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SUMMARY

Epigenetic gene regulation shapes neuronal fate in the embryonic nervous system. Post-
embryonically, epigenetic signaling within neurons has been associated with impaired learning,
autism, ataxia and schizophrenia. Epigenetic factors are also enriched in glial cells. However, little
is known about epigenetic signaling in glia and nothing is known about the intersection of glial
epigenetic signaling and presynaptic homeostatic plasticity. During a screen for genes involved in
presynaptic homeostatic synaptic plasticity, we identified an essential role for the histone
acetyltransferase and deubiquitinase SAGA complex in peripheral glia. We present evidence that
the SAGA complex is necessary for homeostatic plasticity, demonstrating involvement of four new
genes in homeostatic plasticity. This is also evidence that glia participate in presynaptic
homeostatic plasticity, invoking previously unexplored intercellular, homeostatic signaling at a
tripartite synapse. We show, mechanistically, SAGA signaling regulates the composition of and
signaling from the extracellular matrix during homeostatic plasticity.
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INTRODUCTION

The homeostatic modulation of presynaptic neurotransmitter release, termed presynaptic
homeostatic potentiation (PHP), is a fundamental form of neural regulation. It is highly
conserved from Drosgphilato human (Davis, 2013; Davis and Muller, 2015). PHP can be
initiated by the loss or inhibition of postsynaptic glutamate receptors and is expressed as a
compensatory enhancement of presynaptic vesicle release (Frank et al., 2006; Petersen et al.,
1997). Large-scale forward genetic screens have identified numerous genes that function
within the pre- and postsynaptic elements that are essential for the initiation and expression
of presynaptic homeostatic plasticity. Yet, to date, there has been no evidence that glia
participate in the mechanisms of PHP, nor has there been any evidence for the participation
of epigenetic gene regulation.

Epigenetic regulation of gene expression has a profound impact on neuronal cell fate
specification and neural circuit development in the embryonic nervous system (Baizabal et
al., 2018; Yao et al., 2016). The importance of epigenetic control of gene expression is
evident based on the numerous neurodevelopmental, neuropsychiatric and neurodegenerative
disorders that have been associated with loss of epigenetic controls including Rett
Syndrome, Fragile X, Autism, Schizophrenia, Spinocerebellar Ataxia (SCA), and
Amyotrophic Lateral Sclerosis (ALS) (Amir et al., 1999; Coffee et al., 1999; De Rubeis et
al., 2014; Jimenez-Pacheco et al., 2017; Lindblad et al., 1996; Sun et al., 2016; Tsankova et
al., 2007). It has become clear that epigenetic gene regulation is dynamic and sensitive to
changes in neuronal function in both the developing and mature nervous systems. Epigenetic
factors that function within neurons have been demonstrated to influence both Hebbian and
non-Hebbian neural plasticity (Guzman-Karlsson et al., 2014). Specifically, levels of histone
acetylation and DNA methylation within neurons have been associated with, and are
required for, normal long-term potentiation (LTP) and memory formation (Graff and Tsai,
2013; Guzman-Karlsson et al., 2014). Multiple neuronal epigenetic factors have also been
linked to non-Hebbian postsynaptic quantal scaling (Benevento et al., 2016; Blackman et al.,
2012; Meadows et al., 2015; Yu et al., 2015).

The bulk of existing information underscores the importance of epigenetic signaling within
neurons. Less is known about epigenetic gene regulation in glia. This is particularly true
with respect to Hebbian and homeostatic plasticity, but also applies to neurological and
psychiatric disease. This gap in knowledge exists despite the fact that glia are key players
that control many aspects of neural development including synaptogenesis, synapse
refinement, circuit maturation and quantal scaling (Beattie et al., 2002; Christopherson et al.,
2005; Eroglu et al., 2009; Singh et al., 2016; Stellwagen and Malenka, 2006; Stogsdill et al.,
2017) and are increasingly linked to neurodegnerative pathology (Hong et al., 2016; Stevens
et al., 2007). The evidence in favor of an essential function for epigenetic signaling in glia
exists primarily in the context of nerve injury (Arthur-Farraj et al., 2017; Koreman et al.,
2018; Staszewski and Prinz, 2014). As yet, there is no direct evidence demonstrating that
epigenetic signaling or glia is necessary for either the induction or expression of PHP.

Here we demonstrate that multiple genes encoding members of the Spt-Ada-Gcnb
Acetyltransferase and Deubiquitinase (SAGA) complex are specifically required in
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peripheral glia for presynaptic homeostatic plasticity. The SAGA complex is a prominent
histone acetyltransferase protein complex that is conserved from yeast to human
(Helmlinger and Tora, 2017; Lee and Workman, 2007). Remarkably, SAGA-dependent
signaling is not constrained to the synapse, but appears to propagate throughout the
extracellular space surrounding the synapse, axon, soma and dendrites. This represents a
shift in the composition of the extracellular environment of the entire neuron during
homeostatic plasticity. We propose that glial-dependent, epigenetic specification of the
extracellular neuronal environment may be a general mechanism that is necessary for the
life-long maintenance of homeostatic plasticity, existing for months in Drosgphila (Mahoney
etal., 2014), years in mice (Plomp et al., 1992) and decades in human (Cull-Candy et al.,
1980).

The SAGA Complex Components Ada2b and Sgfll are Necessary for PHP.

The SAGA complex in Drosophilais composed of approximately twenty proteins,
encompassing histone acetyltransferase and deubiquitinase catalytic activities (Weake and
Workman, 2012). An ongoing effort to screen for genes involved in homeostatic plasticity
identified a potential function for adaZb during PHP and this was subsequently expanded to
a test of four genes, all components of the SAGA complex: two acetyltransferases ada2b
(ada2bl, (Qi et al., 2004)) and gcn5 (gen5E3535 gen5@1865t (Carre et al., 2005)) and two
deubiquitinases sgf11 (sgf11€91308 (\Weake et al., 2008)) and ron-stop ((Weake et al., 2008),
Figure 1A). First, we demonstrated that loss of these individual genes impairs the rapid
induction of synaptic homeostasis. Bath application of 15uM Philanthotoxin (PhTX)
induced a ~50% reduction of the average miniature excitatory postsynaptic potential
amplitude (mEPSP amplitude) at the neuromuscular junction (NMJ; Figure 1B-1D). In
wild-type, an increase in presynaptic release (quantal content; Figure 1C and 1F) was
observed that offset the change in mEPSP amplitude and restored postsynaptic excitation to
baseline values (Figure 1E). By contrast, there is no change in quantal content in the ada2b,
genb or sgfl1 mutants (Figure 1C and 1F). As a consequence, average excitatory
postsynaptic potential (EPSP) amplitude at mutant synapses is significantly smaller in the
presence of PhTX compared to the absence of PhTX (Figure 1E). Thus, three independent
genes, all members of the SAGA complex, encompassing two different enzymatic activities,
are essential for the rapid induction of PHP.

Next, we assessed whether the SAGA complex is required for the long-term maintenance of
PHP, induced by genetic deletion of the postsynaptic glutamate receptor subunit GIURIIA
(Petersen et al., 1997) (Figure 1G and 11). We examined two different G/uR/IA and SAGA
double mutant combinations: GIuRIIAada2b! and GIuRIIA,sgf11€%2306 |n both double
mutants, the mEPSP amplitudes are significantly decreased (Figure 1G and 1H) and the
homeostatic regulation of presynaptic release is completely blocked (Figure 1G and 1J). As
a consequence, EPSP amplitudes are significantly decreased in the double mutants compared
to the same genotype alone at baseline. Based on these data, we propose that the SAGA
complex is necessary for both the rapid induction and maintenance of presynaptic
homeostasis.
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Ada2b is Necessary in Peripheral Glia for PHP.

In order to examine the specific cell type in which the Drosgphila SAGA complex functions
during presynaptic homeostasis we tested SAGA activity in motoneurons, muscle and in
peripheral glia using tissue-specific, RNAi-mediated, gene knockdown (Figure 2).
Specifically, we expressed UAS-ada2b RNAJin motoneurons (OK371-Gal4), muscle
(MHC-Gal4), perineurial glia (Egr-Gal4, (Keller et al., 2011); NP6293-Gal4, (Awasaki et al.,
2008; Stork et al., 2012)) and astrocyte-like glia (A/rm-Gal4, (Doherty et al., 2009; Stork et
al., 2012)). We demonstrated that PhTX-induced synaptic homeostasis was completely
normal when adaZb-RNAJwas expressed in either mononeurons or muscle (Figure 2C and
S1). However, when adaZb-RNAi was expressed in perineurial glia, we found a complete
block of PHP (Figure 2C, 2D and S1). We also demonstrated that perineurial glia, identified
by expression of Egr-Gal4 and NP6293-Gal4, extended to the NMJ (Figure 2B). Although
these glia do not extend along the full length of the presynaptic nerve terminal, they are
localized in close proximity to presynaptic boutons at the NMJ (Figure 2B). This is
consistent with prior ultrastructural data examining glial morphology at the site of nerve-
muscle contact in third-instar larvae and other prior reports (Brink et al., 2012; Keller et al.,
2011; Kerr et al., 2014).

We have performed a series of control experiments to confirm a role for ada2b within
perineurial glia during post-embryonic development. First, we confirmed the identity and
specificity of the perineurial glial Ga/4 drivers (Figure S2). We also characterized the
identity of Egrpositive cells in the peripheral glia. The percentage of total peripheral glia
that are labeled by Egr-Gal4 is similar to NP6293-Gal4, a confirmed perineurial Ga/4 driver
(Awasaki et al., 2008; Stork et al., 2012) (Figure S2B and S2C). Moreover, when we used
both Gal4 drivers to express UAS-GFP with a nucleus localization sequence (UAS-GFP.nls),
the ratio of GFP positive nuclei to all glial nuclei is unchanged, indicating that £gr-Gal4 and
NP6293-Gal4 1abel largely overlapping, if not the same population of peripheral glia (Figure
S2B). Both Egr-Gal4 and NP6293-Gal4 block PHP when used to express UAS-adaZb RNAI,
arguing for peripheral glial-specific activity that is likely localized to perineurial glial cells,
as defined by these Ga/4 lines.

Next, we addressed the possibility that ada2b functions during early embryonic development
to affect synapse function. To address this issue, we used a temperature sensitive 7ubulin-
Gal80 driver, combined with NP6293-Gal4, to induce the expression of UAS-adaZb RNAJ
only during post-embryonic larval development. We demonstrate that presynaptic
homeostatic plasticity is still impaired at the NMJ when ada2b is disrupted in perineurial
glia following the completion of embryonic development (Figure 2E; temperature shift 18—
29°C initiated 30 hours after egg laying).

Next, we performed tissue-specific genetic rescue experiments. We expressed UAS-adaZb
specifically in glia in the ada2b! mutant and fully restored PHP in the ada2b! mutant
background (Figure 2C). Note that PhTX-induced synaptic homeostasis remained
completely blocked in ada2b” mutants harboring only the UAS-ada2b transgene without a
source of Gal4 present (Figure 2C), emphasizing that the rescue of PHP is due to Gal4-
mediated overexpression of UAS-ada2b in glia.
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Finally, we asked whether the SAGA complex also functions in other glial cell types within
the central nervous system during PHP. In particular, astrocyte-like glial cells populate the
Drosophila CNS (Stork et al., 2012) and astrocytes are known to participate in other forms
of homeostatic plasticity in mammalian cultured neurons (Stellwagen and Malenka, 2006).
We used the previously characterized astrocyte-like glial Ga/4 driver Alrm-Gal4 (Doherty et
al., 2009; Stork et al., 2012) to drive the expression of UAS-adaZb RNAJand observed
normal homeostatic plasticity. These data suggest that agda2b is not necessary in astrocyte-
like glia, within the CNS for synaptic homeostasis at the NMJ (Figure 2F).

Additional SAGA Components, Non-Stop and Gcn5, are Necessary for PHP.

We have extended our analysis of the SAGA complex to include two additional genes: non-
stop and gcn5. The non-stop gene encodes a deubiquitinase enzyme and gen5 has
acetyltransferase activity (Figure 1). When we used £gr-Gal4to drive the expression of
either UAS-gcn5 RNAi or UAS-non-stop RNAI, we found that the rapid induction of
homeostatic plasticity was blocked (Figure 2C). These data are consistent with a general
requirement for the activity of SAGA complex for the normal expression of PHP.

Finally, we tested the sustained expression of PHP. When either UAS-adaZb RNAI was
driven in motoneurons or muscles in the G/uR//A mutant background, we observed normal
PHP (Figure 2H). However, when UAS-adaZb RNAJwas driven in glia (GIuRIIA, Egr-
Gal4>adaZb RNA), the sustained expression of homeostasis was blocked (Figure 2G and
2H). We observed similar impairment of sustained homeostasis when ron-stop was
disrupted specifically in glia in the G/uRI/A mutant background (Figure 2H). Two
conclusions can be made at this point. First, our data demonstrate the essential participation
of peripheral glia in both the rapid induction and sustained expression of PHP. Second, we
demonstrate that multiple components of the SAGA complex are essential for presynaptic
homeostatic plasticity, acting within peripheral glia.

Normal Glial and Synapse Morphology.

We examined the morphology of the NMJ and surrounding glia. Loss of adaZb expression in
glia (Egr-Gal4>adaZb RNAI) had no effect on the shape or distribution of glia within the
peripheral nerve or at the NMJ of muscles 6/7 (Figure 3A-3C). Total active zone number,
estimated by quantification of Brp puncta number (Marie et al., 2004) is either unaltered
following loss of ada2b expression in glia (Egr-Gal4>ada2b RNAJ, abdominal segment 3),
or slightly increased (abdominal segment 2) compared to wild-type (Figure 3D). There is a
small increase of the total postsynaptic area (region of DIg immunostaining) at the NMJ
following expression of ada2b RNAJin glia, but only in abdominal segment 3 (Figure 3E).
Finally, there is a slight increase of total bouton number in segment 2 but no change of Brp
density in the adazb RNA/ mutant (Figure 3F and 3G). In conclusion, although small
differences in NMJ anatomy are observed, there are no consistent changes that could
account for the block of PHP following glial-specific depletion of ada2b expression. Finally,
we performed a further control to ensure that £gr-Gal4 line does not itself interfere with
PHP. Eiger (Egr) is the Drosgphila homologue of mammalian TNF-a., important for
homeostatic scaling in mice (Stellwagen and Malenka, 2006). We examined PhTX-induced
presynaptic homeostasis in an egrnull mutation (egrd2®; (Keller et al., 2011)) and
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demonstrated that PHP was completely normal (Figure S3). This experiment also effectively
rules out Eiger as a potential candidate for glial-neuronal signaling downstream of the
SAGA complex in peripheral glia for PHP.

Modulation of SAGA-dependent H3K9 and H3K14 Acetylation during PHP.

The next question we address is whether SAGA complex activity is altered, in peripheral
glia, following muscle-specific disruption of postsynaptic glutamate receptors. Lysines at
position 9 and 14 in histone H3 (H3K9 and H3K14) are direct targets of SAGA complex-
dependent acetylation (Carre et al., 2005; Qi et al., 2004; Weake et al., 2008). We acquired
antibodies specific for acetylation of H3K9 (H3K9Ac) and H3K14 (H3K14Ac) and assessed
the abundance of these epigenetic markers in peripheral glia (Figure S4). The nuclei of
peripheral glia are distributed throughout the peripheral nerves that extend from the CNS to
the musculature. Both anti-H3K9Ac and anti-H3K14Ac immunostaining label the nuclei of
peripheral glia (Figure S4). If this labeling is due to SAGA complex activity, then it should
be diminished in the ada2b mutant. We demonstrated that H3K9Ac and H3K14Ac staining
intensity is significantly reduced in the ada2b! mutant background compared to wild-type
(Figure 4A-4F). Finally, we demonstrated that adaZb-dependent H3K9Ac and H3K14Ac
staining occurs in Egr-Gal4 positive peripheral glia, the same peripheral glia that are
necessary for PHP. Thus, ada2bis essential for H3K9Ac and H3K14Ac acetylation in Egr
positive perineurial glia.

Next, we asked whether H3K9Ac and H3K14Ac staining is altered in the background of the
GIuRIIA mutant. It is important to emphasize that the GIuRIIA subunit of the AMPA/
Kainate glutamate receptor is only expressed in muscle (Petersen et al., 1997). We
demonstrated that both H3K9Ac and H3K14Ac staining intensity in peripheral glia was
significantly increased in the G/uRI/A mutant compared to wild-type (Figure 4A—4F). This
argues for previously unexplored, PHP-associated signaling from muscle to peripheral glia,
inducing a change in histone acetylation. In order to associate the change in glial histone
acetylation to the mechanisms of PHP, we demonstrated that enhanced H3K9Ac and
H3K14Ac staining intensity was abolished in the GIuRIIA,ada2b* double mutant, co-
incident with the ada2b-dependent block of PHP. Since a muscle-specific perturbation
(GluRIIA deletion mutation) induces an Ada2b-dependent, glial-specific epigenetic change,
our data argue for the existence of a signaling system that, directly or indirectly, connects
muscle to peripheral glia during PHP. We acknowledge the possibility that other epigenetic
codes, such as histone methylation and DNA methylation patterns may also be altered in the
GluRIIA mutant background.

Independent Evidence that Peripheral Glia Participate in PHP.

To provide further evidence of a required function of peripheral glia during PHP, we sought
other ways to impair glial function, independent of the SAGA complex mutations. The Sarl-
GTPase is necessary for secretory trafficking from the endoplasmic reticulum (ER) to the
Golgi apparatus (Ye et al., 2007). Depleting Sarl should generally impair the secretion of
signaling molecules in peripheral glia. We expressed UAS-sar1 RNAJin perineurial glia
using Egr-Gal4 as well as NP6293-Gal4 (Awasaki et al., 2008; Stork et al., 2012) and
assayed PHP (Figure S5). First, we demonstrated that perineurial glia were normally
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distributed and were present at the NMJ when Sarl was knocked down in perineurial glia,
although there were changes in glial morphology at the NMJ (Figure S5F). Next, we
demonstrated impaired basal synaptic transmission (Figure S5B and S5E), highlighting a
role for Sarl-mediated secretory trafficking in glia during the development or maintenance
of presynaptic release at baseline. Finally, we demonstrated a complete block of PHP
following application of PhTX to the NMJ, suggesting that secretory trafficking in
peripheral glia was necessary for PHP (Figure S5B-S5E). As a control, we probed synapse
morphology at the NMJ when expressing UAS-sarl RNA/ in glia (Figure S5F-S5I).
Although there was a slight increase of bouton numbers at the NMJ of muscle 6/7
(abdominal segment 2), the total number of presynaptic active zones remains normal (Figure
S5F-S51). There are many caveats to this experiment, given the non-specific disruption of
secretory trafficking. None-the-less, the data demonstrate a requirement for peripheral glia in
neuromuscular PHP.

Multiplexin is Secreted by Perineurial Glia and is Required for PHP.

There is reason to hypothesize that Multiplexin, a component of the extracellular matrix that
is necessary for PHP (Wang et al., 2014) could be derived from glia. Multiplexin is the
homologue of mammalian Collagen XVIII and can be cleaved to produce a conserved,
matrix-derived signaling molecule, referred to as a matrikine, named Endostatin (O’Reilly et
al., 1997; Wang et al., 2014). Although Endostatin is essential for PHP, the tissue that
secretes and deposits Multiplexin at the NMJ remains unknown. More specifically, we
reported that when transgenic Endostatin was supplied by either the neuron or muscle cell, it
was sufficient, in either case, to support PHP in a multiplexin mutant (Wang et al., 2014).
But, in this experiment, an artificial signal peptide drives constitutive secretion of Endostatin
from either nerve or muscle. The endogenous source of Multiplexin was never determined, a
question that can only be addressed by tissue-specific depletion of Multiplexin. Furthermore,
it remains unknown whether, or how, Multiplexin secretion is altered during PHP.

Recently, a transcriptome profiling study identified Drosophila multiplexin as a downstream
target gene of the SAGA complex in the Drosophila visual system (Ma et al., 2016). Thus,
we hypothesized that SAGA complex-dependent expression and secretion of Multiplexin
within glia could be a primary mechanism involved in PHP. To test this hypothesis, we used
two independent methodologies. First, we examined the endogenous expression pattern of
Multiplexin using a Multiplexin protein-trap line harboring a Mimic-PT.GFSTF.0 inserted
within the multiplexinlocus (Nagarkar-Jaiswal et al., 2015). The Mimic-PT.GFSTF.0
cassette is inserted in an intron close to the 3’ end of the gene, and the GFP-tagged protein
reports the endogenous expression of the Multiplexin protein. Multiplexin-tagged-GFP is
observed in cells localized on the surface of the ventral nerve cord (data not shown) and in
cells surrounding all peripheral nerves (Figure 5A). Multiplexin-GFP was also observed at
the NMJ, consistent with the anatomical position of peripheral glia in axons and at the NMJ
(Figure 5A and 5B). We then probed the co-localization of Multiplexin-GFP with perineurial
and subperineurial glia (Figure S6). We visualized peripheral glia by expressing UAS-
tdTomato using the Egr-Gal4 driver and simultaneously visualized Multiplexin-GFP.
Multiplexin-GFP shows precise co-localization with tdTomato expressing glia within the
peripheral nerve and at the NMJ (Figure S6A and S6C). In contrast, when we drive the
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expression of UAS-tdTomato using subperineurial glial Gal4 driver Moody-Gal4 (Schwabe
et al., 2005; Stork et al., 2012), Multiplexin-GFP is concentrated in cells localized outside
the subperineurial glial layer on the peripheral nerves, suggesting that Multiplexin is
strongly expressed in perineurial glia in the periphery (Figure S6B).

As a second approach, we tested whether perineurial glia, identified by Egr-Gal4 or
NP6293-Gal4, are the sole source of Multiplexin. To do so, we selectively depleted the
endogenously-tagged Multiplexin-GFP protein in glia by expressing UAS-GFP RNAJ. The
UAS-GFP RNAiwas expressed with a pan-glial-specific Ga/4 driver (Repo-Gal4 (Sepp et
al., 2001; Stork et al., 2012)), as well as the two perineurial glia-specific Gal4 drivers (Egr-
Gal4 and NP6293-Gal4). We found that Multiplexin-GFP was completely abolished,
regardless of which Ga/4 driver was used (Figure 5A and 5B). Thus, Multiplexin protein that
resides in peripheral nerve as well as at the NMJ is solely derived from the perineurial glia
identified by Egr-Gal4 or NP6293-Gal4.

Next, to complement the above analyses, we used non-cell-permeabilizing conditions to
immuno-label Multiplexin, thereby testing the abundance of the secreted form of
Multiplexin protein (Figure 5C). We previously demonstrated the specificity of our non-cell
permeabilizing protocol (Wang et al., 2014). The Multiplexin antibody that we used
recognizes the C-terminal Endostatin domain of Multiplexin (Harpaz et al., 2013). Antibody
specificity was verified by the lack of signal in a multjplexin null mutant and a C-terminal
deletion mutant (data not shown). In our experiment, the NMJ was co-labeled for surface
Endostatin (without permeabilization) and the active zone component Brp (after fixation and
permeabilization, Figure 5C). This double-labeling protocol was also previously verified
(Wang et al., 2014). We found that extracellular Multiplexin formed punctuate structures that
were distributed throughout the presynaptic nerve terminal and these structures were often
present in close proximity to presynaptic active zones (Figure 5C). Thus, endogenous
Multiplexin protein is secreted and is present at or in close proximity to neurotransmitter
release sites.

Finally, we tested whether the abundance of Multiplexin protein, at the NMJ, was dependent
upon SAGA complex function. We estimated total Multiplexin protein by staining for
Multiplexin-GFP in the GFP protein trap (Mimic-PT.GFSTF.0; Figure 5D) using
permeabilizing conditions. We found that synaptic Multiplexin-GFP is reduced by ~50% in
the aca2b’mutant compared to wild-type (Figure 5D and 5E), demonstrating that
Multiplexin protein levels were strongly influenced, but not completely dependent upon, the
activity of ada2b. Thus, Ada2b is essential for PHP and controls the abundance of
Multiplexin, a required PHP protein.

Perineurial Glia-derived Multiplexin is Required for PHP.

We then determined whether glia are the relevant source of Multiplexin that is necessary for
the rapid induction and sustained expression of PHP. We knocked down multiplexin, using
UAS-multiplexin RNAIJ, and did so in either motoneurons (OK371-Gal4) or glia (using each
of the following drivers individually: Egr-Gal4, NP6293-Gal4 or Repo-Gal4). \We observed a
complete block of synaptic homeostasis when we expressed UAS-multiplexin RNA7in glia
using either pan-glial (Repo-Gal4) or when using either of the perineurial-specific glial
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(NP6293-Gal4 and Egr-Gal4) drivers (Figure 6A, 6B and S7). Note that when multiplexin
expression was knocked down in motoneurons, PHP was normal (Figure 6B and S7), a
finding that effectively controls for the use of the RNA. line.

An identical data set was collected using the G/uR/IA mutant to induce PHP. We observed
impaired homeostasis only when multiplexin was specifically depleted in glia (Figure 6C
and S7). Finally, we complemented our tissue-specific RNAI experiments with tissue-
specific genetic rescue. We expressed the full-length Multiplexin (UAS-3ANC1, Figure 6D)
or the C-terminal Endostatin domain of Multiplexin (UAS-ES, Figure 6D; (Meyer and
Moussian, 2009)) in the multiplexin null mutant (dmp’@725%) using a peripheral glial-specific
Gal4 driver (Egr-Gal4). We observe a strong GFP signal when we drive the expression of
UAS-3hNCI1-GFPor UAS-ES-GFP using Egr-Gal4, demonstrating robust expression of
these transgenes (Figure 6E). Glial-specific expression of UAS-3ANCI (Egr-
Gal4>3hNC1;dmp™07253) or UAS-Endostatin (Egr-Gal4>ES:dmp™7253) rescues PHP in the
multiplexin null mutant, whereas the heterozygous Egr-Gal4 driver alone (Egr-

Galdl+: dmp’07253) does not (Figure 6F and 6G). Based on these experiments, we conclude
that peripheral glia, and perineurial glia more specifically, are the relevant source of
Multiplexin protein, necessary for the both the rapid induction and sustained expression of
PHP.

SAGA Mediates the Up-regulation of Multiplexin in the GIuRIIA Mutant.

As a final set of experiments, we asked whether Multiplexin transcript and protein were
modulated during the long-term expression of PHP, caused by the G/uR//A mutation, and
whether this modulation was sensitive to SAGA mutations. First, we demonstrated a ~50%
increase of Multiplexin protein expression at the NMJ of the G/uR//A mutant compared to
wild-type (Figure 7A, 7B and 7E). To our surprise, we also observed a wide-spread increase
in Multiplexin (Figure 7C-7E) that correlates with the wide-spread changes in Ada2b-
dependent histone acetylation within peripheral glia in the G/uR/IA mutant background
(Figure 4A—-4F). Next, we extended this observation by demonstrating a ~100% increase of
multiplexin mRNA level in the G/uR/IA mutant larval brain compared to wild-type (Figure
7F). As predicted, the increase in multiplexin mRNA is restored to baseline levels in the
GIuRIIA;ada2bF double mutant, indicating that the elevated mu/tiplexin gene expression is
Ada2b-dependent. Since the aca2b allele used in this experiment (aca2b”) also blocks PHP
in the G/uRI/A mutant background (Figure S8), it argues that Ada2b-dependent modulation
of multiplexin expression and protein are linked to the expression of PHP.

Finally, we address whether Multiplexin is the only glial-derived signal that is important for
PHP. In other words, is SAGA-dependent modulation of Multiplexin sufficient to explain the
entire glia and SAGA-dependent control of PHP. We hypothesize that Multiplexin is,
actually, only one component of a more complex SAGA and glial-specific signaling event.
Indeed, glial-specific expression of a secreted form of Endostatin that is sufficient to rescue
the multiplexin mutant (Figure 6F and 6G), fails to restore PHP in the ada2b! mutant (Figure
7G-7J).
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DISCUSSION

Based on our accumulated data, we propose the existence of a previously unexplored
homeostatic signaling system, originating in muscle following perturbation of muscle-
specific glutamate receptors. This muscle-derived signal, of unknown identity, activates
SAGA-dependent epigenetic changes that occur throughout glial cells in the peripheral
nerves, both within the nerves themselves and in close proximity to the neuromuscular active
zones. The glial epigenetic signaling response is essential for PHP, as demonstrated by the
required function of four new PHP genes, all components of the SAGA complex. We
provide evidence that one element of the SAGA-dependent epigenetic signaling is enhanced
deposition of the extracellular matrix protein Multiplexin, a required factor for both short
and long-term PHP. We hypothesize that this represents a stable change of extracellular
matrix composition that sustains a homeostatic change in motor function (Figure 8).

Role of the Extracellular Matrix

We demonstrate enhanced deposition of Multiplexin in the G/uRI/A mutant background that
is Ada2b-dependent and correlates with increased histone acetylation throughout peripheral
glia. Remarkably, elevated Multiplexin is not restricted to the NMJ, or even to the peripheral
nerves. This is evidence of a systemic response, affecting the entirety of the peripheral nerve
and ventral nerve cord, in response to the muscle-specific deletion of a non-essential
glutamate receptor subunit, GIuRIIA. Many possibilities exist for this systemic response. It
certainly implies the existence of a homeostatic signaling from muscle to glia. But, it also
argues that this signal is either broadly released and diffusible, or is a signal that can be
propagated through glial-glial junctions (Figure 8), originating at the NMJ and extending
throughout the peripheral nerves. Finally, another possibility is that signaling from muscle to
nerve (Orr et al., 2017) could induce secondary signaling from the motoneurons to
surrounding glia, with glia mediating feedback signaling including the deposition of
increased levels of Multiplexin (Figure 8).

Why is there a systemic response? There exists precedent for dynamic epigenetic signaling
in the nervous system, including the molecular mechanisms that control circadian rhythm
(Aguilar-Arnal and Sassone-Corsi, 2015; Etchegaray et al., 2003; Koike et al., 2012). One
possibility is that the spread of the Multiplexin signal throughout the periphery, extending to
the CNS, might be preparatory for additional perturbations. For example, if a perturbation
was to be environmental, immunological or injury related, as opposed to muscle-specific
elimination of a glutamate receptor, then it might be advantageous to prepare surrounding
tissue for the eventual spread of such a persistent perturbation. This is speculative, but is
consistent with theoretical models of homeostasis, adaptation, resilience and allostasis in
other systems (Karatsoreos and McEwen, 2011). We also note the formal possibility that a
systemic response could be initiated centrally and propagate to the periphery, something that
could be addressed in the future.

There is yet another possibility. The systemic remodeling of the ECM could influence the
induction of Hebbian-type plasticity within the CNS following disruption of transmission at
the NMJ. In the mammalian central nervous system, glia and ECM structures surrounding
neurons control synaptic transmission, neuron excitability and neuronal states (Poskanzer
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and Yuste, 2016; Sorg et al., 2016; Volterra and Meldolesi, 2005; Wang and Fawcett, 2012).
Previous studies demonstrated that the ECM remodeling can be induced by synaptic signals
and ECM signaling influences the expression of Hebbian synaptic plasticity (Dityatev and
Schachner, 2003; Tonnesen et al., 2018). These are testable possibilities for future studies.

Epigenetic Signaling, Homeostatic Plasticity and Etiology of Disease.

There is an emerging literature regarding epigenetic regulation of gene expression during
Hebbian plasticity (Graff and Tsai, 2013; Levenson and Sweatt, 2005), although a glial-
specific function is lacking. By contrast, very little is known about the function and capacity
of epigenetic codes during homeostatic plasticity. And, virtually nothing is known about
how the glial epigenome maintains the stability and function of the nervous system.
Mutations in epigenetic factors or abnormal epigenetic modifications have been associated
with numerous neurodevelopmental, neuropsychiatric and neurodegenerative disorders
(Chen et al., 2003; Chen et al., 2012; De Rubeis et al., 2014). In most instances, including
autism spectrum disorder, the focus remains on direct effects within neurons and at specific
time points during neurodevelopment (Willsey et al., 2013). The importance of these data is
emphasized by reports documenting remarkable benefit from HDAC inhibitors in clinical
settings (Fischer et al., 2007; Steffan et al., 2001), but the locus of action (neuron vs. glia)
remains to be defined. Importantly, there are data for Rett Syndrome indicating a loss of
epigenetic control within glia (Lioy et al., 2011). Our results not only emphasize the need
for further exploration of glial-dependent epigenetic signaling in neurological and
psychiatric disease, but set the stage for determining whether glial-derived epigenetic
signaling may be a cellular and molecular link that connects homeostatic plasticity to these
devastating disorders.

STAR METHODS
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Graeme Davis (Graeme.Davis@ucsf.edu).

All unique/stable reagents generated in this study are available from the Lead Contact
without restriction.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Drosophila stocks were raised at room temperature on standard molasses food. Drosophila
alleles used for RNAI knockdown experiments were raised at 25°C. For motoneuron-specific
Gal4 expression we used OK371-Gal4 on the second chromosome. For muscle specific
expression, we used MHC-Gal4. For glial specific expression, we used pan, perineurial, and
subperineurial glial Ga/4 drivers as indicated in figure legends. Unless otherwise noted, the
w118 strain was used as a wild-type (wi control. For temperature-dependent expression
experiments, eggs were laid on apple plates and were maintained at 18°C. First-instar larvae
with the right genotypes in the experimental group were selected and transferred to 29°C.
Larvae in the control group were maintained at 18°C.
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METHOD DETAILS

Electrophysiology—Sharp-electrode recordings were made from muscle 6 at abdominal
segments 2 and 3 in third-instar larvae using an Axoclamp 2B or Axoclamp 900A amplifier
(Molecular Devices). HL3 saline was used (in mM): 70 NaCl, 5 KCI, 10 MgCl,, 10
NaHCO3, 115 Sucrose, 5 Trehalose, 5 HEPES, and 0.3 CaCl, (unless specified otherwise).
EPSP and mEPSP traces were analyzed in Igor Pro (WaveMetrics) with previously
published routines and MiniAnalysis (Synaptosoft) (Gavino et al., 2015). For the rapid
induction of synaptic homeostasis, larvae were incubated in 15uM Philanthotoxin-433 in an
un-stretched, partially dissected preparation (PhTX, Santa Cruz Biotechnology) for 10min
(Frank et al., 2006). For each NMJ, the average amplitudes of evoked EPSP are based on the
mean peak amplitudes in response to 20-30 individual stimuli. Spontaneous mMEPSPs were
recorded continuously 60-90s. Quantal content was estimated for each NMJ as the ratio of
EPSP amplitude/mEPSP amplitude. The mean value across all NMJ for a given genotype is
reported. All statistics analyses were performed in GraphPad Prism.

Immunocytochemistry—Standard immunocytochemistry was performed as previously
described (Wang et al., 2014). Briefly for total immunostaining: dissected third instar larvae
were fixed with 4% PFA in PBS for 20min and incubated with primary antibody diluted in
PBST (PBS with 0.5% Triton-100) overnight at 4°C after six brief washes with PBST.
Larvae were then incubated with secondary antibody diluted in PBST for 1.5hr at room
temperature and mounted in Vectorshield without DAPI (otherwise specified in Figure
Legends or Results, Vector Laboratories) after six brief washes with PBST. For surface
Multiplexin immunolabeling, dissected third instar larvae were incubated with primary
antibody for 20min at room temperature and fixed with ice-cold ethanol. For surface GFP
immunolabeling, dissected third instar larvae were incubated with mouse anti-GFP antibody
for 20min at room temperature and fixed with 4% PFA in PBS.

Image Acquisition—Confocal imaging for peripheral nerves and synapses was performed
on a Yokagawa CSU22 spinning disk confocal with a 60x/1.4 plan Apochromat objective. Z-
stacks of peripheral nerves or NMJ on muscle 6/7 were acquired and maximum projections
were used for analysis. Confocol images for the ventral nerve cords were acquired using an
Andor Zyla sSCMOS camera mounted to a Nikon Ti Microscope with an Andor Borealis
CSU-W1 spinning disc confocal with a Nikon Plan Apo 20x/0.75. Deconvolution imaging
for synapse morphology was performed using a Plan Apo objective 60x/1.4 (Carl Zeiss) on
an Axiovert 200 inverted microscope (Carl Zeiss) equipped with a cooled CCD camera
(CoolSNAP HQ; Roper Scientific). Image acquisitions were performed in SlideBook
software (Intelligent Imaging Innovation).

Quantitative RT-PCR—Quantitative RT-PCR was performed as previously described
(Bergquist et al., 2010; Muller et al., 2012; Younger et al., 2013), with slightly modified
procedures. Primer probes specific for real-time PCR detection of Multiplexin (Dmp,
Dm01847117_g1) and Ribosomal protein L32 (RpL32, Dm02151827_g1) were designed
and developed by Applied Biosystems. The brains were removed from 5 third-instar larvae
(3 replicates/genotype) and RNA isolation was performed immediately (RNeasy Plus Micro
kit, Qiagen). Potential DNA contamination was removed (TURBO DNA-free, Ambion) and
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single-strand cDNA libraries were prepared with SuperScript 111 First-Strand synthesis
system (Invitrogen).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics—Quantification of data are presented as mean =+ standard error of the mean
(SEM) with the precise N numbers indicated in the figure legends or the supplemental table.
Statistical analysis was performed using Prism (5.01, GraphPad) and using paired two-tailed
Student’s t test or one-way ANOVA as indicated in the figure legends.

Quantitative Image Analysis—Maximum projections of deconvolved or confocal
images were used for analyses. Quantification of Brp and bouton number (Figure 3) was
performed as previously described (Frank et al., 2009) with Watershed Segmentation plugin
in Fiji software (NIH). For H3K9Ac and H3K14Ac average fluorescence intensity analyses
(Figure 4), individual Egr positive nuclei on proximal peripheral nerves were traced and
analyzed for each genotype in Fiji (NIH). Mean of the average fluorescence intensity of each
nucleus quantified were reported. For Multiplexin-GFP average fluorescence intensity
analysis (Figure 7), GFP signal is amplified by mouse anti-GFP antibody and the average
fluorescence intensity is measured in ROIs generated by tracing the GFP expressing cells/
segments at the NMJ (muscle 6/7) and along peripheral nerves that innervate muscle 6/7.
GFP intensity in ventral nerve cord is quantified as the average fluorescence intensity of the
VNC (optical lobes not included). All analyses were performed using Fiji software (NI1H)
and statistics analyses were performed in GraphPad Prism.

DATA AND CODE AVAILABILITY

This study did not generate data sets for public repositories or new data code.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. SAGA Complex Gene Mutations Block PHP.

(A) Diagram of the Acetyltransferase (red) and Deubiquitinase (DUB, blue) modules in the

SAGA complex in Drosophila (upper panel). Other

components include: structural (green)

and Transcription Factor (TF) Binding and Transcription factor Binding Protein (TBP)
Binding modules (orange). Acetylation and deubiquitination of histone H3 leads to relaxed
chromatin structure and active gene transcription (red arrows, lower panel).

(B) Representative EPSP and mEPSP traces in wild-type (wt, black) and the ada2b! mutant
(ada2b’, red) in the absence (-PhTX) and the presence of philanthotoxin (+PhTX). At far
right the GIuRIIA mutant and GIuRIIA;ada2b! double mutant are shown.

(C) mEPSP amplitudes (open bars) and presynaptic release (quantal content, filled bars).
Data for each genotype is presented as the percent change in PhTX compared to the same
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genotype recorded in the absence of PhTX. Genotypes: wild-type (wi), ada2b (ada2b?), gcn5
(gen5E3335t gen5Q1865Y) | sgf11 (sgf11601308) Mean + SEM; ***p < 0.001, N.S. not
significant; Student’s t-test for pair-wise comparisons within a genotype +/- PhTX.

(D) - (F) Non-normalized values for analysis of the mutants in (C). Average mEPSP
amplitude (D), EPSP amplitude (E) and presynaptic release (quantal content, F) in the
absence (open) and presence (filled bars) of PhTX. Genotypes as in (C). Mean = SEM; *p <
0.05, ***p < 0.001, N.S. not significant; Student’s t-test for pair-wise comparisons within a
genotype +/- PhTX.

(G) — (J) Data presented for indicated genotypes as in (C) — (F). The following genotypes
are presented: GIURIIA (gray bars), GIuRIIA,ada2b! double mutants (red bars),
GIuRIIA,sgf11€91308 mutants (blue bars). Mean + SEM; **p < 0.01, ***p < 0.001, N.S. not
significant; Student’s t-test for pair-wise comparisons.
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Figure 2. Loss of SAGA Complex Gene Expression within Glia Impairs PHP.
(A) Schematic of the Drosophila NMJ. Inhibition of postsynaptic glutamate receptor

sensitivity leads to a calcium-channel dependent increase of presynaptic release in
motoneurons. Glia (blue) are present at the NMJ. In addition to a retrograde signal from
muscle to motoneurons (light brown arrow), signaling to and from glia (dark brown arrows)
could also contribute to presynaptic homeostatic plasticity.

(B) Representative confocal sections of peripheral glia surrounding the axon bundle in the
peripheral nerve. Glial-specific expression of UAS-CD8-GFP (Egr-Gal4>CD8-GFP, Glial-
GFP, green, left panel; NP6293-Gal4>CD8GFP, Glial-GFP, green, right panel), neuronal
membrane (HRP, red), and glial nuclei (immunolabeling for Repo, blue). Dotted vertical line
indicated site of optical cross section, shown at upper panel on the right, rotated 90°.
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Bottom, the distribution of glia membrane at the NMJ of muscles 6 and 7 (M6/7). White
arrows indicate the localization of glia at the NMJ.

(C) mEPSP amplitudes (open bars) and presynaptic release (quantal content, filled bars).
Data for each genotype is presented as the percent change in PhTX compared to the same
genotype recorded in the absence of PhTX. Genotypes as follows: wild-type (wt, gray bars),
motoneuron-specific knockdown of adaZb (OK371-Gal4>adaZb RNAI, gray bars), muscle-
specific knockdown of ada2b (MHC-Gal4>adaZb RNAI, gray bars), glial-specific
knockdown of ada2b (Egr-Gal4>ada2b RNAIJ, red bars), glial-specific knockdown of gecn5
(Egr-Gal4>gcn5 RNAI, red bars), glial-specific knockdown of non-stop (Egr-Gal4>non-stop
RNAI, blug bars), heterozygous UAS-ada2b in the homozygous ada2b! mutant background
without a Gal4 driver (UAS-ada2b,ada2bl), and glial-specific expression of UAS-ada2b in
adazbmutant (Egr-Gal4> UAS-ada2b, ada2b’). Mean + SEM; ***p < 0.001, N.S. not
significant; Student’s t-test.

(D) mEPSP amplitudes (open bars) and presynaptic release (quantal content, filled bars).
Data for each genotype is presented as the percent change in PhTX compared to the same
genotype recorded in the absence of PhTX. Genotypes as follows: wild-type (wt, gray bars),
perineurial glial-specific knockdown of adaZb (NP6293-Gal4>adaZb RNAIJ, red bars). All
animals are raised at 25°C. Mean + SEM; ***p < 0.001, N.S. not significant; Student’s t-
test. See also Figures S1 and S2.

(E) mEPSP amplitudes (open bars) and presynaptic release (quantal content, filled bars).
Data is presented as the percent change in PhTX compared to the same genotype recorded in
the absence of PhTX. Perineurial glial-specific knockdown of ada2b ( Tubulin-Gal8o®,
NP6293-Gal4>adaZb RNAI) at permissive (18°C-29°C, red line) and non-permissive
temperatures (18°C-18°C, green line). Mean £ SEM; ***p < 0.001, N.S. not significant;
Student’s t-test.

(F) mEPSP amplitudes (open bars) and presynaptic release (quantal content, filled bars) in
astrocyte-specific knockdown of ada2b (Alrm-Gal4>adaZb RNAJ). Data is presented as the
percent change in PhTX compared to the same genotype recorded in the absence of PhTX.
Mean + SEM; ***p < 0.001, N.S. not significant; Student’s t-test.

(G) Representative traces for EPSP and spontaneous mEPSP for wild-type (wt, black),
GIuRIIA mutant (G/uRIIA, gray), glial-specific knockdown of adaZb (Egr-Gal4>adaZb
RNAI, red) and glial-specific knockdown of agaZb in the G/luRIIA mutant background
(GIuRIIA, Egr-Gal4>adaZb RNAIJ, light red).

(H) Quantification as in (C). Data for each genotype is expressed as percent change
compared to the same genotype recorded in the absence of the G/uR//A mutation. The
following genotypes are presented: G/uR/IA (gray bars), GIluRIIA,OK371-Gal4>ada2b
RNAI (gray bars), GIuURIIA; MHC-Gal4>adaZb RNAI (gray bars), GIuRIIA, Egr-Gal4>adaZb
RNAIJ (red bars), and GIuRIIA, Egr-Gal4>non-stop RNAI (blue bars). Mean + SEM; *p <
0.001, ***p < 0.001, N.S. not significant; Student’s t-test. See also Figure S1 and S2.
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Figure 3. Glial-specific Impairment of ada2b Does Not Affect Glia or Synapse M or phology.

(A) Representative confocal images of peripheral glia surrounding a peripheral nerve. Glia =
UAS-CD8-GFP (green) and neuronal membrane = HRP (red). Glial-specific knockdown of
adazb (Egr-Gal4>ada2b RNAI) compared to wild-type (wi).

(B) Representative confocal images of peripheral glia at the NMJ in wild-type (wi) and
ada2b mutants (Egr-Gal4>adaZb RNAJ), labeling as in (A).

(C) NMJ as in (B) immunolabeled with anti-Bruchpilot (Brp, green, presynaptic), anti-discs
large (Dlg, red, postsynaptic) and the neuronal membrane (anti-HRP, blue).

(D) — (G) The total number presynaptic Brp puncta (D), total area of Dlg (E), total number
of synaptic boutons (F), and Brp density (Brp number/Dlg area, G) at muscle 6/7 in
abdominal segment 2 (A2, open bars) and segment 3 (A3, filled bars). Genotypes and
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sample size: Egr-Gal4>adaZb RNAJ, N=7 NMJ for A2, N=7 NMJ for A3, n=4 animals, red
bars); wild-type (wt, N=7 NMJ for A2, N=7 NMJ for A3, n=4 animals, black bars). Mean £
SEM; *p < 0.05, **p < 0.01, N.S. not significant; Student’s t-test. See also Figure S3.
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Figure 4. Glial H3K9Ac and H3K 14Ac are Enhanced in Egr Positive Cellsin the GIuRITA
Mutant.

(A) — (B) Representative confocal images of acetylated H3K9 (H3K9Ac, A) and acetylated
H3K14 (H3K14Ac, B) in glial nuclei on peripheral nerves. Acetylated H3K9 or H3K14
(H3K9/14Ac, green), Egr positive glial nuclei (Egr-Gal4> Redstinger.nls, red) and neuronal
membrane (HRP, blue) are shown for wild-type (wi), GIuRIIA mutants, ada2b! mutants, and
GIuRIIA,ada2b! double mutants.

(C) — (D) Quantification of average H3K9Ac fluorescence intensity (C) and cumulative
distribution of average H3K9Ac intensity (D) within Egr positive glial nuclei. Average
intensities for wild-type (wt, N=309 nuclei, n=6 animals, black), G/uRI//A mutants
(GIuRIIA, N=349 nuclei, n=6 animals, gray), ada2b! mutants (acda2b’, N=188 nuclei, n=4
animals, red) and GIuRIIA,ada2b! double mutants (G/uRIIA ada2b’, N=179 nuclei, n=4
animals, light red) are normalized to wild-type values. Mean £ SEM; ***p < 0.001; N.S. not
significant; One-way ANOVA, Bonferroni’s multiple comparison test.

(E) — (F) Quantification of average H3K14Ac fluorescence intensity (E) and cumulative
distribution of average H3K14Ac intensity (F) within Egr positive glial nuclei. Average
intensities for wild-type (wt, N=148 nuclei, n=4 animals, black), G/uRI//A mutants
(GIuRIIA, N=284 nuclei, n=4 animals, gray), ada2b! mutants (acda2b, N=115 nuclei, n=4
animals, red) and G/uRIIA,ada2b! double mutants (GIuRIIA ada2b!, N=160 nuclei, n=4
animals, light red) are normalized to wild-type values. Mean £ SEM; ***p < 0.001; N.S. not
significant; One-way ANOVA, Bonferroni’s multiple comparison test. See also Figure S4.
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Figure 5. Ada2b-dependent Expression of Multiplexin in Perineurial Glia.
(A) — (B) Representative confocal images for Multiplexin expression on peripheral nerves

(upper panels) and at the NMJ of muscle 6/7 (lower panels). Endogenous Multipelxin is
labeled by the dmp™ protein trap (DMP, green). Peripheral nerves and the presynaptic
membrane at the NMJ are immunolabeled with HRP (red). Multiplexin-GFP is greatly
diminished when UAS-GFP RNAJ is expressed in the dmpM protein trap line using pan
glial-specific Gal4 drivers (A, Repo-Gal4>GFP RNAI, dmp™Y, or perineurial glial-specific
Gal4 drivers (B, Egr-Gal4>GFP RNAJ, dmp™": NP6293-Gal4> GFP RNAI, dmpM)
compared to the control (dmpMh.

(C) Representative confocal images for extracellular Multiplexin (Surface DMP, green).
Endogenous Multiplexin is secreted into the ECM and is present throughout the NMJ in
proximity to active zones (white arrows, inset; Brp, red) in wi/d-type animals (wi).

(D) — (E) Representative confocal images (D) and quantification (E) of average fluorescence
intensity of Multiplexin-GFP (dmp™ , GFP signal indicated by white arrows) at the NMJ of
wild-type (wt, black, N=8 NMJ, n=3 animals) and ada2b! mutants (ada2b?, red, N=11 NMJ,
n=3 animals). Normalized average intensity is shown. Mean = SEM; *p < 0.05; Student’s t-
test. See also Figure S5 and S6.
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Figure 6. Glial-derived Multiplexin is Required for PHP.
(A) Representative EPSP and mEPSP traces in wild-type (wt, black) and at the NMJ when

UAS-dmp RNAV/ is driven by the perineurial glial-specific Ga/4 driver NP6293-Gal4 (red) in
the absence (-PhTX) and the presence of PhTX (+PhTX).

(B) Percent change in mEPSP (open bars) and quantal content (filled bars) in the presence of
PhTX, as in Figure 1C. Genotypes: wild-type (wr, gray bars), synapses bearing heterozygous
Egr-Gal4 (Egr-Gald/+, gray bars), UAS-dmp RNA/ driven by motoneuron-specific Gal4
(OK371-Gal4>dmp RNAI, graybars), UAS-dmp RNA/ driven by perineurial glial-specific
Gal4 (NP6293-Gal4>dmp RNAI, red), UAS-dmp RNAI driven by Egr-Gal4 (Egr-Gal4>dmp
RNAI, red), UAS-dmp RNAI driven by pan-glial Gal4 (Repo-Gal4>dmp RNAI, red bars).
Mean + SEM; **p < 0.01, ***p < 0.001, N.S. not significant; Student’s t-test.
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(C) Quantification of mEPSP (open) and quantal content (filled). Each genotype is presented
as percent change due to the presence of the G/uRIIA mutant. Gentoypes: G/uRIIA
(GIuRIIA, gray bars), UAS-dmp RNAJ driven by motoneuron-specific Gal4in GIuRIIA
mutants (GIuRIIA, OK371-Gal4>dmp RNAI, gray bars), UAS-dmp RNAJ driven by muscle-
specific Gal4in GIuRIIA (GIuRIIA; MHC-Gal4>dmp RNAI, gray bars), UAS-dmp RNAi
driven by glial-specific Gal4in GIuRIIA (GIuRIIA, Egr-Gal4>dmp RNAIJ, red). Mean £
SEM; **p < 0.01, ***p < 0.001, N.S. not significant; Student’s t-test.

(D) Diagram of the Multiplexin protein, the source of Endostatin. Thrombospondin-like
domain (blue), Collagen triple helix (gray) and Endostatin domain (ES, green) of
Multiplexin (upper panel). Uncleaved middle-length isoform of Multiplexin (3hNC1) and
cleaved form (Endostatin, abbreviated ES) are indicated. C-terminal domain of Multiplexin
can be cleaved proteolytically (red dotted line, lower panel) at hinge region to release
monomers of Endostatin (ES, green oval).

(E) Representative confocal images of perineurial glia expressing UAS-ES-GFP (Egr-
Gal4>ES-GFP, Glial-GFP, green, left panels) and UAS-3ANCI1-GFP (Egr-Gal4>3hNC1-
GFP, Glial-GFP, green, right panels) driven by Egr-Gal4 on the peripheral nerve. Neuronal
membrane is indicated by anti-HRP labeling (HRP, red).

(F) Representative EPSP and mEPSP traces in wild-type (wt, black), multiplexin mutants
(dmp™7253 ved), UAS-ES driven by Egr-Gal4in dmp™07253 mutants (Egr-
Gal4>ES:dmp™07253 green), and UAS-3/NCI driven by Egr-Gal4 in dmp07253 mutants
(Egr-Gal4>3hNC1,:admp™7253 green) in the absence (~PhTX) and presence of
philanthotoxin (+PhTX).

(G) Quantification of mEPSP amplitude (open bars) and quantal content (filled bars),
normalized as in (A). Genotypes: wild-type (wt, gray bars), dmp’07253 mutants bearing
heterozygous Egr-Gald (Egr-Galdl+;dmp™0723 red bars), UAS-ES driven by Egr-Gal4in
dmp™07253 mutant (Egr-Gal4> UAS-ES;dmp™07253 green bars), and UAS-3hANCI driven by
Egr-Gal4in dmp™7253 mutant (Egr-Gal4> UAS-3hNC1;dmp™7253 green bars). Mean +
SEM; *p < 0.05, ***p < 0.001, N.S. not significant; Student’s t-test. See also Figure S7.
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Figure 7. SAGA-dependent Enhancement of Peripheral Multiplexin Expression during
Homeostatic Plasticity.

(A) — (D) Representative confocal images of Multiplexin protein at the NMJ on muscle 6/7
(A and B), the peripheral nerve (C, nerve) and the ventral verve cord (D, VNC) in wild-type
and G/uRIIA mutants. Total endogenous Multiplexin is labeled by dmpV protein trap
(DMP, green) and the neuronal membrane is indicated by anti-HRP immunolabeling (HRP,
red).

(E) Quantification of average fluorescence intensity of total endogenous Multiplexin at the
NMJ (NMJ, wt N=19 synapses, n=7 animals; G/uR/IA N=20 synapses, n=7 animals), on the
peripheral nerve (nerve, wtn=6 animals; G/uR//A n=5 animals) and in the VNC (VNC, wt
n=7 animals; G/uR/IA n=7 animals) in the wild-type control and G/uR//A mutant animals.
The average fluorescence intensity of extracellular endogenous Multiplexin is quantified at
the NMJ (NMJ surface, wt N=9 synapses, n=3 animals; G/uR//A N=10 synapses, n=3
animals) in wild-type and G/uRIIA mutants. Mean £ SEM; *p < 0.05; **p < 0.01; ***p <
0.001; Student’s t-test.
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(F) Quantification of dmp mMRNA level by Q-PCR. The dmptranscript levels in GIluRIIA
(three independent measures, #1 — #3), ada2b” mutant (ada2bt”, red empty bar),
GIuRIIA,ada2bFF double mutants (GluRIIA,;ada2bF, red filled bar) are normalized to wild-
type values.

(G) mEPSP amplitudes (open bars) and quantal content (filled bars) recorded in PhTX and
normalized to each genotype in the absence of PhTX. Genotypes: wild-type (wt, gray bars)
and UAS-ES driven by Egr-Gal4 in ada2b! mutant (Egr-Gal4>ES,ada2b?, red bars). Mean
SEM; ***p < 0.001, N.S. not significant; Student’s t-test.

(H) - (J) Non-normalized values in the absence (open bars) and presence (filled bars) of
PhTX. Average mEPSP amplitude (C), EPSP amplitude (D), and quantal content (E) are
presented for genotypes as in (G). Mean + SEM; **p < 0.01***p < 0.001, N.S. not
significant; Student’s t-test. See also Figure S8.
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Figure 8. Model for Glia Signaling in PHP.
The SAGA complex is required for both the rapid induction and sustained expression of

PHP. At baseline, glial secrete Multiplexin, which is deposited within the extracellular
matrix (ECM) at the NMJ (arrow, left panel). Application of PhTX (short-term perturbation)
results in the proteolytic cleavage of Multiplexin and the release of Endostatin, which is
essential for the induction of PHP (acute PHP, upper right panel). A sustained perturbation
(long-term perturbation), such as the G/uRI/A mutation, induces epigenetic signaling in
peripheral glia, a process that is necessary for the sustained expression of PHP (lower right
panel). Within peripheral glia, members of the SAGA complex are required for secretion of
elevated levels of Multiplexin and other, as yet unidentified, factors that function either

Neuron. Author manuscript; available in PMC 2021 February 05.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wang et al.

locally (1), along the peripheral nerve (2) or within the ventral nerve cord where the
motoneuron cell bodies reside (3).
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KEY RESOURCES TABLE

Page 32

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

mouse anti-Bruchpilot (1:100) Developmental Studies Hybridoma Bank Nc82

rabbit anti-Discs large (1:1000) (Frank et al., 2006; Hauswirth et al., 2018)

rabbit anti-GFP (1:1000) Invitrogen G10362
mouse anti-GFP (1:1000) Invitrogen clone 3E6 A-11120
mouse anti-Repo (1:10) Developmental Studies Hybridoma Bank 8D12

rabbit anti-H3 acetyl K9 (1:500)

abcam

ChIP grade ab10812

rabbit anti-H3 acetyl K14 (1:200)

abcam

ChIP grade ab52946

Alexa conjugated secondary antibodies (488, cy3,
cy5) (1:300)

Jackson Immuno-research laboratories

Alexa Fluor 647 conjugated goat anti-HRP (1:100)

Jackson Immuno-research laboratories

Chemicals, Peptides, and Recombinant Proteins

Philanthotoxin-433 Santa Cruz Biotechnology 276684-27-6

Critical Commercial Assays

RNeasy Plus Micro kit Qiagen 74134

TURBO DNA-free Ambion AM1907

SuperScript 111 First-Strand synthesis system Invitrogen 18080051

TagMan® Fast Universal PCR Master Mix Applied Biosystem 4352042

Experimental Models: Organisms/Strains

dmp07253 Bloomington BL19062 CG42543

ampM Bloomington BL60567

amp RNAi Bloomington BL28299

adazber Bloomington BL31778 CG9638

adazb RNAI Bloomington BL31347

adazb? (Qi etal., 2004) Jerry Workman (Stowers Institute,
Kansas City, Missouri)

gen5E333st Bloomington BL9333 CG4107

gon59L8est Bloomington BL9334

gens RNAT VDRC v108943

Sfig11601308 Bloomington BL17941 CG13379

non-stop RNA7I Bloomington BL28725 CG4166

GFP RNAi Bloomington BL9331

UAS-tdTomato Bloomington BL36328

UAS-Redstinger.nls Bloomington BL8546

UAS-GFP.nls Bloomington BL4776

Tubulin-Galgo*

Yuh-Nung Jan (University of California,
San Francisco)
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REAGENT or RESOURCE SOURCE IDENTIFIER

sarl RNAiI VDRC v108458 CG7073

UAS-adazb-3HA FlyORF F000122

UAS-3hNC1 (Meyer and Moussian, 2009) Bernard Moussian (Max-Planck-Institute
for Developmental Biology, Tubingen,
Germany)

UAS-ES (Meyer and Moussian, 2009) Bernard Moussian (Max-Planck-Institute

for Developmental Biology, Tubingen,
Germany)

UAS-3hNC1-GFP

(Wang et al., 2014)

UAS-ES-GFP

(Wang et al., 2014)

NP6293-Gal4

(Stork et al., 2012)

Marc Freeman (Vollum Institute,
Portland, Oregon)

Moody-Gal4 (Stork et al., 2012) Marc Freeman (Vollum Institute,
Portland, Oregon)

Alrm-Gal4 (Stork et al., 2012) Marc Freeman (Vollum Institute,
Portland, Oregon)

Repo-Gal4 (Keller etal., 2011)

Egr-Gal4 (Keller et al., 2011)

EgrA?s (Keller etal., 2011)

Oligonucleotides

Dmp_gPCR primer

Applied Biosystems

Dm01847117_g1

RpL32_gPCR primer

Applied Biosystems

Dm02151827 gl

Software and Algorithms

GraphPad Prism (5.01)

GraphPad

MiniAnalysis (6.0.3)

Synaptosoft

Igor Pro (6.37) WaveMetrics
Fiji NIH
SlideBook Intelligent Imaging Innovation
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