluggish activity, withdrawal or seizures have not been observed in these 

animals, even after fasting. More stringent behavioral studies, including stressful 

situations will be required in order to fully characterize the consequences of 

hypoglycemia in the PLD2-/- mice. The possibility of PLD2 as a therapeutic target in the 

management of diabetes is still very appealing. I already have an orally bioavailable pan-

PLD inhibitor with no documented adverse effects (Monovich et al., 2007; Su et al., 

2009). Isoform-specific inhibitors are now available (Scott et al., 2009) but they still 

require optimization for animal pharmacodynamics and pharmacokinetics. Animals with 

dominant negative Kir6.2 channel expression (mimicking glipizide treatment) have 

severe hypoglycemia, high resting membrane potential and intracellular Ca2+ (Miki et al., 

1997). Animals with complete knockout of the Kir6.2 channel are paradoxically diabetic 

(Miki et al., 1998), indicating the requirement of functional K+ channels that can close in 

response to rising ATP levels and trigger Ca2+ influx. Comparatively, PLD2-/- mice 

exhibit increased insulin release without excessive hypoglycemia or neurological deficit 

(as far I can tell). This suggests that carefully titrated pharmacological inhibition of PLD2 

might be beneficial in diabetes management. I would also be very curious to see if PLD2 

inhibition delays onset or severity of diabetes in mouse genetic diabetes models such as 

db/db mice. 



	
   135	
  

PLD2, golgi apparatus and disease 

 Golgi structural and functional integrity is critical for cell homeostasis. Various 

proteins are trafficked from the ER via the Golgi to the plasma membrane and various 

organelles. Failure of this trafficking process is an underlying cause of several diseases 

including lysosomal storage disorders (Nadimpalli and Amancha, 2009) and diabetes 

insipidus (Savelkoul et al., 2009). The role of PLD in the regulation of golgi trafficking is 

not yet fully understood. Inhibition of both PLD isoforms using 1-butanol leads to golgi 

fragmentation (Freyberg et al., 2003). However, treatment of insulinoma cells with FIPI, 

a more specific pan-PLD inhibitor does not lead to the same effect. PLD1 has been 

proposed to localize to the ER where it facilitates Sar1p recruitment of COPII proteins 

(Roth et al., 1999). Cells exhibiting increased PLD1 activity were further shown to have 

accelerated anterograde and retrograde trafficking. Experiments on reconstituted golgi 

membranes in vitro have suggested a role for PLD2 in COPI coatomer recruitment and 

retrograde trafficking (Yang et al., 2008). In all these cases, PA has been suggested to be 

the main effector of PLD activity but high levels of DAG have also been found on golgi 

membranes with high PLD activity (Roth et al., 1999), suggesting a second player 

involved in metabolizing PA to DAG on the membrane surface. 

 Other studies using insulinoma cell lines and primary β-cells support a role for 

PLD2 in the maintenance of cis-golgi architecture. While PLD2 has been shown to 

associate with the golgi (Freyberg et al., 2002; Yang et al., 2008), its exact role in vivo 

has yet to be characterized. Our studies show that PLD2 might facilitate cis-golgi vesicle 

budding. Knockout and knockdown of PLD2 leads to tubulated cis-golgi, suggesting a 

failure of vesicles to bud off a growing cis-golgi surface. However, overexpression of 
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PLD2 or stimulation of endogenous PLD activity with PMA also led to cis-golgi 

tubulation. This seemingly contradictory result would suggest that while generation of 

PA is important for fission, there is another factor downstream that is also playing a role 

in vesicle fission. Microarray screen of PLD2-/- islets showed down-regulation of 

PITPNM3, a transmembrane protein that I show is an enzyme with hypothetical PAP 

activity. This finding hints at a role for the conversion of PA to DAG for proper golgi 

function. Too little PA leads to down-regulation of PITPNM3 and too little DAG in our 

PLD2-/- scenario, while overexpression of PLD2 also leads to cis-golgi tubulation. To our 

knowledge, this is the first report of the golgi surface serving as a lipid signaling platform 

where dysregulation of PA metabolism leads to tubulation.    

 While I have not directly assessed the role of PLD1 in golgi architecture 

maintenance, I have shown data that suggests that it plays an apposed role to PLD2. 

Golgi tubulation caused by PLD2 inhibition was rescued by PLD1 inhibition. I have 

proposed a model that could account for these findings (Fig. 4-5). PLD2 could potentially 

be facilitating retrograde traffic while PLD1 facilitates anterograde traffic. Inhibition of 

PLD2 leads to a defect in retrograde trafficking while anterograde traffic is unperturbed. 

Over time, increased forward flow without adequate return of content to the ER would 

lead to tubulation. Inhibition of PLD1 in this context would slow forward traffic leading 

to a rescue of the PLD2 phenotype. However, more work needs to be done on the role of 

both PLD isoforms in golgi trafficking before a clearer picture can emerge.  
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Emerging role for PLD2 in vesicle trafficking and disease 

      Thus far, I have explored the role of PLD2 in both specialized secretory 

(chapter 2-4) and non-secretory cells (chapter 5). The consequences of defective vesicle 

trafficking and disease are obvious. I have just set out to investigate instances where 

defective signaling might prevent disease. For instance, budding viral particles depend on 

intact ER and golgi vesicle transport pathways to transport their proteins to the cell 

surface. I hypothesize that interruption of this pathway would lead to a reduction in viral 

particle infectivity, entry, or replication. Recently, a genome wide screen of RNAi targets 

required for influenza virus replication in human cells showed PLD2 as a possible 

candidate (Karlas et al., 2010). With this in mind, I examined if pan-PLD inhibition using 

FIPI had any effect on the transport of HA, an important influenza virus protein. Work by 

Bi et al (Bi et al., 1997) had demonstrated that PLD-generated PA was required for ER to 

golgi transport, a critical step for HA transport to the plasma membrane. Excitingly, I 

found that treatment of MDCK cells with FIPI inhibited translocation of HA to the 

plasma membrane (not shown), with the majority of the HA found to be localized to the 

cytoplasm.  

This and our other studies mark the beginning of the re-exploration of the roles of 

PLD using more specific and sensitive tools. Bearing in mind that PLD1 and PLD2 might 

play different roles in different cell types, context-specific exploration of PLD1 and 

PLD2 will also yield new insight into their roles in health and disease.    	
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