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Chapter |

Introduction

Cognition is the fundamental mental process of acquiring and understanding
knowledge. This core function is mediated by the central nervous system (CNS), which is
composed of neural circuits. These circuits are neurons communicating via intercellular
connections called synapses. Synapses are signaling junctions that translate electrical
action potentials into the fusion of neurotransmitter-filled vesicles with the cell membrane.
This results in neurotransmitter release and binding to postsynaptic receptors to
propagate the signal forward. The amino acid glutamic acid (glutamate) is the primary
excitatory neurotransmitter mediating cognition signaling. Genetic perturbations in this
synaptic connectivity function lead to a wide range of neurological diseases,’ including
Fragile X syndrome (FXS)? and Noonan syndrome (NS).3# Both of these disease states
cause cognitive impairment via well-defined single gene mutations. The aim of my
dissertation was to test for putative intersecting synaptic roles, including mechanisms that
go awry in both single and combined disease models, and determine whether targeted
genetic and pharmaceutical interventions could restore normal synaptic function.
Drosophila models for both FXS and NS disease states are well-established, and the
Drosophila neuromuscular junction (NMJ) has been used as a glutamate synapse model

for nearly 50 years. | therefore employed this system for all of my dissertation studies.

The Drosophila Neuromuscular Junction

Overview
Drosophila has been indispensable for the discovery of conserved cellular and

molecular mechanisms central to both normal physiology and a vast spectrum of heritable
disease states. Five Nobel Prizes, which are awarded to those who “conferred the
greatest benefit to humankind,” have recognized Drosophila research, ranging from the
mechanisms of chromosomal inheritance (1933) to the control of daily circadian rhythms

(2017). Drosophila discoveries are facilitated by a short life cycle, reduced genetic



complexity, and wealth of sophisticated genetic tools.>® One such tool is the UAS/Gal4
system for targeted gene expression which exploits the yeast Gal4 transcriptional
activator downstream of a tissue-specific promoter, such as the neuron-specific elav
(embryonic lethal abnormal vision) gene.”® The Gal4 recognizes an Upstream Activating
Sequence (UAS) in transgenic constructs for controlled expression or RNA interference
(RNAI) knockdown, for example specifically in neurons.® By utilizing this system human
genes can be expressed in Drosophila to study disease-causing mutations. Moreover,
>75% of human disease genes have functional homologs in Drosophila making it an
exceptional model for most disease states.' In particular, many neurological diseases
have been modeled in Drosophila, ranging from neurodevelopmental to
neurodegenerative conditions. Since these disease states are caused predominantly by
synaptic dysfunction, the Drosophila NMJ has long been a core component of disease
modeling. This well-established glutamate synapse model shares striking similarities to
the glutamatergic synapses of the mammalian CNS,"" although synapses are formed
between a presynaptic motor neuron and postsynaptic muscle. The functions of action
potentials voltage changes across the membrane,'? depolarization-dependent synaptic
vesicle (SV) fusion at the specialize active zone (AZ) membrane sites,’® and glutamate
neurotransmitter release into the synaptic cleft to bind postsynaptic glutamate receptors™
are all highly conserved. The large presynaptic boutons and postsynaptic syncytial
muscle allow easy visualization and manipulation for studying synaptic properties,

including both synaptic structure and function.

Drosophila NMJ structure
In the Drosophila larva, 36 motor neurons project from each hemisegment of the

ventral nerve cord (VNC; analogous to mammalian spinal cord) to form peripheral motor
nerves, and then defasciculate at specified branch points to synapse onto specific muscle
targets. Each motor neuron and muscle are individually identified with a fully
characterized developmental lineage and specific name. The invariant innervation
between animals allows for comparisons across genotypes.'* The motor neuron axon
contacts the muscle in large varicosities called synaptic boutons. Three bouton classes

are distinguished based on morphology, composition, and postsynaptic elaboration.’
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Figure 1.1: Drosophila Neuromuscular Junction (NMJ) Glutamatergic Model Synapse
A graphical representation of the Drosophila NMJ. The presynaptic bouton membrane can be
marked via anti-horseradish peroxidase (HRP). In the presynaptic bouton the active zone (AZ)
“T-bar” is assembled primarily from Bruchpilot (BRP) which localizes synaptic vesicles (SVs)
filled with glutamate. In response to an action potential SVs fuse with the membrane and
glutamate is released into the synaptic cleft. Glutamate activates the four subunit glutamate
receptors (GluRs) that are stabilized by the scaffold Disc Large (DIlg) in the postsynaptic
muscle. Via endocytosis SVs are reformed and refilled with glutamate by the vesicular
glutamate transporter (vglut) which is present on all SVs. Synapsin (syn) sequesters a subset
of SVs from fusing in response to action potentials until a threshold of activity is reached.

Neurons with type | boutons form a 1-to-1 relationship with each muscle and are
subcategorized into type Ib (big; 3-6 um) and type Is (small; 2-4 um;'®). Type Ib has an
extensive postsynaptic subsynaptic reticulum (SSR) of muscle membrane folds, whereas
type Is has minimal SSR. Neurons with modulatory type Il (1-2 um) and type Il (2-3 um)
synaptic boutons contain dense core vesicles of slower-acting neuropeptides and
biogenic amines, lack SSR, and are present on a small subset of muscles.""' Type |

boutons have a high active zone (AZ) density with a T-bar architecture, whereas type Il/1l|



Figure 1.2: Immunocytochemistry of synaptic architecture at the Drosophila NMJ
Visualization of several structural components at the wandering third instar muscle 4 NMJ.
Left: The entirety of the NMJ with presynaptic membrane marked with anti-horseradish
peroxidase (HRP) and postsynaptic membrane marked with Disc Large (Dlg). Top Right: A
magnified image of representative boutons of the NMJ marked with HRP and Dlg. Middle
Right: Representative boutons with anti-bruchpilot (BRP) marking presynaptic active zones
and anti-glutamate receptor subunit C (GIuRIIC) marking corresponding postsynaptic
glutamate receptors. Together these antibodies mark functional synapses. Bottom Right:
Presynaptic synaptic vesicles (SVs) marked with anti-vesicular glutamate transporter (vglut)
and SV associated phosphoprotein anti-synapsin (syn).

boutons have fewer AZs and lack T-bars.'® AZs contain the Bruchpilot (Brp; human
homologue ELKS/CAST) scaffold’™ and the apposing postsynaptic muscle domains
contain the Discs Large (Dlg; human homologue PSD-95) scaffold.'"-17:'® Two ionotropic
glutamate receptor (GIuR; human homologue AMPA-type GluRs) classes'"'® are
distinguished based on the presence of either GIURIIA or GIuRIIB subunits alongside
three essential subunits (GIURIIC, D, and E)." The variable subunits confer differing
neurotransmission current amplitudes and plasticity properties.?® These synaptic
components are schematized in Figure 1.1.

| have used the above synaptic bouton categories, ultrastructural features, and
molecular markers to quantify NMJ synaptic structure, including synaptic area, branch
number, and bouton number.?! With immunofluorescence and confocal microscopy, | use
anti-horseradish peroxidase (HRP) antibody, which recognizes a presynaptic membrane

glycan, together with the anti-DIg antibody, which marks the postsynaptic SSR.""2" In



Figure 1.3: Ultrastructural analysis of
synaptic architecture at the NMJ

Transmission electron microscopy (TEM)
allows for the visualization of synaptic
vesicles (SVs) of type Ib boutons. Top: A
representative image of a synapse with all

£ SVs marked with a red dot. Abbreviations:

4 synaptic vesicle (SV), active zone (AZ),
> subsynaptic  reticuum  (SSR), and
. mitochondria (M). Middle: A representative
active zone displaying SVs within 0-200 nm
and 200-400 nm of the middle of the
presynaptic membrane density as marked
by the T-bar. Bottom: Higher magnification
of the presynaptic membrane density

== containing an active zone t-bar with docked

SVs, or SVs within <20nm of the
membrane, marked with an arrow.

addition to mature boutons, | have
quantified immature satellite boutons
newly budded from these boutons.'"22
Synapses can measured with anti-Brp
antibody for presynaptic AZs?' and anti-
GIuR antibodies for postsynaptic
specializations.?® Synaptic vesicle pools
can be quantified with anti-vesicular
glutamate transporter (vglut) antibody,?*
or associated markers such as anti-
synapsin (syn).?* Representative
immunofluorescence images are shown
in Figure 1.2. Synapses can be assayed
at the ultrastructural level using
transmission electron microscopy (TEM)
for visualization of SV pools, presynaptic
AZs, and postsynaptic SSR.?>%6 To

further characterize SV distribution,



numbers and densities can be analyzed.?® The electron-dense T-bar is surrounded by a
more extensive electron-dense presynaptic membrane specialized for vesicle
fusion.'”?227 SV pool identity can be inferred based on the relative distance away from
fusion competent membrane.?®> To measure SV docking, all vesicles within % vesicle
diameter of this presynaptic density can be counted.?®-3! Representative TEM images

with quantification methods are shown in Figure 1.3.

Drosophila NMJ Glia
The NMJ is a tripartite synapse consisting of the presynaptic neuron, postsynaptic

muscle, and perisynaptic glia.’ Glia cells were traditionally thought to be support cells or
“glue” within the central and peripheral nervous system. However, this cell type has been
increasingly appreciated to be involved in various fundamental processes including
maintaining ion homeostasis, regulating neurotransmitter levels at the synapse, and
remodeling via engulfment and phagocytosis.3? These processes are done by different
glial subtypes. In the Drosophila peripheral nerve there has been reported to be three
subtypes: subperineurial glia (SPG), perineurial glia (PG) and wrapping glia.®? In the
nerve the PG is the outermost glial layer, followed by SPG which establishes a diffusion
barrier via septate junctions.3® Together, the PG and SPG form the blood-brain barrier.33
The innermost glial layer is the wrapping glia, a specialized peripheral glial cell type which
enwraps all motor axons similar to non-myelinating Schwann cells in the mammalian
peripheral nervous system.3?-3 Only SPG and PG have been reported to be present at
the NMJ with neither subtype fully encapsulating any boutons.®? The various glia subtypes
at the VNC and NMJ can be visualized in Figure 1.4. At the NMJ SPG have been reported
to be involved in modulating neurotransmission via wingless and Delta/Notch signaling in
what appears to be independent pathways.353¢ PG have no current reported roles at NMJ.
Throughout this dissertation we utilize the UAS/Gal4 system to restrict or knockdown
expression of NS and NSML genes specifically to glia. Before this dissertation work, these
genes were not thought to have glial roles outside of the initial generation of glial cells or
in an injury specific model.’” The reversed polarity (repo) Gal4 allows for specific

expression in all glia.3® This specific Gal4 driver allows for a holistic look at glial NMJ



function, regardless of glial subtype, although subtype specific Gal4 lines have been

generated.

Drosophila NMJ Function
The most direct way to test synaptic function at the NMJ is two-electrode voltage-

clamp (TEVC) electrophysiology, a technique where membrane potential is controlled to
study GIuR ionic currents during neurotransmission.3%3° In this recording configuration,
two microelectrodes are inserted into the muscle to clamp at a set voltage. One
microelectrode senses the membrane voltage, while the other injects current to maintain
the clamped voltage.383° The motor nerve is cut near the VNC to allow for directed control
of signaling. Action potential-independent events, known as spontaneous events or
miniature excitatory junctional currents (mEJCs), can be recorded in the absence of
stimulation.?'3® The frequency of these events is indicative of presynaptic SV fusion
probability,*® while the amplitude is indicative of postsynaptic response to individual SV
fusion events.*? Utilizing a suction (stimulating) electrode, the motor nerve can be
stimulated to elicit an, action potential-dependent, excitatory junctional current (EJC).2":38
The TEVC recording configuration with example mEJC and EJC traces is displayed in
Figure 1.5. The stimulation paradigm can be changed to analyze basal neurotransmission
as well as responses to high frequency stimulation (HFS) conditions leading to synaptic
facilitation and/or depression.*'=*3 Varying the frequency strength allows for investigation
of functionally separate SV pools as well as different forms of synaptic plasticity.

Presynaptic activity drives modifications in release mechanisms leading to various forms
of short and long-term synaptic plasticity.44#> Different forms of synaptic plasticity are
favored depending on the type of synapse.*6:4” At the Drosophila NMJ high external [Ca?*]
combined with strong stimulation results in short-term neurotransmission depression.
This is driven by exhaustion or impairment of SVs available for fusion. One key role for
short-term depression is mediating sensory adaption or allowing diminished responses to
novel stimulation.*® In contrast, with reduced external [Ca?*] at the NMJ, many forms of
release strengthening are revealed, including short-term facilitation (<1 second), and
maintained augmentation (>5 seconds) during stimulation trains, and post-tetantic

potentiation following the train. 434749 These various forms of short-term facilitation help



subperineurial glia (SPG)

SPG>GFP

perineurial glia (PG)
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Figure 1.4: Inmunocytochemistry of glial subtypes at the Drosophila NMJ

There are three glial subtypes present at the NMJ, the subperineurial glia (SPG), perineurial
glia (PG), and wrapping glia. Left: The muscle 4 NMJ marked with HRP (magenta) and various
glia subtype Gal4 driving GFP for visualization. SPG and PG infiltrate the NMJ, while the
wrapping glia is only within the nerve. Right: The VNC marked with HRP (magenta) and
various glia subtype Gal4 driving GFP for visualization. All glial subtypes are present within
the VNC and motor neurons. Scale bars are 10 um.



strengthen synaptic connections and often act together with short-term depression to
enhance or impair information transfer.4?°0 [f either of these forms of plasticity persist,
leading to sustained changes in synaptic strength, then long-term potentiation (LTP) or
long-term depression (LTD) occur.®® LTP and LTD have been demonstrated to be the
basis of learning and memory.5253 Deficiencies in these forms of synaptic plasticity are
thought to be the basis of various neurological diseases.®! These changes in synaptic
function are driven by perturbations in SV dynamics.

Synaptic vesicles can be functionally defined into different pools, including the
readily releasable pool (RRP), the recycling pool, and the reserve pool.’*% The RRP
represents SVs that are immediately releasable upon stimulation, making the RRP size
the deciding factor in the functional response magnitude.>6 The RRP is the smallest of
the pools, at the Drosophila NMJ it is ~0.4% of total SVs, and it is quickly depleted.%*
These SVs are morphologically docked at the AZ and molecularly primed for exocytosis. ™
Docked SVs can be visualized via TEM measurements, but not all docked vesicles are
primed, so not all docked SVs are contributing to the RRP. Additionally, there is some
evidence the RRP may include nearby SVs that do not appear docked.®® A functional
method of measurement is HFS that results in the immediate fusion of the RRP followed
by replenishment from the recycling pool.%” This method assumes replenishment is
constant and utilizes known quantities of synaptic function to calculate RRP size.*®°® Since
all current RRP measurements can under or overestimate the true pool multiple forms of
measurement are often necessary.

The RRP is replenished from the SV recycling pool, which makes up 14-19% of all
SVs at the Drosophila NMJ.%458 The recycling pool can maintain release with moderate
stimulation, as this pool “recycles” SVs via endocytosis. Endocytosis is the process of
recovering SV membrane from the plasma membrane after exocytosis. There are multiple
forms of vesicle endocytosis, including clathrin-mediated, fast compensatory, activity-
dependent bulk, ultrafast, and kiss-and-run.%® Except for kiss-and-run neurotransmission,
all of these forms of endocytosis involve full fusion of the SV with the plasma membrane
followed by variable membrane retrieval. Which form of endocytosis predominates is
dependent on the stimulation/activity conditions, the endocytic membrane kinetics, and

possibly additional factors.>® Under most physiological conditions the recycling pool can
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Figure 1.5: TEVC electrophysiology allows for analysis of synaptic function
Two-electrode voltage clamp (TEVC) electrophysiology at the Drosophila NMJ allows for
analysis of action potential dependent and independent glutamatergic synaptic signaling. Top
Left: Anillustration of a dissected open wandering third instar larvae in the TEVC configuration.
In this set up the VNC is removed leaving nerves available to be picked up via the stimulating
(suction) electrode for a segment of interest. The current injecting and voltage sensing
electrodes are embedded in muscle 6 in a segment of interest. Top Right: An illustration of a
single synapse within muscle 6 highlighting the stimulating electrode is stimulating the
presynaptic neuron while the other electrodes measure changes within the postsynaptic
muscle. Bottom Left: Two representative basal action potential evoked responses, each is a
summation of 10 traces. Changes in amplitude indicate changes in overall neurotransmission.
Bottom Right: Representative action potential independent events from a single trace.
Changes in amplitude indicate a change in receptor response or quanta released from single
SVs. Changes in frequency indicate changes in SV fusion probability.
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Reserve Pool

Readily-Releaseable Pool

Figure 1.6: Synaptic Vesicles (SVs) are functionally divided into three vesicle pools

A graphical schematic of the three SV pools. The reserve pool contains the bulk of SVs and is
held in “reserve” until other SV pools are depleted. Current evidence indicates that synapsin
(syn) binds reserve SVs to each other making them unrecruitable via an action potential. With
enough stimulation different signaling pathways, including the MAPK/ERK pathway, will
phosphorylate syn and allow these SVs to mix with other pools. The recycling pool refills SVs
with glutamate and can be recruited to the readily releasable pool (RRP). The RRP is the
smallest pool and consist of docked and primed SVs in the active zone.

maintain neurotransmission. The reserve pool is recruited in intense HFS conditions that
deplete the recycling pool. The reserve pool contains the bulk of SVs, about 80% of all
SVs at the Drosophila NMJ, however recruitment of this pool remains poorly
characterized.®*>® The reserve pool is not clearly distinguishable from the recycling pool
using imaging techniques, although reserve pool SVs are thought to be most distal to the
AZ 258061 Synapsin (Syn) acting as a SV tether is perceived to maintain the reserve

pool.%1-63 The syn triple knockout (KO) mouse model to eliminate the protein, loses distal
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SVs with no change in docked SVs, indicating specific disruption of the reserve pool.63.64
Additionally, these mice have normal basal glutamatergic neurotransmission, indicating a
normal RRP, but are unable to maintain HFS function, indicating a disrupted reserve
pool.%384 The current model suggests Syn crosslinks reserve pool SVs at rest, with HFS
conditions resulting in Syn being phosphorylated and disassociates from SVs allowing
plasma membrane recruitment.?> The reserve pool can be analyzed functionally with
sustained HFS,%5-%7 or visualized via immunofluorescence by examining the overlap of

anti-Syn and an SV marker.?4%8 A simple SV pool schematic is shown in Figure 1.6.

Neuronal Diseases with Disrupted MAPK/ERK Signaling

MAPK/ERK Signaling
Regulation of synaptic plasticity through modulation of SV pool dynamics is

dependent on various signaling pathways throughout an organism’s lifespan. Key

kinase signaling pathways that modulate neurotransmission strength to control synaptic
plasticity include protein kinase A (PKA), calmodulin-dependent protein kinase I
(CAMKII), protein kinase C (PKC), and microtubule-associated protein
kinase/extracellular regulated kinase (MAPK/ERK).®® This last pathway involves initial
activation of Ras/Rac GTPases and a subsequent three-tiered kinase signaling cascade
for transduction of extracellular information into intracellular responses.’®’! Four MAPK
families are characterized, including ERK 1/2, ERK5, p38 MAPK, and the c-Jun N-
terminal kinase (JNK).”%7" The best characterized MAPK pathway (ERK1/2, henceforth
referred to as the MAPK/ERK pathway) has been extensively investigated in the nervous
system, where ERK activation is very tightly regulated.>?¢%72 The endpoint is ERK
phosphorylation (pERK), with the best described consequence of transcription factor
regulation within the nucleus.”! In synaptic boutons, pERK has another local role in
phosphorylating Synapsin leading to its dissociation from reserve pool SVs.73-75
Numerous neurological disease states display elevated ERK activity,%?’® and many
studies link such elevated ERK signaling to cognitive deficits, particularly impairment of
long-term memory (LTM) consolidation.536%77.78 | TM requires spaced learning sessions

during which ERK is activated and then decays in a temporal cycle. In this dissertation, |
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study perturbations in the MAPK/ERK pathway in the following Drosophila disease state

models.

Noonan Syndrome
Noonan syndrome (NS) is an autosomal dominant disorder first described by

Jacqueline A. Noonan in 1968.7° NS effects 1:1000-2500 individuals, making it the most
common RASopathy, a group of genetic conditions characterized by mutations in the
MAPK/ERK signaling pathway.8%8! Patients present heterogeneously in symptoms of
short stature (70%), craniofacial abnormalities, cardiac defects (most common:
pulmonary valve stenosis), skeletal deformities, and behavioral cognitive defects.
Currently there is no consensus on clinical diagnostic criteria, however these above
symptoms are indicative of NS.8%81 Other associated symptoms include developmental
delay, deafness, as well as cutaneous, metabolic, lymphatic, and bleeding defects.
Patients are diagnosed via genetic testing for pathogenic variants of the MAPK/ERK
signaling pathway invariably show gain-of-function (GoF) mutations that lead to increased
MAPK/ERK signaling.””:82 Approximately 50% of NS cases are caused by GoF mutations
in protein tyrosine phosphatase (PTP) non-receptor type 11 (PTPN11), which encodes
the protein src homology region 2 domain-containing phosphatase-2 (SHP2).81.8384 NS
patients with PTPN11 mutations display decreased cognitive abilities compared both to
the general population and NS patients with different genetic causes.?* This indicates
that PTPN11 specifically has a neuronal role that is malfunctioning with GoF mutations.
PTPN11 is a protein phosphatase, an enzyme that removes a phosphate group
from a protein, often acting to modify the affected protein’s function.®> Phosphatases
frequently act in opposition to kinases to reset intracellular signaling. Commonly
phosphatases target multiple substrates and due to this have the reputation of being
“promiscuous” and “undruggable”.8® Despite this reputation, major drug design work has
focused on inhibiting PTPN11 function by taking advantage of its autoinhibition
mechanism.?’ Its phosphatase activation is regulated by autoinhibition, with phosphatase
and N-SH2 domains interacting during inactivation, and an open conformation adopted
only with signaling activation.84 NS mutations cluster at interacting portions of N-SH2 and
PTP domains to favor the open conformation with the exposed catalytic domain, leading
to elevated MAPK/ERK signaling.88 PTPN11 positively regulates MAPK/ERK signaling
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Figure 1.7: PTPN11 and Csw protein functional domains and disease mutations

Both PTPN11 and Csw consist of three functional domains—the protein tyrosine phosphatase
(PTP) domain alongside the two tandem Src homology-2 (SH2) domains. Together these
domains interact to mediate the interaction of the PTP domain with its substrates to control
various cellular processes. Top: A comparison of PTPN11 and csw protein domains with key
mutations marked. Disease mutations marked in green are activating phosphatase mutations
leading to NS and/or JMML. Mutations marked in red are inactivating phosphatase mutations
leading to NSML or PTP dead mutation. Percentages indicate percent similarity of domains
as determined in Perkins et al, 1992. Bottom: A basic schematic of the shared Csw and
PTPN11 activation mechanism. In its inactive, autoinhibited form the PTP active site is
blocked by the N-SH2 domain. When activated via phosphorylation, the N-SH2 and PTP
domains stop interacting and the protein performs its phosphatase activity. Under normal
conditions the inactivated form is greatly favored. NS and NSML mutations lead to the active
form being sustained for longer periods of time.

via its PTP domain phosphorylating negative regulators, thus leading to less overall
negative regulation of the pathway.8'838489 |n the absence of PTPN11, MAPK/ERK
signaling is unable to function normally, causing embryonic lethality in mammals.”882
Disease models with equivalent patient mutations have been studied in mice, zebrafish,
and Drosophila.®®—%? In all cases, MAPK/ERK signaling is elevated, with associated hearts
defects. Additionally, 30-50% of NS patients show cognitive deficits,*8"9 with a PTPN11



genotype-phenotype link causing learning and memory deficits.®%2%° The mouse NS
disease model display LTP and memory deficits that are rescued by MAPK/ERK
inhibition.®® In the Drosophila NS disease model, MAPK/ERK-dependent long-term
memory (LTM) is likewise disrupted.®?>®" The Drosophila homolog of PTPN11 is
corkscrew (csw), which maintains close homology and function to PTPN11.838 A
comparison of these homologous proteins alongside common disease-causing mutations
is shown in Figure 1.7. Although previous investigations clearly indicate MAPK/ERK-
dependent deficits in the nervous system,%%% the synaptic impairments have not been

studied and are a primary focus of this dissertation.

Noonan Syndrome with multiple lentigines
Noonan Syndrome with multiple lentigines (NSML; a.k.a. LEOPARD syndrome) is

an autosomal dominant disorder that presents very similarly to NS.8088%4 | jke NS,
patients present with short stature, craniofacial abnormalities, cardiac defects (most
common: hypertrophic cardiomyopathy, then pulmonary valve stenosis), skeletal
deformities, hearing deficits, and neurocognitive defects. NSML uniquely has lentigines,
dispersed flat, brownish macules, that appear progressively with age, and which present
mostly on the face, neck, and upper part of the trunk.8%% Upon finding key symptoms,
NSML patients diagnosed via genetic testing show PTPN11 loss-of-function (LoF)
mutations in >95% of cases.8%9%.97 These mutations always affect the PTP domain to
reduce phosphatase activity. Notably NS and NSML share most disease symptoms, but
are molecularly opposites: GoF vs. LoF mutations, respectively. However, many studies
have shown that in both disease states the SHP2 autoinhibition mechanism is disrupted
to cause elevated MAPK/ERK signaling.88%4 Less NSML patient work has been done,
but about the same frequency of patients (30-50%) have been reported with cognitive
deficits®. In the Drosophila NSML disease model, MAPK/ERK-dependent long-term
memory (LTM) is disrupted, just like in the NS model.5?°! Based on available evidence,
we hypothesized that synaptic dysfunction in NS and NSML Drosophila disease models
would act via the same mechanism. We additionally hypothesized that Fragile X
Syndrome, a disease with upregulated MAPK/ERK signaling and disrupted LTM was also

acting via a shared mechanism.
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Fragile X syndrome
Fragile X syndrome (FXS) is an X-linked dominant disorder first described by J.

Purdon Martin and Julia Bell in 1943.98 FXS effects approximately 1 in 5000 males and 1
in 7000 females, making it the most common heritable form of intellectual disability, and
the second most common genetic cause of intellectual disability after Down Syndrome.®°
Due to FXS being X-linked, patients present differently depending on gender, with males
generally having more severe symptoms. Patient behavioral symptoms include moderate
to severe intellectual disability, learning and memory deficits, speech and language delay,
autistic characteristics, anxiety, and hyperactivity.®®'% Individuals are usually diagnosed
within the first 36 months due to developmental delays.'®! Physical features of FXS are
not usually evident at birth, but start to become apparent during early childhood. These
non-neurological symptoms include craniofacial abnormalities (83%),'%? cardiac defects
(most common: mitral valve prolapse-55%), skeletal deformities, growth abnormalities,
recurrent otitis media (53%--complications include conductive hearing loss), sleep
problems (27%), strabismus (16%), seizures (10%), and gastrointestinal problems
(10%).1%3 The clear phenotypic overlap between FXS and NS/NSML extends beyond the
cognitive impairments to parallel hearing and cardiac deficits.

FXS is a monogenetic disorder caused by the inactivation of the fragile X mental
retardation 1 (FMR1) gene that encodes the Fragile X Mental Retardation Protein
(FMRP).99:102,104 Thjs inactivation is most commonly caused by epigenetic silencing owing
to trinucleotide (CGG) repeat expansion of >200 in the FMR1 5’ untranslated region. This
repeat expansion causes hypermethylation of the FMR1 promoter region, resulting in
epigenetic silencing of FMRP expression.'%* Individuals who carry the FXS premutation
have 55-200 repeats, which has separate disease consequences.'”® Normally
expansions occur between generations when passed on by a female with the
premutation.®®1%3 The premutation is seen in 1 in 850 males and 1 in 257-300 females
making it much more common than the FXS prevalence.'® FMRP is an mRNA-binding
protein (RBP) primarily described as a translational repressor with a large but
indeterminate range of transcript targets.%194196 |dentifying FMRP RNA targets via

crosslinked immunoprecipitated RNA has identified 842 high confidence targets, one of
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Figure 1.8: Human and Drosophila FMRP protein functional domains

The FMRP protein consists of 8 functional domains. From N to C terminus there are the two
Tudor domains (TD1, TD2), the nuclear localization sequence (NLS), the predicted K
homology domain (KHO), KH1 and KH2 domains, the nuclear export sequence (NES), and the
arginine-glycine-glycine (RGG) domain. Percentages indicate percent similarity of domains as
determined in Wan et al, 2000.

which is PTPN11.797 FMRP has no confirmed target RNA-binding consensus sequence,
but rather appears to bind transcripts throughout the open reading frame, perhaps acting
as a dragging brake on translation.'”” FMRP has numerous other reported functions,
such as an organizer of mRNA transport (shuttle protein) and direct channel-binding to
regulate neuronal excitability.9%.104.108,109

Based on PTPN11 transcript being identified as an RNA target of FMRP,'%’ this
thesis work focuses on FMRP’s role as an RBP. FMRP contains at least three canonical
RNA-binding motifs, two K homology (KH) domains KH1 and KH2, and an arginine-
glycine-glycine (RGG) box.'® There is a third putative KH domain, KHO, that has been
identified using X-ray crystallography,’'® however its RNA-binding capabilities have yet
not been experimentally proven. Additionally, FMRP contains two Tudor domains, TD1
and TD2, that interact with RNA, chromatin and other proteins, as well as a nuclear
localization and export sequence, NLS and NES."% Point mutations in KH1, Gly266Glu
(G266E), and KH2, lle304Asn (1304N), disrupt the ability of FMRP to bind to specific target
mRNAs and phenocopy complete loss of FMRP seen in most cases of FXS.""".112 Based
on FMRP structure and these key mutations, clearly the RNA-binding capabilities are the
core mechanism of this disease state. FMRP is highly conserved between humans and
Drosophila with the two KH domains being 75% and 85% identical and the RGG domain
being 50% identical making Drosophila an ideal FXS disease model.""®* A comparison of
human and Drosophila FMRP with domains marked is shown in Figure 1.8. Although

widely expressed, FMRP is particularly enriched in neurons, with expression peaking in
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critical periods of brain synaptic plasticity.9%198.199 FMRP appears comparably expressed
in all neuronal classes but has been studied predominantly in glutamatergic neurons.
When FMRP is lost there is an increase in levels of target protein synthesis leading to
impairments in synaptic development, refinement, neurotransmission, and plasticity.%:18
FMRP loss impairs activity-dependent mechanisms, including synapse structural
maturation and functional plasticity. Without FMRP, synaptic architecture and synaptic
function is elevated leading to an apparent increase in circuit connectivity.'3-'15 These
activity-dependent synaptic changes are hypothesized to be the causative factor for FXS
cognitive and behavioral impairments.

Numerous FXS disease models have been created by FMR1 knockout,'™* which
replicate the repeat expansion epigenetic silencing phenotypes typical of human
patients.'3114.116 Thjs includes mice, rats, zebrafish, organoids and Drosophila models.
Interestingly, there are no known spontaneous animal models of fragile X disorders. The
most well characterized of these FXS model organisms is the mouse model.'4116 With a
complete FMR1 knockout, these mice exhibit many symptoms seen in FXS patients
including subtle craniofacial abnormalities, learning and memory deficits, neurostructural
overelaboration, and enhanced ERK pathway activation.''4116.17 Additionally, FXS
mouse models have observed synaptic dysfunction including decreased short-term
depression due to enhanced presynaptic glutamate release via up-regulation of the
RRP."8 Similar to the mouse model, the Drosophila FMR1 (dfmr1) gene conserves all
the RNA-binding domains and dfmr1 deletion null mutants (e.g. dfmr1%°™) are fully
rescued by transgenic expression of human FMR1, demonstrating functional
conservation.’"9% As in FXS patients, this Drosophila FXS disease model exhibit
behavioral impairments including learning and memory deficits, hyperactivity, and autism-
like social interactions.!13115.120 At the Drosophila NMJ, dfmr1 null mutants exhibit
synaptic overgrowth, increased evoked neurotransmission, and increased spontaneous
synaptic vesicle fusion frequency and amplitude, as well as altered coordinated
movement.'"® There have been advances in mitigating FXS related phenotypes in both
mouse and Drosophila disease models,®® 119121 however clinical trials of candidate drugs
have so far been largely unsuccessful.'?2'2® To this end, further understanding the

mechanisms behind neuronal phenotypes is essential to guide future treatment options.

18



Here, we do this by demonstrating how FMRP regulates a PTPN11 dependent

neurotransmission pathway.
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Abstract

Noonan syndrome (NS) and NS with multiple lentigines (NSML) cognitive dysfunction are
linked to SH2 domain-containing protein tyrosine phosphatase-2 (SHP2) gain-of-function
(GoF) and loss-of-function (LoF), respectively. In Drosophila disease models, we find
both SHP2 mutations from human patients and corkscrew (csw) homolog LoF/GoF
elevate glutamatergic transmission. Cell-targeted RNAi and neurotransmitter release
analyses reveal a presynaptic requirement. Consistently, all mutants exhibit reduced
synaptic depression during high-frequency stimulation. Both LoF and GoF mutants also
show impaired synaptic plasticity, including reduced facilitation, augmentation, and post-
tetanic potentiation. NS/NSML diseases are characterized by elevated MAPK/ERK
signaling, and drugs suppressing this signaling restore normal neurotransmission in
mutants. Fragile X syndrome (FXS) is likewise characterized by elevated MAPK/ERK
signaling. Fragile X Mental Retardation Protein (FMRP) binds csw mRNA and neuronal
Csw protein is elevated in Drosophila fragile X mental retardation 1 (dfmr1) nulls.
Moreover, phosphorylated ERK (pERK) is increased in dfmr1 and csw null presynaptic
boutons. We find presynaptic pERK activation in response to stimulation is reduced
in dfmr1 and csw nulls. Trans-heterozygous csw/+; dfmri1/+ recapitulate elevated
presynaptic pERK activation and function, showing FMRP and Csw/SHP2 act within the
same signaling pathway. Thus, a FMRP and SHP2 MAPK/ERK regulative mechanism

controls basal and activity-dependent neurotransmission strength.
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Introduction

Noonan syndrome (NS) is an autosomal dominant genetic disorder caused by
mutations in the mitogen-activated protein kinase (MAPK) pathway.’®% Missense
mutations within the protein tyrosine phosphatase non-receptor type 11 (PTPN11) gene
account for >50% of all disease cases.® In both patients and disease models, the MAPK
pathway is hyperactivated by NS gain-of-function (GoF) mutations that disrupt the auto-
inhibition mechanism between the catalytic protein tyrosine phosphatase domain and N-
Src homology-2 (SH2) domain of the PTPN11 encoded SH2 domain-containing protein
tyrosine phosphatase-2 (SHP2; 8124), In the NS with multiple lentigines (NSML) disease
state, PTPN11 loss-of-function (LoF) mutations decrease protein tyrosine phosphatase
domain catalytic activity, but the mutants nevertheless maintain a more persistently active
enzyme state with temporally inappropriate SHP2 function, causing elevated MAPK
pathway hyperactivation similar to the GoF disease condition.'?® Consequently, NS and
NSML patients share a great many symptoms associated with elevated MAPK signaling,
including cognitive dysfunction (approximately 30% of cases) as well as long-term
memory (LTM) impairments.””-®3 The Drosophila NS (GoF) and NSML (LoF) disease
models from mutation of the corkscrew (csw) homolog likewise both increase MAPK
activation, with GoF and LoF also phenocopying each other.82% Drosophila LTM training
generates repetitive waves of csw-dependent neural MAPK activation, with the LTM
spacing effect misregulated by csw manipulations.®? PTPN11 GoF and LoF mutations
from human patients transgenically introduced into the Drosophila model provide a
powerful new means to compare with csw GoF and LoF mutants in the dissection of
conserved neuronal requirements.®’

Fragile X syndrome (FXS) is similarly well characterized by hyperactivated MAPK
signaling within neurons,’® and the causal Fragile X Mental Retardation Protein (FMRP)
RNA-binding translational regulator is proposed to directly bind PTPN11/SHP2 mRNA.
107,126 FMRP also binds many other neuronal transcripts'®® and could interact with SHP2
in multiple ways to coregulate the MAPK pathway. Moreover, like the NS and NSML
disease states, FXS is likewise a cognitive disorder and the leading heritable cause of
intellectual disability.'® Like NS and NSML, the Drosophila FXS disease model also

manifests strongly impaired LTM consolidation.'®120 Mechanistically, MAPK signaling is
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well known to modulate glutamatergic synaptic neurotransmission strength via the control
of presynaptic vesicle trafficking dynamics and glutamate neurotransmitter release
probability.’?” Consistently, FMRP is also well characterized to regulate glutamatergic
synaptic neurotransmission, including presynaptic release properties and activity-
dependent functional plasticity.’”® Importantly, treatment with the MAPK inhibitor
Lovastatin corrects hippocampal hyperexcitability in the mouse FXS disease model and
ameliorates behavioral symptoms in human FXS patients.'?8129 In the Drosophila FXS
disease model, dfmr1 null mutants show elevated presynaptic glutamate release
underlying increased neurotransmission strength,''® as well as activity-dependent
hyperexcitability and cyclic increases in glutamate release during sustained high-
frequency stimulation trains.#! Based on this broad foundation, we hypothesized that
FMRP regulates PTPN11 (SHP2)/Csw translation to modulate presynaptic MAPK
signaling, which, in turn, controls presynaptic glutamate release probability to determine
both basal neurotransmission strength and activity-dependent synaptic plasticity.

To investigate this hypothesis, we utilized the Drosophila neuromuscular junction
(NMJ) glutamatergic model synapse with the combined use of NS, NSML, and FXS
disease models. We first tested both LoF and GoF conditions in both (1) csw mutants and
(2) transgenic human PTPN11lines. In two-electrode voltage-clamp (TEVC)
electrophysiological recordings, all of these mutant conditions elevate synaptic
transmission. We next employed cell-targeted RNAiI and spontaneous miniature
excitatory junction current (mEJC) recordings to find Csw/SHP2 specifically inhibits
presynaptic glutamate release probability. We next tested activity-dependent synaptic
transmission using high-frequency stimulation (HFS) depression assays to show that the
mutants display heightened transmission resiliency, consistent with elevated presynaptic
function. We discovered that both LoF and GoF mutations impair presynaptic plasticity,
with decreased short-term facilitation, maintained augmentation and post-tetanic
potentiation (PTP), supporting altered presynaptic function. Consistent with elevated
MAPK signaling in NS, NSML, and FXS disease models, feeding with MAPK-inhibiting
drugs (Trametinib and Vorinostat) corrects synaptic transmission strength in mutants. As
predicted, we found that FMRP binds csw mRNA and that FMRP loss increases Csw
protein levels. Both dfmr1 and csw nulls display elevated phosphorylated ERK (pERK) in
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presynaptic boutons. Importantly, trans-heterozygous double mutants (csw/+; dfmri1/+)
exhibit presynaptic MAPK signaling and neurotransmitter release phenotypes, indicating
FMRP and Csw/SHP2 operate to control MAPK/ERK signaling and synaptic function.
These discoveries link previously unconnected disease states NS, NSML, and FXS via a

presynaptic MAPK/ERK regulative mechanism controlling glutamatergic transmission.

Results

Corkscrew/PTPN11 loss and gain of function mutations both increase synaptic
transmission
NS and NSML patients often exhibit cognitive deficits,®® which we hypothesized

may arise from altered synaptic transmission. To systematically test this hypothesis, we
assay both Drosophila NS/INSML disease models of csw LoF and GoF, 8294130 as well
as PTPN11 mutations from human patients, including both LoF and GoF point mutants.
91 First, we use csw?®, a protein null LoF mutant,3° together with UAS-csw" for wild-type
Csw overexpression® and UAS-csw”7?S as a constitutive GoF mutation.528? Second, we
use human patient mutations PTPN11N308D PTPN11Q510F  and PTPN11%%70P to capture
the range of NS/NSML disease heterogeneity.8%°" The transgenes were driven with
ubiquitous UH71-Gal4 or neuronal elav-Gal4. The NMJ glutamatergic synapse is used to
assay disease model neurotransmission in all variants.'3'3" Employing TEVC recording,
we compare mutants to genetic background control (w’?78) and transgenic lines to driver
controls (UH1-Gal4/w'""8 and elav-Gal4/w’""8). We test excitatory junction current (EJC)
responses driven by motor nerve suction electrode stimulation (0.5 ms suprathreshold
stimuli, 0.2 Hz) onto the voltage-clamped (-60 mV) ventral longitudinal muscle 6 in
abdominal segments 3/4.4° Each data point is the average of 10 sequentially evoked EJC
responses recorded in 1 mM [Ca?*] from the same NMJ terminal. Representative
recordings and quantified results for all of these comparisons are shown in Fig 2.1.

In genetic background controls (w’?78), nerve stimulation causes consistent, high-
fidelity neurotransmission (Fig 2.1A, left). In comparison, csw® LoF mutants display highly
elevated synaptic function with an obvious increase in amplitude (Fig 2.1A, second from
left). Quantified measurements show csw® EJC amplitudes (248.80 = 12.51 nA, n = 14)
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Fig 2.1: Both loss- and gain-of-function csw/PTPN11 mutants elevate NMJ transmission.

TEVC recordings of nerve-stimulated evoked neurotransmission in both LoF and GoF mutations of Drosophila csw and
human PTPN11 mutations from NS/NSML patients. (A) Representative EJC traces for the csw mutant comparisons
showing 10 superimposed evoked synaptic responses (1.0 mM Ca?*) from w8 genetic background control, csw® null
mutant, transgenic driver control (UH7-Gal4/w'""8), wild-type csw (UH1-Gal4>csw"T), and csw”7?S GoF mutant (UH1-
Gal4>cswA72%), (B) Quantification of the mean EJC amplitudes in all 5 genotypes using two-sided t tests.
(C) Representative evoked EJC traces for the human patient PTPN11 mutations showing 10 superimposed responses
in paired control (elav-Gal4/w'""8) and GoF mutant (elav-Gal4>PTPN11N308D; |eft), and control (UH1-Gal4/w’""8) and LoF
mutants (UH1-Gal4>PTPN11%7% and PTPN11351%P: right). (D) Quantification of the mean EJC amplitudes in all 5
genotypes using two-sided t test, Kruskal-Wallis and Dunn’s multiple comparisons. The scatter plots show all of the
individual data points as well as mean + SEM. N = number of NMJs. Significance shown as: p > 0.05 (not significant,
n.s.), p <0.001 (**) and p < 0.0001 (****).
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strongly elevated compared to controls (156.30 £ 10.28 nA, n = 10), which is a significant
increase (p < 0.0001, two-sided ttest; Fig 2.1B). Since NSML (LoF) and NS (GoF)
disease states manifest closely parallel phenotypes, we next examined transgenically
driven wild-type csw (csw”’) and the GoF mutant (csw”725). In transgenic ubiquitous
driver controls (UH1-Gal4/w'""8), nerve stimulation drives transmission comparable to the
genetic background alone (Fig 2.1A, middle). Likewise, csw”T overexpression results in
no detectable alteration in synaptic strength, with amplitudes comparable to controls (Fig
2.1A, second from right). In sharp contrast, the GoF mutant csw””2S exhibits a consistent
elevation in transmission amplitude (Fig 2.1A, right). Quantification shows the UH7-
Gal4/w'""8 control amplitude (180.10 + 15.74 nA,n =18) is comparable to UH17-
Gald>csw"' (189.50 + 12.52 nA, n = 12), with no significant difference in transmission
(p= 0.671, two-sided ftest; Fig 2.1B, middle). The csw””?S GoF mutation causes
significantly elevated neurotransmission. Quantified measurements show csw”72S EJC
amplitudes (233.70 £ 8.71 nA, n= 15) are strongly increased compared to UH1-
Gal4/w'""8 driver controls (192.10 + 11.86 nA, n = 16), a significant elevation (p = 0.009,
two-sided t test; Fig 2.1B). This increased neurotransmission is independent of changes
in NMJ architecture (Fig 2.2A), including muscle size (Fig 2.2B), NMJ area (Fig 2.2C),
branching (Fig 2.2D), and bouton number (Fig 2.2E), which show no significant changes.
The elevated neurotransmission is also independent of changes in synapse number (Fig
2.3A), including active zone density (Fig 2.3B), postsynaptic glutamate receptors (Fig
2.3C), and synaptic apposition (Fig 2.3D), which are similarly unaltered.
Expressing csw?T in the csw® null restores neurotransmission to the control levels (Fig
2.4A and 2.4B), indicating phenotype specificity. We therefore conclude that csw LoF and
GoF increase glutamatergic synaptic transmission, comparable to the phenocopy of
NS/NSML disease state symptoms in human patients.

To further test effects, we next assayed PTPN11 patient mutations. Compared to
transgenic controls, all the PTPN11 mutations cause clearly strengthened synaptic
function (Fig 2.1C). The NS PTPN11N308D NSML PTPN119570E and
NSML PTPN11%579% mutations all display consistent EJC elevations compared to the
controls, similar to LoF/GoF csw animals (compare Fig 2.1A and 2.1C). For the GoF

condition, the human PTPN11N398D mutation is driven only in neurons (elav-Gal4) since
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Fig 2.2: NMJ architecture is unchanged in csw null and GoF mutants.
(A) Representative NMJ images of the w’'" genetic background control, csw® null mutant, UH7-Gal4/w’?"8 transgenic
driver control, and csw”7?S GoF mutant (UH7-Gal4>csw”7?S) colabeled for presynaptic membrane marker anti-HRP
(magenta) and postsynaptic scaffold DLG (green). Scale bar: 10 uym. (B) Quantification of muscle length for all 4
genotypes using two-sided t tests. (C) Quantification of NMJ area for all 4 genotypes using Mann-Whitney tests.
(D) Quantification of NMJ branch number for all 4 genotypes using Mann-Whitney tests. (E) Quantification of NMJ
synaptic bouton number for all 4 genotypes using Mann—Whitney tests. Scatter plots show all the individual data points
as well as mean + SEM. N = number of NMJs. Significance: p > 0.05 (not significant, n.s.).
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Brp puncta density for all 4 genotypes using two-sided t test/Mann—Whitney tests. (C) Quantification of GIURIIC puncta
density for all 4 genotypes using two-sided t tests. (D) Quantification of the Brp:GIuRIIC puncta ratio for all 4 genotypes
using two-sided f test/Mann—Whitney tests. Scatter plots show all the individual data points as well as mean £ SEM. N =

number of NMJs. Significance: p > 0.05 (not significant, n.s.).
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ubiquitous expression results in lethality complications. Quantification compared to
neuronal driver control (elav-Gal4/w''"®) EJC amplitude (138.70 + 13.95 nA, n =12)
shows NS (GoF) PTPN11N308D EJC amplitude (212.20 + 11.13 nA, n = 10) is significantly
elevated (p = 0.001, two-sided t test, Fig 2.1D, left). The patient-derived PTPN11 LoF
mutations similarly display increased transmission amplitudes,
including PTPN1195706 (227 40 + 11.64 nA, n= 19) and PTPN11%79P (227.90 + 11.28
nA, n = 17) compared to the matched ubiquitous driver controls (UH7-Gal4/w?"8; 178.40
+ 7.73 nA, n= 22). These changes are significant both together (p = 0.0006, Kruskal—
Wallis; Fig 2.1D, right) and when compared individually for both PTPN112579F (p = 0.004,
Dunn’s multiple comparison; Fig 2.1D) and PTPN11%7% (p = 0.003, Dunn’s multiple
comparisons; Fig 2.1D). The patient PTPN11 mutants are not different from each other
(p >0.999, Dunn’s multiple comparisons; Fig 2.1D).
Additionally, PTPN11%T overexpression results in no detectable alteration in synaptic
strength, with amplitudes comparable to controls (Fig 2.4C and 2.4D). Taken together,
these findings indicate that both Drosophila csw and human
homolog PTPN11 significantly limit neurotransmission strength. EJCs are elevated with
both LoF and GoF, but not by simple overexpression. The next pressing question was to
determine whether synaptic strengthening is due to increased presynaptic glutamate

release, postsynaptic glutamate receptor responsiveness, or both together.

Corkscrew/PTPN11 controls presynaptic transmission by altering glutamate
release probability
Our next objective was to determine where Corkscrew acts to mediate synaptic

changes in neurotransmission strength. To test requirements, we knocked
down csw expression through RNA interference (RNAI) driven in the different cells
contributing to the NMJ, including the presynaptic motor neuron and postsynaptic
muscle.3?> We used targeted transgenic RNAi against csw (BDSC 33619;'%?) to test each
cell-specific function. This line is from the Harvard Transgenic RNAi Project (TRiP), which
provides a background control stock (BDSC 36303) containing all components except the
UAS-RNAI."33 To test RNAI efficacy and replication of csw® null phenotypes, we first used
the ubiquitous daughterless UH1-Gal4 driver. To separate cellular requirements, we used

neuronal elav-Gal4 and muscle 24B-Gal4-specific drivers, each compared to their
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Fig 2.4: Wild-type Csw/PTPN11 expression restores neurotransmission in mutants.

(A) Representative EJC traces for the csw® null mutant rescued via expression of csw"" (csw® UH1-
Gal4>csw"") and transgenic driver control (UH7-Gal4/w'?"8) showing 10 superimposed responses (1.0
mM Ca?). (B) Quantification of the mean EJC amplitudes using a two-sided t test. (C) Representative
EJC traces for the wild-type PTPN11 (UH1-Gal4>PTPN11%T) and transgenic driver control (UH7-
Gal4/w'""8) showing 10 superimposed evoked synaptic responses (1.0 mM Ca?). (D) Quantification of
the mean EJC amplitudes using a two-sided t test. Scatter plots show all the individual data points as
well as mean £ SEM. N = number of NMJs. Significance: p > 0.05 (not significant, n.s.).
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respective driver alone transgenic controls. With each RNAi knockdown, we once again
utilized TEVC recordings of evoked EJC neurotransmission to measure synaptic strength.
To further test csw functional roles, we analyzed spontaneous release events by
assessing changes in both frequency and amplitude with miniature EJC (mEJC)
recordings.*® Changes in the mEJC frequency are correlated with alterations in
presynaptic fusion probability, whereas changes in mEJC amplitudes indicate differential
postsynaptic glutamate receptor function or altered vesicle size.*®'3* We made
continuous mEJC recordings collected over 2 minutes using a gap-free configuration
filtered at 10 kHz.*° Each data point corresponds to the mean mEJC frequency and
amplitude of all the recorded release events. Representative recordings and quantified
results are shown in Fig 2.5.

The ubiquitous transgenic driver control (UH71-Gal4/TRiP BDSC 36303 control)
exhibits neurotransmission indistinguishable from the w’’’8 genetic background control
(Fig 2.5A, left). Ubiquitous csw knockdown (UH1>csw RNAi) causes elevated
neurotransmission closely consistent with the csw® null mutant (Fig 2.5A, second from
left), demonstrating RNAI efficacy as well as null phenocopy (compare to Fig 2.1A, left).
The quantified EJC measurements show UH1>csw RNAI (233.20 £ 17.45 nA, n =10) to
be strongly elevated compared to controls (152.30 £ 15.65 nA, n= 10), which is a
significant increase (p = 0.003, two-sided t test; Fig 2.5B). The neuronal driver control
(elav-Gal4/TRiP BDSC 36303 control) compared to neuronal-specific knockdown
(elav>csw RNAI) also shows strong replication of the csw® null elevated transmission,
indicating a primary csw requirement in the presynaptic neuron (Fig 2.5A, middle pair).
Quantified measurements show elav>csw RNAi EJC amplitude (239.70 £ 19.45 nA, n
=10) also strongly increased compared with the elav-Gal4/TRiP driver controls (159.90
+ 9.68 nA, n = 12), which is significant (p = 0.001, two-sided t test; Fig 2.5B, middle). In
contrast, targeted muscle RNAi knockdown (24B>csw RNAI) does not cause any change
in evoked neurotransmission compared to the muscle driver control alone (24B-
Gal4/TRiP BDSC 36303; Fig 2.5A, right pair), signifying that postsynaptic Csw does not
detectably change synaptic function. When quantified, 24B-Gal4/TRiP (156.50 + 11.41
nA, n =10) is comparable to 24B>csw RNAi (170.30 = 11.24 nA, n =11), with no
significant change in amplitude (p = 0.401, two-sided t test; Fig 2.5B, right). These
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Fig 2.5: Targeted neuronal csw knockdown increases presynaptic neurotransmission.

Nerve stimulation—evoked recordings based on csw RNAIi expressed ubiquitously (UH7-Gal4) or targeted to neurons
(elav-Gal4), or muscles (24B-Gal4). (A) Representative EJC traces showing 10 superimposed responses (1.0 mM Ca*?)
from control (UH71-Gal4/TRIiP) vs. csw RNAI; control (elav-Gal4/TRiP) vs. csw RNAI; and control (24B-Gal4/TRiP)
vs. csw RNA.. (B) Quantification of EJC amplitudes using two-sided ¢ tests. (C) Representative mEJC traces (1.0 mM
Ca?") in genetic background control (w’"8, top) and csw® null (bottom). (D) Quantification of the mEJC frequencies using
a two-sided t test. (E) Quantification of the mEJC amplitudes using a two-sided f test. (F) Sample mEJC recordings from
the driver control (UH1-Gal4/w’""8; top) compared to csw*7?S GoF (UH1-Gal4>csw”7?S; bottom). (G) Quantification of the
mEJC frequencies using a two-sided t test. (H) Quantification of mEJC amplitudes using Mann—-Whitney test. (1) Sample
mEJC recordings in control (elav-Gal4/w'""®, top) compared to PTPN11N3080 GoF (elav-Gald>PTPN11N3080;
bottom). (J) Quantification of the mEJC frequency using a Mann—Whitney test. (K) Quantification of mEJC amplitude
using a Mann-Whitney test. Scatter plots show all the data points and mean + SEM. N =number of NMJs.
Significance: p > 0.05 (not significant, n.s.), p < 0.05 (*), p < 0.001 (**), and p < 0.0001 (***).
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Fig 2.6: Neuronal csw RNAi knockdown increases spontaneous fusion frequency.

(A) Representative mEJC traces (1.0 mM Ca*?) in driver control (UH71-Gal4/TRiP control, top) and UH7-
Gal4>csw RNAi (bottom). (B) Quantification of the mEJC frequency using a two-sided ttest.
(C) Quantification of mMEJC amplitude using a Mann—-Whitney test. (D) Representative mEJC traces (1.0
mM Ca*?) in driver control (elav-Gal4/TRiP control, top) and neuronal elav-Gal4>csw RNAi (bottom).
(E) Quantification of the mEJC frequency using a Mann—-Whitney test. (F) Quantification of the mEJC
amplitude using a Mann—Whitney test. (G) Representative mEJC traces (1.0 mM Ca*?) in driver control
(24B-Gal4/TRIiP, top) and muscle 24B-Gal4>csw RNAi (bottom). (H) Quantification of the mEJC
frequency using a two-sided ¢ test. (I) Quantification of the mEJC amplitude using two-sided f test.
Scatter plots show all the individual data points as well as mean + SEM. N = number of NMJs.
Significance: p > 0.05 (not significant, n.s.), p < 0.05 (*), and p > 0.001 (***).
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findings indicate a primary csw requirement in presynaptic neurons regulating glutamate
neurotransmitter release.

To further test pre- versus postsynaptic requirements, we next analyzed
spontaneous MEJC release events. Compared to genetic background controls
(w'778), csw® null mutants exhibit an obvious increase in mEJC frequency, without any
detectable alteration in amplitudes (Fig 2.5C). When quantified, mEJC frequency
in csw® nulls (1.46 + 0.22 Hz, n =11) is increased compared to controls (0.86 + 0.086
Hz, n = 15), a significant elevation (p = 0.009, two-sided t test; Fig 2.5D). There is no
significant change in mEJC amplitudes (p = 0.489, two-sided t test; Fig 2.5E). Like the
null mutant, GoF csw”72S animals show increased mEJC frequency compared to controls,
with no increase in amplitude (Fig 2.5F). When quantified, UH1>csw?7?S (1.79 + 0.19
Hz, n = 14) have increased mEJC frequency compared to controls (1.12 £ 0.10 Hz, n =
20), which is a significant elevation (p = 0.002, two-sided t test; Fig 2.5G). Quantification
shows no significant change in mEJC amplitudes (p = 0.796, Mann—Whitney; Fig 2.5H).
Similarly, patient-derived PTPN11N308D mutants display increased mEJC frequency with
no change in amplitude (Fig 2.51). Quantification shows PTPN11V38D frequency (1.79 +
0.13 Hz, n = 12) increased versus controls (1.09 + 0.09 Hz, n = 13), which is a significant
elevation (p = 0.001, Mann-Whitney; Fig 2.5J). There is no significant change in
amplitudes (p = 0.168, Mann—-Whitney; Fig 2.5K). These findings indicate that both LoF
and GoF mutations alter neurotransmission by increasing presynaptic glutamate release
rate. We confirmed results further by testing mEJCs in different RNAi conditions. We find
mEJC frequencies increased with ubiquitous csw RNAI (Fig 2.6A and 2.6B) and neuron-
targeted csw RNAI (Fig 2.6D and 2.6E), but no change with muscle-specific RNAI (Fig
2.6G and 2.6H Fig). None of these manipulations alter mEJC amplitude (Fig 2.6C, 2.6F
and 2.61). Taken together with targeted RNAi results, we conclude that a neuronal
requirement regulates glutamate release from the presynaptic terminal. Quantal content
determined by dividing EJC amplitude by mean mEJC amplitude shows elevated quantal
content in the mutants (Fig 2.7A) as well as ubiquitous/neuronal csw RNAI (Fig 2.7B).
Moreover, PTPN11 LoF patient mutations driven neuronally phenocopy all GoF defects,
including elevated neurotransmission (Fig 2.8A and 2.8B) and increased presynaptic
fusion (Fig 2.8C and 2.8D), but no change in mEJC amplitude (Fig 2.8E), consistent with
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Fig 2.7: All csw/PTPN11 mutants exhibit increased synaptic quantal content release.

The quantal content at each NMJ was calculated by dividing the evoked EJC traces by the mean mEJC
amplitude. (A) Quantification of the quantal content of both the csw/PTPN11 null and GoF mutants using
two-sided ¢ tests. (B) Quantification of the quantal content of csw RNA/ ubiquitous (UHT), neuronal
(elav), and muscle (24B) lines compared to their matched transgenic driver controls using two-
sided t tests. Scatter plots show all the individual data points as well as mean + SEM. N = number of
NMJs. Significance: p > 0.05 (not significant, n.s.), p < 0.05 (*), p > 0.001 (***), and p < 0.0001 (****).
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Fig 2.8: Neuronal NSML model PTPN11 mutants exhibit elevated presynaptic function.

(A) Representative EJC traces for the transgenic driver control (elav-Gal4/w'?'8), and PTPN11 patient
mutants PTPN11957% (elav-Gal4>PTPN11%7%) and PTPN11%%1% (elav-Gal4>PTPN11%79P) showing
10 superimposed evoked synaptic responses (1.0 mM Ca?*). (B) Quantification of the mean EJC
amplitudes in all 3 genotypes using one-way ANOVA and Tukey’s multiple comparisons.
(C) Representative mEJC traces (1.0 mM Ca?*) in above driver control (top), PTPN11%57% (middle),
and PTPN119%19 (bottom). (D) Quantification of the mEJC frequency using one-way ANOVA and
Tukey’s multiple comparisons. (E) Quantification of mEJC amplitude using a Kruskal-Wallis test.
(F) Quantification of quantal content using one-way ANOVA and Tukey’s multiple comparisons. Scatter
plots show all the individual data points as well as mean + SEM. N = number of NMJs. Significance: p >
0.05 (not significant, n.s.), p < 0.05 (*), p < 0.001 (**), and p > 0.001 (***).
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the increase in quantal content (Fig 2.8F). This suggested that stimulation paradigms
challenging neurotransmission maintenance should reveal changes in vesicle release

dynamics in the absence of csw/PTPN11 function.

Corkscrew/PTPN11 regulates high frequency stimulation synaptic depression
To further investigate how csw/PTPN11 affects presynaptic neurotransmission

strength, we stimulated at a heightened frequency that has been shown to cause synaptic
depression over a time course of several minutes.?313%136 Synaptic depression occurs
when HFS causes synaptic vesicles to be released at a faster rate than they can be
replenished in presynaptic boutons.'3%'3” Based on published HFS protocols for
the Drosophila NMJ,23135138  we  compared the genetic background control
(w'778), csw null LoF mutant (csw®), and patient-derived PTPN11N3080 GoF mutant (elav-
Gal4>PTPN11N308D) with a HFS paradigm. To determine the baseline EJC amplitudes,
we first stimulated for 1 minute under basal conditions (0.5 ms suprathreshold stimuli at
0.2 Hz in 1.0 mM external [Ca?*]). We then stimulated at 100X greater frequency (20 Hz)
for 5 minutes while continuously recording EJC responses. This sustained HFS train
causes progressively decreased neurotransmission over time (depression). HFS
transmission was quantified to analyze the synaptic vesicle readily releasable pool (RRP)
and paired-pulse ratio (PPR) release probability. Representative HFS recordings and
quantified results are shown in Figs 2.9 and 2.10.

During HFS, w8 controls exhibit a steady decrease in EJC amplitudes
throughout the train (Fig 2.9A, top). The PTPN11N3080 GoF mutants and csw® LoF nulls
show stronger maintained EJC amplitudes over time and prolonged resistance to
depression (Figs 2.9A and 2.10A). RRP size was calculated by dividing the cumulative
EJCs during the first 100 responses by mean mEJC amplitudes.'*® There is a sustained
elevated response in both LoF and GoF mutants (Fig 2.9B). When compared with
nonlinear regression and extra sum-of-squares, the stimulation train profiles are
significantly greater for both LoF (p < 0.0001, F2,129) = 1064) and GoF (p < 0.0001,
Fe,1906) = 705.5; Fig 2.9B) mutants, indicating increased resiliency to depression. The
RRP size of csw?® nulls is significantly increased compared to w’’8 background controls
(p = 0.001, two-sided t test; Fig 2.9C, left). Similarly, PTPN11N3080 GoF mutants exhibit
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Fig 2.9: HFS transmission depression ameliorated in csw nulls.

Prolonged HFS drives progressive synaptic amplitude depression over several minutes of continuous
recording at 20 Hz (1mM Ca*?). (A) Representative nerve-stimulated EJC traces at the basal frequency
(t=0) and indicated time points during the HFS train for genetic background control (w’?8, top), csw null
(csw?®, middle), and PTPN11N308D GoF mutant (elav-Gal4>PTPN11N3080; bottom). (B) Quantification of
cumulative EJC amplitudes over the first 100 stimulations via nonlinear regression exponential for each
pair tested using extra sum-of-squares F tests. (C) Quantification of the RRP of w’'"® and csw® (two-
sided ttest) and elav-Gal4/w’'"® and PTPN11V3%D (Mann—Whitney). (D) Quantification of the PPR
of w8 and csw® (two-sided t test) and elav-Gal4/w'""® and PTPN11N3%8 (Mann—Whitney). Scatter
plots show all data points and mean + SEM. N = number of NMJs. Significance: p < 0.05 (*), p < 0.001
(**), p <0.001 (***), and p < 0.0001 (****).
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Fig 2.10: HFS transmission depression ameliorated in csw nulls.

Prolonged HFS at 20 Hz (1 mM Ca*?) drives progressive synaptic amplitude depression over several
minutes of continuous recording. (A) Representative evoked nerve-stimulated EJC traces at the basal
frequency (t = 0) and indicated time points during the HFS train for the genetic background control (w?"78,
top) and the csw null mutant (csw®, bottom). (B) Quantification of normalized EJC amplitudes at the
indicated time points during the HFS train using two-sided t tests. Scatter plots show all data points and
mean + SEM. N = number of NMJs. Significance: p < 0.05 (*), p < 0.001 (**), and p < 0.001 (***).
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an increased RRP compared to transgenic elav/+ neuronal driver controls (p = 0.047,
Mann-Whitney; Fig 2.9C, right). PPR analyzed for both mutants shows no in change
in csw® nulls (p = 0.865, two-sided t test; Fig 2.9D, left) or PTPN11V3080 GoF mutants (p =
0.941, Mann-Whitney; Fig 2.9D, right) compared to their respective controls. The
depression resistance continues for 5 minutes of continuous stimulation (Fig 2.10B).
Taken together, these results indicate mutants maintain transmission better with a HFS
challenge. We therefore next turned to examining changes in activity-dependent synaptic

function under both LoF and GoF mutant conditions.

Corkscrew/PTPN11 enables short-term plasticity facilitation, augmentation and
potentiation
Presynaptic activity drives numerous forms of short-term plasticity dependent on

release mechanisms.**4° In high external [Ca?'], strong stimulation results in
neurotransmission depression as above, but with reduced external [Ca?*], many forms of
release strengthening are revealed, including short-term facilitation and maintained
augmentation during stimulation trains, and PTP following the train.43474° Based on
published Drosophila plasticity protocols,*' we compared genetic background controls
(w8 or elav-Gal4/w'?"8), csw LoF nulls (csw®), and PTPN11 GoF animals (elav-
Gal4>PTPN11V308D) with the stimulation paradigm illustrated in Fig 2.11A. To determine
baseline EJC amplitudes, we stimulated at the basal frequency (0.5 ms suprathreshold
stimuli/0.2 Hz in 0.2 mM [Ca?*]). We then applied a 10-Hz train for 1 minute, before
returning to 0.2 Hz for PTP analyses (Fig 2.11A). In controls, this paradigm drives strong
short-term facilitation during the initial stimuli of the train, followed by maintained
transmission augmentation for the full duration of the train.4” Following return to the basal
stimulation frequency (0.2 Hz), heightened EJC amplitudes persist during the PTP period
(Fig 2.11B; 7). We normalized EJC amplitudes during and after the 10-Hz train to the
initial mean EJC amplitude to show only transmission changes in response to stimulation.
Quantified analyses on w'’’8 control, csw® LoF, and PTPN11N308D GoF mutants were
done for facilitation (<1 second), augmentation (>5 seconds), and PTP (following the HFS
train). Representative short-term plasticity recordings and quantified results are shown
in Fig 2.11.
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Controls exhibit robust synaptic plasticity, including short-term facilitation (<1
second), maintained augmentation (>5 seconds), and persistent PTP (Fig 2.11C, top two
blue lines). With HFS, w’?"8 controls exhibit a >3-fold amplitude increase in <5 seconds,
which strengthens to a 4-fold increase by 30 seconds. After the HFS train, control animals
PTP at >2-fold basal transmission. In contrast, this short-term plasticity is strongly
repressed in both the csw® LoF and PTPN11V3%80 GoF mutants (Fig 2.11C, bottom two
red lines). When quantified via nonlinear regression and extra sum-of-squares,
stimulation train profiles significantly differ for both LoF (p < 0.0001, F2,662) = 38.95) and
GoF (p < 0.0001, F374)= 25.85; Fig 2.11C). During initial short-term facilitation (1
second), w'"8 controls show much stronger strengthening normalized to basal amplitude
(2.15 £ 0.19, n =16) compared to csw® LoF (1.52 + 0.14, n= 21; p = 0.005, Mann-
Whitney) and a trending decrease in PTPN11N3080 GoF (1.44 + 0.16, n = 12; p = 0.229,
two-sided t test; Fig 2.11D). With maintained augmentation during the HFS train (30
seconds), w8 controls are highly elevated (4.27 + 0.70, n = 16) compared to csw® LOF
(2.67 £ 0.53, n = 21; p = 0.009, Mann—Whitney) and PTPN11N3080 GOF (2.91 £ 0.53, n =
12; p = 0.015, Mann—Whitney; Fig 2.11E). At peak PTP after the HFS train, w’’’8 controls
exhibit a significant increase (3.02 + 0.45, n = 16) compared to csw® LoF (1.63+0.16, n =
21; p = 0.003, Mann-Whitney; Fig 2.11F). Likewise, the PTPN11V38D GoF (2.58 +
0.33, n = 11) shows significantly decreased PTP compared to elav-Gal4/w’?"8 controls
(4.55 £ 0.5, n=9; p=0.003, two-sided t test; Fig 2.11F). These results show a role in
presynaptic release dynamics, with altered responses to evoked stimulation. To
understand the mechanism of these changes, we next turned to testing the role of
MAPK/ERK signaling.

Elevated corkscrew/PTPN11 synaptic transmission corrected with phospho-ERK
inhibitors
NS and NSML phenotypes are hypothesized to converge due to both LoF/GoF

disease states exhibiting constitutively elevated MAPK/ERK signaling.®* Similarly, we
hypothesize the mutant LoF/GoF neurotransmission elevation from heightened glutamate
release also occurs downstream of elevated presynaptic MAPK/ERK signaling. To test
this hypothesis, we used MAPK/ERK inhibitors (Trametinib and Vorinostat) to assay

effects on glutamatergic synaptic function. Trametinib binds and inhibits MEK1/2,140
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Fig 2.11: Activity-dependent synaptic plasticity repressed in csw/PTPN11 mutants.

Synaptic plasticity during and following a short-term stimulation train to measure facilitation, augmentation, and PTP.
(A) Stimulation paradigm: 1 minute at 0.2 Hz (0.2 mM Ca?*), followed by 1 minute at 10 Hz, and then a return to 0.2 Hz.
(B) Sample EJC traces at indicated time points during and following the 10 Hz train for control (w'’¢ top),
GoF PTPN11N308D (glay-Gal4>PTPN11V3%8D; middle), and csw null (csw®, bottom). (C) Quantification of EJC amplitude
during the 10-Hz train normalized to basal EJC amplitude for each genotype. The nonlinear regression exponential for
each pair tested using extra sum-of-squares F test. (D-F) Quantification of facilitation (1 second, D) and augmentation
(30 seconds, E) during the 10-Hz train, and PTP (10 seconds following train, F) normalized to the basal EJC amplitude
for each genotype using Mann-Whitney/two-sided t tests. Scatter plots show all data points and mean + SEM. N
= number of NMJs. Sianificance: p < 0.05 (*). p < 0.001 (**). and p < 0.0001 (****).
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resulting in a direct inhibition of MAPK/ERK signaling.®’ Vorinostat acts as a HDAC
inhibitor to also inhibit MAPK/ERK signaling.®’'¥'  Recent work using
the PTPN11 mutations from human patients has highlighted these two drugs as possible
treatments for a variety of different NS/NSML mutations.®! Both drugs are thus interesting
not only for their abilty to test elevated MAPK/ERK signaling upstream of
neurotransmission, but also as possible future treatment avenues. We fed both drugs and
then analyzed changes in EJC amplitudes using TEVC recording. For each drug, we
compared the background control (w’?78) without drug treatments to controls with drug
treatments (Trametinib and Vorinostat), as well as the csw null mutants (csw®) without
drug treatments to nulls with drug treatments (Trametinib and Vorinostat). Quantification
of evoked EJC amplitudes in all 8 conditions tests whether each drug changes
neurotransmission in control, as well as correction of the null csw® elevated
neurotransmission (Fig 2.1A). We also analyzed mEJC recordings of the same genotypes
to test for correction of csw®elevated mEJC frequency (Fig 2.5C and 2.5D).
Representative EJC and mEJC traces and quantified results are shown in Fig 2.12.

Null csw® animals fed Trametinib have clearly decreased neurotransmission
compared to untreated mutants, with EJC amplitudes comparable to control animals (Fig
2.12A). Quantification shows untreated controls (159.10 + 7.35 nA, n = 36) and drugged
controls (161.70 £ 12.01 nA, n = 35) are not significantly different (p > 0.99, Dunn’s; Fig
2.12B). In contrast, csw® EJC amplitudes (226.20 + 9.79 nA, n = 30) are significantly
increased compared to controls with (p < 0.0001, Dunn’s; Fig 2.12B) and without
Trametinib (p = 0.001, Dunn’s, Fig 2.12B). Critically, csw® nulls fed Trametinib (172.70
11.37 nA, n= 27) are no longer significantly increased from controls with or without
Trametinib (p > 0.99, Dunn’s) but are significantly decreased compared to the untreated
csw® nulls (p = 0.003, Dunn’s; Fig 2.12B). Similar results occur with Trametinib treatment
of PTPN11N308D GoF mutants (Fig 2.13A and 2.13B). Similarly, Vorinostat fed csw® nulls
have EJC amplitudes restored to the control levels (Fig 2.12C). Quantification shows
controls with (167.20 £ 7.01 nA, n = 16) and without (162.30 £ 9.46 nA, n = 20) Vorinostat
are not significantly different (p = 0.994, Tukey’s; Fig 2.12D). In contrast, csw® mutants
(237.0 £ 14.72 nA, n = 25) are significantly increased versus controls with (p = 0.001,
Tukey’s) and without (p = 0.0001, Tukey’s) Vorinostat (Fig 2.12D). Null csw?® fed

43


https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3001969#pbio-3001969-g005
https://journals.plos.org/plosbiology/article?id=10.1371/journal.pbio.3001969#pbio-3001969-g005

control cswl control csw
C control

control + Trametinib csw®  +Trametinib + Vorinostat cswe + Vorinostat
‘ \ | g |
/ | i
/ \ ‘
< <
c [
820 %2|o_
ms D ms
- * % n.s %%
—_ = 4004
< 400- <
o ‘ o 3004
-g 1 5 - ——
= ° = 2004 o o —
22004 _gh 3 ==L =
< ||,,|r|| < booSd
%) o 1004 ° o
- '. e ]
i w i
0 ] 1 | 1
control control control  control cswp cswh
+ Trametinib +Tramet|n|b + Vorinostat + Vorinostat
E control cswP
control + Trametinib cswP + Trametinib

T
)
|_

250 ms
. n.s *k 154 e NS
N 6 - —
< g
>
[&] (]
5 4- 5 107
3 £
g . _— 3 05
L - [ ] < Kol
(_)) 2 O':. .:: o s g
w wu
£ ﬁgﬂ ] [faed ¢
0 T T T T 0 T
control  control cswe cswp control control cswp
+ Trametinib +Trametinib + Trametinib +Trametinib

Fig 2.12: Reducing pERK signaling restores synaptic function in csw nulls.

TEVC recordings with and without two pERK inhibiting drugs (Trametinib and Vorinostat) comparing the
genetic background control (w'?"8) and csw null mutant (csw®). (A) Representative EJC traces showing
10 superimposed responses (1.0 mM Ca*?) comparing the control (left) and csw® null mutant (right), with
and without Trametinib. (B) Quantification of mean EJC amplitudes for all 4 conditions using Kruskal—
Wallis followed by Dunn’s multiple comparisons. (C) Representative EJC traces comparing the control
(left) and csw? null mutant (right), with and without Vorinostat. (D) Quantification of EJC amplitudes for
all 4 conditions using one-way ANOVA followed by Tukey’s multiple comparisons. (E) Representative
mEJC traces (1.0 mM Ca?*) in the w'’8 control (left) and csw? null mutant (right), with and without
Trametinib. (F) Quantification of mEJC frequency in all 4 conditions using a Kruskal-Wallis followed by
Dunn’s multiple comparisons. (G) Quantification of mEJC amplitudes using a Kruskal-Wallis. Scatter
plots show all the data points and the mean + SEM. N = number of NMJs. Significance: p > 0.05 (not
significant, n.s.) and p < 0.001 (**).
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Fig 2.13: Reducing ERK signaling restores NS model PTPN11 synaptic function.

TEVC recordings with and without the pERK inhibiting drug Trametinib comparing the driver control
(elav-Gal4/w'""®) and NS GoF patient mutant (elav-Gal4>PTPN11N380) (A) Representative EJC traces
showing 10 superimposed responses (1.0 mM Ca*?) comparing the control (left)
and PTPN11M3080 mutant (right), with and without Trametinib. (B) Quantification of mean EJC
amplitudes for all 4 conditions using one-way ANOVA and Tukey’s multiple comparisons. Scatter plots
show all the data points and the mean + SEM. N = number of NMJs. Significance: p > 0.05 (not
significant, n.s.) and p < 0.05 (*).

45



Vorinostat (179.70 £ 11.55 nA, n = 25) are not significantly elevated compared to controls
with (p = 0.897) and without (p = 0.727) Vorinostat but are significantly decreased
compared to untreated csw?® nulls (p = 0.003, Tukey’s; Fig 2.12D). Trametinib decreases
mEJC frequency in csw® nulls compared to untreated mutants, to levels matching controls
(Fig 2.12E). Quantification shows untreated (0.92 £ 0.12 Hz n = 26) and drugged (1.05 +
0.103 Hz, n = 28) controls are not significantly different (p > 0.99, Dunn’s; Fig 2.12F). In
contrast, csw® mEJC frequency (2.13 * 0.32 Hz, n= 21) is significantly increased
compared to controls (no drug, p < 0.0001, Dunn’s; Trametinib, p = 0.003, Dunn’s; Fig
2.12F). Critically, csw® nulls fed Trametinib (0.98 + 0.14 Hz, n= 19) are no longer
significantly increased from controls with or without the drug (p > 0.99, Dunn’s) but are
significantly decreased compared to untreated csw® mutants (p = 0.001, Dunn’s; Fig
2.12F). There are no changes in mEJC amplitude (p = 0.437, Kruskal-Wallis; Fig 2.12G).
Thus, decreasing MAPK/ERK signaling restores presynaptic neurotransmission
in csw® animals. We therefore next aimed to identify the upstream mechanism controlling

this regulation.

FMRP binds csw mRNA to suppress Csw protein expression upstream of
MAPKI/ERK signaling
The FMRP negative translational regulator is well known to inhibit MAPK/ERK

signaling in the regulation of synaptic function.”® Moreover, high-throughput RNA
sequencing from isolated crosslinking immunoprecipitation shows FMRP
binds csw homolog PTPN11/SHP2 mRNA."9” Therefore, we hypothesized FMRP
binds csw mRNA to negatively regulate translation upstream of MAPK/ERK signaling. To
test this hypothesis, we first performed RNA-immunoprecipitation (RIP) studies with
tagged FMRP::YFP from larval lysates using magnetic GFP-trap beads.'#2143 We used
Tubby::GFP lysates as the RIP negative control, with a-tubulin (FMRP does not bind) as
the internal negative control, and futsch/MAP1B (known FMRP target) as the internal
positive control "5, Immunoprecipitated mMRNAs were reverse transcribed and tested with
specific primers on 2% agarose gels. We next used western blots from larval ventral nerve
cord (VNC)/brain lysates to test neuronal Csw protein levels with a characterized anti-
Csw antibody 8. Antibody specificity was confirmed with the csw® null and protein levels

compared between the genetic background control (w''®) and FXS disease model
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(dfmr1 null mutants). To compare neuronal Csw protein levels in these different
genotypes, we normalized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH), a
housekeeping gene that we confirmed is not regulated by Csw. Normalized quantification
was done to compare neuronal Csw protein levels in the w’’’8 controls, csw® null
mutants, and dfmr1°°™ null mutants. Representative RIP gels, western blots, and western
blot quantified data are shown in Fig 2.14.

For the RIP analyses, csw, futsch, and a-tubulin mMRNA bands are all present in
both Tubby::GFP control and FMRP::YFP input lysates (Fig 2.14A). Immunoprecipitation
pulls down csw mRNA from the FMRP::YFP third instar lysates, with no binding in the
Tubby::GFP control (Fig 2.14A). Additionally, the positive control futsch mRNA is pulled
down, but there is no detectable negative control a-tubulin mRNA. These results indicate
FMRP binds csw mRNA, with the controls confirming binding interaction specificity.
Based on this and above findings, we hypothesized FMRP partly inhibits NMJ synaptic
transmission by suppressing Csw translation in neurons to decrease MAPK/ERK
signaling. To test this hypothesis, western blot analyses were done to test Csw protein
levels in larval brain/VNC lysates from controls (w’'?8), csw®, and dfmr15°™ null mutants.
At the predicted molecular weight (100 kDa), there is a clear Csw band present in controls
(Fig 2.14B). This band is undetectable in csw® nulls, demonstrating specificity (Fig 2.14B).
In the FXS disease model, there are clearly and consistently increased Csw protein levels
in dfmr1 null mutants (Fig 2.14B). Quantified comparisons normalized to GAPDH (p <
0.0001, ANOVA) show an increase in Csw levels in dfmr1 nulls (1.55 + 0.13) compared
to controls (0.99 + 0.029), which reveals a highly significant increase in the FXS disease
model (p = 0.0008, Tukey'’s, Fig 2.14C). There is slight background in csw?® (0.23 + 0.06),
which is very significantly decreased from controls (p< 0.0001, Tukey’s)
and dfmr1 mutants (p < 0.0001, Tukey’s; Fig 2.14C). Thus, dfmr1 nulls have a strong
increase in Csw levels in the larval neurons. Taken together, these findings show FMRP
binds csw mRNA to negatively regulate Csw protein levels. We hypothesized this

interaction negatively regulates presynaptic MAPK/ERK signaling.
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Fig 2.14: FMRP binds csw mRNA to suppress neuronal Csw and presynaptic pERK levels.

(A) RIP control (Tubby::GFP, top) and FMRP (FMRP::YFP, bottom), with csw, futsch (positive control), and a-
tubulin (negative control) RNAs. (B) Western blot for Csw (100 kDa, top) and GAPDH control (35 kDA,
bottom) w'?8 control, dfmr1°°™ null, and csw® null. (C) Quantification of Csw levels normalized to GAPDH using one-way
ANOVA followed by Tukey's multiple comparisons. (D) Representative NMJ images of w'’’8 control, csw® null,
and dfmr1°° null colabeled for pERK (green) and presynaptic membrane marker anti-HRP (magenta). pERK
fluorescence shown as a heat map. NMJs shown without stimulation (basal, top) and with 90 mM [K*] HFS (high K*,
bottom). Scale bar: 2.5 ym. (E) Quantified normalized basal presynaptic anti-pERK fluorescence for all 3 genotypes
using one-way ANOVA and Tukey’s multiple comparisons. (F) Quantified normalized stimulated presynaptic anti-pERK
fluorescence using one-way ANOVA and Tukey’s multiple comparisons. (G) Quantification of normalized presynaptic
pERK levels in all 3 genotypes under basal and stimulated conditions using two-sided t tests. Scatter plots show all data
points and mean = SEM. N = number of animals (C) or NMJS (E-G). Significance: p > 0.05 (not significant, n.s.), p <
0.05 (*), p < 0.001 (**), p> 0.001 (***), and p < 0.0001 (****).
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FMRP and Csw interact to inhibit presynaptic MAPK/ERK signaling and
neurotransmission
We next set forth to test MAPK/ERK signaling within presynaptic boutons in order

to begin investigating how FMRP and Csw interact to control presynaptic transmission.
Elevated presynaptic pERK is well known to positively regulate neurotransmitter release
function.” Based on this known role and our above studies, we hypothesized locally
elevated pERK levels should occur in both csw and dfmr1 null synaptic boutons. To test
this hypothesis, we assayed NMJ terminals double-labeled with anti-pERK '#4and anti-
horseradish peroxidase (HRP) to mark presynaptic bouton membranes. Using HRP to
delineate presynaptic boutons, we measured pERK fluorescence intensity normalized to
the genetic background control (w’778). Presynaptic pERK signaling is activity-dependent.
145,146 To test this function, we compared presynaptic pERK levels in the basal resting
condition to stimulation with acute (10 minute) high [K*] depolarization (90 mM; 147.148)
in w8 control, dfmr1°°™ null mutant, and csw?® null mutant. We hypothesized that FMRP
and Csw interact to inhibit presynaptic pERK signaling-dependent transmission strength.
To test this hypothesis, we assayed the double trans-heterozygous csw®/+; dfmr1°oM [+
mutant compared to both single heterozygous mutants alone.*® We first used TEVC
recordings to measure stimulation evoked EJC responses and spontaneous mEJC
release events. We then used pERK/HRP double-labeled imaging to measure the
presynaptic pERK fluorescence intensity levels. Representative raw data of recordings
and images as well as quantified results are shown in Fig 2.14.

Activated pERK is weakly detectable at control synapses under basal resting
conditions (Fig 2.14D, top). In w’?’8 controls, pERK is localized at relatively higher levels
in the presynaptic boutons, with lower levels of signaling in the adjacent muscle nuclei
and very low sporadic levels throughout the muscle. Given the consistent presynaptic
phenotypes above, we focused analyses on pERK signaling within presynaptic boutons.
Compared to controls, both csw and dfmr1 null mutants display consistently elevated
pERK levels within the presynaptic boutons (Fig 2.14D, top), but with similar levels of
pERK fluorescence in muscle compared to the controls. Similar results occur
in PTPN11 human patient mutants compared to driver controls (Fig 2.15A), with elevated
pERK levels in all conditions (Fig 2.15B Fig). This increased presynaptic pERK signaling

and lack of postsynaptic changes is consistent with presynaptic perturbations in
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Fig 2.15: PTPN11 LoF and GoF mutants exhibit elevated presynaptic pERK levels.

(A) Representative NMJ images of the driver control (UH71-Gald/w''’8, top left), the GoF mutant
(elav>PTPN11N3%D: top right), and two LoF mutants (UH7-Gal4>PTPN11%57% pottom left, and UH1-
Gal4>PTPN119579P: bottom right) colabeled for presynaptic membrane marker anti-HRP (magenta) and
pERK (green). Scale bar: 2.5 pm. (B) Quantified presynaptic anti-pERK fluorescence for all 5 genotypes
using a two sided ttest (PTPN11V308D) and one-way ANOVA and Tukey's multiple comparisons
(PTPN1195708] PTPN119Q570P) Scatter plots show all data points and mean + SEM. N = number of NMJs.
Significance: p < 0.001 (**), p > 0.001 (***), and p < 0.0001 (****).
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both csw and dfmr1 null mutants. Quantification of the normalized pERK fluorescent
intensity within the HRP-delineated presynaptic boutons shows very highly elevated
levels in both the csw (1.85 £ 0.25, n = 15) and dfmr1 (1.58 £ 0.13, n = 18) null mutants
compared to controls (1.0 £ 0.12, n = 24), which is a significant increase (p = 0.001, one-
way ANOVA; Fig 2.14E). When compared individually, there is no significant difference
between dfmr1 and csw mutants (p = 0.526, Tukey’s), showing both csw (p = 0.001,
Tukey’s) and dfmr1 (p = 0.024, Tukey’s; Fig 2.14E) nulls increase pERK signaling to a
similar degree compared to controls. This elevated presynaptic pERK in both disease
models fits our hypothesis that elevated MAPK/ERK signaling causes the increased
presynaptic transmission in both disease models. Given the above changes in activity-
dependent presynaptic function in csw null mutants, we next wanted to test whether
pERK levels are dynamic and change with a stimulation challenge, and whether activity-
dependent impairments occur in the two disease models.

When NMJs are strongly stimulated by acute depolarization (90 mM [K*] for 10
minutes), w’?’8 controls exhibit sharply increased presynaptic pERK levels compared to
the basal resting condition (Fig 2.14D, bottom). Both dfmr1 and csw nulls show smaller
pERK level increases upon stimulation. This elevation shows pERK levels can be further
increased in null mutants, indicating that the mechanism behind the increase is not
exhausted under basal conditions or is controlled by other mechanisms beyond activity.
Quantification of presynaptic pERK fluorescent intensity levels normalized to rest (p =
0.007, one-way ANOVA) shows pERK elevation in controls (1.68 + 0.12,n
=21),cswnulls (244 £+ 0.22,n= 15), anddfmr1 (2.09 £+ 0.14,n =15) nulls,
with csw exhibiting a significant elevation compared to controls (p = 0.005, Tukey’s; Fig
2.14F). When stimulated, pERK levels are similar in csw and dfmr1 (p = 0.341, Tukey’s);
however, dfmr1 nulls are no longer significantly increased compared to controls (p =
0.192, Tukey’s; Fig 2.14F). To further assay activity-dependent changes, we directly
compared the basal and stimulated pERK levels. Importantly, controls exhibit a significant
activity-dependent presynaptic pERK increase when compared to rest (p = 0.0003, two-
sided t test; Fig 2.14G). In contrast, csw nulls display only a trending elevation in
stimulated pERK levels, without a significant increase from rest (p = 0.083, two-

sided t test; Fig 2.14G). Likewise, dfmr1 nulls display a reduced activity-dependent
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increase in stimulated presynaptic pERK levels compared to the basal condition, albeit
still significant (p = 0.014, two-sided ¢ test; Fig 2.14G). We conclude that the basal
elevation in pERK levels in both disease models blunts further activation in response to
stimulation. This activity-dependent defect correlates with the above impaired functional
neurotransmission dynamics in response to stimulation. Based on the perturbed
presynaptic pERK signaling in csw and dfmr1 nulls, we hypothesized FMRP and Csw
interact to inhibit synaptic MAPK/ERK signaling and transmission.

We therefore directly tested for this mechanism with csw/+; dfmri1/+ trans-
heterozygotes. In TEVC recordings, these trans-heterozygotes show elevated
neurotransmission compared to w’’’8 controls and both of the single heterozygotes (Fig
2.16A). Quantification reveals that the csw/+; dfmr1/+ trans-heterozygotes have higher
EJC amplitudes (237.80 + 7.5810 nA, n =20) compared to w'’’ controls (169.67 +
8.1240 nA, n = 32), a significant increase (p < 0.0001, Dunnett’s; Fig 2.16B). In contrast,
both csw/+ (199.10 + 10.92 nA,n= 23) and dfmri1/+ (194.0 £+ 11.36 nA,n= 18)
heterozygotes display similar EJC amplitudes comparable to the w’’’é control (Fig
2.16A), with no significant elevation (p = 0.19/0.058, Dunnett’s; Fig 2.16B). In mEJC
recordings, double csw/+; dfmr1/+ trans-heterozygotes display a clear increase in mEJC
frequency compared to both w’’’8 control and single heterozygotes (Fig 2.16C).
Quantification shows trans-heterozygote mEJC frequency (2.60 + 0.29 Hz, n= 16)
elevated compared to w78 (1.34 + 0.15 Hz, n = 19), a significant increase (p = 0.0002,
Dunn’s; Fig 2.16D). Both of the single heterozygotes, csw/+ (1.69 + 0.19 Hz, n= 16)
and dfmri1/+ (191 = 0.26 Hz,n= 15), display a similar frequency comparable
to w’’"8 control (Fig 2.16C), with no significant change (p = 0.428/0.151, Dunn’s; Fig
2.16D). There are no significant changes in the mEJC amplitudes (p = 0.855, Kruskal—
Wallis; Fig 2.16E), confirming a presynaptic mechanism. Activated pERK labeling
shows csw/+; dfmr1/+ trans-heterozygotes have elevated presynaptic signaling
compared to w’’"8 control and the single heterozygotes (Fig 2.16F). Quantification shows
increased presynaptic pERK fluorescence intensity in the trans-heterozygote (1.64 *
0.11, n = 34) normalized to control (1.0 £ 0.07, n = 41), a significant elevation (p < 0.0001,
Dunn’s; Fig 2.16G). Both of the single heterozygotes, csw/+ (1.02 + 0.10, n= 31)
and dfmr1/+ (1.23 £0.12, n = 34) have presynaptic pERK levels comparable to the control
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Fig 2.16: Trans-heterozygous csw/+; dfmr1/+ recapitulate disease model phenotypes.

(A) Representative evoked EJC traces showing 10 superimposed TEVC recordings in background
control (w'''8), single heterozygotes (csw®+ and dfmr1°°/+), and the trans-heterozygote
(cswol+; dfmr1%°M/+). (B) Quantification of mean EJC amplitudes for all 4 genotypes using one-way
ANOVA and Dunnett’'s multiple comparisons. (C) Representative mEJC traces from the same 4
genotypes. (D) Quantification of mEJC frequency for all 4 genotypes using Kruskal-Wallis and Dunn’s
multiple comparisons. (E) Quantification of mEJC amplitude for all 4 genotypes using Kruskal-Wallis.
(F) Representative NMJ images from the same 4 genotypes colabeled for anti-pERK (green) and
presynaptic membrane anti-HRP (magenta). pERK also shown as a heat map. Scale bar: 2.5 ym.
(G) Quantification of normalized synaptic pERK fluorescence for all 4 genotypes using Kruskal-Wallis
and Dunn’s multiple comparison tests. Scatter plots show all data points and the mean £+ SEM. N =
number of NMJs. Significance: p > 0.05 (not significant, n.s.), p < 0.001 (**), p > 0.001 (***), and p <
0.0001 (****).
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(Fig 2.16F), showing no significant change (p > 0.999/0.312, Dunn’s; Fig 2.16G). Taken
together, these findings indicate FMRP and Csw interact to regulate presynaptic pERK

signaling upstream of neurotransmitter release.

Discussion

MAPK is well known to regulate activity-dependent signal transduction and
synaptic plasticity within the nervous system.®® Four MAPK families have been
characterized, including extracellular signal-regulated kinase 1/2 (ERK1/2), ERKS5, p38
MAPK, and the c-Jun N-terminal kinase (JNK; 79). These families are activated similarly
through an evolutionarily conserved cascade involving initial activation of GTPases
(Ras/Rac) and a subsequent three-tiered protein kinase signaling system.”! The best-
characterized MAPK pathway, ERK1/2, has been extensively investigated within the
nervous system, where ERK activation is very tightly regulated. Numerous neurological
disease states display elevated ERK activity, including FXS, NS, and NSML, as well as
neurodegenerative diseases such as Alzheimer’'s and Parkinson’s disease.”>7%% Many
studies have linked such elevated ERK signaling to cognitive deficits, particularly
impairment of LTM consolidation. LTM requires spaced learning sessions during which
ERK is activated and then decays in a temporal cycle. In Drosophila PTPN11/SHP2
homolog csw mutants, this ERK activation timing cycle is perturbed and LTM is
disrupted.®?> Moreover, one of the targets of FMRP, a negative translational regulator,
is PTPN11/SHP2 mRNA,"%7 suggesting a potential link between the FXS and NS/NSML
disease states. Based on the common ERK signaling up-regulation in these disorders,
we hypothesized FMRP regulates Csw translation to modulate synaptic ERK levels to

control neurotransmission strength and functional plasticity.

This hypothesis provides the first proposed mechanistic connection between NS,
NSML, and FXS disease conditions, through an ERK phosphorylation (pERK) signaling
defect in presynaptic boutons. pERK is known to activate presynaptic function, with short-
term roles in the control of neurotransmission strength and activity-dependent
plasticity,”>7® and longer-term nuclear translocation roles.” In the Drosophila NS/INSML

disease models of csw LoF and GoF, we began with synaptic transmission assays at the
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NMJ glutamatergic synapse.*¢ We also tested human patient PTPN11/SHP2 mutations
to confirm functional requirements.®! Our work reveals that all LoF/GoF mutations elevate
neurotransmission strength, indicating that Csw/SHP2 is involved in inhibiting
glutamatergic signaling. Consistently, previous Drosophila NS and NSML model studies
also show that LoF and GoF mutations phenocopy one another, with a correlation to
hyperactivated pERK signal transduction in both conditions.82% Moreover,
the Drosophila FXS disease model similarly increases NMJ glutamatergic synaptic
transmission,'"® consistent with the FMRP mechanistic intersection. Localized pERK
signaling occurs on both pre- and postsynaptic sides,’#®'%0 so we next used cell-
targeted csw RNAIi and measured spontaneous vesicle fusion events to separate these
requirements. Our work reveals Csw/SHP2 has only a neuronal role in the regulation of
presynaptic transmission. There is no detectable postsynaptic function. This new
presynaptic Csw/SHP2 role is consistent with the abundant evidence for both MAPK/ERK

and FMRP involvement in modulating glutamatergic release mechanisms.

Presynaptic vesicle fusion is a major determinant of neurotransmission strength,
maintained functional resilience during strong demand, and activity-dependent
plasticity.#? HFS trains cause the transient activation of pERK signaling in presynaptic
terminals,'#® correlating with increased vesicle fusion. To test if Csw/SHP2 similarly
regulates glutamate release, we performed HFS synaptic depression assays to discover
that all mutants have increased transmission resiliency under conditions of heightened
demand,’> with elevated glutamate release from presynaptic boutons. This role is
consistent with activity-dependent presynaptic MAPK/ERK signaling driving greater
presynaptic glutamate release by modulating the accessible number of synaptic vesicles
available for fusion in the RRP.'?” Importantly, the mouse FXS disease model displays
similar decreased short-term depression due to enhanced presynaptic glutamate release,
also via up-regulation of the RRP without a change in PPR fusion.'® The MAPK/ERK-
dependent phosphorylation of presynaptic targets is likewise known to increase short-
term plasticity, and blockade of this signaling process has been shown to strongly impair
facilitation, maintained augmentation, and PTP."45151 Qur results show that all three forms

of synaptic plasticity are impaired in csw null and PTPN11N308D GoF animals, which both
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show decreased facilitation, augmentation, and PTP, consistent with other LoF/GoF
phenocopy. We hypothesize that these plasticity defects correlate to the already
increased basal transmission levels that cause a decrease in range for enhancement from
presynaptic pERK activation, leading to a “ceiling effect” on presynaptic function. This
predicts neurotransmission defects are linked to causal changes in presynaptic
MAPK/ERK signaling.

Both NS and NSML disease states exhibit elevated MAPK/ERK signaling,® but
there is heterogeneity in pERK activation levels and multiple pathways involved.®’ To
confirm the neurotransmission increase is due to elevated MAPK/ERK signaling, we
inhibited this pathway with both Trametinib and Vorinostat, two drugs well characterized
to decrease pERK signaling.'#'.152 With drug treatments, the elevated neurotransmission
in csw and PTPN11 mutants is restored to levels comparable to control animals,
indicating that the elevated MAPK/ERK signaling is responsible for the heightened
presynaptic function. This test does not rule out the possibility of other disrupted signaling
pathways that may influence MAPK/ERK signaling, but does prove MAPK/ERK signaling
is the cause of the elevated neurotransmission. The next task was to explore the new
activity-dependent mechanism controlling this presynaptic Csw/SHP2 function. As
previously discussed, NS, NSML, and FXS models/patients all display striking similarities
in up-regulated MAPK/ERK signaling, synaptic phenotypes, and LTM
impairments.’15118.120 Moreover, RNA-binding FMRP is well characterized as an activity-
dependent negative translational regulator of presynaptic mRNA targets.'®® Consistently,
we find that Drosophila FMRP binds csw mRNA, as suggested in a mouse FMRP screen
indicating PTPN11/SHP2 binding.'%” Additionally, we find neuronal Csw protein levels are
elevated in the FXS disease model (dfmr1 null), consistent with the predicted FMRP
translational repression.'%® Finally, we find that presynaptic pERK signaling is increased
in both dfmr1 and csw null mutants and that normal activity-dependent elevation in pERK
signaling is impaired in both disease model conditions. The pERK enhancement levels
are slightly different, but this to likely due to the relative effect of the two nulls on pERK
signaling. The heightened basal presynaptic pERK signaling and repressed activity-
dependent pERK signaling suggests that FMRP and Csw interact to modulate

presynaptic glutamatergic neurotransmission.
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One genetic test for pathway interaction employs nonallelic
noncomplementation,’®* which demonstrates that the two gene products operate within a
common mechanism, in this case, the up-regulation of MAPK signaling.4°
Both dfmr1 and csw null mutants display elevated presynaptic neurotransmission with an
increased probability = of  presynaptic  glutamate release,'®  and trans-
heterozygous dfmr1/+; csw/+ double mutants recapitulate both functional phenotypes.
Importantly, both the dfmr? and csw® single heterozygous mutants do not display any
phenotypes, despite the NSML autosomal dominant disease state. Similarly,
Csw/PTPN11 overexpression does not cause any phenotypes, suggesting a change in
the FXS background causes the elevated MAPK/ERK presynaptic signaling. These
genetic tests indicate that FMRP and Csw/SHP2 act together to inhibit pERK signaling
and presynaptic glutamate release. We propose the mechanism of mRNA-binding FMRP
acting canonically as a negative translational regulator of Csw/SHP2 expression.'>® Both
the dfmr1 and csw null mutants display elevated MAPK/ERK signaling as indicated by
PERK production,”® and we demonstrate here pERK elevation in presynaptic boutons.
Consistent with a common mechanism, trans-heterozygous csw/+; dfmr1/+ mutants
recapitulate this heightened presynaptic pERK signaling. We propose the mechanism of
FMRP working through Csw/SHP2 phosphatase enzymatic activity to inhibit presynaptic
pERK production. Given that MAPK/ERK signaling is well established to modulate
presynaptic glutamatergic release,” we suggest heightened presynaptic pERK signaling
causes elevated glutamate release probability. We demonstrate this causal link with
pharmacological treatments that block pERK production,'° which act to restore normal
glutamatergic synaptic signaling in the disease model animals.

In conclusion, we note that there are important differences between FXS and
NS/NSML disease models. Previous FXS model work has shown increased NMJ
architecture and mEJC amplitudes in dfmr1 nulls,'® which are absent in NS/NSML
model csw/PTPN11 mutants. FXS is a very complex disease state with many proteins
misregulated,’"® and there was never an expectation that all FXS phenotypes would be
recapitulated in csw/PTPN11 mutants, especially for the unrelated postsynaptic changes.
Nevertheless, the presynaptic parallels are striking. The mouse FXS model exhibits

decreased short-term depression with no change in PPR, but an increase in RRP,'"®
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matching the Drosophila results shown here. Interestingly, these phenotypes match
closer than mouse H-ras®’?V mutants with increased pERK signaling, which exhibit
enhanced short-term synaptic plasticity,'?” compared to the depressed plasticity shown
here. Thus, although both basal transmission strength and functional plasticity properties
are dependent on presynaptic MAPK/ERK signaling, there are likely other intersecting
regulatory pathways. Moreover, FMRP and Csw/SHP2 could interact via multiple different
mechanisms to regulate presynaptic MAPK/ERK signaling, and the elevated
neurotransmission in the disease state models may not be completely dependent on
presynaptic MAPK/ERK signaling. In the FXS model, Csw/SHP2 is both up-regulated and
hyperactivated, and the mechanism of this activation is unknown. One possibility is
decreased MAPK/ERK negative regulation, via other factors like Neurofibromin-1, which
could further increase MAPK/ERK signaling.'®%:15” Another possibility is that neuronal
activity up-regulates and then activates Csw/SHP2 via two parallel mechanisms to
increase MAPK/ERK signaling.’®®1%® We have previously uncovered several other
genetic mutants that likewise elevate neurotransmission and depress short-term
plasticity,40:160-162 which are also candidates for furthering our understanding in future
studies. The possibility for a more extensive interactive molecular network is exciting, but
it can currently only be concluded that FMRP and Csw/SHP2 both control MAPK/ERK
signaling and modulate neurotransmission. This presynaptic mechanism connects the
previously unlinked disorders of NS, NSML, and FXS, suggesting common therapeutic

targets and new treatment avenues.

Materials and Methods

Drosophila Genetics
All the Drosophila stocks were reared on standard cornmeal/agar/molasses food at 25°C

within 12-hour light/dark cycling incubators. All animals were reared to the wandering third
instar stage for all experiments, with all genotypes and RNAI lines confirmed with a
combination of transgenically marked balancer chromosomes, western blots, and
sequencing. Due to the corkscrew gene being on the X chromosome, all experiments

utilizing csw® mutants were conducted using males only, whereas all the trans-
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heterozygous experiments were done using females only. All the other experiments were
done on both of the sexes (males and females together). The two genetic background
controls were w'’”® and the TRiP RNAi third chromosome background control.’33
The dfmr1°°M null mutant,'® csw® null mutant,’3® and the transgenic lines UAS-
cswT and UAS-csw RNAIi®132 are all available from the Drosophila Bloomington Stock
Center (BDSC; Indiana University, Bloomington, IN, USA). The UAS-csw”7?S line8? was
obtained as a kind gift from Dr. Mario Rafael Pagani (Department of Physiology and
Biophysics, School of Medicine, National Scientific and Technical Research Council,
University of Buenos Aires, Buenos Aires, Argentina). All patient-derived UAS-
PTPN11 mutant lines®! were obtained as a kind gift from Dr. Tirtha Das (Department of
Cell, Developmental, and Regenerative Biology, Icahn School of Medicine at Mount Sinai,
New York, NY, USA). Transgenic studies were performed with neural-specific elav-Gal4
163 muscle-specific 24B-Gal4,'%* and ubiquitous daughterless UH1-Gal42! driver lines, alll
obtained from BDSC. The genetic and transgenic lines used in this study are summarized
below in Table 2.1:

Line Provider Reference
cswb BDSC 23874 (Perrimon et al., 1985)
UAS-csw?T BDSC 23878 (Hamlet and Perkins, 2001)
UAS-cswA7?S Dr. Mario Rafael Pagani (Oishi et al., 2006)
UAS-PTPN1 1R4%8W Dr. Tirtha Das (Das et al., 2021)
UAS-PTPN11Y279¢ Dr. Tirtha Das (Das et al., 2021)
UAS-PTPN11Q5108 Dr. Tirtha Das (Das et al., 2021)
UAS-PTPN11Q510P Dr. Tirtha Das (Das et al., 2021)
UAS-csw RNAI BDSC 33619 (Nietal., 2011)
TriP 3 RNAI Ctl BDSC 36303 (Perkins et al., 2015)
dfmr15oM BDSC 6930 (Zhang et al., 2001)
UAS-YFP-dfmr1 Dr. Daniela Zarnescu (Cziko et al., 2009)

Table 2.1: Drosophila mutant and transgenic lines used in this study.
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Synaptic Electrophysiology
Wandering third instar dissections and TEVC recordings were done at 18°C in

physiological saline (in mM): 128 NaCl, 2 KCI, 4 MgClz, 1.0 CaClz, 70 sucrose, and 5
HEPES (pH 7.2). Staged larvae were dissected longitudinally along the dorsal midline,
the internal organs removed, and the body walls glued down (Vetbond, 3M). Peripheral
motor nerves were cut at the base of the VNC. Dissected preparations were imaged with
a Zeiss 40x water-immersion objective on a Zeiss Axioskop microscope. Muscle 6 in
abdominal segments 3 to 4 was impaled with two intracellular electrodes (1 mm outer
diameter borosilicate capillaries; World Precision Instruments, 1B100F-4) of
approximately 15 MQ resistance when filled with 3M KCI. The muscles were clamped at
—-60 mV using an Axoclamp-2B amplifier (Axon Instruments). For evoked EJC recordings,
the motor nerve was stimulated with a fire-polished suction electrode using 0.5 ms
suprathreshold voltage stimuli at 0.2 Hz from a Grass S88 stimulator. Nerve stimulation—
evoked EJC recordings were filtered at 2 kHz. To quantify EJC amplitude, 10 consecutive
traces were averaged, and the average peak value recorded. Spontaneous mEJC
recordings were made in continuous 2-minute sessions and low-pass filtered at 200 Hz.
Synaptic depression experiments were performed using the above EJC recording
protocol for 1 minute to establish baseline, followed by a 20-Hz HFS train for 5 minutes
at the same suprathreshold voltage. RRP size was estimated by dividing the cumulative
EJC amplitudes during the first 100 responses to 20 Hz stimulation by the mean mEJC
amplitudes. Due to these analyses being at 20 Hz, RRP size is likely underestimated. All
synaptic plasticity experiments were performed in 0.2 mM Ca?* using 10 Hz stimulation
trains for 1 minute, followed by 0.2 Hz recordings. All EJC responses within a 1-second
bin were averaged, and the average value normalized to the basal EJC amplitude for
each animal. Clampex 9.0 was used for all data acquisition, and Clampfit 10.6 was used

for all data analyses (Axon Instruments).

Drug treatments
Two drugs known to inhibit pERK production (Trametinib and Vorinostat) were used by

feeding as published previously.®'.140.141 Both Trametinib (Cell Signaling, 62206S) and
Vorinostat (Cell Signaling, 12520S) were dissolved in dimethylsulfoxide (DMSO; Fisher,

67-68-5) at 15 mM and 20 mM, respectively, to create stock solutions. Both drugs were
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then added to Drosophila food yeast paste and in the standard cornmeal/agar/molasses
food in the final concentrations of 0.5 mM (Trametinib) and 1 mM
(Vorinostat). Drosophila were induced to lay eggs on selection apple juice plates with
drugged yeast paste food. Hatching first instars were selected and placed in standard
vials containing Trametinib, Vorinostat, or control food with DMSO only. Larvae were
reared in a 12-hour light/dark cycling incubators at 25°C and then collected as wandering
third instars for TEVC studies.

RNA immunoprecipitation
Wandering third instars (20 larvae) of each genotype (UH1>FMRP-YFP or Tubulin-GFP)

were homogenized in 200 yL of RNase-free lysis buffer (20 mM HEPES, 100 mM NaCl,
2.5 mM EDTA, 0.05% (v/v) Triton X-100, 5% (v/v) glycerol) with 1% B-mercaptoethanol
1x protease inhibitor cocktail (complete mini EDTA-free Tablets, Sigma, 11836170001)
and 400U RNase inhibitor (Applied Biosystems, N8080119). The supernatant was
collected and diluted to 300 pL to reduce nonspecific binding. Next, the samples were
incubated with GFP-trap coupled magnetic agarose beads (Chromotek, GTMAZ20) for 3
hours at 4°C. The bound beads were washed with lysis buffer (3X, 10 minutes). The
bound RNA was purified by incubating the bead-protein-RNA conjugates with a 500-pL
TRIzol and chloroform mixture (Ambion, 15596026) for 10 minutes at RT, followed by
centrifugation. To precipitate RNA, glycogen (1 uL) and 2-propenol (250 pL) were added
to the isolated aqueous layer. Finally, the precipitated RNA was reverse transcribed into
single-strand cDNA using the SuperScript VILO cDNA synthesis kit (Thermo Fisher,
11754050) and then subjected to primer-specific PCR, with 2% agarose gels used to
analyze the PCR products. All primers used in this study are summarized above in Table
2.2.

Primer Sequence
corkscrew (forward) CTACCGCAACATATTGCCATACGAC
corkscrew (reverse) CTGCACGCACGTCTTGTTTT
futsch (forward) TTCCTGGATATTGCAGGACGG
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futsch (reverse) CTCGGGCAATGTGTGCCATA
a-tubulin (forward) ATTTACCCAGCACCACAAGTGT
a-tubulin (reverse) GGCGATTGAGATTCATGTAGGTGG

Table 2.2: Primers used for RNA immunoprecipitation. The length of PCR products is ~200 bp.

Western Blots
Wandering third instar VNCs from 20 larvae were homogenized in 100 uL of lysis buffer

(20 mM HEPES, 10 mM EDTA, 100 mM KCI, 0.1% (v/v) Triton X-100, 5% (v/v) glycerol)
with a protease inhibitor cocktail (Roche, 04693132001) combined with a protease and
phosphatase inhibitor cocktail (Abcam, ab201119). All samples were then sonicated and
run in 4% to 15% Mini-PROTEAN TGX Stain-Free Precast Gels (BioRad, 4568083)
alongside Precision Plus Protein all blue prestained protein standards (BioRad, 1610373).
Next, total protein was transferred to PVDF membranes using a Trans-Blot Turbo system
(BioRad). After transfer, the membrane was blocked by TBS intercept blocking buffer
(LICOR, 927-60000) for 1 hour at RT. The blocked membranes were incubated with
primary antibodies overnight at 4°C. Antibodies used include rabbit anti-Csw (Lizabeth
Perkins, F1088, 1:500) and goat anti-GAPDH (Abcam, ab157157, 1:2,000). The
membrane was washed with Tris-buffer saline with 0.1% Tween-20 (TBST) and then
incubated with secondary antibodies for 40 minutes at RT. Secondary antibodies used
include Alexa Fluor 680 donkey anti-goat (Invitrogen, A21084, 1:10,000) and Alexa Fluor
800 goat anti-rabbit (Invitrogen, A32735, 1:10,000). After washing with TBST (3X, 10

minutes), the membranes were imaged using the Li-COR Odyssey CLx system.

Immunocytochemistry imaging
Wandering third instars were dissected in physiological saline (see above) and fixed in

4% paraformaldehyde (EMS, 15714) diluted in PBS (Corning, 46—013-CM) for 10 minutes
at RT. Preparations were then washed and permeabilized in PBS containing 0.2% Triton
X-100 and 1% bovine serum albumin (BSA; 3X, 10 minutes), followed by blocking for 30
minutes at RT in the same solution. Preparations were incubated with primary antibodies
overnight at 4°C. Primary antibodies used included rabbit anti-pERK1/ERK2 (Thr185,
Tyr187) polyclonal antibody (Thermo Fisher, 44-680G, 1:100), goat Cy3-conjugated anti-
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HRP (Jackson ImmunoResearch, 123-165-021, 1:200), and goat 488-conjugated anti-
HRP (Jackson ImmunoResearch, 123-545-021, 1:200). Preparations were washed (3X,
10 minutes) and then incubated with secondary antibodies for 2 hours at RT. Secondary
antibodies used included: donkey 488 anti-rabbit (Invitrogen, A21206) and donkey 555
anti-rabbit (Invitrogen, A31572). Preparations were washed (3X, 10 minutes) and then
mounted in Fluoromount G (Electron Microscopy Sciences) onto 25 x 75 x 1 mm slides
(Fisher Scientific, 12-544-2) with a 22 x 22—1 coverslip (Thermo Fisher Scientific, 12—
542-B) sealed with clear nail polish (Sally Hansen). All NMJ imaging was performed using
a Zeiss LSM 510 META laser-scanning confocal microscope, with images projected in
Zen (Zeiss) and analyzed using Imaged (NIH open source). All NMJ intensity
measurements were made with HRP signal-delineated z-stack areas of maximum

projection using Imaged threshold and wand-tracing tools.

Statistical analyses
All statistics were performed using GraphPad Prism software (v9.0). Data sets were

subject to normality tests, with D’Agostino—Pearson tests utilized if n > 10 and Shapiro—
Wilk tests if n < 10. With normal data, ROUT outlier tests with Q set to 1% were run,
followed by either two-tailed Student t tests for two-way comparison with 95% confidence
(2 data sets) or a one-way ANOVA followed by either a Tukey’s multiple comparison test
(3+ data sets, comparing all samples) or a Dunnett’s multiple comparison test (3+ data
sets, comparing to control). If data were not normal, Mann—Whitney tests (2 data sets) or
Kruskal-Wallis followed by a Dunn’s multiple comparisons tests (3+ data sets) were
performed. In order to fully capture changes in the datasets for experiments containing
time courses, nonlinear regressions were performed followed by F extra sum of squares
tests to determine if the curves were significantly different. All figures show all individual
data points as well as mean + SEM, with significance displayed as p < 0.05 (*), p < 0.01
(**), p=0.001 (***), p = 0.0001 (****), and p > 0.05 (not significant; n.s.).
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Abstract

Cytoplasmic protein tyrosine phosphatase (PTP) non-receptor type 11 (PTPN11) and
Drosophila homolog Corkscrew (Csw) regulate the mitogen-activated protein
kinase (MAPK) pathway via a conserved autoinhibitory mechanism. Disease causing
loss-of-function (LoF) and gain-of-function (GoF) mutations both disrupt this autoinhibition
to potentiate MAPK signaling. At the Drosophila neuromuscular junction (NMJ)
glutamatergic synapse, LoF/GoF mutations elevate transmission strength and reduce
activity-dependent synaptic depression. In both sexes of LoF/GoF mutations, the synaptic
vesicles (SV) colocalized Synapsin phosphoprotein tether is highly elevated at rest, but
quickly reduced with stimulation, suggesting a larger SV reserve pool with greatly
heightened activity-dependent recruitment. Transmission electron microscopy of mutants
reveals an elevated number of SVs clustered at the presynaptic active zones, suggesting
that the increased vesicle availability is causative for the elevated neurotransmission.
Direct neuron-targeted extracellular signal-regulated kinase (ERK) GoF phenocopies
both increased local presynaptic MAPK/ERK signaling and synaptic transmission
strength in mutants, confirming the presynaptic regulatory mechanism. Synapsin loss
blocks this elevation in both presynaptic PTPN11 and ERK mutants. However, csw null
mutants cannot be rescued by wildtype Csw in neurons: neurotransmission is only
rescued by expressing Csw in both neurons and glia simultaneously. Nevertheless,
targeted LoF/GoF mutations in either neurons or glia alone recapitulates the elevated
neurotransmission. Thus, PTPN11/Csw mutations in either cell type is sufficient to
upregulate presynaptic function, but a dual requirement in neurons and glia is necessary
for neurotransmission. Taken together, we conclude PTPN11/Csw acts in both neurons
and glia, with LoF and GoF similarly upregulating MAPK/ERK signaling to enhance
presynaptic Synapsin-mediated SV trafficking.
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Significance statement

Noonan syndrome (NS) is, by far, the most common RASopathy; a group of clinically-
classified genetic syndromes caused by MAPK pathway alterations: it affects 1 in every
1000-2000 people. Patients present with cognitive deficits caused by PTPN11 mutations;
with gain-of-function the most common basis for NS, and loss-of-function resulting in NS
with multiple lentigines (NSML). We find NS/NSML patient-derived LoF/GoF PTPN11
mutations, as well as Drosophila homolog corkscrew LoF/GoF mutations, all increase
presynaptic MAPK signaling, Synapsin turnover, and synaptic vesicle availability at
presynaptic release sites. Surprisingly, we find PTPN11/corkscrew to be required in both
glia and neurons to control neurotransmission strength. These findings suggest disease
interventions manipulating presynaptic vesicle trafficking mechanisms, as well as

therapeutic strategies targeting both glia and neurons.
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Introduction

Noonan syndrome (NS) and NS with multiple lentigines (NSML) are autosomal
dominant disorders caused by mutations in protein tyrosine phosphatase non-receptor
type 11 (PTPN11)in ~50% of NS and >95% of NSML patients.?'-°” The NS/NSML disease
states share most symptoms, including cognitive impairments in 30-50% of patients.3#
Surprisingly, NS is caused by gain-of-function (GoF) and NSML by loss-of-function (LoF)
mutations in PTPN11, encoding the Src homology-2 (SH2)-domain containing PTP-2
(SHP2) cytoplasmic phosphatase that positively modulates MAPK/ERK signaling.™
SHP2 function is regulated by autoinhibition, with phosphatase and N-SH2 domains
interacting during inactivation, and an open conformation adopted only with signaling
activation.®* Both GoF/LoF disease mutations favor the SHP2 open conformation with an
exposed catalytic domain, leading to elevated MAPK/ERK signaling.® In the mouse NS
disease model, long-term potentiation (LTP) and memory deficits are rescued by
MAPK/ERK inhibition.?® In Drosophila NS and NSML disease models, MAPK/ERK-
dependent long-term memory (LTM) is likewise disrupted.®?°" Although these previous
investigations clearly indicate MAPK/ERK-dependent deficits in the nervous system, the
underlying neuronal mechanism that causes these impairments has yet to be fully
determined.

At the Drosophila neuromuscular junction (NMJ) glutamatergic synapse, we
previously tested PTPN11 homolog corkscrew (csw) LoF/GoF mutations as well as
human patient-derived PTPN11 LoF/GoF transgenes targeted to neurons for synaptic
phenotypes.'®® All of these mutations increase presynaptic MAPK/ERK signaling and
elevate neurotransmission, with defects corrected by MAPK/ERK inhibitors.
Electrophysiological recordings suggest synaptic vesicle (SV) release is heightened to
increase signaling strength in basal resting conditions, with compensatory reductions
during activity-dependent synaptic depression and short-term plasticity.'®® Vesicles can
be functionally classified into the readily releasable pool (RRP), rapid recycling pool, and
reserve pool.5* The RRP available for immediate release represents vesicles physically
docked at the presynaptic active zone (AZ) and primed for exocytosis.?® The RRP is
replenished from the vesicle recycling pool, with greater replacement during conditions of

elevated demand.'®® The reserve pool is recruited by high usage levels; for example,
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during high frequency stimulation (HFS). The Synapsin phosphoprotein tethers vesicles
well away from the membrane, with phosphorylation causing SV disassociation and SV
recruitment to AZ fusion sites.®” Loss of this Synapsin regulation results in an inability to
sustain proper release dynamics.?° Given Synapsin is a MAPK target,'®” we hypothesized
a causal mechanism in our NS/NSML disease models.

To test this hypothesis, this study employs confocal imaging of SV-associated
Synapsin, electron microscopy synaptic ultrastructure analyses, and two-electrode
voltage-clamp (TEVC) electrophysiology recordings of PTPN11/csw mutants. We first test
SV-associated Synapsin in both basal and stimulated conditions. In PTPN11/csw LoF
and GoF mutants, we find elevated Synapsin colocalized with SVs under basal
conditions, and a dramatic loss of SV-associated Synapsin with acute stimulation. These
findings suggest strongly altered Synapsin-dependent SV trafficking in the NS/NSML
disease models. We next use transmission electron microscopy to visualize synaptic
ultrastructure. In mutants, we find an increase in SVs clustered at presynaptic active
zones. These findings suggest increased vesicle availability underlies the elevated
mutant neurotransmission strength. We next test a neuron-targeted ERK®°F line to assay
the presynaptic MAPK/ERK mechanism. We find higher MAPK signaling drives increased
presynaptic function, and Synapsin loss blocks elevated neurotransmission with
presynaptic NS/NSML mutations and ERK®°F. To rescue these phenotypes, we
reintroduced neuron-targeted wildtype csw into csw null mutants. Surprisingly, we find
absolutely no improvement. Only rescue in both neurons and glia restores
neurotransmission, indicating an unexpected dual requirement in both cell types.
However, we find that glial-targeted PTPN11/csw LoF and GoF alone elevate
neurotransmission, showing that disrupted glial function is sufficient to increase synaptic

strength.

Materials and Methods
Drosophila genetics

All Drosophila stocks were reared on standard cornmeal/agar/molasses food at 25°C in

12-hour light/dark cycling incubators. All animals were reared to the wandering third instar
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stage, with all genotypes confirmed with a combination of sequencing, Western blots, and
transgenically marked balancer chromosomes. Due to the corkscrew gene being on the
X chromosome, all experiments utilizing csw® mutants were conducted on males only. All
other experiments were done on both sexes (males and females together). The two
genetic background controls were 1) w'’’8 for all of mutants back-crossed in the w’’"8
background, and 2) the Transgenic RNAi Project (TRiP) RNAi 3™ chromosome
background control for the TRiP RNAi lines.’™® The csw® null,'30 syn9 65168 ERK?
hypomorph,'® wildtype transgenic UAS-csw”7 line,'® gain-of-function UAS-ERKSEM
line,"" and UAS-csw RNAI lines’?® were all obtained courtesy of the Drosophila
Bloomington Stock Center (BDSC; Indiana University, Bloomington, IN, USA). All of the
NS/NSML patient-derived UAS-PTPN11 mutant lines®' were a kind gift from Dr. Tirtha
Das (Department of Cell, Developmental, and Regenerative Biology, Icahn School of
Medicine at Mount Sinai, New York, NY, USA.). Transgenic driver studies were performed
with the pan-neuronal elav-Gal4,'"? glutamatergic neuron-specific vglut-Gal4,'”3 and glial-
specific repo-Gal4,'”? which were all obtained from the BDSC. Recombinant lines were
confirmed via PCR, chromosome markers, and cell markers (e.g. membrane
mCD8::GFP).

Immunocytochemistry imaging
Wandering third instars were dissected in physiological saline (in mM): 128 NaCl, 2 KCl,

4 MgClz, 0.2 CaClz, 70 sucrose, and 5 HEPES (pH 7.2). Preparations were fixed in 4%
paraformaldehyde (EMS, 15714) diluted in phosphate-buffered saline (PBS; Corning, 46—
013-CM) for 10 mins at room temperature (RT). Preparations were then washed and
permeabilized in PBS containing 0.2% Triton X-100 and 1% Bovine Serum Albumin (BSA;
3X, 10 mins), followed by blocking for 30 mins at RT in the same solution. Preparations
were incubated with primary antibodies overnight at 4°C. Primary antibodies used
included: rabbit anti-phospho-ERK1/ERK2 (Thr185, Tyr187) polyclonal antibody
(ThermoFisher, 44-680G, 1:100), rabbit anti-vesicular glutamate transporter (vglut,
1:1000,"*mouse anti-Synapsin (Developmental Studies Hybridoma Bank (DSHB), 3C11,
1:100), goat Cy3-conjugated anti-horseradish peroxidase (HRP; Jackson
ImmunoResearch, 123—-165-021, 1:200), and goat 647-conjugated anti-HRP (Jackson
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ImmunoResearch, 123-605-021, 1:200). Following primary incubations, preparations
were again washed (3X, 10 mins), and then incubated with secondary antibodies for 2
hrs at RT. Secondary antibodies used included: donkey 488 anti-rabbit (Invitrogen,
A21206, 1:250) and donkey 555 anti-mouse (Invitrogen, A31570, 1:250). Preparations
were again washed (3X, 10 mins), and then mounted in Fluoromount G (Electron
Microscopy Sciences) on 25 x 75 x 1 mm slides (Fisher Scientific, 12-544-2) with 22 x
22 mm coverslips (Thermo Fisher Scientific, 12-542-B), sealed with clear nail polish
(Sally Hansen). All NMJ imaging was performed using a Zeiss LSM 510 META laser-
scanning confocal microscope, with images projected in Zen (Zeiss) and analyzed using
Imaged (NIH open source). All imaging was done with identical settings, kept consistent
between all genotypes and stimulation conditions. Fluorescence intensity was calculated
from maximum projection of the full HRP signal-delineated z-stack with using ImageJ
threshold and wand-tracing tools. Thresholds were set consistently to avoid image
saturation and maximize the fluorescence signal range (0-255). To compare across
different trials, NMJ intensity values were normalized to the mean intensity value of basal

controls for each trial (absolute units).

Colocalization assays
Synaptic vesicle (SV) colocalization was done with vesicular glutamate transporter (vglut)

and Synapsin antibody co-labeling at the wandering third instar NMJ (as above). Image
settings were identical in all conditions. Glutamatergic SVs were marked with anti-vglut
labeling,’”® which has been used previously in anti-Synapsin colocalization analysis.'’®
With Image J, a NMJ synaptic bouton region of interest (ROI) was determined by selection
with anti-horseradish peroxidase (HRP) presynaptic membrane labeling.'”” Before
analyzing, acquisition images were split by channel and fluorescent background from
outside the NMJ region was subtracted to ensure no false overlap. Using the HRP
channel, the synaptic bouton ROl was the converted to a mask, and colocalization
analyses of anti-vglut and anti-Synapsin within this defined mask ROl were then
performed using the Coloc2 plugin, with the Pearson correlation coefficient (PCC)

quantified.'”®
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Electron microscopy
Wandering third instars were dissected in physiological saline (as above) and fixed

overnight at 4°C in 2.5% glutaraldehyde (EMS, 16020) in 0.1M sodium cacodylate (SC)
buffer (EMS, 11650), followed by a secondary fixation in 1% osmium tetroxide (EMS,
19172) in SC buffer for 1 hr at room temperature (RT). Preparations were washed in 0.1
M SC buffer (3X, 10 mins) and then ddH20 (3X, 15 mins). Labeling was done en bloc
using 2% uranyl acetate (EMS, 22400) for 2 hrs in the dark, and then preparations were
rinsed in ddH20 (3X, 15 mins). Preparations were next dehydrated through an ethanol
series (30, 50, 70, 90, 95, 100, 100%), followed by propylene oxide (EMS, 20401)
infiltration and then resin embedding (Embed-812; EMS, 14121). Body wall muscles 6/7
from abdominal segments 3/4 were dissected free, and then embedded into a
semihardened resin block. The muscles from 10 animals were put into each block. Blocks
were polymerized at 60°C for 48 hrs. Blocks were thick sectioned for ~150 um (to NMJ
depth) using a DIATOME diamond knife on a Leica Ultracut UCT ultramicrotome. Thin
sections were then cut at 65 nm and collected on uncoated 200 mesh copper grids (EMS,
T200H-Cu). Five sections were collected per grid, with two consecutive grids collected at
a time. Blocks were then thick sectioned an additional 10 um before collecting on grids
again to prevent reimaging the same bouton. Only muscle 6 type 1b boutons surrounded
by subsynaptic reticulum (SSR) containing a presynaptic active zone t-bar were analyzed
to quantify bouton area, synaptic vesicle (SV) number and distribution in Imaged. All
imaging was done with a Philips/FEI T-12 TEM operating at 100 kV, with images collected
using a 4 megapixel AMT CCD camera.

Synaptic electrophysiology
All NMJ two-electrode voltage-clamp (TEVC) recordings were done as previously

reported. 'S Briefly; wandering third instar dissections were done at 18°C in physiological
saline (as above). Animals were dissected longitudinally along the dorsal midline, and all
internal organs and ventral nerve cord (VNC) removed. The peripheral motor nerves were
cut at the base of the VNC, and the body walls glued down (Vetbond, 3M). Dissected
preparations were imaged with a Zeiss 40x water-immersion objective on a Zeiss
Axioskop microscope. Muscle 6 in abdominal segments 3/4 was impaled with two

intracellular electrodes (1 mm outer diameter borosilicate capillaries; World Precision
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Instruments, 1B100F-4) of ~15 MQ resistance (3M KCI). The muscle was clamped at
-60 mV with an Axoclamp-2B amplifier (Axon Instruments), and the motor nerve was
stimulated with a fire-polished glass suction electrode using 0.5ms suprathreshold
voltage stimuli at 0.2Hz (Grass S88 stimulator). Nerve stimulation-evoked evoked
excitatory junction current (EJC) recordings were filtered at 2kHz. To quantify EJC
amplitudes, 10 consecutive traces were averaged, and the average peak value recorded.
Spontaneous miniature EJC (mEJC) recordings were made in continuous 2-minute
sessions and low-pass filtered at 200 Hz. The quantal content for each evoked recording
was calculated by dividing the EJC amplitude by the mean mEJC amplitude. Clampex 9.0
was used for all data acquisition, and Clampfit 10.6 was used for all data analyses (Axon

Instruments).

Western blots
Wandering third instar neuromusculature from 10 dissected larvae were homogenized in

100 pL lysis buffer (20 mM HEPES, 10 mM EDTA, 100 mM KCI, 0.1% (v/v) Triton X-100,
5% (v/v) glycerol) with protease inhibitor (Roche, 04693132001) combined with protease
and phosphatase inhibitor cocktail (Abcam, ab201119). Samples were sonicated and run
on 4-15% Mini-PROTEAN TGX Stain-Free Precast Gels (BioRad, 4568083) alongside
Precision Plus Protein all blue prestained protein standards (BioRad, 1610373). The total
protein was transferred to PVDF membranes using a Trans-Blot Turbo system (BioRad),
and the membrane was blocked by TBS intercept blocking buffer (LICOR, 927-60000)
for 1 hr at RT. Blocked membranes were incubated with primary antibodies for 1.5 hrs at
RT. Antibodies used included: rabbit anti-phospho-ERK1/ERK2 (Thr185, Tyr187)
polyclonal antibody (ThermoFisher, 44-680G, 1:1,000) and goat anti-GAPDH (Abcam,
ab157157, 1:2,000). The membrane was washed with Tris-buffer saline with 0.1%
Tween-20 (TBST), and then incubated with secondary antibodies for 40 minutes at RT.
Secondary antibodies used included; Alexa Fluor 680 donkey anti-goat (Invitrogen,
A21084, 1:10,000) and Alexa Fluor 800 goat anti-rabbit (Invitrogen, A32735, 1:10,000).
Membranes were washed in Tris-buffered saline with 0.1% Tween (TBST, 3X, 10 mins),

and then imaged using the Li-COR Odyssey CLx system.
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Statistical analyses
All statistics were performed using GraphPad Prism software (version 9.5). Data sets

were subject to normality tests, with D'Agostino-Pearson tests utilized (n>10) or Shapiro-
Wilk tests (n<10). With normal data either 1) two-tailed student’s t-tests for two-way
comparison with 95% confidence (2 data sets) or 2) one-way ANOVA followed by a
Tukey’s multiple comparison test (3+ data sets, comparing all samples). If data were not
normal, Mann-Whitney tests (2 data sets) or Kruskal-Wallis followed by a Dunn’s multiple
comparisons tests (3+ data sets) were performed. Data sets with multiple sources of
variation were analyzed with a two-way ANOVA, followed by a Tukey’'s multiple
comparison test. Figures show all individual data points as well as the meantSEM, with
significance displayed in figures as p<0.05 (*), p<0.01 (**), p<0.001 (***), p<0.0001 (****),
and p>0.05 (not significant; n.s.). Exact p values for all comparisons are provided in the

text.

Results

Corkscrew regulates presynaptic Synapsin levels and activity-dependent
dynamic maintenance
At the Drosophila glutamatergic neuromuscular junction (NMJ), corkscrew null

mutants (csw®) have elevated neurotransmission under basal resting conditions and
decreased synaptic depression with heightened stimulation.'®® We hypothesize these
MAPK/ERK-dependent alterations arise from changes in synaptic vesicle (SV) availability
in these different synapse activity states. Synapsin is an SV-associated phosphoprotein
that regulates availability in an activity-dependent mechanism.%87%178 Reserve pool SVs
are tethered in the bouton interior by Synapsin and released upon phosphorylation during
strong stimulation.6'-6268 |n this traffic mechanism, MAPK/ERK acts to phosphorylate
Synapsin, leading to vesicle disassociation and mobilization for exocytosis.®?6” We
therefore hypothesize that the Csw phosphatase modulates MAPK/ERK signaling to
regulate this Synapsin function in presynaptic boutons. To test this hypothesis, we triple-
labeled NMJ boutons with the presynaptic membrane marker anti-horseradish peroxidase
(HRP), the SV marker anti-vesicle glutamate transporter (vglut), and anti-Synapsin

(syn;'74179). Synapsin fluorescent intensity and SV colocalization were measured under
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resting conditions (basal) and following 10-minute depolarization stimulation with 90mM
[K*] (stimulated;?"-16%). We compared the matched genetic background control (w'?78) to
the csw® null mutant. Representative images and quantifications are shown in Figure 3.1.
In w8 controls at rest, Synapsin is highly enriched in synaptic boutons and
strongly associates with SV markers (Fig. 3.1A, top left). When controls are acutely
stimulated (10 minutes), Synapsin is maintained at nearly indistinguishable levels (Fig.
3.1A, top right). In contrast, csw nulls (csw®) exhibit sharply increased Synapsin levels
under basal conditions (Fig. 3.1A, bottom left). When stimulated, csw mutants show a
striking decrease in Synapsin levels (Fig. 3.1A, bottom right). In high magnification
images of single boutons, Synapsin colocalization with SVs is decreased with stimulation
in csw nulls (Fig. 3.1A, bottom). Quantification of Synapsin fluorescence intensity shows
a highly significant interaction between genotype and stimulation with a two-way ANOVA
(F(1,66)=15.5, p=0.0002; Fig. 3.1B). Under resting (basal) conditions, Synapsin in csw® null
mutants (1.67+0.18, n=19) is highly elevated normalized to controls (1.0+0.08, n=19), a
significant upregulation based on Tukey’s multiple comparisons (p=0.002; Fig. 3.1B). In
controls, normalized Synapsin levels after stimulation do not change significantly
(0.83+0.14, n=16, p=0.7989; Fig. 3.1B). However, in csw® nulls, Synapsin after
stimulation is very significantly decreased (0.47+0.08, n=16, p=8.07 x 10%; Fig. 3.1B).
Imaging limitations prevent identification of where Synapsin goes in the stimulated null
condition, but it is presumed dispersed in the cytosol.%®
To further assay Synapsin dynamics, we quantified Synapsin-SV colocalization using a
Pearson correlation coefficient (PCC;'®). Quantification shows higher colocalization in
csw® null mutants (0.80+0.01, n=19) compared to controls (0.74+0.02, n=19), a significant
change based on an unpaired t-test (t36=2.277, p=0.029; Fig. 1C, left). With stimulation
Synapsin-SV colocalization in controls (0.71+0.05, n=16) and mutants (0.651£0.05 n=16)
are no longer significantly different based on an unpaired t-test (t30)=0.7635, p=0.4511;
Fig. 3.1C, right). Quantification of vglut fluorescence intensity shows a significant
interaction between genotype and stimulation in a two-way ANOVA (F1,65=19.8,
p=3.37x10°; Fig. 3.1B). Under resting (basal) conditions, vglut fluorescence intensity in
csw® null mutants (1.33+£0.01, n=19) is highly elevated relative to control (0.78+0.07,

n=18), with significant upregulation in Tukey’s multiple comparisons (p=4.45x107%). In
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controls, normalized vglut fluorescence intensity level after stimulation does not change
significantly (0.78+0.08, n=16, p>0.999). In contrast, csw® null vglut fluorescence intensity
after stimulation is significantly decreased (0.59+0.07, n=16, p=1.2x10""). Taken together,
these results indicate that Csw regulates Synapsin and Synapsin-SV colocalization. We

therefore next investigated impacts on presynaptic vesicle pools.

Corkscrew regulates the distribution of synaptic vesicles around presynaptic
active zones
The above results suggest altered synaptic vesicle pools in csw® null mutants.

Previous electrophysiological recordings indicate csw mutants have elevated
neurotransmission strength from heightened vesicle fusion probability, suggesting a
larger population of available vesicles.'®® We hypothesize csw mutants would have an
increased SV number in close proximity to presynaptic active zone fusion sites.?>%° To
test this hypothesis, we examined synaptic ultrastructure using transmission electron
microscopy.2"23162 As previous electrophysiology recordings were done on ventral
longitudinal muscle 6 in abdominal segments 3/4, we restricted our ultrastructural
examination to the same NMJ terminals. Muscles were isolated from dissected wandering
third instars, embedded in resin, and sectioned in 65 nm increments.2"'62 NMJ type 1b
boutons were classified based on the surrounding muscle folded subsynaptic reticulum
(SSR), and bouton sections containing a single electron-dense t-bar active zone (AZ)
were selected for all analyses.?526.181 This identification method is well-established, as
SSR around type 1b boutons clearly differentiate them from the smaller type Is
boutons."* Comparing genetic background controls (w’’?8) and csw null mutants (csw®),
we quantified bouton area and synaptic vesicle size, number, and distribution. To
measure vesicle docking, we counted all vesicles in direct proximity (<20 nm; 2 SV
diameter) to the presynaptic density containing an AZ t-bar.?8-3' To measure internal SV
distribution, we counted all vesicles in 0-200 nm and 200-400 nm domains from the AZ t-
bar.?5 Representative images and accompanying quantifications are shown in Figure 3.2.

The synaptic ultrastructure in controls and csw® null mutants is largely
indistinguishable. The genetic background controls (w'?78) and csw® nulls have a similar

bouton appearance, with the characteristic AZ t-bar and surrounding vesicles (Fig. 3.2A).
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Figure 3.1: Csw loss elevates Synapsin and causes stimulation-dependent Synapsin loss

A) Representative wandering third instar neuromuscular junction (NMJ) synaptic boutons labeled for Synapsin (syn,
magenta), the vesicular glutamate transporter (vglut, green), and horseradish peroxidase (HRP, blue) in w’’’® genetic
background control and csw® null mutant. NMJs without stimulation (basal, left) and after acute, 10-minute 90 mM [K*]
depolarizing stimulation (stimulated, right). Scale bar: 2.5 yum. Higher magnification bouton images are shown below.
Scale bar: 1 ym. B) Quantification of Synapsin fluorescence intensity in all four conditions (basal and stimulated).
Statistical comparisons done using two-way ANOVA, followed by Tukey’s multiple comparisons test. C) Quantification
of Synapsin and vglut colocalization in basal (left) and stimulated (right) conditions using Pearson’s correlation coefficient
analyses. Statistical comparisons done using two-sided t-tests. Scatter plots show all the data points with mean+SEM.
Data points: NMJ number. Significance: p<0.05 (*), p<0.01 (**), p<0.0001 (****), and p>0.05 not significant (n.s.).
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Compared to controls, mutants have no significant change in synaptic bouton area or

perimeter, vesicle density or size (Table 3.1).

Analysis Parameter Mean SEM n test Statistics
Bouton Area (um?)
w118 2.714 | 0.792 7 | Mann-Whitney p=0.681
cswP 2.001 0.645 9 u=27
Bouton perimeter (um)
w718 6.633 | 1.311 7 t-test p=0.729
cswP 6.025 | 1.126 9 t14=0.353
SV Density (SV/um?)
w718 9148 | 11690 | 7 t-test p=0.085
csw® 57.95 | 13.030 | 9 t14=1.857
SV Diameter (nm)
w118 39.74 | 2.555 7 t-test p=0.644
cswP 41.27 | 2.059 9 t14=0.472

Table 3.1: Synaptic bouton ultrastructure parameters

However, there is an increase in the SV number clustered around the AZ in the mutants
(Fig. 3.2A), with a greater number of docked SVs (arrows; Fig. 3.2B). To quantify these
parameters, we first measured the bouton area occupied by SVs. Compared to the control
coverage (68.67+6.89%, n=7), vesicles in the csw® null mutants occupy less area
(41.461£9.07%, n=9), which is significant based on an unpaired t-test (t14=2.272,
p=0.0394, Fig. 3.2C). Thus, vesicles are more spatially cohesive in the mutant boutons.
We next measured SV density in concentric rings around the AZ. In the 0-200 nm region,
the control (16.01+1.754 SV/um?, n=11) and csw® null (15.27+1.3 SV/um?, n=12)
densities are not significantly with an unpaired t-test (t(21)=0.3427, p=0.7353, Fig. 3.2D
left). In sharp contrast, the 200-400 nm region shows a strikingly higher SV density in the
controls (13.96+1.47 SV/um?, n=11) compared to csw?® nulls (8.75+1.62 SV/um?, n=12),
with a significant elevation based on an unpaired t-test (t21)=2.375, p=0.0271, Fig. 3.2D
right). This indicates that the reserve pool is specifically disrupted in csw® null mutants.?®
In addition, AZ docking measured as SVs with Y% a vesicle diameter from the presynaptic

density (<20 nm, arrowheads) is lower in controls (2.083+0.288 SVs, n=12) compared to
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csw® nulls (3.33+0.373 SVs, n=9), which have a significantly more docked SVs based on

an unpaired t-test (t(19)=2.702, p=0.0141, Fig. 3.2E). Taken together, these results reveal
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Figure 3.2: Csw loss increases presynaptic active zone clustered and docked vesicle pools

A) Representative transmission electron microscope (TEM) images of wandering third instar NMJ
presynaptic active zones from w'’’® genetic background control (left) and csw® null mutant (right).
Abbreviations: synaptic vesicle (SV), active zone (AZ), subsynaptic reticulum (SSR). Scale bar: 200 nm.
B) Higher magnification AZ images showing SVs near the electron-dense t-bar. Arrows indicate the
vesicles <20 nm from the AZ membrane. Scale bar: 100 nm. C) Quantification of percentage of the
bouton area occupied by SVs with a two-sided t-test. D) Quantification of SV density (number of
SVs/um?) within 0-200 nm and 200-400 nm from t-bar with two-sided t-tests. E) Quantification of docked
SVs (number <20 nm to the presynaptic membrane density containing an AZ t-bar) with two-sided t-
test. Scatter plots show all data points with mean+SEM. Data points: bouton number (C,D), AZ number
(E). Significance: p<0.05 (*), p>0.05 not significant (n.s.).
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a disrupted reserve pool and more docked SVs at AZ release sites in csw null mutants.
We next turned to investigating this presynaptic mechanism in NS/NSML patient-derived
point mutations.

PTPN11 regulates Synapsin synaptic vesicle association under basal and
stimulated conditions
Drosophila csw® null mutants have defects in presynaptic Synapsin dynamics and

vesicle pool regulation. To further test a presynaptic regulatory mechanism in the
NS/NSML disease states, we next analyzed neuron-targeted, patient-derived point
mutations. These mutations include gain-of-function (GoF) PTPN11N3080 and |oss-of-
function (LoF) PTPN11Q%79P associated with NS and NSML, respectively.®’ We have
previously discovered that both of these GoF/LoF mutations targeted to neurons elevate
neurotransmission strength based on electrophysiology recordings.'® Moreover, like
csw® nulls, we have found that these patient-derived point mutations increase presynaptic
MAPK/ERK signaling and decrease synaptic depression during heightened activity.'6
We therefore hypothesized that neuronal PTPN11 mutations with increased
neurotransmission would phenocopy the csw® null increased basal Synapsin levels and
activity-dependent Synapsin loss. We once again utilized triple-labeled antibody imaging
at the NMJ to investigate Synapsin levels at rest (basal) and in the 10-minute high [K+]
depolarizing stimulation condition (stimulated). The presynaptic bouton membrane was
again marked with anti-HRP, and the total SV population was again marked with anti-
vglut. Anti-Synapsin fluorescence intensity and SV colocalization measurements were
done in single synaptic boutons. Tests were done with the neuronal driver alone control
(elav-Gal4/w'""8) compared to neuron-targeted PTPN11 GoF (elav-Gal4>PTPN11N308D)
and LoF (elav-Gal4>PTPN119579P) mutations. Representative basal/stimulated images
and quantifications for all three genotypes are shown in Figure 3.3.

Like the w’’’® genetic background, neuronal driver controls (elav-Gal4/w?""8)
maintain the SV-associated Synapsin at the same levels in basal and stimulated
conditions (Fig. 3.3A, left). In contrast, GoF (PTPN11V308D) and LoF (PTPN11%%79P) both
increase SV-associated Synapsin at rest and exhibit a sharp decrease in Synapsin with
stimulation (Fig. 3.3A, middle and right). In high magnification single boutons, Synapsin

colocalization with SVs is decreased with stimulation in both mutants (Fig. 3.3A, bottom).
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Figure 3.3: NS/NSML transgenes increase Synapsin levels with stimulation-dependent loss

Representative NMJ synaptic boutons labeled for Synapsin (syn, magenta), vesicular glutamate transporter (vglut,
green) and horseradish peroxidase (HRP, blue) in neuronal transgenic driver control (elav-Gal4/w’"'8, left), and driving
PTPN11N308D (glay-Gal4>PTPN11V3%D  middle) and PTPN11%7% (elav-Gal4>PTPN11%%%  right). NMJs without
stimulation (basal, top) and 10 min 90 mM [K*] (stimulated, bottom). Scale bar: 2.5 ym. Higher magnification bouton
images are shown below. Scale bar: 2.5 pm. B) Quantification of Synapsin fluorescence intensity in all six conditions
(basal and stimulated). Statistical comparison done using a two-way ANOVA, followed by Tukey’s multiple comparisons
test. C) Quantification of Synapsin and vglut colocalization in basal (left) and stimulated (right) conditions using Pearson’s
correlation coefficient analyses. Statistical comparisons done using one-way ANOVAs followed by Tukey’'s multiple
comparisons tests. Scatter plots show all data points with mean+SEM. Data points: NMJ number. Significance: p<0.05
(*), p<0.01 (**), p<0.001 (***), p<0.0001 (****), and not significant (n.s.).
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Quantification shows a significant interaction between genotype and stimulation in a two-
way ANOVA (F(2,119)=7.538, p=0.0008; Fig. 3.3B). At rest (basal), neuronal PTPN11N308D
(1.47£0.11, n=22, p=0.0002) and PTPN11Q%79P (1.35+0.10, n=17, p=0.0193) have
significantly elevated Synapsin normalized to driver controls (1.0£0.04, n=19; Fig. 3.3B).
With stimulation, Synapsin levels in controls do not change significantly (0.95+0.06, n=22,
p=0.9954; Fig. 3.3B). However, PTPN11N308 (0.87+0.04, n=22, p=1.796x107) and
PTPN11R5197 (1.04+0.06, n=23, p=0.0438) are significantly decreased from basal levels
(Fig. 3.3B). This effect is confirmed with Pearson correlation coefficient Synapsin-SV
colocalization analyzed by one-way ANOVA (F@2,54=5.779, p=0.0053; Fig. 3.3C, left).
Quantification shows significantly increased colocalization in PTPN11N3080 (0.60+0.03,
n=22, p=0.0068) and PTPN11?579% (0.59+0.03, n=16, p=0.0301) vs. driver control
(0.494£0.02, n=19; Fig. 3.3C). Compared to Synapsin-SV colocalization following
stimulation (0.45+0.03 n=21), neither PTPN11N308D (0.4+0.03, n=23) nor PTPN11%570P
(0.47+0.04, n=24) are significantly different based on a one-way ANOVA (F(2,65=1.296,
p=0.2805; Fig. 3.3C right). Taken together, these results indicate neuronal GoF/LoF
PTPN11 mutations increase Synapsin, with aberrant activity-dependent Synapsin loss.
To test MAPK-signaling dependence, we next analyzed a neuronal extracellular signal-

regulated kinase (ERK) GoF condition.

Neuronal ERK gain-of-function phenocopies PTPN11/csw mutant synapse
regulation
In our previous studies, we showed PTPN11/csw mutants elevate both local

presynaptic MAPK/ERK signaling and presynaptic neurotransmission, with the defects
prevented by feeding pharmaceutical MAPK/ERK inhibitors.'®® These drug analyses
demonstrate a requirement for MAPK/ERK signaling in both GoF and LoF mutants, but
do not rule out other pathway contributions. To start testing the specificity of the
MAPK/ERK-dependent presynaptic mechanism, we first assay whether neuron-targeted
ERKC®°F  (elav-Gal4>ERKSEM;182)recapitulates the PTPN711/csw mutant synaptic
phenotypes. To confirm elevated activation we test the MAPK signaling endpoint of
phospho-ERK (pERK;'8%) with Western blots and look for specific local pERK activation
with NMJ double-label imaging with anti-pERK (green) and anti-HRP (magenta). Using

HRP to delineate presynaptic membranes, we measure pERK fluorescence intensity
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Figure 3.4: Neuronal ERK®°F recapitulates PTPN11 pERK and neurotransmission defects

A) Representative Western blot for pERK (42 kDA, top) and GAPDH loading control (35 kDA, bottom) in driver control
(elav-Gal4/w'"") and ERK®°F (elav-Gal4>ERKSEM). B) Quantification of pERK levels normalized to GAPDH with a two-
sided t test. C) Representative NMJ images co-labeled for anti-phospho-ERK (pERK, green) and presynaptic membrane
marker anti-horseradish peroxidase (HRP, magenta) in driver control and ERK®". Scale bar: 2.5 ym. D) Quantified
pERK presynaptic fluorescence levels normalized to control with a two-sided ¢ test. E) Representative two-electrode
voltage-clamp (TEVC) recordings showing excitatory junction current (EJC) traces with 10 superimposed evoked
responses (1.0 mM Ca?*) from neuronal driver control (left) and ERK®F (right). F) Quantification of EJC amplitudes with
a two-sided t test. G) Representative miniature EJC (mEJC) traces (1.0 mM Ca*?) from neuronal driver control (left) and
ERK®°F (right). H) Quantification of the mEJC frequency using a two-sided ¢ test. 1) Quantification of mEJC amplitude
using a two-sided f test. J) Quantification of quantal content using a two-sided f test. Scatter plots show all data points
with mean+SEM. Data points: animal number (B) and NMJ number (D-J). Significance: p<0.05 (*), p<0.01 (**), p<0.0001
(****), and not significant (n.s.).
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normalized to the transgenic driver control (elav-Gal4/w’"8). We next use two-electrode
voltage-clamp (TEVC) electrophysiological recording to test elav-Gal4 neuron-targeted
ERK?C°F compared to the transgenic control by assaying excitatory junction current (EJC)
responses driven by motor nerve stimulation. We also test spontaneous release with
miniature EJC (mEJC) recordings, assessing both event frequency and amplitude.
Representative images, recordings, and quantified results are shown in Figures 3.4.

We first confirmed increased signaling activation in Western blots measuring pERK
levels with neuronally-targeted elav-Gal4>UAS-ERKSEM (shown as ERK®°F) compared to
driver controls (elav-Gal4/w'778). At the predicted pERK molecular weight (42 kDa), there
is a clearly increased band with ERK®°F (Fig. 3.4A). Normalized to a GAPDH loading
control, the ERK®°F band (1.37+0.14, n=11) is increased over control (1.0£0.04, n=11), a
significant elevation based on an unpaired t-test (t20=2.478, p=0.0222, Fig. 3.4B). We
next confirmed pERK is locally increased in NMJ boutons similar to NS/NSML mutants.
In elav-Gal4 controls, pERK is only weakly detectable in boutons (Fig. 3.4C, top). In
contrast, pERK levels are elevated with neuronal ERK®F (Fig. 3.4C, bottom).
Quantification of pERK with neuronal ERK®°F (1.33+0.05, n=31) normalized to control
(1.0£0.05, n=29), shows a significant elevation in an unpaired t-test (158=4.626, p=
2.1375 x 10°; Fig. 3.4D). We next tested effects on neurotransmission. Compared to the
driver controls, neuron-targeted ERK®°F causes elevated neurotransmission (Fig. 3.4E).
EJC amplitudes in controls (123.40+12.79 nA, n=10) are increased with neural ERK®°F
(188.251£16.86 nA, n=11), a significant strengthening with a two-sided t-test (t(19)=3.019,
p=0.0071; Fig. 3.4F). In spontaneous mEJC recordings, SV fusion events are greatly
elevated by neuronal ERK®°F (Fig. 3.4G). Compared to the control frequency (0.79+0.1
Hz, n=11), there are many more events with ERK®°F (2.55+0.1 Hz, n=10), a significant
increase based on a two-sided t-test (t(19=12.45, p=1.39 x 10'%; Fig. 3.4H). The mEJC
amplitude is not altered (t(19)=0.3096, p=0.7602, Fig. 4l). Compared to the control quantal
content (124.01+12.86, n=10), quanta are increased by neuronal ERK®°F (184.25+16.5,
n=11), a significant elevation with a two-sided t-test (t(19=2.838, p=0.0105, Fig. 3.4J).
Taken with above results, we conclude heightened presynaptic pERK signaling elevates
vesicle fusion probability, phenocopying PTPN11/csw mutants in a Synapsin-dependent

mechanism.
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Removal of Synapsin blocks the elevated neurotransmission in PTPN11/csw and
ERK mutants
To further test a mechanistic connection between PTPN11, ERK, and Synapsin

elevating neurotransmission, we next expressed neuronally-driven PTPN11Q750P or
ERK®°F transgenes in a synapsin null mutant. Our goal was to investigate the effects of
preventing aberrantly elevated Synapsin on neurotransmission strength in these two
mutant conditions. In our previous studies, we found that neuronally-targeted PTPN11
mutations strongly elevate basal neurotransmission, which can be rescued by introducing
pharmaceutical MAPK/ERK inhibitors.'®> These previous findings, alongside the highly
increased Synapsin levels in csw/PTPN11 mutants (Figs. 3.1,3.3) and elevated
presynaptic ERK activity and strengthened neurotransmission in ERK®°F (Fig. 3.4), led
us to hypothesize that PTPN11, ERK, and Synapsin act together to regulate basal
neurotransmission amplitudes. Notably, however, Synapsin has been previously reported
to have no effect on basal NMJ function,®® generating an apparent quandary. To test this
question, we again use TEVC electrophysiology to assay the neuronal PTPN11 point
mutant (elav-Gal4>PTPN11%%9P) a synapsin null mutant (syn®’) and, in this null mutant
background, neuronal PTPN11@%1P (syn®; elav-Gal4>PTPN11%5797) and ERK®°F (syn®’;
elav>ERKSEM) compared to the driver control (elav-Gal4/w?"8). To further test these
genetic interactions, we also assay the csw® null mutant, ERK’ hypomorph (ERK'/+), and
the double mutant (csw®; ERK'/+) compared to the genetic background control (w’'?8).
We measure spontaneous mEJC events and evoked EJC responses from motor nerve
stimulation.*%-185 Representative traces and quantifications are shown in Figure 3.5 and
3.6.

Driver control (elav-Gal4/+) and synapsin nulls (syn®) show similar
neurotransmission, and neuronally-driven PTPN11@%7% and ERK®°F no longer elevate
neurotransmission amplitudes in the synapsin null background compared to the neuron-
targeted PTPN11 mutant (Fig. 3.5A). Quantification reveals controls (164.8£14.81 nA,
n=13) are not significantly different from syn% nulls (141.1£15.41 nA n=10; p=0.7542),
nor in this background, neuronal PTPN11?570P (148.1£13.94 nA n=10; p=0.9167) or
neuronal ERK®F (142.7+11.67 nA n=10; p=0.7997) when compared via a one-way
ANOVA and Tukey’s multiple comparisons test (F,47)=5.878, p=0.0006; Fig. 3.5B). In
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Figure 3.5: synapsin null blocks
elevated neurotransmission in
PTPN11 and ERK mutants

A) Representative two-electrode
voltage-clamp (TEVC) recordings of
excitatory junction current (EJC)
traces showing 10 superimposed
evoked synaptic responses (1.0 mM
Ca?"). From left to right: neuronal
driver  control  (elav-Gal4/w'""8),
neuronal PTPN11 (elav-
Gal4>PTPN11Q%19P) " gynapsin null
(syn®"), neuronal PTPN112797 with
synapsin  null (syn%; elav-
Gal4>PTPN11?%"%") " and neuronal
ERK®°F with synapsin null (syn®’;
elav-Gald> ERKSEM), B) EJC
amplitude quantification using one-
way ANOVA followed by Tukey’s
multiple  comparisons test. C)
Representative two-electrode
voltage-clamp (TEVC) recordings of
excitatory junction current (EJC)
traces showing 10 superimposed
evoked synaptic responses (1.0 mM
Ca?*). From left to right: control
w8, csw® null (csw®), ERK
heterozygote (ERK'/w''"8) and csw®
with  ERK heterozygote (csw?
ERK'/Iw"8). D) Quantification of EJC
amplitudes using one-way ANOVA
followed by Tukey's multiple
comparisons test. Scatter plots show
all the data points with meantSEM.
Data points: NMJ number.
Significance: p<0.05 (*), p<0.01 (**),
and p>0.05 not significant (n.s.).



contrast, neuronal PTPN1125797 (230.7+16.43 nA n=9) is highly elevated compared to
driver control (p=0.0188), syn®” nulls (p=0.0013), and neuronal PTPN11?%79P (p=0.0035)
and neuronal ERK®°F (p=0.0017) in this background. This genetic suppression suggests
heightened MAPK/ERK signaling to elevate Synapsin function increases
neurotransmission strength. To further test this idea, we next assayed whether reduced
ERK could prevent the csw® null elevated neurotransmission.'®® As reported, csw® nulls
have elevated neurotransmission compared to background controls (w'??é; Fig. 3.5C,
left). ERK' heterozygotes (ERK'/+) appear similar to controls, but csw® with heterozygous
ERK' no longer have elevated neurotransmission (Fig. 3.5C, right). Quantification
indicates significant differences between genotypes based on a one-way ANOVA
(F3.36)=6.435, p=0.0013; Fig. 3.5D). Compared to the control EJC amplitude (142.9£12.9,
n=10), csw® nulls (234.6+16.1, n=8) have significantly elevated EJC amplitudes
(p=0.0013; Fig. 3.5D). In sharp contrast, there is no significant elevation based on a
Tukey’s multiple comparisons test in either ERK'/+ (156.8+8.84, n=12; p=0.9029) or csw?,
ERK'/+ (163.3+21.3, n=10; p=0.7705; Fig. 3.5D). There is also no significant difference
in neurotransmission between ERK'’ and csw®, ERK'/+ (p=0.9881), but csw® nulls are
significantly elevated compared to csw® ERK'/+ (p=0.0155) and ERK'/+ heterozygotes
(p=0.005; Fig. 3.5D). Thus, reducing ERK genetically in csw nulls effectively restores
neurotransmission strength back to normal levels.

We next used mEJC recordings to test spontaneous neurotransmission events
(Fig. 3.6A). Quantification reveals the driver control mEJC frequency (0.76+0.07 Hz,
n=12) is not significantly different from syn®’ null mutants (1.12+0.11 Hz, n=14, p=0.1076)
or in this background, neuronal PTPN11Q%70P (1.11+0.09 Hz, n=14, p=0.1273) and
ERK®°F (0.98+0.13 Hz, n=10, p=0.6468) when compared with one-way ANOVA and
Tukey’s multiple comparisons (F4,63=8.384, p=1.733x10; Fig. 3.6B top). In contrast,
neuronal PTPN11%57%7 (1 51+0.09 Hz n=18) is elevated compared to the driver control
(p=7.19%x10F), syn®” null mutant (p=0.0297), and in this background, neuronal
PTPN11®5197 (p=0.0236) and neuronal ERK®°F (p=0.0039; Fig. 3.6B top). Similarly, when
analyzed via a one-way ANOVA and Tukey’s multiple comparisons (F,38=11.371,
p=1.83%x10°) csw® nulls (1.83£0.17 Hz, n=9) have a significantly elevated mEJC
frequency compared to the background control (0.81+0.1 Hz, n=13; p=1.29x10%), ERK'/+
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Figure 3.6: synapsin null blocks elevated vesicle fusion in PTPN11 and ERK mutants

A) Representative mEJC traces (1.0 mM Ca*?) from top to bottom: the neuronal driver control (elav-Gal4/w'’"8), neuronal
PTPN11 point mutant (elav-Gal4>PTPN11%5797) synapsin null (syn®’), neuronal PTPN11%%1% in the synapsin null (syn®’;
elav-Gal4>PTPN11%7%") neuronal ERK®F in the synapsin null (syn®’; elav-Gal4> ERKSEM), genetic background control
(w'8), csw® null (csw®), ERK heterozygous mutant (ERK'/w'’'®) and ERK heterozygote in the csw® null (csw?
ERK'/w'"8). B) Quantification of mEJC frequencies in all 9 genotypes using one-way ANOVAs followed by Tukey’s
multiple comparisons. C) Quantification of mEJC amplitudes in all 9 genotypes using Kruskal-Wallis followed by Dunn’s
multiple comparisons test (left) or a one-way ANOVA (right). D) Quantification of the evoked neurotransmission quantal
content in all 9 genotypes using one-way ANOVAs followed by Tukey’s multiple comparisons tests. Scatter plots show
all the data points with mean+SEM. Data points: NMJ number. Significance: p<0.05 (*), p<0.01 (**), p<0.001 (***),
p<0.0001 (****), and not significant (n.s.).

87



heterozygote (1.09£0.14 Hz, n=10; p=0.0025), and csw®, ERK'/+ double mutant
(0.95+£0.12 Hz, n=10; p=0.0003; Fig. 3.6B bottom) In contrast, there is no significant
elevation compared to the control frequency of either ERK'/+ (p=0.4139) or csw®, ERK'/+
(p=0.8628; Fig. 3.6B bottom). In all 9 conditions, there is no change in mean mEJC
amplitudes compared to their controls (Fig. 3.6C). Thus, specific changes in spontaneous
release frequencies are consistent with the evoked neurotransmission strengths.

When analyzing the stimulation-evoked quantal content, quantification reveals that
the elav/+ driver control (187+£16.8, n=13) is not significantly different from the syn®’ null
mutant (194.6+21.24, n=10, p=0.9981; Fig. 3.6D, left). In this syn°” background, there is
also no significant difference in quantal content with neuron-targeted PTPN711%570P
(199.8+£18.79, n=10, p=0.9859) or ERK®F (194+15.86 n=10, p=0.9986; Fig. 3.6D, left).
In contrast, neuronal PTPN11%7%P glone does elevate quantal content (265.9+18.93 n=9,
p=0.0279) compared using a one-way ANOVA followed by Tukey’s multiple comparisons
(F4,47y=2.858, p=0.0336; Fig. 3.6D, left). Similarly, the csw® null mutant quantal content
(263.6+£18.09, n=8) is significantly elevated when analyzed via a one-way ANOVA and
Tukey’'s multiple comparisons test (F336=7.526, p=0.0005) compared to w''"®
background controls (145.1£13.09, n=10; p=0.0002), ERK'/+ heterozygotes
(187.5+10.57, n=12; p=0.017, and csw® ERK'/+ double mutants (186.1+24.26, n=10;
p=0.0198; Fig. 3.6D, right). In sharp contrast, there is no significant change in quantal
content in either ERK'/+ heterozygotes (p=0.2593) or csw® ERK'/+ double mutants
(p=0.325). Thus, genetically reducing ERK levels in the csw null mutant effectively
restores presynaptic release function back towards normal levels. To confirm this
neuronal presynaptic mechanism, we next aimed to rescue csw null elevated

neurotransmission by re-introducing wildtype csw into motor neurons.

Corkscrew is necessary in both neurons and glia to rescue csw null
neurotransmission elevation
To simply confirm the PTPN11/csw role is neuronal as expected, we next tested

genetic rescue of the csw null elevated neurotransmission by expressing wildtype csw
(csw”T) only in the motor neurons.’® We previously showed that ubiquitous csw”™
expression fully rescues the csw?® null neurotransmission.'®® To drive neuronal csw”’, we

utilized vglut-Gal4, a glutamatergic neuronal driver with strong expression in the motor
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neurons.'” To test this genetic rescue condition, we again employed TEVC
electrophysiology recordings to measure stimulation evoked EJC amplitude. In the
neuronal driver control (vglut-Gal4/w'’'?8), motor nerve stimulation drives normal,
consistent neurotransmission amplitudes (Fig, 3.7A, left). To our enormous surprise, csw®
null mutants with neuronally-targeted csw"™ (csw® vglut-Gald>cswT) still display
strongly elevated mutant neurotransmission with the same clear increase in EJC
amplitudes (Fig. 3.7A, left). Quantified csw® null with neuronal csw"" neurotransmission
amplitudes (206.80£17.61 nA, n=10) remain obviously elevated compared to neuronal
driver controls (149.0+£7.79 nA, n=15), a very significant increase based on a two-sided t-
test (t23=3.369, p=0.0027, Fig. 3.7B, left). This elevated neurotransmission is
comparable with the csw null phenotype, indicating that neuronal expression of csw”’™
has no effect in rescuing the neurotransmission strength phenotype.

The NMJ is a tripartite synapse consisting of the presynaptic neuron, postsynaptic
muscle, and perisynaptic glia.3?3° In our previous work, we found the postsynaptic muscle
is unaffected in csw mutants.'®® Additionally, glial mutations are known to lead to
behavioral defects in Drosophila.’® Therefore, we tried to re-introduce csw"’ in glia to
rescue neurotransmission. For this test, we utilized the glial driver repo-Gal4, which
expresses in all glial cells.'”218 As above for motor neurons, csw® null mutants with glial-
targeted csw"’ (csw®; repo-Gald>csw"7) still displays highly elevated neurotransmission
with a clear increase in EJC amplitude compared to the driver control (Fig. 3.7A, middle).
The EJC amplitudes of csw® null with glial csw™ (207.70+8.47 nA, n=11) remain elevated
compared to glial driver control (175.20£7.48 nA, n=14), a significant elevation based on
an unpaired t-test (t(23=2.879, p=0.0085; Fig. 3.7B, middle). As a consequence of these
unexpected results, we next tried re-introducing csw*’in both motor neurons and glia in
the csw null mutant. Finally, csw® nulls with neuronal and glial csw"’together (csw®; vglut-
Gal4; repo-Gald>csw"T) show fully rescued transmission compared to the dual driver
control (vglut-Gal4; repo-Gal4/w''"é; Fig. 7A, right). When quantified, csw® nulls with
neuronal and glial csw”7 (148.50+11.52 nA, n=10) are indistinguishable from the dual
driver transgenic control (145.30+11.04 nA, n=10), with no significant difference based
on a two-sided t-test (t(18)=0.2039, p=0.8407; Fig 3.7B, right). Taken together, these
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Figure 3.7: Both neuronal and glial Csw is required to rescue csw null neurotransmission

Null csw? elevated neurotransmission is rescued only with wildtype Csw in both the motor neurons and
glia, indicating a requirement in both cell types. A) Representative EJC recordings showing 10
superimposed traces in csw® null and driver controls, and with motor neuron, glial, or combined driven
wildtype Csw (csw"7) to test neurotransmission rescue. From left to right: motor neuron transgenic driver
control (vglut-Gal4/w'?'8) and neuronal rescue (csw®; vglut-Gal4>csw""), glial transgenic driver control
(repo-Gal4/w'""8) and glial rescue (csw?®; repo-Gal4>csw*7), and the dual neuron + glial driver control
(vglut-Gal4; repo-Gal4/w''’8) and the dual combined cell type rescue (csw® vglut-Gald;repo-
Gal4>csw"’). B) Quantification of the mean EJC amplitudes in all six conditions with two-sided t tests.
Scatter plots show all the data points with mean+SEM. Data points: NMJ number. Significance: p<0.01
(**) and p>0.05 not significant (n.s.).
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results indicate a requirement for Csw in both neurons and glia to control
neurotransmission strength.

We next used mEJC recordings to test spontaneous neurotransmission events
(Fig. 3.8A). In csw® null mutants, neither neuronal nor glial wildtype csw expression
(csw"T) can rescue the elevated mEJC frequency (Fig. 3.8A, top). Compared to control
frequency (1.02+0.14 Hz, n=11), mEJCs remain elevated with neuronal csw"7(1.97+0.16
Hz, n=11), a significant two-sided t-test increase (t(20=4.612, p=0.0002; Fig. 3.8B, left).
Likewise, relative to the glial driver control (0.74+0.1 Hz, n=11), frequency is still
heightened with glial csw"" (1.47+0.43 Hz, n=8), a significant increase based on a two-
sided t-test (t(17)=4.194, p=0.0006; Fig. 3.8B, middle). However, neuronal and glial csw"’™
together show fully rescue the csw® null elevated mEJC frequency (Fig. 3.8A, bottom).
When quantified, csw® nulls with neuronal and glial csw”7 (0.61+0.09 Hz, n=11) were
indistinguishable from dual driver controls (0.77+0.12 Hz, n=10), with no significant
difference based on a two-sided t-test (t(19)=1.105, p=0.2829, Fig. 3.8B, right). In all 6
conditions, there is no change in mean mEJC amplitudes (Fig. 3.8C). When analyzing
quantal content with two-sided t-tests csw® null mutants with neuronal csw”’
(199.28+£16.97, n=10) and glial csw"7(239.46+9.76, n=11) are significantly elevated from
their respective neuronal (144.48+7.56, n=15; t23)=3.306, p=0.0031; Fig. 3.8D, left) and
glial driver controls (177.06+7.56, n=14; t23=5.141, p=3.29 x 10°5; Fig. 3.8D, middle). This
shows that neither neuronal nor glial csw expression alone can rescue the
neurotransmission defect. In sharp contrast, the quantal content of csw® null mutants with
dual neuronal and glial csw"7 (172.03+13.34, n=10) is rescued compared to the dual
driver controls (158.03+12.01, n=10), with no significant change remaining based on a
two-sided t-test (i(18=0.7798, p=0.4456, Fig. 3.8D, right). The results indicate both
neuronal and glial function is needed. We next tested whether glial-targeted PTPN11/csw

mutations alone cause neurotransmission defects.

Glial-targeted PTPN11/csw LoF and GoF independently increases
neurotransmission strength
To test the unexpected glial function for PTPN11/csw, we first drove csw RNAI in

glia to assay synaptic transmission strength.'33 To further test the PTPN11 glial role, we
also targeted the GoF (PTPN11N3080) NS mutation and LoF (PTPN112579") NSML
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Figure 3.8: Both neuronal and glial Csw is required to rescue spontaneous transmission

Null csw? elevated spontaneous neurotransmission frequency is only rescued with wildtype Csw in both motor neurons
and glia, indicating a dual requirement. A) Representative mEJC traces (1.0 mM Ca*?) in ¢sw® null and driver controls,
and with motor neuron, glial, or combined wildtype Csw (csw""). From top to bottom: motor neuron driver control (vglut-
Gal4/w'""8), neuronal rescue (csw®; vglut-Gal4>csw"’), glial driver control (repo-Gal4/w?"?8), glial rescue (csw?; repo-
Gal4> csw"), neuron + glial driver control (vglut-Gal4, repo-Gal4/w'""®), and combined cell type rescue (csw?®; vglut-
Gal4; repo-Gal4>csw'7). B) Quantification of the mEJC frequency in all 6 conditions using two-sided t tests.
C) Quantification of mEJC amplitude in all 6 conditions using two-sided ¢ tests. D) Quantification of the quantal content
in all 6 conditions using two-sided t tests. Scatter plots show all the data points with meantSEM. Data points: NMJ
number. Significance: p<0.01 (**), p<0.001 (***), p<0.0001 (****), and not significant (n.s.).
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mutation exclusively to glia.®’ We had previously established each of these three
conditions cause elevated neurotransmission strength when targeted exclusively to
presynaptic neurons.'®® Compared to glial driver controls (repo-Gal4/w’'"8), both glial-
targeted PTPN11 GoF (repo-Gal4>PTPN11V308D) and PTPN11 LoF (repo-
Gal4>PTPN11@%%P) conditions strongly elevate neurotransmission strength (Fig. 3.9A,
left). Quantification indicates significant differences between genotypes based on a one-
way ANOVA (F(2,34)=7.502, p=0.002; Fig. 3.9B, left). Compared to the glial driver control
EJC amplitude (170.20£9.39 nA, n=15), both PTPN11N308D (221.0£10.32 nA, n=11,
p=0.006) and PTPN11%570P (219.20+13.51 nA, n=11, p=0.008) show a very significant
elevation based on a Tukey’s multiple comparisons test (Fig. 3.9B, left). There is no
significant difference in EJC amplitudes between GoF and LoF conditions (p=0.994, Fig.
3.9B). Similarly, glial-targeted csw knockdown (repo-Gal4>csw RNAIi) causes clearly
elevated evoked neurotransmission compared to the glial driver control (repo-Gal4/TRiP
BDSC 36303 control; Fig. 3.9A, right). Quantification shows the glial-targeted csw RNAI
amplitude (226.9111.3 nA, n=11) is elevated compared to the glial driver control
(177.60£9.59 nA, n=12), with a significant increase based on a two-sided t-test
(t21)=3.343, p=0.0031; Fig. 3.9B, right). These results show glia-targeted PTPN11/csw
LoF and GoF mutations drive elevated evoked neurotransmission strength, as we
previously established also occurs with neuronal manipulations.’®®

We finally wanted to test whether the glial-mediated increase in neurotransmission
is due to higher presynaptic vesicle release probability. Spontaneous mEJC recordings
reveal clearly elevated event frequencies in all of the above glial-targeted PTPN11/csw
mutations (Fig. 3.9C). Compared to glial repo-Gal4/+ driver control frequency (1.131£0.16
Hz, n=17), there is an increase with glial PTPN11N308D (2 14+0.34 Hz, n=15, p=0.0104)
and glial PTPN119%70P(2.02+0.19 Hz, n=17, p=0.0207), significant elevations based on a
one-way ANOVA followed by Tukey’s multiple comparisons (F2,46)=5.771, p=0.0058; Fig.
3.9D, left). This increase in mEJC frequency also occurs with glial csw RNAi (1.57+0.29
Hz, n=10) compared to glial driver controls (0.92+0.14 Hz, n=12), significantly elevated
with a two-sided t-test (t(20=2.117, p=0.047; Fig. 3.9D, right). In contrast, there is no
significant change in mEJC amplitudes compared to controls (0.86+0.06 nA, n=17) in glial
PTPN11N308D(0.82+0.04 nA, n=15) or PTPN11%%797(0.88+0.03 nA, n=17) analyzed via a
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Figure 3.9: Glial-targeted PTPN11/csw loss- and gain-of-function elevate neurotransmission

Glial human PTPN11 mutations from NS/NSML disease states, and csw knockdown, all increase synaptic function,
indicating that glia-specific changes are sufficient to elevate neurotransmission. A) Representative EJC recordings
showing 10 superimposed traces for each of the conditions. From left to right: the glial transgenic driver control (repo-
Gal4/w'"8), the glial-driven PTPN11 patient-derived point mutations PTPN11N80 (repo-Gald>PTPN11N3080) and
PTPN11%579P (repo-Gald>PTPN 115797 glial driver RNAI background control (repo-Gal4/TRiP Ctl), and glial-driven csw
RNAi (repo-Gal4>csw RNAI). B) Quantification of the EJC amplitudes in all five conditions, using one-way ANOVA
followed by Tukey’s multiple comparisons test (PTPN11) and two-sided t tests (RNAI). C) Representative mEJC traces
(1.0 mM Ca*?) from top to bottom: glial driver control (repo-Gal4/w’"'8), and glial-driven PTPN11N3080 PTPN11957%P and
csw RNAi D) Quantification of mEJC frequency in all 5 conditions; one-way ANOVA followed by Tukey’s multiple
comparisons test (PTPN11) and two-sided t tests (RNAI). E) Quantification of mEJC amplitudes, using one-way ANOVA
(PTPN11) and two-sided t tests (RNAI). F) Quantification of the quantal content in all 5 conditions, using one-way ANOVA
followed by Tukey’s multiple comparisons test (PTPN11) and two-sided t tests (RNAI). Scatter plots show all data points
with mean+SEM. Data points: NMJ number. Significance: p<0.05 (*), p<0.01 (**), p<0.001 (***), and not significant (n.s.).
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one-way ANOVA (F46=0.4970, p=0.6116; Fig. 3.9E, left), or the glial driver control
(0.80£0.06 nA, n=12) versus csw RNAI (0.88+0.07 nA, n=10) compared with a two-sided
t-test (t20=0.8183, p=0.4228; Fig. 3.9E, right). Moreover, compared to the quantal content
in the glial driver control (198.3+10.94, n=15), the number of stimulus-evoked quanta is
elevated with both glial-targeted PTPN711N308D (269.4+12.58, n=11, p=0.0009) and
PTPN11®570P (248.3+15.3, n=11, p=0.0217) analyzed with a one-way ANOVA
(F2:34=8.746, p=0.0009; Fig. 3.9F, left). This increase in quantal content also occurs with
csw RNAI (258.91+£12.9, n=11) compared to control (221.35+11.95, n=12) based on a
two-sided t-test (t(21)=2.139, p=0.0443; Fig. 3.9F, right). Taken together, we conclude that
PTPN11/csw regulates presynaptic neurotransmission via dual roles in both neurons and
glia, with targeted LoF/GoF mutations in either cell type sufficient to cause strongly
elevated neurotransmission, but a necessary requirement for function in both neurons

and glia.

Discussion

Corkscrew (Csw) regulates MAPK/ERK signaling in critical neuronal functions,
such as the proactive interference modulation of learning and memory.'8¢ Mutation of the
human homolog PTPN11 causes Noonan syndrome (NS) through gain-of-function (GoF)
and NS with Multiple Lentigines (NSML) through loss-of-function (LoF), with striking
cognitive impairments.8! Both directions elevate MAPK/ERK signaling to cause similar
disease symptoms.®®' Similarly, we discovered Drosophila NS/NSML models both
elevate presynaptic MAPK/ERK signaling to heighten neurotransmission and reduce
synaptic depression.'®® These results suggested a presynaptic mechanism of vesicle
recruitment. To test this hypothesis, we began by analyzing Synapsin in the strongest
neurotransmission condition; csw nulls (Figure 3.1). Synapsin phosphoprotein tethers
regulate neurotransmission strength by restraining vesicles in the reserve pool,®'67 which
replenishes the readily releasable pool (RRP) upon sustained exocytosis.?? In mammals,
Synapsin is encoded by 3 genes, whereas Drosophila has one single homolog.” In
mouse glutamatergic neurons, synapsin triple knockout increases synaptic depression

rate,54 and uniquely Synapsin IIA rescues this phenotype.®® Likewise, Synapsin IA/B
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overexpression increases the short-term depression rate, indicating that Synapsin
dysregulation in either direction can increase depression.?* In Drosophila csw null
mutants, Synapsin levels and SV colocalization are elevated at rest and strongly depleted
with acute stimulation (Figure 3.1). This is presumed to represent cytosolic dispersion,
although we cannot verify this hypothesis with immunocytochemical imaging.

With stimulation, Synapsin is phosphorylated by several kinases, including
MAPK/ERK, to cause SV disassociation and enable RRP recruitment.5*¢” With
stimulation, csw nulls display dramatic loss of anti-Synapsin signal and colocalization with
SV markers, whereas matched genetic controls do not change (Figure 3.1). This suggests
that absence of Csw causes aberrant Synapsin disassociation from SVs. The increased
activity-dependent recruitment of Synapsin-bound vesicles in csw nulls (Figure 3.1)
accounts for sustained resistance to synaptic depression.'®® Consistent with csw results,
Drosophila synapsin nulls have reduced facilitation.’®” A transgenic mouse model with
increased ERK-dependent Synapsin | phosphorylation displays an increased frequency
of synaptic vesicle fusion events, but also increased paired-pulse facilitation.'?” However,
mouse synapsin triple knockouts also shows reduced short-term synaptic plasticity.'®!
Thus, there is good overlap between Drosophila and mouse results regarding the ERK-
dependent regulation of Synapsin controlling presynaptic vesicle fusion probability, but a
difference in the consequences affecting synaptic plasticity, which is likely due to the
multiple Synapsin isoform interactions in mammals.'?7:151.165 The very striking changes in
Synapsin dynamics in csw null mutants (Figure 3.1) suggest altered presynaptic vesicle
pools.

We tested synaptic vesicle pools in csw null mutants by imaging synaptic
ultrastructure with transmission electron microscopy.?'?® The csw nulls display normal
synapse architecture, including presynaptic bouton and postsynaptic subsynaptic
reticulum (Figure 3.2, Table 3.1). Overall, synaptic bouton and vesicle morphology are all
unchanged, with SV distribution specifically disrupted. SVs cluster closer together,
possibly accounting for the elevation in the SV marker vglut under the same conditions
(Figure 3.1). This is agreement with the constitutively active ERK H-ras®’?Y mouse model,
that also displays no defects in gross synaptic ultrastructure.'?” Likewise, Synapsin

overexpression does not alter gross SV number or density, but does change the SV
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distribution.?* In analyzing SV distribution relative to presynaptic active zones, we
discovered a decrease at 200-400 nm removed from the t-bar (Figure 3.2). This alteration
in vesicle density associated with the reserve pool is consistent with direct Synapsin
involvement. In Drosophila synapsin nulls, SVs are spread toward the bouton interior,
with reduced vesicle density in the center of the bouton.®” Docked vesicles within %2 of a
vesicle diameter (<20 nm) of the active zone membrane are elevated in csw null mutants
(Figure 3.2). This is consistent with an increase in the RRP?° and we measured increases
in the functional RRP previously via electrophysiology in csw nulls.'®® Likewise, the
constitutively active ERK H-ras®’2¥ mouse model displays an increase in docked synaptic
vesicles.'?” These results reveal altered MAPK/ERK-dependent presynaptic vesicle pool
distributions that provide an explanation for the csw null mutants neurotransmission
strength elevation.

To confirm this presynaptic mechanism in NS and NSML disease models, we next
tested Synapsin in NS (PTPN11N308D GoF) and NSML (PTPN11%79P | oF) conditions.
391 PTPN11N308D occurs in ~25% of NS patients*, and PTPN112%79 confers NSML
symptoms.®! Like csw nulls, both patient-derived mutations increase Synapsin and SV
association (Figure 3.3). With stimulation, Synapsin-bound vesicles are aberrantly
recruited, providing the basis for sustained synaptic depression resistance.’®® Inhibition
of MAPK/ERK signaling alleviates both NS and NSML disease model phenotypes.90.91.165
However, this pathway is highly regulated, and intersecting pathways can affect
function.'® Therefore, to confirm the specificity for neurotransmission, we tested targeted
ERK gain-of-function (ERK®°F). This constitutively-active ERK mutant at the endpoint of
the MAPK pathway allows for the most specific analysis of MAPK signaling on
neurotransmission.'”! Constitutively active ERK recapitulates the elevated presynaptic
pERK levels and strengthened neurotransmission in the PTPN11/csw mutants (Figure
3.4), to place activated ERK on site for presynaptic regulation of vesicle dynamics.”3165
To further confirm this mechanism, we targeted neuronal PTPN11 and ERK®°F mutations
in a synapsin null background to find a block of the elevated neurotransmission (Figure
3.5,3.6). This is internally consistent, but unexpected due to Synapsin loss not affecting
basal neurotransmission strength.® However, unlike synapsin knockout, NS/NSML

mutations likely affect a wide range of differential pathways throughout development, so
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other mechanisms may also be going awry. To finally confirm this presynaptic
mechanism, we turned to genetic rescue by expressing wildtype Corkscrew within
glutamatergic neurons in an otherwise global csw null mutant.

Cell-targeted genetic rescue is the gold-standard for demonstrating cellular
requirements.'® Based on our previous work and above results, we were confident that
driving wildtype Csw in motor neurons (csw”T) would demonstrate a neuron-specific
requirement. To our astonishment, neuron expression fails to provide any rescue
whatsoever of the csw null elevated neurotransmission strength (Figures 3.7,3.8). Our
previous work showed no postsynaptic muscle role for Csw,'® so we next examined the
third cell type at the tripartite NMJ synapse; glia.3?> However, glial csw”" expression also
fails to provide any rescue of the csw null elevated neurotransmission strength (Figures
3.7,3.8). We therefore next turned to driving csw”’ in motor neurons and glia
simultaneously, to find this fully rescues the csw null elevated neurotransmission strength
(Figures 3.7,3.8). Thus, Csw is needed in both neurons and glia together to regulate
neurotransmission amplitude. However, we previously found that neuron-targeted
PTPN11/csw LoF and GoF transgenes are both sufficient to replicate csw null mutant
elevated neurotransmission. '8 Likewise, we find glial-targeted transgenes also sufficient
to elevate synaptic strength (Figure 3.9). These results show that PTPN11/csw mutations
in either glia or neurons alone cause the defect, but that PTPN11/csw function in both cell
types is necessary to properly regulate neurotransmission. PTPN11/csw has known glial
roles for the regulation of neurogenesis and gliogenesis,'%'%0 and in response to
injury,37:191.192 puyt this is the first work to reveal a glial role for PTPN11/csw in
neurotransmission.

Glial roles in regulating neurotransmission have been previously discovered, such
as the Repo transcription factor regulation of glutamate neurotransmitter cycling 3.
However, based on both spontaneous and quantal content analyses, glial PTPN11/Csw
acts in the regulation of glutamatergic signaling via a common pathway with the neuronal
presynaptic MAPK/ERK-dependent regulation of Synapsin. There are three characterized
glial subclasses at the NMJ; perineurial (PG), subperineurial (SPG), and wrapping glia
(WG;*?). Each glial subclass has functions at the NMJ that could contribute to elevation

of neurotransmission strength. Based on accumulating current evidence, it is likely that
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PTPN11/csw functions within the glial subclasses with the most active roles in modulating
neurotransmission (SPG or WG), and future experiments will focus on elucidating the
exact glial subclass(es) involved. In this study, we establish that PTPN11/csw acts both
within motor neurons and glia, with LoF/GoF similarly upregulating MAPK/ERK signaling
to control Synapsin-mediated synaptic vesicle trafficking in an activity-dependent
mechanism. Future interventions to improve cognitive outcomes in NS and NSML
patients can utilize these findings by targeting co-joined glial and neuronal mechanisms

regulating presynaptic vesicle trafficking mechanisms.
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Chapter IV

Conclusions and Future Directions

Noonan Syndrome (NS) and Noonan Syndrome with multiple lentigines (NSML)
are characterized by related cognitive and behavioral symptoms, however, the driving
underlying synaptic mechanism was previously unexplored. NS and NSML are known to
be primarily caused by gain-of-function (GoF) and loss-of-function (LoF) respectively of
protein tyrosine phosphatase non-receptor type 11 (PTPN11).8" Fragile X syndrome
(FXS) is characterized by increased synaptic neurotransmission and neural circuit hyper-
connectivity driven by the loss of the mRNA-binding translational repressor Fragile X
Mental Retardation Protein (FMRP).''> FMRP was first proposed to bind PTPN11 mRNA
via an unbiased, cross-linking interaction screen.'®” Based on this finding, we
hypothesized that NS/NSML disease states involve PTPN11-dependent synaptic
dysfunction. The goal of my dissertation work was to determine if PTPN11 has a synaptic
role and, if so, to define the mechanism of action downstream of FMRP regulation. Using
a Drosophila FXS disease model, | found the Drosophila PTPN11 homolog (corkscrew;
csw) mRNA is bound by FMRP, with protein levels elevated in the absence of FMRP.
Using Drosophila NS/INSML disease models, | established neurotransmission increased,
as in the FXS model, with a similar elevation in trans-heterozygous mutant combinations.
| found that FMRP regulates PTPN11 to modulate local mitogen-activated protein kinase
(MAPK)/extracellular signal-regulated kinase (ERK) signaling in presynaptic terminals. |
discovered that PTPN11/Csw acts via MAPK/ERK signaling to regulate synaptic vesicle
(SV) availability for neurotransmission. | found disease mutation defects can be corrected
by genetically or pharmaceutically reducing ERK function. | determined that the Synapsin
(Syn) phospho-tether regulating SV availability acts downstream of PTPN11/Csw and
ERK, with Syn loss blocking the elevated neurotransmission of PTPN11 and ERK
mutants. Finally, | discovered PTPN11 is required in both neurons and glia for regulating
synaptic function. Below, | expand on my published findings and offer directions for future

investigations.
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PTPN11/Csw regulates basal glutamatergic neurotransmission

My thesis work shows PTPN11/Csw is a negative regulator of neurotransmission
in the Drosophila neuromuscular junction (NMJ) model glutamatergic synapse system,
suggesting a similar PTPN11 function in mammalian brain glutamatergic synapses. To
confirm the conservation of mechanisms uncovered in this thesis, this work could be
repeated in NS and NSML mammalian models such as the mouse model hippocampal
neurons®9 or glutamatergic human induced pluripotent stem cell (hiPSC).'9+19 |n this
section of the discussion, | focus on synthesizing previous results (Chapter Il and Ill)
directly demonstrating neurotransmission changes are PTPN11/Csw-dependent and
highlighting future directions to strengthen current conclusions.

In this thesis | found that either removing Csw (csw® null mutant) or
overexpressing a NS model GoF mutation (csw”7?%) elevates neurotransmission. In
contrast, overexpressing wildtype csw (csw”7) does not affect neurotransmission. This
elevated neurotransmission held true when expressing other NS mutations,
(PTPN11N308D) as well as NSML mutations (PTPN711Q570E or Q510P, Fig  2.1). Again,
overexpressing wildtype PTPN11 does not affect neurotransmission (Fig. 2.4). To further
test specificity, | also expressed csw” in the csw null background and found this rescues
the Csw-dependent neurotransmission changes (Fig. 2.4). Based on this work, it appears
that PTPN11 phosphatase GoF and LoF both elevate neurotransmission and proper
phosphatase activity is necessary for proper neurotransmission responses. To further
confirm the phosphatase dependence of these phenotypes, future work could be done
with cswR46°M a phosphatase-dead mutation.5? Previous studies with this mutant have
shown that long-term memory paradigms are phosphatase-dependent.’> When
expressed alongside a LoF (NSML) mutation, csw*46°M eliminated phosphatase activity
and blocked associated phenotypes.? When csw*46°M is expressed alone, aberrant ERK
activation and associated phenotypes have not been reported, with the mutant line
indistinguishable from controls.®* Based on these findings, | hypothesize that csw?46%M

when expressed alongside any of the GoF or LoF mutations within this thesis would block
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the aberrant increase in synaptic transmission at the NMJ, indicating disease
neurotransmission changes seen are specifically phosphatase-dependent.

Upon establishing that PTPN11/Csw elevated neurotransmission, the next step in
starting to determine a mechanism was to establish where in the synapse PTPN11/Csw
is required. To do this, in this thesis, | exploited the UAS/Gal4 binary transgenic system
to knockdown expression either presynaptically (motor neuron) or postsynaptically
(muscle)’. Muscle knockdown did not cause any changes, but neuronal knockdown
elevated neurotransmission, just like ubiquitous knockdown (Fig. 2.5). To further test
whether PTPN11 acts solely through a neuronal pathway, | additionally expressed NSML
mutations exclusively in neurons to elevate neurotransmission (Fig. 2.8). With these
findings, | then analyzed spontaneous SV fusion events in all the above conditions to find
that all with elevated neurotransmission show an increase in spontaneous fusion
frequency with no change in response amplitude (Fig. 2.5; 2.6). This indicates that there
is a change exclusively on the presynaptic side, elevating the probability of SV fusion.
Quantal content analyses of the above conditions likewise indicate more vesicles
released (Fig. 2.7). In agreement, docked SVs visualized with transmission electron
microscopy are increased (Fig. 3.2). All the above results indicate PTPN11/Csw neuronal
specificity in elevating neurotransmission. This was expected, as PTPN11N308D targeted
to motor neurons is sufficient to elevate neurotransmission (Fig. 2.1). Expressed
ubiquitously, PTPN11N308D causes embryonic lethality. Null csw mutants and ubiquitously
expressed csw RNAI likewise causes lethality, but not neuronal or muscle knockdown.

In mammalian systems, total loss of PTPN11 similarly causes embryonic
lethality.'%¢ The Drosophila csw null survives only due to maternally-deposited mRNA
allowing animals to pass embryonic development. Without this, the embryo dies and looks
like a corkscrew, giving the gene gets its name.?38% Given this situation, we can study the
complete Drosophila knockout with relative ease in comparison to other model organisms,
making it a great model for understanding the role of Csw at the synapse. One future
direction that would greatly benefit from exploiting the late Drosophila lethality involves
further investigating a unique liquid-liquid phase separation (LLPS) mechanism newly
uncovered.” A recent study demonstrated a LLPS dependent mechanism with PTPN11

disease mutations, with mutant protein recruiting and activating wildtype protein to drive
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MAPK activation.” My work with the complete Drosophila csw null mutant precludes this
from being the only way Csw acts to regulate MAPK signaling, raising the question of
whether this is the same mechanism. Due to NS and NSML being autosomal dominant,
all my work was done expressing these mutations in a wildtype background that had
wildtype csw already present. There is the possibility that these mutant forms of
PTPN11/Csw need the wildtype protein present to elevate neurotransmission. This
seems unlikely, due to the csw null phenocopying all mutant neurotransmission
phenotypes but is worth investigating to help further understand what exactly is occurring.
This can be tested by driving these same mutations in a csw null mutant background.
These future experiments will determine if wildtype Csw protein is necessary for disease
phenotypes in the Drosophila model. If not, then the mechanism is either not shared
between species, or more likely, the mechanism of PTPN11 action is not yet fully

appreciated.

MAPKI/ERK signaling drives basal glutamatergic neurotransmission

Based on previous work showing NS and NSML consistently act via MAPK/ERK
signaling hyper-activation, we hypothesized that all of our mutants also acted through this
signaling mechanism.%%7482 The MAPK/ERK signaling pathway is highly conserved, and
has many known roles, however a neuron-specific role is regulating SV pools™3. The
MAPK/ERK pathway is one of the signaling pathways known to have its endpoint
phosphorylating Synapsin leading to SV tether disassociation and SV recruitment for
exocytosis.6273145 |n this section of the discussion, | focus on synthesizing previous
results (Chapter Il and Ill) directly demonstrating basal neurotransmission changes are
MAPK/ERK dependent and highlighting future directions to strengthen current
conclusions.

The specific MAPK/ERK signaling role in PTPN11 driven neurotransmission is
supported by an elevation in local pERK levels within the presynaptic boutons for all NS
and NSML PTPN11 point mutations with elevated neurotransmission (Fig. 2.13). To test
this directly, csw null and NS model animals (PTPN11N3080) were treated with Trametinib,

a drug that inhibits the MAPK/ERK signaling pathway via inhibition of mitogen-activated
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protein kinase kinase (MEK), responsible for phosphorylating ERK at the endpoint of the
pathway.'97:°1 Likewise, Vorinostat inhibits kinase phosphorylation to disrupt MAPK
signaling,®'.141.198 with positive outcomes for treating behavior and memory in the FXS
mouse model.’?' Consistently, Drosophila NMJ neurotransmission defects are reversed
when treated with either drug, indicating disease MAPK/ERK signaling dependence (Fig
2.12; 2.15). These drugs are already FDA approved and used to treat different diseases
with elevated MAPK signaling'?':197.19% making them especially appealing as drugs to help
alleviate cognitive symptoms seen in patients. Future work should be done in testing if
these drugs are capable of alleviating behavioral and learning phenotypes in NS and
NSML models. Previously, NS Drosophila disease models have had learning and memory
mechanisms tested via repeated training sessions spaced over time.%? It was determined
that GoF csw mutations aberrantly prolong the resting interval by altering the MAPK
signaling timing, leading to improper learning and memory function.>? An ideal way to
determine if Trametinib and Vorinostat can alleviate cognitive symptoms seen in
Drosophila would be by utilizing this previously established experimental methodology. In
addition, in the mammalian mouse system this same learning and memory pathway can
be tested with and without drug treatments via the Morris water maze test.* If these drugs
consistently alleviate disease model cognitive dysfunction, then patients may positively
benefit from treatment with one or both of these drugs.

To further test MAPK/ERK mechanism specificity, | genetically manipulated ERK
by using the UAS/Gal4 system to express activated ERK (ERKSEM) exclusively in
neurons. ERKSEM still needs to be phosphorylated by the MAPK pathway, but resists
inactivation once turned on,'®® making it ideal to investigate what activated ERK alone will
do at the NMJ. Neuronal ERKSEM recapitulates the elevated local pERK levels,
neurotransmission, mEJC frequency, and quantal content seen in PTPN11 mutants,
further indicating that PTPN11 acts via pERK (Fig. 3.4). ERKSE™ has been shown to lead
to changes at the Drosophila NMJ, but no previous work directly measures its effects on
synaptic function.'®® Moreover, genetically decreasing ERK by 50% using a heterozygote
null mutant (ERK'/+) in the csw null background blocks the elevated mEJC frequency,
quantal content, and neurotransmission strength of the mutant (Fig. 3.5; 3.6). These

results alongside above pharmacological rescue strongly indicate that PTPN11
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dependent neurotransmission is dependent on MAPK/ERK activation. Since the MAPK
pathway endpoint, pERK, is known to phosphorylate Synapsin’3'4® and we observe
increased docked SVs in our csw null mutants (Fig. 3.2), we also tested whether a
synapsin null mutant (syn®7)?°0-201 could block elevated neurotransmission of a NSML
patient-derived PTPN11 mutant or ERKSEM, The null syn® mutant blocks elevated
neurotransmission in both conditions (Fig. 3.5; 3.6). This is surprising due to synapsin
nulls not being previously reported to affect basal neurotransmission strength.®* Based
on these results, | currently hypothesize that PTPN11 driven MAPK/ERK signaling leads
to elevated basal pERK levels causing Syn to disassociate from SVs, allowing for more
vesicular recruitment to presynaptic active zones. To test this hypothesis, synaptic
transmission electron microscopy in PTPN11/csw mutants should be used in both in the
syn null and syn wildtype background to investigate the number of docked SVs.
Additionally, Syn labeled with immunogold TEM at rest and during stimulation in both
mutant conditions would allow for better visualization of Syn-SV association.®®

To test whether basal functional changes are caused exclusively by changes in
Syn-dependent SV dynamics and not NMJ connectivity changes, we analyzed NMJ
structure. In the csw null (csw®) and GoF (csw”725) there are no changes in NMJ area,
branching, or type 1b synaptic bouton number (Fig. 2.2). This was a bit unexpected, as
the FXS Drosophila model, which display similar elevated neurotransmission defects, has
clear structural overelaboration at the NMJ.""® Although not shown, there is also no
change in the smaller synaptic bouton classes. This confirms that elevated function is not
due to synaptic overelaboration. Another possibility is an increase in active zone (AZ)
synapse number as assayed by anti-Bruchpilot (BRP) labeling.?'?® In these same
mutants, there is no change in the BRP synapse marker nor in transmission electron
microscopy counts of electron-dense AZs (Fig. 2.3; 3.2). This agrees with ultrastructural
results in an elevated MAPK/ERK mouse model'?”. Under most conditions, the AZ is
apposed with postsynaptic glutamate receptors, making a functional synaptic unit. On the
postsynaptic side, glutamate receptor density can be assayed with anti-GIuRIIC

labeling.?"2% In null and GoF mutants, no changes are found in glutamate receptor density
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Figure 4.1: Csw loss does not affect GIuRIIA levels at the Drosophila NMJ
Representative wandering third instar NMJ synaptic boutons labeled with anti-glutamate
receptor subunit IIA (GIuRIIA, magenta) and anti-horseradish peroxidase (HRP, green) in w'’78
genetic background control and c¢sw?® null mutant. Quantification of mean GIuRIIA fluorescent
intensity using a two-sided t test. Scatter plots show all the data points with mean+SEM. Data
points: NMJ number. Significance: p>0.05 not significant (n.s.). Scale bar: 5 um.

nor BRP/GIuRIIC ratio, indicating there is no change in overall synapse number (Fig. 2.3).
One remaining structural change yet unexplored is the possibility that the
GIuRIIA/GIURIIB ratio has shifted, which can greatly alter neurotransmission
strength.202203 Although none of this thesis work supports a change on the postsynaptic
side, there is some literature evidence supporting this. A study of transfected cultured
hippocampal neurons with PTPN11°61C reported an increase in surface-labeled GluA1
AMPA receptors with no change in overall receptor number.?° So, it is possible that part
of the PTPN11 increased neurotransmission is due to a disruption in the glutamate
subtype ratio favoring GIuRIIA. A preliminary experiment testing anti-GIuRIIA fluorescent
intensity in csw nulls does not show an over change in GIuRIIA-containing receptors (Fig
4.1). A caveat to this experiment is that it is measuring fluorescent intensity, not density
as previously analyzed. Moreover, the data do appear to be trending towards an increase,
so future work should continue to test the range of PTPN11/csw mutants. For now these

results indicate that there are no gross structural changes driving functional changes,
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indicating that MAPK/ERK dependent SV dynamics are exclusively driving

neurotransmission defects in NS and NSML mutants.

Heterogeneity of NS/NSML diseases reflected by variable MAPK/ERK activation

NS and NSML conditions show strong heterogeneous manifestation of
symptoms80.81.93.96 that | hypothesize is due mainly to the variable elevation of the
MAPK/ERK signaling pathway. There has been work on genotype-phenotype correlations
explaining this disease variability, although this focuses on the different genes that can
lead to each disease. For cognitive deficits, 30-50% of patients have reported symptoms,
and recent work highlights PTPN11 mutations as being highly represented in this
population of patients.®* However, despite this, many patients with PTPN11 mutations do
not exhibit any notable cognitive deficits,® indicating that variability is not driven
exclusively by the different gene mutations. In contrast, mouse and Drosophila NS
disease models exhibit high penetrance learning and memory deficits.5>% This may be
due to differences in mutation strength or genetic backgrounds. A major future direction
of this work could be exploring the heterogeneity of disease states, connecting the
behavioral and synaptic levels. Numerous patient-derived PTPN11 mutations have been
used throughout this dissertation research, but a larger scope is available.®’ In the future,
these other PTPN11 mutations can be analyzed for synaptic function and local NMJ
pPERK levels as has been done in this thesis. Then all PTPN11 mutant larvae can have
their learning and memory tested via the established three-cycle, two-odor reciprocal
aversive odor-high-salt learning assay?** and analyzed against each other to test for
patterns. One of the more notable point mutant lines not yet analyzed is PTPN11P676,
which leads to learning and memory deficits and enhanced excitatory neurotransmission
in a heterozygous mouse model.°® However, a possible quandary with this data is that,
NS patients and the mouse models with this mutation develop juvenile myelomonocytic
leukemia (JMML), a cancer with features characteristic of both myelodysplastic and
myeloproliferative disorders.?%5206 A unique use of this patient derived mutation would be

to study JMML in the Drosophila with all the advantages of the model available. Additional
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Figure 4.2: Ubiquitous NS/JMML PTPN11P¢’¢ mutation decreases neurotransmission

Representative two-electrode voltage-clamp (TEVC) recordings of excitatory junction current
(EJC) traces showing 10 superimposed evoked synaptic responses (1.0 mM Ca?*) of
ubiquitous driver control (UH71-Gal4/w’'"8) and NS/JMML PTPN11P6'¢  (UH1-
Gal4>PTPN11P676), Quantification of the mean EJC amplitudes using two-sided ¢ tests. Scatter
plots show all data points with meantSEM. Data points: NMJ number. Significance: p<0.05 (*).

PTPN11 mutations of interest include NSML PTPN11R49%W and PTPN11Y279C which
analysis of together with PTPN11P6'G at the synaptic and behavioral levels would
strengthen studies of heterogeneity of disease outcomes.

In interest of studying this disease heterogeneity, | started preliminary work into
the synaptic underpinnings of these various PTPN11 mutations not yet reflected in this
thesis. Current genotypes seen in Chapters Il and lll are all largely indistinguishable,
making them unideal for studying disease heterogeneity alone. My preliminary
examination of PTPN11P6’6¢ showed decreased neurotransmission strength, in
disagreement with the mouse model®® (Fig. 4.2). This may be due to the mouse model
being a heterozygote, versus PTPN11P67C gverexpression in our Drosophila model. Gene
dosage—dependent effects have been reported.?®” Future work should characterize this
point mutant for other synaptic and myeloproliferative phenotypes. It is possible that
targeted neuronal expression would resemble other PTPN11 mutations, and what is

being observed is general malaise due to JMML complications. Another important case
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is the PTPN11R498W point mutant, a LoF NSML disease mutation.®' Ubiquitous expression
of PTPN11R4%8W does not elevate local pERK levels or neurotransmission strength (Fig.
4.3). Although pERK levels are trending towards elevation, it is not statistically significant
like other PTPN11 mutations with elevated neurotransmission (Fig. 4.3). Based on this
correlation, it appears that this point mutant does not elevate pERK levels high enough
to influence basal neurotransmission. These differences in pERK levels and synaptic
expression, if correlated with variable outcome in learning in memory tests, would support
the model that what matters most for cognitive disease heterogeneity within the same
mutated gene is the strength of MAPK/ERK pathway activation. Additionally, these future
assays could also be done with other NS and NSML causing genes beyond PTPN11 to
further analyze how much these various genes converge mechanistically at the synaptic

level.

PTPN11/Csw regulates functional short-term plasticity at glutamatergic synapses

In response to experience, neural circuit function can be modified via a process
known as synaptic plasticity.*>2% In this mechanism, pre-existing synapses can be
modified in neurotransmission strength for various durations, varying from sub-second to
seemingly permanently.?%® |t is established that ERK signaling plays a role in the
regulation of activity-dependent synaptic functional changes,%%781%" and has a role in
various behaviors dependent on this process, including learning and memory.2466.78 My
thesis work establishes a role for PTPN11/Csw in various forms of short-term plasticity at
the Drosophila NMJ, closely but not perfectly, mirroring what is seen in a mouse model
with elevated ERK signaling.'?” There are two general opposing forms of short-term
plasticity; facilitation and depression. Synapses tend to exhibit one or the other depending
on the recent history of activation, as well as the probability of neurotransmitter release.
Synapses with a higher likelihood of neurotransmitter release tend to exhibit depression,
while those with lower probabilities exhibit facilitation.?47:137.208 The Drosophila NMJ

tends to exhibit depression under physiological conditions,*'?°° but can be manipulated
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Figure 4.3: NSML PTPN1174%Wmutant does not exhibit any neuronal phenotypes
Analysis of ubiquitous driver control (UH7-Gal4/w''’8) and NSML PTPN11R4%¥W (UH1-
Gal4>PTPN11R498W) Top Left: Representative TEVC recordings of EJC traces (1.0 mM Ca?").
Quantification of the mean EJC amplitudes using a two-sided t test. Top Right:
Representative Western blot for pERK (42 kDA, top) and GAPDH loading control (35 kDA,
bottom). Quantification of pERK levels normalized to GAPDH with a one-way ANOVA
followed by Tukey’s multiple comparisons. Bottom: Representative NMJ images co-labeled
for anti-pERK (green) and presynaptic membrane marker anti-HRP (magenta). Scale bar: 2.5
pMm. Scatter plots show all the data points with meantSEM. Data points: NMJ (EJC, ICC) or
animal (WB) Significance: p<0.05 (*), p<0.01 (**), and not significant (n.s.).
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to exhibit facilitation,#2%° allowing for the genetic modeling of both forms to explore
mechanisms.

Under conditions of depression at the NMJ, csw nulls and NS PTPN11 mutants
display sustained elevated neurotransmission compared to controls (Fig. 2.9). From the
initial stimulations the readily releasable pool (RRP) can be estimated, which is elevated
compared to controls in both, without a change in paired pulse ratio (Fig. 2.9). This finding
indicates more SVs available for fusion, but that the probability of release is unchanged
in these mutants. This functional test aligns with transmission electron microscopy
showing an elevation in docked SVs in these mutants (Fig 3.2). With sustained high
frequency stimulation (HFS), csw null mutants continue to respond when controls have
exhausted all available SVs (Fig. 2.10). | hypothesized these changes were driven by
enhanced ERK signaling, similar to basal neurotransmission changes. ERK is
phosphorylated during HFS, and ERK then phosphorylates Synapsin, enhancing
neurotransmitter release during sustained stimulation.8145 |n csw nulls, local NMJ pERK
levels are already elevated at the basal state, and depolarizing stimulation elevates pERK
further (Fig. 2.14). In PTPN11/csw mutants, Synapsin is aberrantly decreased and
dissociates from SVs with stimulation (Fig. 3.1; 3.3). This work together supports the
previously proposed model of ERK-dependent Syn phosphorylation enhancing
neurotransmitter release when the RRP is significantly depleted by high usage.62:6568 |n
our mutants this process is dependent on PTPN11. However, this conclusion should be
further tested by repeating genetic and pharmaceutical experiments during basal
neurotransmission. If the current model is correct, inhibiting the MAPK/ERK pathway
would block the resistance to synaptic depression, and changes in Syn with stimulation.
Additionally, the ERK GoF mutant that recapitulates basal synaptic neurotransmission
should also display sustained resistance to synaptic depression, and Syn changes with
stimulation. A pilot experiment with this mutation indeed shows that ERK GoF alone can
increase basal Syn levels that decrease with HFS stimulation, similar to PTPN11/csw
mutants (Fig 4.4). More work investigating Syn dynamics would increase our
understanding of this mechanism overall. This can be done with genetic syn
manipulations, as well as more imaging focused on studying Syn turnover.516567.201

Transmission electron microscopy with immunogold labeling of Syn with and without
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Figure 4.4: Neuronal ERK®°F recapitulates PTPN11 basal and stimulation syn defects
Representative NMJ synaptic boutons labeled for Synapsin (syn, magenta), vesicular
glutamate transporter (vglut, green) and horseradish peroxidase (HRP, blue) in neuronal
transgenic driver control (elav-Gal4/w'’’8) and driving ERKC®F (elav-Gal4>ERK®°F) NMJs
without stimulation (basal, left) and 10 min 90 mM [K*] (stimulated, right). Scale bar: 5 ym.
Quantification of Synapsin fluorescence intensity in all four conditions (basal and stimulated).
Statistical comparison done using a two-way ANOVA, followed by Tukey’s multiple
comparisons test. Scatter plots show all data points with meantSEM. Data points: NMJ
number. Significance: p<0.05 (*), and not significant (n.s.).
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stimulation would allow for better analysis of SV association.®® This would allow, in turn,
a better understanding of SV dispersion dependent on Syn turnover. Furthermore,
imaging with a phospho-Syn specific antibody?'® would allow for better analysis of
activity-dependent phosphorylation/dephosphorylation.

While studying SV dynamics in PTPN1/csw mutants in HFS conditions of synaptic
depression, | focused on RRP and reserve pools, both of which were implicated by the
literature of being involved via aberrant MAPK/ERK signaling.6263.15" However, the RRP
is replenished from the SV recycling pool which can maintain release with moderate
stimulation,% and changes in recycling could easily be contributing to our sustained
synaptic function defects. Previous studies have shown depolarizing stimulation and 10
Hz HFS both lead exclusively to recycling pool recruitment, while >30 Hz stimulation
additionally recruits the reserve pool.>8' Interestingly, in our stimulation conditions the
reserve pool should not be recruited, yet based on Syn data it is being aberrantly
recruited.6%-%6 To focus more directly on the recycling pool, future experiments should
utilize FM1-43 dye imaging. FM dyes insert into the plasma membrane with a >40-fold
increase in fluorescence.'*® With stimulation, this dye is internalized during SV
endocytosis, then trafficked to different SV pools. Upon washing off excess non-specific
plasma membrane dye, one can analyze endocytosis and SV pool size. A second round
of stimulation allows for visualization of exocytosis efficiency. '8 A preliminary experiment
shows no detectable change in SV endocytosis or exocytosis in csw nulls or GoF mutants
(Fig 4.5). This finding suggests recycling dynamics are unaffected in NS/NSML states,
and that changes in synaptic function are based exclusively on changes in the RRP and
reserve pool. However, further work with PTPN11 mutants should test this conclusion,
including varying the stimulation strength (5, 10, 20, 30 Hz) and timing of FM-dye loading
(30 sec, 1 min, 5 min) and unloading (10 sec, 30 sec, 2 min) of csw null, and NS/NSML
PTPN11 mutants to get a holistic view of recycling in disease mutations.

The other forms of short-term plasticity all involve strengthening future
neurotransmission responses over different time scales, including short-term facilitation
(<1 second), and maintained augmentation (>5 seconds) during stimulation trains, and

post-tetanic potentiation following the train.*3474° PTPN11/csw mutants display
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Figure 4.5 Csw loss- and gain-of-function do not alter synaptic vesicle trafficking

Top: Representative synaptic bouton images of FM 1-43 dye imaging with depolarization

induced loading (left for each genotype) and unloading (right for each genotype). Genotypes

from left to right: w8, csw® UH1/+ (UH1-Gald/w''’8) and csw”7?S (UH1-Gald>cswA725).

Fluorescent intensity is represented as a heat map. Scale bar: 5 um. Bottom Left:

Quantification of unload/load ratio using two-sided t tests. Bottom Right: Each NMJ with

connected load and unload FM 1-43 dye intensities. Overall mean values are shown in black

with corresponding genotype shape. Scatter plots show all the data points with meantSEM.

Data points: NMJ Significance: not significant (n.s.).
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decreased facilitation, augmentation, and post-tetanic potentiation compared to controls
under conditions that allow for facilitation (Fig. 2.11). There has been no previous work to
implicate Csw or PTPN11 having a role in this form of short-term plasticity. This result is
somewhat surprising, as presynaptic plasticity is enhanced in a mouse model with
elevated ERK signaling.’?” | hypothesize these plasticity effects may be due to the already
elevated basal pERK decreasing the range for ERK-dependent enhancement, leading to
a ceiling effect. Genetic and pharmaceutical experiments blocking ERK activation should
test this hypothesis. Additionally, the ERK GoF mutant that recapitulates basal synaptic
neurotransmission should also display decreased facilitation, augmentation, and post-
tetanic potentiation if PTPN11/csw driven elevated ERK signaling is solely responsible.
Notably, however, a mouse model with enhanced ERK signaling does not exhibit any
changes in basal neurotransmission,'?” indicating that there may be some part of this
mechanism that is not being explained by PTPN11/Csw regulation of the ERK pathway.
One possibility is FMRP involvement, as the FXS mouse model is similarly resistant to
short-term depression due to an elevated RRP without a change in fusion probability,
although it does display enhanced augmentation.''® Analysis of these various forms of
short-term plasticity in a NS/NSML background with overexpression or knockdown of
FMRP would elucidate if FMRP drives this process.

PTPN11/Csw and FMRP interact to regulate neurotransmission strength

Previously, a large-scale screen identified PTPN11 mRNA binding with FMRP.1%7
Given the canonical function of FMRP as a translational repressor,'04.196.112 the interaction
suggests PTPN11 protein expression is downregulated by FMRP. To test this interaction
in the Drosophila model, we performed an RNA-immunoprecipitation assay to find that
anti-FMRP pulls down csw mRNA (Fig. 2.14). Additionally, Western blot analysis revealed
that Csw protein expression is upregulated in the FXS disease model (dfmr1 null mutants;
Fig. 2.14). This indicates that under normal conditions, FMRP works to downregulate Csw
expression, and that this expression becomes unregulated in the FXS condition.
Unfortunately, due to current tool limitations, immunohistochemistry work testing Csw

synaptic localization in controls and dfmr1 nulls has not been possible. In future
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experiments, a better Csw antibody or a GFP-tagged Csw construct should be made to
test Csw localization and changes in the FXS disease model. | next turned to analyzing
MAPK/ERK activation, as it has been clearly established that PTPN11/Csw regulates this
pathway.82.90.96 | ikewise, FXS patients and disease models show elevated MAPK/ERK
signaling,”®12" suggesting that PTPN11/Csw may play a role in this mechanism. In both
dfmr1 and csw null mutants, | found pERK levels elevated at the NMJ in basal conditions
and further elevated with acute stimulation (Fig 2.14). Recognizably dfmr1 cannot be
acting on csw in the null condition, as there is no mRNA or protein to regulate. This work
simply highlights that both genes are involved in regulating local ERK signaling. Notably,
this elevation of pERK at the NMJ in dfmr1 mutants was an intermediate between controls
and csw nulls, suggesting that there may still be some available ERK that is not being
aberrantly activated in the FXS state. The difference in pERK activation may account for
why the FXS mouse model still exhibits augmentation,’'® while Drosophila PTPN11/csw
mutants do not. Future studies investigating the ratio of ERK to pERK available in these
disease conditions using both immunohistochemistry and western blot analysis would
prove or disprove this hypothesis. Upon establishing that dfmr1 and csw nulls both exhibit
elevated pERK levels in presynaptic boutons, we next wanted to firmly establish their
interaction in neurotransmission.

To test an interaction, we expressed csw and dfmr1 nulls as trans-
heterozygotes.'>* This means the animals have 50% of each protein, which is enough for
normal functions unless the two proteins interact in a shared mechanism.'®* The single
heterozygotes show no phenotypes, but in the double heterozygotes show an elevation
in local presynaptic pERK levels, spontaneous SV fusion frequency, and
neurotransmission amplitude (Fig. 2.16). These findings indicate that FMRP and Csw
interact to regulate pERK-dependent presynaptic neurotransmission. However, it does
not establish any specifics to this interaction. To clarify this interaction, future work should
genetically manipulate FMRP levels and test Csw translation in basal and activity
modulated conditions. This can be done by utilizing the same basal and short-term
synaptic plasticity assays seen in this thesis but with manipulated FMRP levels in the csw
null and NS/NSML disease models. This manipulation can be done by utilizing the

UAS/Gal4 system and would determine if FMRP is regulating Csw phosphatase function
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in presynaptic boutons. | hypothesize that FMRP is playing an activity-dependent role in
activating PTPN11/Csw phosphatase activity and that this regulation is going awry in FXS
models to elevate MAPK/ERK signaling. This could be tested by blocking Csw
phosphatase activity in a dfmr1 background and testing the effects on pERK levels and
neurotransmission. Although FMRP appears to regulate PTPN11/Csw in NS/NSML
disease models, | suspect the native autoinhibition mechanism is the main driver synaptic
phenotypes. This could be tested by manipulating FMRP levels in an NS/NSML
background and the effects on pERK levels and neurotransmission.

In this dissertation work, | establish the FMRP and Csw interaction at excitatory
glutamatergic synapses, linking FXS to NS/NSML disease states for the first time.
However, these diseases are all quite complex in their symptoms. To further investigate
what is occurring in these diseases, future work into understanding what is occurring at
central synapses, inhibitory synapses, and the interplay between different synapses at
the circuit level (excitation/inhibition balance) is necessary. One good circuit for study is
the adult Drosophila brain mushroom body, the learning and memory center?''. FMRP
roles in this circuit are already well established,?'>2'3 allowing for ease in comparing
changes shared or specific to NS/NSML disease states. Additionally, changes in this
circuit can be tested via learning and memory paradigms utilizing olfactory T-maze
conditional training.5212% Both FXS and NS Drosophila models have reported disrupted
learning and memory abilities using this behavioral testing,%%'?° so | would hypothesize
interaction between these proteins to lead to changes at the circuit level prompting these
behavioral changes. These interactions could be easily analyzed by testing csw and
dfmr1 null trans-heterozygotes mushroom body circuitry function via a combination of
electrophysiology and ERK SPARK imaging?!" and learning and memory performances
with the T-maze to see if it is impaired. Understanding these connections is paramount to

determining future treatment options.
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Figure 4.6: Glial NS/NSML mutants increase local NMJ pERK levels

Top: Representative NMJ images co-labeled for anti-pERK (green) and presynaptic
membrane marker anti-HRP (magenta) of glial transgenic driver control (repo-Gal4/w''"8), and
driving PTPN11V308D (repo-Gal4>PTPN11N3080) and PTPN 1195797 (repo-Gal4>PTPN11?57%P) in
glia. Scale bar: 5 pym. Bottom: Quantification of pERK fluorescence intensity in all three
conditions. Statistical comparisons done using two-sided t tests. Scatter plots show all the data
points with mean+SEM. Data points: NMJ Significance: p<0.01 (**).
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Figure 4.7: Glial NS/NSML mutants increase Syn levels with stimulation-dependent loss
Representative NMJ synaptic boutons labeled for Synapsin (syn, magenta), vesicular
glutamate transporter (vglut, green) and horseradish peroxidase (HRP, blue) in glial transgenic
driver control (repo-Gal4/w''"8 top) and driving PTPN11N308D (repo Gal4>PTPN11N308D,
middle) and PTPN11951% (repo-Gal4>PTPN11251% hottom) in glia. NMJs without stimulation
(basal, left) and 10 min 90 mM [K*] (stimulated, right). Scale bar: 5 ym. Quantification of
Synapsin fluorescence intensity in all six conditions (basal and stimulated). Statistical
comparison done using a two-way ANOVA, followed by Tukey’s multiple comparisons test.
Scatter plots show all data points with mean+SEM. Data points: NMJ number. Significance:
p<0.05 (*), p<0.01 (**),p<0.0001 (****), and not significant (n.s.).
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PTPN11/Csw has glial roles in regulating glutamatergic neurotransmission

In my dissertation work, | discovered a glial role for PTPN11/Csw in regulating
neurotransmission. Previously, | found ubiquitous expression of wildtype csw in the csw
null background rescues neurotransmission defects. Based on all previous work in
establishing the neuronal mechanism, | expected that re-expression of wildtype csw
exclusively in neurons would rescue neurotransmission. Contrary to this expectation, |
found csw is required in both neurons and glia to rescue neurotransmission, indicating a
dual requirement in both cell types (Fig. 3.7; 3.8). This is especially intriguing, as the only
known glial roles previously reported for PTPN11/csw are the regulation of neurogenesis
and gliogenesis in early development,8.19° and in response to injury in adults.37:191.192
Glia involvement in regulating neurotransmission is well established,3335%193 and the NMJ
is a tripartite synapse consisting of presynaptic neuron, postsynaptic muscle, and
perisynaptic glia. At the Drosophila NMJ, glia are known to have roles regulating
glutamatergic transmission, such as clearing released glutamate via excitatory amino acid
transporters (EAATSs).2™ This is important since impaired glutamate uptake can elevate
neurotransmission and cause excitotoxicity. However, glial PTPN11/csw loss increases
neurotransmission via an elevated frequency of SV fusion and increased quantal content,
indicating a presynaptic change (Fig. 3.9). To confirm this presynaptic mechanism, | did
a preliminary experiment with glial-targeted NS and NSML PTPN11 point mutations and
found that local NMJ pERK levels are elevated, albeit weakly (Fig 4.6). Likewise, Syn
levels are elevated under basal conditions, and drastically decreased with stimulation (Fig
4.7). Together, these changes phenocopy neuron-targeted NS and NSML PTPN11 point
mutations, suggesting that glial PTPN1/csw is acting in the same presynaptic mechanism.
This rules out perisynaptic processes (such as EAATs) being the primary cause of
elevated neurotransmission with glial-targeted manipulations. Instead, the most likely
cause is a change in glia-to-neuron crosstalk.

Since glial PTPN11 is able to drive changes in neurotransmission, an opportunity

arises to target glia in NS and NSML patient treatment options alongside neurons.
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Figure 4.8: Glial PTPN11 is not acting by upregulating glial MAPK/ERK signaling
Representative two-electrode voltage-clamp (TEVC) recordings of excitatory junction current
(EJC) traces showing 10 superimposed evoked synaptic responses (1.0 mM Ca?*) in glial
driver control (repo-Gal4/w'"®) and glial ERK®F (repo-Gal4>ERKSEM). Quantification of the
mean EJC amplitudes using a two-sided f test. Scatter plots show all the data points with
meanzSEM. Data points: NMJ number. Significance: p>0.05 not significant (n.s).

Therefore, understanding the mechanism of glial action is paramount in designing these
treatments. Future work into this glial role should expand on the mechanism already
established, hopefully elucidating targets for possible pharmaceutical interventions. Clear
points of interest include 1) the phosphatase role PTPN11 is normally performing in glia,
2) the trigger(s) of PTPN11 activation, 3) the glia-to-neuron signal initiating the neuronal
pathway, 4) the glial receptor and downstream signaling cascade, and 5) the specific glial
subtypes involved. As PTPN11/Csw is well established to work via MAPK/ERK signaling,
it is easy to hypothesize that glial function normally regulates this pathway in glia to lead
to changes in presynaptic neurotransmission. However, preliminary results show that the
ERK GoF mutant that recapitulates all neuronal phenotypes when expressed in neurons,
does not elevate neurotransmission when expressed in glia (Fig 4.8). This finding
suggests that glial PTPN11/Csw is acting independent of the MAPK/ERK signaling
pathway, which is unexpected based on all previous work. Other signaling pathways are
known to be affected in NS and NSML patient-derived point mutants, such as EGFR,
Notch, and JAK/STAT pathways®?°' and one of these may be the driving force behind the

glial signaling mechanism. Future analysis of these pathways utilizing targeted genetics
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to specifically perturb glial signaling pathways, as well as immunochemistry analysis of
the endpoint markers of these pathways should be done to define the glial-specific
PTPN11/Csw mechanism.

One way to further focus on the glial mechanism is to determine the glial subtypes
involved. At the Drosophila NMJ, there are three known glial subtypes; perineurial glia
(PG), subperineurial glia (SPG), and wrapping glia (WG).3? Each class has roles at the
NMJ that could contribute to elevation of neurotransmission strength. The PG and SPG
classes together form the blood-brain barrier that maintains ionic homeostasis.3? SPG are
known to secrete the Wnt Iligand Wingless (Wg; Wnt-1) to modulate
neurotransmission efficacy.3® Knockdown of glial specific Wg elevates spontaneous
event frequency but decreases action potential dependent synaptic functional
responses®. A preliminary screen using the UAS/Gal4 binary transgenic system to drive
csw RNAi in these various subtypes indicates that Csw has a role in regulating
neurotransmission in PG and SPG classes, but not in wrapping glia (Fig 4.9). As these
two classes are known to work together to from the blood-brain barrier it is possibly being
disrupted in NS and NSML leading to changes in neurotransmission. However, |
hypothesize that the SPG Wnt-1/Wg signal is what triggers the neuronal PTPN11/Csw
driven pathway, as glial-derive Wg has already been shown to regulate presynaptic
neurotransmission.®® In this proposed mechanism, PG do not have a direct role, but are
instead necessary to enable proper SPG signaling. This proposed mechanism can be
explored in the future by exploiting wingless tagged with GFP, allowing for the
visualization of glial specific signaling. Additionally, knocking down wingless signaling in
these specific glial subtypes and analyzing synaptic function responses would allow for
us to directly link the glial signal to neuronal function.

Finally, a clear candidate for regulating the PTPN11/Csw glial mechanism is
FMRP. The work done in this dissertation to show the FMRP interaction was done
exclusively with null mutant animals, so cell type specificity was not tested (Fig. 2.16).
However, the Broadie Lab has clearly established that FMRP is involved in neuron-to-glia
signaling, and that glial roles are disrupted in FXS.'85215 Additionally, both FMRP and
Csw have been established to interact with the Draper receptor,®”-18% albeit in the different

contexts of development and injury models, respectively.37-185215 Thus, it is reasonable to
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Figure 4.9: SPG and PG glia are involved in elevating basal neurotransmission
Representative two-electrode voltage-clamp (TEVC) recordings of excitatory junction current
(EJC) traces showing 10 superimposed evoked synaptic responses (1.0 mM Ca?*). Top Left:
SPG driver control (SPG-Gal4/TRIiP Ctl) and SPG glial csw RNAi (SPG-Gal4>csw RNAI). Top
Middle: PG driver control (PG-Gal4/TRiP Ctl) and PG glial csw RNAi (PG-Gal4>csw RNAI).
Top Right: wrapping glial driver control (wrapping-Gal4/TRiP Ctl) and wrapping glial csw RNAI
(wrapping-Gal4>csw RNAI). Bottom: Quantification of the mean EJC amplitudes using a two-
sided t tests. Scatter plots show all the data points with meantSEM. Data points: NMJ number.
Significance: p<0.05 (*), p>0.05 not significant (n.s).

hypothesize that FMRP regulation of PTPN11/Csw within glia is going awry in NS and
NSML, as well as FXS. This is a really exciting avenue to expand on, due to the possibility
of broadening our overall understanding of three diseases by exploring this glial-specific
mechanism, and possibly uncovering common therapeutic targets and new treatment
avenues. To start exploring these interactions, | would genetically knockdown and
overexpress FMRP specifically in glia in the csw null mutant, as well as the NS/NSML
patient-derived PTPN11 point mutant backgrounds, to examine effects on presynaptic

neurotransmission. Additionally, | would genetically knockdown and overexpress csw
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specifically in glia in the dfmr1 null background (FXS model) and examine presynaptic
neurotransmission. These experiments should establish if these proteins are interacting
within glia to shape presynaptic neurotransmission, before moving on to test more specific

glial subtype functions and mechanistic interactions.

Final Conclusions

My dissertation research has established that PTPN11/Csw regulates both basal
glutamatergic neurotransmission strength and short-term plasticity through presynaptic
MAPK/ERK signaling that in turn phosphorylates Synapsin to control SV fusion
availability. When PTPN11/Csw phosphatase activity is perturbed by complete loss or
point mutations, causing disruption of its autoinhibition mechanism, PTPN11/Csw
aberrantly upregulates presynaptic MAPK/ERK signaling to cause Synapsin-dependent
increases in glutamate release probability. Thus, more SVs are available in an enlarged
readily-releasable pool, sustaining neurotransmission under conditions of greater
demand. My thesis work clearly indicates that PTPN11/Csw has a presynaptic role in
glutamatergic neurons, which is likely linked to NS/NSML perturbed learning and memory
abilities, as well as the other behavioral impairments. | have also discovered an exciting
novel PTPN11/Csw role within glia for the control of presynaptic neurotransmission.
Future work into clarifying the glial mechanism of action may lead to new therapeutic
strategies. Finally, | have established that FMRP regulates Csw to control presynaptic
neurotransmission, connecting the FXS, NS, and NSML disease states for the first time.
This interconnection expands our overall understanding of each of these cognitive
impairment neurological conditions, and this link will hopefully lead to breakthroughs in

future treatments via this shared mechanism.
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