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Abstract

Brain function is remarkably stable throughout the many years of adult life even
in the face of continuous internal and external change. Homeostatic plasticity is
hypothesized to support this stability by constraining neuronal activity within a range
appropriate for a neuron’s participation in neural circuits and meaningful information
transfer. Presynaptic homeostatic potentiation (PHP) is one form of homeostatic
plasticity acting in both peripheral and central synapses and is conserved from insects
to humans. Here we describe the function of an innate immune receptor, PGRP-LC, and
its downstream signaling pathway in controlling PHP. Innate immunity is known to
function in the brain where it modifies the structure of synapses and circuits during
development, as well responding to and controlling neuronal activity during adulthood.
This is the first evidence implicating innate immunity in presynaptic function. First, we
show that PGRP-LC functions as a presynaptic receptor during the induction and
expression of PHP, through modulation of the readily releasable pool of synaptic
vesicles. Next, we interrogate the canonical innate immune signaling pathway
downstream of PGRP-LC, testing four downstream genes for function in PHP. In so
doing, we find evidence that this pathway is reorganized to support the specialized
structure and function of neurons, and the needs of PHP. Last, we characterize in detail
the function of a kinase in the pathway, Tak1, in controlling synaptic vesicle release
probability. Our data lead us to propose a model where Tak1 acts to stabilize synaptic
vesicles close to the active zone by inhibiting a de-priming or de-docking process.
Therefore, we have implicated a novel kinase in regulation of neurotransmitter release.

We expect that innate immune signaling through PGRP-LC then modulates the function

Vii



of Tak1 during PHP to achieve potentiation of vesicle release. Overall, our data speak
to the importance of innate immune signaling in neurons specifically, as they undergo

changes during their otherwise normal day-to-day activity.
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1. Introduction

1.1 Homeostatic control

Homeostatic control is used to hold the output of a system constant in the face of

perturbation of its inputs. An obvious example is control of room temperature by a
thermostat. Even as the surrounding temperature changes, a thermostat is able to
maintain the set room temperature by adjusting variables within the system.

The term homeostasis has also been used in biology to describe the many
internal processes that display this constancy. These include control of body
temperature, blood glucose, and extracellular salt balance, and their stability results
from homeostatic regulation at the level of single cells, biological circuits, and even
whole organs. Thus, these individual homeostatic systems ultimately cooperate to
generate a macroscopic homeostatic controller of organismal biology, enabling the
remarkably stable overall bodily function of complex organisms. But, to what extent the
properties of single cells are controlled through cell-autonomous, homeostatic
mechanisms is relatively unknown.

We can use modified feedback control theory to create a simple model for a
control system that could conceivably be used in biology to achieve homeostasis. The
essential components of such a system are a sensor, a set point, an error signal, and
effectors. The sensor is some molecular machinery that converts input to the system
into a type of information that can be read by the rest of the system. The set point is
some biological variable that needs to be held constant. Input to the system is

continually compared to the set point. Any difference between the input and the set



point is fed back as an error signal, and this error signal modifies the activity of effectors
that ultimately correct the output. If inputs are continually monitored and the system
operates with relatively high gain and speed, the output can be robustly maintained at
set point. As we characterize putative homeostatic phenomena in the nervous system,

we can ask to what extent they reflect the predictions of negative feedback control.

1.2 Homeostatic plasticity in neurons

Neurons are a fascinating cell type for consideration in the context of homeostasis.
Many neurons display marked short and long-term plasticity in response to all kinds of
stimuli, including external experience (emotional state, time of day, visual information,
learning) and developmental critical periods. Yet, for the most part, neurons continue to
serve their proper role in computation within the extremely complex circuitry of the brain,
and brain function is stable over the many years of life. Additionally, in the face of
genetic mutations or disease brain function typically remains normal, due in part to the
stability of neuronal activity.

At the level of single cells or synapses, many different forms of homeostatic
regulation of neuronal activity have now been described. Presumably they function in
concert to maintain the overall stability of neural circuits. What role can each play in
stabilizing brain function, and what molecular mechanisms might be necessary for each
type of homeostasis? The majority of research on neuronal homeostatic plasticity can
be divided into three categories: homeostatic control of excitability or firing rate, synaptic

scaling, and presynaptic homeostatic potentiation.



1.2.1 Homeostatic control of neuronal firing properties

The action potential firing properties of neurons are essential to their function within
circuits and can also be used to define cell type (Markram et al., 2004). There are now
many examples in which a neuron whose activity pattern is perturbed will, given enough
time, return to its baseline level of excitability or activity (Nerbonne et al., 2008; Pratt
and Aizenmann, 2009; Hengen et al., 2013). One example of explicit evidence is this:
acute pharmacological blockade of a potassium conductance essential to action
potential repolarization results in extreme hyperexcitability. But, genetic deletion of that
same conductance results in little or no difference in excitability compared to wild type
(Nerbonne et al., 2008; Kulik, Y., unpublished). Homeostatic rebalancing of ion
channels and currents has been hypothesized to underlie this compensation, and in a
few cases this has been shown experimentally (Marder and Prinz, 2002; Nerbonne et
al., 2008; Pratt and Aizenmann, 2009).

Two general paradigms have been used to characterize this phenomenon. In the
first, single neurons are patch clamped, and their biophysical responses to various
current injection protocols measured (Nerbonne et al., 2008; Kulik, Y., unpublished).
Firing properties are then described by the number and shape of action potentials
characteristic of the neuron in that paradigm. This approach gives detailed insights into
the biophysical and molecular mechanisms underlying homeostatic plasticity.
Specifically, genetically defined neuron types can be identified and specific ion channel
currents can be isolated using voltage clamp and pharmacology. This approach is just

beginning to yield molecular insights into homeostatic signaling (Kulik, Y., unpublished).



In the second approach, the firing properties of neurons are measured in the context of
their function within a neural circuit (Hengen et al., 2013). This approach has the
advantage of measuring the true firing properties of neurons as determined in part by
synaptic input, rather than relying on artificial stimulation protocols. Additionally, this
experiment can be conducted in vivo in combination with behaviorally relevant
perturbations of a living animal. This approach lacks the ability to describe the molecular
and biophysical mechanisms of such compensation, however.

The overall findings in this field provide strong evidence for the existence of set
point in neuronal firing properties. First, when extremely homogeneous genetically
defined cells are sampled, they display nearly invariant excitability from cell to cell
(Kulik, Y. unpublished; Wolfram et al., 2012). Furthermore, when these neurons are
electrically perturbed by mutation of certain ion channels, they are able to return
precisely to this set point excitability, again with very little variation. Additionally, when
extremely heterogeneous neurons in visual cortex (firing rates range from 0.01 — 10 Hz)
are recorded chronically in behaving animals, their firing rates are relatively stable over
time. When their firing rates are impaired by monocular deprivation, many of the
neurons eventually return to their original set point firing rate (Hengen et al., 2016). This
also reinforces the idea that set point must be defined and maintained as part of any
neuron’s molecular identity (Davis, 2013). Unfortunately, this approach lacks the ability
to discern cell types based on activity pattern, rather than average firing rate over

minutes to hours.



1.2.2 Synaptic scaling

Many neurons respond to chronic perturbations of their activity by broadly scaling up or
down synaptic strengths at the level of postsynaptic neurotransmitter receptors
(Turrigiano et al., 1998; Thiagarajan et al., 2005). The standard experimental paradigm
is as follows: An acute brain slice or slice culture is subjected to chronic inhibition (often
using TTX to inhibit action potential firing) or chronic hyperexcitability (often using a
GABAA receptor antagonist to disinhibit neurons). Electrophysiological recordings are
made from these neurons, and their miniature excitatory postsynaptic currents
(mEPSC) amplitudes are measured and compared to those of unperturbed neurons.
When neuronal firing is inhibited, average mEPSC amplitude increases, and when firing
frequency is increased, mMEPSC amplitude decreases. This is expected to reflect
changes in postsynaptic receptor abundance and/or function. Synaptic scaling is
sometimes called anti-Hebbian plasticity, because it has the same target as classic
Hebbian LTP — the postsynaptic fast neurotransmitter receptor, but it seems to operate
with the opposite logic (increased firing leads to synaptic potentiation during LTP, but
results in decreased synaptic strength during synaptic scaling). This difference probably
reflects the rapid, input specific induction of LTP (where simultaneous postsynaptic
depolarization and presynaptic neurotransmitter release are required) versus the
slower, cell-wide nature of synaptic scaling (Bliss and Collingridge, 1993).
Consequently, scaling has been theorized to support Hebbian potentiation by
dampening cellular excitability after LTP, thereby increasing signal to noise and

preventing “runaway potentiation” (Turrigiano, 2008). Synaptic scaling probably



contributes to the homeostatic control of intrinsic excitability in vivo, but how the two are
linked to achieve precision is unknown.

A few molecules have been implicated in synaptic scaling. Calcium/calmodulin-
dependent protein kinase type IV (CaMKIV) activity is correlated with changes in firing
rate that induce synaptic scaling, and manipulation of CaMKIV function induces a
change in mEPSC amplitude that appears synonymous with synaptic scaling (Ibata et
al., 2008). Because CaMKIV is responsive to calcium, it has been proposed that
intracellular calcium is the homeostatic signal measured in synaptic scaling (Turrigiano,
2008). In the context of control theory, CaMKIV would be part of the molecular sensor,
and intracellular calcium concentration would be the variable by which set point is
defined. CaMKIV is then hypothesized to mediate a downstream transcriptional
program underlying the scaling response (Ibata et al., 2008). One of the essential
transcriptional targets of homeostatic scaling signaling is the immediate early gene Arc
(Shepherd et al., 2006), although how Arc gene expression is controlled is completely
unknown in the context of synaptic scaling. The cytokine TNF-alpha is required
specifically for scaling up, but not down, and its requirement is in glia, not neurons,
adding another cell type and signal source to the model for synaptic scaling (Stellwagen
and Malenka, 2006). These findings describe a homeostatic process that requires
calcium-dependent transcription and possibly intercellular signaling. One important
question relevant to all forms of activity-dependent plasticity is how altered neuronal
physiology is transfigured into a transcriptional signal that directs changes in gene

expression with enough precision to preserve neuronal function.



1.3 Presynaptic homeostatic potentiation

Presynaptic homeostatic potentiation (PHP) owes its name to the fact that it is
undeniably expressed presynaptically, seen as an increase in the number of
neurotransmitter vesicles released in response to an action potential. Therefore, it gives
the brain the ability to stabilize synaptic strength at the presynaptic release site. In the
complex synaptic circuitry of the central nervous system, the input specificity resulting
from a presynaptic locus of action is probably essential to maintain logical information
transfer. Forms of PHP have been characterized at the neuromuscular junctions (NMJs)
of insects and mammals and also in the central nervous system (Frank et al., 2006;
Plomp et al., 1992; Cull-Candy et al., 1980; Kazama and Wilson, 2008; Burrone and
Murthy et al., 2002; Kim and Ryan, 2010; Krahe and Guido, 2011). The physiological
and molecular mechanisms of PHP have been best characterized at the Drosophila

melanogaster NMJ, reviewed below.

1.3.1 PHP - the phenomenon

PHP appears to be optimized to maintain synaptic strength in the face of reduced
postsynaptic excitability by increasing presynaptic neurotransmitter release. The
phenomenon is best described in terms of electrophysiological recordings from a
postsynaptic cell, after impairment of postsynaptic excitability by receptor blockade or
deletion. Impairment of postsynaptic sensitivity is interpreted from a decrease in
average miniature excitatory postsynaptic potential (MEPSP or “mini”) amplitude.
According to the simple equation derived from the binomial distribution: synaptic

strength = n*p*q (where n = the number of release ready presynaptic neurotransmitter



vesicles, p = probability of release of one of those vesicles, and q = the postsynaptic
response to one of those vesicles), the observed drop in q should result in reduced
synaptic strength if n and p remain constant (Del Castillo and Katz, 1954). Instead,
synaptic strength (the EPSP amplitude) remains constant. The interpretation is that n
and/or p is indeed increased, and because n*p = quantal content (the total number of
vesicles released during an action potential), we can say that PHP involves an increase
in presynaptic neurotransmitter release. The presynaptic locus of expression has now
been confirmed by the observation that PHP requires two parallel presynaptic changes
— an increase in presynaptic action potential evoked calcium influx, and an increase in
the size of the readily releasable vesicle pool (Muller et al., 2012; Muller et al., 2013).
This strongly suggests a conversion of electrochemical information about postsynaptic
strength into a protein-mediated transsynaptic retrograde signal — a fascinating
mechanism that is the subject of intense research.

An additional feature of PHP is that it can be induced rapidly, in minutes, but also
sustained for as long as years (Cull-Candy et al., 1980). No other form of homeostatic
synaptic plasticity has been observed to act so quickly, so a mechanistic understanding

of how PHP achieves its temporal characteristics is desired.

1.3.2 PHP in control theory
We commonly use our model for homeostatic feedback control to inform our
understanding of signaling in PHP. Here | will highlight its predictions for PHP at the

NMJ, and our progress towards filling in that molecular knowledge.



Set Point:

To review, set point is the target output of the system, to which all input is compared.
The goal of homeostatic signaling is to correct errors in input by bringing it back to set
point. In PHP, we expect that set point resides in the postsynaptic cell, because
postsynaptic excitability (the EPSP) is the output that seems to be homeostatically
maintained, whereas presynaptic function is modulated to achieve this. Theoretically,
the set point could alternatively be simply defined as the amount of mMEPSP excitation
integrated over time, which is attractive because evoked synaptic activity does not
appear to be required for the induction of PHP (Frank et al., 2006). We expect that set
point is genetically encoded and then defined by gene expression, likely as part of the
selection of terminal cell type (Davis, 2013). Importantly, the set point for PHP appears
to be capable of changing over time in a consistent way, further suggesting the
influence of gene expression that is plastic over the life of an animal (Mahoney et al.,
2014). The genetic mechanisms defining set point in PHP are unknown, but it would be
fascinating to address them by finding a postsynaptic genetic manipulation that we can
use to reset set point. Towards this goal, it will be important and likely difficult to find an
approach that can disentangle mechanisms that control set point specifically from those

that simply affect synaptic strength.

Sensor:
Synaptic input must be sensed by a signaling system capable of comparison to set point
and calculation of error. Though we measure postsynaptic excitation electrically, the

physiological information of neurotransmitter receptor opening and ion influx must



somehow be converted to biochemical signaling. It seems unlikely that the difference
between on average 1 mV of ionic influx and 0.5 mV during a spontaneous release
event could be sensed reliably enough to generate a precise homeostatic response. An
alternative proposal would be that a postsynaptic membrane proximal signaling complex
monitors the opening/closing of neurotransmitter receptors over time. A protein signal
would then accumulate over time and inform the postsynaptic cell of its excitation state.
This would be a fascinating ability of biochemical signaling, but thus far no clear
mechanism has emerged (but see Hauswirth et al., 2018). Approaches to more directly
test this hypothesis would be to biochemically profile the intracellular binding partners of
postsynaptic receptors and test them in PHP, or to mutate active regions of the receptor

intracellular tail.

Error Signal:

Ultimately, the error sensed by the postsynaptic cell must be communicated to the
presynaptic cell so that it can be corrected with precision. This is the basis for the
search for a retrograde signal. Significant progress has been made in this area, as two
strong candidates for transsynaptic homeostatic signaling, Endostatin and Semaphorin
2A, are required for the execution of PHP (Wang et al., 2014; Orr et al., 2017b). Still
lacking is a demonstration that any retrograde signal truly communicates error in a
quantitative manner sufficient for the precision of PHP. One possibility is that
modulation of postsynaptic vesicle trafficking and secretion allows measured feedback
(Hauswirth et al., 2018). Another possibility is that the dynamics of translation control

the amount of error signal during long-term forms of PHP (Penney et al., 2012).
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Effectors:

The result of these actions is the potentiation of presynaptic neurotransmitter release
(synaptic input) observed in PHP. The majority of molecular progress has been made in
understanding this aspect, as we have identified a set of presynaptic proteins that
directly potentiate neurotransmitter release in PHP (Younger et al., 2013; Mdller et al.,
2012b; Muller et al., 2015). These proteins control either potentiation of presynaptic
calcium influx or an increase in the number of readily releasable synaptic vesicles. Both
changes are required, as disruption of either one blocks PHP. They correspond nicely to
the determinants of quantal content (quantal content = n*p, where n = number of
release ready vesicles and p = probability of release), as the RRP roughly corresponds
to n, and increased calcium influx is expected to dramatically increase p, according to
the power 3-4 relationship between calcium concentration and release rate (Wu et al.,
1999). The increased RRP is amazing, because it involves a doubling of vesicular
release at a synapse that is already very high release probability and therefore is
already releasing vesicles from the majority of its active zones. One outstanding

question is — by what physiological mechanisms are vesicles so potently engaged?

1.4 Control of vesicle release in synaptic transmission and PHP

The events that determine the number and characteristics of release ready vesicles
upstream of calcium influx have been a topic of intense research for the last ~50 years.
Their physiological signatures, biochemical mechanisms, genetic requirements, and

experimental approaches to describe them have been reviewed extensively elsewhere

11



(Neher, 2015; Kaeser and Regehr, 2017). But some general concepts relevant to our
system are important to review here.

The first step in making a vesicle release ready is physically bringing it extremely
close to the presynaptic terminal membrane, termed docking. The majority of
presynaptic genes that completely abolish release when deleted are required for vesicle
docking, as measured by EM reconstruction of nerve terminals (Imig et al., 2014). The
second step, called priming, is much more ambiguous, and is basically defined as an
event downstream of docking that prevents release when disrupted. Priming probably
involves executing the proper biochemical interactions between proteins on the vesicle
surface and active zone proteins (molecular priming) as well as positioning the vesicle
near enough to the presynaptic calcium channel for its exposure to sufficient calcium for
release (positional priming) (Neher and Sakaba, 2008). The best evidence of genes
involved in vesicle priming are Rab3, Rab3 Interacting Molecule (RIM), Munc13, and
Munc18. Rab3’s function appears to be specific to priming or possibly “superpriming”,
as its deletion has only a moderate effect on the amplitude of evoked release but a
more obvious effect on the dynamics of release and the dynamics of replenishment of
high release probability vesicles after pool depletion (Schluter et al., 2006). RIM
appears to have both docking and priming functions — it acts as an essential scaffold for
the creation of a mature active zone with a full cohort of docked vesicles, and its
dynamic biochemical interaction with Munc13 determines the priming state of vesicles
at baseline and during high frequency stimulation (Deng et al., 2011; Camacho et al.,
2017). Munc13'’s priming function has been difficult to disentangle from its requirement

for vesicle docking, but it appears that Munc13 cooperates with RIM to prime synaptic
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vesicles (Deng et al., 2011; Kaeser and Regeher, 2017). Deletion of Munc18 completely
abolishes release, but does not greatly affect vesicle docking, suggesting that the deficit
is based on the absence of priming and SNARE complex formation (Geng et al., 2014;
Verhage et al., 2000). Additionally, Munc18 is a primary target of the priming action of
phorbol esters (Geng et al., 2014). Impaired priming can sometimes be interpreted in
electrophysiological data from a decrease in release probability during the first few
responses during a stimulus train and a defect in the slow phase of recovery from
synaptic depletion (Schliter et al., 2006). We expect that homeostatic signaling
interfaces with these physiological and molecular mechanisms to achieve the well
characterized increase in neurotransmitter release during PHP. Defining the nature of
this interface is essential to understanding PHP.

As mentioned previously, one of the required physiological events in PHP is an
expansion of the RRP. Through genetic analysis, we have begun to identify active zone
proteins that orchestrate this process. These molecules appear to be converging on a
priming mechanism underlying RRP expansion that may be focused on high release
probability vesicles in particular. Rab3 interacting molecule (RIM) was the first player
implicated in RRP expansion (Muller et al., 2012). RIM is required both to generate a
normal vesicle at baseline and also to modulate it during PHP. As mentioned above,
RIM scaffolds together many of these essential active zone proteins. This led to the
characterization of RIM binding protein (RBP), which is also required for expansion of
the RRP in PHP. RBP has an additional role in stabilizing high release probability
vesicles, based on a dramatic slowing of their recovery in an RBP mutant (Mdller et al.,

2015). This may mean that high release probability vesicles are the primary target in
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RRP expansion. RBP is also known to control vesicle-calcium channel coupling, which
may indicate that positional priming — driving vesicles closer to the calcium channel — is
a required step in PHP (Muller et al., 2015). Lastly, we are gathering evidence of a role
for Munc18, described above as a priming factor, in controlling PHP (Ortega, J.,
unpublished). So, we are describing an active zone complex that acts powerfully on
high release probability vesicles, coupling them tightly to sites of calcium influx, and
apparently controlling calcium-dependent vesicle priming. These are exactly the
vesicles that would dramatically potentiate release, if recruited to the active zone during
PHP. Consequently, mutations in these genes reliably disrupt PHP, often genetically
interact with other known PHP genes, and even suppress PHP as heterozygous
mutations (Muller et al., 2012b; Muller et al., 2015; Wang et al., 2016; Ortega, J.,
unpublished).

However, PHP is not merely an active zone proximal event. Rather, it requires
transsynaptic signaling from a postsynaptic muscle to a presynaptic nerve terminal, and
subsequent signaling from presynaptic membrane to the active zone. Furthermore,
long-term perturbations on the scale of days or even years can be indefinitely
compensated, and this must require signaling to the nucleus and transcriptional
plasticity (Cull-candy et al., 1980). Molecular pathways that biochemically or functionally
link retrograde signaling to release dynamics at the active zone are unknown, as are
pathways that could consolidate rapid and sustained forms of homeostatic plasticity.
The work presented here represents significant progress towards these goals, through a

relatively surprising discovery of neuronal innate immune signaling in controlling PHP.
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1.5 Innate immunity

Two molecularly separate immune responses exist in mammals, called innate
and adaptive immunity. Innate immunity is a mostly nonspecific, rapid reaction to
invasion by any pathogen, whereas adaptive immunity is slower (days) but extremely
specific and effective, primarily due to the production of antibodies against the invading
pathogen. These antibodies persist forever, providing lifelong protection against that
pathogen. Although there is significant crosstalk between innate and adaptive immunity
in mammals, insects have no adaptive immunity, relying entirely on innate immunity for
pathogen defense. Therefore, adaptive immunity is not relevant to this thesis, and will
not be discussed further in any great detail.

Essential to the innate immune response and this thesis is the concept of a
pattern recognition receptor (PRR). PRRs are a diverse group of proteins united by their
unique ability to detect pathogens and initiate an innate immune response (Janeway et
al., 2001). PRRs detect pathogens by binding pathogen associated molecular patterns
(PAMPs), which are often structural components of the cell wall or cytoskeleton specific
to bacteria or other invaders. PRRs can influence the immune response by transducing
an extracellular signal to intracellular innate immune pathways or by presenting the
bound PAMP to a nearby immune cell for immune stimulation or phagocytosis. Toll-like
receptor 4 (TLR4) is a good example of an essential mammalian PRR.

After pattern recognition, the innate immune response proceeds in two distinct
phases. The first is extremely rapid, largely transcription-independent, and is comprised
of direct pathogen attack by immune cells. The essential cell type of initial innate

immune activation is the macrophage, which phagocytoses pathogens detected by its
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PRRs. Upon pathogen detection, macrophages also begin to secrete cytokines and
chemokines which recruit additional immune cells from the bloodstream, catalyzing a
broader inflammatory response. Neutrophils are an additional phagocytic cell type
present in greater number than macrophages, which are rapidly recruited during this
first phase. Proteins of the complement cascade can also recognize and bind to
pathogen surfaces, where they either recruit cells expressing complement receptor,
stimulating phagocytosis, or instead themselves form a membrane attack complex that
ruptures the bacterial cell wall. Cytokine and chemokine secretion by macrophages and
neutrophils recruit additional immune cell types, beginning the second phase of the
innate immune response.

The second phase is slower, transcription-dependent, and consists of a broad
inflammatory response that reflects full blown innate immune activity. Here, cytokines
and chemokines and their receptors are essential. Innate immune cells begin to
transcribe these proteins in great number and release them into the bloodstream.
Additional innate immune cells expressing cytokine receptors become activated and
migrate rapidly to the site of infection where they too produce chemokines and
cytokines, generating a positive feedback loop responsible for the maximal innate
immune response.

Virtually all cytokine transcription, production, and detection is mediated by PRRs
and cytokine receptors that feed into a well conserved signaling pathway leading to the
activation of the transcription actor NF-kB (Bonizzi and Karin, 2004 ) (see below for
detailed description of NF-kB signaling). Many PRRs and the downstream pathways to

NF-kB are well conserved in the fly innate immune response, and their surprising
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activity in neurons is the topic of this thesis (Myllymaki et al., 2014; Valanne et al.,

2011).

1.6 PGRPs and innate immune signaling in Drosophila melanogaster

Two signaling pathways mediate all immune recognition in flies. The first
recognizes all gram-negative bacteria (the IMD pathway, Figure 7A) and is initiated by
the transmembrane PRR peptidoglycan recognition protein (PGRP)-LC (Gottar et al.,
2002; Choe et al., 2002). Peptide components of bacteria cell walls bind the ligand
sensing domain of PGRP-LC, inducing receptor dimerization and activation of
intracellular signaling. The adaptor protein Imd (Immune Deficient) binds the
intracellular region of PGRP-LC and helps to assemble a large signaling complex (Choe
et al., 2005; Georgel et al., 2001). The exact protein composition and signaling logic of
this complex remain unclear, and are probably cell-type specific, but three players — the
kinases Tak1 and IKK[, and the caspase Dredd — are definitely required (Vidal et al.,
2001; Silverman et al., 2000; Stoven et al., 2000). Finally, the NF-kB homologue
transcription factor Relish is activated by two convergent events — cleavage by Dredd,
freeing the Relish DNA binding domain from an inhibitory domain, and phosphorylation
by IKKB (Hedengren et al., 1999; Erturk-Hasdemir, 2009). Tak1 also diverges and
stimulates signaling through the JNK pathway, leading to additional transcriptional
activity of AP-1. These two transcriptional pathways cooperate to achieve an
appropriate immune response, although exactly how they interact is unclear (Kim et al.,

2005). The immune effectors transcribed in the Drosophila immune response are
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antimicrobial peptides, which accumulate and circulate in the hemolymph (Hoffmann
and Hoffmann, 1990). They directly digest different types of bacteria enzymatically.

Aside from the identity of the initiating receptor, innate immune signaling to NF-
kB follows essentially the same logic in mammals. An intracellular scaffolding complex
stimulates kinase activity, usually that of Tak1, which phosphorylates and activates IKK,
which then phosphorylates NF-kB, degrading an inhibitory subunit and activating
transcription (Hacker and Karin, 2006). A wide array of receptors can activate similar
pathways, including tumor necrosis factor receptors, interleukin receptors, and toll-like
receptors (Janeway et al., 2001). So we can think of a great deal of immune and
inflammatory recognition being mediated by a diverse set of PRRs and cytokine
receptors, most of which feed into similar intracellular signaling cascades to NF-kB.

There are an additional 12 PGRP-domain containing genes encoded in the
Drosophila genome (Dziarski, 2004). They perform a diverse set of functions, including
direct enzymatic destruction of bacteria, negative regulation by binding and inactivating
PGRP-LC, and positive regulation by presenting PAMPs and stimulating other immune
pathways, including the Toll pathway (Dziarski and Gupta, 2006). In this way PGRP
family proteins can be considered to mediate nearly all pattern recognition and immunity
in insects. We tested an additional set of PGRPs for functionality in neurons (see
Section 4 — unpublished results).

The second Drosophila innate immune pathway is the Toll pathway, named after
its initiating receptor (Valanne et al., 2011). This pathway recognizes all gram-positive
bacteria. Toll does not directly recognize pathogen invasion, instead two small PGRPs,

PGRP-SA and SD, bind bacterial peptides and then initiate a proteolytic cascade,
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ultimately activating Spaetzle and the transmembrane receptor Toll (Steiner, 2004). The
signaling downstream of Toll is similar to other NF-kB pathways, utilizing kinase
signaling through IKK homologues and ultimately activating the NF-kB homologues Dif

and Dorsal (Valanne et al., 2011).

1.7 Innate immunity in the brain

Classically, the brain was thought to be “immune-privileged”, largely because
immune responses had never been observed in the healthy brain. Such privilege was
thought to result from the blood brain barrier preventing entry of immune cells and
molecules, and the absence of expression of immune system genes by cells in the brain
(Lampson and Siegel, 1988). Any immune response detected in the brain was
associated with pathology. This theory was challenged by the finding that class | major
histocompatibility complex (MHC) genes are expressed in some regions of the brain
and regulated by neuronal activity, opening a new subfield in neuroscience that has
exploded in the years since (Corriveau et al., 1998). It is now clear that many, if not
most innate immune genes are expressed and active in the developing and often adult
brain (Cahoy et al., 2008). This includes cytokines and their cognate receptors, pattern
recognition receptors, cell surface signaling proteins, immune transcription factors, and
intracellular signaling cascades. Except for a few examples in a few contexts, their role
in neurobiology is unknown. One essential question is — do these molecules act in their
well-known immune roles, simply in different cell types (neurons and glia), or do they
assume entirely new functions that serve the highly specialized cells and functions of

the brain?
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One avenue of research has been the function of cell surface proteins that “tag”
cells and cell compartments, and the receptors on effector cells that recognize their
presence. The most compelling findings concern the function of proteins in the classical
complement cascade. Complement protein C1q and its receptor are present at high
density in some brain regions during critical periods of circuit development (Stevens et
al., 2007; Schafer et al., 2012). C1qg appears to mark some developing synapses for
removal so that remaining synapses can strengthen during normal circuit refinement.
Loss of complement then results in unrefined connectivity, seen by incomplete
segregation between contralateral and ipsilateral projections into the lateral geniculate
nucleus. Complement receptor is expressed by microglia, directing them to engulf and
eliminate the appropriate synapses. This falls directly in line with the concept of
microglia as the resident immune cells of the brain (Kreutzberg, 1996). This is entirely
reminiscent of the immune role of complement in recognizing PAMPs and also damage
associated molecular patterns (DAMPs) (Janeway et al., 2001). Expression and
presentation of C1q by a neuron would in effect be a DAMP that directs relatively
specific synapse removal. How specific synapses are chosen to present complement is
a fascinating question and remains entirely unknown.

Just as in the immune system, negative regulation of innate immunity in the brain
is as important as activation of the response. Chronic or inappropriate innate immune
activation leads to neurodegeneration, and increased neuroinflammation contributes to
aging-associated cognitive decline (Hong et al., 2016; Cao et al., 2013). In the case of

complement, its role in regulated synapse elimination during development can become
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inappropriately reactivated in an Alzheimer’s disease model, leading to dramatic
degenerative synapse loss, again mediated by microglia (Hong et al., 2016).

These examples restrict the activity of innate immune signaling to a few relatively
small windows of lifetime — early circuit development and neurodegeneration associated
with old age. But, very many innate immune genes are expressed in the healthy, adult
brain (Cahoy et al., 2008; Allen Brain Atlas). What might they be doing in neural tissue
whose circuitry is mostly stable and in the absence of pathological neuroinflammation?
Additionally, while glia and particularly microglia are clear mediators of the restructuring
and engulfment of synapses, many innate immune signaling and effector proteins are
present in neurons themselves (Meffert et al., 2003; Cahoy et al., 2008; Konig et al.,
2017; our lab, unpublished RNAseq data). What cell-autonomous, neuron-specific
functions do they serve, if any?

A second, relatively unappreciated line of research describes a very different
function of innate immune signaling in the brain — responding to and controlling
neuronal activity. Most of these findings converge on NF-kB type transcription factors,
the essential transcriptional mediators of innate immune responses. First, using
electrophoretic mobility shift assays and live imaging of GFP tagged NF-kB, two groups
found that in response to depolarization, NF-kB translocates from the cytoplasm to the
nucleus and binds DNA (Meffert et al., 2003; Wellmann et al., 2001). Further studies
demonstrated a requirement for NF-kB in synaptic plasticity and learning (Boersma et
al., 2011; Ahn et al., 2008). Now, in the era of genomics and sequencing, the activity-
dependent function of NF-kB is again being examined. Strikingly, promoter regions of

activity regulated genes are highly enriched for NF-kB binding sites, and optogenetic
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stimulation rapidly activates NF-kB-dependent transcription, suggesting that it is part of
a latent system primed to rapidly activate transcription in response to neural activity
(Chen et al., 2016).

These findings fit very nicely with the function of NF-kB in innate immune
responses, as a rapid responder and transcriptional activator. However, neurons exhibit
morphological and functional specializations very different from immune cells. A linear
pathway from plasma membrane to nucleus, analogous to canonical innate immune
signaling, is probably insufficient to coordinate signaling along the spatial requirements
of elaborate neuronal processes and within the temporal constraints of neuronal activity.
No innate immune signaling pathway has been explored in any great detail in the brain,
but there are a few hints towards interesting neuron-specific functions. First, subunits of
the IKK complex and NF-kB appear to colocalize with ankyrin-G in the axon initial
segment, and the IKK complex also accumulates in nodes of Ranvier (Konig et al.,
2017). Additionally, there is evidence for a physical interaction between the IKK
complex subunit IkBalpha and ELKS/CAST — an active zone protein known to bind RIM
and regulate presynaptic vesicle release with moderate homology to Drosophila
Bruchpilot (Wagh et al., 2006). ELKS/CAST is required for efficient IKK complex
activation and NF-kB mediated transcription, and it also mediates the response of the
innate immune kinase Tak1 to DNA damage (Ducut Segala et al., 2004; Wu et al.,
2010). There is a tremendous opportunity to delineate the role of these proteins in
neuronal activity.

Using the identification of peptidoglycan recognition protein (PGRP)-LC in a

screen for genetic mechanisms of PHP as an entry point, we have in the years since
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characterized the entire canonical downstream pathway from membrane to nucleus in
the context of homeostatic plasticity and synaptic function. Our findings describe the
ability of this pathway to serve the unique needs of a neuron undergoing rapidly
induced, but indefinitely sustained plasticity. Additionally, we find a new locus of action
for innate immune signaling — the presynaptic nerve terminal, and we uncover a

surprising and novel role for the kinase Tak1 in regulating vesicular release probability.
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2. The Innate Immune Receptor PGRP-LC Controls Presynaptic

Homeostatic Potentiation

Introduction
The homeostatic modulation of presynaptic neurotransmitter release has been observed
at mammalian central synapses and at neuromuscular synapses in species ranging
from Drosophila to mouse and human (for review see Davis and Muller, 2015). The
homeostatic enhancement of presynaptic release following inhibition of postsynaptic
glutamate receptors is achieved by an increase in presynaptic calcium influx through
presynaptic CaV2.1 calcium channels and the simultaneous expansion of the readily
releasable pool (RRP) of synaptic vesicles. To date, the retrograde, trans-synaptic
signaling system that initiates these presynaptic changes following disruption of
postsynaptic glutamate receptors remains largely unknown (but see Wang et al., 2014).
A large-scale forward genetic screen for homeostatic plasticity genes, using
synaptic electrophysiology at the NMJ as the primary assay (Dickman and Davis, 2009;
Younger et al., 2013), identified mutations in the PGRP-LC locus that block presynaptic
homeostasis. In Drosophila, PGRP-LC is the primary receptor that initiates an innate
immune response through the immune deficiency (IMD) pathway (Figure 1; Royet and
Dziarski, 2007). In mammals, there are four PGRPs including a ‘long’ isoform (PGRP-L
or PGlyRP2) that appears to have both secreted and membrane-associated activity
(Royet and Dziarski, 2007). In mice, the PGlyRP2 protein has two functions in the
innate immune response: a well-documented extracellular enzymatic (amidase) activity

(Royet and Dziarski, 2007) and a pro-inflammatory signaling function that is
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independent of its extracellular enzymatic activity (Saha et al., 2009). As yet, there are

no known functions for PGRPs in the nervous system of any organism.

Results

PGRP is Required for the Robust Expression of Presynaptic Homeostatic
Potentiation

Two major isoforms of PGRP-LC are transcribed, PGRP-LCx and PGRP-LCa (Figure
1B), both of which are known to participate in the innate immune response (Choe et al.,
2002). Presynaptic homeostasis was quantified (0.4mM [Ca2+]e) in two independent loss
of function alleles, a deletion of the PGRP-LC gene locus (PGRPde’; Gottar et al., 2002)
that removes both PGRP isoforms and a nonsense mutation in the PGRP domain of the
PGRP-LCx isoform that results in an isoform-specific, loss of function allele (PGRPZ;
Choe et al., 2002) (see Figure 1B). We demonstrate that application of the glutamate
receptor antagonist PhTx (10-20uM) decreases mEPSP amplitudes by ~50% in all
genotypes (Figure 1C-F; compare light and dark bars for each genotype, representing
the absence [-] and presence [+] of PhTx; p<0.01). In wild type, we observe a significant
homeostatic increase in quantal content (p<0.01) that brings EPSP amplitudes back
toward the levels observed in the absence of PhTx (Figure 1D-F). We then show, in
both PGRP-LC mutant alleles as well as the trans-heterozygous allelic combination, that
there is no homeostatic enhancement of quantal content following PhTx application
(Figure 1F; p>0.5 compare dark and light bars for each genotype) and EPSP amplitudes
are dramatically decreased compared to each genotype in the absence of PhTx (Figure

1E; p<0.01). Thus, PGRP-LC is essential for the rapid induction of presynaptic
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homeostasis.

Examination of baseline synaptic transmission reveals that loss of PGRP-LC has
a small, but measurable, effect on baseline parameters, but completely blocks the rapid
induction of presynaptic homeostasis measured at 0.4mM [Ca?*]c. In both PGRP*' and
PGRP? we observe small, but statistically significant, decreases in spontaneous
miniature excitatory postsynaptic potential (ImMEPSP) amplitude and excitatory
postsynaptic potential (EPSP) amplitude, but no significant change in quantal content
(Figure 1 D-F). When PGRP? is placed in trans to PGRP*', mEPSP amplitudes remain
decreased (p<0.05), EPSP amplitude is unchanged compared to wild type (p>0.05) and
there is a small, but statistically significant, increase in quantal content compared to wild
type (p<0.05). Finally, we observed that wild type and PGRP? NMJs show statistically
similar sensitivity to application of EGTA-AM (25uM for 10 min) (p>0.5; data not shown).

We then tested whether loss of PGRP-LC blocks presynaptic homeostasis
induced by a mutation in the G/uRIIA subunit of the postsynaptic glutamate receptor.
This mutation is present throughout the life of the organism and, therefore, tests for the
sustained expression of presynaptic homeostasis. The homeostatic potentiation of
quantal content normally observed in the GIuRIIA mutant background (p<0.01) is
completely blocked in the GIURIIA; PGRP“ double mutant (Figure 1J,K; p>0.5). Thus,
PGRP-LC is also necessary for the sustained expression of presynaptic homeostasis.

We next repeated our assays of presynaptic homeostasis at [Ca®']e ranging from
0.3-3mM, a 10-fold range of [Ca®*], that encompasses what is believed to be
physiological [Ca?"]. at this synapse. In PGRP?, we find that homeostatic plasticity is

blocked at 0.4mM (Figure 1F) as well as at 3.0mM [Ca?']e (Figure 1G and H),
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demonstrating that homeostatic plasticity is blocked in the PGRP? mutant at all [Ca*'].
However, we observe a statistically significant (p<0.01), homeostatic response in the
PGRP-LC deletion allele at 3mM [Ca®*]. (Figure 1H), although the magnitude of this
homeostatic response is significantly less that that observed in wild type (p<0.05),
indicating that homeostatic plasticity is not normal in this allele, even at this elevated
extracellular calcium concentration. When we examined two intervening calcium
concentrations, specifically testing the PGRP* allele, we find no homeostatic increase
in quantal content at 0.7mM extracellular calcium (Figure 11; p>0.1) and statistically
significant (p<0.01) homeostatic plasticity at 1.5mM extracellular calcium. While it
remains unclear why the PGRP? allele is more severe than PGRP®, we considered
several issues. We tested the heterozygous PGRP?%/+ allele and find no evidence of a
dominant interfering effect since both baseline release and homeostatic plasticity are
normal (data not shown). It remains possible that enhanced transcription of another,
related innate immune receptor could partially restore signaling in the PGRP® gene
deletion background, but not when a mutant receptor isoform is transcribed, as in
PGRP?. There are several PGRP receptors including modulatory and inhibitory
receptors that could mediate this effect (Dziarski, 2004). Regardless, two conclusions
are possible based upon our existing data. First, deletion of the PGRP gene clearly
impairs presynaptic homeostasis and renders it less robust to changes in extracellular
calcium, with an unequivocal blockade of homeostatic plasticity in the range of 0.3-
0.7mM [Ca*']e. Second, a mutation that specifically disrupts the PGRP-LCx isoform

causes a complete failure of presynaptic homeostatic potentiation.
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PGRP-LCx Functions Neuronally During Presynaptic Homeostasis

To determine the cell type in which PGRP-LC functions during homeostatic plasticity,
we pursued rescue experiments with a Venus-tagged PGRP-LCx isoform under UAS-
control (Figure 2A, E-G). Presynaptic expression of UAS-PGRP-LCx-Venus fully
restores homeostatic potentiation to the PGRP™ mutant (0.4mM [Ca®*]¢), whereas
postsynaptic muscle expression does not (Figure 2G). We note that muscle-specific
PGRP-LCx expression in the PGRP mutant background causes a substantial reduction
in both mEPSP and EPSP amplitudes. To control for the possibility that muscle-specific
expression might dominantly interfere with presynaptic homeostasis we overexpressed
PGRP-LCx-Venus in wild type muscle. We document a similar decrease in baseline
mEPSP and EPSP amplitudes compared to wild type (Figure 2H,1) that can be
attributed, in part, to diminished input resistance and a depolarized resting potential
(Figure 2K,L). Importantly, homeostatic plasticity is fully expressed (Figure 2J). Thus,
we can conclude that muscle-specific expression of PGRP-LCx fails to rescue
homeostatic plasticity. We also note that motoneuron-specific expression of PGRP-LCx
induces a modest increase in EPSP amplitude (p<0.01) and a trend toward increased
mEPSP amplitude (p=0.08). This activity could reasonably contribute to the rescue of
baseline defects in mEPSP and EPSP amplitudes when PGRP-LCx-Venus is
expressed neuronally in the PGRP mutant background (compare Figure 2E,F with
Figure 1D,E). But, the observed rescue of homeostatic plasticity when PGRP-LCx-
Venus is expressed in motoneurons (Figure 2G) clearly occurs over and above any
minor effects on baseline transmission. Therefore, we conclude that PGRP-LCx isoform

expression in motoneurons supports robust homeostatic plasticity. This complements
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the observed necessity of the PGRP-LCx isoform, demonstrated by the elimination of
presynaptic homeostasis in the PGRP? mutant.

Next, we perform the converse experiment using RNAi to deplete PGRP
expression specifically in neurons or muscle (Figure 2). We demonstrate that
expression of UAS-PGRP-LC RNAI in neurons blocks homeostatic plasticity, while
expression in muscle does not (Figure 2A-D). Finally, we find that PGRP-LC mRNA is
weakly, but endogenously expressed in motoneurons, determined by custom micro-
array analysis of mMRNA expression in FACS isolated, GFP-expressing motoneurons
(Parrish et al., 2014; data not shown). Taken together, these data are consistent with
the conclusion that PGRP-LC, and PGRP-LCx in particular, functions presynaptically to
enable homeostatic plasticity. These experiments also demonstrate that failed
presynaptic homeostasis following loss of PGRP-LC cannot be attributed to the
systemic effects associated with impaired innate immunity. More specifically, neuronal
expression of PGRP-LC-RNAi blocks homeostatic plasticity even though innate immune
signaling throughout the rest of the organism is unaltered. And, conversely, in our
rescue experiments, innate immune signaling should be compromised everywhere

except the nervous system and homeostatic plasticity is fully functional.

PGRP-LC trafficks to the nerve terminal and does not alter synaptic growth.
We next addressed where PGRP-LC resides within motoneurons. Analysis of PGRP-
LCx-Venus distribution in motoneurons demonstrates that the Venus-tagged receptor
trafficks to the presynaptic nerve terminal. We observe PGRP-LCx-Venus puncta

distributed throughout the presynaptic terminal (Figure 3A). Co-staining with the active
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zone marker Bruchpilot (BRP) reveals that the receptors are not present at the active
zone. These data suggest that PGRP-LCx is a presynaptic receptor, consistent with a
required function during the rapid induction of presynaptic homeostasis, which occurs
locally at the isolated NMJ.

An analysis of synapse morphology reveals a grossly normal NMJ anatomy.
There are no significant changes in synaptic bouton number or active zone number that
could account for the change in homeostatic plasticity (Figure 3B). Active zone number
is quantified as the number of Bruchpilot (Brp) puncta at the NMJ, consistent with
previous studies (Muller et al., 2012). Similarly, there are no major deficits in the
abundance of essential synaptic vesicle proteins. Indeed, there is a slight increase in
the abundance of Cysteine String Protein (CSP) and Synaptotagmini1 (Syt1) (Figure 5).
Thus, the growth and general organization of the NMJ are not adversely affected by the
absence of an essential innate immune receptor.

Finally, we examined synaptic ultrastructure. Active zones were identified by the
presence of a presynaptic ‘T-bar’ within a zone of pre- and postsynaptic electron dense
membrane. For each active zone, we identified those synaptic vesicles that reside
within 150nm of the center of the pedestal of the T-bar (centroid), where presynaptic
voltage gated calcium channels reside. For this population of vesicles, at each active
zone, we quantified average vesicle diameter, average vesicle number, average vesicle
distance from the T-bar centroid and, finally, the two-dimensional length of the active
zone, defined as the continuous electron density on either side of the T-bar. There is no
significant difference in any of these parameters comparing wild type with the PGRP®!

or the PGRP? mutants. We conclude that loss of PGRP does not impair the integrity or
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organization of the active zone. By extension, the failure of presynaptic homeostatic
potentiation is not a secondary consequence of impaired active zone organization,

vesicle number or vesicle distance from the T-bar.

PGRP Controls the Homeostatic Modulation of the Readily Releasable Vesicle
Pool

The homeostatic modulation of presynaptic neurotransmitter release has been
demonstrated to require potentiation of the readily releasable pool (RRP) of presynaptic
vesicles (Davis and Muller, 2015). We define the RRP as the number of vesicles
released during a brief (500ms) high frequency stimulus train at elevated extracellular
calcium concentrations (3mM [Ca?*]¢), according to published methods
(Schneggenburger et al., 1999). For this analysis, we focused on the PGRP? mutation
because it blocks homeostatic plasticity at 3mM [Ca?*e. At this [Ca?*]e PGRP? mutants
show a small decrease in mMEPSP and cumulative EPSC amplitudes (Figure 4A-C), but
no significant difference in the baseline RRP (wt = 2370+227; PGRP? = 2236+190;
p>0.3), consistent with quantification of baseline neurotransmission at a ten-fold lower
[Ca®"e (Figure 1D-F). Following application of PhTx there is a statistically significant,
homeostatic potentiation of the RRP in wild type (Figure 4D; p<0.01). However, there is
no significant increase of the RRP in the PGRP? mutant (p>0.1). We conclude that
PGRP-LC is necessary for the homeostatic expansion of the RRP. We also note that
the failure to expand the RRP does not correlate with altered vesicle number or
distribution (Figure 3).

We quantified two additional parameters based on delivery of stimulus trains to
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the NMJ (Figure 4A): 1) short term synaptic depression during the stimulus train and 2)
an estimate of release probability at the onset of the stimulus train (Piin; estimated by
dividing the first EPSC amplitude in the stimulus train by cumulative EPSC) (Thanawala
and Regehr, 2013). Short-term depression was calculated as the percent change in
EPSC amplitude comparing EPSC1 and EPSC4 of a stimulus train. There was no
difference comparing wild type in the presence or absence of PhTx with PGRP? in the
presence or absence of PhTx (p>0.05; WT (-PhTx) = 59.7 £+ 1.7%, WT(+PhTx) = 54.6 +
1.5%, PGRP%(-PhTx) = 57.8 + 2.4%, PGRP? (+PhTx) = 55.0 + 2.3%). There is a small,
but significant, 2.7% increase in Pyain comparing wild type and PGRP? (p<0.05).
However, application of PhTx does not alter Piin in either genotype (wt = 0.25 £+ 0.07;
wt+PhTx = 0.26 + 0.09; PGRP? = 0.27 + .01; PGRP? + PhTx = 0.28 + .01). These data
argue that the primary consequence of the PGRP? mutation is not a change in
presynaptic release probability, but rather the elimination of a homeostatic expansion of
the RRP.

Finally, we sought additional genetic evidence that PGRP acts in concert with
other established mechanisms that are responsible for the homeostatic potentiation of
the RRP during presynaptic homeostasis. It was previously demonstrated that the
homeostatic potentiation of the RRP requires the presence of the active-zone
associated scaffold RIM (Rab3 Interacting Molecule) (Davis and Muller, 2015).
Therefore, we tested whether PGRP® interacts, genetically, with a null mutation in rim.
The heterozygous mutation in PGRP-LC (PGRP®//+) shows robust homeostatic
potentiation (Figure 4E). We then examined a heterozygous null mutation in rim

(rim'%%/+) and, again, document robust presynaptic homeostasis, although somewhat
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less pronounced compared to that observed in PGRP® alone (Figure 4E). But, when
we examine the double heterozygous mutant combination we find a block of presynaptic
homeostasis (p>0.05; Figure 4E). This result underscores the likelihood PGRP is
required for the RIM-dependent modulation of the RRP during presynaptic homeostasis.
It is possible that RIM could be a target of signaling downstream of PGRP-LCx
activation, but this remains speculative without additional information about the

signaling system that acts downstream of PGRP-LC within the presynaptic terminal.

PGRP Interacts Genetically with Multiplexin/Endostatin

In innate immunity, PGRP-LCx recognizes a peptidoglycan sequence presented by
invading bacteria. One interesting possibility is that PGRP-LCx might recognize
molecular patterns caused by the cleavage of extracellular matrix proteins at the nerve
terminal. Regulated proteolysis of synaptic proteins is becoming increasingly apparent
as a mode of inter-cellular signaling (Peixoto et al., 2012). We recently demonstrated
that Endostatin, a small peptide that is released following proteolytic cleavage of the
Drosophila Collagen VIII homologue Multiplexin, is necessary for presynaptic
homeostasis (Wang et al., 2014). Therefore, we tested whether PGRP interacts,
genetically, with a strong loss of function mutation in multiplexin. The heterozygous
mutation in PGRP-LC (PGRP?/+) shows robust homeostatic potentiation, as does a

heterozygous mutation in multiplexin (dmp™’%°3/+)

(Figure 4F). But, when we examine
the double heterozygous mutant combination we find a complete block of presynaptic
homeostasis (p>0.05) (Figure 4F). These data are consistent with a model in which

Endostatin could function as a ligand for PGRP, but additional work is necessary to
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prove that this interaction occurs biochemically.

If PGRP-LC functions as a receptor for intercellular signaling necessary for
presynaptic homeostasis, then expression of PGRP-LC lacking the extracellular PGRP
domain (termed PGRP"°) should fail to rescue presynaptic homeostasis in the PGRP®
mutant background. We generated a Venus tagged PGRP-LC deletion transgene (UAS-
PGRPAC-Venus), modeling it after a similarly truncated receptor that was previously
used to study innate immunity (Choe et al., 2005). First, we document that neuronally
expressed UAS-PGRP*®-Venus localizes to the presynaptic terminal (Figure 6). Then
we show that UAS-PGRP*°-Venus fails to rescue presynaptic homeostatic potentiation
(Figure 4G-K). There is no effect of UAS-PGRP"“-Venus expression on baseline
transmission and homeostatic plasticity remains blocked in the PGRP“ mutant
background. Importantly, the UAS-PGRP*°-Venus transgene is similar to the predicted
protein truncation caused by the PGRP? mutation, which resides at the start of the
PGRP domain. This result, therefore, further validates the functional blockade of

presynaptic homeostasis observed in the PGRP? mutant.

Discussion

The innate immune system is evolutionarily conserved in all animals. Innate
immune signaling has been found to participate in neural development and disease
including a role for the C1g component of the complement cascade regulating synapse
elimination (Stevens et al., 2007), Toll-like receptor signaling in neural development
(Okun et al., 2011; Ma et al., 2007) and tumor necrosis factor (TNF) signaling during

degeneration and quantal scaling (Stellwagen and Malenka, 2006; Steinmetz and
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Turrigiano, 2010). In these examples, however, the innate immune response is induced
within microglia or astrocytes. Innate immune receptors on glia respond to pathogens
or damage-induced cues and an innate immune response ensues (Stevens et al.,
2007). Far less clear is the role of innate immune signaling within neurons, either
centrally or peripherally, although there are clear examples of downstream signaling
components such as Rel and NFkB having important functions during learning related
neural plasticity (Meffert et al., 2003; Ahn et al., 2008). Here we place the innate
immune receptor, PGRP-LC at the presynaptic terminal of Drosophila motoneurons and
demonstrate that this receptor is essential for robust presynaptic homeostatic
potentiation. Importantly, we provide evidence that the block of synaptic homeostasis
cannot be due to failure of a systemic innate immune response throughout the
organism. We speculate, based on our data, that PGRP-LC could function as a receptor
for the long-sought retrograde signal that mediates homeostatic signaling from muscle

to nerve.

A model for Innate Immune Signaling: PGRP-LC as a feed-forward signaling
switch for homeostatic plasticity.

A distinguishing feature of presynaptic homeostatic potentiation is that it can be both
rapidly induced and sustained for prolonged periods of time (Davis and Muller, 2015). At
first glance, the finely tuned control of presynaptic release during presynaptic
homeostasis seems quite different from the induction of innate immune signaling, which
is generally a potent, highly amplified response to pathogen invasion. It is possible that

innate immune signaling activity is adjusted to fit the requirements of presynaptic
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homeostasis in motoneurons. This would be consistent with the established diversity of
innate immune signaling functions during development such as dorso-ventral patterning
(Anderson et al., 1985). But, from another perspective, the rapid and potent induction of
innate immune signaling might serve a unique function during presynaptic homeostasis.
Many homeostatic signaling systems incorporate feed-forward signaling elements such
as the heat shock response (Davis and Mdller, 2015). By analogy, PGRP-LCx could
function as a feed-forward signaling receptor that acts more like a ‘switch’ to enable
presynaptic homeostasis in the nerve terminal. The accuracy of the homeostatic
response would be determined by other signaling elements. In favor of this idea, the
induction of innate immune signaling is rapid, occurring in seconds to minutes (Stoven
et al., 2000), a time frame that is similar to the induction of presynaptic homeostasis
(Davis and Muller, 2015). In addition, innate immune signaling can be maintained for the
duration of an inducing stimulus, consistent with recent evidence that presynaptic
homeostasis is a process that is continually induced at synapses in the presence of a
persistent postsynaptic perturbation (Younger et al., 2013). However, it remains formally
possible that persistent PGRP-dependent signaling during development transcribes a
permissive factor that is required for the motoneuron to express any form of presynaptic
homeostasis.

Several lines of evidence are consistent with PGRP-LCx functioning locally, at

the presynaptic nerve terminal. PGRP2 mutants disrupt the rapid induction of
presynaptic homeostasis, which is induced and expressed locally at the nerve terminal.
PGRP-LCx-Venus trafficks to the presynaptic terminal when expressed in motoneurons,
del

and this expression is sufficient to restore presynaptic homeostasis to the PGRP
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mutant. Finally, expression of PGRP-LC RNAi in motoneurons is sufficient to block
synaptic homeostasis. There are no observable defects in neuromuscular anatomy or
ultrastructure and baseline electrophysiology is remarkably normal, particularly quantal
content and estimates of release probability and RRP size. Therefore, failure of synaptic
homeostasis is unlikely to be a secondary consequence of altered neuromuscular
development. Importantly, these data also demonstrate that the block of synaptic
homeostasis cannot be due to failure of a systemic innate immune response throughout

the organism, since RNAI specifically in motoneurons blocks presynaptic homeostasis.

How is signaling downstream of PGRP mediated? In innate immunity, the PGRP-
LC receptor is believed to multimerize upon binding to peptidoglycans, leading to the
recruitment of the intracellular adaptor protein IMD (Immune Deficient), which catalyzes
the activation of two downstream signaling pathways. IMD leads to activation of the
caspase DREDD, which cleaves Relish to enable nuclear translocation of the
transcription factor. IMD also facilitates activation of a MAPKKK (TAK1), which leads to
both activation of Jun Kinase (JNK) and, separately, enhanced activation of Relish via
IKK (Royet and Dziarski, 2007). Since transcription is a major output of the innate
immune response, it is important to consider how this might interfere with the rapid,
transcription-independent form of presynaptic homeostasis. One possibility is that
persistent PGRP-dependent signaling during development transcribes a permissive
factor that is required for the motoneuron to express any form of presynaptic
homeostasis. Alternatively, if PGRP-LC were activated at the presynaptic terminal, then
it would have the capacity to mediate (or trigger) both rapid presynaptic homeostasis via

the direct action of presynaptic kinase signaling as well as long-term, transcription-
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dependent presynaptic homeostasis via the transcription factor relish. Whether or not
these ideas prove correct, our data open a door toward understanding how immune

signaling interfaces with the control of neural function during health and disease.
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Figure 1: Identification of PGRP-LC as an innate immune receptor involved in the rapid
induction and sustained expression of presynaptic homeostasis.

(A) Diagram of PGRP-LC in different species (PGLYRP 2 in mouse - M.m. and human - H.s.).
Rectangles represent PGRP domains. (B) Schematic of the PGRP-LC locus showing two
alternative splice variants involved in innate immune signaling (PGRP-LCa and PGRP-LCx).
The entire coding region is deleted in PGRP®'. Star denotes a nonsense mutation (PGRP?)
truncating the PGRP domain of the PGRP-LCx isoform. (C) Sample data showing EPSP and
mEPSP amplitudes in the absence and presence of PhTx for WT (grey/black respectively) and
PGRP* (light green/dark green). (D) Average data for mEPSP amplitude for indicated
genotypes in the absence (light grey/light green) and presence of PhTx (black/dark green).
PhTx application reduces amplitudes in all genotypes (p<0.01). (E) Average data for EPSP
amplitude as in D (**, p<0.01). (F) Average data for quantal content as in D (ns; p>0.05). (G)
Sample data showing EPSC amplitudes as in C, 3mM [Ca**].. (H) Average data for mEPSP
amplitudes and quantal content following application of PhTx expressed as percent change
relative to baseline in the absence of PhTx for each genotype. Homeostasis is suppressed in
PGRP* compared to wild type (**, p<0.01) and is blocked in PGRP? at 3mM extracellular
calcium. (I) Analysis of PGRP®', extracellular calcium as indicated. Homeostasis is blocked at
0.3mM [Ca?*'], (p>0.3) and 0.7mM [Ca*]. (p>0.1), and is suppressed at 1.5 (see panel H) and
3mM (though statistically significant homeostasis is observed above PGRP® baseline, p<0.01).
(J-K) Average data for mEPSP amplitude and quantal contents for indicated genotypes.
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Figure 2: PGRP is required in motoneurons for presynaptic homeostasis

(A) Sample data showing EPSP and mEPSP waveforms -/+ PhTx for the indicated genotypes.
(B) Average mEPSP amplitude when PGRP-RNAI is expressed neuronally (elaV-GAL4) or in
muscle (BG57-GAL4), -/+ PhTx as indicated. PhTx application reduces amplitudes in all
genotypes (p<0.01). (C) Average EPSP amplitude as in B. (** p<0.01). (D) Average percent
change in mMEPSP amplitude and quantal content in PhTx compared to baseline for the
indicated conditions. (E) Average mEPSP amplitude for indicated rescue experiments as
follows: Neural rescue = elaV-GAL4 expression of UAS-PGRP-LCx in the PGRP® mutant;
motoneuron rescue = OK371-GAL4; muscle rescue = MHC-GAL4. PhTx application reduces
amplitudes in all genotypes (p<0.01). (F) Average EPSP amplitude as in E. (G) Average percent
change in mMEPSP amplitude and quantal content as in D. When UAS-PGRP-LCx is expressed
presynaptically, homeostasis is rescued (p<0.05). Expression in muscle does not (p>0.05). (H)
Average mEPSP amplitude for expression of UAS-PGRP-LCx in a wild type background, drivers
as indicated in E. (I) Average EPSP amplitudes for genotypes as in H. (J) Average percent
change in mMEPSP amplitude and quantal content for genotypes as in H. Significant
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homeostasis is observed in all conditions (p<0.01).(K) Muscle input resistance for the indicated
genotypes. (** p<0.01). (L) Muscle resting membrane potential. Average RMP (** p<0.01).
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Figure 3: PGRP-LC-Venus localizes to the presynaptic terminal

(A) (Left panels) Image in of an NMJ in which UAS-PGRP-LCx-Venus was expressed using
Ok371-Gal4. The NMJ was co-stained with HRP (red) and anti-GFP (green). Magnified and
rotated images (below) indicate the membrane-proximal localization of PGRP-LCx-Venus.
(Right Panels) NMJ expressing UAS-PGRP-LCx-Venus as in A. The NMJ was co-stained with
the presynaptic active zone marker Brp (left, red) and anti-Venus (middle, green).

(B) WT NMJ at muscle 4 (left) co-stained with the presynaptic active zone marker Brp (top,
green) and the postsynaptic marker Dlg (middle, red). Merge at bottom. (C) Quantification of
bouton number per NMJ at muscle 4. (D) Brp puncta per bouton at muscle 4. (E, F)
Quantification of average staining intensities for anti-Syt1 and anti-CSP (** p<0.01). (G)
Representative active zone images. Scale=150nm. (H-K) Quantification of vesicle diameter per
active zone (AZ) (H), average vesicle distance from T-bar base (see text) (), average vesicle
number per active zone within a 150nm radius of T-bar base (J), average AZ length (K).
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Figure 4: Loss of PGRP-LC blocks the homeostatic expansion of the readily releasable
vesicle pool

% Baseline in PhTx

o

(A) Example EPSC traces (top) and cumulative EPSC amplitudes (bottom) minus and plus
PhTx for WT and PGRP?. Experiment used 60-Hz stimulation (30 stimuli) in 3mM [Ca*']s The
line fit to cumulative EPSC data that was back-extrapolated to time 0 is shown in red. (B)
Average data for mEPSP amplitudes for the indicated experiments. PhTx application reduces
amplitudes in all genotypes (p<0.01). (C) Cumulative EPSC amplitudes as in B (* p<0.05; **
p<0.01). (D) Average percent change in mMEPSP amplitude and RRP size in PhTx. There is not
a significant PhTx-dependent increase in RRP in the PGRP? mutant (p>0.05). The % change
comparing WT and PGRP? is significantly different (p<0.05).(E) Average percent change in
mMEPSP and quantal content caused by PhTx application to the indicated genotypes. PGRP“!/+
heterozygous mutants have normal presynaptic homeostasis compared to wild type (p>0.2).
There is significant presynaptic homeostasis in rim/+ (-/+ PhTx, p<0.01) but a slight suppression
of presynaptic homeostasis in rim/+ compared to wild type (p<0.05). The double heterozygous
condition PGRP®//+ ; rim/+ completely blocks homeostatic plasticity (p>0.5). (F) Average
changes as in E. Significant presynaptic homeostasis is observed in PGRP?/+ and dmp/+
heterozygous animals (p<0.05). No significant homeostasis is observed in the double
heterozygous condition (p>0.05). (G) Example EPSP traces minus and plus PhTx for WT and
DC rescue at 0.3mM [Ca?*'].. AC denotes expression of UAS-PGRP truncated transgene, see
methods. (H) mEPSP amplitudes as in B, all PhTx changes are significant (p<0.01). (I) Average
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data for EPSP amplitudes in the indicated experiments (** p<0.01) (J) Average data for quantal
content in the indicated genotypes. (K) Average changes as in E.
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Figure 5: Representative images of Syt1 and CSP staining in wild type and PGRP.

Legend: Immunostaining of wild type, PGRP®', and PGRP? NMJs, as indicated. NMJs are co-
stained with anti-CSP (red), anti-Syt1 (green) and anti-HRP (blue) as indicated. Images are
taken from the NMJ at muscles 6/7.
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Figure 6: PGRP“° localizes to synaptic terminals.
Legend: Expression of UAS-PGRP“°-Venus (green) in motoneurons trafficks to the presynaptic

terminal and is distributed throughout the terminal area. The NMJ is co-labeled with anti-Brp
(red) to identify presynaptic active zones.
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3. Molecular Interface of Neuronal Innate Immunity, Synaptic Vesicle

Stabilization and Presynaptic Homeostatic Potentiation

INTRODUCTION

Emerging models for innate immune signaling within the nervous system are consistent
with an emergency surveillance system that is primarily mediated by astrocytes and
microglia (Stevens et al., 2007; Schafer et al., 2012; Hong et al., 2016). Molecular
patterns that are either presented by invading pathogens or that exist on cellular debris
derived from damaged cells are recognized by innate immune receptors, expressed by
astrocytes and microglia. Subsequent activation of innate immune signaling within
astrocytes and microglia leads to the release of cytokines and antimicrobial peptides
and/or the engulfment of cellular debris. Innate immunity is also hypothesized to
participate in the developmental refinement of neural circuitry. Here, synapses destined
for elimination are thought to expose molecular patterns on their surface to trigger
immune signaling and subsequent engulfment by microglia (Schafer and Stevens,
2015). Recent evidence suggests that this process could become maladaptive in the
context of neurodegenerative disease (Hong et al., 2016).

Essential components of both the adaptive and innate immune signaling systems
are also present within neurons. For example, with regard to adaptive immunity, the
major histocompatibility complex class | (MHC-I) proteins are neuronally expressed,
regulated by neural activity and participate in the anatomical refinement of neural
circuitry during development (Corriveau et al., 1998; Huh et al., 2000; Lee et al., 2014).

MHC-1 may also contribute to degeneration within the diseased brain (Rivera-Quinones

48



et al., 1998; Adelson et al., 2012). Likewise, genes that encode innate immune
receptors (Harris et al., 2015) and downstream intracellular signaling proteins are also
expressed by neurons throughout the invertebrate and mammalian nervous systems
(Harris et al., 2015; Cahoy et al., 2008). More specifically, in both Drosophila and
mammals, the Rel/NFkB family transcription factors, a downstream target of innate
immune signaling receptors, have been shown to be neuronally expressed and
participate in learning related or circadian plasticity (Ahn et al., 2008, Meffert et al.,
2003; Chen et al., 2016). Thus, while it is well-established that neurons can respond to
glial-derived cytokines such as TNF-alpha (Stellwagen & Malenka, 2006; Lewitus et al.,
2016), the presence of innate immune signaling systems within neurons implies that
neurons are also primary mediators of innate immune signaling, the purpose of which
remains virtually unknown.

Another mystery concerns the function of neuronal innate immunity throughout
the health-span of an organism. It is well established that components of the innate
immune signaling system are persistently expressed in neurons throughout the adult
nervous system (Cahoy et al., 2008). What is the function of innate immune signaling
within mature, healthy neurons? Does neuronal innate immune signaling represent a
latent system, ready to engage injury and infection, or does it perform additional
functions that are relevant to the day-to-day activity within the adult brain? A role for the
cytokine TNF-alpha, secreted by astrocytes, has been established during the
homeostatic regulation of glutamate receptor abundance (Stellwagen and Malenka,

2006). Could neuronal innate immune signaling activated within neurons also function
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as a mediator of homeostatic plasticity, controlling the function of neurons, circuitry and
behavior throughout life?

Recently, in Drosophila, an innate immune receptor was shown to be essential
for the rapid induction and sustained expression of presynaptic homeostatic potentiation
(PHP) (Harris et al., 2015). PHP is a highly conserved form of homeostatic plasticity
being similarly expressed at the NMJ of fly, mouse and human (Frank et al., 2006;
Wang et al., 2016; Cull-Candy et al., 1980), and being expressed at central synapses in
both flies (Kazama and Wilson, 2008) and rodents (Burrone and Murthey, 2002; Kim
and Ryan, 2010; Krahe and Guido, 2011). The discovery of PGRP-LC and its function
during PHP implies a different framework for considering the function of innate immune
signaling in neurons. Just as canonical immunity distinguishes self from non-self,
neuronal innate immune signaling may help determine the difference between normal
and non-normal neuronal function, thereby governing the induction or expression of
homeostatic plasticity.

Currently, nothing is known about how neuronal PGRP receptors signal within
the cell. Most of what we understand about innate immune signaling in the nervous
system revolves around either signaling at the cell surface, communicated to astrocytes
and microglia, or the transcription of immune effectors produced as a consequence of
innate immune activation. Within neurons, very little is known about the function of the
intracellular signaling pathways that link receptor activation to nuclear transcription. For
example, does intracellular signaling represent a direct line of communication from
receptor to nucleus, or does signaling diverge to achieve multiple, coordinated effects

throughout the extended architecture of a neuron?
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Here we address the function of neuronal innate immunity by exploring the
function of the canonical innate immune signaling system that acts downstream of the
PGRP-LC receptor during presynaptic homeostatic potentiation in Drosophila
motoneurons. In so doing, we define a novel organization of innate immune signaling
within these neurons that is uniquely suited to the rapid induction and sustained
expression of PHP. First, signaling downstream of the PGRP-LC receptor bifurcates into
local synaptic versus cell-wide, nuclear signaling pathways. We demonstrate that the
adaptor protein Imd (immune deficiency), the kinase encoded by /KK and the
transcription factor encoded by Rel (Relish) are all essential for the long-term
maintenance of PHP. However, only IKKB and the Map3K Tak1 participate in the rapid
induction of PHP, and represent a point of signaling bifurcation. We then demonstrate
that Tak1 is a resident presynaptic protein and a novel synaptic vesicle priming factor
that is essential for the rapid induction of PHP. As such, Tak1 represents the first known
interface of intracellular innate immune signaling with the molecular mechanisms that
control synaptic vesicle fusion at the active zone. Furthermore, Tak1 defines a new
molecular mechanism for the persistent modulation of presynaptic release, at baseline
and following the induction of PHP.

Based on our findings, we propose a general model for innate immune signaling
during homeostatic plasticity in motoneurons. Activation of innate immunity provides a
rapid, feed-forward potentiation of presynaptic release, via activation of Tak1, followed
by a delayed activation of Rel-mediated transcription that either sustains the
homeostatic response, or transforms the motoneuron in such a way that it can sustain

the expression of homeostatic plasticity for prolonged periods of time. As such, innate
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immune signaling may represent an emergency response, feed-forward signaling
system that both induces homeostatic plasticity and sets the stage for the prolonged

stability of neural function in the presence of a persistent perturbation.

RESULTS

The innate immune signaling cascade, termed the Immune Deficient (IMD) signaling
cascade, is initiated by ligand induced dimerization of the PGRP-LC receptor and
assembly of a protein complex (IKK complex) that includes the adaptor protein Imd
(Immune deficiency), the serine threonine kinase Tak1 (TGF-f3 activated kinase 1, a
Map3K) and the serine threonine kinase IKKf (note: there is only a single IKK encoded
in the Drosophila genome, termed IKKf). Once initiated, IMD signaling drives nuclear
translocation and activation of the NFkB-type transcription factor Relish (Silverman et
al., 2000; Stoven et al., 2000; Choe et al., 2002; Myllymaki et al., 2014). While
additional signaling complexity exists, the signaling constituents including Imd, IKKp,
Tak1 and Rel represent several principal stages of signal transduction from receptor
activation at the plasma membrane to transcription in the nucleus (Figure 7A).
Therefore, we assayed whether each of these genes is necessary for presynaptic

homeostatic potentiation (PHP) (Figure 7).

First, we assembled loss of function mutations that specifically disrupt the genes
encoding Imd, IKKB, Tak1 and Rel (Figure 7B). The Imd™” mutation is a transposon
insertion residing within the first coding exon and is predicted to be a functional null. We

acquired two independently derived mutations in the Tak? gene. The Tak1? mutation is
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an early stop codon and also considered a functional null mutation (Vidal et al., 2001).
The Tak1'”® mutation is a missense mutation in a conserved regulatory domain and is a
functional null mutation (Delaney et al., 2006). We also acquired a deficiency that
uncovers the Tak? gene locus. We generated a mutation in IKKS (IKK3°F) using
CRISPR/Cas9 technology, an indel mutation within the /KK coding sequence. This
mutation causes a frame shift that results in a stop codon in the 5’ region of the kinase
domain, predicted to be a functional null mutation (see methods). We also acquired a
deficiency that uncovers the KK gene locus. Finally, the Re/5?° mutation is a large
deletion removing all possible transcription start sites and is a molecular null mutation

(Hedengren et al., 1999).

Tak1 and IKKp are necessary for the rapid induction of PHP
Presynaptic homeostatic potentiation (PHP) can be rapidly induced by application of the
glutamate receptor antagonist Philanthotoxin-433 (PhTx; 10-20uM) (Frank et al., 2006;
Dickman and Davis, 2009; Younger et al., 2013; Wang et al., 2014). PhTx inhibits
muscle specific glutamate receptors harboring the GIuRIIA subunit, causing a decrease
in postsynaptic mEPSP amplitudes. Within 10 minutes of PhTx application, retrograde
signaling induces a potentiation of presynaptic neurotransmitter release (quantal
content; see methods) that offsets the decrease in mMEPSP amplitude and restores
EPSP amplitudes toward baseline levels (Figure 7G-I, black traces and bars; Frank et
al., 2006).

We began our pathway interrogation with Imd. The Imd gene encodes an adaptor

protein that can directly bind the intracellular domain of PGRP-LC and is essential for
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the induction of the innate immune response following a challenge with bacteria or
lipopolysaccharide (LPS) stimulation (Lemaitre et al., 1995; Choe et al., 2005). Here we

demonstrate that baseline neurotransmission is normal in the Imd™’

mutant (Figure 7G-
[). When PhTx is applied, mEPSP amplitudes are decreased by ~50%. In response to
this PhTx perturbation, we observe a robust homeostatic response as demonstrated by
a significant increase in quantal content (Figure 71, J) that restores EPSP amplitude to
toward baseline levels (Figure 7H). Thus, Imd is not required for the rapid induction of
PHP, despite the fact that the PGRP-LC receptor is essential (Harris et al., 2015).

We subsequently repeated our assays of baseline transmission in the Tak? and
IKKp mutant backgrounds. First, we demonstrate that the Tak7 mutations have a mild
defect in baseline transmission (0.3mM extracellular calcium — [Ca?'].). Specifically,
mEPSP amplitudes are significantly decreased in both Tak1 alleles and EPSP
amplitudes are also diminished (Figure 7G, H). There is a significant decrease in
baseline quantal content in Tak?’”? (p<0.005), but no significant decrease in quantal
content in Tak1? (p>0.05). When we assay the /KK mutant, we find it behaves in a
similar manner, revealing a mild decreases in both mEPSP and EPSP amplitudes and
no change in quantal content relative to WT.

Next, we assayed PHP in the Tak1 and IKKp mutants. When we applied PhTx to
the Tak1 and IKKS mutants, we find that PHP is completely blocked (Figure 7H, I). For
both alleles of Tak7 as well as the IKKf mutant, mMEPSP amplitudes are decreased by
~50% in the presence of PhTx. However, there is no statistically significant increase in
quantal content, and EPSP amplitudes remain dramatically reduced compared to each

mutant in the absence of PhTx. Additionally, we placed a heterozygous Tak1? mutant
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chromosome in trans to a deficiency that uncovers its locus, and we also placed the
heterozygous IKKS“® mutant in trans to a deficiency that uncovers its locus. In each
case, PHP was blocked (Figure 15A-E). We conclude that both Tak?1 and IKKp are
essential for the rapid induction of PHP.

Finally, we repeated our assays for baseline transmission and PHP in the Rel
mutant background. Note that the rapid induction of PHP is independent of both
transcription and translation (Frank et al., 2006), suggesting that Rel should not be
required. At baseline, the Rel mutant revealed a slight, but significant increase in
mEPSP amplitudes, no change in EPSP amplitude and a significant decrease in quantal
content compared to wild type. When PhTx is applied to the Rel mutant, we find that
PHP is robustly expressed, as predicted. We observe a large decrease in mEPSP
amplitude and a statistically significant, homeostatic increase in presynaptic release.
We note, however, that the magnitude of the increase in presynaptic release is
significantly less than that observed in wild type, indicating a suppression of the
homeostatic response (Figure 71, J). From these data we conclude Rel is dispensable
for the rapid initiation of PHP, but may contribute to the capacity of a motoneuron to fully
express PHP, perhaps by participating in the steady state integrity of the IMD signaling

cascade, or influencing the capacity of a motoneuron to respond to a perturbation.

Imd, IKKB, and Relish are necessary for the sustained expression of PHP.
PHP can also be induced by genetic deletion of the GIuRIIA subunit of the postsynaptic
glutamate receptors (Petersen et al., 1997). Since this perturbation is present

throughout the four days of larval life, PHP in the GIuRIIA mutation has been considered
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to reflect the long-term, sustained expression of PHP (Frank et al., 2009). We generated
double mutant combinations of the G/uRIIA mutation with the Imd, IKKf, Tak1 and Rel
mutations. Each double mutant combination was compared to the baseline functionality
of the single Imd, IKKp, Tak1 and Rel mutations alone, thereby accounting for the slight
differences in baseline release in each individual mutant background. As shown
previously, the G/uRIIA mutation causes a decrease in mEPSP amplitude and a
homeostatic increase in quantal content that returns EPSP amplitudes toward wild type
levels, diagnostic of PHP (Figure 8A, B, C). When we examine the GIuRIIA, Imd™F
double mutant, we find a complete block of PHP (Figure 8A, E, F, G). The mEPSP
amplitudes are significantly decreased, but there is no homeostatic increase in quantal
content. We then demonstrate that PHP is blocked in both the GIuRIIA; IKKS and the
GIuRIIA; RelF° double mutants, arguing that this IMD signaling system is necessary for
the long-term maintenance of PHP (Figure 8A, E, F, G). However, when we examine
the Tak1?; GIuRIIA double mutants, we find that PHP is completely normal (Figure 8A,
B, C; Figure 16A-D). This was true for both alleles of Tak71 when placed in the GIuRIIA
mutant background. Thus, Tak1 appears to be selectively required for the rapid
induction of PHP.

To this point, our data argue for a bifurcation in the IMD signaling cascade during
PHP. The PGRP-LC receptor is necessary for both the rapid and long-term expression
of PHP. Downstream of PGRP-LC, IKKB and Tak1 are necessary for the rapid induction
process, but Tak1 is dispensable for the long-term maintenance process. Conversely,
Imd and Rel are selectively required for the long-term maintenance of PHP, consistent

with the prior demonstration that the rapid induction of PHP is independent of
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transcription and translation (Frank et al., 2006). Only IKKp is necessary for both the
rapid and long-term form of PHP, suggesting that it represents a point of signaling

bifurcation (see discussion).

Normal synapse morphology.

One formal possibility is that differences in synapse growth could account for the
genotype-specific effects on homeostatic plasticity. We assessed synaptic growth by
quantifying synaptic bouton number and the number of presynaptic active zones. Active
zones were identified by immunostaining with anti-Bruchpilot, which labels the
presynaptic T-bar that resides at the active zone center and is coincident with
presynaptic calcium channels (Marie et al., 2004; Kittel et al., 2006). We find that the
Tak1? mutation has a moderate reduction in bouton number and a corresponding
increase in active zone density, compared to wild type (Figure 17A-D). Conversely, the
Tak1'”® mutants have a small, but significant increase in bouton number. We also
observe a small, but statistically significant reduction in active zone density in Imd as
well as an increase in both active zone number and density in IKKf. However, across all
of these mutations, these effects are small and could reasonably reflect differences in
genetic backgrounds. Ultimately, there is no consistent change in bouton number or
active zone number that could account for altered synaptic transmission or PHP,

considering both the short and long-term expression of PHP.

Tak1 is required presynaptically for the rapid induction of PHP.
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Tak1 and IKKp represent a branch of the IMD signaling cascade that is necessary for
the rapid induction of PHP. As such, these proteins could define the first known
functional interface of presynaptic innate immune signaling and the mechanisms of
neurotransmitter release. Therefore, we chose to define how Tak1 mediates this
interface by examining the role of Tak1 during baseline release and PHP in greater
detail. First, we attained genetic evidence linking Tak1 to the function of PGRP-LC
during PHP. A heterozygous deficiency that uncovers the Tak1 locus has no effect on
the rapid induction of PHP (Figure 9A-E). As shown previously (Harris et al., 2015), a
heterozygous mutation in PGRP-LC is also without effect (Figure 9A-E). However, when
these two heterozygous mutations are placed in trans to each other, PHP is completely
blocked. Taken together with biochemical and genetic evidence in both flies and
mammals (Gottar et al., 2002; Sato et al., 2005; Shim et al., 2005), these data are
consistent with Tak1 acting downstream of PGRP-LC during PHP (Figure 9A-E).

The over-expression of Tak1 is cell lethal, consistent with a role in apoptosis
(Takatsu et al., 2000), obviating genetic rescue experiments based on GAL4/UAS-
dependent transgene overexpression. Therefore, we assessed the tissue specificity of
Tak1 during PHP by generating a kinase dead transgene and expressing this protein
pre- versus postsynaptically. We generated an epitope tagged, kinase dead transgene
(UAS-Tak1-K46R-FLAG,; referred to as Tak1-DN) based on a previously published
kinase dead transgene (Takatsu et al., 2000). When this transgene is expressed
presynaptically, PHP is strongly suppressed (Figure 9F-I; p<0.005). Next, we
demonstrate that muscle-specific over-expression of UAS-Tak7-DN does not impair

PHP, compared to wild type (Figure 9F-I). Finally, we demonstrate that the Tak1-DN
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protein traffics to the presynaptic terminal, based on immunolabeling for the FLAG
epitope tag (Figure 18A). From these data, combined with evidence of a strong genetic
interaction with the PGRP-LC receptor and the previously published evidence that
PGRP-LC is present at the presynaptic terminal (Harris et al., 2015), we conclude that

Tak1 is an essential presynaptic kinase that is required for the rapid induction of PHP.

Tak1 is not required for normal synaptic anatomy

To further characterize the effects of Tak1 on synapse organization, we pursued
immunostaining of key synaptic proteins. We quantified the staining intensities of the
presynaptic proteins Synaptotagmin 1 (Syt1), Cysteine String Protein (CSP), and
Complexin (Cpx). The abundance and distribution of all three proteins were similar
comparing wild type to Tak1 (Figure 18B, E, F, G). We also examined immunolabeling
for the microtubule associated protein Futsch (Map1b-like) and observe qualitatively
normal organization and appearance of the presynaptic microtubule cytoskeleton (data
not shown). Finally, we quantified the abundance of the post-synaptic glutamate
receptor subunits GIURIIA and GIuRIIC by immunolabeling. Glutamate receptor staining
in Tak1'”® was quantitatively normal. We observe a trend towards a reduction in
GIuRIIA staining in the Tak7? mutation compared to WT, (Figure 18B-D), an effect that
is consistent with the modest decrease in mMEPSP amplitude observed in this allele
(Figure 7E). However, since PHP is blocked in both alleles of Tak7 as well as when
UAS-Tak1DN is overexpressed presynaptically, altered GIuRIIA levels cannot account
for impaired PHP. Furthermore, the long-term maintenance of PHP, induced by

complete loss of GIuRIIA, is fully intact in Tak7 mutants.
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Loss of Tak1 strongly impairs evoked and spontaneous neurotransmitter release.
To further investigate the role of Tak1 during baseline transmission and PHP, we
measured release and PHP across a range of extracellular calcium concentrations
using the two-electrode voltage clamp to quantify synaptic currents. At 1.5mM external
calcium ( [Ca®"]e ), there is a strong defect in baseline EPSC amplitude in Tak? mutants
compared to wild type (Figure 10A, C, E). Indeed, baseline EPSC amplitude in the
Tak1? mutant is decreased by more than ~70% compared to wild type (Figure 10A, C,
E). We observe a ~30% decrease in mEPSP amplitude that accounts for a fraction of
the observed defect in average evoked release. The change in mEPSP amplitude at
elevated [Ca®"]. (compare to Figure 7) could reflect small differences in postsynaptic
receptor subunit composition that were not resolved in our immunostaining assays
(Figure 18). However, the defect in presynaptic release is pronounced. It was observed
in both Tak1 alleles and it is consistent across a nearly 10-fold range of extracellular
calcium (0.4 to 3mM [Ca2+]e) (Figure 10E). This remarkable defect in baseline
presynaptic release could reflect a major decrease in either action potential-induced
presynaptic calcium influx or the calcium sensitivity of presynaptic release. Finally, we
also confirm that PHP remains completely blocked at elevated (1.5mM) extracellular
calcium (Figure 10A-D). Thus, Tak1 is an essential component necessary for baseline
synaptic transmission and the rapid induction of PHP, both novel activities for the Tak1
protein.

During our experiments, we noted that the rate of spontaneous miniature release

is dramatically reduced in the Tak7 mutants compared to wild type (Figure 10F). This
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effect is observed in both Tak7 alleles. Spontaneous event frequency was reduced by
~90% in Tak1? and ~50% in Tak1'”® (Figures 10F, G). This effect was also observed
when the kinase dead Tak1 transgene is expressed presynaptically in a wild type
background, confirming that this effect is due to impaired Tak1 function within the
presynaptic motoneuron. The magnitude of this effect is similar to that observed in
mutations that directly affect the vesicle fusion machinery, including munc18 loss of
function mutations and complexin overexpression (Wu et al., 1999; Weimer et al., 2003;
Jorquera et al., 2012) highlighting a potentially profound action of presynaptic Tak1 on
the vesicle release mechanism. The rate of spontaneous release at the Drosophila NMJ
is largely independent of extracellular calcium (Davis and Goodman, 1998),
emphasizing that Tak1 has a novel and dramatic presynaptic activity that directly affects
both spontaneous and action potential evoked synaptic vesicle fusion.

Given the effects of Tak1 on spontaneous synaptic vesicle fusion rates, we took
care to rule out the possibility that a change in spontaneous fusion rate is the cause of
impaired PHP expression. If spontaneous synaptic vesicle fusion events are the
physiological events that are monitored by the putative homeostatic sensor (Frank et al.,
2006), then a large decrease in mEPSP frequency could prolong the time course of
PHP induction. PHP is normally induced with a 10-minute PhTx incubation (Frank et al.,
2006; Wang et al., 2014; see methods). We doubled the incubation time for the Tak1?
allele and PHP remained blocked (see Methods). To further address this issue, we
assessed the rate of spontaneous release in the other IMD signaling cascade mutations
(Figure 10F, G). No significant difference was observed in the IKKp, Imd or Rel mutants.

From these data, it appears that Tak1 has a novel, constitutive, presynaptic function
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that is necessary for normal spontaneous vesicle fusion and normal evoked
neurotransmitter release. In addition, we show that Tak1 is essential for PHP. We

hypothesize that these novel functions of Tak1 are mechanistically related.

Decreased release probability and normal calcium influx in Tak7 mutants

To further characterize the properties of presynaptic vesicle release at the Tak7 mutant
synapse, we examined synaptic modulation during short trains of action potentials (APs)
delivered at a frequency of 50 Hz. Strikingly, while the wild type synapse shows
characteristic synaptic depression, all the Tak1 mutant animals similarly displayed
profound short-term facilitation (Figure 11A, B). We also performed this experiment in
animals expressing dominant negative Tak1 selectively in motoneurons. Again, we
observe a significant baseline defect in neurotransmitter release accompanied by strong
facilitation (Figure 11A, B).

A decrease in evoked release coupled to enhanced facilitation is indicative of a
decreased release probability, which could result from reduced presynaptic calcium
entry. To address this possibility, we imaged spatially averaged calcium transients
within individual synaptic boutons using the fluorescent calcium indicator dye Oregon
Green BAPTA-1 (OGB-1). We delivered single action potentials (AP) and trains of 4
APs at 50 Hz at 1.5 mM [Ca?"]. Surprisingly, we find no difference in the amplitude of
calcium transients (AF/F) in either stimulation protocol, comparing WT and Tak1'"®
(Figure 11C-G). Quantification of dye loading and the time constant of calcium transient
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decay were unchanged in Tak compared to wild type (Figure 11H, 1). We previously

resolved a decrease in presynaptic calcium influx that was responsible for a ~30%
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decrease in presynaptic release, using identical calcium imaging methodology (Gavifo
et al., 2015). The Tak1'”® mutation decreases release by nearly 50% and, yet, we
cannot resolve a change in calcium influx. From these data, we conclude that the

effects of Tak1 on presynaptic release are independent of calcium influx.

Loss of Tak1 does not influence baseline RRP.

We next asked whether Tak1 influences the readily releasable synaptic vesicle pool
(RRP) under baseline conditions and following the induction of PHP. We measured the
size of the RRP in response to brief trains of high frequency stimulation as previously
described (Schneggenburger et al., 1999, Muller et al., 2012; Harris et al., 2015). Again,
we observed pronounced facilitation in the early phase of the stimulus train in Tak7,
compared to synaptic depression in wild type animals (Figure 12A). As a consequence
of the facilitation observed in Tak7, and despite having a smaller initial EPSC compared
to wild type, the cumulative EPSC amplitude and RRP in Tak1 are not significantly
different compared to wild type. If we compare initial EPSC amplitude to the size of the
RRP in Tak1 mutants and wild type animals, an estimate of presynaptic release
probability can be obtained (Py.in). There is a dramatic decrease in Pyain in Tak1
compared to wild type (Figure 12C). From these data, we conclude that Tak1 does not
influence the total number of vesicles that are available for release (RRP). Rather, Tak1
appears to have a major effect on the fraction of vesicles that can be released in

response to calcium influx that occurs following a single action potential.

Loss of Tak1 prevents the homeostatic modulation of the RRP
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The expression of PHP has been linked to a near doubling of the RRP and mutations
that prevent the expansion of the RRP have been shown to block PHP, including
mutations that delete the PGRP-LC innate immune receptor (Muller et al., 2012; Harris
et al., 2015). Therefore, we repeated our measurements of cumulative EPSC and RRP
in the presence of PhTx to induce PHP. In wild type, as shown previously (Muller et al.,
2012; Harris et al., 2015), the cumulative EPSC amplitude is restored to near wild type
levels in the presence of PhTx due to a significant expansion of the RRP (Figure 12A,

B). However, in the Tak1'”

mutant, the homeostatic expansion of the RRP is
completely blocked, an observation that mirrors the effects of the PGRP-LC receptor
mutation (Harris et al., 2015). In the Tak7? mutant we do observe a very small, but
significant increase in the size of the RRP. This could reflect a small rescue of the RRP
by high calcium concentration and substantial calcium influx during repetitive
stimulation. Clearly, these rescued vesicles are not available on the first EPSC and

therefore cannot contribute to PHP of this parameter (Figure 10). From these data, we

conclude that Tak1 is essential for the homeostatic expansion of the RRP in PHP.

Tak1 stabilizes the pool of high release probability synaptic vesicles.

Loss of Tak1 impairs the rate of spontaneous miniature release, impairs evoked release
in response to a single action potential, enhances short-term facilitation, diminishes
Piain, and blocks PHP. Yet, Tak1 has no effect on action-potential evoked calcium influx,
nor the size of baseline RRP. One possibility, consistent with all of these separate
observations, is that Tak1 controls the existence or stability of a pool of primed, high-

release probability synaptic vesicles. By studying the recovery of synaptic vesicle
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release after strong stimulus-dependent depletion of the synaptic vesicle pool, we are
able to assay the replenishment of high versus low-release probability vesicle pools. By
doing so, we have gained further insight into how Tak1 influences the behavior of
discrete synaptic vesicle pools.

We investigated recovery from strong synaptic depression at elevated
extracellular calcium (3mM), consistent with previously published methods (Muller et al.,
2015). The recovery from synaptic depression occurs with two time constants at the
Drosophila NMJ, just as it does at mammalian central synapses (Muller et al, 2015;
Sakaba & Neher, 2001). An initial phase of fast recovery is associated with the
replenishment of a low-release probability vesicle pool that is thought to reside at a
distance from sites of presynaptic calcium influx. A second, slower phase of recovery is
associated with the replenishment of a high release probability vesicle pool, tightly
coupled to sites of calcium entry (Mdller et al., 2015; Sakaba & Neher, 2001). We
delivered high frequency stimulus trains to deplete the RRP (30 APs at 60 Hz). We then
delivered paired-pulse stimuli at varying intervals following cessation of the stimulus
train, allowing us to quantify the rate of EPSC recovery (Figures 13A, B). First, we plot
the rate of recovery as a percent of the initial EPSC amplitude (specific to each
genotype since Tak1 reduces initial EPSC amplitudes). As expected, we observe two
time constants of recovery in wild type, a fast time constant (tausst = 53ms) and a slow
time constant (tausew = 6.25s). These values are quantitatively similar to previous
measurements made in this system (Hallermann et al., 2010, Mdller et al., 2015). By
contrast, recovery in the Tak1 mutants is highly unusual, becoming tri-phasic and

preventing estimation of recovery time constants. The initial phase of EPSC recovery in
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the Tak1 mutants is significantly enhanced compared to wild type (Figure 13B). Indeed,
EPSC amplitude is fully recovered within the first 200ms, a time point when wild type
remains 40% depressed. However, the initial recovery of EPSC amplitude is not
sustained in Tak1. The EPSC amplitude subsequently decays between 200ms and 5s,
before finally entering a new, slow phase of recovery to a steady state that is
significantly smaller than that observed in wild type. This unusual recovery profile has
never been previously observed at a synapse, to our knowledge.

Next, we assessed EPSC recovery with paired-pulse stimulation, quantifying the
paired-pulse ratio (EPSC2/EPSC1) at each time point in the recovery phase. In wild
type, PPR is unchanged throughout the recovery phase, always resembling the pre-
stimulus PPR, showing synaptic depression. By contrast, PPR in Tak7 changes
dramatically. Prior to the stimulus train, Tak7 shows pronounced facilitation.
Immediately following the stimulus train, at the 50-200ms time point, the time at which
EPSC amplitudes have fully recovered to baseline levels, we find that PPR converts
from facilitation to depression, resembling wild type (Figure 13C). Then, during the
200ms-5s post-train interval, initial EPSC amplitude decays and PPR reverts to strong
facilitation (exceeding that observed at baseline). Finally, in the last phase of recovery
(20s-90s), PPR reverts to levels of facilitation observed prior to the stimulus train. Thus,
during an initial recovery phase, Tak1 mutants revert to ‘wild type’ release in terms of
release probability. However, this ‘wild type’ state cannot be sustained in Tak1, and it
rapidly decays (between 200ms and 5s after cessation of the stimulus train).

Finally, we re-analyzed the EPSC recovery kinetics without normalization to the

initial EPSC amplitude. In this analysis, EPSC amplitudes prior to the stimulus train are
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significantly smaller in Tak1 compared wild type. During the stimulus train, EPSC
amplitudes depress to a similar amplitude in Tak7 compared wild type. During the first
200ms of recovery, the EPSC in Tak1'”? becomes identical to that observed in wild type
(Figure 13D), while the EPSC in Tak1? is strongly rescued, but remains depressed
relative to wild type (Figure 13F). But, the Tak7 mutants cannot sustain this rescued
level of release, and EPSC amplitudes decay over the next 5s. To further characterize
this effect, we subtracted the Tak7 recovery curves from the wild type recovery curve,
yielding a subtracted curve that represents the fraction of recovery that is dependent
upon Tak1 (Figure 13D-G). The subtracted curves (blue line in E and purple line in G)
make it clear that Tak7 mutants recover normally during the first 200 ms. Then, the
recovery fails and Tak7 not only falls below the wild type curve, it never fully reaches
wild type levels.

One interpretation of these data, taking into account all of our observations, is
that the initial phase of recovery (50-200ms) is largely independent of Tak1 function. As
such, wild type and Tak1 begin to recover from the same depressed EPSC amplitude,
recover with initially identical kinetics, and PPR is identical during this time interval. The
activity of the Tak1 kinase is revealed only after the first 200ms of recovery. During this
time interval, Tak1 appears to be necessary to stabilize the newly recovered, high
release probability vesicle pool. Therefore, in the absence of Tak1, the rate of de-
priming (or undocking) exceeds the rate of vesicle replenishment causing a decay in
EPSC amplitude and transition from depression to paired-pulse facilitation. Ultimately,
after a prolonged period of rest, a new steady state is reached in the Tak7 mutant, one

in which there is a reduction in the number of primed/docked vesicles that can be
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released in response to a single action potential. The conversion of short-term dynamics
to facilitation can be understood if the stabilizing effects of Tak1 differentially act upon
the high-release probability vesicles in close proximity to calcium channels. If this is the
case, then steady state release in Tak7 would be prone to paired-pulse facilitation. This
model can also account for the decrease in mEPSP rate observed in Tak1, if a
population of vesicles is no longer docked and primed at the presynaptic release site.
Recent evidence has linked the expression of PHP to the stabilization of the RRP via
RIM Binding Protein (Muller et al., 2015). We propose that loss of Tak1 mediates this
effect, again linking the stability of high release probability vesicle pool to the expression
of presynaptic homeostatic potentiation. Importantly, Tak1 is a kinase, acting
downstream of innate immune receptor activation, providing a novel signaling system
that links receptor activation at the plasma membrane to the control of synaptic vesicle
pools at the presynaptic active zone.

To address our priming and de-priming hypothesis from another angle we
performed an additional experiment using phorbol esters. Phorbol esters are diacyl
glycerol analogs that stimulate priming of synaptic vesicles by potentiating the activity of
PKC>Munc18 and/or Munc13 (Lou et al., 2008). We hypothesized that if de-priming is in
fact enhanced by the loss of Tak1, phorbol esters would potentiate release to a greater
extent in Tak1 mutants, relative to wild type. We used a high extracellular calcium
concentration (3 mM) at which priming and release probability are saturated or nearly
saturated in wild type, but release in Tak7 mutants remains deficient. Indeed, when we
applied phorbol ester (1 uM) to wild type synapses there was no effect on EPSC

amplitudes or the rate of synaptic depression (Figure 19A,B,D). However, upon phorbol
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ester application in Tak7 mutants, EPSC amplitudes and synaptic depression were
partially rescued. Additionally, mEPSP frequency was unchanged by phorbol ester
application in wild type, but was increased in Tak1 mutants (Figure 19C). These data
further suggest that Tak1 is required for normal vesicle priming, and potentiation of

priming can ameliorate the priming deficit in Tak7 mutants.

Ultrastructural evidence that Tak1 stabilizes the active-zone associated synaptic
vesicles

If Tak1 is necessary to stabilize synaptic vesicles at the active zone, then it should be
possible to observe changes in the distribution of synaptic vesicles at the active zone in
a Tak1 mutant compared to wild type. More specifically, our model suggests that, at
steady state, loss of Tak1 will result in fewer vesicles in close proximity to the calcium
channels (contained within the T-bar). For each active zone, we quantified synaptic
vesicles that reside within 150nm and 400nm of the center of the pedestal of the T-bar,
where presynaptic voltage gated calcium channels reside (Kittel et al., 2006). We also
measured the distance from each vesicle to its nearest neighboring vesicle (see
Methods for details of sample acquisition and analysis). There is a striking, highly
significant decrease in the density of synaptic vesicles near the T-bar (Figure 14B-D),
whether this measurement is made within 150nm or 400nm of the T-bar. A similar
change is also observed in the inter-vesicle distance (Figure 14E). The decrease in
synaptic vesicle packing density could reasonably be a reflection of what we observe
electrophysiologically, a failure to functionally stabilize a population of high release

probability vesicles.
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To further characterize synaptic vesicle stabilization and positioning, we made
use of the slow calcium buffer EGTA. EGTA buffers calcium concentration at a distance
from calcium channels, thereby limiting the size of the calcium microdomain during
stimulation. We can use this approach to estimate the amount of EGTA-sensitive versus
EGTA-insensitive vesicles and their positioning relative to the active zone. When we
applied EGTA-AM (50 uM) to wild type synapses, release was moderately reduced
(Figure 20A, B). This suggests that in wild type, a subset of vesicles available for
release in response to a single stimulus are EGTA-sensitve and likely relatively far from
the site of calcium influx. EGTA is also expected to buffer the increase in the calcium
microdomain during high frequency stimulation, limiting the normal recruitment of
additional, more distant vesicles, lower release probability vesicles resulting in
increased synaptic depression. Indeed, we observe a modest increase in synaptic
depression in wild type (Figure 20A, C). In Tak1 mutants we find a substantial reduction
in release at baseline, as before (Figure 20A, B). When we apply EGTA-AM, release is
unchanged. This demonstrates that there is a large deficit in the high release probability
vesicles that comprise release on the first EPSC, although there are enough remaining
to support a small amount of release. All the other vesicles at the synapse cannot be
released on the first stimulus, and are therefore not affected by EGTA. More
importantly, we find that EGTA causes a striking reduction in the facilitation observed at
baseline in Tak1 mutants, reflecting a high calcium dependence of the farther away
vesicles that apparently comprise the majority of the RRP of Tak1 mutants (Figure 20A,
C). We conclude that the pool of docked, primed, very high release probability vesicles

in Tak1 mutants is drastically reduced relative to wild type, and that the majority of
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vesicles released during a stimulus train are very low release probability or unreleasable
until positionally recruited and/or primed by high frequency stimulation and an expanded
calcium microdomain. Addition and/or stabilization of these high Pr vesicles during PHP

requires the function of Tak1 — hence the observed block of PHP in Tak7 mutants.

DISCUSSION
We have tested the core signaling components of an innate immune signaling pathway
(IMD signaling) for a role during presynaptic homeostatic potentiation. Our data support
a model in which IMD signaling bifurcates downstream of the presynaptic innate
immune receptor PGRP-LC to achieve immediate, local modulation of the presynaptic
release apparatus via Tak1 and prolonged maintenance of the homeostatic response
via the transcription factor Relish (Figure 14F). This model allows the innate immune
signaling system to rapidly alter presynaptic release (seconds to minutes) and
simultaneously initiate a Rel-dependent consolidation of PHP. PHP consolidation can
persist for months in insects (Mahoney et al., 2014) and decades in humans (Cull-
Candy et al., 1980). It has become clear that the molecular mechanisms responsible for
the rapid induction and sustained expression are genetically separable (Davis, 2013;
Frank et al., 2009; Marie et al., 2010; Brusich et al., 2015; Penney et al., 2012). For
example, mutations exist that selectively block the long-term maintenance of PHP
without altering the rapid induction (Marie et al., 2010; Brusich et al., 2015, Penney et
al., 2012). Our findings provide an explanation for how the rapid induction and sustained
expression of PHP are mechanistically coordinated.

The canonical function of innate immunity is to recognize invading pathogens or

non-normal molecular patterns and induce a rapid, inflammatory reaction that is
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sustained for as long as the invasion persists. During an innate immune response,
Tak1-dependent signaling turns on more rapidly, and turns off more rapidly, than Rel-
mediated transcription (Boutros et al., 2002; Park et al., 2004). As such, Tak1 signaling
can be considered as a feed-forward activator of the cellular immune response. Based
on our data, we propose that innate immune signaling in the nervous system is
transfigured to detect non-normal neurophysiology, although the molecular event that
reports altered neural (synaptic) function and is subsequently detected by presynaptic
PGRP-LC remains a mystery. In our study, we place Tak1 at the presynaptic release
site where homeostatic plasticity is rapidly induced. Thus, just as in canonical innate
immunity, Tak1 is ideally situated to act as a feed-forward potentiometer that controls
vesicle fusion, thereby achieving a rapid compensatory change in presynaptic release
following postsynaptic glutamate receptor inhibition. Subsequent activation of Rel-
mediated transcription provides a sustained response that can be maintained for the
duration of the perturbation. This model illustrates how Tak1 mediates an interface of

intracellular IMD signaling and vesicle release.

Tak1 stabilizes a high release probability vesicle pool during baseline release and
PHP

We provide evidence that Tak1 has a potent, constitutive function to stabilize a high
release probability synaptic vesicle pool. Tak1 mutants have decreased baseline
release, reduced mEPSP frequency, enhanced short-term facilitation, but no change in
action potential induced presynaptic calcium influx. Our analysis of recovery from

vesicle depletion pinpoints the time at which Tak1 activity becomes essential. The
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recovery of synaptic transmission is completely normal in Tak1 for the first 500ms
following a stimulus train. It is only after this time point that recovery becomes defective.
The defect is characterized by a decay in presynaptic release probability that is
correlated with an ultrastructural defect in which vesicles reside at a greater distance
from the presynaptic calcium channels, as reflected by the decrease in vesicle density.
We propose that, under baseline conditions, Tak1 stabilizes vesicles that have been
mobilized to the release site. One possibility is that Tak1 protein normally functions to
inhibit the rate of de-priming or undocking, thereby persistently stabilizing the
docked/primed vesicle pool. Immediately following a stimulus train, calcium-dependent
mechanisms will actively mobilize vesicles to the active zone and drive calcium-
dependent vesicle priming (Sakaba and Neher, 2001). During the 500ms window
following a stimulus train, residual calcium could obscure or obviate the need for Tak1-
dependent vesicle stabilization. Thus, Tak1 does not have a role in the immediate
recovery of synaptic vesicles (within 500ms of a stimulus train). However, once residual
calcium levels decay to baseline, Tak1 becomes essential in order to stabilizes vesicles
at the release site.

Tak1 represents a mechanism that can couple innate immune signaling to the
expression of PHP. Prior work has shown that the expression of PHP is achieved
through the modulation of the high release probability pool of synaptic vesicles (Muller
et al., 2015). More specifically, loss of Rim Binding Protein (RBP) destabilizes the high
release probability vesicle pool and blocks the expression of PHP (Mduller et al., 2015).
The means by which RBP controls the high-P, vesicle pool remains uncertain since

RBP is a protein-scaffold. By contrast, Tak1 is a kinase, known to be activated
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downstream of PGRP-LC, with substrates that could reasonably modulate synaptic

vesicle stability or fusion (Levin et al., 2016).

Organization of innate immune signaling in Drosophila motoneurons

Most of our knowledge regarding the organization of innate immune signaling pathways
in a cell are based on assays that detect the nuclear translocation of Rel/NFkB, or
quantify Rel/NFkB -mediated transcription (Sato et al., 2005; Delaney et al., 2006;
Rothwarf & Karin, 1999; Choe et al., 2002). Thus, the logic and spatial organization of
innate immune signaling in neurons has yet to be clearly defined. Our data argue for
several novel features of signaling organization, beyond the local synaptic action of
Tak1. In canonical innate immune signaling receptor activation catalyzes the assembly
of an intracellular complex that includes Imd, Tak1 and IKKpB. Current models suggest
that signaling proceeds from Imd to Tak1 and IKK and is then relayed from IKKp to
activation of Rel, in concert with caspase-mediated cleavage of Rel. Here, we
demonstrate that IKKp is necessary for both rapid and sustained PHP, while the
receptor associated scaffolding protein Imd is necessary only for long-term PHP. So,
IKKB represents a point of signaling bifurcation, presumably occurring at the presynaptic
terminal. One possibility is that IKKp is necessary for the assembly of the IMD signaling
complex following PGRP-LC activation. As such, in the absence of IKKp, a failure of
complex assembly would prevent downstream signaling. By contrast, loss of either Imd
or Tak1 can have pathway specific activities downstream of PGRP-LC (Figure 14F). We
note, however, that other models for IKK( activation should also be considered (Polley

et al., 2013; Hacker & Karin, 2006). Finally, our data raise an important question
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regarding how signaling is conveyed from synaptic IKKf to nuclear Rel, a topic of future

studies.

Future considerations in health and disease

We have defined a novel role for neuronal innate immune signaling; the lifelong
homeostatic regulation of synaptic transmission. How might this impact our
understanding of disease? On the one hand, loss of innate immune signaling could lead
to a failure of homeostatic plasticity. There are numerous reviews postulating
connections between failed homeostatic plasticity and the etiology of neurological and
psychiatric disease (Ramocki and Zohgbi, 2008; Nelson and Valakh, 2015; Mullins et
al., 2016). On the other hand, it is equally clear that aberrant or prolonged activation of
innate immunity can be deleterious. In the nervous system, chronic neuroinflammation
has been linked to a range of non-degenerative neurological disorders, including
schizophrenia, autism, epilepsy, and neuropathic pain (Voineagu et al., 2011; Vargas et
al., 2005; Vezzani & Granata, 2005; Samad et al., 2001). If our data can be generalized,
it seems plausible that neuroinflammation could encompass maladaptive engagement
of homeostatic plasticity. This raises a final question that is central to the function of
innate immune signaling in the nervous system. If innate immune signaling is essential
for non-inflammatory homeostatic plasticity and if it is also essential for a canonical
neuroinflammatory response, what controls the switch between these modes of action?
It could be determined by the cell-type specificity of the response, with
neuroinflammation being primarily expressed in reactive glia and homeostatic activity

functioning within other glial types (Stellwagen and Malenka, 2006) or within neurons
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(this study). Alternatively, different receptors may be engaged to stimulate homeostatic
versus neuroinflammatory responses. To date the ligands that stimulate PGRP-
dependent homeostatic plasticity remain to be defined. Given the prevalence and
potency of both homeostatic plasticity and the neuroinflammatory response, defining the
intersection and governance of these processes may have important ramifications for

how we understand the robustness and stability of neural function throughout life.
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Figure 7: Innate immune signaling during the rapid induction of PHP.

(A) Diagram of the Drosophila melanogaster Immune Deficient (IMD) pathway and homologous
mammalian innate immune signaling. (B-E) Diagrams of the gene loci for Imd, Tak1, IKKS, and
Rel, annotated with known signaling domains and with genetic reagents used in this study. (B)
Imd™* is a p-element insertion in a coding exon (P{GawB}imd"“"""%?). (C) Tak1?is a nonsense
mutation (E53>Stop) early in the kinase domain. Tak7'”? is a missense mutation (N384>T) in a
conserved regulatory domain. gD) IKKB“R is a 1 bp deletion creating a frame shift and early stop
codon (see Methods). (E) Rel*’ is a large excision that removes all transcription start sites of
the gene. (F) Representative traces for EPSP (scale, 5 mV, 50 ms) and mEPSP (scale, 2 mV, 1
s) at baseline, and in the presence of philanthotoxin (PhTx) for the indicated genotypes. (G)
Average mEPSP amplitude for each genotype in the absence (light bars) or presence (dark
bars) of PhTx. (H) Average EPSP amplitude in the absence (light bars) or presence (dark bars)
of PhTx. (I) Average quantal content in the absence (light bars) or presence (dark bars) of PhTx.
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Quantal content is calculated as EPSP amplitude divided by mEPSP amplitude for each muscle
recording. (J) mEPSP amplitudes (filled bars) and quantal content (open bars) for each
genotype in the presence of PhTx, normalized to baseline values in the absence of PhTx. Data
are presented as average (+/- SEM) and statistical significance determined by Student’s t-test
(unpaired, two-tailed).
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Figure 8: Innate immune signaling during the sustained expression of PHP.

(A) Representative traces for EPSP (scale, 5 mV, 50 ms) and mEPSP (scale, 2 mV, 1 s) at
baseline, and in the background of the GluRIIAS""® mutation, for the indicated genotypes. (B)
Average quantal content for each genotype in the absence (light bars) or presence (dark bars)
of the GIuRIIA mutation. (C) mEPSP amplitudes (filled bars) and quantal content (open bars) for
each genotype in the GIuRIIA background, normalized to the control genotype in the absence of
GIuRIIA. (D) Average mEPSP amplitude for each genotype in the absence (light bars) or
presence (dark bars) of the GIuRIIA mutation. (E) Average EPSP amplitude for each genotype
in the absence (light bars) or presence (dark bars) of the G/IuRIIA mutation. (F) Average quantal
content in the absence (light bars) or presence (dark bars) of the G/luRIIA mutation. (G) Average
mMEPSP and quantal content normalized to genotypic controls as in C. Data are presented as
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average (+/- SEM) and statistical significance determined by Student’s t-test (unpaired, two-
tailed).
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Figure 9: Tak1 Interacts genetically with PGRP-LC.

(A) Representative traces for EPSP (scale, 5 mV, 50 ms) and mEPSP (scale, 2 mV, 1 s) at
baseline, and in the presence of PhTx, for the indicated genotypes. (B) Average mEPSP
amplitude for each genotype in the absence (light bars) or presence (dark bars) of PhTx. (C)
Average EPSP amplitude in the absence (light bars) or presence (dark bars) of PhTx. (D)
Average quantal content in the absence (light bars) or presence (dark bars) of PhTx. (E)
mEPSP amplitudes (filled bars) and quantal content (open bars) for each genotype in the
presence of PhTx, normalized to baseline values in the absence of PhTx. (F) Average mEPSP
amplitude for each genotype in the absence (light bars) or presence (dark bars) of PhTx. (G)
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Average EPSP amplitude in the absence (light bars) or presence (dark bars) of PhTx. (H)
Average quantal content in the absence (light bars) or presence (dark bars) of PhTx. (I) mEPSP
amplitudes (filled bars) and quantal content (open bars) for each genotype in the presence of
PhTx, normalized to baseline values in the absence of PhTx. Data are presented as average
(+/- SEM) and statistical significance determined by Student’s t-test (unpaired, two-tailed).
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Figure 10: Tak1 is necessary for baseline vesicle fusion and PHP under physiological
conditions.

(A) Representative traces for EPSC (scale, 50 nA, 5 ms) at baseline, and in the presence of
PhTXx, for the indicated genotypes. (B) Average mEPSP amplitude for each genotype in the
absence (light bars) or presence (dark bars) of PhTx. (C) Average EPSC amplitude in the
absence (light bars) or presence (dark bars) of PhTx. (D) mEPSP amplitudes (filled bars) and
quantal content (open bars) for each genotype in the presence of PhTx, normalized to baseline
values in the absence of PhTx. (E) Calcium cooperativity curves for the indicated genotypes.
Neurotransmitter release was measured at 0.4, 0.7, 1.5, and 3 mM extracellular calcium
concentration. Quantal content was calculated by dividing EPSC amplitudes by mEPSC
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amplitudes. (F) Representative traces for mEPSP (scale, 1 mV, 0.5 s) for the indicated
genotypes. (G) Average mEPSP frequency for the indicated genotypes. Data are presented as
average (+/- SEM) and statistical significance determined by Student’s t-test (unpaired, two-
tailed) (C) or by one way ANOVA with Tukey’s multiple comparisons test (G).
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Figure 11: Tak1 functions downstream of action-potential induced presynaptic calcium
influx.

(A) Representative traces for EPSC trains (scale, 50 nA, 40 ms). Stimulation frequency was 50
Hz, and extracellular calcium concentration was 1.5 mM. UAS-Tak1DN was expressed
presynaptically with OK377-GAL4. (B) Average ratio of EPSC #4 in the train divided by EPSC
#1 for the indicated genotypes. (C) Representative line scans and calcium transients (scale, 0.5
AF/F, 200 ms) for WT (grey bar) and Tak1'”® (green bar). (D) Average AF/F for the indicated
genotypes. (E) Representative calcium transients (scale, 1 AF/F, 400 ms) for the indicated
genotypes. Stimulation was identical to that used in F. (F) Average AF/F for the indicated
genotypes. (G) Cumulative frequency distributions of AF/F for WT (grey line) and Tak1'"® (green
line). (H) Average baseline fluorescence as a measure of dye-loading for the indicated
genotypes. (I) Average decay constants of the transients in H and | for the indicated genotypes.
Data are presented as average (+/- SEM) and statistical significance determined by Student’s t-
test (unpaired, two-tailed) (D-I) or by one way ANOVA with Tukey’s multiple comparisons test

(B).
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Figure 12: Tak1 is necessary for the homeostatic modulation of the RRP.

(A) Representative EPSC trains (scale, 100 nA, 100 ms) at baseline, and in the presence of
PhTx, for the indicated genotypes. Trains are 30 stimuli delivered at 60 Hz. Extracellular calcium
concentration is 3 mM. (B) mEPSP amplitudes (filled bars) and readily releasable pool size
(open bars) in the presence of PhTx, normalized to baseline. (C) Average P+, in the absence
(light bars) or presence (dark bars) or PhTx, for the indicated genotypes. Py is calculated by
dividing the cumulative EPSC by the amplitude of the first EPSC in the train. Data are presented
as average (+/- SEM) and statistical significance determined by Student’s t-test (unpaired, two-
tailed).
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Figure 13: Tak1 stabilizes a high release probability synaptic vesicle pool.

(A) Representative traces for trains as in Figure 12, used to deplete the vesicle pool (scale, 100
nA, 100 ms), and paired EPSC pulses at recovery intervals of 200 ms and 5 s after the train
(scale, 100 nA, 10 ms), for the indicated genotypes. (B) Summary data showing average
recovery time courses in the indicated genotypes. (C) Average paired-pulse ratio, calculated as
the amplitude of EPSC #2 divided by that of EPSC #1, at each recovery interval, for the
indicated genotypes. (D) Average data for recovery time courses of raw EPSC amplitudes in the
indicated genotypes. The data labelled “subtraction” result from the subtraction of the average
amplitude in Tak1'” from that of WT, at each tested recovery interval. (E) View of the first 6
seconds of the data presented in D, now plotted on a linear x axis. WT data are fit with a
double-exponential function (t:s=0.053 s, 150x=6.25 s). Subtraction data could not be fit with a
double-exponential function and are fit with a single exponential function (t=1.23 s). Fits were
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calculated using all the data out to 90 s, but the x axis is limited to 6 s for ease of visualization.
(F) Average data for recovery time courses of raw EPSC amplitudes in the indicated genotypes.
The data labelled “subtraction” result from the subtraction of the average amplitude in Tak1?
from that of WT, at each tested recovery interval. (G) View of the first 6 seconds of the data
presented in F, now plotted on a linear x axis. Subtraction data are fit with a single exponential
function (1=1.04 s). Data are presented as average (+/- SEM) and statistical significance
determined by Student’s t-test (unpaired, two-tailed).
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Figure 14: Impaired synaptic vesicle distribution at the active zones of Tak1 mutants.

(A) Representative electron micrographs of presynaptic active zones in the indicated genotypes.
Scale bar represents 100 nm. (B) Average number of vesicles within 400 nm of the base of the
T-bar for the indicated genotypes. (C) Average number of vesicles within 150 nm of the base of
the T-bar for the indicated genotypes. (D) Average distance from a vesicle to its nearest
neighboring vesicle for the indicated genotypes. (E) Cumulative frequency distribution of these
nearest vesicle distances for the indicated genotypes. (F) Model for the organization of innate
immune signaling in Drosophila motoneurons. Dimerization activates PGRP receptors (green),
initiating signal transduction via assembly of a receptor associated complex that includes
ubiquitin poly-peptide chain (white oval; Zhou et al., 2005), the adaptor protein IMD, IKK and
Tak1. Rapid signaling, via Tak1 within the presynaptic terminal, leads directly or indirectly to the
stabilization of high release probability vesicles residing in close proximity to presynaptic
calcium channels (CaV2.1, yellow). Persistent PGRP receptor activation leads to IKK dependent
signaling from the synapse to the motoneuron cell body, presumably necessitating retrograde
axonal transport. Within the cell body, Rel-mediated transcription is necessary to achieve long-
term persistence of PHP. Data are presented as average (+/- SEM) and statistical significance
determined by one way ANOVA with Tukey’s multiple comparisons test.
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Figure 15: Additional genetic controls for Tak1 and IKK.

(A) Representative traces for heterozygous Tak1? over deficiency and heterozygous /KK in
the absence (light traces) and presence (dark traces) or PhTx. (B) Average data for mEPSP
amplitude in the absence (unfilled bars) and presence (filled bars) of PhTx for the indicated
genotypes. (C) Average data for EPSP amplitude as in B. (D) Average data for quantal content
as in B. There is no significant increase in quantal content in the presence of PhTx in either
genotype (p>0.05). (E) Percent change in mEPSP amplitude and quantal content in the
presence of PhTx, normalized to averages in the absence of PhTx. Data are presented as
average (+/- SEM) and statistical significance determined by Student’s t-test (unpaired, two-
tailed).
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Figure 16: Tak1 is not required for the sustained expression of presynaptic homeostatic
potentiation.

(A) Representative traces for EPSP (scale, 5 mV, 50 ms) and mEPSP (scale, 2 mV, 1 s) at
baseline, and in the background of the GIuRIIAS""® mutation, for the indicated genotypes. (B)
Average mEPSP amplitude for each genotype in the absence (light bars) or presence (dark
bars) of the GIuRIIA mutation. (C) Average EPSP amplitude for each genotype in the absence
(light bars) or presence (dark bars) of the GIuRIIA mutation. (D) Average mEPSP amplitude and
quantal content relative to controls, repeated from Figure 8 for clarity. Data are presented as
average (+/- SEM) and statistical significance determined by Student’s t-test (unpaired, two-

tailed).

91



60- *
T T e T
- T
§ *%
@ e
c
S
=
(=]
o0
1000+
*
= 800~ T
Z T o
(7] o Sy
@ 600 - T
O
N
o 4004
2
°
< 200~
o-
25-
*%k%k
T
-‘g 20~ e
[}] =y=
0O 154
(] * T
g 4
N 104 aa
[)
2
C 5=
<
& @ N Q& & & P
QRN S QX
> 2
<

Figure 17: Effects of IMD pathway mutations on synapse morphology.

(A) Representative images of NMJs (muscle 6/7) co-stained with the presynaptic active zone
marker Brp (left, green) and the postsynaptic marker DIlg (middle, red). Merge on right. (B)
Average number of type 1b boutons per NMJ for the indicated genotypes. (C) Average number
of active zones per NMJ for the indicated genotypes. (D) Average number of active zones per
bouton for the indicated genotypes. Data are presented as average (+/- SEM) and statistical
significance determined by one way ANOVA with Tukey’s multiple comparisons test.

92



C 15i NS D 15 E 150+ F 150+ G 150+ NS

g € | _ns E |_Ns E |_NS 3
2 T 2 : : A -
10 10 T < 1004 = < 100+ -- < 1004
2 2 = = b s -
2 s @ T 2 2 Fy
] g 2 2 2
2 8
£ E e g g
< 5 o 5 £ s04 £ s04 £ 504
z z = 5 5
8 (—3 ) o o
o o+ o
& & X L& X &R &R S
N
@/@o s &/\q\,p s @/@\L «F é&«& o é\/@;\ «F

Figure 18: Tak1 localization at the presynaptic terminal.

(A) Image of an NMJ in which UAS-Tak1-DN-FLAG was expressed using OK371-GAL4. The
NMJ was co-stained with HRP (red) and anti-FLAG (green). (B) Immunostaining of the synaptic
proteins GluRIIA, GIURIIC, Synaptotagmin-1, Cysteine string protein, and Complexin in the
indicated genotypes, all co-stained with HRP (blue). (C-G) Average intensity of each stain
across the synapse for the indicated genotypes, normalized to wild type. Data are presented as
average (+/- SEM) and statistical significance determined by one way ANOVA with Tukey’s
multiple comparisons test.
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Figure 19: Potentiation of priming with phorbol esters rescues Tak712

(A) Representative traces in control (light traces) and after incubation with the phorbol ester
PdBu (1 uM) (dark traces) for the indicated genotypes. (B) Average data for EPSC amplitude in
control (light bars) after incubation with the phorbol ester PdBu (1 uM) (dark bars). (C) Average
data for mEPSP frequency as in B. (D) Average data for the ratio of the amplitude of the 4th
EPSC in a train over the 1st EPSC in a train. Data are presented as average (+/- SEM) and
statistical significance determined by Student’s t-test (unpaired, two-tailed).
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Figure 20: Facilitation in Tak1 results from recruitment of EGTA-sensitive vesicles.

(A) Representative traces in control (light traces) and after incubation with EGTA-AM (50 pM)
(dark traces) for the indicated genotypes. (B) Average data for EPSC amplitude in control (light
bars) and after incubation with EGTA-AM (50 uM) (dark traces) for the indicated genotypes. (C)
Average data for the ratio of the 4th EPSC amplitude over the 1st EPSC amplitude in a train.
Data are presented as average (+/- SEM) and statistical significance determined by Student’s t-
test (unpaired, two-tailed).
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4. Unpublished data

4.1 Long-type PGRPs in PHP
In addition to PGRP-LC, we tested nearly all of the long PGRPs (PGRP-LA, LB, LE, and
LF) for function in PHP. Only PGRP-LC is essential for the immune response. The other
long PGRPs are modulators, negative regulators, or have unknown function. PGRP-LA
is not predicted to be capable of binding peptidoglycan, but it may positively regulate the
function of other PGRPs in some tissues (Gendrin et al., 2013). PGRP-LB functions as
a negative regulator by preventing the diffusion of peptidoglycan to distant immune
tissues (Charroux et al., 2018). PGRP-LE functions extracellularly to enhance PGRP-LC
activity and can rescue loss of PGRP-LC in some types of infection (Kaneko et al.,
2006). PGRP-LF is a negative regulator whose activity is essential in the absence of
infection to prevent constitutive low levels of IMD pathway activity (Maillet et al., 2008).
We acquired molecular null alleles for PGRP-LA, LB, and LE (PGRP-LA%
(Gendrin et al., 2013), PGRP-LB* (Paredes et al., 2011), and PGRP-LE""? (Takehana et
al., 2004), and a hypomorphic allele for PGRP-LF (PGRP-LF?*° (Maillet et al., 2008)).
We tested all four mutants for requirement in the rapid induction of PHP, induced by
PhTx application (Figure 21A-D). Except for PGRP-LA, all other mutants showed a
significant increase in quantal content in the presence of PhTx, indicating intact
homeostatic plasticity (Figure 21C). PGRP-LA had reduced EPSP amplitudes and no
significant increase in quantal content, although there was a strong trend towards one.
We conclude that PGRP-LA likely somehow supports the activity of PGRP-LC in PHP.
PGRP-LA is expressed in the brain, and although it is not required for the immune

response, it can stimulate immune activation when overexpressed, suggesting that its
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intracellular domain is active, even though it cannot bind extracellular signals (Gendrin
et al., 2013). It is conceivable then that PGRP-LA could enhance the activity of PGRP-

LC or downstream signaling during PHP.

4.2 TNF-alpha regulates postsynaptic strength, but not PHP

TNF-alpha has a well-characterized role in synaptic scaling in cultured pyramidal
neurons. TNF-alpha derived from glia is required for scaling up in response to activity
blockade with TTX, but not scaling down in response to picrotoxin (Stellwagen and
Malenka, 2006). This makes TNF-alpha one of the best known extracellular ligands
regulating homeostatic plasticity. TNF-alpha is also an essential cytokine in the innate
immune response (Janeway et al., 2001). Therefore, we tested its function in PHP.

We used a previously published null allele of Eiger (Egr) — the Drosophila
homologue of TNF-alpha (Keller et al., 2011). We found that mutation of Egr resulted in
dramatically increased mEPSP amplitudes in our assay of baseline neurotransmission
(Figure 22B). This could reflect either a change in postsynaptic glutamate receptor
function or abundance. When we tested PHP, we found that it was entirely normal in
Egr mutants (Figure 22B-D). We conclude that TNF-alpha is not required for this form of
homeostatic potentiation. It could still be fruitful to examine the role of TNF-alpha in

long-term PHP, induced by deletion of GIuRIIA.

4.3 Target substrates of Tak1

Tak1 could either be working through its well-known function as an upstream MAP3

Kinase, activating the JNK pathway and controlling transcription, or it could be
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phosphorylating targets directly, independent of a MAPK pathway. We favor the latter
possibility, since the main neuronal function of Tak7 mutants seems to be in controlling
neurotransmitter release — a process operating on the timescale of milliseconds and
seconds, and there are no obvious developmental abnormalities in the nervous system
of Tak1. Recently, these direct targets of Tak1 were identified in a screen using
chemical genetics (Levin et al., 2016). These are only putative targets, and they come
from human cancer cell lines, so they must be validated in our model system. Within
these target proteins, the specific phosphorylated amino acid residue(s) were identified
as well. We noticed a few interesting targets on the list, including some proteins

implicated in synaptic function. We chose first to test two of them — Rab3 and actin.

4.3.1 Rab3 is not the synaptic target of Tak1

Rab3 is a synaptic vesicle-bound protein that also binds RIM and Munc13 (Wang
et al., 1997; Dulubova et al., 2005). Rab3 is a known vesicle priming factor, and it
affects PHP, although its function in this context is unclear (Schluter et al., 2006; Muller
et al., 2011). Since Tak1 appears to affect vesicle priming and PHP, Rab3 seemed like
a good candidate target. The Tak1 target residue — T85 in Drosophila Rab3 — lies in the
switch Il region of the protein. Previous work characterizing this Tak1 substrate in the
similar protein Rab1 demonstrated that phosphorylation disrupts an interaction between
Rab1 and GDP dissociation inhibitor 1 (GDI1), biasing Rab1 towards membranes and
away from the cytosol (Levin et al., 2016). If this affected the cytoplasmic to vesicle-

bound ratio of Rab3, it could conceivably modulate vesicle priming.
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To test the function of this putative Tak1 phosphorylation substrate in Rab3, we
generated a knockin phosphonull mutation (T>A) in genomic Rab3, using CRISPR-
mediated homology directed repair. We simultaneously tagged endogenous wild type
and mutant Rab3 with N-terminal Venus. As expected, we found that endogenously
tagged Rab3 is distributed in high concentration throughout the nervous system and
forms synaptic clusters in nerve terminal boutons (data not shown).

We then recorded from Rab3 wild type and Rab3 phosphonull mutant NMJs,
using short high frequency stimulus trains to assess its possible function downstream of
Tak1 on release probability and vesicle priming. We found that the phosphonull
mutation had no discernable effect on synaptic physiology. EPSC amplitudes were
unchanged relative to wild type, as was release probability as assessed by the degree
of synaptic depression during a train, and mEPSP frequency (Figure 23A-D). We
conclude that Rab3 is unlikely to be the target of Tak1 in synaptic transmission and
PHP. Nonetheless, we have generated a fluorescently tagged endogenous Rab3, which

will likely be useful as a synaptic marker and for functional imaging experiments.

4.3.2 Actin may be a synaptic target of Tak1

The screen mentioned above identified 8 potential Tak1 phosphorylation
substrates in actin (Levin et al., 2016). We chose to focus on a cluster of three
(T202/3/4 in Drosophila actin) whose phosphorylation by other kinases has been shown
to modulate actin polymerization and elongation (Constantin et al., 1998; Terman and
Keshina, 2013). We expected that mutation of endogenous actin would have many non-

specific effects, since it has essential functions in every cell type, so we instead
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generated a mutant actin overexpression construct (UAS-GFP-Act5¢cT202/3/4A) that we
hoped might act as a dominant negative.

When we drove expression of the protein in motoneurons using the OK371-Gal4
driver, we observed expression of GFP-tagged actin in the motoneuron cell body, at the
nerve terminal, and in the salivary glands (data not shown). The expression pattern
appeared the same when we used a GFP-tagged wild type actin. We then tested the
effect of expressing mutant actin on synaptic physiology using the same stimulus train
as above. There was a trend towards a moderate reduction in EPSC amplitude when
mutant actin was overexpressed, as well as a significant reduction in the amount of
synaptic depression, suggesting a drop in release probability (Figure 24A-C). Although
the reduction in EPSC amplitude and release probability is not as dramatic as in our
Tak1 mutants, this may indicate that synaptic actin is a target of Tak1, and that loss of
Tak1 phosphorylation affects actin polymerization, somehow contributing to the
neurotransmitter release deficit. An obvious next step will be to test the rapid induction
of PHP in these animals. We can also mutate the five remaining putative Tak1 target
residues and see if that enhances the phenotype.

There are certainly caveats to this experiment. Actin has many functions within a
cell, which could indirectly affect synaptic function or development. There are probably a
handful of kinases that phosphorylate actin, and maybe even these same residues, in
addition to Tak1. The deficit we observe could reflect a change in any of their functions.
We also need to make sure that our mutant actin construct expresses at a level similar
to our wild type actin, in case having too much normal actin disrupts synaptic function.

Last, we would need to confirm by biochemistry that Tak1 is capable of phosphorylating
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actin. ldeally, we would also show that actin phosphorylation by Tak1 is modulated
during induction of PHP, but this would be an extraordinarily difficult experiment.

There is some precedent for actin function in neurotransmitter release. Actin
polymerization seems to be a required step during recovery from synaptic depression,
although disruption of actin polymerization has typically not affected the amplitude of
initial EPSCs (Sakaba and Neher, 2003; Lee et al., 2013). Actin dynamics have recently
been implicated in PHP, as overexpression of depolymerization-resistant actin disrupts
the homeostatic modulation of the RRP (Orr et al., 2017b). Based on the reduced
vesicle clustering in EM images from our Tak7 mutants (Figure 14) where vesicles
appear to be “floating away” from the active zone, we imagine actin functioning to tether

vesicles in close proximity to the release site, dependent on phosphorylation by Tak1.
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Figure 21: Additional long-type PGRPs in PHP.

(A) Average data for mEPSP amplitude in the absence (light bars) and presence (dark bars) or
PhTx for the indicated genotypes. (B) Average data for EPSP amplitude as in A. (C) Average
data for quantal content as in A. (D) Average percent change of mMEPSP amplitude and quantal
content in the presence of PhTx normalized to baseline for the indicated genotypes. Data are
presented as average (+/- SEM) and statistical significance determined by Student’s t-test
(unpaired, two-tailed).
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Figure 22: TNF-alpha is not required for PHP.

(A) Representative traces in the absence (light traces) and presence (dark traces) of PhTx for
the indicated genotypes. (B) Average data for mEPSP amplitude in the absence (light bars) and
presence (dark bars) of PhTx. (C) Average data for EPSP amplitude as in B. (D) Average data
for quantal content as in B. Data are presented as average (+/- SEM) and statistical significance
determined by Student’s t-test (unpaired, two-tailed).
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Figure 23: Rab3 is unlikely to be a synaptic target of Tak1.

(A) Representative traces for WT Rab3 animals endogenously tagged with GFP (grey trace)
and mutant (T85A) Rab3 GFP tagged animals (green trace). (B) Average EPSC amplitudes for
the indicated genotypes. (C) Average ratio of the amplitude of the 4th EPSC in a train to the 1st
for the indicatd genotypes. (D) Average mEPSP frequency in the indicated genotypes. Data are
presented as average (+/- SEM) and statistical significance determined by Student’s t-test
(unpaired, two-tailed).
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Figure 24: Actin may be a presynaptic target of Tak1.

(A) Representative traces for overexpression of GFP tagged WT Actin or GFP tagged
phosphonull (T202/3/4A) Actin. (B) Average EPSC amplitude for the indicated genotypes. (C)
The average ratio of the amplitude of the 4th EPSC in a train to the 1st. Data are presented as
average (+/- SEM) and statistical significance determined by Student’s t-test (unpaired, two-
tailed).
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5. Conclusions

Adoption of innate immune signaling for neuronal plasticity

From a certain point of view, innate immune signaling pathways are ideally suited to
support neuronal plasticity. The first molecular responses to pathogen invasion,
mediated by PRRs and cytokine signaling, occur on the time scale of seconds to
minutes. They immediately evoke profound changes in the activity of innate immune
cells, namely phagocytosis and rapid chemotaxis. Ultimately, these initial immune
events stimulate transcription, generating a consolidated state of inflammation that
transforms the activities and molecular identities of responding immune cells. Innate
immune transcription factors — mostly NF-kB family proteins — have to be already
present in sufficient numbers, primed for rapid transcription of immune effectors. The
consolidated response is then sustained through transcription for the duration of an
infection.

These events exactly mirror the temporal characteristics of many forms of
activity-dependent plasticity, including PHP. PHP can be induced rapidly, in minutes,
but it can also be consolidated to compensate for a perturbation indefinitely (Frank et
al., 2009). Efficient cessation of immune activity is built into innate immune signaling
systems through extensive negative feedback loops, because chronic inflammation is
hazardous to the body, and also the brain (Park et al., 2004). PHP is also reversible,
although the possible negative consequences of inappropriate homeostatic plasticity are
unknown (Yeates et al., 2017). Negative innate immune regulators may also be present

in neurons to limit the extent of plasticity, but their function has not been tested thus far.
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The complement pathway is equally as important as PRR-based signaling in
innate immune pathogen recognition and destruction. In the brain, complement
undeniably participates in activity dependent circuit refinement and plasticity during
development and can be detrimentally reactivated during the onset of
neurodegenerative disease (Stevens et al., 2007; Schafer et al., 2012; Hong et al,.
2016). PRR and cytokine receptor signaling within neurons seems to instead regulate
neuronal activity, not profoundly restructure neural tissue, and it is not strongly
associated with the progression of neurodegenerative disease. It is worth pointing out
that, even though they work hand in hand in the overall innate immune response, these
two types of responses are fundamentally different in their design and execution.
Complement operates nearly entirely in extracellular space, where it recognizes cells
and cellular structures opsonized by antibodies or tagged by complement and destroys
them directly. Transmembrane PRRs and cytokine receptors recognize an extracellular
signal, but then rapidly transduce it into an intracellular signaling cascade that results in
a broad transcriptional response and further activation of innate immunity. These
differences probably account for their adoption for separate needs of the brain.

The majority of research on innate immune control of neuronal plasticity has
focused on postsynaptic function, and communication between the postsynaptic
compartment and the nucleus (Meffert et al., 2003; Boersma et al,. 2011). Indeed, NF-
kB accumulates in the dendrites of neurons, and it regulates Hebbian synaptic plasticity
and remodeling of dendritic spines, which are expressed postsynaptically. NF-kB also
regulates postsynaptic glutmate receptor abundance at the Drosophila NMJ, a

transcription-independent function (Hecksher et al., 2007). Also, cytokine signaling
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through glial TNF-alpha regulates synaptic scaling, another postsynaptic phenomenon
(Stellwagen and Malenka, 2006). Here we present evidence for a new site of action for
these innate immune pathways — the presynaptic active zone.

We have arrived at this new understanding of an innate immune pathway in
neurons through stepwise interrogation of the entire canonical IMD pathway. Our
findings highlight the importance of rapid, local, transcription-independent functions of
this intracellular signaling pathway. This would not have been anticipated based on the
accepted understanding of PRR innate immune signaling — a linear pathway from
receptor to NF-kB and transcription. Instead, we find a bifurcation of signaling
requirements for rapid versus long-term forms of plasticity. We predict that this enables
the conversion of local, synaptic sensing and plasticity into retrograde axonal signaling
and ultimately transcription in the nucleus that consolidates PHP. This opens the door
for extensive characterization of innate immune molecules in this new context.

One immediate goal should be to identify the subcellular localization of these
proteins in multiple neuronal cell types and contexts, ideally through antibody staining or
endogenous tagging and colocalization with presynaptic markers. Live imaging of the
fluorescently tagged proteins during plasticity would then tell us how they respond to
neural activity. This information could be used to generate hypotheses about which
molecules directly modulate neurotransmitter release and which ones transduce signals
throughout the cell.

Another aim would be a fuller characterization of the role of NF-kB-dependent
transcription in neuronal activity. Description of activity regulated differential gene

expression and genome wide identification of activity dependent NF-kB DNA binding
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sites would contribute to our understanding of what consolidated plasticity is and how it
is achieved. Some neuronal binding sites for NF-kB have already been identified (Chen
et al., 2016). A more straightforward goal is to link innate immune signaling in PHP to
the expression of known PHP effector genes. Ppk1, 11, and 16 are the most interesting,
because their expression increases during the long-term consolidation of PHP (Younger
et al., 2013). Ppk11 and 16 also carry low-confidence NF-kB binding sites within their

gene locus.

Integration of innate immune signaling with known genetic mechanisms of PHP
How does the innate immune pathway we have described here interface with the known
signals and effectors in PHP? First, we have identified a presynaptic innate immune
receptor — PGRP-LC — that is required for the induction of PHP, but we have not found
the extracellular ligand that stimulates it during PHP. We do at least have good
evidence that PGRP binds a ligand during PHP — expression of a PGRP with a
truncated ligand binding domain is unable to rescue deletion of PGRP (Figure 4). The
only known ligands for PGRP are structural components of bacteria cell walls, the ligand
in the innate immune response. This makes it difficult to know where to start when
looking for an endogenous ligand stimulating its function in the nervous system. We
have made some progress by genetically linking PGRP to Multiplexin, an extracellular
matrix protein required for PHP and proposed to be a necessary retrograde signal
(Figure 4) (Wang et al., 2014). Evidence is accumulating in the lab that synaptic glia are
the source for Multiplexin during PHP, potentially adding a third cell type to our

understanding of homeostatic signaling (Wang, T., unpublished). Glia are certainly
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immunologically active in the brain, and glial-derived TNF-alpha is known to support
homeostatic plasticity in a different context, although not in our system (Stellwagen and
Malenka, 2006). It is conceivable that PGRP could be responding to Multiplexin or some
other signal from glia, and we have no evidence that PGRP responds to a signal from
the postsynaptic muscle as opposed to from glia. It is typically difficult to demonstrate
potentiation of a biochemical interaction during PHP, because restricting tissue
collection to motoneurons yields very small amounts of total protein, but it should be
possible to show that PGRP and Multiplexin are at least capable of binding in a
heterologous system.

Here we propose a signaling link between the presynaptic membrane and the
active zone, mediated in part by IKKp and Tak1. Our only evidence in the case of IKKf
is that it is required for the rapid induction of PHP, a process that occurs locally at the
synaptic terminal within 10 minutes. IKKp is also required for the indefinitely sustained
form of homeostasis, suggesting that it is capable of converting a local synaptic signal
to nuclear transcription. As mentioned above, an obvious approach is to tag IKK and
characterize its subcellular localization. If the IKK complex binds Bruchpilot and perhaps
RIM in neurons, as suggested in the immune literature, this approach should show
localization of IKK to the active zone (Ducut Sigala et al., 2004). Additionally, the
possibility that IKK complex members localize to nodes of Ranvier and the axon initial
segment in Drosophila would be addressed by this approach (Konig et al., 2017). This
would be a much stronger suggestion that the IKK complex transduces a synaptic signal

back to the nucleus.
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Lastly, we implicate Relish as a transcription factor specifically required for the
long-term form of PHP. The most convincing way to link Relish to the function of other
known genes in PHP will be to show that Relish is required for their transcription. As
mentioned above ENaC channels are the obvious candidate. Endogenous tagging of
Relish would also be helpful in this case to show its cytoplasmic versus nuclear
localization during the expression of PHP. However, Relish has previously been
described as a rapid response transcription factor, upstream of immediate early genes
(Chen et al., 2016). It may be that Relish activates an initial set of homeostatic signaling
genes and then turns back off while they consolidate PHP. It might also be possible to
artificially induce PHP and the transcriptional signature of PHP by overexpressing a

constitutively active Relish that lacks its inhibitory subunit.

Tak1 controls vesicular release probability

Tak1 can clearly be added to the relatively small list of kinases that affect release
probability, and in particular the characteristics of a subpool of synaptic vesicles. This is
the first description of its role in controlling presynaptic function or even neuronal activity
in general. This is also the first evidence linking innate immune signaling to presynaptic
neurotransmitter release. What exactly is Tak1 doing?

The simplest interpretation of our data is that Tak1 stabilizes a pool of synaptic
vesicles with relatively high release probability. The deficit in neurotransmitter release in
Tak1 mutants is most pronounced on the first 2 or 3 responses in a high frequency
stimulus train, after which marked facilitation brings neurotransmitter release back to

near wild type levels. By definition, these first few responses are likely to be composed
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mainly of high Pr vesicles. This is mirrored by reduced mEPSP frequency in the Tak1
mutants, which is often associated with impaired vesicular release probability.
Additionally, Tak1 is required for PHP, and evidence is accumulating that high Pr
vesicles are a primary target of homeostatic signaling (Muller et al., 2015).

A drop in calcium influx could explain the change in release probability, but we
find that calcium influx is normal, further suggesting that Tak1 does not target calcium
channel abundance or function, but rather controls the properties of synaptic vesicles.
Furthermore, increasing extracellular calcium concentration above physiological levels
does not even partially rescue the release deficit.

The profile of recovery from synaptic depression in Tak1 mutants is also
consistent with an effect on high Pr vesicles. Mutation of Tak1 disrupts primarily the late
phase of recovery, from ~1 second onward, with little to no deficit in EPSC amplitude
during the early time constant of recovery — 50 to 500 ms. One way of saying this is that
these early recovering vesicles in Tak1 mutants are essentially wild type vesicles — they
do not depend at all on the presence or absence of Tak1. This may suggest that Tak1
targets a biophysical process that operates in seconds, but not so fast as milliseconds.
The late phase of recovery has previously been associated with the positional or
molecular priming of high Pr vesicles, further supporting the idea that Tak1 targets
these vesicles (Schluter et al., 2006, Sakaba and Neher, 2001). We also found that
Tak1 can be partially rescued by application of phorbol esters, at a calcium
concentration where wild type release is saturated and phorbol esters have no effect.
Phorbol esters are known to potently increase vesicle priming and release probability,

supporting the idea that Tak1 is involved with the priming process.
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Lastly, direct visualization of presynaptic active zone ultrastructure by electron
microscopy reveals an obvious deficit in vesicle positioning/clustering in Tak1 mutants.
Vesicles appear to be “floating away” from the active zone and calcium channels,
suggesting the existence of a process meant to tether vesicles near the active zone
(although not necessarily dock them) for which Tak1 is required. This is the basis for our
hypothesis that Tak1 “stabilizes” vesicles in close proximity to the active zone. One
implication would be that the increased local calcium concentration during a stimulus
train or in the early phase of recovery engages a process that drives these vesicles
back towards the release site, possibly analogous with priming. When we apply the
calcium buffer EGTA to Tak1 mutant synapses, we find a much milder reduction in
vesicle release relative to wild type. This suggests that there are still some docked,
primed, EGTA insensitive vesicles in Tak7 mutants that are responsible for all release
on the first EPSC. But, the farther away vesicles seen in EM are so far away that they
can never be released on the first stimulus and are therefore not revealed by EGTA
application. They can be released when the calcium microdomain is expanded by a
stimulus train, but not when microdomain expansion is limited by EGTA. This fits with
our finding that the RRP (as far as vesicles that can be released during a stimulus train)
is unaffected, as these farther away vesicles are indeed part of the releasable pool, but
only when driven to the release site by increased calcium influx during facilitation.

Overall, these data lead us to propose the following model: Tak1 inhibits a
process that negatively regulates vesicular release probability. This process acts on the
timescale of seconds, and it gradually pushes vesicles away from the release site. We

would then say that Tak inhibits the rate of “dedocking” or “depriming”. This process can
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be overcome by high frequency stimulation and/or increased local calcium acting to
rapidly drive vesicles back towards release sites. Release probability would then be
determined in part by an equilibrium reaction between docking/priming and this
inhibitory process; a process that can be modulated during PHP.

This is consistent with a previously proposed framework for vesicle release and
the RRP, in which RIM organizes “active” release sites (Kaeser and Regehr, 2017;
Tang et al., 2016). Not all active release sites are occupied by morphologically docked
vesicles, but they can become occupied during a high frequency stimulus by the
calcium dependent priming activity of RIM, Munc13, and Munc18 (Kaeser and Regehr,
2017). We propose a process that moves vesicles away from these sites, resulting in
fewer immediately release ready vesicles, which is normally inhibited by Tak1. In the
absence of Tak1, this deficit can then be overcome by increased priming during or after
high frequency stimulation. This also suggests the existence of “depriming” factors in
this process, which may be the target of Tak1.

An exciting next step will be to look for the presynaptic target(s) of Tak1. This will
tell us more about how Tak1 functions, and it may also help describe the “depriming”
process we propose above. Putative Tak1 target residues have already been identified
in cancer cell lines, using a chemical genetic strategy (Levin et al., 2016). The list
contains a number of neuronally relevant proteins that could control presynaptic
release. We have already tested two targets by making phosphonull mutations of the
target residues (Figures 23 and 24). An additional two targets are of interest. The first,
Integrin beta, has already been implicated presynaptically in PHP in our hands and is

known to link the plasma membrane to cytoplasmic actin (Calderwood et al., 2000; Orr,
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B., unpublished). The second, Munc13, is a well-known vesicle priming factor (Deng et
al., 2011). These possible targets will be tested in the future as part of the ongoing work
to understand the function of Tak1 and the mechanisms for control of vesicular release
probability in PHP.

Overall, our findings speak to the importance of innate immune genes and
signaling pathways in controlling neuronal function, in the day-to-day challenges
experienced by an otherwise normal, fully developed nervous system. We propose that
in many cases the genetic makeup of these pathways is conserved from immune cells
to neurons, but the timing, signaling logic, and biochemical targets of the molecular
events are modified to support the unique requirements of neuronal morphology and
electrochemical communication. This is exciting because it provides a system for
coordination of neuronal activity at multiple levels, namely synaptic plasticity and
transcriptional plasticity, which may support PHP as well as other types of activity

dependent plasticity. The door is now open to find out how it all works.
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6. Methods

Fly stocks and genetics

1118

For all experiments except electron microscopy, the w' "' strain was used as the wild

type control. For electron microscopy the w%% strain was used as the wild type control.
Animals were raised at 20-25°C. Imd™"""% RelF?’, Tak1? Tak1'’’, PGRP-LB*, PGRP-
LE""? UAS-GFPAct5c and the Tak1 deficiency (Df(1)BSC645) were obtained from the
Bloomington Drosophila Stock Center. PGRP-LC® and PGRP-LF?* were provided by
Julien Royet. PGRP-LC? was provided by Kathryn Anderson. PGRP-LA** was provided
by Bruno Lemaitre. PGRP-LC RNAi animals were obtained from the Vienna Drosophila
stock center. The GIURIIAS""® mutation (Petersen et al., 1997), the elav®'**-Gal4,

OK371-GAL4 (Mahr and Aberle, 2006), BG57-GAL4 (Budnik et al., 1996), and MHC-

Gal4 (Davis et al., 1998) drivers have been previously described.

The IKKSR mutation was generated following the protocol of (Kondo and Ueda,
2013). IKK gRNA was selected using the CRISPR optimal target finder website

(http://tools.flycrispr.molbio.wisc.edu/targetFinder). The gRNA sequence

AAGTCAAGCTCAGCGAGCGT was cloned into the pCDF3-dU6:3gRNA vector
(Addgene plasmid #49410, Simon Bullock). Flies expressing the UAS-gRNA were
crossed with flies expressing UAS-Cas9 in the germline (nos-GAL4VP14, UAS-cas9).
Male offspring were used to create unique stable lines after removing the UAS-cas9 and
removing in the next generation the UAS-gRNA. Putative IKKj mutants were
sequenced to identify the nature of the Cas9 mediated mutation using the primers

CTTATAGCCTTTCGGCTGAGTTAG and CCACCGTTACAGTATTCCAGC. The
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resulting mutation, is a deletion of the 162" nucleotide in IKK3 cDNA, creating an early

stop codon shortly thereafter.

The GFP-Rab3WT and GFP-Rab3Phosphonull knockin mutations were made using
“scarless” gene editing and CRISPR-mediated homology directed repair (HDR) (Gratz
et al., 2015). Specifically, the genomic Rab3 locus was amplified and cloned into the &’
arm of the pHD-Scarless DsRed plasmid (Drosophila Genomics Resource Center), and
further downstream DNA in the locus was separately cloned into the 3’ arm of the
plasmid. EGFP and a linker (linker aa sequence: SGLRSRGA) was cloned into the &’
arm immediately before the Rab3 N-terminal start site using Gibson assembly. The
plasmid was then mutagenized to generate the T85A mutation. Guide RNAs targeted to
regions upstream and downstream of Rab3 exons (sequences
CCGTGCAGCACCGCTCTAAA and TTGTGTTGGGGTCGCTAATC) were cloned into
the pCFD4-U6:1_UG6:3tandemgRNAs plasmid (Addgene). Donor and gRNA plasmids
were injected into flies expressing vas-Cas9 and progeny screened for successful HDR

(Bestgene). The resulting fly stocks were sequenced to confirm insertion.

Generation of UAS-PGRP-LCx-Venus constructs

The UAS-PGRP-LCx-Venus construct was generated by amplifying the full-length
PGRP-LCx open reading frame from the BDGP DGC cDNA clone IP15793 and cloning
into pPENTR/D-TOPO (Invitrogen). The PGRP-LCx cDNA was then directly cloned into
the UAS-C-terminal Venus (EYFP) vector, pTWV (T. Murphy, Drosophila Genomics

Resource Center) using the Gateway recombination cloning system (Invitrogen). The
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following primers were used to amplify the PGRP-LCx open reading frame:
CACCACACATAACGCTCAGAGATCCAG and GATTTCGTGTGACCAGTGCG. The
construct was confirmed by sequencing. Transgenic flies were generated by standard
injection methods (BestGene). The UAS-PGRPAC-Venus construct was generated
similarly, except that the primers used for amplification were
caccATGCCTTTTAGCAATGAAACGG and GCTATTATCGATGACATCCAAGG,

thereby creating a PGRP-LCx protein lacking amino acids 333-500.

Generation of UAS-Tak1DN-FLAG

The UAS-Tak1DN-FLAG construct was generated by amplifying the full-length Tak1
open reading frame from the BDGP DGC cDNA clone LD42274 and cloning into
pPpENTR/D-TOPO (Invitrogen). Duplex PCR was used to simultaneously amplify the Tak1
open reading frame and generate the dominant negative mutation. Specifically, the
following three primer pairs were used: 1) caccATGGCCACAGCATCGCTGG and
GAAGAACTCCCcTGACGGCAA, 2) TTGCCGTCAgGGAGTTCTTC and
CGCATTGTGATGCGGTGGG, 3) caccATGGCCACAGCATCGCTGG and
CGCATTGTGATGCGGTGGG. Amino acid 46 was changed from K to R. The Tak1
cDNA was then directly cloned into the UAS-C-terminal FLAG (3x FLAG) vector, pTWF
(T. Murphy, Drosophila Genomics Resource Center) using the Gateway recombination
cloning system (Invitrogen). Transgenic flies were generated by standard injection

methods (BestGene).

Generation of UAS-GFP-Act5¢T202/3/4A
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The UAS-GFP-Act5¢T202/3/4A construct was generated by amplifying the full-length
Actbc open reading frame from the BDGP DGC cDNA clone RE02927 and cloning into
pENTR/D-TOPO (Invitrogen). Amplification primers were
CACCATGTGTGACGAAGAAG and TTAGAAGCACTTGCGGTG. Amino acids 202,
203, and 204 were then mutated from T to A. The Act5c cDNA was then directly cloned
into the UAS-N-terminal GFP vector, pTVW (T. Murphy, Drosophila Genomics
Resource Center) using the Gateway recombination cloning system (Invitrogen).

Transgenic flies were generated by standard injection methods (BestGene).

Electrophysiology

Sharp-electrode recordings were performed as previously described (Davis and
Goodman, 1998; Mduller et al., 2012). Two-electrode voltage-clamp recordings were
performed with an Axoclamp 2B amplifier. The extracellular HL3 saline contained the
following (in mM): 70 NaCl, 5 KCI, 10 MgCl,, 10 NaHCOg3, 115 sucrose, 4.2 trehalose, 5
HEPES, and 0.3 CaCl; (unless otherwise specified). For acute pharmacological
homeostatic challenge, partially dissected larvae were incubated in Philanthotoxin-433
(PhTx; 10-20 uM; Sigma-Aldrich) for 10 min according to published methods (Frank et
al., 2006). Quantal content was estimated by calculating the ratio of EPSP
amplitude/average mEPSP amplitude and then averaging recordings across all NMJs
for a given genotype. EPSC data were analyzed identically. The RRP was estimated by
cumulative EPSC analysis (Schneggenburger et al., 1999; Muller et al., 2012). Muscles
were clamped at —-65 mV, and EPSC amplitudes during a stimulus train (60 Hz, 30

stimuli, 3 mM extracellular calcium) were calculated as the difference between peak and
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baseline before stimulus onset of a given EPSC. For recovery of the vesicle pool,
stimulus trains (60 Hz, 30 stimuli, 3 mM extracellular calcium) were first given to deplete
the pool to steady-state. Recovery was then interrogated with paired pulses (2 pulses,
50 Hz) at varying recovery intervals post-train. EGTA-AM was applied at a
concentration of 50 uM to a partially dissected prep for 10 minutes before recording.
PdBu was applied at a concentration of 1 uM to a partially dissected prep for 10 minutes
before recording. Electrophysiology data were analyzed with custom-written routines in
Igor Pro 6.37 (Wavemetrics), MATLAB 8.5 (Mathworks), and Mini Analysis

(Synaptosoft).

Calcium Imaging

Ca*" imaging experiments were done as described in (Miiller et al., 2012). Third instar
larvae were dissected and incubated in ice-cold HL3, 0.3 mM calcium, containing 5 mM
Oregon green 488 BAPTA-1 (OGB-1; hexapotassium salt, Invitrogen) and 1 mM Alexa
568 (Invitrogen). After incubation for 10 min, the preparation was washed with ice-cold
HL3 for 10—15 min. Single-action-potential-evoked spatially averaged Ca?* transients
were measured at an extracellular [Ca*] of 1.5 mM using a confocal laser scanning
system (Ultima, Prairie Technologies) at room temperature. Fluorescence changes
were quantified as AF/F = (F) = Foaseline)/(Fbaseline = Fbackground), Where F(t) is the
fluorescence in a region of interest (ROI), Fpaseiine is the mean fluorescence from a 50-
ms period preceding the stimulus, and Fpackground iS the background fluorescence from

an adjacent ROI without any indicator-containing cellular structures.
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Anatomical Analyses

Third-instar larvae were dissected in 0 Ca** HL3 and fixed for 1-2 min in Bouin's fixative
(100%; Sigma-Aldrich), for 15 min in PFA (4% in PBS), or for 7 minutes in ice-cold
ethanol, and incubated overnight at 4°C with primary antibodies. The following primary
antibodies were used at the indicated dilutions: mouse anti-Bruchpilot (Brp), 1:100
(nc82; Kittel et al., 2006); mouse anti-CSP, 1:250; mouse anti-GluRIIA, 1:100; rabbit
anti-synaptogamin, 1:1000; rabbit anti-complexin, 1:500; mouse anti-FLAG, 1:50; rabbit
anti-GluRIIC, 1:1000; and rabbit anti-Dlg, 1:10,000. Cy5-conjugated or Cy3-conjugated
anti-HRP was used at 1:50, (Invitrogen), and applied for 1 h at room temperature. Larval
preparations were mounted in Vectashield (Vector Laboratories). An Axiovert 200
inverted microscope (Carl Zeiss), a 63x or 100x (1.4 NA) Plan Apochromat objective
(Carl Zeiss), a cooled CCD camera (CoolSNAP HQ; Roper Scientific), and Slidebook
5.0 (3i) were used for deconvolution microscopy. Synaptic boutons were identified by
anti-Dlg. Active zones were identified by anti-Brp and quantified using automated
functionality in ImageJ and a watershed plug-in
(http://bigwww.epfl.ch/sage/soft/watershed/). Parameters were: radius=1, 8-connected,
Min/Max=0,170-210. For staining intensity quantification, a mask was made on the CSP
signal (for CSP and Synaptotagmin 1), the GIuRIIA signal (for GluRIIA and GIuRIIC), or
the Complexin signal (for Complexin). The average pixel intensity across the mask is
reported. For Supplemental Figure 3A, a Nikon Ti microscope, a 60x Plan Apochromat
objective, a Photometrics Evolve Delta EMCCD camera, and a Yokogawa CSU-22

spinning disk confocal were used, in the UCSF Nikon Imaging Center.
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Electron Microscopy

Samples were prepared and imaged as previously described. (Harris et al., 2015).
Images were analyzed using the ImagedJ ROl manager and a custom-written program in
Python 2.7. ROls for all vesicles within 400 nm of an active zone (from the base of the t-
bar) were acquired, and their XY coordinates were compared to the XY coordinates of
the active zone and to all other vesicle ROIs. Thus, a list of distances was created and
used to calculate the following parameters: number of vesicles within 400 and 150 nm

of the active zone, distance to nearest neighboring vesicle.

Quantification and Statistical Analysis

Statistical details can be found in the Results, Figures, and Supplemental Table.
Unpaired Student’s t-test was used for comparison of two groups (typically comparison
of a genotype in the presence vs absence of a manipulation). Where three or more
groups were compared, one-way ANOVA was used to determine significance, and
Tukey’s test was used to compare individual groups. N represents number of synapses
recorded from. All bar graphs display the mean plus standard error. Significance was
defined as p<0.05 (one asterisk), with two asterisks indicating p<0.01 and three
indicating p<0.005. A prior power analysis indicates samples size of 5 is sufficient given
that our effect size is often 50-100% and synapse to synapse variance is low. None-the-

less, our data sets greatly exceed this number with few exceptions.
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