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ABSTRACT

Proper trafficking of neurotransmitter receptors through endosomal
compartments is important for the development, maintenance and plasticity of neural
circuits in the brain. However, little is known about the signaling cues orchestrating
these intracellular events. Phosphoinositide lipids are excellent candidates for these
roles because they regulate multiple types of membrane trafficking, but their specific
functions are poorly understood. There are seven unique phosphoinositide lipids that
are synthesized from the structural lipid, phosphatidylinositol, by lipid kinases and
phosphatases. They function in part through the recruitment of complex protein
machines to specific membrane subdomains. That multiple neurological disorders are
linked to mutations in phosphoinositide lipid-related genes suggests that they may be
particularly important in neurons. A major goal of this dissertation was to identify novel
roles for phosphoinositide lipids, as well as identify cellular mechanisms involved in
maintaining normal neural function. The specific hypothesis tested was that the low
abundant phosphoinositide lipid, phosphatidylinositol 3,5-bisphosphate, is important for
synapse function. Notably, Vac14, a regulator of phosphatidylinositol 3,5-bisphosphate
biosynthesis is enriched at synapses, which raised the possibility that this lipid impacts
synaptic function and plasticity. Additionally, this dissertation examined the roles of

phosphatidylinositol 3,5-bisphosphate in determining the fate of internalized AMPA-

XVii



type glutamate receptors following stimulus-induced internalization. Evidence
presented shows that phosphatidylinositol 3,5-bisphosphate acts as a negative regulator
of synapse strength. These data reveal that phosphatidylinositol 3,5-bisphosphate
synthesis is required for maintenance of homeostatic synaptic weakening and suggest
that phosphatidylinositol 3,5-bisphosphate impacts synapse function by altering AMPA-
type glutamate receptor trafficking. These data identify the activity-dependent synthesis
of phosphatidylinositol 3,5-bisphosphate as a novel mechanism for regulating synapse
strength and suggest that synaptic dysfunction may contribute to the pathogenesis of
neurological diseases arising from loss of dynamic phosphatidylinositol 3,5-bisphosphate
regulation. In addition, this dissertation examined the role of intrinsic neuronal
excitability in the homeostatic response to AMPA-receptor blockade. The ability to
adapt to changes in levels of activity is critical for stability of neural networks. These
studies identify that relatively brief blockade of AMPA-type glutamate receptor activity
triggers at least three forms of homeostatic compensation: postsynaptic strengthening,

increased presynaptic probability of release and increased intrinsic excitability.
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CHAPTER 1

PHOSPHATIDYLINOSITOL 3,5-BISPHOSPHATE: LOW ABUNDANCE, HIGH SIGNIFICANCE

1.1 SUMMARY

'Recent studies of the low abundant signaling lipid, phosphatidylinositol 3,5-
bisphosphate (PI(3,5)P,), reveal an intriguingly diverse list of downstream pathways, the
intertwined relationship between PI(3,5)P, and PI5P, as well as links to
neurodegenerative diseases. Derived from the structural lipid phosphatidylinositol,
PI(3,5)P, is dynamically generated on multiple cellular compartments where interactions
with an increasing list effectors regulate many cellular pathways. A complex of proteins
that includes Fab1/PIKfyve, Vac14 and Fig4/Sac3 mediates the biosynthesis of PI(3,5)P,,
and mutations that disrupt complex function and/or formation cause profound
consequences in cells. Surprisingly, mutations in this pathway are linked with
neurological diseases, including Charcot-Marie-Tooth Syndrome and Amyotrophic
Lateral Sclerosis. Future studies of PI(3,5)P, and PI5P are likely to expand the roles of
these lipids in regulation of cellular functions, as well as provide new approaches for

treatment of some neurological diseases.

! This chapter was published as a literature review: McCartney AJ*, Zhang Y* and
Weisman LS. 2014. Phosphatidylinositol 3,5-bisphosphate: Low abundance. High
significance. Bioessays, 36, 52-64. DOI 10.1002/bies.201300012



1.1 INTRODUCTION

Phosphorylated phosphatidylinositol (PIP) signaling lipids play regulatory roles.
These low-abundance lipids are produced from phosphatidylinositol (Pl), an abundant
structural component of membranes, which can be phosphorylated in any combination
on positions three, four or five. Highly regulated PIP kinases and phosphatases generate
and turn over the resultant seven PIP lipids (Figure 1-1).

PIP lipids provide spatial and temporal regulation of complex protein machines.
The interconvertibility of PIPs enables rapid changes in the identity of the signaling lipid
to dynamically recruit effector proteins to specific membranes at the right time. For
example, synthesis of phosphatidylinositol 3-phosphate (PI3P) (Gary et al., 1998) at a
confined region is predicted to assemble a large complex of multiple PI3P binding
proteins and their associated binding partners. Notably, the lipid kinase, Fab1, binds
PI3P (Burd and Emr, 1998) (Figure 1-2) and catalyzes the conversion of PI3P to PI(3,5)P,
(Gary et al., 1998). Recruitment of Fab1 causes local depletion of PI3P and an increase in
the levels of PI(3,5)P,, which releases PI3P binding proteins and recruits a distinct set of
PI(3,5)P, binding proteins.

Since the discovery of PI(3,5)P, in 1997 (Dove et al., 1997, Whiteford et al.,
1997), the number of known PI(3,5)P, regulated pathways has expanded greatly.
Identification of a comprehensive list of these pathways and downstream effector
proteins will be required to fully understand PI(3,5)P; signaling. Similarly, stimuli that
regulate PI(3,5)P, levels remain to be identified. Here we assess current knowledge and

suggest future directions for the study of this very low abundance lipid.



PI(3,5)P, is much less abundant than most PIPs, including PI14P and PI(4,5)P,.
PI(3,5)P, is present at about 0.1% and 0.04% of total phosphatidylinositol in yeast and
mammalian fibroblasts, respectively. The amount of PI(3,5)P, is 17-fold and 125-fold less
abundant than PI(4,5)P; in yeast (Bonangelino et al., 2002) and mammalian fibroblasts
(Zolov et al., 2012), respectively. The scarcity of PI(3,5)P; likely contributed to the
twenty-five year delay in its discovery (Dove et al., 1997, Whiteford et al., 1997) relative
to PI4P and PI(4,5)P, (Brockerhoff and Ballou, 1962). Utilizing dilute perchloric acid to
precipitate cells followed by deacylation of lipids significantly improved the yield of
glycerol-inositol head-groups and the identification of PI(3,5)P, over the traditional Folch
extraction (Whiteford et al., 1997, Bonangelino et al., 2002).

1.1 SYNTHESIS AND TURNOVER OF PI(3,5)P, IS TIGHTLY CONTROLLED BY A LARGE
PROTEIN COMPLEX

In yeast, Fab1 (Yamamoto et al., 1995) is the sole PI3P 5-kinase (Gary et al., 1998,
Cooke et al., 1998) and Vps34 is the sole Pl 3-kinase (Schu et al., 1993). Both PI(3,5)P,
and PI3P levels dynamically and transiently change in response to specific stimuli.
Prolonged introduction of yeast into hyperosmotic media causes a 20-fold transient
elevation of PI(3,5)P, (Dove et al., 1997) that lasts for about ten minutes before a
precipitous drop to basal levels (Duex et al., 2006a). Concomitant with the rise in
PI(3,5)P,, synthesis of PI3P increases. These data suggest that PI(3,5)P, and PI3P play
early roles in adaptation of yeast to hyperosmotic stress. Similarly, these lipids may
regulate adaptation in plants and animals, such as transient responses to hormonal or

sensory stimuli.



Fab1, commonly called PIKfyve in mammals, is present in most eukaryotes
(McEwen et al., 1999). In this review, “Fab1” refers to Fab1 in all non-mammalian
species and “PIKfyve” to mammals. “Fab1/PIKfyve” refers to the mammalian and non-
mammalian enzyme. In yeast and mouse embryonic fibroblasts (MEF), Fab1/PIKfyve
provides all of the PI(3,5)P, (Cooke et al., 1998, Gary et al., 1998, Morishita et al., 2002,
Jeffries et al., 2004, de Lartigue et al., 2009, Ikonomov et al., 2011, Zolov et al., 2012,
Sbrissa et al., 2012, Takasuga et al., 2013). Across species, the domain structure is

similar (Figure 1- 2).

1.1.1 The PI(3,5)P; synthesis complex

The dynamic and rapid changes in PI(3,5)P, observed in yeast suggest that Fab1
is tightly regulated. Moreover, overexpression of Fabl does not increase PI(3,5)P, levels
(Gary et al., 1998). Indeed, Fab1 activity requires formation of a complex of regulatory
proteins, including Fig4, Vac14, Vac7 and Atgl8.

Fig4, a PI(3,5)P, 5-phosphatase, catalyzes the turnover of PI(3,5)P, in yeast (Gary
et al., 2002, Rudge et al., 2004, Duex et al., 2006a, Duex et al., 2006b). Unexpectedly,
Figd is also required for the activation of Fab1/PIKfyve (Duex et al., 2006a, Duex et al.,
2006b, Chow et al., 2007, Zolov et al., 2012). Mutations in the catalytic site of Figd
negatively affect both the turnover of PI(3,5)P, and the elevation in PI(3,5)P, in response
to hyperosmotic stress (Duex et al., 2006b). In addition to Figd catalytic activity, other
regions in Figd may play a role. Several disease mutations in Fig4 reside in a non-
catalytic, N-terminal domain (Manford et al., 2010). Analysis of a corresponding

mutation (Fig4-159T) in yeast revealed a defect in hyperosmotic shock induced activation



of Fab1 (Chow et al., 2007). Analysis of this N-terminal domain may provide insight into
how Fig4 activates Fab1/PIKfyve.

Vacl4 regulates both Fabl and Fig4 (Bonangelino et al., 2002, Dove et al., 2002)
and is required for the synthesis and turnover of PI(3,5)P, (Duex et al., 2006a). Vac14,
composed of virtually all HEAT repeats (Figure 1- 2), functions as a scaffold protein that
nucleates the formation of a complex including Fab1, Figd and other regulators (Botelho
et al., 2008, Jin et al., 2008) (Figure 1- 3). Vac14 forms dimers or oligomers (Dove et al.,
2002, Jin et al., 2008, Botelho et al., 2008, Alghamdi et al., 2013). In the cytoplasm, Figd
and Vac14 interact without Fab1 (Botelho et al., 2008). There may be additional proteins
required to form the complex.

Similarly, mammalian Vac14 (ArPIKfyve) forms a complex with PIKfyve, and Figd
(Sac3) (Sbrissa et al., 2007, Jin et al., 2008, Sbrissa et al., 2008, Ikonomov et al., 2009b,
Ikonomov et al., 2010). The interaction sites between the yeast and mammalian
complexes are likely conserved. The binding site for Fab1 on Vac14 is conserved in the
mammalian complex (Jin et al., 2008, Ikonomov et al., 2009b). Fig4 binds to Vac14
through the conserved C-terminal region (lkonomov et al., 2009b). Additionally, the N-
terminal pathogenic point mutation, Fig4-141T, disrupts the interaction of Fig4 with
Vacl14 and destabilizes Fig4 (lkonomov et al., 2010, Lenk et al., 2011). These
observations raise the possibility that both the N- and C-termini of Fig4 interact with
VaclA.

Yeast Vac7, a critical activator of Fab1, has no recognizable motifs; its mode of

action is unknown (Bonangelino et al., 1997, Gary et al., 1998, Bonangelino et al., 2002,



Gary et al., 2002, Duex et al., 2006a, Duex et al., 2006b). Vac7 resides within the Fab1
complex, but is not required for formation or localization of the complex (Gary et al.,
1998, Rudge et al., 2004, Jin et al., 2008). This is surprising because Vac7 is the only
protein in the complex with a transmembrane domain (Bonangelino et al., 2002). Vac7
function is likely conserved in metazoans. However, based on sequence similarity, Vac7
is only present in some fungi. Either alternative mechanisms activate Fab1/PIKfyve in
metazoans or proteins with functions analogous to Vac7 cannot be identified by BLAST
search.

Yeast Atgl8, a negative regulator of PI(3,5)P, levels, resides within the Fab1l
complex. Through two adjacent binding sites (Baskaran et al., 2012, Watanabe et al.,
2012, Krick et al., 2012), Atg18 binds to PI(3,5)P, and PI3P (Dove et al., 2004). These
sites are essential for Atg18 to negatively regulate PI(3,5)P, levels and for localization of
Atg18 on the vacuole (Efe et al., 2007). Relief of Fab1 inhibition in an atg18A strain
requires Fab1 activators. Thus, Atg18 likely inhibits the activators rather than acting on
Fab1 directly. Metazoans may have unidentified proteins that function similarly to yeast
Atg18. The mammalian genes WIPI1, WIPI2, WIPI3 and WIPI4 encode proteins with
greater than 20% identity to yeast Atg18 (Jeffries et al., 2004, Proikas-Cezanne et al.,
2007). WIPI1 and WIPI2, like Atgl8, function in autophagy. However, whether they

function as negative regulators of PI(3,5)P, levels has not been tested.

1.1.1.1 Orchestrating Fab1/PIKfyve activity

At least three mechanisms within the Fabl complex contribute to the dynamic

regulation of PI(3,5)P,. First, the lipid kinase and phosphatase reside within the complex.



Second, the Fab1 activator, Vac7, and inhibitor, Atg18, bind overlapping sites on Vac14
and likely compete for access to Fab1. Third, catalytic activity of Fig4 is required for the
activation of Fab1. Tight coordination between synthesis and turnover of PI(3,5)P, likely
explains how a sustained stimulus of hyperosmotic shock causes a steep transient
increase in PI(3,5)P; levels.

Other opposing lipid kinases and phosphatases reside in the same complex or
have coordinated regulation (reviewed in (Botelho, 2009)). MTM1, a lipid 3-
phosphatase, resides in a complex with the PI3-kinase, Vps34. Inositol polyphosphate 4-
phosphatase is in a complex with a class | PI3-kinase. The added complexity in the Fabl
complex, that the opposing lipid phosphatase has a second role as activator of the lipid
kinase, underscores the importance of directly measuring phosphoinositide lipid levels

to determine cellular functions of predicted lipid phosphatases.

1.1.1.1 Comparison of PI(3,5)P, synthesis in yeast and metazoans

In metazoans, several Pl 3-kinases, in addition to Vps34, may produce the
PIKfyve substrate, PI3P. Indeed, knockdown of either PIKfyve or PI3K-C2aq, but not
Vps34, affects TORC1 activity in adipocytes (Bridges et al., 2012). Thus, in some cases
PI3K-C2a may provide the pool of PI3P utilized to generate PI(3,5)P,.

A major difference between the yeast and mammalian Fab1/PIKfyve complex are
the lipid pools that they control. Surprisingly, in MEF cells the PIKfyve complex is
required for most of the PI5P and all of the PI(3,5)P, pool (Zhang et al., 2007, Ikonomov
et al.,, 2011, Sbrissa et al., 2012, Zolov et al., 2012). An independent study concluded

that PIKfyve does not contribute to PI5P levels (Jones et al., 2012); however, that study



assumed that PIKfyve inhibition did not impact the lipids used to standardize the
samples.

The relative importance of Vac14 for Fab1/PIKfyve activity differs between the
yeast and mammalian complexes. In vac14A yeast, PI(3,5)P; levels are reduced at least
10-fold (Duex et al., 2006a, Duex et al., 2006b), while Vac14” and Fig4'/' MEF cells reveal
a more modest 2-fold reduction in PI(3,5)P, and PI5P (Zhang et al., 2007, Chow et al.,
2007, Zolov et al., 2012). Since Vac14 or Figd are required for only half of the PI(3,5)P,
pool and PIKfyve is required for the entire pool, PIKfyve either retains partial function in

the absence of Vac14 or Figd and/or PIKfyve has additional regulators.

1.1.2 Localization of Vac14, Fab1/PIKfyve and Fig4

In yeast, Fabl, Vacl4, Figd are found on the limiting membrane of vacuoles and
adjacent foci, which are likely endosomes (Rudge et al., 2004, Jin et al., 2008, Botelho et
al., 2008). In metazoan cells, Fab1/PIKfyve and Vac14 are found on early and late
endosomes, lysosomes and in the cytosol (Shisheva et al., 2001, Sbrissa et al., 2004,
Cabezas et al., 2006, Ikonomov et al., 2006, Rutherford et al., 2006, Rusten et al., 2006,
Zhang et al., 2012). Questions remain about how the complex is associated with
membranes. Is the FYVE domain of Fab1/PIKfyve sufficient for localization of the

complex? Are there other lipid-binding or transmembrane containing subunit(s)?

1.1.3  PI(3,5)P, is a precursor for PISP synthesis

PI(3,5)P, likely serves as a precursor for most of the cellular PI5P pool. The
strongest evidence for this hypothesis comes from heterologous expression of PIKfyve in

yeast, which greatly increases PI(3,5)P, and decreases its precursor, PI3P. Importantly,
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the combined total of PI3P, PI5P and PI(3,5)P, remains constant in the presence or
absence of heterologous PIKfyve (Zolov et al., 2012). If PISP were generated directly by
PIKfyve, then new direct conversion of Pl to PI5P would raise the combined total of PI3P,
PISP and PI(3,5)P,. Additionally, transient activation or inhibition of endogenous PIKfyve
in fibroblasts causes PI(3,5)P; levels to reach a new steady-state faster than PI5P, an
outcome consistent with a precursor-product relationship (Zolov et al., 2012).

Generation of PI5P from PI(3,5)P, requires proteins with 3-phosphatase activity
(Zolov et al., 2012), which may be provided by myotubularins (MTMRs) (Tronchere et
al., 2004). Indeed, mouse MTMR2 and Drosophila MTMR3 function with Fab1/PIKfyve to
control PI5P and PI(3,5)P, (Vaccari et al., 2011, Oppelt et al., 2013). That both PI(3,5)P,
and PI5P are embedded in membranes, and cannot freely diffuse, raises the possibility
that MTMRs reside within the PIKfyve complex. This would provide rapid access of
MTMRs to the newly synthesized PI(3,5)P,.

An alternative hypothesis, that PIKfyve directly generates most of the cellular
PI5P, has been recently reviewed (Shisheva, 2012). Briefly, there is controversy between
independent in vitro studies about whether PIKfyve directly generates PI5P (McEwen et
al., 1999). In some studies PIKfyve was immunoprecipitated from cells that express
many lipid 3-phosphatases. Tight association of PIKfyve with 3-phosphatases during
immunoprecipitation may explain some discrepancies. Strong in vitro evidence that
PIKfyve can directly generate PI5P comes from studies of PIKfyve expressed from insect

Sf9 cells (Sbrissa et al., 2000). Development of a general inhibitor of myotubularin



function may help resolve whether most of the cellular PI5SP pools are generated directly
or indirectly by PIKfyve.

That PIKfyve is either directly or indirectly responsible for most of the PI5P in
fibroblasts raises questions about whether PI(3,5)P, and PI5P reside on the same
membrane. Localization of Vac14, Fab1/PIKfyve, and Fig4 provide insights into the
subcellular locations of PI(3,5)P, in yeast and metazoans. If MTMRs are associated with
this complex, then MTMR localization would provide information for the subcellular
distribution of PI5P as well (Figure 1- 4A). However, the presence of Vacl4,
Fab1/PIKfyve, and Figd does not a priori indicate enzymatic activity. Thus, development
of probes will be critical to determine the spatial and temporal dynamics of PI(3,5)P,

and PI5P.

1.2 PI(3,5)P, BINDING PROTEINS

Based on the pleiotropic defects observed in cells and organisms with defects in
PIKfyve activity, most PI(3,5)P, binding proteins are likely not yet identified. To date,
multiple types of motifs as well as novel sequences have been shown to interact with
PI(3,5)P,. PI(3,5)P; binds directly to some WD40 domain containing proteins, including
Atgl18, Atg21, Hsv2, Tupl (in yeast) and Raptor (in adipocytes), and regulates their
functions in vivo (Dove et al., 2004, Han and Emr, 2011, Bridges et al., 2012).
Additionally, sorting nexin proteins SNX1 and SNX2 (PX domain) (Carlton et al., 2004,
Carlton et al., 2005), Cti6 (PHD domain) (Han and Emr, 2011), clavesin (Sec14 domain)
(Katoh et al., 2009) and class Il formins (PTEN domain) (van Gisbergen et al., 2012)
interact with PI(3,5)P,. TRPML1 and RyR1 also bind PI(3,5)P, (Shen et al., 2009, Dong et
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al., 2010). In these latter examples, no lipid binding motif is apparent. Thus,
bioinformatic approaches are not sufficient to determine which proteins bind PI(3,5)P,.
Atg18 binds PI(3,5)P, with a high affinity, in the nanomolar range (Dove et al.,
2004), likely due to tandem lipid binding sites. Lower affinity interactions may be of
equal biological significance but are more difficult to detect. Moreover, some effectors
require simultaneous interactions with other proteins (reviewed in (Lemmon, 2008)).
For example, the FYVE domain containing protein, EEA1, associates with membranes via
simultaneous interaction with PI3P and Rab5 GTPase. The development of strategies to
detect relatively low affinity binding will be necessary to identify the full set of PI(3,5)P,

and PI5P effectors.

1.3 PATHWAYS REGULATED BY VAC14, FAB1/PIKFYVE AND FIG4

Mutants deficient in Fab1l or its regulators provide information on its cellular
(Table 1) and physiological roles (Table 2). The PIKfyve inhibitors YM201636 and MF4
have also facilitated studies of cellular functions of PIKfyve (Jefferies et al., 2008, de
Lartigue et al., 2009). However, off-target effects need to be considered (lkonomov et
al., 2009c). Recently, apilimod was also found to be a potent inhibitor of PIKfyve (Cai et
al., 2013).

In mammals, loss of PIKfyve function decreases both PI(3,5)P, and PI5P (Zhang et
al., 2007, lkonomov et al., 2011, Zolov et al., 2012), thus phenotypes linked to mutations
in this pathway may be due to loss of PI(3,5)P,, PI5P or both lipids. In addition,
disagreement among studies about whether a specific pathway requires PIKfyve may be
due to differences in the extent of decrease of PIKfyve activity. In most cell-based

11



studies some PIKfyve function remains, including mutant cells and RNAi experiments.
For example, in PIKfyve®9¢%9%° MEF cells, 5% of the normal levels of PIKfyve provide half
of the normal levels of PI(3,5)P, and PI5P (Zolov et al., 2012). Here, we present
pathways that require PIKfyve. Those known to be directly regulated by PI(3,5)P,,
because PI(3,5)P, protein effectors have been identified, will be indicated. In other

cases, the regulatory lipid may either be PI(3,5)P, or PI5P.

1.3.1 Formation of large vacuoles

A striking feature in PI(3,5)P, deficient organisms is enlarged vacuoles
(Yamamoto et al., 1995, Bonangelino et al., 1997, Ikonomov et al., 2001, Rutherford et
al., 2006, Zhang et al., 2007, Chow et al., 2007, Jefferies et al., 2008, Whitley et al., 2009,
Hirano et al., 2011, Takasuga et al., 2013). In mutant yeast, the vacuole/lysosome is
enlarged. In Vac14” and Fig4'/' MEF cells, the vacuoles are heterogeneous, arising from
both late endosomes and lysosomes, as well as enlarged autophagosomes (Zhang et al.,
2007, Chow et al., 2007, Ferguson et al., 2009, Zhang et al., 2012). Complete inhibition
of PIKfyve causes vacuoles to form from early endosomes as well (Jefferies et al., 2008).

The enlarged vacuoles in PI(3,5)P,-defective yeast mutants cannot release water
even when exposed to hyperosmotic shock (Bonangelino et al., 2002), which suggests
an inability to regulate the water content of the vacuole. Similarly, vacuoles in
mammalian cells are likely due to defects in the regulation of osmolarity within the
endomembrane system. The Vac14"™9"9 and Fig4”" mouse mutants exhibit extreme
hydrocephalus (Jin et al., 2008, Lenk et al., 2011), and the vacuoles that form in Vac14”

or Fig4'/' MEF cells are not filled with lipid (Zhang et al., 2007, Chow et al., 2007).
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1.3.2  PI(3,5)P, regulates some ion channels

The defects in water homeostasis may be linked to defects in ion homeostasis.
Indeed, overexpression of the TRPML1 calcium channel in Vac14”" MEF cells suppresses
the formation of vacuoles (Dong et al., 2010). In S. pombe, mutations in a calcium
permease (SPAC521.04c) rescue the enlarged vacuoles in the fab1A mutant (Onishi et
al., 2003). Suppression in both cases may be due to regulation of calcium flux.

A role for phosphoinositide regulation of ion channels is better understood on
the plasma membrane where multiple ions channels are activated by PI(4,5)P,. In some
cases, PI(4,5)P, directly interacts with the channel; in other cases, PI(4,5)P, recruits
regulators (Falkenburger et al., 2010). Similarly, PI(3,5)P, activates ion channels on
endosomes and lysosomes, including mucolipin transient receptor potential channels
(TRPML1, TRPML2, TRPML3) and yeast homolog, yeast vacuolar conductance (Yvcl), and
two-pore channels (TPC1, TPC2, TPC3) (Dong et al., 2010, Wang et al., 2012). While the
mechanism of PI(3,5)P, regulation of TPCs is not known, PI(3,5)P, interacts directly with
the cytoplasmic N-terminus of TRPML1. PI(3,5)P, is also important for calcium dynamics
in muscles. PI(3,5)P, directly activates the ryanodine receptors (RyR1, RyR2), which
release calcium from the sarcoplasmic reticulum in skeletal and cardiac muscles,

respectively (Shen et al., 2009, Touchberry et al., 2010).

1.3.3  PI(3,5)P, plays a role in the acidification of the vacuole

Vacuoles in fab1A, vac74, and vac14A yeast are less acidified than wild-type
vacuoles (Yamamoto et al., 1995, Bonangelino et al., 1997). Similar phenotypes occur in

Schizosaccharomyces pombe, Caenorhabditis elegans, Drosophila melanogaster and
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Arabidopsis thaliana (Augsten et al., 2002, Nicot et al., 2006, Rusten et al., 2006, Hirano
et al., 2011, Bak et al., 2013). These acidification defects may contribute to the
formation of large vacuoles; vacuolar ATPase function is required for both vacuole
fission and fusion (Baars et al., 2007). However, PI(3,5)P, plays additional roles in
vacuole morphology. A limited increase in PI(3,5)P, corrects acidification of the vacuole
without correcting vacuole size (Gary et al., 1998, Bonangelino et al., 2002). PI(3,5)P;
effectors involved in acidification have not been identified, although the vacuolar
ATPase is a likely candidate. While assembly of the vacuolar ATPase does not require
PI(3,5)P, (Bonangelino et al., 2002), PI(3,5)P, may regulate vacuolar ATPase activity.

1.3.4 Fab1/PIKfyve is required for multiple pathways in the endomembrane
system

Membrane trafficking defects also contribute to the formation of enlarged
vacuoles. In yeast, PI(3,5)P, and Atg18 are required for fission of the vacuole (Efe et al.,
2007, Zieger and Mayer, 2012) and retrograde traffic from the vacuole to the Golgi
(Bryant et al., 1998, Dove et al., 2004). These defects contribute to but do not fully
account for the large vacuoles in the fab1A mutant. The vacuoles in atg18A are not as
enlarged as observed in fab1A yeast (Efe et al., 2007). Thus, defects in water and ion
homeostasis, vacuole acidification, as well as defects in membrane trafficking and
vacuole fission, each contribute to the enlarged vacuoles caused by low levels of

PI(3,5)P, (Figure 1- 4B).
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1.3.4.1 Roles for Fab1/PIKfyve in the multivesicular body pathway

Fab1/PIKfyve function has been linked to multivesicular body (MVB) formation, a
protein degradation pathway. MVB formation involves the ubiquitination and capture of
cargoes on the limiting membrane of late endosomes, which are then internalized via
invagination and formation of intraluminal vesicles (ILV). Degradation of protein cargoes
occurs when the MVB fuses with the lysosome. In fab1A yeast, fewer ILVs are formed
(Gary et al., 1998). Formation of ILVs requires several ESCRT proteins, including Vps24.
While controversial (Michell et al., 2006), one study suggested that Vps24 binds
PI(3,5)P, (Whitley et al., 2003). Thus, the partial defect in ILV formation may be due to a
requirement for PI(3,5)P, in Vps24 function. In addition to a possible role in forming ILV
vesicles, PI(3,5)P, may be required for sorting some protein cargoes (reviewed in (Ho et
al., 2012)). How PI(3,5)P, regulates cargo sorting remains to be determined.

Loss of PIKfyve activity has also been linked to events that occur after cargo
sorting. Drosophila Notch, Wingless and Dpp (a fly homologue of TGFB) accumulate in
the MVB and are not degraded in a Drosophila fab1 mutant. Thus, Fabl may also
function downstream of cargo internalization (Rusten et al., 2006). Delayed epidermal
growth factor receptor (EGFR) degradation due to inhibition of PIKfyve (Jefferies et al.,
2008, Er et al., 2013) may also be due to similar defects: either trafficking problems after
sorting ligands into the MVB or loss of protease activity in lysosomes that are not

properly acidified.
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1.3.4.2 PIKfyve is required for protein trafficking from endosomes to the
TGN

Similar to yeast (Bryant et al., 1998, Dove et al., 2004), PIKfyve is required for
retrograde traffic of proteins from endosomes to the trans-Golgi network (TGN).
Knockdown of PIKfyve inhibits retrograde traffic of the cation-independent mannose-6-
phosphate receptor (CI-MPR), sortillin (a related receptor) and furin (Rutherford et al.,
2006). In Vac14” fibroblasts (Zhang et al., 2007), or following inhibition of PIKfyve (de
Lartigue et al., 2009), CI-MPR localizes to endosomes and cathepsin D, one of its ligands,
is missorted (Zhang et al., 2007). Inhibition of PIKfyve also delays trafficking of the Shiga
Toxin B subunit from endosomes to the TGN (de Lartigue et al., 2009). These defects
may be due in part to dysregulation of SNX1 and SNX2, retromer proteins that bind
directly to PI(3,5)P,. In addition, PIKfyve binds to two proteins required for retrograde
trafficking: p40, a Rab9 effector, and JLP, a kinesin adaptor required for microtubule
based transport from endosomes to the TGN (lkonomov et al., 2003, Ikonomov et al.,

2009a).

1.3.4.3 Regulation of PIKfyve in response to insulin

PIKfyve is required for insulin-mediated Glut4 translocation. Insulin stimulates
the glucose transporter (Glut4) to transiently translocate to the plasma membrane,
which facilitates glucose uptake. Regulated Glut4 trafficking occurs in both adipocytes
and muscle. Suppression of PIKfyve activity reduces insulin induced Glut4 translocation
in cultured adipocytes (reviewed in (Shisheva, 2012)). PIKfyve is also required for Glut4

trafficking in animals; a muscle-specific knock-out of PIKfyve in mice causes a defects in
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Glut4 translocation and glucose uptake (lkonomov et al., 2013). The precise role(s) of
PIKfyve in Glut4 translocation are not known.

Insulin stimulation regulates PIKfyve activity (Shisheva et al., 2001, Berwick et al.,
2004, Bridges et al., 2012), in part by Akt, which phosphorylates PIKfyve on serine 318
(Berwick et al., 2004). Moreover, EGF stimulation, which promotes EGFR internalization
and degradation, also induces Akt phosphorylation of PIKfyve on serine 318 (Er et al.,
2013). However, in cells the degree of activation of PIKfyve due to phosphorylation of
serine 318 is relatively modest. Thus, there are may be additional Akt phosphorylation
sites on PIKfyve, as well as additional PIKfyve activators.

One outcome of insulin activation of PIKfyve in adipocytes is an effect on mTOR,
a major regulator of cell metabolism. Insulin-induced translocation of mTOR to the
plasma membrane, as well as mTOR activity, requires PIKfyve (Bridges et al., 2012). The
recruitment of mTOR to the plasma membrane in response to insulin may occur through
direct interactions with PI(3,5)P,. However, whether PI(3,5)P; is found on the plasma

membrane of adipocytes is not known.

1.3.4.4 Fab1/PIKfyve is required for autophagy in metazoans

Autophagy requires Fab1/PIKfyve. Autophagy delivers cargoes to the lysosome
for degradation. Suppression of Fab1/PIKfyve results in impaired clearance of
autophagic organelles. In C. elegans, mutations in PPK-3 (Fab1) cause an increase in
autophagosomes (Nicot et al., 2006). Similarly, Drosophila fabl mutant larvae
accumulate autophagosomes and amphisomes (Rusten et al., 2007). In NIH3T3 or

HEK293 cells, and in primary cultured hippocampal neurons, inhibition of PIKfyve with
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YM201636 or MF4 causes an accumulation of autophagosomes and the autophagic
marker, LC3-II (Jefferies et al., 2008, de Lartigue et al., 2009, Martin et al., 2013).
Similarly, the brains of mice with mutations in Fig4 have elevated levels of LC3-Il and
p62, another marker of autophagy (Ferguson et al., 2009, Vaccari et al., 2011, Lenk et
al., 2011, Katona et al., 2011). Together, the above studies indicate that PIKfyve has

multiple roles in the endomembrane system.

1.3.4.5 Roles for lysosomal PI(3,5)P, in the regulation of transcription

Endosomal PI(3,5)P, may also regulate some transcriptional pathways.
Expression of pheromone responsive genes in S. pombe is defective in a fablA mutant
(Morishita et al., 2002). Similarly, in S. cerevisiae P1(3,5)P, modulates transcription via
interaction with Tup1 and Cti6 (Han and Emr, 2011). PI(3,5)P, provides a site on the
yeast vacuole for assembly of the Tup1/Cyc8/Cti6 transcription complex. These findings

predict that PI(3,5)P, on lysosomes may regulate additional transcription pathways.

1.3.4.6 Fab1/PIKfyve may function at the plasma membrane

In addition to multiple functions on endosomes, a small pool of Fab1/PIKfyve
may function at or near the plasma membrane. In adipocytes, PIKfyve activity may
contribute to localization of mTORC1 to the plasma membrane. Furthermore, PIKfyve
has been implicated in phagocytosis and pinocytosis (Kerr et al., 2010, Hazeki et al.,
2012). Further evidence for a potential role for Fab1/PIKfyve at the plasma membrane
comes from the Physcomitrella patens class Il formins, which bind PI(3,5)P; (van
Gisbergen et al., 2012) and require Fab1l activity for their localization at the cell cortex.

PIKfyve has also been implicated in actin remodeling in mammalian cells (reviewed in
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(Shisheva, 2012)). In addition, when expressed heterologously in Xenopus oocytes,
several plasma membrane localized ion channels and carrier proteins require PIKfyve
activity (reviewed in (Dove et al., 2009, Ho et al., 2012, Shisheva, 2012)). Thus, while
most PIKfyve is associated with endosomal membranes, PIKfyve may also have roles at

the plasma membrane.

1.4 FAB1/PIKFYVE, VAC14 AND FIG4 IN PLANT AND ANIMAL PHYSIOLOGY

PIKfyve plays critical roles in development. Knockout of PIKfyve in mice results in
very early lethality: PIKfyve'/' embryos did not survive past E3.5 (lkonomov et al., 2011)
and, in an independent knock-out, embryos did not survive past E8.5 (Takasuga et al.,
2013). Similarly, Drosophila fab1 and C. elegans (ppk-3) mutants display early lethality
(Rusten et al., 2006, Nicot et al., 2006). In Arabidopsis thaliana the two Fab1 genes,
FAB1A and FABI1B, play critical roles in development (Whitley et al., 2009, Hirano et al.,
2011)}, perhaps due in part to hyposensitivity to auxin signaling (Hirano and Sato, 2011).

Analysis of a PIKfyve®7¢/%9€° hypomorphic mutant mouse with partial PIKfyve
activity, which dies perinatally, has revealed post-development roles of PI(3,5)P, and
PISP in animal physiology (Zolov et al., 2012). Similarly, Vac14” mutant mice, which also
have less Fig4 protein (Lenk et al., 2011, Zolov et al., 2012), die perinatally (Zhang et al.,
2007). Fig4”” mice can live up to 6 weeks (Chow et al., 2007). Vac14™9"" 3 missense
mutation that disrupts binding of Vac14 with PIKfyve, survives up to 3 weeks (Jin et al.,
2008). Differences in lethality may be largely due to differences in strain background.
Early lethality is rescued in Fig4'/' mice by neuronal-specific, but not astrocyte-specific,
expression of Fig4 (Ferguson et al., 2012). Thus, loss of PI(3,5)P, and PI5P in neurons
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likely contributes to early lethality of the Fig4'/' mice and other PIKfyve-related mouse

models.

1.4.1 Multiple tissues require PIKfyve

Vac14, Fig4 and PIKfyve are expressed globally. Accordingly, defects in the
corresponding mouse mutants occur in multiple tissues. Hearts of the Vacl4'/', Fig4'/'
and PIKfyve hypomorph mutants have vacuoles (Zolov et al., 2012) and in the two latter
mutants, there is a spongiform-like phenotype in the spleen as well. Moreover, the
lungs and kidneys of the PIKfyve hypomorph have a spongiform-like appearance.
Conditional knock-out of PIKfyve (PIPKIII), in intestinal cells, causes vacuole formation
and defects in membrane trafficking in the gut epithelia, which ultimately lead to early
lethality (Takasuga et al., 2013).

Vacl4, PIKfyve and Figd proteins are most abundant in the nervous system,
which fits with findings that the nervous system is profoundly affected in the
corresponding mutant animals (Zhang et al., 2012, Zolov et al., 2012). Fig4'/', Vac14”
and Vac14™/"" mice display degeneration of the brain, including enlarged ventricles,
increased apoptosis and severe spongiform encephalopathy; large vacuoles in the cell
bodies of neurons are also observed in the peripheral nervous system (Chow et al.,
2007, Zhang et al., 2007, Jin et al., 2008). The PIKfyve hypomorph has similar defects
(Zolov et al., 2012). Consistent with the importance of PI(3,5)P, and PI5P in the nervous
system, a mouse with a neuron-specific knock-out of Vps34, displays juvenile lethality
and neurodegeneration, and has reduced PI3P and PI(3,5)P,. PI5P was not measured

(Zhou et al., 2010).
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Myelination is reduced in the central and peripheral nerves of Fig4'/' mice (Chow
et al., 2007, Winters et al., 2011, Ferguson et al., 2012). Fig4 may be particularly
abundant during development of myelinating cells and dorsal root ganglia sensory
neurons (Guo et al., 2012), although Fig4'/' controls, which would indicate whether the
antigen detected by the anti-Fig4 antibody was bona fide Fig4, were missing.
Interestingly, hypomyelination in Fig4'/' mice is rescued by neuron-specific expression of
Figd (Winters et al., 2011). Heterozygous Fig4+/' mice show no signs of
neurodegeneration or increased susceptibility to trauma induced degeneration (Yan et
al., 2012). thrZ'/'Fig4'/' double mutant mice have more severe hypomyelination and
neurodegeneration, which suggest that loss of PI5P contributes to these phenotypes

(Vaccari et al., 2011).

1.4.2 PIKfyve in neurons

Vacl4, PIKfyve and Figd have specialized roles at the synapse. AMPA-type
glutamate receptors, which mediate fast neurotransmission in the brain, cycle between
endosomes and the plasma membrane. Notably, trafficking of the AMPA receptor
subunits, GluAl and GIluA2, are modulated by the PIKfyve complex. shRNA silencing of
PIKfyve impairs trafficking of GFP-HA-GIUA2 (Tsuruta et al., 2009), and addition of
PI(3,5)P, promotes trafficking of heterologously expressed GIuAl (Seebohm et al.,
2012). In Vac14” cultured hippocampal neurons, GluAl and GIuA2 are increased on the
plasma membrane with a concomitant increase in postsynaptic strength (Zhang et al.,

2012). Similarly, in cultured cortical neurons, internalization and degradation of the L-
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type voltage-gated calcium channel subunit, Cay1.2, requires PIKfyve (Tsuruta et al.,
2009).

In addition to postsynaptic defects, Vac14” neurons also displayed an increased
probability of presynaptic vesicle fusion (Zhang et al., 2012). Similarly, PIKfyve is a
negative regulator of calcium-dependent exocytosis in neurosecretory cells (Osborne et
al., 2008). Together, PIKfyve and potentially PI(3,5)P,, PI5P or both negatively regulate
the excitatory response of neurons, which may explain why defects in the PIKfyve
complex are linked to excitotoxic neuronal death.

Further determination of roles for PI(3,5)P, and PI5P signaling at the synapse will
likely come from identification of proteins that binds these lipids and/or interact with
Vacl4, PIKfyve, or Figd. Potential candidates include clavesin and nitric oxide synthase
(nNOS). Clavesin (clathrin vesicle-associated Sec14 protein), is expressed solely in the
brain and binds PI(3,5)P,. Knockdown of clavesin causes enlarged late-
endosomes/lysosomes similar to those seen with suppression of PIKfyve activity (Katoh
et al., 2009). nNOS, which functions at the synapse in the regulation of
neurotransmission, binds Vac14 through a PDZ domain in vitro (Lemaire and
McPherson, 2006); a functional interaction between Vac14 and nNOS at the synapse has
not been tested.

1.5 MUTATIONS IN GENES THAT ENCODE THE VAC14, PIKFYVE, AND FIG4
COMPLEX ASSOCIATED WITH HUMAN DISEASES

Mutations in FIG4 underlie a severe form Charcot Marie-Tooth (CMT) type 4J

(Chow et al., 2007). In CMT, progressive deterioration of nerves and/or demyelination
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throughout the peripheral nervous system results in reduced nerve conduction velocity
and sensory sensation. These defects overlap with those observed in the F/'g4'/' mouse.
The most common genotype in CMT4J patients is FIG4 compound heterozygosity: one
null allele and the other encoding the missense mutation, isoleucine 41 to threonine
(141T) (Chow et al., 2007). The mutation retains partial function. In Fig4'/' mice,
overexpression of a Fig4-141T transgene significantly suppresses the early lethality
(Chow et al., 2007, Lenk et al., 2011). That Fig4-114T has a modest functional defect, yet
causes peripheral neuropathy, underscores the importance of precise modulation of
PI(3,5)P, and/or PI5P levels in the nervous system.

CMT4B1 and CMT4B2 are caused by loss-of-function mutations in MTMR2 and
MTMR13 respectively (reviewed in (Bolis et al., 2007)) and have clinical symptoms that
overlap with those observed in CMT4J. The clinical symptoms in common between
CMT4B and CMT4J may be due to either less PI5P or elevated PI3P.

A range of mutations in FIG4 were found in 7 out of 473 patients with ALS and 2
patients with PLS (Chow et al., 2009). Mutations in FIG4 may be causative in other
neurological diseases as well. Moreover, mutations in FIG4 can cause defects in
additional tissues. Homozygous null mutations in FIG4 cause Yunis-Varén syndrome, a
severe autosomal-recessive congenital disorder, which affects multiple tissues, including
the heart, skeletal muscle, skeleton and brain (Campeau et al., 2013). The diversity of
affected tissues underscores the importance of the Vac14/PIKfyve/Figd complex in

human physiology.
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To date, neither PIKfyve nor Vac14 have been linked to neurological disease.
Heterozygous null mutations in PIKfyve are associated with Francois-Mouchetee Fleck
Corneal Dystrophy (CFD) (Li et al., 2005), which results in white flecks throughout the
corneal stroma of the eye that do not affect vision. Corneal flecks are thought to be
enlarged vacuoles in swollen keratocytes (Kotoulas et al., 2011). Interestingly, Vac14
MRNA is down-regulated in a large subset of patients with chronic fatigue syndrome
(Carmel et al., 2006). Based on the common molecular functions of PIKfyve, Vac14 and
Figd, it is tempting to speculate that mutations in PIKfyve and Vac14 will be discovered

that are linked to neurological disorders.

1.6 CONCLUSIONS

The roles and regulation of PI(3,5)P, parallel those of other PIP species. Notably,
PI3P is a precursor for PI(3,5)P,, which in turn is a precursor for PI5P. The
interconversion between these lipids predicts that there are pathways where these
lipids spatially and temporally control multi-step pathways.

Compared with PI3P, PI4P and PI(4,5)P,, the levels of PI(3,5)P, are exceedingly
low. The difficulty of measuring the low levels of PI(3,5)P, in cells, and the lack of a
fluorescent probe to monitor its spatial and temporal dynamics have provided major
hurdles towards elucidating the roles and regulation of PI(3,5)P,. A more complete
picture of the pathways that rely on PI(3,5)P, and PI5P will likely provide insights into
how minor defects in the regulation of these lipids leads to profound human diseases.
Recent observations that mutations in Fig4 cause defects with striking similarities to
lysosomal storage disorders may also provide insight into the links between these lipids
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and disease (Martyn and Li, 2013). Moreover, as whole exome sequencing of patients
continues, more diseases linked to this pathway will likely be discovered. The severity of
CMTA4J, ALS and Yunis-Varon syndrome underscores the importance of uncovering the
molecular mechanisms that regulate the Vac14/PIKfyve/Figd complex, as well as the

discovery of new cellular pathways that are regulated by PI(3,5)P, and PI5P.
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Figure 1-1. Interconversion among the seven known phosphoinositide lipids
Interconversion among the seven known phosphoinositide lipids occurs via action of
specific lipid kinases (red arrows) and phosphatases (blue arrows). Selected kinases and
phosphatases are shown. While controversial, direct conversion of Pl to PI5P via PIK-
fyve activity may contribute to the PI5P pool (gray arrows). INPP4A phosphatase, which
causes neurodegeneration in mice (Norris et al., 1995), and the type Il PI5P 4-kinase
(Carricaburu et al., 2003, Rameh et al., 1997), which has a role in the regulation of PI5P
levels, were not discussed in this chapter.
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Figure 1-2. Fab1/PIKfyve, Vac14 and Fig4 are conserved in most eukaryotes

Domains of S. cerevisiae and human Fab1/PIKfyve, Vac14 and Fig4/Sac3 are shown.
(A) Fab1 domains include FYVE (binds PI3P), DEP (unknown function; present in
chordate and insect Fab1), CCT (homologous to the chaperone Cpn60/TCP-1 family;
mediates interactions with Vac14), CCR (a conserved cysteine rich domain found only
in Fab1/PIKfyve; part of the Vac14 binding region), kinase (catalytic site for conversion
of PI3P to PI(3,5)P,). (B) Vacl4 is composed of tandem HEAT repeats, which are rod-
like helical structures that mediate protein-protein interactions. (C) Fig4 contains a Sac
domain, which is a module found in several lipid phosphatases. Note, the number of
amino acids in mouse PIKfyve and human PIKfyve are not identical. The catalytically
impaired mutation in mouse PIKfyve, K1831E, is indicated on the schematic of human
PIKfyve, K1877E. The boundaries for FYVE, CCT, CCR, kinase, and Sac domains were
identified as follows: 1) conserved in multiple sequence alignments and 2) contained
unbroken secondary structure elements predicted by the program Jpred. Sequences
for Fab1/PIKfyve were from the following species: Saccharomyces cerevisiae (budding
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yeast, NP_116674), Schizosaccharomyces pombe (fission yeast, NP_596090), Candida
albicans (human pathogen, CAC42810), Ashbya gossypii (cotton pathogen, NP_985045),
Arabidopsis thaliana (plant, NP_001078484), Drosophila melanogaster (fly, NP_611269),
Apis mellifera (honey bee, XP_393666), Anopheles gambiae (mosquito, XP_314118),
Caenorhabditis elegans (worm, CAA19436), and Homo sapiens (human, NP_055855).
The Sac domain in Fig4 was defined through alignment of the following Sac domain
proteins in S. cerevisiae: Inp51, Inp52, Inp53, Sacl and Fig4.
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Figure 1-3. Schematic of the Fab1/PIKfyve, Vac14, Fig4/Sac3 complex

Vac1l4 oligomerizes with itself and nucleates the complex through direct interactions
with Fab1/PIKfyve and Fig4/Sac3. In yeast, Vac14 also directly interacts with Atgl8 and
Vac7. The yeast Vac14 point mutants, H56Y (HEAT repeat loop 2), R61K (HEAT repeat
loop 2) and Q101R (HEAT repeats loop 3), each disrupt binding of Atg18 and Vac7. Thus,
Atg18 and Vac7 may bind overlapping or identical sites of Vac14 (Jin et al., 2008). The
Vac14-L156R mutation, found in ingls mice, and corresponding mutation Vac14-L149R
in yeast, disrupts Vac14 interaction with Atg18, Vac7 and Fabl. This suggests that all
three proteins bind overlapping sites on Vac14. The point mutation, Fig4-141T found in
patients with CMT4J, disrupts the interaction between Figd and Vac14, although the
major portion of human Fig4 that interacts with Vac14 resides within residues 478-907
(Ikonomov et al., 2009b). In mammalian cells, myotubularin related proteins (MTMRs)
can convert PI(3,5)P, to PISP and may provide the majority of cellular PISP. 0This figure is
adapted from Jin et al. (2008).
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Figure 1-4. Cellular localization of PI(3,5)P,

(A) Localization of PI(3,5)P, and PI5P inferred from the localization of PIKfyve and Vac14.
PI(3,5)P, localizes on early endosomes, late endosomes and lysosomes. Localization of
PI(3,5)P, on autophagosomes is less clear. PISP may also be present at all or some of
these locations. To further establish the locations of these lipids, suitable lipid probes
need to be developed. PI(3,5)P, effectors and trafficking pathways affected in PIKfyve/
Vac14/Fig4 deficient cells are also indicated. Purple: known PI(3,5)P, effectors. Blue:
proteins affected by PI(3,5)P, and/or PI5P. (B) The size of a yeast vacuole or mammalian
lysosome is dependent on ion and water homeostasis, as well as the net sum of
anterograde traffic, retrograde traffic, membrane fusion and membrane fission.
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Table 1.

Pathways regulated by Fab1/PIKfyve

Pathways affected Known PI(3,5)P, Effectors

Species and reference

PI5P biogenesis

Vacuole fission

Retrograde

from the vacuole

MTMRs' (Zolov et al.,
2012, Berger et al., 2003)

Atg18 (Dove et al., 2004)

traffic 1018 (Dove et al,, 2004)

Acidification of

vacuoles or

endolysosomes

lon channel
function

TRPML1, TRPML2,
TRPML3 (Dong et al.,
2010); TPC1, TPC2, TPC3
(Wang et al., 2012); RyR1,
RyR2 (Touchberry et al.,
2010, Silswal et al., 2011)

Autophagy in

metazoans

Fluid phase

endocytosis

Sorting of cargoes

at the MVB

Vps24" (Whitley et al.,
2003)

Traffic of cell
surface receptors
to lysosomes

Endosome-to-TGN

traffic

SNX1, SNX2 (Carlton et
al., 2005)

Cell culture (Zolov et al., 2012)

S. cerevisiae (Bonangelino et al.,
1997)

S. cerevisiae (Bryant et al., 1998,
Dove et al., 2004)

S. cerevisiae (Yamamoto et al., 1995,
Bonangelino et al., 1997);

C. elegans (Nicot et al., 2006);

D. melanogaster (Rusten et al.,
2006);

A. thaliana (Hirano et al., 2011);

Cell culture and mouse (Dong et al.,
2010, Touchberry et al., 2010, Silswal
et al., 2011, Wang et al., 2012)

C. elegans (Nicot et al., 2006);

D. melanogaster (Rusten et al.,
2007);

Cell culture (Jefferies et al., 2008, de
Lartigue et al., 2009);

Mouse (Ferguson et al., 2009,
Vaccari et al,, 2011, Lenk et al., 2011,
Katona et al., 2011)

Cell culture (Ikonomov et al., 2003,
Zhang et al., 2007, de Lartigue et al.,
2009);

D. melanogaster (Rusten et al., 2006)
S. cerevisiae (Reviewed in (Ho et al.,
2012))

Cell culture (de Lartigue et al., 2009);
D. melanogaster (Rusten et al., 2006)

Cell culture (Rutherford et al., 2006,
Zhang et al., 2007, lkonomov et al.,
2009, de Lartigue et al., 2009,)
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Glut4
translocation in 3T3 adipocytes (Reviewed in
response to (Shisheva, 2012))

insulin

mTORC1

translocation to

the plasma Raptor (Bridges et al.,
membrane in 2012)

response to

insulin

Cortical actin Formins (van Gisbergen et
array dynamics al., 2012)

GAL1 induction in
the absence of

3T3 adipocytes (Bridges et al., 2012);

P. patens (van Gisbergen et al., 2012)

Tupl, Cti6 (Han and Emr, S. cerevisiae (Han and Emr, 2011)

GAL4 2011)
AMPA receptor Neuron culture (Tsuruta et al., 2009,
and Ca,1.2 Zhang et al., 2012, Seebohm et al.,
trafficking 2012)

] Neuron culture (Osborne et al., 2008,
Exocytosis

Zhang et al., 2012)

t Potential binding of Vps24 (Narayan and Lemmon, 2006) and MTMRs (Choudhury et
al., 2006) are controversial.
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Table 2.

Phenotypes

Phenotypes of PI(3,5)P, deficiency in model organisms

Species and reference

Enlarged endosomes and
lysosomes

Sensitivity to heat and
calcium

Secretion and response to
mating hormones

Hyphae formation on solid
medium

Inviable pollen, slow root
growth, curled leaves,
dwarfed plants, abnormal
flowers

Stunted growth

Early lethality

Dilute coat color

Neurodegeneration

Increased pre- and post-
synaptic strength

Myelination defects

Abnormalities in heart,
lung, kidney, thymus, and
spleen

S. cerevisiae (Yamamoto et al., 1995, Bonangelino et al.,
1997, Gary et al., 1998, Cooke et al., 1998); S. pombe
(Morishita et al., 2002);

C. albicans (Augsten et al., 2002); Cell culture (Ikonomov
et al., 2001, Rutherford et al., 2006, Zhang et al., 2007,
Chow et al., 2007, Jefferies et al., 2008, de Lartigue et
al., 2009, Zolov et al., 2012);

C. elegans (Nicot et al., 2006); D. melanogaster (Rusten
et al., 2006); A. thaliana (Whitley et al., 2009)

Mouse (Chow et al., 2007, Ferguson et al., 2009, Zhang
et al., 2012)

S. cerevisiae (Yamamoto et al., 1995); S. pombe
(Morishita et al., 2002)

S. pombe (Morishita et al., 2002)

C. albicans (Augsten et al., 2002)

A. thaliana (Whitley et al., 2009, Hirano et al., 2011)

P. patens (van Gisbergen et al., 2012)

C. elegans (Nicot et al., 2006); D. melanogaster (Rusten
et al., 2006); mouse (Zhang et al., 2007, Jin et al., 2008,
Chow et al., 2007, Ikonomov et al., 2011, Zolov et al.,
2012)

Mouse (Chow et al., 2007, Jin et al., 2008)

Mouse (Bolino et al., 2004, Zhang et al., 2007, Chow et
al., 2007, Jin et al., 2008, Zhang et al., 2008, Katona et
al., 2011, Winters et al., 2011, Vaccari et al., 2011,
Ferguson et al., 2012, Zolov et al., 2012)

Neuron culture (Zhang et al., 2012)

Mouse (Bolino et al., 2004, Zhang et al., 2008, Vaccari et
al., 2011, Winters et al., 2011)

Mouse (Chow et al., 2007, Zolov et al., 2012)
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Table 3.

Disease

Affected Gene

Human disease linked to defects in PI(3,5)P,

Reference

Charcot Marie-Tooth type
4) (CMTA4))

Amyotrophic lateral
sclerosis (ALS)

Primary lateral sclerosis
(PLS)

Yunis—=Varon syndrome
Charcot Marie-Tooth type
4B1

Charcot Marie-Tooth type
4B2

Francois-Mouchetee Fleck
Corneal Dystrophy
Polymicrogyria with
epilepsy

Chronic Fatigue Syndrome

Fig (141T)*
Figd (L17P)*

Figd

Figd
Figd**

MTMR2
MTMR13
PIKfyve

Figd

Down regulation of

Vacl4

Chow et al., 2007,
Zhang et al., 2008,
Chow et al., 2009

Chow et al., 2009

Chow et al., 2009
Campeau et al., 2013

Reviewed in Bolis et al., 2007

Reviewed in Bolis et al., 2007

Li et al., 2005,
Kotoulas et al., 2011

Baulac et al., 2014

Carmel et al., 2006

*Patients are compound heterozygotes with a null allele of Figd and Fig4-141T, or Figl-

L17P.

**Patients are homozygous for loss-of-function (null) alleles of Fig4
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CHAPTER 2
MODULATION OF SYNAPTIC FUNCTION BY VAC14, A PROTEIN THAT REGULATES THE

PHOSPHOINOSITIDES PI(3,5)P, AND PI(5)P

2.1 SUMMARY

’Normal steady state level of the signaling lipids PI(3,5)P, and PI(5)P requires the
lipid kinase FAB1/PIKfyve and its regulators, VAC14 and FIG4. Mutations in the
PIKfyve/VAC14/FIG4 pathway are associated with Charcot-Marie-Tooth syndrome and
Amyotrophic Lateral Sclerosis in humans, and profound neurodegeneration in mice.
Hence, tight regulation of this pathway is critical for neural function. Here, we examine
the localization and physiological role of VAC14 in neurons. We report that endogenous
VAC14 localizes to endocytic organelles in fibroblasts and neurons. Unexpectedly,
VAC14 exhibits a pronounced synaptic localization in hippocampal neurons, suggesting a
role in regulating synaptic function. Indeed, the amplitude of miniature excitatory
postsynaptic currents is enhanced in both Vac14” and Fig4'/' neurons. Re-introduction
of VAC14 in postsynaptic Vac14” cells reverses this effect. These changes in synaptic
strength in Vac14” neurons are associated with enhanced surface levels of the AMPA-

type glutamate receptor subunit GIuA2, an effect that is due to diminished regulated

> This chapter was published as a research article: Zhang YL*, McCartney AJ*, Zolov SN, Ferguson CJ,
Meisler MH, Sutton MA & Weisman LS. 2012. Modulation of synaptic function by VAC14, a protein that
regulates the phosphoinositides PI(3,5)P2 and PI(5)P. Embo Journal, 31, 3442-3456. DOI
10.1038/emb0j.2012.200.
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endocytosis of AMPA receptors. Thus, VAC14, PI(3,5)P, and/or PI(5)P play a role in

controlling postsynaptic function via regulation of endocytic cycling of AMPA receptors.

2.2 INTRODUCTION

Phosphorylated phosphoinositide lipids (Pls) reside on the cytoplasmic side of
eukaryotic membranes and regulate a diverse array of cellular functions. The sn-3, 4 and
5 positions of the inositol head group have the potential to be phosphorylated in all
seven combinations and each type of phosphoinositide plays unique roles in mammals.
Each Pl recruits a distinct set of protein effectors and regulates multiple cellular events
including membrane traffic (Corvera et al., 1999, Roth, 2004), protein sorting (Saksena
et al., 2007), growth factor signaling (Cantley, 2002), ion homeostasis (Balla, 2006, Dong
et al., 2010), cell survival (Brunet et al., 2001) and cell motility (Yin and Janmey, 2003).

Pl lipids are tightly regulated and inter-converted by an array of lipid kinases and
phosphatases. A conserved protein complex including PIKfyve/FAB1/PIP5K3 (GenBank
accession # NP_035216), VAC14 (NP_666328) and FIG4/SAC3 (NP_598760) is
responsible for the biosynthesis and turnover of PI(3,5)P, (Jin et al., 2008, Ikonomov et
al., 2009). PIKfyve is the PI(3)P 5-kinase that phosphorylates PI(3)P to form PI(3,5)P,
(Gary et al., 1998), whereas FIG4 dephosphorylates PI(3,5)P, back to PI(3)P (Rudge et al.,
2004, Duex et al., 2006a). The presence of both a kinase and a phosphatase in the same
complex allows for tight regulation of PI(3,5)P, levels. VAC14, a HEAT repeat protein,
forms a scaffold for formation of the complex and also brings in other regulatory factors
(Jin et al., 2008). Loss of PIKfyve or VAC14 causes a loss of or decrease in PI(3,5)P; levels,
respectively (Duex et al., 2006b, Zhang et al., 2007, lkonomov et al., 2011). While
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knockout of FIG4 might be predicted to increase PI(3,5)P,, FIG4 also activates PIKfyve
and thus, PI(3,5)P; is decreased in Fig4'/' fibroblasts (Chow et al., 2007) and yeast (Duex
et al., 2006a). Interestingly, impairment of PIKfyve activity by either loss of VAC14
(Zhang et al., 2007) or pharmacological inhibition with YM201636 (Sbrissa et al., 2012)
also causes a decrease in PI(5)P levels in mammals. Note that yeast S. cerevisiae does
not produce PI(5)P. In mammals, the PI(5)P pool could come either from direct
phosphorylation of phosphatidylinositol by PIKfyve (Sbrissa et al., 1999), or via
dephosphorylation of PI(3,5)P, by myotubularin family phosphatases (Troncheére et al.,
2004); both pathways are dependent on PIKfyve activity.

The PIKfyve/VAC14/FIG4 complex is critical for endomembrane homeostasis and
has been implicated in an ever-growing list of processes. In yeast, PI(3,5)P, regulates
vacuole fission, vacuole acidification (Bonangelino et al., 1997, Gary et al., 1998,
Bonangelino et al., 2002), retrograde traffic from the vacuole (Bryant et al., 1998, Dove
et al., 2004), and is involved in the assembly of transcriptional regulators (Han and Emr,
2011). In metazoans, the PIKfyve/VAC14/FIG4 pathway regulates endosome-to-trans-
Golgi network retrograde transport (Rutherford et al., 2006), autophagy (Rusten et al.,
2007, Ferguson et al., 2009, de Lartigue et al., 2009), exocytosis (Osborne et al., 2008),
calcium channel activation (Shen et al., 2009, Dong et al., 2010) and degradation
(Tsuruta et al., 2009). In plants, the PIKfyve/VAC14/FIG4 pathway is involved in
endocytosis, vacuole formation, auxin transporter recycling, and pollen development
(Hirano and Sato, 2011, Hirano et al., 2011). It remains to be determined which of the

mammalian pathways are regulated by PI(3,5)P, and/or PI(5)P.
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Analysis of several mouse mutants point to critical roles for the
PIKfyve/VAC14/FIG4 pathway in the central and peripheral nervous systems. Vac14
gene trap (Vac14'/') mice have half of the normal levels of PI(3,5)P,and PI(5)P. They
develop normally, yet die perinatally with numerous neural defects including
spongiform-like lesions and increased apoptosis in the brain, and intracellular
vacuolation in peripheral neurons (Zhang et al., 2007, Chow et al., 2007, Jin et al., 2008,
Ferguson et al., 2009, Lenk et al., 2011). Fig4'/' (Chow et al., 2007, Ferguson et al., 2009)
and Vac14t16r/1156R (ingls) (Jin et al., 2008), mouse mutants defective in PI(3,5)P, and
PI(5)P regulation, have similar patterns of neurodegeneration to that observed in the
Vac14” mouse.

Importantly, human patients with minor defects in the PIKfyve/VAC14/FIG4
pathway also display severe neurological problems. Mutations in FIG4 are responsible
for human Charcot-Marie-Tooth disease type 4) (CMT4J), a recessive disorder affecting
the peripheral nervous system (Chow et al., 2007, Nicholson et al., 2011). The most
common CMT4J allele, 141T, destabilizes the mutant FIG4 protein and impairs its binding
to VAC14 (lkonomov et al., 2010, Lenk et al., 2011). Heterozygous FIG4 mutations have
also been identified in patients with amyotrophic lateral sclerosis (ALS) and primary
lateral sclerosis (PLS), two forms of motor neuron disease (Chow et al., 2009). These
observations suggest that the PIKfyve/VAC14/FIG4 pathway has specialized functions in
the nervous system.

Defects in multiple neural cell types likely contribute to the pathologies observed

in VAC14/FIG4 deficient mouse models. Both neurons (Zhang et al., 2007, Chow et al.,

49



2007, Zhang et al., 2008, Katona et al., 2011) and astrocytes (Jin et al., 2008, Ferguson et
al., 2009) are affected by mutations in VAC14 or FIG4. However, expression of FIG4 in
neurons, but not astrocytes, rescues the spongiform-like lesions, gliosis and early
lethality in Fig4'/' mice (Ferguson et al., 2012), emphasizing the importance of the
PIKfyve/VAC14/FIG4 pathway in neuronal function.

Neurons are highly polarized cells that process electrochemical signals by
extending long specialized processes - axons and dendrites - to facilitate information
transfer through neural circuits. Accordingly, the endosomal system in neurons has both
general and specialized pathways, such as long-range trafficking along neurites (Ibafiez,
2007), as well as specialized recycling in both the pre- and postsynaptic terminals
(Kennedy and Ehlers, 2006, Dittman and Ryan, 2009). These membrane events are
critical for multiple aspects of neuronal function such as neurite outgrowth,
neurotrophic factor signaling, and synaptic plasticity (Lasiecka and Winckler, 2011).
However, the role of PIKfyve/VAC14/FIG4 in neuronal function remains unknown.

Here, we address the functional significance of PIKfyve/VAC14/FIG4 pathway in
cultured neurons from the hippocampus of wild-type and Vac14” mice. To gain insight
into the cellular distribution of PIKfyve/VAC14/FIG4 pathway, we developed an antibody
to VAC14 suitable for immunofluorescence microscopy and found that endogenous
VAC14 localizes to multiple organelles, consistent with multiple roles for PI(3,5)P, in the
endomembrane system. VAC14 partially colocalizes with early endosomes, late
endosomes, lysosomes and autophagosomes. In neurons, VAC14 is found in both

somatodendritic regions and axons. Notably, a substantial amount of endogenous
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VAC14 is present at synaptic sites, suggesting a potential role for VAC14 in the
regulation of synaptic efficacy. Indeed, we find that synaptic function is altered in
neurons cultured from Vac14” and Fig4'/' mice. Postsynaptic function and surface
expression of AMPA-type glutamate receptors are both enhanced in Vac14”
hippocampal neurons. Expression of VAC14 in Vac14” neurons reverses the synaptic
phenotype, indicating a cell-autonomous and post-developmental role for VAC14 in
regulating excitatory synaptic strength. We further show that the elevated surface
AMPA receptor level in Vac14” neurons is due to decreased endocytosis at postsynaptic
sites. Together, our results identify control of PI(3,5)P, and/or PI(5)P syntheses as a
novel regulatory pathway at synapses that influences surface levels of glutamate

receptors and synaptic function.

2.3 RESULTS

2.3.1 Vacla” hippocampal neurons exhibit vacuolation, but otherwise
develop normally in culture

Consistent with its importance in the nervous system, expression of VAC14 is
abundant in the brain relative to other tissues (Figure 2-1A-B). In this study, we sought
molecular insights into the neuronal-specific functions of the PIKfyve/VAC14/FIG4
complex. We focused on hippocampal neurons because VAC14 expression in the
hippocampus is similar to other brain regions (Figure 2- 1C) and the hippocampus is
largely spared from neurodegeneration, even at the time of death in Vac14” and F/'g4'/'

animals (Chow et al., 2007, Zhang et al., 2007). Hippocampal neurons from Vac14”
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embryos remain viable for several weeks, which enabled us to examine the impact of
Vac14 deletion in these cells.

Although no spongiform lesions were observed in hippocampal regions in vivo,
cultured Vac14” hippocampal neurons developed small vacuoles in the soma as early as
1 day in vitro (DIV) (Figure 2-2A). Similar to fibroblasts, the neuronal vacuoles are
positive for the late endosome/lysosome marker LAMP1 and negative for the early
endosome marker EEA1 (Figure 2-2B). Notably, at the neuron density used (2 x 10* per
1.91 cm®), vacuoles are also observed in neurites by 12 DIV, suggesting that VAC14
functions in both the soma and neurites. Vacuole formation in Vac14” neurons appears
to be activity-independent, as the degree of vacuolation in cells subject to activity
blockade (1 uM TTX, 40 uM CNQX, 20 uM APV) from DIV3-DIV18 was similar to that in
untreated neurons (Figure 2-2C).

The presence of vacuoles in neurons lacking VAC14 did not appear to affect axon
and dendrite development in culture, as assessed using the five stage model (Dotti et
al., 1988) (Figure 2-3A). Vac14” neurons progressed from stage | (lamellipodia) to stage
IV/V (complicated networks) at a rate similar to wild-type neurons (Figure 2-3B),

implying normal neurite outgrowth and differentiation.

2.3.2 Subcellular localization of VAC14 in cultured fibroblasts

To determine the sites of action of the PIKfyve/VAC14/FIG4 complex in neurons,
we determined the localization of endogenous VAC14. Previous attempts to localize
components of the PIKfyve complex in non-neuronal cells relied on overexpression of

tagged proteins, and have produced divergent results. An earlier study indicated that
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overexpressed, tagged PIKfyve is confined to late endosome/lysosome compartments
(lkonomov et al., 2001), whereas other analyses found tagged FAB1/PIKfyve primarily
localized to early endosomes (Cabezas et al., 2006, Rutherford et al., 2006).

To better understand the endogenous cellular distribution of the
PIKfyve/VAC14/FIG4 complex, we raised a rabbit polyclonal antibody against full length
human VAC14 protein. After extensive affinity purification, we obtained a reagent that,
in Western blot analysis, revealed a major band at the expected molecular weight (88
kD) in wild-type but not Vac14” brain (Figure 2-1A). In wild-type fibroblasts,
permeabilized with saponin prior to fixation, VAC14 was present on punctate organelles
distributed throughout the cytoplasm; these structures were absent from Vac14”
fibroblast controls (Figure 2-4A). Nuclear staining was frequently observed in both wild-
type and Vac14” cells (Figure 2-5A); thus, the antibody is not suitable to test whether
VAC14 is also localized in the nucleus.

To determine the relative distribution of VAC14 on endosomal and lysosomal
membranes, we performed triple labeling experiments in primary fibroblasts and
determined the distribution of VAC14, EEA1 and LAMP1 (Figure 2-4B and Figure 2-5B, F).
Consistent with earlier studies, EEA1 and LAMP1 labeled distinct compartments. The
majority of VAC14 puncta colocalized with either EEA1 (20 £ 5%), LAMP1 (30 + 5%), or
both markers (19 £ 7%). These triple-labeled puncta likely represent intermediate
endosomes. Thus, VAC14, PI(3,5)P,, and potentially PI5P, are present in multiple
locations within the endomembrane system, including early endosomes, late

endosomes and lysosomes (Figure 2-6). Some VAC14 puncta (31 + 8%) did not colocalize
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with either EEA1 or LAMP1, suggesting that VAC14 may also function on other
compartments.

LAMP1 is present on both late endosomes and lysosomes. To determine whether
VAC14 is found on one or both of these compartments, we examined VAC14 localization
relative to LBPA (late endosomes) or internalized dextran (lysosomes). Partial
colocalization was observed between VAC14 (15 + 6%) and LBPA (Figure 2-4C and Figure
2-5C, G), which indicates that some VAC14 resides on late endosomes. To determine
whether lysosomes also contain VAC14, cells were incubated with a fluid phase marker,
70kD Texas Red-dextran, and then chased in the absence of dextran for twenty-four
hours to allow it to reach lysosomes. Partial colocalization was observed between
VAC14 (23 + 9%) and lysosomes loaded with dextran (Figure 2-4D and Figure 2-5D, G),
suggesting that some VAC14 is also localized on lysosomes. Interestingly, the limiting
membrane of vacuoles in Vac14” fibroblasts is positive for LAMP1, but negative for
LBPA (Figure 2-4E), implying that the large vacuoles derive solely from lysosomes.

In metazoans, the PIKfyve/VAC14/FIG4 pathway is thought to play a role in
autophagy, either during fusion of autophagosomes with endosomes/lysosomes, or
recycling of lysosomes from autolysosomes (Rusten et al., 2007, de Lartigue et al., 2009,
Ferguson et al., 2009). LC3 is a common marker of autophagosomes. We transfected
wild-type or Vac14” fibroblasts with LC3-RFP and colabeled transfected cells with anti-
VAC14. VAC14 (17 + 13%) partially colocalized with LC3 (Figure 2-4F and Figure 2-5E, G),

suggesting that autophagosomes may contain PI(3,5)P, and/or PI(5)P. Alternatively,

54



these PI(3,5)P, and/or PI(5)P containing regions may represent the interface between

autophagosomes and endosomes/lysosomes.

2.3.3 Localization of VAC14 in neurons

To determine the localization of VAC14 in neurons, we first examined its
distribution in the soma. In this case, neurons were not permeabilized with saponin
prior to fixation; thus, the images indicate both membrane bound and cytosolic pools of
VAC14. A significant portion of the VAC14 localized to punctate structures (Figure 2-7).
As in fibroblasts, VAC14 puncta colocalized with both the early endosome marker, EEA1
(Figure 2-7A), and with the late endosome/lysosome marker, LAMP2 (Figure 2-7B).

To test whether VAC14 is present in dendrites, hippocampal neurons were
labeled with antibodies against VAC14 and against MAP2, a microtubule-associated
protein that is highly expressed in dendrites but not axons. Notably, discrete VAC14
puncta were found in MAP2-positive dendrites (Figure 2-8A and Figure 2-9A). Moreover,
another pool of VAC14 puncta was evident in MAP2-negative neurites, implying an
axonal localization. To test this further, we labeled neurons with anti-VAC14 and anti-
TAU-1, which preferentially labels axons in younger cultures (Horton et al., 2005). Again,
VAC14 puncta were present in TAU-1 labeled axons (Figure 2-8A and Figure 2-9A),
although this axonal VAC14 pool was less prominent than the dendritic pool. In neurites,
VAC14 puncta partially co-localized with both EEA1 (23+12%) and LAMP1 (29+9%)
(Figure 2-8B and Figure 2-9B-C), suggesting that VAC14 in neuronal processes functions

in pathways that involve early and late endosomes as well as lysosomes.
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2.3.4 Endogenous VAC14 localizes to synapses

Interestingly, the most striking colocalization was observed between VAC14 and
synaptic markers. A substantial number of VAC14 puncta colocalized with the
presynaptic terminal markers synapsin, synaptotagmin, and VAMP/synaptobrevin
(Figure 2-8C and Figure 2-9D). To test whether VAC14 colocalizes with excitatory
synapses, we performed triple labeling against VAC14, as well as vGlutl (the glutamate
transporter on presynaptic vesicles), and the postsynaptic scaffolding protein PSD95.
VAC14 puncta colocalized extensively with vGlut1/PSD95 double-positive puncta (

Figure 2-8D and Figure 2-9E), suggesting a role for VAC14 in excitatory synapse function.

2.3.5 Altered synaptic function in cultured Vac14” neurons

To examine a functional role for the PIKfyve/VAC14/FIG4 pathway at the
synapse, we measured miniature excitatory postsynaptic currents (mEPSCs) in
pyramidal-like neurons from Vac14” hippocampal cultures and corresponding wild-type
controls. mEPSCs represent unitary synaptic currents mediated by the spontaneous
fusion of single synaptic vesicles, and are often used to reveal functional changes in
synaptic strength. Pyramidal neurons with little to no vacuolation were targeted for
electrophysiology. Given the neurodegeneration observed in other regions of the brain
at the time of birth, one might expect synaptic function to be diminished in Vac14”
neurons. Surprisingly, mEPSCs from Vac14” neurons displayed a significant increase
(24% + 6%) in amplitude relative to wild-type mEPSCs (Figure 2-10A-B), suggesting an
inhibitory role for VAC14 in synaptic function. We found no difference in mEPSC

frequency or decay time in Vac14” mEPSCs (Figure 2-10C-E). In a parallel experiment,
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we found mEPSC amplitude was similarly increased in Fig4'/' mice (Figure 2-10F-G),
which also have reduced PIKfyve kinase activity. Together, these data suggest that the
increase in mEPSC amplitude in both Vac14” and Fig4'/' neurons results from defects in
the synthesis of PI(3,5)P, and/or PI(5)P.

Although we found no change in mEPSC frequency in either Vac14” (Figure 2-
10C), or Fig4'/' neurons (Figure 2-10H), VAC14 is localized to axons (Figure 2-8A) and
therefore is well positioned to contribute to presynaptic function. The enlargement of
endocytic compartments in Vac14” cells (Zzhang et al., 2007) also suggested that the
increase in mEPSC amplitude in Vac14” neurons could have resulted from increased
glutamate release by enlarged presynaptic vesicles (increased quantal content). To
examine this possibility, we performed transmission electron microscopy on thin
sections from the hippocampus and hindbrain of wild-type and Vac14” mice at PO. The
hindbrain was used because it is the most vacuolated brain region in the Vac14” animal
at the time of death. We found similar synaptic vesicle diameter in wild-type and Vac14
r presynaptic terminals of both brain regions (Figure 2-11A-B).

Despite similar mEPSC frequency between Vac14” and wild-type neurons, we
observed that the number of excitatory synapses in the first 100 um of Vac14”
dendrites was modestly but significantly decreased (Figure 2-11C-D). This discrepancy
raised the possibility that although Vac14” neurons have fewer presynaptic inputs, the
terminals may have elevated neurotransmitter release probability. To further examine
presynaptic function, we measured the probability of synaptic vesicle release by

recording postsynaptic NMDA-currents in the presence of the use-dependent NMDA
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receptor antagonist, MK801 (Huettner and Bean, 1988). The degree of NMDA receptor
blockade is proportional to the number of presynaptic vesicles that release glutamate in
response to stimulation (Rosenmund et al., 1993). We found that Vac14” neurons
showed greater blockade than wild-type neurons (Figure 2-11E-F) which suggests an
enhancement of release probability in Vac14” neurons. Given that the frequency of
mEPSCs was similar, the expected change in mEPSC frequency was likely masked by the
decrease in synapse number. Together these results suggest that the
PIKfyve/VAC14/FIG4 pathway modulates neurotransmitter release at the presynaptic
terminal.

VAC14 levels are higher in dendrites than axons. To test whether increased
mMEPSC amplitude in Vac14” neurons is due to loss of VAC14 in the postsynaptic neuron,
we transfected neurons with plasmids encoding Citrine-tagged human VAC14. For these
experiments, we used calcium phosphate based transfection because the low
transfection efficiency (~1% of cells) ensures that the few neurons that express VAC14 in
Vac14”" cultures received the excitatory synaptic contacts from neurons that lack
VAC14. Thus, mEPSCs recorded from transfected neurons measure the effect of
restoring VAC14 to the postsynaptic cell. We found VAC14 expression reversed the
increase in mEPSC amplitude observed in Vac14™” relative to wild-type neurons,
whereas expression of Citrine alone did not (Figure 2-12). Moreover, even in wild-type
neurons, overexpression of Citrine-VAC14 significantly depressed mEPSC amplitude

relative to expression of untransfected neighbors, suggesting that synaptic strength is
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bi-directionally regulated by the level of VAC14 in postsynaptic neurons. Together, these

results strongly implicate VAC14 in the regulation of postsynaptic function.

2.3.6 Surface AMPA receptors are elevated in Vac14” neurons

Miniature EPSCs are dominated by currents through AMPARs localized on the
postsynaptic membrane (Gong and De Camilli, 2008). Thus, the increase in mEPSC
amplitude in Vac14” neurons could result from changes in the number of surface AMPA
receptors. Under basal conditions, most AMPA receptors in the hippocampus are
heterotetramers of the GluA2 and GluAlsubunits (Lu et al., 2009). By Western blot, we
found similar levels of total GluA2 between wild-type and Vac14” neurons (Figure 2-
13). To test if the level of GIUA2 at the cell surface was different, intact cultured neurons
were incubated with an antibody against an extracellular epitope of GIuA2 (Mouse
IgG2a, MAB397, Chemicon), followed by fixation and incubation with a fluorescent
secondary antibody under non-permeabilizing conditions. Surface GIuA2 puncta were
qguantified using immunofluorescence microscopy (Figure 2-14A). In both wild-type and
Vac14” neurons, there was a wide range in intensities of surface GIuA2 puncta.
However, in Vac14” neurons, the average and median surface GluA2 intensities were
34% and 17% higher, respectively, relative to wild-type neurons. The medians differed
significantly with 95% confidence, indicated by the non-overlapping notches
surrounding the medians in the box plot. Moreover, the cumulative distribution of
surface GluA2 puncta intensities was right-shifted in Vac14” neurons (Figure 2-14B).
These data indicate that surface GIuA2 levels are increased in Vac14” neurons, which

likely accounts for the increased amplitude of mEPSCs. In an independent approach, we
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measured the ratio of surface to total GIuA2 in dendrites. Surface GIuA2 was labeled as
described above. Then neurons were permeabilized and labeled with a C-terminal GluA2
antibody (Rabbit pAb, AB1768, Chemicon) to identify total GIuA2. We found that the
ratio of surface to total GluA2 was increased in Vac14” dendrites, relative to wild-type
(Figure 2-14C-D). Together, these results suggest that GIuA2 receptors are expressed in

Vac14” neurons at a similar level, but accumulate on the surface.

2.3.7 Trafficking of AMPA receptors is altered in Vac14” neurons

GluA2 undergoes constant cycling between the surface and internal
pools; once internalized, GIuA2 may be either degraded in lysosomes or recycled back to
the plasma membrane. Perturbations in endocytosis, recycling, or degradation could
lead to an accumulation of surface receptors in Vac14” neurons. To measure the rate of
endocytosis of AMPA receptors, we performed live-labeling of surface GluA2 with anti-
GluA2 antibody and then stimulated endocytosis via addition of NMDA (Figure 2-15A).
After 10 minutes, surface bound GIuA2 antibodies were stripped by a brief wash in low
pH solution, such that only internalized GIuA2 antibodies were detected after fixation
and permeablization. Leupeptin was present throughout to prevent lysosomal
degradation. Notably, the number of internalized GIuA2 puncta was decreased by 30%
in dendrites in Vac14” neurons (Figure 2-15B, E). Total levels of internalized GluA2
puncta in the soma and dendrites were reduced to 71% and 56%, respectively,
compared to wild-type (Figure 2-15C-D). These results are consistent with an

endocytosis defect in Vac14” neurons.
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To determine whether internalized GIuA2 still enters the degradation pathway in
Vac14” neurons, we further measured the proportion of internalized GluA2 puncta that
colocalized with the late endosomal and lysosomal marker LAMP1 (Figure 2-16). Though
fewer internalized GIuA2 puncta were observed in Vac14'/‘neurons, a similar proportion
exhibited colocalization with LAMP1 (27% in wild-type vs. 26% in Vac14'/'). This suggests
that the transport of AMPA receptors late in the endocytic pathway is normal in Vac14”
neurons. In addition, we tested whether the reduction in internalized puncta was also
due to enhanced recycling back to the surface. We transfected neurons at DIV12 with
plasmids encoding super-ecliptic pHluroin tagged-GluA1(Kopec et al., 2006), which are
strongly fluorescent when exposed to the neutral pH of the extracellular space. At
DIV14, we measured the rate of internalization and recycling of pHluorin-GluA1l
following NMDA stimulation (Figure 2-17). Five-minutes of NMDA stimulation markedly
reduced the intensity of pHluorin-GluA1l. Following wash-out, fluorescence recovered to
baseline levels as internalized receptors recycled back to the plasma membrane (Figure
2-17A-D). The magnitude of NMDA-dependent internalization of GIuA1 was diminished
in Vac14” neurons (Figure 2-18E), again suggesting reduced receptor endocytosis in
these neurons. To measure the rate of recycling, we calculated the time-point after
NMDA stimulation at which fluorescence intensity recovered to 50% of the pre-NMDA
baseline. Whereas GIuA1 internalization was reduced in Vac14”" neurons, we found no
difference in the rate of recycling relative to wild-type (Figure 2-17F). These results
suggest that the initial steps in AMPA receptor endocytosis, rather than postendocytic

sorting, represent the most prominent trafficking defect accompanying loss of VAC14.
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Together, our findings suggest that the PIKfyve/VAC14/FIG4 pathway regulates
excitatory synapse function largely via modulation of AMPA receptor endocytosis

(Figure 2-18).

2.4 DISCUSSION

2.4.1 VAC14 modulates synaptic activity in hippocampal neurons

VAC14 is present in neuronal dendrites and axons and exhibits extensive
colocalization with synaptic markers. Thus, the PIKfyve/VAC14/FIG4 pathway likely
impacts the synapse at multiple levels, including modulation of both presynaptic and
postsynaptic function. Although here we focused on the postsynaptic VAC14, our results
are also consistent with effects on presynaptic function. Thus, while mEPSC frequency is
unaltered in Vac14” neurons, MK-801 use-dependent block of NMDA receptor currents
is accelerated in these cells, suggesting elevated neurotransmitter release probability.
Consistent with a presynaptic role for PI(3,5)P, and/or PI(5)P, an earlier report identified
C. elegans FIG4 at presynaptic sites in a large scale RNAi screen (Sieburth et al., 2005).
An increase in probability of presynaptic vesicle fusion with the plasma membrane fits
with a previous study demonstrating enhanced granule exocytosis following knock-
down of PIKfyve in cultured chromaffin and PC12 cells (Osborne et al., 2008). This
pathway may be interacting directly with exocytic machinery. Alternatively, it is possible
that voltage-gated calcium channels or other membrane proteins that are important for
membrane excitability are more highly expressed on the surface of Vac14” neurons

which causes increased calcium influx in response to depolarization.
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The presence of VAC14, and its lipid products, in the postsynaptic terminal is
consistent with earlier findings that VAC14 interacts with nNOS (Lemaire and
McPherson, 2006), which interacts with the postsynaptic scaffolding protein PSD95
(Tochio et al., 2000). In addition, MTMRZ2, a phosphatase that acts on PI(3,5)P, in vitro
and likely in vivo, also interacts with PSD95 (Lee et al., 2010). Since VAC14 levels in the
somatodendritic region are significantly higher than in axons, it is likely that the
PIKfyve/VAC14/FIG4 pathway controls critical aspects of postsynaptic function. Indeed,
we found that genetic deletion of VAC14 is accompanied by enhanced mEPSC
amplitude. Importantly, postsynaptic expression of VAC14 rescues this defect, strongly
suggesting that postsynaptic loss of VAC14 is responsible for the enhanced mEPSC
amplitude. Moreover, Fig4'/' neurons exhibited a similar increase in mEPSC amplitude,
strengthening the argument that PIKfyve/VAC14/FIG4 pathway, and their lipid products

PI(3,5)P, and/or PI(5)P, play a role in postsynaptic function.

2.4.2 AMPA receptor trafficking in Vac14” neurons

Our results further indicate that VAC14 regulates postsynaptic function through
regulation of AMPA receptor trafficking. Surface levels of AMPA receptors are tightly
controlled by trafficking to and from the cell interior. Consistent with increased mEPSC
amplitude, steady-state levels of surface exposed AMPA receptors are elevated in
Vac14” neurons. Using two independent methods, we found that AMPA receptor
internalization following NMDA receptor activation is defective in Vac14” neurons. The
total levels of regulated endocytosed AMPA receptors, quantified from internalized

GluA2 puncta or amplitude of change in pHluorin-GluA1 fluorescence, are reduced in
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Vac14” neurons, which likely accounts for the elevated surface AMPA receptor levels.
This endocytosis defect is consistent with the finding that internalization of transfected
GluA2 is reduced in cortical neurons after siRNA knockdown of PIKfyve (Tsuruta et al.,
2009). Conversely, MTMR2 knockdown, which is predicted to increase PI(3,5)P; levels,
enhances AMPA receptor endocytosis (Lee et al., 2010). Together, these findings
suggest a new role for PI(3,5)P, and/or PI(5)P, and downstream effector(s), early in the
endocytic pathway. Though general endocytosis could be regulated by these signaling
lipids, Tsuruta et al. found that the internalization of Cav1.2, but not Kv1.2, was affected
by PIKfyve knockdown (Tsuruta et al., 2009); thus the PIKfyve/VAC14/FIG4 pathway may
play a more selective role in endocytosis of particular membrane proteins.

While VAC14 is localized throughout the endocytic pathway, we found that the
recycling and degradative trafficking of AMPA receptors are normal in Vac14” neurons.
Similarly, EGF receptors traffic normally to lysosomes in Vac14” fibroblasts (Zhang et
al., 2007), and EGF receptor trafficking is also unaffected by siRNA knockdown of PIKfyve
(Rutherford et al., 2006), or overexpression of a dominant-negative mutant PIKfyve
(lkonomov et al., 2003), although EGF receptor degradation is slowed when a PIKfyve
inhibitor is used (de Lartigue et al., 2009). Importantly, since Vac14” cells have half of
the normal levels of PI(3,5)P, and PI(5)P, it remains possible that different trafficking
steps have distinct sensitivities to the extent of loss of PI(3,5)P; and/or PI(5)P. Future
work is needed to determine if AMPA receptor trafficking late in the endocytic pathway

are affected if the PIKfyve/VAC14/FIG4 pathway is inhibited further.
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2.4.3 Potential roles of VAC14 in learning and memory

AMPA receptor expression at synapses is regulated to modify synaptic efficacy in
the context of long-term potentiation (LTP) and long-term depression (LTD) (Song and
Huganir, 2002), as well as homeostatic control of synaptic function driven by persistent
changes in neuronal activity (Turrigiano, 2008). Rab5, which likely acts in pathways that
are also regulated by PIKfyve (Jefferies et al., 2008), is similarly involved in postsynaptic
glutamate receptor trafficking and is required for LTD (Brown et al., 2005), raising the
possibility that dynamic control of PI(3,5)P, and/or PI(5)P synthesis contributes to these
forms of synaptic plasticity as well. It is now of interest to assess whether, in addition to
the more severe neurophysiological outcomes that accompany PIKfyve/VAC14/FIG4-
deficiency, perturbations of the PI(3,5)P, and/or PI(5)P-related signaling pathways
underlie defects in learning and memory. The Fig4-141T Tg705 transgenic line which
survives to 3 months of age with a reduced extent of spongiform degeneration could be

useful for this purpose (Lenk et al., 2011).

2.4.4 Excitotoxicity in Vac14” neurons

Excitotoxicity has been implicated in many acute and chronic neurological
disease such as stroke (Rothman and Olney, 1986) and ALS (Rothstein et al., 1992, Beal,
1992, Martin, 2010). The increased synaptic efficacy in cultured Vac14” neurons also
raises the question of whether excitotoxicity contributes to the neurodegeneration
phenotypes observed in VAC14/FIG4 deficient mouse models. Consistent with this idea,
PIKfyve overexpression has been shown to protect cultured neurons against

excitotoxicity (Tsuruta et al., 2009). In this case, it was postulated that an increase in
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PIKfyve activity led to down-regulation of voltage-gated calcium channels and of GIuA2,

and possibly other as yet undetermined channels and transporters.

2.4.5 Endogenous VAC14 localizes to multiple compartments in the

endomembrane system

A common view in recently published reviews is that PI(3,5)P, is confined to late
endosomes, and has little overlap with its precursor, PI(3)P, which is viewed as a
phosphoinositide lipid confined to early endosomes. However, in fibroblasts, using an
antibody to endogenous VAC14, we found that VAC14 was equally distributed between
early and late endosomes as well as lysosomes, with some localization to
autophagosomes. Assuming that the location of VAC14 on membranes reflects the
distribution of PI(3,5)P, and/or PI(5)P, we predict that these lipids may regulate
pathways that emanate from each of these organelles. VAC14 also localizes to punctate
spots that contain neither EEA1 nor LAMP1, which suggests that there are as yet
undetermined organelles that contain PI(3,5)P, and PI(5)P. We also found that AMPA
receptor internalization and evoked presynaptic vesicle release are altered in the
absence of VAC14, which suggest novel roles for PIKfyve/VAC14/FIG4, or their
downstream effectors, near the plasma membrane. At present, it remains to be
determined whether these are specific to neurons or particular neuronal compartments.

In summary, this chapter describes a critical new role for VAC14 and, by
implication, PI(3,5)P, and/or PI(5)P in regulating synaptic function in neurons. Future
work will elucidate specific molecular pathways controlled by PI(3,5)P, and/or PI(5)P and

may provide insights into the treatment of human neuropathies that can be mitigated
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via regulation of these lipids. Thus development of drugs designed to modulate the
levels of these lipids might lead to new therapies for several types of neurological

disorders where the PIKfyve/VAC14/FIG4 pathway is altered.

2.5 EXPERIMENTAL PROCEEDURES

2.5.1 Ethics Statement

All animal use was performed in compliance with guidelines of the University
Committee on Use and Care of Animals of the University of Michigan and National

Institutes of Health.

2.5.2 Electrophysiology

Whole-cell patch clamp recordings were performed with an Axopatch 200B
amplifier from 13-15 DIV cultured hippocampal pyramidal-like neurons bathed in an
extracellular solution containing 119 mM NaCl, 5 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 30
mM glucose, 10 mM HEPES (pH 7.4) plus 1 uM TTX and 10 uM bicuculline to isolate
glutamatergic mEPSCs. Internal pipette solution contained 100 mM cesium gluconate,
0.2 mM EGTA, 5 mM MgCl;, 40 mM HEPES, 2 mM Mg-ATP, 0.3 mM Li-GTP, 1 mM QX-
314 (pH 7.2). Pipette resistance ranged from 3-5 MQ. Neurons with a pyramidal-like
morphology were targeted for analysis. For Vac14” neurons, pyramidal-like neurons
with few to no vacuoles were targeted for analysis. Neurons were voltage clamped at -
70 mV, and series resistance was not compensated. mEPSC amplitude and frequency
were analyzed offline using Minianalysis (Synaptosoft). Average traces and statistical
analysis was performed in Matlab (Mathworks). Statistical differences between control

and experimental conditions were determined by ANOVA and Tukey-Kramer test.
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In order to measure probability of evoked synaptic vesicle release in presynaptic
terminals forming synapses onto wild-type or Vac14” neurons, a low transfection
strategy (Cal Phos kit, Clonetech) was used to limit expression to a small fraction of the
cells. Twenty-four hours after transfection, warm (37°C), 0 Mg2+ solution was applied to
the bath: 125 mM NacCl, 2.5 mM KCl, 5 mM HEPES, 2 mM Ca-Cl;, 33 mM D-Glucose, pH
7.4). AMPA receptor antagonist, CNQX (20 uM), and GABA, receptor antagonist,
Bicuculline (10 uM), were included to isolate NMDA receptor currents. Neurons were
voltage-clamped at -70 mV and evoked excitatory postsynaptic currents were measured
by positioning a stimulating electrode close to the neuron. Once a stable response was
obtained, MK801 (20 uM), a use dependent antagonist for NMDA receptors, was
applied to the bath for 5 minutes without stimulation. Following wash-in, 200
stimulations at 0.33 Hz were delivered in the presence of MK801. The peak of the
NMDA receptor current was measured for each and normalized to the first response

following MK801 wash in.

2.5.3 Endocytosis assay

Neurons were treated with 20 uM leupeptin for 30 minutes before live labeling
with mouse GIuA2 antibodies diluted in normal medium with leupeptin for 15 minutes.
After washing with neurobasal medium, neurons were incubated in normal medium
supplemented with 50 uM NMDA and 20 uM leupeptin for 10 minutes. Endocytosis was
stopped by washing in cold 1x PBS with 0.1 mM CaCl, and 1 mM MgCl,. Surface bound
GluA2 antibodies were stripped with 0.5M NaCl/0.2M Acetic acid for 4 minutes on ice.

Neurons were fixed in 2% paraformaldehyde and 2% sucrose for 15 minutes and
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permeabilized with 0.1% Triton X-100 for 5 minutes. After blocking with 2% BSA,

neurons were incubated with Alexa 555 anti-mouse secondary antibody for 1 hour.
To examine the degradation pathway, neurons were incubated with rat anti-

Lamp1l antibodies and then Alexa 488 anti-rat and Alexa 555 anti-mouse secondary

antibodies.

2.5.4 Endocytosis and recycling assay

Neurons were transfected at DIV12 by Calcium Phosphate and pHluorin-GluAl
endocytosis and recycling live-imaging assays were performed 36-48 hours post-
transfection. Mattek dishes were placed on the stage of the confocal microscope and
perfused with normal extracellular buffer (25 mM HEPES, 120 mM NaCl, 5 mM KCl, 2
mMCaCl,, 2 mM MgCl,, 30 mM D-glucose, 1 UM TTX, pH 7.4). Images were acquired
once per minute for (I) a 10 minute baseline, (Il) after the bath was switched to NMDA
stimulation buffer (25 mM HEPES, 120 mM NaCl2, 5 mM KCIl, 2 mM CaCl,, 0.2 mM
MgCl,, 30 mM D-glucose, 1 uM TTX, 20 uM NMDA, 10 uM glycine, pH 7.4) for 5 minutes
to stimulate internalization, and (lll), then following washout of the NMDA stimulation
buffer to monitor recycling back to the cell surface. The pHluorin fluorescence was
imaged at 488 nm excitation, while mCherry fluorescence was imaged at 559 nm
excitation, through a 60X oil objective at a rate of 1 image per minute. Images were
analyzed using Imagel software (NIH) by straightening the primary dendrite of the
neuron, starting from the soma, and calculating the fluorescence intensity relative to
the average intensity of the baseline period. The degree of GluA1 endocytosis was

determined by analyzing the first 1-3 mins after NMDA stimulation (max decrease in
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signal) and the rate of GIuA1l recycling was determined by fitting a linear curve to the
time after max internalization and calculating the time-point at which 50% of
fluorescence recovered. pHluorin-GluA1l was a gift of Roberto Malinow (Addgene

plasmid #24000).

2.5.5 Antibodies

To generate polyclonal rabbit VAC14 antibody, full length human VAC14 cDNA
was cloned into pMALc2H1oT (Kristelly et al., 2004). Recombinant MBP-10x His tagged
VAC14 protein was purified from E. coli (Rosetta) using Ni-NTA agarose (Qiagen, 30210).
The MBP-10x His tag was cleaved with AcTEV proteases (Invitrogen, 12575-015) and the
tag removed via Ni-NTA agarose. 0.1% Triton X-100 was added to stabilize VAC14.
Purified protein was injected into a rabbit. Serum was affinity purified by enrichment of
the IgG fractions with protein A Sepharose-4B (Sigma, P9424). Nonspecific IgGs were
depleted on a total Vac14” column made from Actigel resin (Sterogene Bioseparations
Inc., 2731). VAC14 specific IgGs were purified on an affinity column with VAC14 protein
conjugated to Actigel. Antibodies were eluted with a decreasing pH gradient: 0.1 M
citrate (pH5.0, 4.5, 4.0, 3.5, 3.0) and 0.2 M glycine (pH 2.8). Eluted fractions were
analyzed by western blot and pooled. The best fractions were eluted at pH 3.0.

Chicken anti-EEA1 was a gift from Dr. Silvia Corvera (University of Massachusetts
Medical School, Worcester, MA). Commercial antibodies: GAPDH antibody (Ambion,
AMA4300); surface GluA2 antibody (Chemicon, MAB397); C-terminal GIuA2 antibody
(Rabbit pAb, AB1768, Chemicon); LAMP-1 antibody (University of lowa Hybridoma Bank,

1D4B); LAMP-2 antibody (University of lowa Hybridoma Bank, ABL-93); LBPA antibody
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(Echelon Biosciences, Z-SLBPA); MAP2 antibodies (Santa Cruz, sc-32791, Millipore,
AB5622, Sigma-Aldrich, M4403); PSD95 antibody (Thermoscientific, MA1-045); synapsin
antibody (Synaptic Systems, 106004), synaptobrevin antibody (Calbiochem, NB07);
synaptotagmin antibody (Calbiochem, 573824); TAU-1 antibody (Chemicon, MAB3420);
vGlutl antibody (Millipore, AB5905). All secondary antibodies are from Molecular

Probes (Invitrogen, Carlsbad, CA).

2.5.6 Cell culture

Hippocampal neurons were cultured from E14-18 embryos from matings
between Vac14" and Vac14” mice (C57BL/6J @ 129/0la mixed background). Culture
medium included neurobasal medium (Invitrogen, 10888022), 1x B27 supplement
(Invitrogen, 17504-044), 2 mM L-glutamine (Invitrogen, 25030-081) and 1x
antibiotics/antimycotics (Invitrogen, 15240-062). Hippocampi were dissected and
digested in 0.25% trypsin (Invitrogen, 25200) for 15 minutes; the reaction was stopped
with 0.5 mg/ml soybean trypsin inhibitor (Invitrogen, 17075-029) in PBS. Tissues were
triturated in culture medium ~10-15 times. Cells were counted and plated on poly-D-
lysine (Sigma P0899) coated coverslips or Mattek dishes (Mattek Corporation, P35G-0-
14-C). For experiments requiring distinct single cells, 5, 000 — 20, 000 cells were seeded
per 12 mm coverslip (Fisher Scientific, 12-545-82). For electrophysiology experiments,
65 000 cells were seeded per Mattek dish. Media were changed every two days until
day 10.

Mouse primary fibroblasts were cultured from PO pups from matings between

Vac14” and Vac14™ mice as described (Zhang et al., 2007).
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2.5.7 Immunofluorescence microscopy

A large fraction of VAC14 protein is cytosolic in mammalian cells. To localize
membrane bound VAC14, mouse fibroblasts were treated with 0.05% saponin for 1
minute before fixation. Localization of proteins in neurons was performed without this
step. Unless noted elsewhere, cells were fixed in 4% paraformaldehyde for 15 minutes.
Cells were blocked in filtered 2% goat serum/2% donkey serum/5% BSA/PBS/0.1%
saponin for 1 hour, incubated with primary and then secondary antibodies for 1 hour
each and mounted with Prolong Gold Antifade reagent (Invitrogen, P36930). Vac14”
fibroblasts or neurons were used as negative controls in all immunofluorescence
experiments using anti-VAC14 antibody. Images were taken on an inverted Olympus
FV1000 laser scanning confocal microscope or a Zeiss 510 laser scanning confocal
microscope.

For PSD95 experiments, neurons were fixed with 2% paraformaldehyde/2%
sucrose for 15 minutes and permeabilized with 0.1% Triton X-100 for 10 minutes.

To label surface GluA2, mouse GluA2 antibody (IgG2a) was diluted and applied
onto live neurons for 15 minutes. Neurons were washed with cold PBS containing 1 mM
MgCl, and 0.1 mM CaCl,, fixed in 4% paraformaldehyde/4% sucrose, blocked with 2%
BSA for 20 minutes and incubated with fluorescent antibody (Goat a M-488).
Quantitation of GIuA2 puncta was done in IMAGE J. Dendrites were straightened and
intensity of individual puncta analyzed using modified IMAGEJ particle analysis macros.
All intensities are normalized to the mean of the wild-type. To label total GIuA2 and

Map2, following surface GluA2 labeling, neurons were permeabilized with 0.1% TritonX-

72



100 and incubated with rabbit GluA2 and MAP2 (IgG1, Sigma-Aldrich) antibodies for 1
hour at room temperature, and then incubated with appropriate fluorescent secondary
antibodies (Goat a 1gG2a-488, Goat a 1gG1-555, Goat a Rabbit-647).

To label lysosomes, mouse primary fibroblasts were incubated with 1 mg/ml
Texas red Dextran (Invitrogen D1864, Mw 70, 000) for 1 hour and chased in normal

medium for 24 hours before fixation.

2.5.8 Western blot analysis

Tissues or brain regions were dissected from PO pups and homogenized in RIPA
buffer (50 mM Tris, pH 7.4; 150 mM NacCl; 1 mM EDTA; 1% deoxycholic acid; 1% NP-40;
0.1% SDS; 10 mM NaF; 1 mM NasV04; 1x protease inhibitor cocktail (Sigma P8215)).
Protein concentrations were determined by BCA assay (Thermoscientific 23228). Equal
amount of total protein (15 pg) were separated by SDS-PAGE, transferred to
nitrocellulose membrane and blotted with anti-VAC14 (1:2000) or anti-GAPDH (1: 300,
000). Quantitation was done with IMAGE J’'s Gel Analyzer function. All lanes are

normalized to the first lane.

2.5.9 Transfection

Neurons were transfected with 0.5-1 ug Citrine or VAC14-Citrine plasmid (Zhang
et al., 2007) with the CalPhos Transfection kit (CloneTech; Mountain View, CA).

Experiments were performed 24-48 hours after transfection.
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2.5.10 Electron microscopy

Brain tissue from PO pups was fixed in 2.5 % glutaraldehyde in 0.1 M Sorensen’s
buffer for one hour and post-fixed for one hour in 1% osmium tetroxide in the same
buffer. Samples were rinsed in double distilled water to remove phosphate and then en
bloc stained with aqueous 3% uranyl acetate for one hour. Samples were dehydrated in
ascending concentrations of ethanol, treated with propylene oxide, and embedded in
Epon epoxy resin. Semi-thin sections were stained with toluidine blue for tissue
identification. Ultra-thin sections (70 nm) of the mid and hind brain were post stained
with uranyl acetate and lead citrate. Samples were examined with a Philips CM100
electron microscope at 60 KV, images were captured with a Hamamatsu ORCA-HR
digital camera system, and AMT software (Advanced Microscopy Techniques Corp.,

Danvers, MA).

2.5.11 Image Quantitation

To quantify VAC14 colocalization with various endocytic and autophagic markers,
Puncta Analyzer plugin (gift from Dr. Cagla Eroglu) (Ippolito and Eroglu, 2010) for Image)
was used. This plugin identifies and counts the numbers of green (VAC14) and red
(EEA1, LAMP1, LBPA or LC3) puncta at user-defined thresholds and calculates the
number of colocalizing puncta. It also labels colocalized puncta after the analysis so that
the result can be validated. Before processing, the nonspecific nuclear staining in the
VAC14 channel, if present, was removed. Rolling ball radius method was used to
subtract the background. In the VAC14/EEA1/LAMP1 triple labeling experiment, due to

the presence of triple-labeled puncta, more calculations were performed as follows.
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After the routine analysis where the number of VAC14 that colocalized with EEA1 (Ngga1)
and LAMP1(N_amp1) are measured, thresholded LAMP1 and EEA1 channels were
mathematically added to create one single channel. This way, the number of VAC14
puncta that colocalized with either EEA1 or LAMP1 (N,) could be measured. The number
of VAC14 puncta that colocalized with neither marker (N,) was calculated by: N, = total
VAC14 — Ne. The number of VAC14 puncta that colocalized with both LAMP1 and EEA1
(Np) was calculated by: Nb = Ngeas + Niamp: — Ne. The number of VAC14 puncta that
colocalized with only EEA1 was calculated by: NEEAl’ = Ngea1 — Np. The number of VAC14
puncta that colocalized with only LAMP1 was calculated by: NLAMpl' = Niamp1 — Np.

To quantify surface GIuA2 puncta with Imagel, a user written macro was used.
Dendrites were straightened with Imagel’s Straighten plugin. Straightened dendrite
images were made binary with user-defined threshold and then treated with the
watershed filter. Puncta were identified by IMAGEJ’s “analyze particles...” command.
The integrated intensity values were calculated from the original pixels that lie within
each punctate region. This macro is available upon request.

To quantify total internalized GluA2, region of interests (soma or dendrites) were
measured directly with Imagel. Soma were defined with freehand selections. Apical
dendrites were straightened and a fixed length (35 um) was used. Area and integrated

intensity were measured with IMAGE)J. Intensity values were normalized to the area.
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Figure 2-1. VAC14 is widely distributed in all tissues and brain regions tested

(A) Polyclonal rabbit anti-VAC14 antibody specifically recognizes VAC14 on western blots.
Brain extracts from PO wild-type and Vac14” pups were homogenized and detected by
western blot analysis using anti-VAC14. (B) VAC14 is expressed in all tissues tested. Brain,
heart, lung, liver and kidney were dissected from PO pups. Western blots were probed
with affinity purified rabbit anti-VAC14 antibody. (C) VAC14 is found in all tested regions
of the brain. (B-C) Vac14” litter mates indicate the absence of VAC14 in all Vac14”
tissues. Blots shown are representative of 3 independent experiments. VAC14 expression
levels were quantified using the ratio of VAC14/GAPDH band densities and normalized to
the first lane. Error bars, STD. 0Data were collected and analyzed by Yanling Zhang.
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Figure 2-2. Vacuoles in cultured Vac14/- hippocampal neurons

(A) Vac14” neurons form vacuoles as early as 1 DIV. Starting from 12 DIV, vacuoles

were frequently observed in both the soma and the neurites (arrows). (B) Wild-type

and Vac147 neurons were fixed and labeled with LAMP1 or EEA1. Vacuoles in Vac14”
neurons (arrows) are positive for LAMP1 (late endosomal and lysosomal marker) but not
EEA1 (early endosomal marker). (C) Vacuolation in neurons is not rescued by suppressing
neuronal activities. Hippocampal neurons from wild type or Vac14”- embryos were
treated with 2 uM TTX, 20 uM APV and 40 uM CNQX starting from 3 DIV. Media were
changed every other day in both drug treated and control dishes. Neurons were imaged
at 18 DIV. (A-C) Bar = 10 um. ¢ Data were collected by Yanling Zhang.
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Figure 2-3. Vac14/ neurons form vacuoles in culture, yet arborization is similar to wild-
type neurons

(A) Examples of Stage |-V hippocampal neurons. Hippocampal neurons start out as
fibroblast-like lamellipodia (Stage ). Then several short neurites emerge (Stage Il). One
extends further than the others and commits to the fate of an axon (Stage Ill). The other
neurites (dendrites) extend further and form complicated networks (Stage IV &V). Bar =
10 um. (B) Vac147- neurons undergo normal arborization. Cultured wild-type and Vac14-
" neurons were plated at a density that allowed visualization of single neurons (5, 000 to
10, 000 per 1.91 cm?), and randomly selected neurons were imaged every 24h by phase
contrast microscope. The numbers of neurons at different stages were counted. N = 50-
80 neurons for each. Similar results were obtained in three independent experiments.
OData were collected and analyzed by Yanling Zhang.
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Figure 2-4. Endogenous VAC14 partially colocalizes with multiple endocytic organelles
(A) Polyclonal VAC14 antibody recognizes punctate structures in wild-type cells.
Fibroblasts were permeabilized with saponin followed by fixation and labeled with
anti-VAC14 antibody. Bottom panels, DIC images. (B) In fibroblasts, endogenous VAC14
colocalizes with both EEA1 and LAMP1. Wild-type fibroblasts were triple labeled

with rabbit anti-VAC14, chicken anti-EEA1 and rat anti-LAMP1. The majority of VAC14
colocalized with either EEA1 (yellow arrows) or LAMP1 (turquoise arrows). Some VAC14
colocalized with both (white arrows) or neither (green arrow) markers. (C) VAC14
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partially colocalizes with the late endosome marker LBPA (arrow). Fibroblasts are double
labeled with rabbit anti-VAC14 and mouse anti-LBPA. (D) VAC14 partially colocalizes
with lysosomes (arrow). To label lysosomes, prior to fixation, fibroblasts were pulsed
with Texas Red-Dextran (MW 70kD) for 1 hour and chased in the absence of dextran for
24 hours. (E) The limiting membrane of vacuoles in Vac14” cells is positive for LAMP1
while negative for LBPA (arrow), suggesting a lysosomal origin. Vac14”- fibroblasts were
double labeled with rat anti-LAMP1 and mouse anti-LBPA. (D-E) DAPI (blue) was used to
label the nuclei. (F) VAC14 partially colocalizes with LC3-RFP puncta (arrows). Fibroblasts
transfected with LC3-RFP were fixed and labeled with anti-VAC14. (A-F) Bar = 10 um.
¢Data in A-E were collected and analyzed by Yanling Zhang. Data in F were collected and
analyzed by Cole Ferguson.
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Figure 2-5. Polyclonal rabbit anti-VAC14 antibody specifically recognizes VAC14 in fixed
cells

(A) Immunofluorescence with anti-VAC14. Puncta in the cytoplasm were seen in wild-
type cells but not Vac14” cells. Nonspecific nuclear staining was frequently present in
cells cultured from both wild-type and Vac14”/- mutant mice. Bottom panels, DIC images.
(B, C, D, E) Vac14” controls for Figure 2-8 B, C, D, F, respectively. Bar = 10 um. (F-G)
Quantification of VAC14 colocalization with endocytic and autophagic markers.

(F) Percentages of VAC14 puncta that colocalized with EEA1, LAMP1, neither

marker or both markers were quantified from triple labeling of VAC14/EEA1/LAMP1
immunofluorescence (N = 11 cells). Error, STD. (G) Percentages of VAC14 puncta that
colocalized with LBPA, Dextran or LC3 were quantified from double labeling of VAC14
and the marker of interest (N= 7 for LBPA, 16 for Dextran, 15 for LC3). Error bars, STD.
¢Data in A-D were collected and analyzed by Yanling Zhang. Data in E were collected and
analyzed by Cole Ferguson
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Figure 2-6. VAC14 distribution in the endomembrane system

Diagram of proposed PI(3,5)P_- distribution in the endomembrane system. Based on
the localization of endogenous VAC14, PI(3,5)P, localizes on early endosomes, late
endosomes, lysosomes, and possibly autophagosomes. CCV, clathrin coated vesicles; EE,
early endosomes; LE, late endosomes, RE, recycling endosomes; AP, autophagosomes;
AL, autolysosomes; TGN, trans-Golgi network.
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Figure 2-7. VAC14 partially colocalizes with EEA1 or LAMP2 in the soma

Wild-type and Vac14” neurons were double labeled with rabbit anti-VAC14 and chicken
anti-EEA1 (A) or rat anti-LAMP1 (B). Arrows; colocalization between VAC14 and EEA1 or
LAMP2. Bar =5 um. OData in A and B were collected and analyzed by Yanling Zhang.
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Figure 2-8. VAC14 is found in both dendrites and axons, and colocalized with endocytic
and synaptic markers in hippocampal neurons

(A) Wild-type and Vac14” neurons were double labeled with rabbit anti-VAC14

and mouse anti-MAP2 (dendrites) or mouse anti-TAU-1 (axons). Arrows indicate

the localization of VAC14 on dendrites (MAP2 positive and TAU negative neurites).
Arrowheads indicate the localization of VAC14 on axons (MAP2 negative and TAU-1
positive neurites). Bar = 10 um. (B) VAC14 partially colocalizes with EEA1 or LAMP1 in
the neurites (arrows). Wild-type and Vac147 neurons were triple labeled with rabbit
anti-VAC14, chicken anti-EEA1 and rat anti-LAMP1. Bar = 5 um. (C) VAC14 displays
significant colocalization with several synaptic markers: synapsin, synaptotagmin

and synaptobrevin. Wild-type and Vac14”/ neurons were double labeled with rabbit
anti-VAC14 and guinea pig anti-synapsin, mouse anti-synaptotagmin or mouse anti-
synaptobrevin. Bar = 5 um. (D) VAC14 partially localizes at excitatory synapses (labeled
with both the synaptic vesicle glutamate transporter vGlutl, and postsynaptic marker
PSD95). Wild-type and Vac147 neurons were labeled with rabbit anti-VAC14, mouse
anti-PSD95 and guinea pig anti-vGlutl. Arrows indicate examples of colocalization. (C
and D) Lower panels show straightened dendrites from corresponding top panels. Bar =
5 um. ¢Data in A-D were collected by Yanling Zhang.
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Figure 2-9. Polyclonal rabbit anti-VAC14 antibody specifically recognizes VAC14 in fixed
neurons

(A-B) Vac14” controls for Figure 2-8(A-B) respectively. (C) Quantification of VAC14
puncta colocalization with endocytic markers in neurites. Percentages of VAC14 puncta
that colocalized with EEA1 and LAMP1 were quantified from triple labeling of VAC14/
EEA1/LAMP1 immunofluorescence (N = 12 neurites). Error, STD. (D-E) Vac14” controls

for Figure 2-8(C-D), respectively. (A) Bar = 10 um. (B, D, E) Bar =5 um. ¢Data in A-D were
collected by Yanling Zhang.
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Figure 2-10. Loss of VAC14 or FIG4 leads to an increase in excitatory synaptic function
(A) Representative mEPSC recordings of wild-type (N=32) and Vac14”- neurons (N=32).
(B) Mean mEPSC amplitude in Vac14” neurons is larger than wild-type neurons,
20.86+1.03 pA vs. 16.83+0.91 pA, respectively. *p = 0.0045, t-test. (C) Mean mEPSC
frequency is similar in wild-type (1.21+0.26 Hz) and Vac14” (1.16+0.24 Hz) neurons.
(D-E) Summary of mEPSC kinetics in wild-type and Vac147- neurons. (D) Individual
MEPSCs overlaid. Thick lines show the mean trace. Dashed line is aligned to the mean
peak inward current of Vac14”- mEPSC. Scaled overlay shows similar kinetics between
wild-type and Vac147 mEPSCs. (E) Mean mEPSC decay is similar between wild-type
(3.80+0.15 ms) and Vac14” (3.69+0.14 ms). (F) Representative mEPSC traces of wild-
type (Figd**) (N=12) and Figd”" neurons (N=14). (G) Mean mEPSC amplitude in Fig4-

" neurons is larger than Figd** neurons (14.64+0.39 pA vs. 18.73+1.38 pA, respectively.
*p =0.0164, t-test). (H) Mean mEPSC frequency is similar in Figd*/* and Figd” (0.99+0.22
Hz vs. 0.92+0.28 Hz, respectively. p = 0.8542, t-test). Error bars are standard error of the
mean (SEM).
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Figure 2-11. Presynaptic probability of release is enhanced in Vac14”/ neurons

(A-B) Synaptic vesicles from Vac14” are not larger than synaptic vesicles observed

in brains from wild-type. (A) Electron microscopy of excitatory synapses, evident by

the thickening of the postsynaptic membrane, in wild-type and Vac14”/ hippocampus
and hindbrain. Bar = 100 nm. (B) Quantification of the diameter of synaptic vesicles.
Cumulative probability distribution of synaptic vesicle diameter. No significance
difference was found between wild-type and Vac147 by a two-sample Kolmogorov-
Smirnov test (kstest2, Matlab) (hippocampus, p=0.32; hindbrain, p=0.46). Three wild-
type and three Vac14”/ animals were analyzed. Hindbrain: N = 567 vesicles from 33
terminals for wild-type and 388 vesicles from 29 terminals for Vac14”-. Hippocampus:

N =433 vesicles from 33 terminals for wild-type and 66 vesicles from 15 terminals for
Vacl4”. (C-D) The number of synapses is decreased in Vac14” neurons. (C) Wild-type
and Vac14’ hippocampal neurons were triple labeled with rabbit anti-MAP2 (blue),
mouse anti-PSD95 (red) and guinea pig anti-vGlut (green). Examples of straightened
dendrites are shown. Bar =5 um. (D) Quantitation of the number of synapses on the first
100 um of dendrites starting from the soma. The numbers of synapses were normalized
to the average of wild-type. Vac14” neurons had fewer synapses (N = 91 for wild-type
and 71 for Vac147) (*p = 1.7 x 10-4, t-test). Error bars, SEM. (E-F) Presynaptic probability
of release is increased in Vac14-/- neurons. NMDA currents were pharmacologically
isolated from AMPA and GABA, mediated currents and recorded at -70 mV (solution
contained 0 Mg?*). An extracellular stimulating electrode was placed locally and used to
stimulate vesicle release in afferent axons. Once a stable response was obtained, 20 uM
MK801, an open-channel blocker of NMDA receptors, was added to the bath for 5 mins
without stimulation. Then 200 stimulations were delivered and amplitude of the current
measured (mean amplitude is shown by filled circles). In the presence of MK-801, the
current is progressively blocked. The data for each genotype were fitted with a double
exponential curve. The rate of progressive blockade of NMDA current was significantly
greater in Vac14” neurons; mean amplitude of the 2-11 stimulations is significantly
lower in Vac147 neurons. *p=0.0217, Anoval (Matlab). 0Data in A were collected by
Yanling Zhang and Sergey Zolov. Data in C and D were collected by Yanling Zhang.
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Figure 2-12. Restoration of VAC14 eliminates the increase in mEPSC amplitude in
Vacl4”/ neurons

(A) Examples of mEPSC recordings of wild-type and Vac14” neurons that were sham-
transfected, expressed VAC14-Citrine or Citrine alone. (B) Quantification of mEPSC
amplitude normalized to sham-transfected wild-type neurons shows that there is

an inverse relationship between level of VAC14 expression and mEPSC amplitude.

In wild-type neurons, VAC14 overexpression decreases amplitude. The increase in
mEPSC amplitude in Vac147 neurons is reduced by reintroduction of VAC14. Neurons
transfected with Citrine were similar to untransfected wild-type. One-way ANOVA test
was used to compare mEPSC amplitudes (p=8.27e-9). *Individual comparisons were
determined using the Tukey-Kramer post hoc. WT, wild-type; KO, Vac14-/-; Cit, Citrine.
Error bars, SEM.
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Figure 2-13. Total expression of GIuA2 is similar

Cultured hippocampal neurons at 14 DIV were collected, lysed and total protein
separated by SDS-PAGE. To confirm linearity of the assay, a series of dilutions of WT
animal B was run on the same gel. Membranes were probed with anti-GluA2 and anti-

tubulin antibodies.
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Figure 2-14. Surface GluA2 levels increase in Vac14”/- neurons

(A) Surface GIuA2 was labeled by incubation of intact neurons with mouse anti-GluA2
antibody. Arrows highlight the dendrite used for analysis (enlarged in lower panels).
Intensity presented in the “fire” LUT color scheme. (B) Quantitation of the intensity of
GluA2 puncta, normalized to the wild-type mean. The relative intensity values from wild-
type and Vac14” neurons are presented as a cumulative distribution. A Kolmogorov-
Smirnov test demonstrates that the data sets differ significantly (p = 1.1e-34). The
median of each data set also differ significantly (box plot in insert). Box, interquartile
range; line, median; square, mean; non-overlapping notches indicate that the two
medians are statistically different at the 5% significance level; whiskers, minimum and
maximum of the data within 1.5 times the length of the box. N = 5272 for wild-type
and 4756 for Vac147. Error bars, SEM. (C) Surface GluA2 subunits accumulate on the
surface of Vac147 dendrites. Top panel shows wild-type surface GluA2, total GluA2, and
dendritic marker, MAP2. Middle shows the same staining in Vac14” neurons. Yellow
arrow highlights the dendrite used for analysis. Bottom shows the merged image of the
straightened dendrite (left) and MAP2 (right). (D) The ratio of surface to total GIuA2

is increased in Vac14” dendrites (1.32+0.052) relative to wild-type (1.0+0.0364). * p =
6.836*10-7, two-sample t-test. Scale bar = 10 um. Error bars = SEM.

wild-type Vac14™
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Figure 2-15. GluA2 endocytosis is reduced in Vac14’- hippocampal neurons

(A) Diagram of experimental procedures. Wild-type or Vac14” hippocampal neurons
embryos were treated with lysosomal inhibitor leupeptin before live labeled with mouse
GluA2 antibodies. Endocytosis was stimulated with 50 uM NMDA for 10 minutes. Surface
bound GIuA2 antibodies were acid stripped. Neurons were then fixed and labeled with
Alexa 555 anti-mouse IgG. (B) Example of internalized GIuA2. Intensity presented in

the “fire” LUT color scheme. Bar = 10 um. (C) Total internalized GIuA2 in the soma was
decreased in Vac14” neurons (N= 55 for wild-type and 42 for Vac14”. p = 2.73 x 10-5.
t-test.) (D) Total internalized GluA2 in the dendrites was decreased in Vac147 neurons
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(N=57 for wild-type and 61 for Vac14”. p = 8.33 x 10-5. t-test). (E) The number of
internalized GluA2 was decreased in Vac147 neurons (N= 57 for wild-type and 61 for
Vac147. p =5.91 x 10-8. t-test.). A fixed length (35 um from the soma) was used for
dendrites in (D) and (E). Error bars, SEM. 0Data were collected by Yanling Zhang.
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Figure 2-16. Internalized GluA2 enters the degradation pathway normally in Vac14/
A-B) Hippocampal neurons from wild type or Vac14”- embryos were treated with
lysosomal inhibitor leupeptin before live labeled with GluA2 antibodies. Endocytosis
was stimulated with 50 uM NMDA for 10 minutes. Surface bound GluA2 antibodies
were acid stripped. Neurons were then fixed and labeled with LAMP1 antibodies. C) The
percentage of internalized GluA2 puncta that colocalized with LAMP1 was calculated
from a fixed length of apical dendrites (the first 35 um dendrites from soma) (N = 57 for
wildtype and 61 for Vac14”. p = 0.63. t-test). Bars, 5 um. OData were collected by Yanling

Zhang.
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Figure 2-17. Endocytosis of AMPA receptors is reduced in Vac14”/ neurons

Cultured hippocampal neurons were transfected with pH-GluAland mCherry at DIV12.
At DIV14, neurons were stimulated with 20 uM NMDA for 5 mins and pH-GIluA1l
intensity was monitored. (A) Representative full-frame images of wild-type and Vac14
’ neurons during baseline (0-10 mins), NMDA stimulation (11-15 mins), and recovery
after wash out (16-55 mins). (B) Changes in pH-GluA1 fluorescence were calculated
from straightened dendrites isolated from full-frame images. (C) Wild-type and Vac14
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- neurons recovered back to baseline levels similarly. (D) Average time-course for
percent change in pH-GIluA1l fluorescence, normalized to average baseline intensity. (E)
Amplitude of change in fluorescence after wash-out of NMDA is decreased in Vac14”
neurons compared to wild-type (wild-type, 66.72+4.93%; Vac14” 44.68+7.10%). (F) t1/2
recycling rate after NMDA washout is normal. *p=.0224, t-test, n=11-14. Error bars, SEM.
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Figure 2-18. Model of trafficking defects that promote the elevation of surface AMPA
receptors in Vac14”/ neurons

Endocytosis of surface GIuA2 may be reduced in Vac147 compared with wild-type
neurons (1), while recycling of internal GIuA2 to the cell surface (2) and membrane
transport late in the endocytic pathway (3) are normal in Vac147 neurons. Note that, in
the absence of VAC14, FIG4 is destabilized (Lenk et al., 2011). V, endocytic vesicles; EE,
early endosomes; LE, late endosomes; RE, recycling endosomes.
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CHAPTER 3
ACTIVITY-DEPENDENT PI(3,5)P, SYNTHESIS CONTROLS AMPA RECEPTOR TRAFFICKING

DURING SYNAPTIC DEPRESSION

3.1 SUMMARY

Dynamic regulation of phosphoinositide lipids (PIPs) is crucial for diverse cellular
functions and, in neurons, is particularly important for controlling membrane trafficking
at the synapse. Indeed, multiple neurological disorders are linked to mutations in PIP-
related genes, suggesting that these signaling lipids are crucial for neuronal function.
However, the regulation of PIPs in neurons remains poorly understood. In particular,
little is known about PI(3,5)P,, which is implicated in epilepsy, severe neuropathy and
neurodegeneration. Notably, the PI(3,5)P, synthesis complex is highly enriched at
synapses, raising the possibility that the dynamic regulation of synaptic PI(3,5)P, levels
has a major impact on synaptic function and plasticity. Here, we present novel methods
to detect and control PI(3,5)P, synthesis in neurons. We observe activity-dependent
regulation of multiple PIPs and, surprisingly, PI(3,5)P, was among the most dynamic.
Elevation of PI(3,5)P, occurs during two distinct forms of synaptic depression, and
manipulation of PI(3,5)P, levels is sufficient to bidirectionally control synapse strength.
Moreover, blocking PI(3,5)P, synthesis prevents or reverses synaptic depression, in part,
by altering AMPA-type glutamate receptor trafficking. Taken together, our results

identify the activity-dependent synthesis of PI(3,5)P, as a novel mechanism for
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regulating synapse strength and suggest that synaptic dysfunction may contribute to the

pathogenesis of neurological diseases arising from loss of dynamic PI(3,5)P, regulation.

3.2 INTRODUCTION

Phosphorylated phosphoinositide lipids (PIPs) are minor components of the cytosolic
side of membranes and key regulators of diverse cellular processes including cell
signaling, membrane trafficking, cytoskeletal rearrangements, ion homeostasis and
organelle biogenesis (reviewed in (Yin and Janmey, 2003, Di Paolo and De Camilli, 2006,
Balla, 2013)). Seven interconvertible PIP species, each with unique roles, are synthesized
and turned over through specific sets of highly regulated lipid kinases and phosphatases.
Through binding of downstream protein effectors, PIP signaling is thought to assemble
complex protein machines at specific membrane subdomains, which enables PIPs to
have tight control of cellular processes in space and time. Such precision is likely critical
for complex cellular functions, including regulation of synaptic strength in the central
nervous system.

Defects in PIP biosynthesis and signaling are implicated in multiple neurological
disorders, including Down syndrome (Arai et al., 2002, Cossec et al., 2012), Alzheimer’s
disease (Stokes and Hawthorne, 1987, Zubenko et al., 1999, Harold et al., 2009, Naj et
al., 2011), epilepsy (Krebs et al., 2013, Baulac et al., 2014), schizophrenia (Jungerius et
al., 2008, Vorstman et al., 2009), and neuropathies (Bolino et al., 2000, Houlden et al.,
2001, Azzedine et al., 2003, Senderek et al., 2003, Chow et al., 2007, Nicholson et al.,
2011). Even perturbations of a low abundant PIP - PI(3,5)P; - have profound effects on
human physiology. For example, mutations in FIG4, a positive regulator of PI(3,5)P,, are
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known to cause at least four human diseases. Homozygous null mutations in FIG4 cause
Yunis-Varon syndrome, an autosomal-recessive disorder that affects multiple systems
and causes infantile death (Campeau et al., 2013). Partial loss of function mutations
cause a severe peripheral neuropathy, Charcot Marie-Tooth type 4J (CMT4J) (Chow et
al., 2007, Nicholson et al., 2011). Heterozygous point mutations may be a risk factor for
amyotrophic lateral sclerosis (ALS) and primary lateral sclerosis (PLS) (Chow et al., 2009).
Recently, a homozygous missense mutation in FIG4 was identified as the causal gene in
a consanguineous Moroccan family with multiple neurological disorders including
temporo-occipital polymicrogryria, epilepsy and psychiatric indications (Baulac et al.,
2014).

Impairments in the highly conserved PI(3,5)P, synthesis complex are linked to
pleiotropic defects (reviewed in (McCartney et al., 2014)). This complex includes the
lipid kinase, Fab1 (PIKfyve, in mammals) (Yamamoto et al., 1995, Gary et al., 1998,
Cooke et al., 1998, Zolov et al., 2012), the lipid phosphatase, Fig4, and scaffolding
protein, Vac14 (Rudge et al., 2004, Chow et al., 2007, Zhang et al., 2007, Jin et al., 2008,
Botelho et al., 2008, Ikonomov et al., 2009). Fab1/PIKfyve is the sole kinase responsible
for the synthesis of PI(3,5)P, from PI3P. In mammalian cells, the pools of PI3P that are
converted to PI(3,5)P, have not been resolved and may include PI3P synthesized from PI
by the Class Il Pl 3-kinase, VSP34 (Whiteford et al., 1997), the Class Il Pl 3-kinase, C2a
(Bridges et al., 2012), or both. The lipid phosphatase, Fig4, can convert PI(3,5)P, to PI3P
in vitro (Rudge et al., 2004), yet also functions as a positive regulator of Fab1/PIKfyve.

Genetic loss of Figd decreases the levels of PI(3,5)P, by 50% (Chow et al., 2007). Mice

109



lacking Fig4 die early and have profound neurodegeneration (Chow et al., 2007).
Moreover, the loss of PIKfyve in mice results in embryonic lethality as early as E3.5
(Ikonomov et al., 2011) or E8.5 (Takasuga et al., 2013). Further analysis of multiple
organs in vivo in mouse models with reduced PI(3,5)P, levels revealed widespread
defects beyond the nervous system, indicating that PI(3,5)P, is likely important for most
cell types (Chow et al., 2007, Zolov et al., 2012, Takasuga et al., 2013).

The dynamic regulation of PI(3,5)P, levels in response to extracellular stimuli is likely
critical for neural function, though upstream activators of the PI(3,5)P, synthesis
complex and downstream targets of PI(3,5)P, are largely unknown. One stimulus,
hyperosmotic stress in yeast, is known to evoke a transient elevation and subsequent
turnover of PI(3,5)P, levels (Dove et al., 1997, Duex et al., 2006). Diverse external cues,
such as hormones, growth factors or neurotransmitters, are likely to induce dynamic
regulation of PI(3,5)P;, levels in multicellular organisms as well. In support of this
hypothesis, analysis of the CMT4J disease mutation, Fig4-I>T, which is in a residue
conserved with yeast Fig4, showed a specific impairment in stimulus induced increases
in PI(3,5)P, without any effect on basal PI(3,5)P, levels in yeast (Chow et al., 2007). Thus,
even subtle problems in the dynamic activation of the complex is likely critical for neural
function.

At the synapse, signaling lipids play essential roles in presynaptic and postsynaptic
function. Notably, PI(4,5)P,-mediated regulation of endocytosis, exocytosis, actin
dynamics and ion channel function are essential for neurotransmission (McPherson et

al., 1996, Cremona et al., 1999, Haffner et al., 2000, Wenk et al., 2001, Kim et al., 2002,
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Di Paolo et al., 2004, Irie et al., 2005, Saheki and De Camilli, 2012 Mani et al., 2007,
Gong and De Camilli, 2008). The low abundant lipid PI(3,4,5)Ps clusters membrane
proteins both presynaptically (Khuong et al., 2013) and postsynaptically (Arendt et al.,
2010), and postsynaptic strength is diminished by increased turnover of PI(3,4,5)P3 by
the lipid 3-phosphatase PTEN (Jurado et al., 2010). Moreover, the number of excitatory
synapses is reduced in neurons lacking either MTMR2, a 3-phosphatase that acts on
PI3P and PI(3,5)P; (Lee et al., 2010), or Vac14, a positive regulator of PI(3,5)P,
synthesis(Zhang et al., 2012). Collectively, these results implicate multiple PIPs in
regulation of synapse strength and emphasize the importance of developing strategies
to detect and control each of these low abundant signaling lipids.

To determine the signaling lipids that are dynamically regulated by neural activity,
we developed methods to measure the activity-dependent regulation of each PIP
species in cultured hippocampal neurons. We identified multiple activity-dependent
changes in PIP levels in response to either acute or sustained changes in neuronal
activity. Notably, levels of PI(3,5)P, are highly dynamic and increase in response to
conditions that drive NMDA receptor (NMDAR)-dependent long-term depression (LTD)
or homeostatic synaptic weakening. A causal role for PI(3,5)P, dynamics in these
processes was also identified. Increasing PI(3,5)P, levels using a dominant-active PIKfyve

mutant (PIKfyve "

) is sufficient to weaken postsynaptic strength and homeostatic
weakening is lost in neurons where PI(3,5)P;, synthesis is diminished. Moreover, acute

inhibition of PIKfyve rapidly reverses established homeostatic weakening. Roles for

PI(3,5)P, synthesis in the regulation of synaptic plasticity derive in part from PI(3,5)P,-
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dependent trafficking of AMPA-type glutamate receptors to and from the plasma
membrane. Together these findings demonstrate a critical role for PI(3,5)P, dynamics in

maintaining changes in synaptic strength.

3.3 RESULTS

3.3.1 Homeostatic down regulation of synapse strength is lost in neurons
defective in PI(3,5)P, synthesis

We previously found that loss of Vac14 leads to increased excitatory synapse
strength in cultured hippocampal neurons and that this increase could be rescued by
reintroduction of Vac14 into the knockout neurons (Zhang et al., 2012). These results
raise the question of whether Vac14 and/or PI(3,5)P, signaling is involved in activity-
dependent changes to synapse strength. To address this question, we focused initially
on homeostatic synaptic plasticity, where neurons adapt to persistent changes in
network activity through compensatory changes in synapse function that maintain levels
of activity in a stable range (Davis, 2013). Given the basal increase in synapse strength in
Vac14 KO neurons, we hypothesized that Vac14 is required for homeostatic synaptic
plasticity. We first tested whether Vac14” on C57BL/6J background shares the elevation
in synapse strength found previously on a “mixed” background (strain 129 and
C57BL/6J) (Zhang et al., 2012). Then, we induced prolonged increases or decreases in
the level of neural activity and monitored how synapses adapt to the change by
measuring the amplitude of miniature excitatory postsynaptic currents (mEPSCs).

Consistent with our previous observations, the amplitude of in mEPSCs is

increased in Vac14”" relative to wild-type neurons in a C57BL/6J background (Figure 3-
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1A-C). To test whether homeostatic plasticity was altered in Vacl14” neurons, we
incubated neurons with 2 uM tetrodotoxin (TTX) or 50 uM bicuculline (Bic) for 24 h to
suppress or elevate activity, respectively. As expected, wild-type neurons exhibited a
homeostatic increase in mEPSC amplitude following chronic activity deprivation with
TTX. Vac14” neurons, despite larger basal mEPSC amplitudes, exhibited homeostatic
synaptic strengthening that was indistinguishable from wild-type neurons (Figure 3- 1B
and 1D). On the other hand, whereas chronically increasing network activity induced a
significant decrease in mEPSC amplitude in wild-type neurons, Vac14” neurons failed to
homeostatically downscale synaptic strength (Figure 3- 1B and 1D). Together these data
suggest that Vac14 is required for homeostatic downscaling, but not for homeostatic
upscaling. This fits with multiple studies that suggest that these two processes are
controlled by independent mechanisms (reviewed in (Turrigiano, 2012, Chen et al.,
2014, Pribiag and Stellwagen, 2014, Thalhammer and Cingolani, 2014, Lee et al., 2014,
Siddoway et al., 2014)). Moreover, these data suggest that elevated mEPSC amplitude in
Vacl4” neurons may, in part, be due to defects in homeostatic downscaling in the face

of hyperactivity.

3.3.2  PI(3,5)P, synthesis is required for maintenance of postsynaptic strength
in cultured hippocampal neurons

Vac14 has no known functions outside of its role in the PI(3,5)P, synthesis
complex. To directly test whether Vac14 impacts synapse strength directly through the
synthesis of PI(3,5)P,, we used wild-type mouse hippocampal cultured neurons and

targeted the lipid kinase PIKfyve for RNAi knock-down using a lentiviral vector to express
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a PIKfyve-targeting shRNA. One week after infection with PIKfyve shRNA, small vacuoles
were apparent in pyramidal-like neurons, a phenotypic hallmark of decreased PI(3,5)P,
levels in cells (Yamamoto et al., 1995, Bonangelino et al., 1997, lkonomov et al., 2001,
Zhang et al., 2007, Jefferies et al., 2008, Takasuga et al., 2013). Notably, the amplitude
of mEPSCs in PIKfyve shRNA transduced neurons, compared with control or sham
treated neurons, was significantly higher (Figure 3- 1 E and 1F). Thus, PIKfyve
knockdown recapitulates the effect of genetic deletion of Vac14 on mEPSC amplitude
suggesting that Vac14 acts through PIKfyve to regulate synapse strength. Together,
these data suggest that PI(3,5)P, functions as a negative regulator of synaptic strength

and raises the question of whether increasing PI(3,5)P; levels has the opposite effect.

3.3.3 Increasing PI(3,5)P, levels causes synaptic depression in cultured
hippocampal neurons

A common approach for increasing the levels of specific metabolites in cells is to
overexpress the enzyme required for their synthesis. However, in yeast, overexpression
of Fab1 (homolog of mammalian PIKfyve) does not increase PI(3,5)P, levels (Gary et al.,
1998). To measure the impact on PIP levels of overexpressing PIKfyve, we generated
two doxycycline inducible stable cells line using the Flp-In™ T-Rex"™-293 system
(Invitrogen) with 3XFLAG-Citrine-PIKfyve or a 3XFLAG control. After 24 h of induction,
3XFLAG-Citrine-PIKfyve is expressed approximately 16-fold above the levels of
endogenous PIKfyve (Figure 3- 2A). Despite this strong overexpression, we found no
change in the levels of any PIP species, including PI(3,5)P, (Figure 3- 2B). Thus,

overexpressing PIKfyve alone is insufficient to increase PI(3,5)P; levels.
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We had previously identified dominant mutations in yeast Fabl that resulted in a
several fold elevation in PI(3,5)P, (Duex et al., 2006). Two of these mutants, Fab1-
E1822K,N1832Y and Fab1-E1822V,F1833L,T2250, were mutated in conserved residues
(Figure 3- 2C), which suggested that a dominant active mammalian PIKfyve could be
generated. Indeed, we generated and tested the PIKfyve ™ (E1620K, N1630Y, S2068A)
dominant active mutant and found induction of this mutant protein to levels 4-fold
above endogenous PIKfyve increased PI(3,5)P, approximately 4-fold (Figure 3- 2B).
Consistent with a precursor-product relationship, the dominant active mutant also
increased the levels of PI5P 2-fold (Figure 3- 2B). To test the impact of increasing the
levels of PI(3,5)P, on synapse function, we transfected postnatal rat cultured
hippocampal neurons with dominant active Citrine-PIKfyve*™* or, as a control, wild-type
Citrine-PIKfyve. We compared the amplitude of mEPSCs in transfected neurons to
nontransfected neighbors. In Citrine-PIKfyve*"* neurons, the average amplitude of
MEPSCs is reduced compared to both neighboring non-transfected neurons in the same
culture and wild-type Citrine-PIKfvye expressing neurons in sister cultures (Figure 3- 2D
and 2E). Taken together, our data suggest that PIKfyve activity is inversely correlated
with postsynaptic strength. That basal synapse function did not change with
overexpression of wild-type PIKfyve alone suggests that PI(3,5)P, rather than PIKfyve

protein levels are important for modulating the strength of synapses.
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3.3.4 PIP levels are dynamic in nheurons

3.3.4.1 Detection of PIP species in cultured neurons

Little is known about the physiological processes that cause dynamic changes in
PI(3,5)P, levels in mammalian cells. The link between defects in dynamic changes in
PI(3,5)P, synthesis and neurological disease highlight the importance of developing
methods to probe dynamic changes in PIP levels in neurons. To this end, we adapted
methods designed for fibroblasts, to detect PIP species in post-mitotic cells. Briefly,
cultured rat hippocampal neurons were metabolically labeled with myo-[2->H]-inositol
for 24 h. Cells were precipitated by perchloric acid and the resultant precipitate treated
with weak base to deacylate lipids. Following deacylation, water soluble glycerol-inositol
poly-phosphates were separated by chromatography on an ion exchange column. In
cultured hippocampal neurons (DIV 21), peaks representing all seven PIP species were
observed, including PI(3,5)P, and PI5P. We do not report the levels of PI(3,4)P,, which
was observed in some samples but was often below detection levels (<0.01% of PI).
Compared to mouse embryonic fibroblasts (MEF) cells (Zolov et al., 2012) neurons have
5-fold more PI4P, 3-fold more PI(4,5)P,, slightly more PI(3,4,5)Ps and half the levels of
PI(3,5)P, (Figure 3- 3-figure supplement 1). The high levels of PI4P and PI(4,5)P, are
likely due to the extensive plasma membrane, endoplasmic reticulum (ER) and

abundance of somatic and dendritic Golgi in neurons.

3.3.4.2 PIPs are dynamically regulated by neuronal activity

To identify PIP species that dynamically respond to neural activity and test for

activity-dependent synthesis of PI(3,5)P,, we compared PIP levels in spontaneously
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active neuronal cultures to those where we acutely increased or decreased network
activity. Specifically, we applied 2 uM TTX for 10 min to block action potentials, 50 uM
bicuculline for 1 min to enhance firing by removing inhibitory tone or 20 uM NMDA for 1
min to strongly activate NMDARs and drive glutamate receptor endocytosis (Figure 3-
3A). Most PIP species did not change significantly in response to acute changes in
activity (Figure 3- 3B). However, the levels of PI(3,5)P, significantly increased with 1 min
20 uM NMDA stimulation.

In addition, we tested activity-dependent changes in PIPs over longer time-scales
using stimuli that are known to engage homeostatic synaptic control mechanisms. We
reasoned that similar to synapse strength, PIPs involved in homeostatic synaptic
plasticity might be bidirectionally regulated by chronic activity suppression or
hyperactivation. However, we found no bidirectional changes in PIPs (Figure 3- 4B).
Instead, we observed three significant unidirectional changes in PIPs. Following 24 h
activity suppression with TTX, the levels of both PI4P and PI(4,5)P, decreased, but
neither of these significantly increased during chronic activity elevation with bicuculline.
By contrast, the most dramatic change observed was in the levels of PI(3,5)P,, which
significantly increased during chronic network hyperactivation, but did not significantly
change during chronic activity suppression (Figure 3- 4B). These results, combined with
the finding that defects in PI(3,5)P, synthesis disrupt homeostatic downscaling but not
upscaling, are consistent with a selective role for PI(3,5)P, in homeostatic synaptic

weakening. The changes in PI14P and PI(4,5)P, are potentially interesting as well, and
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analysis of these species in future studies may shed additional light on mechanisms
governing homeostatic synaptic strengthening.

To independently test for changes in PI(3,5)P, and determine whether there
were specific subcellular locations where its synthesis occurs during homeostatic down-
scaling, we monitored a fluorescent probe for PI(3,5)P, under periods of normal or
hyperactive network activity. The reporter - mCherry-ML1N*2 - is mCherry fused to a
tandem duplication of the PI(3,5)P; binding domain of TRPML1 and has been previously
validated (Li et al., 2013). We found that relative to conditions of basal neural activity
chronic hyperactivity induced by bicuculline produced a robust increase in dendritic
reporter intensity (Figure 3- 4C). To normalize for differences in expression levels, we
analyzed the average intensity of mCherry-ML1N*2 in the dendrite relative to the soma
and found network hyperactivation increased this ratio (Figure 3- 4D). These data are
consistent with the increased PI(3,5)P, levels detected by HPLC following homeostatic
synaptic weakening (Figure 3- 4B) and suggest that a component of the rise in PI(3,5)P,
level is due to new synthesis in dendrites during synaptic depression.

Together, these data suggest that an increase in PI(3,5)P, synthesis accompanies
conditions that lead to depression of synaptic strength. To test this relationship further,
we examined PIP levels during another form of functional synapse weakening, NMDAR-
dependent chemical long term-depression (cLTD), using an established NMDAR-cLTD
induction protocol (Lee et al., 1998, Fernandez-Monreal et al., 2012). We analyzed PIP
levels at time-points during the stimulus (30 sec, 1 min, 2 min, 3 min, 5 min) and after

cLTD induction (15 and 35 min) (Figure 3- 5A). The levels of PIPs in treated neurons were
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compared to the average levels of unstimulated sister cultures at the 0 time point
(Figure 3- 5B) and neurons that were sham stimulated (no NMDA, 35 min) (Figure 3- 5C).
We found dynamic changes in the levels of multiple PIPs (Figure 3- 5C). Most of the
changes occurred during the NMDA stimulation. At the latest time point examined the
levels of each PIP were similar to sham stimulated at the 30 minute time point, except
for elevated PI(3,4,5)Ps. PI(3,4,5)P3 rapidly increases almost 50% within 30 seconds of
the cLTD stimulus, which was then sustained at the 30 minute time point. Two of the
most abundant PIPs, PI4P and PI(4,5)P, show transient increases and decreases during
NMDA stimulation but not in a consistent direction. Interestingly, the 20-25% decrease
in P1(4,5)P; levels at 10 min relative to unstimulated or sham samples is consistent with
regulation of PI(4,5)P, formation in response to NMDAR activation (Horne and
Dell'Acqua, 2007, Unoki et al., 2012). Note that for PIPs that are generated in multiple
neuronal locations, measurements of total PIP levels may not be sufficient to detect
important location-specific changes.

Importantly, among all the PIP species, PI(3,5)P, had the most dynamic response
during cLTD induction (Figure 3- 3C). During the induction period, PI(3,5)P, rapidly rose
in the first 3 min and then returned to baseline levels within 5 min. At 10 min post
induction, PI(3,5)P, levels decreased to below basal levels. Consistent with a transient
elevation in PI(3,5)P, levels, PI3P levels were stable for 1 min, then dropped by ~20%
and remained reduced for 2-10 min. We also observed a depression in PI5P levels
concomitant with the increase in PI(3,5)P, levels. This may be due to transient

uncoupling of the 3-phosphatase that normally converts PI(3,5)P, to PI5P. Together, our
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results demonstrate that induction of cLTD regulates multiple PIPs and supports the

hypothesis that dynamic PIP metabolism is critical for synaptic depression.

3.3.5 PIKfyve inhibition blocks induction of chemical LTD

Given that transient elevation in the levels of PI(3,5)P, accompanies the
induction of cLTD (Figure 3- 5), we tested a causal role for PI(3,5)P, dynamic synthesis by
inhibiting PIKfyve during cLTD induction. We utilized two PIKfyve inhibitors: YM201636
(Jefferies et al., 2008) and apilimod (Cai et al., 2013), which rapidly and specifically block
PIKfyve activity. Similar to YM201636 (Zolov et al., 2012), 1 uM apilimod decreases
PI(3,5)P, levels by more than 50% in 2.5 min and 70% by 5 min (Figure 3- 6-figure
supplement 2A). Neurons were treated with YM201636 (2 uM) or apilimod (1 uM) for
2.5 min before and during the 5 min cLTD stimulus (7.5 min total). Neurons were then
returned to media without PIKfyve inhibitors for an additional 30 min prior to
electrophysiological recordings. As expected, mEPSC amplitude was decreased after the
cLTD stimulus in the absence of PIKfyve inhibitors (Figure 3- 6A and 6B). By contrast, the
presence of either YM201636 or apilimod during the 5 min cLTD stimulus prevented
induction of enduring synaptic depression (Figure 3- 6A and 6B). Thus, synthesis of
PI(3,5)P, during induction of LTD is necessary for the sustained depression of synaptic

strength.

3.3.6 Acute PIKfyve inhibition reverses established homeostatic changes in

synaptic strength

Unlike cLTD induction, homeostatic downscaling is associated with a persistent

increase in PI(3,5)P; levels (Figure 3- 4B and 4C) at a time in which compensatory
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synaptic adaptations have already been established (O'Brien et al., 1998, Turrigiano et
al., 1998, Maffei and Turrigiano, 2008, Yu and Goda, 2009, Jakawich et al., 2010). Given
that Vac14” neurons fail to express homeostatic synaptic scaling in response to hyper-
excitation (Figure 3- 1B and 1D) and that elevation of PI(3,5)P, levels leads to reductions
in excitatory synaptic strength (Figure 3- 2D and 2E), we hypothesized that the changes
in PI(3,5)P; following chronic hyperactivity play a direct role in maintaining synaptic
depression. If so, then acute blockade of PI(3,5)P, synthesis may be sufficient to rapidly
reverse homeostatic downscaling after it has been established. To test this prediction,
we acutely blocked PI(3,5)P, production (1 uM apilimod or 2 uM YM201636) in cultured
rat hippocampal neurons for 1 h. Under control conditions, neither inhibitor significantly
increased mEPSC amplitude (Figure 3- 6C and 6D). Thus, acute inhibition of PIKfyve
activity may not be sufficient to impact synaptic AMPA receptors under basal activity
conditions. Notably, however, when neurons were treated for the previous 24 h with
bicuculline to induce homeostatic synaptic weakening, PIKfyve inhibition completely
reversed down-scaling of mEPSC amplitude within 60 min (Figure 3- 6C and 6D).
Together, these data suggest that the maintenance of synaptic adaptations induced by
network hyperactivity requires PIKfyve activity.

The trafficking of AMPA-type glutamate receptors (AMPARs) is critical for many
enduring forms of synaptic plasticity (Malinow and Malenka, 2002, Anggono and
Huganir, 2012, Henley and Wilkinson, 2013), and multiple groups (including ours) have
found that AMPAR trafficking is sensitive to PIKfyve activity (Tsuruta et al., 2009, Zhang

et al., 2012, Seebohm et al., 2012). A signature of homeostatic synaptic plasticity
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induced by chronic changes in network activity is the bi-directional regulation of surface
AMPAR expression, where chronic network hyperactivity drives reduced surface
expression of the AMPAR subunits GluAl and GluA2 (O'Brien et al., 1998, Cingolani et
al., 2008, Jakawich et al., 2010, Hu et al., 2010, Evers et al., 2010, Lee et al., 2011).
Therefore, we tested whether PIKfyve inhibition reverses homeostatic down scaling by
impacting the surface levels of AMPA receptors. Surface GluA2 (sGluA2) subunits were
detected with an amino-terminal antibody under non-permeabilization conditions
followed by permeabilization and detection of the excitatory synaptic scaffolding
molecule PSD95. Consistent with previous reports, we found that sGIuA2 expression is
significantly reduced during homeostatic downscaling induced by 24 h bicuculline
treatment (Figure 3- 6E & 6F). We also found that this period of hyperactivity did not
impact the total levels of PSD95 (Figure 3- 6-figure supplement 2B), which is also
consistent with previous results from hippocampal neurons ((Jakawich et al., 2010) but
see (Sun and Turrigiano, 2011)). Notably, sGluA2 expression in bicuculline-treated
neurons was rapidly restored to baseline levels by PIKfyve inhibition for 60 min with
either YM201636 or apilimod (Figure 3- 6E and 6F). Under basal activity conditions, the
same course of apilimod treatment did not alter sGIuA2 expression (Figure 3- 6-figure
supplement 2C), demonstrating that the restoration of sGluA2 levels by PIKfyve
inhibition, in this case, is specific for homeostatic downscaling. However, we did observe
that 60 min YM201636 treatment was effective in increasing sGluA2 in control neurons,
suggesting that 60 min of PIKfyve inhibition can favor enhanced surface expression of

AMPARs under basal levels of activity. Together, these results suggest that the increase
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in PI(3,5)P, levels during homeostatic downscaling plays a direct role in maintaining
weakened synaptic strength via effects on surface AMPAR dynamics. In addition, these
findings suggest that the increase in postsynaptic strength observed in mouse models
with diminished PI(3,5)P, levels, such as the Vac14” mouse (Zhang et al., 2012) (Figure
3- 1C), may be due in part to a persistent inability to homeostatically adjust synaptic

strength during periods of hyperactivity.

3.3.7 AMPA receptor trafficking at the plasma membrane is sensitive to
PIKfyve activity

Fluorescence recovery of pHluorin-GIuA2(Q) is enhanced by PIKfyve inhibition

The results described above reveal a direct relationship between PIKfyve activity
and AMPAR trafficking in synaptic plasticity. This raises the question of what specific
GluA2 trafficking steps are controlled by PIKfyve activity. To gain insight into this
question we screened for an impact of PIKfyve inhibition on AMPA receptor trafficking
in neurons by exogenously expressing AMPA receptor subunits tagged with the pH-
sensitive GFP variant pHluorin, pH-GIuAl or pH-GIuA2(Q). pHluorin is fluorescent at
neutral pH and is quenched in acidic environments. Thus, changes in the abundance of
surface exposed pH-GluAs can be detected as a change in fluorescence intensity. Note,
we used pH-GIuA2(Q) to minimize contamination from the ER (Rathje et al., 2013).

Initially, we tested the effect of acute PIKfyve inhibition on steady-state
fluorescence and found no change compared to baseline levels (data not shown). To
widen the scope of this analysis, neurons were treated for 1 h with YM201636 or

apilimod and then stimulated with 20 uM NMDA to drive endocytosis of AMPA
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receptors in the continuous presence of inhibitors. Of note, this NMDA stimulation does
not lead to persistent loss of AMPARs as in the case of cLTD, but rather drives a
transient loss of surface receptors through endocytosis that is restored over time by
recycling back to the plasma membrane. Indeed, while 5 min of NMDA stimulation
strongly decreased pHluorin fluorescence by approximately 60%, surface fluorescence
slowly reappeared over the next 45 min due to recycling of AMPARs back to the cell
surface (Figure 3- 7A and 7B). We found that PIKfyve inhibition with either YM201636 or
apilimod specifically enhanced the recovery rate of pH-GluA2(Q) fluorescence, yet these
inhibitors had no detectable impact on the dynamics of pH-GIuA1 (Figure 3- 7C and 7D).
Subunit specific trafficking of AMPA receptors has been previously observed in a variety
of contexts by multiple groups (Man et al., 2000, Shi et al., 2001, Lee et al., 2004,
Shepherd et al., 2006, Cingolani et al., 2008, Anggono et al., 2011). Of particular
relevance, there is evidence that the coordinate loss of surface GIluAl and GIuA2 during
slow homeostatic downscaling requires subunit-specific trafficking events controlled by
the GluA2 subunit (Gainey et al., 2009, Goold and Nicoll, 2010). Thus, our results are
consistent with the idea that PIKfyve activity selectively impacts the GIuA2 subunit to

control the surface expression of AMPARs.

3.3.7.1 PIKfyve inhibition favors surface expression of endogenous GluA2
containing AMPARs

To determine whether the effects of PIKfyve inhibition on pH-GIuA2 (Q)
dynamics reflect a role for PIKfyve in native AMPAR trafficking, we measured surface

expression of endogenous GIuA2 using immunocytochemistry. Using NMDA stimulation
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to drive AMPA receptor endocytosis, we determined the ratio of surface to internal
GluA2 using an amino-terminal antibody without or with permeabilization, respectively.
In control neurons, NMDA stimulation for 5 min reduced the ratio of surface to internal
GluA2, but pretreatment with apilimod for 1 h blocked this NMDA-induced decrease in
sGIuA2 (Figure 3- 7E and 7F). Thus, PIKfyve activity may be required for GluA2
endocytosis. Alternatively, given that this NMDA regimen induces only a transient loss of
surface AMPARs, these effects could reflect a situation where inhibition of PIKfyve
results in a more rapid return of internalized receptors to the surface.

To determine whether PIKfyve activity has additional roles in GIuUA2 trafficking
beyond the acute response to NMDA stimulation, we limited PIKfyve inhibition to time
points after NMDAR activation. Neurons were first stimulated with NMDA for 5 min
without PIKfyve inhibition and then incubated with 1 uM apilimod for 10 or 30 min. In
control neurons, the intensity of sGIluA2 after NMDA stimulation compared to
unstimulated sister cultures was still decreased at the 10 min time point but returned to
basal levels by 30 min (Figure 3- 7G and 7H). By contrast, inhibition of PIKfyve after
NMDA stimulation resulted in the rapid return of sGluA2 to baseline levels within 10 min
and sGIuA2 expression remained stable at the 30 min time point. Together, these results
suggest that a target of PIKfyve activity is the GIUA2 subunit of AMPA receptors and that
PIKfyve inhibition impacts multiple AMPAR trafficking steps, which collectively result in
enrichment of AMPARs on the cell surface. Thus, PIKfyve activity is important for GluA2

trafficking during NMDA stimulation and then continues to play a critical role in the
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subsequent membrane trafficking of AMPARs during the recycling of internalized

receptor pools.

3.4 DISCUSSION

Phosphoinositide lipids play crucial roles in membrane trafficking and cell
signaling in eukaryotic cells, but many of the pathways that are regulated by these lipids
are unknown. Moreover, in many cases, little is known about the upstream regulators
that signal dynamic changes in these lipids. This is especially true in neurons, where
activity-dependent regulation of PIP lipids has remained poorly understood. In this
work, we examined the dynamic regulation of PIPs in neurons in response to both acute
and chronic changes in activity. Many of the PIPs exhibited activity-dependent
regulation in response to driving NMDAR activation or modulating network activity.
Notably, PI(3,5)P, was among the most dynamic. PI(3,5)P, was rapidly synthesized
during induction of cLTD and was the only PIP to significantly increase during
homeostatic synaptic depression. Intriguingly, PI(3,5)P, accumulates on the same
timescale that synapses become weakened and even transient disruption of PI(3,5)P,
synthesis disrupts synaptic depression. In mammalian cells, PI5P is likely synthesized
from PI(3,5)P;, (Zolov et al., 2012). Thus, it is notable that PI5P levels did not change
during either cLTD or homeostatic downscaling. Therefore, the impact on synaptic
receptors due to loss of PIKfyve activity is likely due to the loss of PI(3,5)P, synthesis
rather than through effects on PI5P. While future studies are required to delineate the
precise mechanism by which PIKfyve is activated by neural activity, our results suggest
that this process occurs close to synaptic regions in dendrites.
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Upstream activators of PIKfyve are largely unknown. In yeast, dynamic synthesis
and turnover of PI(3,5)P, is induced by hyperosmotic stimulation (Dove et al., 1997,
Duex et al., 2006), but the conditions that drive PI(3,5)P, dynamics in mammalian cells
are poorly understood. Our results establish that, in neurons, PI(3,5)P, synthesis is
regulated by neuronal activity. Hyperactivation of network activity for 24 h with
bicuculline increased PI(3,5)P, levels approximately 1.6-fold. This increase is similar to
increases in PI(3,5)P, levels in mammalian cells via induction by epidermal growth factor
(1.5 fold (Tsujita et al., 2004)), interleukin 2 (1.75 fold (Jones et al., 1999)) and insulin (2-
fold (Bridges et al., 2012)). Interestingly, similar to chronic hyperactivity, insulin
stimulation of neurons causes synaptic weakening (Man et al., 2000), raising the
possibility that enhanced PI(3,5)P, synthesis contributes to this effect.

The pleiotropic effects caused by defects in PI(3,5)P, synthesis (reviewed in
(McCartney et al., 2014)) suggest that multiple pathways are regulated by this signaling
lipid. Here, we found that the GIuA2 subunit of AMPA receptors is a target of PI(3,5)P,-
dependent regulation. Interestingly, an instructive role for the GluA2 subunit has been
demonstrated for homeostatic plasticity induced by chronic changes in activity
(Cingolani et al., 2008, Gainey et al., 2009, Goold and Nicoll, 2010, Evers et al., 2010,
Pozo et al., 2012, Lambo and Turrigiano, 2013), providing a further link between
PI(3,5)P, dynamics during sustained activity changes and the regulation of AMPA
receptor expression at the cell surface. Trafficking and surface expression of AMPA
receptors can be modulated by multiple cellular processes including, lateral diffusion

(reviewed in (Opazo et al., 2012)), constitutive cycling, regulated endocytosis and
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exocytosis, and intracellular trafficking (reviewed in (Esteban, 2008, Anggono and
Huganir, 2012, Henley and Wilkinson, 2013)). We found that acute PIKfyve inhibition
during NMDA stimulation blocks the decrease in GIuA2 surface levels. Additionally,
PIKfyve inhibition immediately following NMDA stimulation hastens the recovery of
surface GIuA2 levels to baseline levels. These results are consistent with multiple steps
requiring PIKfyve activity. These effects on GIuA2 are consistent with previous
observations that Vac14” neurons have increased surface exposed GIuA2 and defects in
the trafficking of both GluA1l and GIuA2 (Zhang et al., 2012). One notable difference,
however, is that acute loss of PI(3,5)P, synthesis appears to target GIuA2 subunits
selectively, whereas prolonged loss of PI(3,5)P, has effects on both GluA1 and GIuA2
trafficking. This latter effect may reflect a compensatory effect of prolonged inability to
synthesize PI(3,5)P,.

Functional changes during homeostasis are mediated by addition and removal of
synaptic AMPA receptors. Here we show that increased synthesis of PI(3,5)P, functions
to reduce cell surface AMPA receptors. Moreover, we show that this regulation is
specific for homeostatic downscaling, a uni-directional role that is consistent with a
growing literature suggesting that distinct mechanisms underlie homeostatic
strengthening and weakening of synapses (reviewed in (Turrigiano, 2012, Siddoway et
al., 2014)). In the future, it will be important to integrate this aspect of homeostatic
control with other known molecular pathways. Known pathways that regulate
homeostatic synaptic weakening (reviewed in (Turrigiano, 2012, Pozo and Goda, 2010,

Vitureira et al., 2012, Siddoway et al., 2014)) are candidates for either being regulated
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by PI(3,5)P, or regulating PI(3,5)P, levels. These include post-synaptic density 95 (PSD-
95) (Sun and Turrigiano, 2011, Tatavarty et al., 2013), Polo-like kinase 2 (Plk2) (Seeburg
et al., 2008, Seeburg and Sheng, 2008, Lee et al., 2011, Evers et al., 2010) and cyclin-
dependent kinase 5 (CDK5) (Seeburg et al., 2008). In addition, calcium influx through L-
type voltage-gated calcium channels has been mechanistically linked to homeostatic
synaptic plasticity (Pak and Sheng, 2003, Thiagarajan et al., 2005, Goold and Nicoll,
2010, Henry et al., 2012, Siddoway et al., 2013) and some L-type calcium channels have
been shown to interact with PIKfyve (Tsuruta et al., 2009). Thus, PIKfyve is well
positioned to be responsive to activity-dependent calcium influx. Finally, Vac14 contains
a PDZ interaction domain, which interacts with nitric oxide synthase (nNQS) in vitro
(Lemaire and McPherson, 2006), another modulator of synapse strength (Hardingham
et al., 2013).

In addition to a focus on PI(3,5)P, dynamics, it will be important to determine
how other PIP signaling pathways impact synapse function and whether there is critical
cross-talk between pathways regulated by PI(3,5)P, and other PIP pathways. Indeed,
clathrin-mediated endocytosis of AMPA receptors, which is regulated by PI(4,5)P, and
the 5-phosphatase, synaptojanin (Irie et al., 2005, Gong and De Camilli, 2008), is critical
for internalization of AMPA receptors during synaptic depression (Unoki et al., 2012). In
addition, dynamic changes in the metabolism of PI(4,5)P, (Horne and Dell'Acqua, 2007,
Unoki et al., 2012) and PI(3,4,5)P5 (Jurado et al., 2010, Kim et al., 2011, Takeuchi et al.,
2013) are critical for LTD and other forms of synaptic plasticity (reviewed in (Knafo and

Esteban, 2012)). Our direct detection of PI(3,4,5)Ps levels under basal conditions is also
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consistent with the hypothesis that PI(3,4,5)Ps is required continuously for maintaining
synaptic AMPARs (Arendt et al., 2010) and AMPA receptor trafficking (Qin et al., 2005).
Collectively, these results illustrate the complexity and importance of PIP signaling in
neurons and raise the possibility that therapies targeted at PIP metabolism and signaling
may be beneficial for treatment of neurological disorders characterized by aberrant

synapse function.

3.5 EXPERIMENTAL PROCEEDURES

All experiments with animals were performed in compliance with guidelines of
the University Committee on Use and Care of Animals of the University of Michigan and

National Institutes of Health.

3.5.1 Cell Culture

For dissociated postnatal (P1-2) rat and wild type mouse (C57BL/6J) hippocampal
cultures for electrophysiology and immunofluorescence, cells were plated at a density
of 230-460 per mm?in poly-D-lysine-coated glass-bottom petri dishes (Mattek) as
previously described (Sutton et al., 2006) and maintained for at least 21-24 DIV at 37 ¢C
in growth medium [Neurobasal A (Invitrogen 10888022) supplemented with B27
(Invitrogen 17504044) and Glutamax (Invitrogen 35050061)] prior to use. For inositol
labeling and measurement of phosphoinositides, rat hippocampal neurons were plated
on 35 mm dishes. For wild-type and Vac14™” experiments, E18 embryos from crosses of
Vacl4+/- heterozygous mice (C57BL/6J) were genotyped and dissociated hippocampal
cultures were prepared similarly except the culture medium was Neurobasal (Invitrogen

21103049).
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3.5.2 Electrophysiology

Whole-cell patch-clamp recordings of mEPSCs were made with an Axopatch
200B amplifier from cultured hippocampal neurons bathed in HEPES-buffered saline
(HBS; 119 mM NaCl, 5 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 30 mM glucose, 10 mM
HEPES, pH 7.4) plus 1 uM TTX and 10 uM bicuculline. The pipette internal solution
contained 100 mM cesium gluconate, 0.2 mM EGTA, 5 mM MgCl2, 40 mM HEPES, 2 mM
Mg-ATP, 0.3 mM Li-GTP, 1 mM QX314, pH 7.2 and had a resistance of 3-5 MQ. mEPSCs
were analyzed off-line using MiniAnalysis (Synaptosoft) and custom MATLAB

(Mathworks) scripts.

3.5.3 Lentivirus shRNA Knockdown of Mouse PIKfyve

For knockdown of mouse PIKfyve, MISSION shRNA lentiviral plasmid pLKO.1-puro with

shRNA CCGGGCCAGTCGTAACATATTCTTACTCGAGTAAGAATATGTTACGACTGGCTTTTT

(Sigma-Aldrich; number: TRCN0O000025096 and clone ID: NM_011086.1-949s1c1)
containing 811-831 nucleotides of mouse PIKfyve cDNA (underlined) was used as
described in (Zolov et al., 2012) at a MOI of 5, without polybrene. As a control, MISSION
nontarget shRNA lentiviral control vector SHC002 with nonhuman or mouse shRNA was
used at a MOI of 5. Neurons were incubated with virus for 1 h and virus containing
medium was replaced with saved conditioned medium. Experiments were performed

after 1 week of lentivirus transduction.

3.5.4 Elevation of PI(3,5)P, levels with PIKfyve*"* mutation

Flp-In T-Rex 293 Cells (Life Technologies R780-07) were transfected with

pcDNAS-FRT vectors that carry 3XFLAG, 3XFLAG-Citrine-PIKfyve (human) or 3xFLAG-
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Citrine-PIKfyve "™

. Stable clones were selected according to the manual. Stably
transfected cells were maintained in DMEM supplemented with 10% FBS, 1x
Pen/Strep/Glutamate, 15 pug/mL Blasticidin S HCI (Life Technologies A11139) and 0.4
mg/mL Hygromycin B (Life Technologies 10687). For Western blots, cells were induced
with 100 ng/mL doxycycline (Sigma D9891) for 8 or 24 hours and then harvested in RIPA
buffer (50mM Tris, pH 7.4, 150mM NaCl, 1mM EDTA, 1% deoxycholic acid, 1% NP-40,
0.1% SDS, 10mM NaF, 1ImM Na3VO,4 and 1x protease inhibitor cocktail (Roche
04693116001). Antibodies used were mouse anti-FLAG (Sigma F3165, 1:1000), rabbit
anti hFab1 (raised in house, 1:1000 (Zhang et al., 2007)), and mouse anti-GAPDH
(Ambion AM4300, 1:50,000). For lipid determination, cells were labeled as described for
fibroblasts (see below) except that 100 ng/mL doxycycline was added 24 hours before
the extraction.

The sequences of the final clones used to make the Flip-in cell lines were verified
as follows. Genomic DNA was prepared from Flip-in cell lines using the Qiagen DNeasy
Blood and Tissue Kit. Citrine-PIKfyve and Citrine-PIKfyve"™ were PCR-amplified from
genomic DNA using Thermo Scientific Phusion Polymerase. Full PCR coverage of the
gene was obtained with 5 primer pairs:

Pair 1: Fwd - CGCAAATGGGCGGTAGGCGTG, Rev - TAAAAGGGGGCTCATCTTGA,
Pair 2: Fwd - CTGGTGAACCGCATCGAG, Rev - AGCCTCCTCTTAGCTTGATTG,
Pair 3: Fwd - TGGTTGTCAATGGCTTTGTT, Rev - TCCTGCAACCTGTTATTCCA,

Pair 4: Fwd - GCACCAGTATACTCGCAGAGC, Rev - TGTCCCATGTAAATGTTCG,

Pair 5: Fwd — CGTCTGGAAGTCCAGTCCTT, Rev - GCTGGTTCTTTCCGCCTCAGAAG.
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The absence of point mutations was confirmed by Sanger sequencing of PCR
products by the University of Michigan Sequencing Core. Full sequence coverage was

achieved using the following sequencing primers:

Fwdl - CTGGTGAACCGCATCGAG,

Fwd2 - AATGATTTGCCTCGATCTCC,
Fwd4 - TCCTCAAATACTCCTCTTTCAACA,
Fwd6 - TTTGATTTCTGACACTGGAGGA,
Fwd7 - TGGTTGTCAATGGCTTTGTT,
Fwd8 - TGCAGATATTTCAGTTGCCT,
Fwd9 - AGGCTGTTGCCTCTGTGAAG,
Fwd11 - CACCAGAGACTTTGTGTGCTCT,
Fwd12 - GCACCAGTATACTCGCAGAGC,
Fwd14 - GGATCCACAGACAGCCAAGT,
Fwd16 - CGTCTGGAAGTCCAGTCCTT,
Revl - TGTGGCTGTTGTAGTTGTACTCC,
Rev2 - TAAAAGGGGGCTCATCTTGA,
Rev3 - TGTCTGCGCCTAAAGGTTGT,
Rev8 - AGCCTCCTCTTAGCTTGATTG,
Rev13 - TCCTGCAACCTGTTATTCCA.

The PIKfyve clone used to make the Flip-In cell line 3XFLAG-Citrine-PIKfyve is
100% identical to the GenBank sequence AAR19397. The only mutations in the Flip-In

cell line 3XFLAG-Citrine-PIKfyve "™ are E1620K, N1630Y, and S2068A.
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3.5.5 Transfection

Neurons were transfected with 2 pg Citrine-PIKfyve WT or Citrine-PIKfyveKYA
plasmid and 1 ug mCherry plasmid with a modified CalPhos Transfection kit (CloneTech)
protocol. After incubation with DNA, cells were briefly incubated in a 10% CO, incubator
and DNA-containing medium discarded. Experiments were performed 1 week after
transfection. For pHluorin-GIuA live endocytosis assay, neurons were transfected with 1
ug SEP-GIuA2(R607Q) (Addgene plasmid #24002) or 1 pg SEP-GIuA1 (Addgene plasmid

#24000) and 1 ug mCherry at DIV20. Experiments were performed 24-48 h later.

3.5.6 Inositol Labeling and Measurement of Phosphorylated
Phosphoinositide Lipids

Mouse primary fibroblasts from C57BL/6J mice were cultured in DMEM (Life
Technologies 11965) supplemented with 15% FBS (Life Technologies 16000) and 1x
Pen/Strep/Glutamate (Life Technologies 10378). After reaching 60% confluence,
fibroblasts were washed with PBS and custom inositol-free DMEM (Life Technologies,
Cat. No. 11965092), 10 uCi/mL of myo—[2—3H] inositol (Perkin Elmer, Cat. No.
NET1156005MC), 10% dialyzed FBS (Life Technologies 26400), 20 mM HEPES, pH 7.2 -
7.5 (Life Technologies 15630), 5 ug/mL transferrin (Life Technologies 0030124SA), and 5
ug/mL insulin (Life Technologies 12585-014) for 48 hours. Toward the end of the
labeling, cells were treated with 1 uM apilimod (Axon 1369, Axon Medchem BV) for O
min, 2.5 min, 5 min, 30 min, and 120 min. Extraction and HPLC analysis were described

in (Zolov et al., 2012).
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Primary rat hippocampal neurons were cultured for 21 days, rinsed with custom
inositol-free Neurobasal-A (Life Technologies, Cat. No. ME120164L1) and incubated for
24 h with inositol labeling medium containing inositol-free Neurobasal-A, 50 uCi/mL of
myo-[2—3H] inositol (Perkin Elmer, Cat. No. NET1156005MC), B27, and L-Glutamax. Myo-
[2—3H] inositol-labeled cells were treated as described (Zolov et al., 2012) with
modifications. After 24 h, cultures were rinsed with HBS (HBS: 119 mM NaCl, 5 mM KCl,
2 mM CacCly, 2 mM MgCl,, 30 mM Glucose, 10 mM HEPES, pH 7.4) and treated with 1 mL
4.5 % (vol/vol) perchloric acid for 15 min at room temperature. Cells were scraped off
with a Cell lifter (Costar 3008) and harvested at 12,000 x g for 10 min at 4°C. Pellets
were washed at room temperature with 1 mL 0.1 M EDTA and resuspended in 50 pL
water. To deacylate lipids, samples were transferred to a glass vial, mixed with 1 mL
methanol/40% methylamine/1-butanol (45.7 methanol, 10.7% methylamine, 11.4% L-
butanol, vol/vol), and incubated at 55°C for 1 h. Samples were vacuum dried,
resuspended in 0.5 mL water, and extracted twice with an equal volume of
butanol/ethyl ether/ethyl formate (20:4:1, vol/vol). The aqueous phase was vacuum-
dried and resuspended in 50 ul water. Equivalent amounts of *H for each sample were
analyzed by HPLC (Shimadzu UFLC CBM-20A Lite) using an anion exchange 4.6 x 250 mm
column (MAC MOD Analytical, Inc 46211505,). A gradient of 1 M (NH,4),HPQO4, pH 3.8 (pH
adjusted with phosphoric acid), was used at a flow rate of 1 mL/min; 0% for 5 min; 0-2%
15 min; 2% 80 min; 2-10% 20 min; 10% 65 min; 10-80% 40 min; 80% 20 min; 80-0% 5
min (all vol/vol). Radiolabeled eluate was detected with an inline flow scintillation

analyzer (Beta-RAM model 5 RHPLC Detector; LabLogic). A 1:2 proportion of eluate to
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scintillant (National Diagnostics, Uniscint BD Cat. No. LS-276-20L) was used with a flow
rate of 3 mL/min. Fractions were analyzed by binning counts every 6 s. The data were
collected and analyzed by Laura-4 software (LabLogic).

For comparison of phosphatidylinositol polyphosphate (PI) levels, the raw counts
in each peak were expressed as a percentage of total phosphatidylinositol, calculated
from summation of the counts of seven detectable peaks: Pl, PI3P, PI4P, PI5P, PI(3,5)P,,
PI(4,5)P,, and PI(3,4,5)Ps. PI(3,4)P, was not always detected. Background was calculated
from adjacent regions and subtracted from all peaks. For standards, except PI(3,4,5)P;
and PI(3,4)P,, extracts from yeast treated with 0.9 M NaCl for 5 min (Duex et al., 2006)
were used. For PI(3,4,5)P3 and PI(3,4)P, standards, radioactive products of Pl 3-kinase
phosphorylation of phosphoinositide substrates, PI(4,5)P, or PI4P, respectively, using *2P

were extracted, separated using thin-layer chromatography and analyzed by HPLC.

3.5.7 Immunocytochemistry

Primary antibodies used were mouse anti-GIuA2 (IgG2a) (Millipore MAB 397)
and rabbit anti-PSD95 (Abcam ab18258). Secondary antibodies were conjugated to
Alexafluor 488 or 555 (Life Technologies). To label surface GIuA2 and PSD95, neurons
were incubated live with the sGluA2 antibody for 15 min at 37°C, rinsed with HBS, fixed
with 2% paraformaldehyde, 2% sucrose, blocked with 2% bovine serum albumin (BSA) in
phosphate-buffered saline with 1 mM MgCl, and 0.1 mM CaCl, (PBS-MC) for 16 min and
incubated with fluorescent secondary antibody (Goat anti Mouse 488). Cells were then
permeabilized with 0.2% Triton X-100 for 10 min and blocked before incubation with

PSD95 antibody and later goat anti-rabbit 555 antibody. To label both surface GIuA2 and
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internal GIuA2, neurons were fixed for 4 min with 4% paraformaldehyde/4 % sucrose,
blocked with 2% BSA for 20 min and incubated with GluA2 antibody overnight. Cells
were washed twice with PBS-MC, incubated with goat anti-mouse IgG2a — 488 for 1 h
and fixed with 4% paraformaldehyde/4 % sucrose for 12 min. Then cultures were
permeabilized, blocked, incubated with GIuA2 antibody, rinsed and incubated with goat
and mouse 1gG2a-555. Images were acquired with an Olympus FV1000 confocal
microscope (z-series, 0.41 um intervals) and analyzed with ImageJ, Excel (Microsoft),

and MATLAB (Mathworks).

3.5.8 Fluorescent recovery after NMDA stimulation

At DIV 21, neurons transfected with either pHluorin-GluA2(Q) or pHluorin-GluA1l
plasmids were rinsed with warm extracellular imaging buffer (25 mM HEPES, 120 mM
NaCl, 5 mM KCl, 1 mM CaCl,, 2 mM MgCl,, 30 mM D-glucose, 1 uM TTX, pH 7.4) to
remove the media and then continuously perfused with warmed imaging buffer on the
confocal stage. Pyramidal-like transfected neurons were analyzed. Images were
acquired once per minute for (1) 12 min baseline, (I1) 5 min 0.2 mM Mg** solution, (1l1) 5
min NMDA stimulation buffer (25 mM HEPES, 120 mM NaCl, 5 mM KCI, 1 mM CacCl,, 0.2
mM MgCl,, 30 mM D-glucose, 1 uM TTX, 20 uM NMDA, 10 uM glycine, pH 7.4), and (IV)
NMDA wash-out and recovery for 50 min in imaging buffer. The pHluorin and mCherry
fluorescence were imaged with 488 nm and 559 nm excitation, respectively, through a

60X oil objective.
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3.5.9 Image Quantification

For all images, analysis was performed on images that were maximally z-
projected in ImagelJ (NIH). Quantification of surface GluA2 levels were analyzed by
finding the average pixel intensity of the thickest primary dendrite of pyramidal-like
neurons at user-defined thresholds. Experimental groups were normalized to the
average control intensity. For the time course analysis of changes in surface GluA2 and
internal GIuA2 levels with NMDA stimulation, the soma average pixel intensity was
measured for each channel and normalized to the baseline levels for each experiment
group. The ratio of surface to internal intensity was subsequently calculated by dividing

the surface and internal intensities.

3.5.10 Statistics

Statistical differences between experimental conditions were determined as
indicated by ANOVA or Kruskal-Wallis ANOVA and Tukey-Kramer post hoc test MATLAB

(Mathworks).
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Figure 3-1. Loss of PI(3,5)P, synthesis increases synaptic strength and prevents
homeostatic synaptic downscaling

(A) Schematic of the PI(3,5)P, synthesis complex. Vac14 is a scaffolding protein that
interacts with PIKfyve, the sole PI3P 5-kinase, and Fig4, a PI(3,5)P, 5-phosphatase and
positive regulator of PIKfyve activity. PI(3,5)P, can be converted to PI3P or PISP. In yeast,
additional proteins have been identified in the complex, which regulate PIKfyve (in yeast,
Fab1) activity, suggesting there are likely additional complex members in metazoans,

as well. (B) Representative example recordings from wild-type and Vac14” mouse
hippocampal cultured neurons treated for 24 h with vehicle control, 2 uM TTX or 50

UM bicuculline (Bic). (C) Mean (tstandard error of the mean (SEM)) mEPSC amplitude
in wild-type and Vac14” neurons. The amplitude of Vac14”- mEPSCs is increased
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relative to wild-type (wild-type: 15.16 +0.39 pA; Vac147/: 19.12+0.88 pA; t(43)=31.04,
p=4.45e-31). (D) Cumulative distribution frequency of mEPSC amplitude from wild-
type (left) and Vac14” (right) neurons treated for 24 h with vehicle control (black line),
2 UM TTX (gray line) or 50 uM Bic (green line). In wild-type neurons, the distribution

of mEPSC amplitude is left-shifted following 24h bicuculline and right-shifted following
24h TTX. While Vac14” neurons normally scale-up mEPSC amplitude in response to

24 TTX, they fail to scale-down. All six distributions were compared using the one-way
Kruskal-Wallis ANOVA (x2(5, n=4016)=411.56, p=9.56e-87) and the results of Tukey-
Kramer post hoc test reported here: wild-type+bicuculline is different from every
group. Wild-type+TTX is different than WT. Vac147+TTX is different from every group.
WT control is different from Vac14”/ control. Mean (+SEM) percent change in mEPSC
amplitude relative to unstimulated controls of the corresponding genotype. In wild-type
neurons, 24 h treatment with TTX increases mEPSC amplitude and 24 h treatment with
bicuculline decreases mEPSC amplitude (wild-type, percent change from control (n=24):
+TTX: 28.7946.99%, n=7; +Bic: -11.11+2.97%, n=23; one-way ANOVA, F(2,51)=21.41,
p=1.775e-7). In Vac14’ neurons, 24 h treatment with TTX increases mEPSC amplitude,
but 24 h treatment with bicuculline does not decrease mEPSC amplitude (Vac147,
percent change from control (n=20): +TTX: 24.28+8.99%, n=7; +Bic:13.72+6.03%, n=20;
one-way ANOVA, F(2,45)=4.06, p=0.02). (E) Representative mEPSC recordings from wild-
type mouse neurons one week after lentiviral transduction with vehicle control (sham),
non-targeting control shRNA or PIKfyve shRNA. (F) Mean (+SEM) mEPSC amplitude in
neurons treated or untreated with PIKfyve shRNA for 1 week. Knocking down PIKfyve
increased mEPSC amplitude (sham: 12.73+0.40 pA; control shRNA: 11.63+0.35 pA;
PIKfyve shRNA: 17.11+0.77 pA; one-way ANOVA, F(2,39)=29.00; p=1.9e-8). *indicates
p<0.05.
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Figure 3-2. Enhancing neuronal PI(3,5)P, levels reduces synaptic depression

(A) Representative Western blots depicting Doxycycline dependent induction of 3X-FLAG
control, 3X-FLAG-Citrine-PIKfyve (top) or 3X-FLAG-Citrine-PIKfyve " (bottom) in stable
cell lines (HEK-293). Cells were induced for 0, 8, or 24 h before lysis and analyzed by
Western blot. Immunoblotting for PIKfyve with an amino-terminal PIKfyve antibody
reveals two bands, which is consistent with detection of endogenous PIKfyve and
3X-FLAG-Citrine-PIKfyve or 3X-FLAG-Citrine-PIKfyve*™. (B) Mean (+SEM) PIP levels
relative to total Pl from 3xFLAG, 3X-FLAG-Citrine-PIKfyve and 3X-FLAG-Citrine-PIKfyve*"
cells. Induction of 3X-FLAG-Citrine-PIKfyve™ for 24 h increases PI(3,5)P, and PISP levels
( PI(3,5)P2: 3XFLAG: 0.02240.001%, 3XFLAG-Citrine-PIKfyve: 0.025£0.002%, 3XFLAG-
Citrine-PIKfyve*™: 0.093+0.005%, one-way ANOVA, F(2,7)=105.44, p=5.9e-06). (PI5P:
3XFLAG: 0.10240.011%, 3XFLAG-Citrine-PIKfyve: 0.082+0.011%, 3XFLAG-Citrine-
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PIKfyve ™: 0.185+0.012%, one-way ANOVA, F(2,7)=21.63, p=0.001). (C) Domain structure
of human PIKfyve (reviewed in (McCartney et al., 2014)). Domains shown: FYVE (binds
PI3P), DEP (function unknown), CCT (homologous to the chaperone Cpn60/TCP-1 family),
CCR (conserved cysteine rich domain), and kinase (catalytic site for conversion of PI3P

to PI(3,5,)P,). Multiple alignment of human (Homo sapiens, AAR19397.1), fish (Danio
rerio, NP_001120777.1), lancelet (Branchiostoma floridae, XP_002598618.1), acorn
worm (Saccoglossus kowalevskii, XP_006821423.1); fly (Drosophila pseudoobscura,
XP_001361784); yeast (Saccharomyces cerevisiae, BAA09258.1). PIKfyve homologues
with conserved amino acids shaded in teal and conservative substitutions shaded

in pink. Boxes indicate the mutated amino acids (E1620K, N1620K, S2068A) in the
PIKfyveKYA mutant. (D) Schematic depicts a transfected neuron surrounded by
nontransfected neighbors. Representative recordings from cultured rat hippocampal
neurons (DIV21) transfected at DIV14 with Citrine-PIKfyve or Citrine-PIKfyve**A,
Nontransfected control neurons from the same dish were also analyzed. (E) Mean
(xSEM) mEPSC amplitude of nontransfected and transfected neurons expressing
Citrine-PIKfyve or Citrine-PIKfyve**A, PIKfyve " expression decreased mEPSC amplitude
(uninfected: 17.75+0.78 pA,; Citrine-PIKfyve: 17.14+1.16 pA; Citrine-PIKfyve A
12.65+0.43 pA; one-way ANOVA, F(2,31)=17.32, p= 0.0005). *indicates p<0.05.¢0Data in A
were collected by Bethany Strunk and Yanling Zhang. Data in B were collected by Sergey
Zolov.
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Figure 3-3. Comparison of PIP levels in mouse embryonic fibroblasts and cultured hip-
pocampal rat neurons. The values for MEF cell PIP levels are from (Zolov et al., 2012).
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Figure 3-4. Activity-dependent regulation of neuronal phosphoinositide dynamics

(A) Schematic of experimental design. Neurons were metabolically labeled with [3H]-
inositol for 24 h. The media was replaced with HBS. After 5 min, HBS was replaced with
HBS+ 2 uM TTX for 10 min, 50 uM bicuculline for 1 min or 20 uM NMDA for 1 min, and
then lipids were extracted. For each experiment, unstimulated controls (5 min HBS)
were also collected. (B) Mean (+SEM) PIP level after stimulation with TTX, bicuculline or
NMDA expressed as percent of control (5 min HBS). The level of PI(3,5)P, significantly
increased after 1 min NMDA stimulation (Percent of control: control, 100+14.15 %, n=8;
1 min NMDA, 136.87+8.17 %, n=6, t(12)=3.06, p=0.0099). *indicates p<0.05.
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Figure 3-5. PI(3,5)P, synthesis accompanies homeostatic synaptic downscaling

(A) Schematic of experimental design. Neurons were metabolically labeled with [3H]-
inositol for 24 h in presence of DMSO control, 2 uM TTX or 50 uM bicuculline, and lipids
were extracted. The mean (+SEM) PIP level in control neurons expressed relative to PI.
PIP species are plotted in order of descending abundance (P14P: 16.95+0.56%; PI(4,5)
P,: 13.98+0.68%; PI5P: 0.38+0.04%; PI3P: 0.20+0.006%; PI(3,4,5)P,: 0.027+0.004%;
PI(3,5)P,: 0.016+0.001%). (B) Mean (+SEM) percent change in PIP levels relative to
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control from neurons incubated with 2 uM TTX (n=5) or 50 uM bicuculline (n=4) for

24 hr. The level of PI4P decreased after 24 h TTX (percent change:-21.26+1.77%, one-
way ANOVA, F(2,11)=15.2, p=0.0007). The level of PI(4,5)P, decreased after 24h TTX
(percent change:-15.34+2.45%, one-way ANOVA, F(2,11)=6.54, p=0.014). The level of
PI(3,5)P2 increased after 24 h bicuculline (percent change: 60.49+16.05%, one-way
ANOVA, F(2,11)=7.13, p=0.01). (C) Representative images of neurons expressing both
the PI(3,5)P, reporter, mCherry-ML1IN*2 and GFP. (D) Mean (+SEM) ratio of dendritic to
soma mCherry-ML1N*2 fluorescence. The dendritic to soma ratio of mCherry-MLIN*2
intensity increased after 24 h bicuculline (Control: 1.0+0.04; 24 h Bic: 1.30 +0.06; t-test,
t(63)=4.12, p=0.0001). *indicates p<0.05.
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Figure 3-6. Rapid, but transient, PI(3,5)P, synthesis accompanies LTD induction

(A) Schematic of experimental design. PIP levels were analyzed after 24 h metabolic
labeling, during cLTD induction (20 uM NMDA, 1 uM glycine, 0.2 mM Mg?*) or after
induction at the specific time points (30 sec, 1 min, 2 min, 3 min, 5 min, 15 min, or 35
min). Sham treated samples were treated identically to cLTD stimulated neurons, except
NMDA and glycine were not included in the stimulus buffer. (B) Mean (+tSEM) PIP levels
at time point 0. (C) Mean (+SEM) levels of each PIP normalized to time point 0 (dashed
line). The induction of cLTD evokes a dynamic elevation in the levels of PI(3,5)P, and
PI(3,4,5)P,.
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Figure 3-7. Apilimod inhibition PI(3,5)P, synthesis

(A) Mean (t+standard deviation) PIP levels in mouse primary fibroblasts after incubation
with 1 uM apilimod for the times indicated. 1 uM apilimod results in a rapid depletion of
PI(3,5)P, and PI5P (n=3). Note, PI(3,4,5)P, levels were not affected by PIKfyve inhibition
using 1 uM apilimod (Appendix I: Figure A-9).(B) Mean (+SEM) intensity of PSD-95
puncta. PSD95 intensity is not affected by 50 uM bicuculline, 1 h PIKfyve inhibition with
either 2 UM YM201636 or 1 uM apilimod. (C) Mean (+SEM) intensity of surface GIuA2
puncta. Inhibition with 2 uM YM201636, but not 1 uM apilimod, for 1 h increased the
surface levels of GIuUA2 (control: 100+2.24%, 1 h YM201636: 130+93%, 1 h apilimod:
95.49+2.50%; one-way ANOVA, F(2,145)=26.12, p = 1.6e-10). *indicates p<0.05. ¢Data in
A were collected by Yanling Zhang and Sergey Zolov.
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Figure 3-8. PIKfyve activity is required for synaptic depression

(A) Representative recording of mEPSCs from rat cultured hippocampal neurons that
were incubated with cLTD induction, or sham solution, in the presence or absence of
PIKfyve inhibitors. After stimulation, neurons were incubated with reserved conditioned
media without PIKfyve inhibitors for 30 min at 37°C. (B) Mean (xSEM) mEPSC amplitude
from neurons stimulated with sham or cLTD induction solution in the presence of
absence of 1 uM apilimod or 2 uM YM201636. The induction of cLTD decreased in
mMEPSC amplitude. This decrease was blocked by incubation with 1 uM apilimod or

2 UM YM201636 during induction (Control: 17.52+0.55 pA ; cLTD: 14.72+0.53 pA;
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cLTD+YM201636: 18.83+0.71 pA; cLTD+apilimod: 17.86+0.30 pA; 7.5min YM201636:
19.11+0.37 pA; 7.5 min apilimod: 16.72+0.48 pA; one-way ANOVA, F(5,109)=9.77,
p=9.8x10-8). (C) Representative recordings of mEPSCs from rat cultured hippocampal
neurons treated or untreated with 50 uM bicuculline for 24 h. After 23 h, the PIKfyve
inhibitors, apilimod and YM201636, were added to the media of indicated dishes for

1 h. (D) Mean (xSEM) mEPSC amplitude. Treatment with 50 uM bicuculline for 24 h
decreases mEPSC amplitude. Application of 1 uM apilimod or 2 uM YM201636 for 1 hr
does not affect the amplitude of MEPSCs in control neurons not treated with bicuculline.
Application of 1 uM apilimod or 2 uM YM201636 for 1 h in bicuculline treated

neurons restores MEPSC amplitude to control levels (Control+DMSO: 16.15+0.49 pA ;
Control+YM201636: 14.81+0.60 pA; Control+apilimod: 18.12+0.84 pA; 24h Bic+DMSO:
12.58+0.50 pA ; 24h Bic+YM201636: 14.80+0.41 pA; 24h Bic+apilimod: 17.53+0.73

pA). (one-way ANOVA, F(5,84)=9.33, p=4.3x10-7). (E) Representative images of surface
GluA2 and PSD95 staining with or without 50 uM bicuculline for 24 h. Neurons were

live labeled with an amino-terminal antibody for the GIuA2 subunit and fixed. After
permeabilization, neuronal cultures were stained for PSD95. (F) Mean (+SEM) surface
GluA2 intensity quantified in the first 50 um of dendrite relative to the average control.
The abundance of sGIuA2 is decreased after 24 h treatment with bicuculline. The
bicuculline induced decrease is restored to control levels with 1h of PIKfyve inhibition by
either 1 uM apilimod or 2 uM YM201636 (Control: 100£2.29%; 24h Bic: 83.71+1.97; 24h
Bic+1h YM201636: 95.41+2.27%; 24h Bic+1h apilimod: 96.94+2.68%; one-way ANOVA,
F(3,224)=11.16, p=7.48e-07). *indicates p<0.05.
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Figure 3-9. PIKfyve activity regulates AMPA receptor trafficking

(A) Representative images of neurons co-transfected with pH-GIuA2(Q) and mCherry.
Neurons were incubated with DMSO or PIKfyve inhibitors for 1 h prior to live-confocal
imaging. During imaging all solutions were continuously perfused at 32°C. (B) Mean
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(xSEM) intensity of pH-GIuA2(Q) relative to the mean intensity of the first 10 min of
imaging. Once a stable baseline was obtained, HBS (0.2 mM Mg?*) was washed on for

5 min followed by 5 min stimulation with NMDA (20 uM NMDA, 10 uM Glycine, 0.2

mM Mg?*). The fluorescence of pH-GIuA2(Q) is quenched by NMDA stimulation. After
NMDA stimulation, normal HBS was continuously perfused for the remainder of the
experiment. PIKfyve inhibition by either 1 uM apilimod or 2 uM YM201636 enhances the
rate of pH-GluA2(Q) fluorescence recovery. (C) Representative images of neurons co-
transfected with pH-GluA1 and mCherry. (D) Mean (+SEM) intensity of pH-GIuA1 relative
to the mean intensity of the first 10 min of imaging. The fluorescence of pH-GIuA1l is
strongly quenched by NMDA stimulation, however the rate of recovery in control and
PIKfyve inhibited neurons are indistinguishable. (E) Representative images of neurons
stained for surface GIuA2 (non-permeabilized) or internal GIuA2 (after permeabilization)
with or without 1h incubation with 1 uM apilimod. (F) The ratio (+SEM) of surface to
internal GIuA2. The surface to internal ratio is reduced by 5 min NMDA stimulation

(20 uM NMDA, 10 uM Glycine, 0.2 mM Mg?*) in control neurons. Incubation with 1

UM apilimod blocks the decrease in surface to internal ratio (ratio relative to average
baseline: Baseline: 1.0+0.02; 5 min NMDA: 0.86+0.03; 1h apilimod: 1.0+0.02; 1h
apilimod + 5 min NMDA: 1.07+0.03; one-way ANOVA, F(3,101) = 14.68, p=5.26x10-8). (G)
Schematic of experimental design and representative images of surface GIuA2 staining in
dendrites. Neurons were stimulated with NMDA (20 uM NMDA, 10 uM Glycine, 0.2 mM
Mg?*) for 5 min and then indicated dishes were incubated with 1 uM apilimod for 10 min
or 30 min at 37C. Cells were then fixed and stained for surface GIuA2. (H) Mean (xSEM)
sGluA puncta integrated density (mean intensity x puncta size). Relative to unstimulated
baseline sGIuA2 puncta, in control neurons NMDA stimulation transiently decreased

in the integrated density of GIuA2 puncta in dendrites at 10 min. When apilimod was
applied after NMDA stimulation, this decrease was blocked (time after 5 min NMDA
stimulation: NMDA+10min: 78.43+5.46%; NMDA+30: 95.47+7.62%; NMDA+10 w/
apilimod: 100+6.47%; NMDA+30min w/apilimod: 98.84+6.47%; Kruskal-Wallis ANOVA,
x2(4, 150)=12.1, p=0.017). *indicates p<0.05.
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CHAPTER 4
RAPID HOMEOSTATIC REGULATION OF SYNAPTIC FUNCTION AND INTRINSIC

EXCITABILITY

4.1 SUMMARY

Chronic changes in neural activity are known to engage a diverse set of
compensatory cellular mechanisms that promote stabilization of action potential firing
rates, but how these distinct homeostatic adaptations are coordinately used by neurons
is not well understood. Here we show that direct inhibition of AMPA receptors rapidly
regulates the intrinsic excitability of neurons following activity blockade by increasing
the level of voltage-gated sodium channels in the axon initial segment, in a protein
synthesis-dependent manner. Earlier work has shown that AMPA receptor blockade acts
locally to increase postsynaptic strength by increasing the synthesis of glutamate
receptors and presynaptically through enhancement of presynaptic release probability,
which also requires protein synthesis. In experiments where evoked release was
blocked, it was possible to both measure spontaneous excitatory synaptic currents and
the intrinsic excitability in the same neuron. This enabled us to examine all three points
of homeostatic regulation; we found 1 hour of AMPA receptor blockade increases
mMEPSC amplitude, frequency and intrinsic excitability. Taken together, these results

suggest that neurons engage multiple protein synthesis dependent cellular mechanisms

162



to compensate for a reduction in the excitatory drive at the local synaptic level and

through modulation of the global excitability of the neuron.

4.2 INTRODUCTION

Neural networks maintain the ability to adapt to and compensate for changes in
levels of synaptic activity by engaging a diverse set of homeostatic control mechanisms.
Without such mechanisms, the high variability of network dynamics could promote
network dysfunction and/or leave neurons insensitive to changes in synaptic drive
(Turrigiano and Nelson, 2004; Davis, 2006; Marder and Goaillard, 2006; Pozo and Goda,
2010; Turrigiano, 2011; Vitureira et al., 2012). At the level of single neurons, multiple
points of control have been shown to contribute to the overall homeostatic response,
including postsynaptic strength (O'Brien et al., 1998; Turrigiano et al., 1998; Burrone et
al., 2002; Desai et al., 2002; Thiagarajan et al., 2005; Wierenga et al., 2005; Gonzalez-
Islas and Wenner, 2006; Stellwagen and Malenka, 2006; Echegoyen et al., 2007;
Cingolani et al., 2008; Tokuoka and Goda, 2008; Jakawich et al., 2010; Henry et al.,
2012), presynaptic probability of vesicle release (Bacci et al., 2001; Murthy et al., 2001;
Burrone et al., 2002; Wang et al., 2004; De Gois et al., 2005; Thiagarajan et al., 2005;
Frank et al., 2006; Wierenga et al., 2006; Cingolani et al., 2008; Tokuoka and Goda,
2008; Frank et al., 2009; Jakawich et al., 2010; Henry et al., 2012), inhibitory tone
(Hendry and Jones, 1986, 1988; Hendry et al., 1994; Benevento et al., 1995; Marty et al.,
1997; Rutherford et al., 1997; Kilman et al., 2002; Maffei et al., 2004; Gonzalez-Islas and
Wenner, 2006; Hartman et al., 2006; Echegoyen et al., 2007; Bartley et al., 2008; Kim
and Alger, 2010), and intrinsic excitability (Turrigiano et al., 1994; Desai et al., 1999b;

163



Burrone et al., 2002; Maffei and Turrigiano, 2008). Though each component of activity
has been the focus of a number of studies, the detailed mechanisms of induction and
expression for homeostatic control of network dynamics are still emerging. For example,
some forms of homeostatic plasticity act globally, by either slowly altering neuronal
firing rates (e.g., changes in intrinsic neuron excitability) or via cell-wide scaling of
synaptic responsiveness over days (Turrigiano et al., 1998; Maffei and Turrigiano, 2008;
Turrigiano, 2008; Yu and Goda, 2009). By contrast, more rapid forms of homeostatic
plasticity occur over hours when synaptic activity is blocked directly and are
implemented locally, at a restricted number of synapses (Ju et al., 2004; Sutton and
Schuman, 2006; Branco et al., 2008; Hou et al., 2008; Jakawich et al., 2010; Henry et al.,
2012). However, it is not known whether induction of homeostatic plasticity that acts
locally may also induce global homeostatic mechanisms, such as changes in intrinsic
excitability. Importantly, the coupling of the synaptic response with membrane
excitability critically determines the output of the neuron.

Basal activation of AMPA receptors is important for homeostasis of presynaptic
and postsynaptic strength. Chronic blockade, over 24h, of synaptic activation triggers
compensatory increases in synaptic strength (Thiagarajan et al., 2002; Thiagarajan et al.,
2005; Stellwagen and Malenka, 2006; Wang et al., 2011). Direct blockade of AMPA
receptors for just hours increases AMPA receptor number and presynaptic release
probability (Jakawich et al., 2010; Henry et al., 2012). Although the same stimulus was
used to induce both forms of homeostatic control, each is controlled by distinct

mechanisms. In response to antagonism of AMPA receptors by CNQX, cultured
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hippocampal neurons synthesize and release BDNF locally in dendrites, which acts as a
retrograde messenger signal to increase the probability of vesicle release in presynaptic
terminals in hours(Jakawich et al., 2010; Henry et al., 2012). This rapid, retrograde
signaling of BDNF-mediated modulation of presynaptic release is also dependent on
postsynaptic mTOR activity (Henry et al., 2012). The rapid compensation concomitantly
occurring in postsynaptic AMPA receptor number likely involves all-trans retinoic acid
(Aoto et al., 2008; Wang et al., 2011) and TNFa (Stellwagen and Malenka, 2006;
Steinmetz and Turrigiano, 2010). In vivo, it is likely that multiple homeostatic regulatory
mechanisms work in concert to achieve homeostasis, and understanding the similarities
and differences will be crucial for understanding normal brain function, as well as the
etiology of pathological dysfunction underlying diseases such as epilepsy. Importantly, it
is not known if in addition to regulating synaptic function, brief periods of AMPA
receptor blockade engage homeostatic mechanisms to regulate the intrinsic excitability
of pyramidal neurons.

In this study, we asked if cultured hippocampal neurons regulate membrane
excitability in response to blockade of different facets of activity (action potentials,
AMPA receptor or NMDA receptor activation) on timescales known to induce
compensatory synaptic adaptations. To examine intrinsic excitability, we measured the
number of action potentials in response to brief pulses of current of varying amplitudes.
We found that blocking AMPA receptors (1h+), but not NMDA receptors or action
potentials, for the same brief period leads to enhancement of intrinsic neuron

excitability. The homeostatic plasticity in membrane excitability was observed
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concomitantly, in the same neuron, with synaptic compensation. Similar to the synaptic
adaptations induced by AMPA receptor blockade, these changes in intrinsic excitability
depend on new protein synthesis. AMPA receptor blockade induced a protein synthesis-
dependent increase in the voltage-gated Na* channel subunit Nay1.1 in the axon initial
segment, which suggests that voltage-gated Na* channels are one of the newly
synthesized proteins. Our results suggest that a relatively brief period of decreased
excitatory activity engages distinct cellular mechanisms to restore neurons to a
“normal” level of activity. That a global form of homeostatic control is engaged in
parallel with local regulation of synaptic function suggests that global and local

homeostatic mechanisms cooperate to stabilize network function.

4.3 RESULTS

4.3.1 Brief blockade of synaptic activity increases network activity

Reduction in excitatory synaptic activation induces compensatory increases in
multiple facets of neuronal excitability depending on the length of activity blockade and
the method for decreasing activity. Homeostatic plasticity theory predicts that these
compensatory enhancements are important for adjusting the firing rate of the neuronal
network; however, this is rarely tested directly. We had previously demonstrated that
relatively brief (3h) AMPA receptor blockade leads to rapid strengthening of
postsynaptic sensitivity to glutamate and increases presynaptic probability of
neurotransmitter release (Jakawich et al., 2010; Henry et al., 2012). In order to
determine the consequence of these homeostatic changes to overall network activity,

we tested the hypothesis that the compensation induced by AMPA receptor blockade is
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sufficient to increase the level of neural activity when relieved of AMPA receptor
blockade. To this end, cultured hippocampal neurons were treated for 3h with 40 uM
CNQX in the media. Prior to recording action potentials and spontaneous excitatory
postsynaptic currents (sEPSC), normal network function was re-established by replacing
the media containing CNQX with extracellular recording solution without antagonists.
We found that 3h AMPA receptor blockade is sufficient to impact network activity; the
number of spontaneous action potentials significantly increased (Figure 4-1A-B). Action
potentials were recorded extracellularly. Two-minute periods of high activity were
isolated manually for analysis by identifying a period of high activity followed by no
activity for at least 10 sec. The number of action potentials recorded from neurons
incubated with CNQX for 3h was compared to action potentials recorded in sister-
cultures on the same day.

Consistent with an increase in spontaneous action potentials following AMPA
receptor blockade, whole-cell voltage-clamp recordings of sEPSCs revealed an increase
in synaptic activity after AMPA receptor blockade (Figure 4-1C-D). We isolated sEPSCs by
clamping the voltage at -70 mV, close to the reversal potential for chloride, and
recorded spontaneous currents. The nature of SEPSCs was dramatically different
following AMPA receptor blockade; sEPSCs were more frequent and higher in amplitude
(Figure 4-1C). Similarly, analysis of the charge transfer in the first three minutes of
recording shows that 3h AMPA receptor blockade increased the overall charge transfer
by approximately 7-fold as compared to control neurons recorded on the same day

(Figure 4-1D). Together, these data suggest that the changes in synaptic strength
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following 3h of AMPA receptor blockade are indeed homeostatic in nature, promoting
compensatory enhancements in excitatory drive in response to a period of reduction in
synaptic activity. Additionally, these results raise the question of whether other
compensatory changes in neuronal excitability are also induced homeostatically

following AMPA receptor blockade.

4.3.2 Chronic blockade of action potentials or synaptic activity leads to

compensatory increases in intrinsic excitability

In addition to engaging homeostatic mechanisms that change synaptic strength,
neurons possess the ability to regulate the probability of firing through modifications of
intrinsic excitability. Intrinsic excitability is a complicated phenotype that reflects the
overall excitability of the cell. Modification in the expression levels or single channel
properties of most voltage-gated ion channels would be predicted to increase or
decrease the likelihood that a neuron will generate action potentials. To determine
whether the increase in network activity following AMPA receptor blockade was
mediated exclusively by compensatory responses in synaptic properties, we examined
the intrinsic excitability of neurons following AMPA receptor blockade for brief or
prolonged periods of time. These experiments also provide insight into the induction of
these rapid forms of homeostatic regulation because intrinsic excitability is typically
measured in the presence of a cocktail of inhibitors, including CNQX, used to
pharmacologically isolate the neuron from ongoing synaptic activity. Thus, we were able
test for compensatory changes in neuronal excitability without restoring AMPA receptor

activity (required for recording sEPSCs and mEPSCs).
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First, we examined the homeostatic regulation of intrinsic excitability induced by
chronic blockade of action potentials (24h; 2uM TTX) in neurons compared to neurons
treated chronically with AMPA receptor blockade (24h; 40uM CNQX). Intrinsic
excitability was assessed by recording the change in membrane potential in response to
a series of increasing 500ms depolarizing current steps in pharmacologically isolated
neurons (10uM CNQX, 20uM APV, 10uM bicuculline) and counting the number of action
potentials generated. Current was applied from resting membrane potential. The
minimum current to generate at least one action potential is defined as the rheobase
current. We found both chronic blockade of action potentials (24h; 2uM TTX) and AMPA
receptors (24h; 40uM CNQX) caused an enhancement in intrinsic neuronal excitability
(Figure 4-2A-B), no change in input resistance (Figure 4-2C) and a reduction in rheobase
current (Figure 4-2D). These results agree with previous reports of homeostatic
enhancement in intrinsic excitability in cultured cortical neurons following action
potential blockade (Desai et al., 1999b) and show that intrinsic excitability is also
homeostatically regulated following direct blockade of synaptic activation. Moreover,
relief of AMPA receptor blockade was not necessary for the induction of CNQX-

mediated homeostatic compensation in intrinsic excitability.

4.3.3 Brief blockade of synaptic activity (CNQX, 3h) but not blockade of
action potentials (TTX, 3h) promotes rapid, compensatory

enhancement of intrinsic excitability

Direct blockade of AMPA receptors induces a more rapid form of homeostatic
synaptic plasticity (Jakawich et al., 2010; Henry et al., 2012), but it was not known if

homeostatic regulation of intrinsic neuronal excitability was also induced faster in
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response to AMPA receptor blockade. We compared the intrinsic excitability of neurons
following brief (3h) AMPA receptor or action potential blockade by 40 uM CNQX or 2
UM TTX, respectively. For this relatively brief period of time, only neurons treated with
AMPA receptor antagonists expressed a similar compensatory increase in intrinsic
excitability as observed following chronic activity blockade (Figure 4-2A-B). Blocking
action potentials with 2 uM TTX for just 3h produced no increase in firing rate in
response to sustained current injection (Figure 4-2B and 4-2E) and no corresponding

decrease in rheobase (Figure 4-2D).

4.3.4 Brief blockade of AMPA receptors, not NMDA receptors, enhances

intrinsic excitability

In order to confirm the specific role of AMPA receptor activation in homeostatic
regulation of intrinsic excitability, we used an alternative AMPA receptor antagonist,
NBQX (20 uM), to block synaptic activity as well as examined the role of NMDA receptor
activation. NMDA receptors are also activated by glutamate in the presence of co-
agonists; however postsynaptic depolarization is required to remove the Mg** block of
the pore of the channel and permit ion flux. Thus AMPA receptor blockade likely blocks
NMDA receptor activity indirectly. To test the possibility that the homeostatic
enhancement in intrinsic excitability is induced indirectly through loss NMDA receptor
activity, we blocked NMDA receptor-mediated synaptic currents for 3h and measured
intrinsic excitability. Previously published work demonstrated brief NMDA receptor
blockade homeostatically increases miniature excitatory postsynaptic current (mEPSC)

amplitude (Sutton et al., 2006) similarly to AMPA receptor blockade (Jakawich et al.,
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2010; Henry et al., 2012). Thus, we predicted that both loss of NMDA receptor activity
would produce a similar or greater homeostatic increase in intrinsic excitability.
However, we found that brief AMPA receptor blockade (20 uM NBQX or 40 uM CNQX,
3h), but not NMDA receptor blockade (20 uM APV, 3h), increased intrinsic excitability
(Figure 4-3A-B). Interestingly, loss of NMDA receptor activity decreased the number of
action potentials fired (Figure 4-3B). These results suggest that the mechanisms
underlying homeostatic compensation of synapse function and action potential

properties are likely distinct.

4.3.5 Relatively brief AMPA receptor blockade induces multiple changes that
contribute to enhancement of intrinsic excitability

In response to 3h AMPA receptor blockade, we found that neurons fired more
action potentials in response to a given current injection (Figure 4-2 and Figure 4-3A-B).
To determine whether AMPA receptor blockade increased the probability of firing by
decreasing the threshold for action potential generation, we compared the average
action potential generated during the rheobase current injection after AMPA receptor
blockade to the average control action potential. We found that following 3h AMPA
receptor blockade, action potentials are initiated at a slightly lower membrane potential
(Figure 4-3C) and there was no change in the resting membrane potential (Figure 4-3D).
We analyzed the threshold potential by measuring the membrane potential at which the
change in potential is maximal and found a significantly lower threshold for firing after
AMPA receptor blockade (Figure 4-3E). Normalization of the relationship between

action potential number and current injection to the rheobase current does not fully
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account for the increase in excitability (Figure 4-3D), suggesting other mechanisms also

contribute to this homeostatic enhancement in excitability.

4.3.6 AMPA receptor blockade engages three distinct forms of compensation
in the same neuron: mEPSC amplitude, mEPSC frequency, and intrinsic

excitability

While neuronal network activity homeostasis is clearly important for network
function, the exact mechanisms for achieving overall homeostasis are still emerging but
will likely involve the coordinate control of multiple facets of activity. Synapse strength
and intrinsic excitability are both important for setting the overall level of network
activity, however it was not known if cells that express synaptic compensation will also
express changes in intrinsic excitability. Typically mEPSCs are defined as TTX-resistant
(TTX blocks voltage-gated sodium channels and prevents action potential initiation)
EPSCs that result from spontaneous release of neurotransmitter. Analysis of intrinsic
firing properties requires action potentials, thus typical strategies employed to study
synaptic strength would not be useful. To overcome this limitation, after removing
CNQX-containing media, neurons were placed in extracellular solution containing
100nM w-Conotoxin-GVIA and 200 nM w-Agatoxin-IVA to block P, Q, and N-type
voltage-gated calcium channels and thereby suppress evoked release without affecting
action potential generation. This enabled us to record mEPSCs and action potentials in
the same neuron and extracellular solution.

In order to confirm that blockade of P, Q, and N-type calcium channels resulted
in EPSCs that are similar to TTX-insensitive currents, we recorded synaptic currents after

exposure to w-Conotoxin-GVIA and w-Agatoxin-IVA for 30min (necessary to achieve full

172



blockade of evoked release). Then, we applied TTX to the neurons and continued to
record EPSCs (Figure 4-4A). We found that the subsequent addition of TTX had no
impact on the kinetics (Figure 4-4B), the amplitude (Figure 4-4C), or the frequency
(Figure 4-4D) of currents recorded in the presence of w-Conotoxin-GVIA and w-
Agatoxin-IVA. Thus, these recorded currents are likely the same as TTX-insensitive
currents typically called mEPSCs.

To determine whether the synaptic and intrinsic forms of homeostatic control
are engaged at unique times or are expressed concomitantly, we blocked AMPA
receptor activity for just 1h and recorded mEPSCs for 5min in voltage-clamp and then
switched into current-clamp to record action potentials (Figure 4-4E). We found that
even this brief (1h) blockade of AMPA receptors induced a compensatory increase in the
amplitude (Figure 4-4F) and frequency (Figure 4-4G) of mEPSCs. Similarly, we found 1h
AMPA receptor blockade increased the maximum number of action potentials fired
(Figure 4-4H) and caused a leftward shift in the relationship between number of action
potentials and the depolarizing current injection. These results indicate that both
synaptic and intrinsic membrane properties are modulated following loss of synaptic

activity on similar timescales.

4.3.7 Protein synthesis is required for enhancement of excitability

Although similar rapid compensatory regulation of both synaptic strength and
intrinsic excitability may suggest overlapping mechanisms, distinct mechanisms were
suggested by the lack of effect on intrinsic excitability following blockade of NMDA

receptor activation (Figure 4-3A). To gain insight into the key intracellular signaling steps
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involved in rapid homeostatic increases in intrinsic neuronal excitability, we examined
three pathways known to be important for homeostatic regulation of synapse strength:
protein synthesis (Jakawich et al., 2010; Henry et al., 2012), BDNF signaling (Jakawich et
al., 2010, Desai, 1999 #169) and mTOR signaling (Henry et al., 2012).

Using two protein synthesis inhibitors, anisomycin and emetine, we tested
whether homeostatic enhancement in excitability following AMPA receptor blockade
requires protein synthesis. Anisomycin inhibits protein synthesis by blocking peptide
elongation by inhibition of the animoacyl-transfer reaction in the 60S ribosome. Emetine
is used as an alternative protein synthesis inhibitor that acts by blocking translocation by
binding to the 40S ribosome. Indeed, we found that blocking protein synthesis with
emetine applied 30 mins prior to blocking AMPA receptors for just 60 mins blocked the
increase in excitability (Figure 4-5B). In a parallel set of experiments, we found pre-
treating neurons anisomycin for 30min prior to 3h AMPA receptor blockade completely
blocked the compensatory increase in excitability measured without inhibition of
protein synthesis (Figure 4-5D). Protein synthesis inhibition for 1.5h-3.5h had no effect
on the probability of firing action potentials in untreated neurons (Figure 4-5E). These
data reveal that not only is protein synthesis critically important for homeostatic
regulation of excitability, these changes are relatively rapid.

We previously found that loss of AMPA receptor activity, but not NMDA receptor
activity, induced an increase in the presynaptic probability of vesicle release that
requires mTORC1 activity (Henry et al., 2012) and BDNF (Jakawich et al., 2010; Henry et

al., 2012). This differential effect raised the possibility that these pathways may be
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required for homeostatic enhancement in probability of firing following AMPA receptor
blockade as well. However, we found that the mTORC1 inhibitor rapamycin (100 nM)
did not block the increase in excitability in response to AMPA receptor blockade (Figure
4-5F). Similarly, scavenging endogenous extracellular BDNF using 1 ug/mL TrkB-Fc

during AMPA receptor blockade had no effect on intrinsic excitability (Figure 4-5G).

4.3.8 \Voltage-Gated Sodium Channels in the axon initial segment are

regulated by synaptic activity

That the loss of AMPA receptor activity reduces the threshold for firing an action
potential (Figure 4-3E) without impacting resting membrane potential (Figure 4-3D) or
input resistance (Figure 4-2C), suggests that voltage-gated sodium channels could be
dynamically regulated during homeostatic enhancement of intrinsic excitability. Indeed,
activity deprivation induces changes in the axon initial segment (Grubb and Burrone,
2010) where voltage-gated sodium channels are clustered. We examined the
abundance of two voltage-gated sodium channels, Nay1.1 and Nay1.2, in the axon
following AMPA receptor blockade for 3h by immunocytochemistry. After 3h, neurons
were fixed, permeabilized and stained for either channel, MAP2 (dendritic marker) and
ankyrin G (axon initial segment marker). We found that 3h AMPA receptor blockade
increased the level of Nay1.1 (Figure 4-6A-C) in the axon initial segment, but not the
soma (Figure 4-6D). Similarly, Nay1.2 levels were higher in the axon initial segment
following AMPA receptor blockade (Figure 4-6E-G). Nay1.2 was also observed in the
soma and dendrites, neither of which was affected by AMPA receptor blockade (Figure

4-6H). Consistent with a requirement of protein synthesis in homeostatic enhancement
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of intrinsic excitability, blockade of protein synthesis prior to AMPA receptor
antagonism prevented the increase in both Nayl1.1 (Figure 4-6A-C) and Nay1.2 (Figure 4-
6E-G). Collectively, our results suggest that following loss of synaptic activity at
excitatory synapses, neurons engage protein synthesis-dependent mechanisms that

lead to increased excitability at the axon initial segment.

4.4 DISCUSSION

Together these data demonstrate that neurons possess the ability to rapidly
engage multiple homeostatic mechanisms in the same cell to compensate for changes in
excitatory synaptic activity. Blockade of AMPA receptors for as little as 1h causes three
distinct changes in neural function through divergent, protein synthesis-dependent
mechanisms: increased postsynaptic AMPA receptor expression, increased presynaptic
probability of release and increased intrinsic excitability. The latter is mediated in part
through increased expression of voltage-gated sodium channels in the axon initial
segment. Unlike regulation of presynaptic function following loss of AMPA receptor
activity, the enhancement in intrinsic excitability is independent of BDNF signaling.
Thus, it is likely that the change in intrinsic excitability is regulated postsynaptically and
not through retrograde signaling or axonal transport back to the soma. Moreover, the
changes in intrinsic excitability were observed under conditions where presynaptic
increases in probability of release are blocked (i.e. in the presence of TrkB-fc or
rapamycin), thus demonstrating that homeostatic regulation of intrinsic excitability does

not require homeostatic enhancement of presynaptic release.
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The intrinsic excitability of a neuron is a polygenic, actively regulated and plastic
property that describes the likelihood of firing an action potential. Although the
electrical properties of neurons are complex, we identified that AMPA receptor
blockade increases levels of two voltage-gated sodium channels, Nay1.1 and Nayl1.2, in
the axon initial segment, the site of action potential initiation (Stuart et al., 1997).
Homeostatic regulation of Na* current was found previously following chronic changes
in neural activity (Desai et al., 1999b). We found that both the increase in Na* channels
and enhancement of intrinsic excitability require protein synthesis, which raises the
possibility that these Na* channels or proteins that regulate them, such as the
scaffolding protein ankyrin G (Garrido et al., 2003; Lemaillet et al., 2003), are
candidates for the newly synthesized proteins. Moreover, local protein synthesis in the
axon initial segment could be involved in activity-dependent control of the axon initial
segment; indeed, ribosomes are found in the axon initial segment (Palay et al., 1968;

Peters et al., 1968)}.

Together with the decrease in threshold detected following AMPA receptor
blockade, the regulation of Nay1.1 and Nay1.2 in the axon initial segment strongly
suggests that a critical component of the neuronal homeostatic response involves
compensatory changes in this spike initiation zone. In addition to homeostatic
regulation of Na* channel levels, Na* channel kinetics, changes in other ion channels in
the axon initial segment (Bender and Trussell, 2012), or regulation of axon initial
segment position (Grubb and Burrone, 2010; Kuba et al., 2010) may contribute to

homeostatic regulation of neural excitability. Another possibility is that in addition to
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homeostatic regulation at the axon initial segment, compensation could be expressed
by modulation of dendritic excitability (Wong et al., 1979; Masukawa and Prince, 1984),
such as observed in cortical layer 5 pyramidal neurons following sensory deprivation
(Breton and Stuart, 2009). While we cannot exclude these possibilities, increases in Na*
conductance alone may be sufficient to reduce threshold (Matzner and Devor, 1992)

and thereby increase excitability.

Here, we have focused on more rapid regulation of intrinsic excitability in
pyramidal-like hippocampal neurons. It is likely that other types of neurons have
distinct mechanisms for expressing homeostatic changes on different timescales.
Indeed, in cortical neurons, prolonged activity suppression leads to enhancement of
intrinsic excitability that depends on BDNF (Desai et al., 19993, b). In the rat prefrontal
cortex, chronic in vivo exposure to ketamine, a non-competitive antagonist of the NMDA
receptor, increases firing frequency by decreasing inhibition without changing the
intrinsic excitability or excitatory synaptic drive (Zhang et al., 2008). This lack of effect
on intrinsic excitability is reminiscent of our results showing there is no compensatory
change in intrinsic excitability following NMDA receptor blockade with APV. Collectively,
these findings suggest that activity manipulation triggers distinct compensatory

strategies in different types of neurons to maintain ‘normal’ activity.

The compensatory changes in the synapse and in the axon initial segment occur
in the same direction in the same neuron (i.e. loss of synaptic activity enhances both

synaptic efficacy and intrinsic excitability), which likely increases the dynamic range of
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the network. These results demonstrate that neurons can engage multiple, parallel
modes of compensation to maintain a degree of activity in the neural network, which
may have profound consequences on network function. Indeed, in vivo exposure of
Xenopus tadpoles to a visual stimulation that drives decreases in excitatory synaptic
strength also causes compensatory increases in the intrinsic excitability which increases
the sensitivity of neurons to stimulus detection (Aizenman et al., 2003). The cooperation
of homeostatic changes in synaptic strength and intrinsic excitability in response to
manipulation of network activity is similar to the synergistic changes in synaptic strength
and intrinsic excitability in response to tetanic stimulations known to cause Hebbian
forms of plasticity in the hippocampus (Daoudal et al., 2002) and the cerebellum

(Aizenman and Linden, 2000; Armano et al., 2000) .

In conclusion, our results support a role for activity-dependent changes in axon
initial segment properties during control of neuronal excitability on fast timescales. We
found that loss of AMPA receptor activity for just 1h drives rapid changes in the axon
initial segment of hippocampal pyramidal-like neurons and increases intrinsic
excitability. Moreover, increases in synapse strength and intrinsic excitability were
observed in the same neurons, which is consistent with the hypothesis that neurons
utilize redundant forms of compensation. These results suggest that in addition to
activity-dependent changes in the axon initial segment driven by prolonged changes in
membrane potential, the axon initial segment is also highly sensitive to brief changes in
neuronal activity. These modes of control likely impact information processing and

network stability broadly. Moreover, dysfunction in homeostatic control of intrinsic

179



excitability may contribute to the pathogenesis of neurological disorders, such as
epilepsy (reviewed in (Meisler and Kearney, 2005; Wimmer et al., 2010)), Angelman
Syndrome (Kaphzan et al., 2011; Kaphzan et al., 2013) and schizophrenia (Cruz et al.,
2009). A more complete understanding of neuronal mechanisms that regulate the
function of the axon initial segment, and a better understanding of the dynamic
regulation of voltage-gate ion channels and their regulators, may reveal novel treatment
strategies for these disorders.

4.5 CONCLUSIONS AND POSSIBLE CONNECTIONS TO PHOSPHOINOSITIDE LIPID
SIGNALING

In these studies, AMPA-receptor blockade of cultured hippocampal neurons lead
to protein-synthesis dependent changes in intrinsic excitability and voltage-gated
sodium channel expression in the axon initial segment. While the intrinsic excitability of
a neuron reflects the complex organization of a myriad of voltage-gated channels, the
fact that a single stimulus — AMPA receptor blockade — causes both the enhancement of
intrinsic excitability and increased sodium channel expression in the axon initial segment
suggests these two changes are related. Indeed, increasing the number of voltage-
gated sodium channels alone is expected to lower the threshold for firing an action
potential, which was observed in the current-step elicited action potentials following
AMPA receptor blockade. Note, however, that in addition to Nay1.1 and Nayl1.2 other
proteins involved in membrane excitability (discussed below) may be impacted by a
sudden loss of excitatory synaptic drive. Additionally, the protein-synthesis dependent

changes in sodium channel expression in the axon initial segment may not involve new
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synthesis of these channels, but instead involve the synthesis of proteins that regulate
voltage-gated sodium channel clustering or function.

In addition to the number of Nay1.1 and Nay1.2 in the axon initial segment, the
functional properties of these channels are known to be modulated by accessory -
subunits, such as B1. In mice, loss of B1 (Scnlb'/') causes hypo-excitability in cerebellar
granule neurons (Brackenbury et al. 2010). Consistent with a critical role in regulation
of neuronal excitability, mutations in SCN1B have been identified in patients with
generalized epilepsy with febrile seizure (GEFS+) and Dravet’s syndrome (severe
myoclonic epilepsy of infancy) (Wallace et al., 1998, Scheffer et al., 2007, Patino et al.,
2009).

The cellular mechanisms that underlie these compensatory changes in
excitability remain to be determined. Given that phosphoinositide lipid signaling has
known roles in clustering integral membrane proteins in the plasma membrane and
activating ion channels, there may be regulatory roles for these signaling lipids in the
axon initial segment as well. For example, all inward rectifying potassium channels,
which reduce excitability when activated, require the phosphoinositide lipid
phosphatidylinostitol 4,5-bisphosphate for channel opening (Logothetis et al., 2007).
Thus, control of membrane excitability could be achieved by changing the level of
phosphatidylinostitol 4,5-bisphosphate on the plasma membrane. Functional studies
are required to test this hypothesis. In conclusion, phosphoinositide lipid signaling is
likely upstream of many cellular pathways that have been identified to be important for

maintaining a normal level of neural activity. In the future, the identification of specific
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protein effectors, a better understanding of the highly regulated lipid kinases and
phosphatases, and the elucidation of the subcellular distribution of each
phosphoinositide lipid will likely identify additional regulatory roles for phosphoinositide
signaling lipids in homeostatic control of different facets of excitability, including at

excitatory synaptic drive and intrinsic excitability.

4.6 MATERIALS & METHODS
4.6.1 Cell Culture

Dissociated postnatal (P1-2) rat hippocampal neuron cultures, plated at a density
of 230-460 mm?in poly-D-lysine (Fisher, A-003-E) coated glass-bottom petri dishes
(Mattek, P35G-0-14-C), were prepared as previously described (Sutton et al., 2006) and
maintained for at least 21-24 DIV at 372C in growth medium [Neurobasal A (Invitrogen,
1088022) supplemented with B27 (Invitrogen, 17504-044) and Glutamax-1 (Invitrogen,

35050-061)] prior to use.

4.6.2 Drug Treatments

In indicated experiments, the following drugs were added to culture medium for
indicated times at 37°C, 5% CO,: 20 uM APV (Tocris, 0105), 40 uM anisomycin (Sigma,
A9789), 40 uM CNQX (Sigma, C239), 25 uM emetine (Sigma, E2375), 20 uM NBQX
(Sigma, N183), 100 nM rapamycin (LC Laboratories, R-5000), 1 pg/mL TrkB-fc (R&D

Systems, 688-TK-100), and 2 uM TTX (EMD Bioscience, 554412).
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4.6.3 Electrophysiology

Whole-cell patch-clamp recordings were made with an Axopatch 200B amplifier
from cultured hippocampal neurons bathed in HEPES-buffered saline (HBS; 119 mM
NaCl, 5 mM KCI, 2 mM CaCl,, 2 mM MgCl,, 30 mM Glucose, 10 mM HEPES, pH 7.4) plus
10 uM CNQX (Sigma, C239), 20 uM APV (Sigma, A8054) and 10 uM bicuculline (Tocris,
0130) for intrinsic excitability recordings. For mEPSC recordings, neurons were bathed
in HBS, plus 10 uM bicuculline (Tocris, 0130) and 1 uM TTX (EMD Bioscience, 554412),
or 10 uM bicuculline (Tocris, 0130), 100 nM w-Conotoxin GVIA (Sigma, C9915), and 200
nM w-Agatoxin-IVA (Sigma, A6719). Whole-cell pipette internal solution (mEPSC
recordings) contained: 115 mM KMeSQO,, 15 mM KCI, 5 mM NaCl, 0.02 mM EGTA, 1 mM
MgCl,, 10 mM Na2-Phosphocreatine, 4 mM ATP-Mg, 0.3 mM GTP-Na, pH 7.2, and had
resistances ranging from 3-5 MQ. Cultured neurons with a pyramidal-like morphology
were voltage-clamped at =70 mV. Membrane potentials were recorded in current clamp
and series resistance compensated for by >90%. Neurons found to have a resting
membrane potential more depolarized that -55 mV were excluded from analysis. Input
resistance was measured using a hyperpolarizing 25 pA current step. Intrinsic excitability
was assessed in pharmacologically isolated neurons using a series of 500 ms current
injections to depolarize the soma from resting membrane potential. For loose-patch
recordings, pipette solution contained extracellular solution. Recordings in which seal
resistance exceeded 50 MQ were excluded from analysis. Miniature EPSCs were
analyzed off-line using MiniAnalysis (Synaptosoft). Action potential properties and

intrinsic excitability data were analyzed using Clampfit and custom MATLAB
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(Mathworks) scripts. Statistical differences between experimental conditions were
determined as indicated and all multiple comparisons were corrected for using the

Tukey-Kramer post-hoc test.

4.6.4 Immunocytochemistry

Primary antibodies used were rabbit anti-MAP2 (1:1000, AB5622, Millipore
Corporation, Billerica, MA, USA), mouse anti-Na,1.1 (1:200, Clone K74/71, UC Davis/NIH
NeuroMab Facility, Davis, CA, USA), mouse anti-Na,1.2(1:500, Clone 69/3, UC Davis/NIH
NeuroMab Facility, Davis, CA, USA) and mouse anti-Ankyrin-G (1:500, Clone 106/36, UC
Davis/NIH NeuroMab Facility, Davis, CA, USA). Secondary antibodies were conjugated to
Alexafluor 488, 555, and 647 (Invitrogen). Following treatment with 40uM CNQX (Sigma,
C239) and/or 40 uM anisomycin (Sigma, A9789), cells were washed with phosphate-
buffered saline supplemented with 1 mM MgCl, and 0.1 mM CaCl, (PBS-MC). Cells were
fixed and permeabilized with methanol, washed and blocked with 2% bovine serum
albumin (BSA) in PBS-MC. Neurons were incubated with antibody for 1h at room
temperature. Images were acquired with an Olympus FV1000 confocal microscope (z-
series, 0.41 um intervals). Images were analyzed with Imagel, Excel (Microsoft) and

MATLAB (Mathworks).
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Figure 4-1. Loss of AMPAR activity rapidly enhances neural network activity

A) Representative extracellular recording of spontaneous action potentials in pyramidal-
like neurons following AMPAR blockade for 3h with 40 uM CNQX or vehicle control. B)
Mean (+SEM) fold change in the number of action potentials in a 2min period of high ac-
tivity. High activity was defined as sustained firing for at least two min following at least
10 sec of silence. Following 3h AMPAR blockade, the number of APs increased (Control:
1.00+0.196, CNQX3h: 1.73+0.313; t-test, t(32)=-2.06, p=0.048). *p<0.05. n=number of
cells. C) Representative intracellular record of spontaneous excitatory synaptic currents
in pyramidal-like neurons following AMPAR blockade for 3h with 40 uM CNQX or vehicle
control (Vcom=-70 mV). D) Mean (+SEM) fold change in normalized charge-transfer in
the first 3min recorded. Following 3h AMPAR blockade, the level of spontaneous activity
greatly increases (Control: 1.00+0.45, CNQX3h: 7.39+3.28; t-test, t(11)=-2.47, p=0.031).
*p<0.05. n=number of cells.
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Figure 4-2. Increase in neural excitability following activity suppression

A) Representative action potential trains evoked by somatic current injections from rest-
ing membrane potential in pyramidal-like neurons in control neurons, following 24h and
3h of activity suppression with 2 uM TTX or 40 uM CNQX. B) Mean (+SEM) number of
action potentials during 500 ms somatic current injection. Activity suppression for 24h
decreases the current required to elicit action potentials (Kruskal-Wallis, x2(2,429)=9.22,
p=0.01). *p<0.05 (Tukey-Kramer post hoc test). n=number of cells. C) Mean (+SEM)
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input resistance of neurons recorded in A-B after 24h (left, in MQ: Control-24h,
128.36+9.90; TTX-24h, 151.82+7.56, CNQX-24h, 162.99+11.84, ANOVA, F(2,51)=2.90,
p=0.064) or 3h (right, in MQ: Control-3h, 128.53+9.03; TTX-3h, 124.81+6.11, CNQX-
3h, 131.36+6.11, ANOVA, F(2,50)=0.17, p=0.84) treatments. n=number of cells. D)
Mean (+SEM) rheobase current after 24h (left) or 3h (right) treatments. Suppression
of activity by either 24h TTX or 24h CNQX significantly lowered the current required

to evoke at least one action potential (left, in pA: Control-24h, 333.33+25.20; TTX-24h,
235.0£18.17, CNQX-24h, 242.11+19.22, ANOVA, F(2,51)=6.49, p=0.0031). Brief activity
blockade did not impact rheobase current (right, in pA: Control-3h, 363.89+26.14; TTX-
3h, 361.90+26.37, CNQX-3h, 307.14+23.2, ANOVA, F(2,50)=1.33, p=0.27) treatments.
*p<0.05 (Tukey-Kramer post hoc test). n=number of cells.
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Figure 4-3. AMPAR blockade causes a compensatory decrease in the threshold for ac-
tion potential generation

A) Representative action potential trains evoked by somatic current injections from
resting membrane potential in pyramidal-like neurons treated with vehicle control, 40
UM CNQX, 20 uM NBQX, or 20 uM APV. B) Mean (+SEM) number of action potentials
during 500 ms somatic current injection. AMPAR antagonism by NBQX recapitulates
the enhancement of excitability induced by CNQX. Unlike AMPAR blockade, antago-
nism of NMDARs by 20 uM APV for just 3h decreases neural excitability (Kruskal-Wallis,
x2(3,3046)=60.26, p=5.18e-13). *p<0.05 (Tukey-Kramer post hoc test). n=number of
cells. C) Mean action potential. The first action potential generated in control and CNQX
treated neurons was averaged and overlaid. The magnified region (gray box) shows
the initial rising phase of the action potential is initiated at a lower membrane poten-

189



tial following AMPAR blockade. n=number of cells. D) Mean (+SEM) resting membrane
potential is unaffected by AMPAR blockade (in mV: Control, -65.34+0.38; CNQX-3h,
-65.27+0.39, t-test, t(103)=-0.12, p=0.90). n=number of cells. E) Mean (+SEM) threshold
for firing an action potential. AMPAR blockade reduces the action potential threshold (in
mV: Control, -35.98+0.63; CNQX-3h, -38.0310.52, t-test, t(103)=2.47, p=0.015). *p<0.05.
n=number of cells. F) Mean (£tSEM) number of action potentials normalized to the
rheobase current. Despite the normalization to rheobase, the mean number of action
potentials evoked is higher following AMPAR blockade compared to control (two-sample
Kolmogorov-Smirnov (K-S) test, D=0.13, p=1.7e-05). *p<0.05. n=number of neurons.
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Figure 4-4. Coordinated onset of compensation at synapses and in intrinsic excitability
A) Representative intracellular recording of synaptic currents in the presence of 100 nM
w-Conotoxin-GVIA (CTX) and 200 nM w-Agatoxin-IVA (ATX) before (top) and after adding
1 uM TTX (bottom). B) Individual EPSCs aligned in time at the peak of the inward cur-
rent (light color) and the average EPSC (dark line) in the presence of CTX and ATX before
(blue) and after adding 1 uM TTX (gray/black). The scaled-to-peak overlays of each
average EPSC are identical. Thus, suppression of evoked synaptic release CTX and ATX
yields phenotypically similar EPSCs to miniature synaptic transmission recorded in the
presence of TTX. C) Mean (xSEM) mEPSC amplitude. Blockade of action potentials by 1
UM TTX does not decrease the amplitude of mEPSCs after suppression with CTX and ATX
(in pA: CTX/ATX, 12.96+0.50, +TTX, 11.99+0.35, t-test, t(29)= -1.58, p=0.124). D) Mean
(£SEM) mEPSC frequency. Blockade of action potentials by 1 uM TTX does not decrease

191



the frequency of mEPSCs after suppression with CTX and ATX (in Hz: CTX/ATX, 2.74+0.32,
+TTX, 2.0740.35, t-test, t(29)=-1.60, p=0.121). E) Representative recording of mEPSCs
(top) and action potential trains evoked by somatic current injections (bottom) in neu-
rons treated with vehicle control or 40 uM CNQX for 1h. F) Mean (+SEM) mEPSC ampli-
tude of neurons treated with vehicle control or 40 uM CNQX for 1h. AMPAR blockade
rapidly increases mEPSC amplitude (in pA: control, 11.98+0.46, CNQX-1h, 15.56+1.09,
t-test, t(23)=-3.11, p=0.0049). *p<0.05. n=number of cells. F) Mean (*SEM) mEPSC fre-
guency of neurons treated with vehicle control or 40 uM CNQX for 1h. AMPAR block-
ade rapidly increases mEPSC frequency (in Hz: control, 2.26+0.36, CNQX-1h, 6.59+1.76,
t-test, t(23)=-2.51, p=0.020). *p<0.05. n=number of cells. G) Mean (xSEM) maximum
number of action potentials evoked by somatic current injections in neuron treated with
vehicle control or 40 uM CNQX for 1h. AMPAR blockade rapidly increases the number
of evoked action potentials (number of action potentials in 500 ms: control, 4.31+0.47,
CNQX-1h, 7.5+1.12, t-test, t(23)=-2.69, p=0.013). *p<0.05. n=number of cells. H) Mean
(xSEM) number of action potentials evoked with indicated current injections. AMPAR
blockade rapidly increases the intrinsic excitability of neurons in 1h (two-sample K-S test,
D=0.19, p=0.020). *p<0.05. n=number of neurons.
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Figure 4-5. Protein synthesis is required for rapid compensatory enhancement of in-
trinsic neural excitability

A) Representative intracellular recordings of action potential trains elicited by somatic
current injections. Neurons treated with the protein synthesis inhibitor emetine (25 uM)
for 30 min prior to and during AMPAR blockade with 40 uM CNQX for 1h were compared
to either 25 uM emetine (90 min total) or 40 uM CNQX (1h) alone. B) Mean (+SEM)
number of action potentials at indicated current steps. The increase in number of action
potentials elicited after 1h AMPAR blockade is blocked when protein synthesis is inhib-
ited (25 uM emetine) for 30 min prior to and during AMPAR blockade (two-sample K-S
test, D=0.18, p=4.8e-06). *significantly different from CNQX (p<0.05). C) Representative
intracellular recordings of action potential trains elicited by somatic current injections.
The intrinsic excitability of neurons treated with the protein synthesis inhibitor aniso-
mycin (40 uM) for 30 min prior to and during AMPAR blockade with 40 uM CNQX for 3h
compared to both 40 uM anisomycin (3.5h total) or 40 uM CNQX (3h) alone. D) Mean
(xSEM) number of action potentials at indicated current steps. The increase in number
of action potentials elicited after 1h AMPAR blockade is blocked when protein synthe-
sis is inhibited (40 uM anisomycin) for 30 min prior to and during AMPAR blockade
(two-sample K-S test, D=0.16, p=2.7e-06). *significantly different from CNQX (p<0.05).
n= number of neurons. E) Mean (+SEM) number of action potentials at indicated cur-
rent steps. Inhibition of protein synthesis for 3.5h with 40 uM anisomycin significantly
changed the distribution of action potentials evoked by current injections compared to
control-3h, suggesting that protein synthesis alone can decrease excitability (Kruskal-
Wallis test, x2(3,1671)=41.45, p=5.2e-09, Tukey-Kramer post hoc test). F) Mean (+SEM)
number of action potentials at indicated current steps. Scavenging of endogenous BDNF
(1 pg/mL TrkB-fc) for 30 min prior to and during 3h AMPAR blockade does not block ho-
meostatic enhancement of intrinsic excitability (two-sample K-S test, D=0.033, p=0.997,
not significant). G) Mean (¥SEM) number of action potentials at indicated current steps.
Inhibition of MTORC1 (100 nM rapamycin) for 30 min prior to and during 3h AMPAR
blockade does not block homeostatic enhancement of intrinsic excitability (two-sample
K-S test, D=0.055, p=0.991, not significant). B), D-G): n= number of cells.
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Figure 4-6. AMPAR blockade enhances the abundance of Na 1.1 and Na 1.2 in the axon
initial segment

A) Representative images of neurons stained for Na 1.1 (green), MAP2 (red) and an-
kyrin (blue) after vehicle control, 40 uM CNQX (3h), 40 uM anisomycin(3,5) plus 40

UM CNQX (3h), or 40 uM anisomycin (3.5h). B) The axon initial segments indicated by
white boxes in (A) with the channels separated. C) Mean (+SEM) Na 1.1 intensity in the
axon initial segment normalized to control. AMPAR blockade significantly increases the
abundance of Na 1.1 in the axon initial segment (neurite colabeled with ankyrin) and
this increase in blocked by pretreatment with protein synthesis inhibitors (in percent

of control: control,100.00+4.081, 3h CNQX, 123.95+7.92, Anisomycin(3.5h)+CNQX(3h),
100.51+5.66, Anisomycin(3.5h), 97.40+5.92, ANOVA, F(3,117)=4.25, p=0.0068). *sig-
nificantly different from control (p<0.05). n= number of axons. D) Mean (+SEM) Na 1.1
intensity in the soma normalized to control. AMPAR blockade does not impact somatic
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levels of Na 1.1 (in percent of control: control, 100.00+5.58, 3h CNQX, 93.66%3.12,
Anisomycin(3.5h)+CNQX(3h), 89.95+4.13, Anisomycin(3.5h), 93.57+3.14, ANOVA,
F(3,117)=1.03, p=0.38). n= number of somas. E) Representative images of neurons
stained for Na 1.2, MAP2 and ankyrin after vehicle control, 40 uM CNQX (3h), 40 uM
anisomycin(3,5) plus 40 uM CNQX (3h), or 40 uM anisomycin (3.5h). F) The axon initial
segments indicated by white boxes in (E) with the channels separated. G) Mean (+SEM)
Na 1.2 intensity in the axon initial segment normalized to control. AMPAR blockade
significantly increases the abundance of Na 1.2 in the axon initial segment (neurite
colabeled with ankyrin) and this increase in blocked by pretreatment with protein syn-
thesis inhibitors (in percent of control: control, 100.00+9.31, 3h CNQX, 138.44+10.28,
Anisomycin(3.5h)+CNQX(3h), 101.71+£11.42, Anisomycin(3.5h), 91.34+9.87, ANOVA,
F(3,161)=4.13, p=0.0074). *significantly different from control (p<0.05). n= number

of axons. H) Mean (+SEM) Na 1.2 intensity in the soma normalized to control. AM-
PAR blockade does not impact somatic levels of Na 1.2 (in percent of control: con-
trol, 100.00+0.93, 3h CNQX, 102.21+0.85, Anisomycin(3.5h)+CNQX(3h), 105.66+1.65,
Anisomycin(3.5h), 101.89+0.57, ANOVA, F(3,159)=4.89, p=0.0028). *significantly dif-
ferent from control (p<0.05). n= number of somas. (not shown) AMPAR blockade does
not impact dendritic levels of Na 1.2 (in percent of control: control, 100.00+3.02, 3h
CNQX,102.26+4.33, t-test, t(120)=-0.4221, p=0.67). OData were collected and analyzed
with the help of Nick Carducci.

196



4.8 BIBLIOGRAPHY

Aizenman CD, Akerman CJ, Jensen KR & Cline HT. 2003. Visually driven regulation of
intrinsic neuronal excitability improves stimulus detection in vivo. Neuron, 39,
831-842.

Aizenman CD & Linden DJ. 2000. Rapid, synaptically driven increases in the intrinsic
excitability of cerebellar deep nuclear neurons. Nature Neuroscience, 3, 109-111.

Aoto J, Nam CI, Poon MM, Ting P & Chen L. 2008. Synaptic signaling by all-trans retinoic
acid in homeostatic synaptic plasticity. Neuron, 60, 308-20.

Armano S, Rossi P, Taglietti V & D'Angelo E. 2000. Long-term potentiation of intrinsic
excitability at the Mossy fiber-granule cell synapse of rat cerebellum. Journal of
Neuroscience, 20, 5208-5216.

Bacci A, Coco S, Pravettoni E, Schenk U, Armano S, Frassoni C, Verderio C, De Camilli P &
Matteoli M. 2001. Chronic blockade of glutamate receptors enhances
presynaptic release and downregulates the interaction between synaptophysin-
synaptobrevin-vesicle-associated membrane protein 2. Journal of Neuroscience,
21, 6588-6596.

Bartley AF, Huang ZJ, Huber KM & Gibson JR. 2008. Differential activity-dependent,
homeostatic plasticity of two neocortical inhibitory circuits. Journal of
Neurophysiology, 100, 1983-1994.

Bender KJ & Trussell LO. 2012. The physiology of the axon initial segment. Annual review
of neuroscience, 35, 249-65.

Benevento LA, Bakkum BW & Cohen RS. 1995. Gamma-Aminobutyric-Acid and
Somatostatin Immunoreactivity in the Visual-Cortex of Normal and Dark-Reared
Rats. Brain Research, 689, 172-182.

Brackenbury WJ, Calhoun JD, Chen C, Miyazaki H, Nukina N, Oyama F, Ranscht B & Isom
LL. 2010. Functional reciprocity between Na+ channel Nav1.6 and B1 subunits in
the coordinated regulation of excitability and neurite outgrowth. Proceedings of
the National Academy of Sciences of the United States of America, 107, 2283—
2288.

Branco T, Staras K, Darcy KJ & Goda Y. 2008. Local dendritic activity sets release
probability at hippocampal synapses. Neuron, 59, 475-485.

Breton JD & Stuart GJ. 2009. Loss of sensory input increases the intrinsic excitability of
layer 5 pyramidal neurons in rat barrel cortex. The Journal of physiology, 587,
5107-19.

Burrone J, O'Byrne M & Murthy VN. 2002. Multiple forms of synaptic plasticity triggered
by selective suppression of activity in individual neurons. Nature, 420, 414-418.

Cingolani LA, Thalhammer A, Yu LMY, Catalano M, Ramos T, Colicos MA & Goda Y. 2008.
Activity-dependent regulation of synaptic AMPA receptor composition and
abundance by beta 3 integrins. Neuron, 58, 749-762.

Cruz DA, Weaver CL, Lovallo EM, Melchitzky DS & Lewis DA. 2009. Selective alterations
in postsynaptic markers of chandelier cell inputs to cortical pyramidal neurons in
subjects with schizophrenia. Neuropsychopharmacology : official publication of
the American College of Neuropsychopharmacology, 34, 2112-24.

197



Daoudal G, Hanada Y & Debanne D. 2002. Bidirectional plasticity of excitatory
postsynaptic potential (EPSP)-spike coupling in CA1 hippocampal pyramidal
neurons. Proceedings of the National Academy of Sciences of the United States of
America, 99, 14512-7.

Davis GW. 2006. Homeostatic control of neural activity: From phenomenology to
molecular design. Annual Review of Neuroscience, 29, 307-323.

De Gois S, Schafer MKH, Defamie N, Chen C, Ricci A, Weihe E, Varoqui H & Erickson JD.
2005. Homeostatic scaling of vesicular glutamate and GABA transporter
expression in rat neocortical circuits. Journal of Neuroscience, 25, 7121-7133.

Desai NS, Cudmore RH, Nelson SB & Turrigiano GG. 2002. Critical periods for experience-
dependent synaptic scaling in visual cortex. Nature neuroscience, 5, 783-9.

Desai NS, Rutherford LC & Turrigiano GG. 1999a. BDNF regulates the intrinsic excitability
of cortical neurons. Learning & Memory, 6, 284-291.

Desai NS, Rutherford LC & Turrigiano GG. 1999b. Plasticity in the intrinsic excitability of
cortical pyramidal neurons. Nature Neuroscience, 2, 515-520.

Echegoyen J, Neu A, Graber KD & Soltesz I. 2007. Homeostatic Plasticity Studied Using In
Vivo Hippocampal Activity-Blockade: Synaptic Scaling, Intrinsic Plasticity and Age-
Dependence. Plos One, 2. ARTN €700

Frank CA, Kennedy MJ, Goold CP, Marek KW & Davis GW. 2006. Mechanisms underlying
the rapid induction and sustained expression of synaptic homeostasis. Neuron,
52, 663-677.

Frank CA, Pielage J & Davis GW. 2009. A Presynaptic Homeostatic Signaling System
Composed of the Eph Receptor, Ephexin, Cdc42, and Ca(V)2.1 Calcium Channels.
Neuron, 61, 556-569.

Garrido JJ, Giraud P, Carlier E, Fernandes F, Moussif A, Fache MP, Debanne D & Dargent
B. 2003. A targeting motif involved in sodium channel clustering at the axonal
initial segment. Science, 300, 2091-4.

Gonzalez-Islas C & Wenner P. 2006. Spontaneous network activity in the embryonic
spinal cord regulates AMPAergic and GABAergic synaptic strength. Neuron, 49,
563-575.

Grubb MS & Burrone J. 2010. Activity-dependent relocation of the axon initial segment
fine-tunes neuronal excitability. Nature, 465, 1070-4.

Hartman KN, Pal SK, Burrone J & Murthy VN. 2006. Activity-dependent regulation of
inhibitory synaptic transmission in hippocampal neurons. Nature Neuroscience,
9, 642-649.

Hendry SHC, Huntsman MM, Vinuela A, Mohler H, Deblas AL & Jones EG. 1994. Gaba(a)
Receptor Subunit Immunoreactivity in Primate Visual-Cortex - Distribution in
Macaques and Humans and Regulation by Visual Input in Adulthood. Journal of
Neuroscience, 14, 2383-2401.

Hendry SHC & Jones EG. 1986. Reduction in Number of Immunostained Gabaergic
Neurons in Deprived-Eye Dominance Columns of Monkey Area-17. Nature, 320,
750-753.

Hendry SHC & Jones EG. 1988. Activity-Dependent Regulation of Gaba Expression in the
Visual-Cortex of Adult Monkeys. Neuron, 1, 701-712.

198



Henry FE, McCartney AJ, Neely R, Perez AS, Carruthers CJL, Stuenkel EL, Inoki K & Sutton
MA. 2012. Retrograde Changes in Presynaptic Function Driven by Dendritic
MTORC1. Journal of Neuroscience, 32, 17128-17142.

Hou Q, Zhang D, Jarzylo L, Huganir RL & Man HY. 2008. Homeostatic regulation of AMPA
receptor expression at single hippocampal synapses. Proceedings of the National
Academy of Sciences of the United States of America, 105, 775-780.

Jakawich SK, Nasser HB, Strong MJ, McCartney AJ, Perez AS, Rakesh N, Carruthers CIL &
Sutton MA. 2010. Local Presynaptic Activity Gates Homeostatic Changes in
Presynaptic Function Driven by Dendritic BDNF Synthesis. Neuron, 68, 1143-
1158.

Ju W, Morishita W, Tsui J, Gaietta G, Deerinck TJ, Adams SR, Garner CC, Tsien RY,
Ellisman MH & Malenka RC. 2004. Activity-dependent regulation of dendritic
synthesis and trafficking of AMPA receptors. Nature Neuroscience, 7, 244-253.

Kaphzan H, Buffington SA, Jung JI, Rasband MN & Klann E. 2011. Alterations in intrinsic
membrane properties and the axon initial segment in a mouse model of
Angelman syndrome. The Journal of neuroscience : the official journal of the
Society for Neuroscience, 31, 17637-48.

Kaphzan H, Buffington SA, Ramaraj AB, Lingrel JB, Rasband MN, Santini E & Klann E.
2013. Genetic reduction of the alphal subunit of Na/K-ATPase corrects multiple
hippocampal phenotypes in Angelman syndrome. Cell reports, 4, 405-12.

Kilman V, van Rossum MCW & Turrigiano GG. 2002. Activity deprivation reduces
miniature IPSC amplitude by decreasing the number of postsynaptic GABA(A)
receptors clustered at neocortical synapses. Journal of Neuroscience, 22, 1328-
1337.

Kim J & Alger BE. 2010. Reduction in endocannabinoid tone is a homeostatic mechanism
for specific inhibitory synapses. Nature Neuroscience, 13, 592-U104.

Kuba H, Oichi Y & Ohmori H. 2010. Presynaptic activity regulates Na+ channel
distribution at the axon initial segment. Nature, 465, 1075-U136.

Lemaillet G, Walker B & Lambert S. 2003. Identification of a conserved ankyrin-binding
motif in the family of sodium channel alpha subunits. The Journal of biological
chemistry, 278, 27333-9.

Logothetis DE, Jin T, Lupyan D, & Rosenhouse-Dantsker A. 2007. Phosphoinositide-
mediated gating of inward rectifying K(+) channels. Pflugers Arch, 455, 83-95.

Maffei A, Nelson SB & Turrigiano GG. 2004. Selective reconfiguration of layer 4 visual
cortical circuitry by visual deprivation. Nature Neuroscience, 7, 1353-1359.

Maffei A & Turrigiano GG. 2008. Multiple modes of network homeostasis in visual
cortical layer 2/3. Journal of Neuroscience, 28, 4377-4384.

Marder E & Goaillard JM. 2006. Variability, compensation and homeostasis in neuron
and network function. Nature Reviews Neuroscience, 7, 563-574.

Marty S, Berzaghi MD & Berninger B. 1997. Neurotrophins and activity-dependent
plasticity of cortical interneurons. Trends in Neurosciences, 20, 198-202.

Masukawa LM & Prince DA. 1984. Synaptic control of excitability in isolated dendrites of
hippocampal neurons. The Journal of neuroscience : the official journal of the
Society for Neuroscience, 4, 217-27.

199



Matzner O & Devor M. 1992. Na+ Conductance and the Threshold for Repetitive
Neuronal Firing. Brain Research, 597, 92-98.

Meisler MH & Kearney JA. 2005. Sodium channel mutations in epilepsy and other
neurological disorders. The Journal of clinical investigation, 115, 2010-7.

Murthy VN, Schikorski T, Stevens CF & Zhu YL. 2001. Inactivity produces increases in
neurotransmitter release and synapse size. Neuron, 32, 673-682.

O'Brien RJ, Kamboj S, Ehlers MD, Rosen KR, Fischbach GD & Huganir RL. 1998. Activity-
dependent modulation of synaptic AMPA receptor accumulation. Neuron, 21,
1067-1078.

Palay SL, Sotelo C, Peters A & Orkand PM. 1968. The axon hillock and the initial
segment. The Journal of cell biology, 38, 193-201.

Patino GA, Claes LR, Lopez-Santiago LF, Slat EA, Dondeti RS, Chen C, O’'Malley HA, Gray
CB, Miyazaki H, Nukina N, Oyama F, De Jonghe P & Isom LL. 2009. A functional
null mutation of SCN1B in a patient with Dravet syndrome. The Journal of
neuroscience : the official journal of the Society for Neuroscience, 29, 10764—
10778.

Peters A, Proskauer CC & Kaiserman-Abramof IR. 1968. The small pyramidal neuron of
the rat cerebral cortex. The axon hillock and initial segment. The Journal of cell
biology, 39, 604-19.

Pozo K & Goda Y. 2010. Unraveling Mechanisms of Homeostatic Synaptic Plasticity.
Neuron, 66, 337-351.

Rutherford LC, DeWan A, Lauer HM & Turrigiano GG. 1997. Brain-derived neurotrophic
factor mediates the activity-dependent regulation of inhibition in neocortical
cultures. Journal of Neuroscience, 17, 4527-4535.

Scheffer IE, Harkin LA, Grinton BE, Dibbens LM, Turner SJ, Zielinski MA, Xu R, Jackson G,
Adams J, Connellan M, Petrou S, Wellard RM, Briellmann RS, Wallace RH, Mulley
JC & Berkovic SF. 2007. Temporal lobe epilepsy and GEFS+phenotypes associated
with SCN1B mutations. Brain, 130, 100-109.

Steinmetz CC & Turrigiano GG. 2010. Tumor necrosis factor-alpha signaling maintains
the ability of cortical synapses to express synaptic scaling. The Journal of
neuroscience : the official journal of the Society for Neuroscience, 30, 14685-90.

Stellwagen D & Malenka RC. 2006. Synaptic scaling mediated by glial TNF-alpha. Nature,
440, 1054-9.

Stuart G, Schiller J & Sakmann B. 1997. Action potential initiation and propagation in rat
neocortical pyramidal neurons. The Journal of physiology, 505 ( Pt 3), 617-32.

Sutton MA, Ito HT, Cressy P, Kempf C, Woo JC & Schuman EM. 2006. Miniature
neurotransmission stabilizes synaptic function via tonic suppression of local
dendritic protein synthesis. Cell, 125, 785-799. DOI 10.1016/j.cell.2006.03.040.

Sutton MA & Schuman EM. 2006. Dendritic protein synthesis, synaptic plasticity, and
memory. Cell, 127, 49-58. DOI 10.1016/j.cell.2006.09.014.

Thiagarajan TC, Lindskog M & Tsien RW. 2005. Adaptation to synaptic inactivity in
hippocampal neurons. Neuron, 47, 725-37. 10.1016/j.neuron.2005.06.037.

200



Thiagarajan TC, Piedras-Renteria ES & Tsien RW. 2002. alpha- and beta CaMKII: Inverse
regulation by neuronal activity and opposing effects on synaptic strength.
Neuron, 36, 1103-1114. Doi 10.1016/5S0896-6273(02)01049-8.

Tokuoka H & Goda Y. 2008. Activity-dependent coordination of presynaptic release
probability and postsynaptic GIuR2 abundance at single synapses. Proceedings of
the National Academy of Sciences of the United States of America, 105, 14656-
14661. DOI 10.1073/pnas.0805705105.

Turrigiano G. 2011. Too Many Cooks? Intrinsic and Synaptic Homeostatic Mechanisms in
Cortical Circuit Refinement. Annual Review of Neuroscience, Vol 34, 34, 89-103.
DOI 10.1146/annurev-neuro-060909-153238.

Turrigiano G, Abbott LF & Marder E. 1994. Activity-dependent changes in the intrinsic
properties of cultured neurons. Science, 264, 974-7.

Turrigiano GG. 2008. The Self-Tuning Neuron: Synaptic Scaling of Excitatory Synapses.
Cell, 135, 422-435. DOI 10.1016/j.cell.2008.10.008.

Turrigiano GG, Leslie KR, Desai NS, Rutherford LC & Nelson SB. 1998. Activity-dependent
scaling of quantal amplitude in neocortical neurons. Nature, 391, 892-6.
10.1038/36103.

Turrigiano GG & Nelson SB. 2004. Homeostatic plasticity in the developing nervous
system. Nature Reviews Neuroscience, 5, 97-107. Doi 10.1038/Nrn1327.

Vitureira N, Letellier M & Goda Y. 2012. Homeostatic synaptic plasticity: from single
synapses to neural circuits. Current Opinion in Neurobiology, 22, 516-521. DOI
10.1016/j.conb.2011.09.006.

Wallace RH, Wang DW, Singh R, Scheffer IE, George AL Jr, Phillips HA, Saar K, Reis A,
Johnson EW, Sutherland GR, Berkovic SF & Mulley JC (1998). Febrile seizures and
generalized epilepsy associated with a mutation in the Na+-channel B1 subunit
gene SCN1B. Nature Genetics, 19, 366—-370.

Wang HL, Zhang Z, Hintze M & Chen L. 2011. Decrease in calcium concentration triggers
neuronal retinoic acid synthesis during homeostatic synaptic plasticity. The
Journal of neuroscience : the official journal of the Society for Neuroscience, 31,
17764-71. 10.1523/JNEUROSCI.3964-11.2011.

Wang XY, Engisch KL, Li YJ, Pinter MJ, Cope TC & Rich MM. 2004. Decreased synaptic
activity shifts the calcium dependence of release at the mammalian
neuromuscular junction in vivo. Journal of Neuroscience, 24, 10687-10692. Doi
10.1523/Jneurosci.2755-04.2004.

Wierenga CJ, Ibata K & Turrigiano GG. 2005. Postsynaptic expression of homeostatic
plasticity at neocortical synapses. Journal of Neuroscience, 25, 2895-2905. Doi
10.1523/Jneurosci.5217-04.2005.

Wierenga CJ, Walsh MF & Turrigiano GG. 2006. Temporal regulation of the expression
locus of homeostatic plasticity. Journal of Neurophysiology, 96, 2127-2133. DOI
10.1152/jn.00107.2006.

Wimmer VC, Reid CA, So EY, Berkovic SF & Petrou S. 2010. Axon initial segment
dysfunction in epilepsy. The Journal of physiology, 588, 1829-40.

201



Wong RK, Prince DA & Basbaum Al. 1979. Intradendritic recordings from hippocampal
neurons. Proceedings of the National Academy of Sciences of the United States of
America, 76, 986-90.

Yu LMY & Goda Y. 2009. Dendritic signalling and homeostatic adaptation. Current
Opinion in Neurobiology, 19, 327-335.

Zhang Y, Behrens MM & Lisman JE. 2008. Prolonged exposure to NMDAR antagonist
suppresses inhibitory synaptic transmission in prefrontal cortex. Journal of
neurophysiology, 100, 959-65.

202



CHAPTER 5

CONCLUSIONS AND FUTURE DIRECTIONS

5.1 OUTSTANDING QUESTIONS

The critical role for the phosphoinositide lipid, PI(3,5)P,, in bidirectional control
of synapse function raises numerous questions in regards to the mechanism by which
this minor component of the cytosolic-side of the membrane exerts control in neurons.
What are the specific protein effectors of PI(3,5)P,? Where is PI(3,5)P;, synthesized?
What activates the sole kinase responsible for the synthesis of PI(3,5)P,, PIKfyve?
Answering these questions will provide insights into cellular function and may suggest
novel strategies for treatment of diseases linked to defects in phosphoinositide lipid

synthesis. Below, | will outline possible future directions for addressing these questions.

5.2 IDENTIFICATION OF PIKFYVE ACTIVATORS

Identification of activators of PIKfyve is critical for understanding
phosphoinositide lipid biology and the etiology of related disease. The [3H]-inositol
labeling experiments are expensive and labor intensive, but are currently the best
technique developed to examine PIKfyve activity. Alternatively, lysosome/vacuole size
may be analyzed as PI(3,5)P, controls the size of this endosome. However, this
phenotypic analysis is not sensitive enough because defects unrelated to PI(3,5)P, levels

may also cause the enlargement of endosomes, including lysosomes. For example, in

203



TRPML1"" cells the endolysosomal membranes are enlarged (reviewed in Cheng et al.
2010). These cells are phenotypically similar to PI(3,5)P, deficient cells. While the
TRPML1 channels interact with PI(3,5)P, and (Dong et al. 2010), there is no evidence
that loss of TRPML1 causes a change in PI(3,5)P, abundance. Instead, overexpression of
TRPML1 in PI(3,5)P, deficient cells is sufficient to suppress the appearance of enlarged
lysosomes (Dong et al. 2010). Thus, a change in vacuole or lysosome size could be
driven by effects that are independent of PI(3,5)P, levels. The identification of upstream
PIKfyve activators would be hastened greatly by the development of better tools to
measure PIKfyve activity. For example, a highly dynamic fluorescent probe for PI(3,5)P,
could be used to screen extracellular stimuli for an impact of PI(3,5)P, synthesis or
conversion. Additionally, a better understanding of how the activity of PIKfyve is
regulated — whether through phosphorylation or regulation by closely associated
proteins — will be critical for a complete understanding endosomal function and may
lead to the development of different PIKfyve activity assays. For example, if PIKfyve
activity is regulated through phosphorylation, it may be possible to generate a phospho-
specific antibody for the active kinase. This would be useful for measuring PIKfyve
activity in neurons and other cells.

The results of my dissertation work, suggest that neural activity activates
PIKfyve, as | found that PI(3,5)P; is elevated in neurons during NMDA stimulation and
following chronic hyperactivation. An exciting possibility is that this activation of
PIKfyve requires calcium influx as would be expected with strong activation of excitatory

synapses. If PIKfyve activity is regulated in a calcium-dependent manner, then chelating
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calcium or blocking calcium influx should decrease active PIKfyve and PI(3,5)P; levels.
This could be investigated in neurons maintained in culture for 3 weeks and PIKfyve
activity assessed by incubation various agents to test the hypothesis that calcium
activates Fab1: (1) BAPTA/AM (cell-permeable) mediated chelation of calcium inside
and outside the cells. (2) Calcium influx blockade by a cocktail of inhibitors which can be
applied together or separately to isolate the source of calcium: APV (NMDA receptor
antagonist), Nifedipine (L-type voltage-gated calcium channels), w-conotoxin (blocks N-
type calcium channels) and/or w-agatoxin (blocks P/Q-type calcium channels). (3)
Calcium influx could be increased by high-potassium stimulation (15 mM KCI) or NMDA

stimulation.

5.3 WHAT IS THE ROLE OF THE PDZ-INTERACTING DOMAIN IN VAC14?

Vacl4 is the scaffolding protein that regulates PIKfyve activity. Loss of Vac14
reduces the levels of PI(3,5)P, by 50% and leads to strengthening of synapses (Zhang et
al., 2012). Additionally, we found that Vac14 is localized to excitatory synapses. Since
loss of PIKfyve also results in a similar increase in synapse strength, we concluded that
the changes in synapse strength require PIKfyve activity and do arise directly from the
loss of Vac14. However, Vacl4 contains a PDZ interacting domain which has the
potential for interacting with numerous proteins in the postsynaptic density. These
interactions may or may not be critical for Vacl4-dependent regulation PIKfyve activity,
but it is possible that the interaction of Vac14 with a synaptic protein is critical for
synthesis of PI(3,5)P; at specific membrane subdomains. These observations, together

with the finding that nNOS, which functions at the synapse in the regulation of
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neurotransmission, binds Vac14 through a PDZ domain in vitro (Lemaire and
McPherson, 2006), suggest that a functional interaction between Vac14 and nNOS
exists. This has yet to be tested directly and in addition to direct tests of this
interaction, exploration of other PDZ-containing proteins may be critical for

understanding PI(3,5)P, in synaptic physiology.

There is an abundance of synaptic proteins with PDZ binding domains (Kim and
Sheng, 2004) that may interaction with Vac14. One intriguing possibility is AMPA
receptor subunits or adaptors that have known PDZ domains. For example, AMPA
receptor subunits interact with PDZ domain containing proteins such as GRIP (Dong et
al., 1997). Similarly, synapse strength is sensitive to PDZ-mediated interactions with the
C-terminal domain of GIuA1 subunit (Shi et al., 2001). Note, these results are in contrast
to another study that examined synapse function and LTP, which were normal, in
knockin mice lacking the C-terminal PDZ-interacting domain of GIuA1 (Kim et al., 2005).
In another example of the importance of PDZ domain interactions, the PDZ domain of
PSD95 is necessary, but not sufficient, for scaling down after hyperactivation (Sun and

Turrigiano, 2011).

5.4 SUBUNIT SPECIFIC TRAFFICKING TO THE LYSOSOME
A critical open question of my dissertation research is where, in the cell, does
PIKfyve activity influence the plasma membrane, surface proteins. Does PIKfyve play a
direct role on the plasma membrane? Do the roles of PI(3,5)P, that are known to occur

in the late endosome/lysosome account for the change in the surface membrane
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embedded proteins? Indeed the best understood endosomal compartments associated
with PI(3,5)P,, the late endosome and lysosome, are involved in activity-dependent
modifications to synapse strength. After long-term depression, AMPA receptors are
sent to lysosomes (Ehlers, 2000, Lee et al., 2004). How defects in the lysosomal
degradation of AMPA receptors impacts the surface pools of AMPA receptors is unclear,
but may involve subunit specific trafficking of AMPA receptors during synaptic plasticity,
such as LTP (Hayashi et al., 2000, Passafaro et al., 2001, Shi et al., 2001) or NMDA
stimulation which causes GIuR2 and GluR3 containing AMPA receptors to accumulate
with lysosomes (Lee et al., 2004). Note, however that no specific subunit is required for
LTP (Kim et al., 2005, Panicker et al., 2008, Granger et al., 2013)} or chronic inactivity-
induced homeostatic synaptic plasticity (Altimimi and Stellwagen, 2013). In my
experiments that tested the hypothesis that PIKfyve activity is required for AMPA
receptor trafficking, | found pHluorin-tagged GIuA2, but not GluA1, were sensitive to
PIKfyve inhibition. Notably, GluA2 trafficked more slowly to the surface following
NMDA stimulation and PIKfyve inhibition eliminated the difference between GluA2 and
GluA1l recycling rates. Thus, one possibility is that PIKfyve inhibition specifically blocked
the trafficking of the pools of GluA2 destined to the lysosome and these results are

consistent with a role for PIKfyve activity in trafficking GluA2 to the lysosome.

5.5 STUDYING PIKFYVE ACTIVITY IN INTACT NEURAL CIRCUITS

To further understand the role of PI(3,5)P, in regulation of synaptic function, it
will be important to measure the impact on synapse function in intact networks due to
loss of PIKfyve activity, pharmacologically or genetically. All mutant mice that have

207



impaired Fab1l activity (Vac14'/', Fig4’/’, hypomorphic Fab1) die early, which has required
the use of neuronal cultures. In the hippocampus, the Schaffer collateral pathway that
connects hippocampal area CA3 to CAl is well understood and has been the focus of a
large number of studies of synapse function and plasticity (reviewed in (Bliss and
Collingridge, 2013)). A conditional knockout of PIKfyve in pyramidal neurons would
greatly aid the further investigation of these pathways. It may be possible for the
examination of synapse function in the Fig4'/' mice, which can live up to 6 weeks. This is
long enough for the brain to develop functional neural networks. LTP and LTD is reliably
induced over a range of ages and commonly studied slices from two week old animals.
The impact of reduced PI(3,5)P, synthesis on basal synaptic properties and forms of
synaptic plasticity in intact networks is completely unknown.

Two inhibitors, YM201636 and apilimod, which are reversible, independent
inhibitors of Fab1 may be useful in vivo or in ex vivo hippocampal slice experiments.
Applied to slices while monitoring the response of CA1 pyramidal cells to Schaffer
collateral stimulation, these inhibitors may reveal roles for PIKfyve in baseline
conditions and during induction of plasticity. For example, LTP could be induced by
high-frequency tetanic stimulation (4 trains of 100 Hz, separated by 1 min) and followed
for 1 hour with pulses every minute. Expression of LTP is thought in part to involve the
reduction of AMPA receptor internalization and stabilization on the cell surface. Thus, if
the loss of PI(3,5)P, impairs AMPA receptor endocytosis as observed in cultured
neurons, then LTP may be enhanced in Fig4'/' slices or in the presence of PIKfyve

inhibitors as the defect in endocytosis prevents AMPA receptors from being normally
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internalized. The inhibitors could also be used to investigate the temporal regulation of
LTP by PI(3,5)P; by limiting their application to either during or after induction of LTP.
Another, potential interesting experiment would be to re-examine LTD in slices, with
electrical stimulation (as opposed to bath application of NMDA as | utilized in cultured
hippocampal neurons). LTD could be induced by low-frequency stimulation (900 pulses
at 1 Hz) and monitored for 1 hour with pulses every minute. Increased rate of AMPA
receptor endocytosis is involved in LTD (reviewed in (Anggono and Huganir, 2012)). In
rat hippocampal cultures, | found that Fab1l inhibition blocks the induction of chemical
LTD. However, | also found that Vac14” neurons expressed cLTD. Together, these
results suggest complete inhibition of PIKfyve activity, and not just decreased activity as

in the Vac14” or Fig4'/' mice, may be necessary to block LTD.
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Appendix A
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Figure A.1 - Neuronal expression of the PI(3,5)P, reporter (eGFP-ML1N*2) is found in
axons
Cultured hippocampal neurons were transfected on DIV20 with 1 ug eGFP-ML1N*2
plasmid DNA and 0.5 pg synaptophysin-mCherry by the calcium phosphate transfection
protocol and incubated for 24h in the 37C, 5%CO0, incubator. Neurons expressing both
plasmids were imaged live on the confocal microscope. The extracellular solution
contained: 119 mM NaCl, 5 mM KCI, 2 mM CaCl2, 2 mM MgCI2, 30 mM glucose, 10 mM
HEPES, pH 7.4. Z-projected, median filtered (0.5 pixel), background subtracted images
are shown. 5 axons of 5 different neurons were analyzed. Most synaptophysin-mCherry
positive puncta (likely presynaptic terminals) also have eGFP-ML1IN*2; these results
suggests that PI(3,5)P, may be localized to presynaptic terminals.
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Appendix B

A) Control .
soma dendrite .
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mCh-ML1IN*2
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10 um um
Figure A-2. Inhibition of PIKfyve increases Lamp1l compartment size and decreases the

colocalization of the PI(3,5)P, reporter with lysosomes

Cultured hippocampal neurons were transfected on DIV19 with 1 ug mCherry-ML1N*2
plasmid DNA and 1.0 ug Lamp1-eGFP by the calcium phosphate transfection and incu-
bated for 24h in the 37C, 5% C02. After 24h, a subset of dishes were treated with 2uM
YM201636 for an addition 1 or 24h. Neurons expressing both plasmids were imaged live
on the confocal microscope. The extracellular solution contained: 119 mM NaCl, 5 mM
KCl, 2 mM CaCl2, 2 mM MgCI2, 30 mM glucose, 10 mM HEPES, pH 7.4. Z-projected im-
ages are shown. A) Representative image of a control neuron (one experiment, 10 cells).
B) Representative image of a neuron treated with 2uM YM201636 for 1 or 24 hours prior
to imaging (one experiment, 7-9 cells per timepoint). PIKfyve inhibition increases the
size of the Lamp1 compartments within 1h and decreases the colocalization of Lamp1
and mCh-ML1N*2. After PIKfyve inhibition some punctate signal is still apparent in the
mCh-ML1IN*2 channel; these puncta appear to be inside Lamp1 compartments and thus
are probably not binding PI(3,5)P, or reporting the localization of PI(3,5)P..
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Appendix C
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Figure A-3. Homeostatic responses to changes in activity maintain neural networks
within a dynamic range

Changes in the strength postsynaptic dendritic spine — or sensitivity of the postsynaptic
compartment to neurotransmitter — can drive changes in the level neural activity. With-
out compensatory regulation of the strength of the synapse, subsequent bouts of synap-
tic plasticity could eventually lead to saturation of the network, which would leave the
network insensitive to further synaptic inputs.
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Appendix D
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Figure A-4. Vac14 knockout neurons express normal long-term depression

A) Representative intracellular recordings of mEPSCs from DIV 14 wild-type and Vac14”
neurons under basal conditions (top traces) and 30-90 min after induction of long-term
depression (bottom traces). Long-term depression was induced by stimulating neurons
for 5 min (followed by returning neurons to reserved media for 30 min) with the fol-
lowing solution: 20 uM NMDA, 1 uM glycine, 25 mM HEPES, 120 mM NaCl, 5 mM KCl, 1
mM CaCl,, 0.2 mM MgCl,, 30 mM D-glucose, pH 7.4. The extracellular recording solution
contained HBS: 119 mM NaCl, 5 mM KCl, 2 mM CaCl,, 2 mM MgCl,, 30 mM Glucose, 10
mM HEPES, pH 7.4 plus 10 uM bicuculline (Tocris, 0130) and 1 uM TTX (EMD Bioscience,
554412). The internal pipette solution contained: 100 mM cesium gluconate, 0.2 mM
EGTA, 5 mM MgCI2, 40 mM HEPES, 2 mM Mg-ATP, 0.3 mM Li-GTP, 1 mM QX-314 (pH
7.2). Pipette resistance ranged from 3-5 MQ. Neurons with a pyramidal-like morphol-
ogy were targeted for analysis. For Vac14” neurons, neurons with minimal vacuolation
were targeted for analysis. Neurons were voltage clamped at -70 mV, and series resis-
tance was not compensated. mEPSC amplitude and frequency were analyzed offline
using Minianalysis (Synaptosoft). Cultured neurons with a pyramidal-like morphology
were voltage-clamped at =70 mV. B) Mean (#SEM) mEPSC amplitude. Induction of LTD
reduces mEPSC amplitude similarly in both wild-type and Vac14”- neurons (Wild-type:
14.32+0.60 pA, n=10. Wild-type+cLTD: 11.67+0.41 pA, n=9. Vac14”’: 16.87+0.77 pA,
n=10. Vac147 +cLTD: 12.17+0.49 pA, n=14. ANOVA, F(3,39)=15.93, p=6.47e-07, Tukey-
Kramer post hoc).*significantly different (p<0.05). C) Mean (+SEM) mEPSC frequency.
Induction of LTD does not significantly reduce the frequency of events (Wild-type:
1.22+0.34 Hz, n=10. Wild-type+cLTD: 0.93+0.24 Hz, n=9. Vac14” : 1.56+0.34 Hz, n=10.
Vacl4” +cLTD: 0.94+0.20Hz, n=14. ANOVA, F(3,39)=1.15, p=0.34).
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Appendix E

Introduction to recording miniature excitatory postsynaptic currents (or ‘minis’)

In dissociated neuronal cultures, spontaneously active networks form with
functional synapses. The strength of the synapse can be assessed by measuring the
presynaptic probability of releasing a neurotransmitter-filled synaptic vesicle and the
postsynaptic sensitivity to neurotransmitter. There are multiple ways to quantify
synaptic properties, including visualizing synapse-specific proteins with
immunocytochemistry and electrophysiological techniques. For my analysis of Vac14”
synapses, | have focused on electrophysiology because | wanted to know if there are
defects in functional synapses.

In all of my experiments, | have focused on glutamatergic synapses in
“pyramidal-like” neurons, which were identified by morphology. Glutamate is released
by the presynaptic terminal and acts as an agonist on glutamate receptors on the
postsynaptic neuron. lonotrophic glutamate receptors (AMPA-, NMDA-, and Kainate-
type) open ion permeable pores when glutamate binds. The flux of ions through these
channels can be measured using an electrophysiology approach called “voltage clamp.”

In voltage clamp or more generally “patch clamping”, a glass microelectrode is
lowered onto the plasma membrane of a neuron and light suction is applied to for a

tight seal between the membrane and the glass. Once the resistance of the seal is really
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high (>1 GigaOhm) any current measured through the pipette must be due to opening
and closing of ion channels inside the patched membrane. Typically, only one channel
would be patched at a time (“single-channel recording") so this allows the analysis of
the dynamics of opening and closing of that channel. In order to measure macroscopic
whole-cell currents (such as synaptic currents), | break through the patched membrane
by applying a pulse of suction through the pipette, thereby creating a hole in the
membrane with low resistance (<25 MQ). The tight seal between the glass pipette and
the membrane is intact after making this hole, current doesn’t leak through the seal and
the extracellular solution does not get into the cell. Importantly, the solution filling the
pipette does dialyze the cell, which provides the opportunity to deliver drugs or alter
the ion composition inside the cell.

Electrical properties of cells can be investigated by applying an equivalent
electrical circuit and then using the relationship between voltage (V), current(l) and
resistance(R) defined by Ohm’s Law (V = IR). In Figure A-5, Vi is the cell resting

membrane potential or the difference in potential across the plasma membrane. The

y
AV
Rs (pipette T — - v
resistance)

pipette pipette

R (cell
resistance)

) C (cell
V, (cell resting capacitance)
potential)

Equivalent circuit for a simple cell The current response of the cell
due to a change in voltage (AV)

in the pipette

Figure A-5. Equivalent circuit schematic
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plasma membrane can be thought of as a capacitor (C) since it is made of hydrophobic
core, which means that there is a separation of charge across the membrane. The
plasma membrane also has a resistance (R) to flow of current (I). The resistance is a
function of the number of ion channels in the plasma membrane. If more ion channels
open (e.g. in response to glutamate), then the membrane becomes less resistant to ion
flux. If ion channels close, the membrane increases the resistance. A pipette in whole-
cell configuration (described below), will be able to measure the voltage or current
across the tip of the pipette as well as inject current into the cell to modulate the
membrane potential. For example, the pipette can be used to depolarize the cell
membrane by injecting current that makes the inside of the cell more positive and
thereby decreases the separation of charge across the membrane. The amount of
current required to depolarize the membrane a specific amount is calculated by Ohm’s
Law (| = V/R). Importantly, the pipette tip also acts as a resistor (R;), so the voltage
measured across the pipette tip is the result of the sum of R and R;(resistance in series
adds). If Rs is kept low and the injected current is also small, this error is negligible.

In order to measure synaptic currents, | use the same general approach: tight
seal between pipette and membrane, then break through and record current flowing
across the pipette tip. Then, | clamp the voltage of the membrane at -70 mV (the
amplifier and pipette head stage calculate the amount of current to inject until the
voltage equals -70mV). For healthy cells, the current required to reach -70mV is low
(<100pA) and constant (doesn’t change over the course of the experiment). The

membrane potential of -70mV is chosen because it is near resting membrane potential
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and the equilibrium potential for chloride-permeable ion channels (such as GABAx
receptors), thereby allowing excitatory postsynaptic currents (EPSCs) to be isolated for
analysis. The extracellular bath solution also helps to isolate EPSCs because it includes
TTX (voltage-gated Na channel antagonist) to prevent neurons from firing action
potentials and Bicuculline (GABA, receptor antagonist).

In the presence of TTX, neurons still spontaneously release single vesicles filled
with neurotransmitter but evoked release is blocked. TTX-insensitive EPSCs are referred
to as “minis” or mEPSCs since they are small compared to the amplitude of evoked
release (also see Appendix 6 for a comparison of mEPSCs to spontaneous EPSCs). Itis
well accepted that minis are the result of a quantum of saturating levels of
neurotransmitter (here glutamate), so the amplitude of mEPSCs can be used to measure
the sensitivity of the postsynaptic cell to glutamate. If the number of AMPARs increases
postsynaptically, then the amplitude of the current is expected to likewise increase. A
few people have seen size of the quantal release change (presynaptic) in situations
where the neurotransmitter transporter expression changes, however this is not
common but is something to keep in mind. The most conservative conclusion to make
about the increased amplitude of mEPSCs is that these results are consistent with
postsynaptic changes in AMPAR expression. The frequency of mEPSCs is typically
interpreted to reflect the number of synapses since the quantum of glutamate is
released randomly, the more synapses the higher the frequency. Another
interpretation could be that changes in frequency reflect a change in the probability of

neurotransmitter release (or, in other words, vesicle fusion); however, this conclusion
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requires further analysis (e.g. paired-pulse facilitation or imaging active terminals with
fluorescent indicators).

In summary, | use whole-cell patch clamping to voltage clamp the postsynaptic
neuron at -70 mV and record synaptic currents in the presence of TTX and bicuculline
(mEPSCs). In voltage-clamp, the membrane potential is help constant by injecting
current through the pipette. When a quantum of glutamate is released and opens
ionotropic glutamate receptors (e.g. AMPA-type). The flux of ions through the
ionotropic glutamate receptors acts to depolarize the membrane slightly. Since I’'m
using voltage-clamp mode the membrane potential is held constant, which means a
small amount of current must be applied to oppose the depolarization. The pipette
records this current and we call such events “mEPSCs.” Data analysis is done manually
using a specialized program called “MiniAnalysis” where each mEPSC is identified by eye
(using kinetics). The program organizes the many parameters measured into a table,

which can then be analyzed for average amplitude and frequency.
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Appendix F
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Figure A-6. Comparison of miniature and spontaneous postsynaptic currents

Cultured hippocampal neurons form spontaneously active networks that form function
synaptic connections. In response to an action potential arrival in the presynaptic
terminal, calcium influx increases and drives vesicle fusion with the plasma membrane.
The fusion of the vesicle allows for neurotransmitter to release into the synapse and
activate postsynaptic receptors. These events can be observed in the postsynaptic
neurons by whole-cell voltage clamp and are called “spontaneous” excitatory
postsynaptic currents (SEPSC). The spontaneous activity can be prevented by application
of tetrodotoxin (TTX) which is an antagonist of voltage-gated sodium channels. Voltage-
gated sodium channels are responsible for the initiation of action potentials, thus
blocking these channels prevents action potential firing. In the absence of action
potentials, seemingly random vesicle fusion events continue to occur. These synaptic
events are called miniature EPSC s (mEPSC). As each event reflect the release of a
guantum of neurotransmitter.
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Appendix G
B)
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Q) D)
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PIKfyve shRNA (DIV21, 1week after infection) control (non-targeting) shRNA (DIV21, +1wk)

Figure A-7. Images of neurons after PIKfyve knockdown

A) Differential Interference Contrast (DIC) image of mature mouse cultured hippocampal
neurons (DIV21). B) Rat hippocampal cultured neurons appear similar to (A) at DIV21.

C) Vacuoles (arrowhead) are apparent in neurons infected with PIKfyve shRNA lentivirus
after 7 days. Vacuoles began to appear 4 days after infection. D) Infection with non-tar-

geting shRNA lentivirus did not cause vacuoles to form and was generally well tolerated.
The experimental proceedures describing these experiments may be found in Chapter 3
(section 3.5.3).
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Figure A-8. Citrine-PIKfyve distribution changes after chronic hyperexcitation

A) To gain further insight into the subcellular sites of PI(3,5)P, synthesis following
chronic hyperactivation, we examined the localization of fluorescently tagged PIKfyve
(Citrine-PIKfyve) and found it was more abundant in dendrites and the soma after 24h
Bic (A-B). Notably, the increase iwas largely driven by increased diffuse fluorescence.
Under basal conditions Citrine-PIKfyve is punctate and concentrated in the cell body (A).
Following Bic treatment, Citrine-PIKfyve becomes both more diffuse (C-D). The increase
in diffuse signal is unexpected since the PIKfyve substrate is embedded in membranes.
One possibility is that with hyperactivity the compartments with which PIKfyve localizes
became too small to resolve at the level of light microscope. The development of

an antibody for activated PIKfyve would be required to determine the membrane
subdomains where PIKfyve functions during synaptic weakening.
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Figure A-9. Inhibition of PIKfyve in wild-type MEFs by 1 uM apilimod

Inhibition in mouse primary fibroblasts by 1 uM apilimod for the specified times (2.5, 5,
10, 30 and120 mins) results in a rapid depletion of PI(3,5)P, and PISP (n=3). Note, the
increase in PI3P during PIKfyve inhibition is likely due to accumulation of the pool of
PI3P that is the precursor for PI(3,5)P, synthesis. These experiments were performed by
Yanling Zhang and reanalyzed here for PI(3,4,5)P3 levels, which are stable with apilimod.
Note, for each lipid, except PI(3,4,5)P,, PIKfyve inhibition impacts the levels similarly
(compare to Figure A-10).
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Figure A-10. Inhibition of PIKfyve in wild-type MEFs by 1.6 uM YM201636

Inhibition in mouse primary fibroblasts by 1.6 uM YM201636 for the specified times (2.5,
5,7.5, 10, 20 and 60 mins) results in a rapid depletion of PI(3,5)P, and PISP (n=4). Note,
the increase in the level of PI3P during PIKfyve inhibition is likely due to accumulation of
the pool of PI3P that is the precursor for PI(3,5)P, synthesis. The rapid decrease in the
level of PI(3,4,5)P, observed following PIKfyve inhibition in as little as 5 min is likely due
to off-target effects of the inhibitor. These experiments were performed by Sergey Zolov
and portions published previously in Zolov et al. (2012).

Zolov SN, Bridges D, Zhang Y, Lee WW, et al., & Weisman LS. 2012. In vivo, Pikfyve gener-
ates PI(3,5)P2, which serves as both a signaling lipid and the major precursor for PI5P.
Proceedings of the National Academy of Sciences, 109, 17472-17477.
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Appendix J

Table 4. Homeostatic changes in protein levels or activity following prolonged changes
in neural activity (>12h; slow homeostatic synaptic plasticity)

KEY
Increased

Decreased
No Change

INACTIVITY HYPERACTIVITY REFERENCE
A-actinin2 TTX Ehlers, 2003
Arc TTX Shepherd et al., 2006
ARMS/Kidins220 TTX Cortes et al., 2007
AKAP79/150 TTX Ehlers, 2003
B3 Integrin TTX Cingolani et al., 2008
TTX Thiagarajan et al., 2002
aCaMKll AP-5 or NBQX Thiagarajan et al., 2002
TTX Ehlers, 2003
TTX or NBQX Thiagarajan et al., 2002
BCaMKiIl AP-5 Thiagarajan et al., 2002
TTX ][ Ehlers, 2003
CaMKII-T286P TTX BIC Ehlers, 2003
p-EphA4 BIC Fuetal., 2011
EphA4 BIC Peng et al., 2013
APV/CNQX PTX/STRYCH O'Brien et al., 1998
TTX Galvan et al., 2003
NBQX Thiagarajan et al., 2005
AP-5 Thiagarajan et al., 2005
TTX Shepherd et al., 2006
TTX Hou et al., 2008
Kir2.1 (PRE) Hou et al., 2008
GluAl TTX Hu et al., 2010

TTX
TTX
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Jakawich et al., 2010
Anggono et al., 2011
Fuetal., 2011

Lee et al., 2011

Shin et al., 2012
Peng et al., 2013
Siddoway et al., 2013




APV/CNQX
NBQX
TTX
Kir2.1 (PRE)
TTX
GluA2 TTX
TTX

PTX/STRYCH

O'Brien et al., 1998
Thiagarajan et al., 2005
Cingolani et al., 2008
Hou et al., 2008

Hu et al., 2010
Jakawich et al., 2010
Anggono et al., 2011
Lee et al., 2011

Shin et al., 2012
Altimimi and Stellwagen, 2013
Peng et al., 2013
Siddoway et al., 2013

Ehlers, 2003
Shin et al., 2012

Hou et al., 2008

TTX
GKAP TTX
GRIP Kir2.1 (PRE)
HCN1 TTX
Homer TTX
Homerla TTX
I-2 p-S43 TTX
mGIluRla TTX
Myosin Va TTX
nNOS TTX
TTX
NR1, NR2B TTX
NR2A
NSF
PICK1
PKA-cat
PKA-RIIB
PKCB
PKCe
PKCy
PIk2 (SNK)
PP1 TTX
Kir2.1 (pre)
TTX
PSD95

(hippocampus)
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Arimitsu et al., 2009

Ehlers, 2003

Hu et al., 2010

Siddoway et al., 2013

Ehlers, 2003

Ehlers, 2003

Ehlers, 2003

Ehlers, 2003
Galvan et al., 2003
Casanova et al., 2013

Ehlers, 2003
Casanova et al., 2013

Ehlers, 2003

Anggono et al., 2011
Peng et al., 2013

Ehlers, 2003

Ehlers, 2003

Ehlers, 2003

Ehlers, 2003

Ehlers, 2003

Pak and Sheng, 2003
Seeburg and Sheng, 2008

Ehlers, 2003

Hou et al., 2008
Jakawich et al., 2010
Peng et al., 2013

Lee et al., 2011

Pak and Sheng, 2003
Shin et al., 2012




BIC Fuetal., 2011

PSD95 (cortical) BIC Fuetal., 2011
TTX or DNQX PTX OR BIC Sun and Turrigiano, 2011
TTX BIC Ehlers, 2003
PSD93 TTX or DNQX PTX ORBIC Sun and Turrigiano, 2011
TTX BIC Shin et al., 2012
Active Rap2 PTX Lee et al., 2011
Active Ras PTX Lee et al., 2011
PSD93 TTX BIC Ehlers, 2003
TTX BIC Ehlers, 2003
Sap102 L
TTX or DNQX PTX OR BIC Sun and Turrigiano, 2011
Shank TTX BIC Ehlers, 2003
Spinophilin TTX BIC Ehlers, 2003
SynGAP TTX BIC Ehlers, 2003
Tubulin TTX BIC Ehlers, 2003

PTX Pak and Sheng, 2003

Rap GAP (SPAR) PTX Lee et al., 2011
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