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Glial SIK3: A central player in ion and volume homeostasis in
Drosophila peripheral nerves
Uri Kahanovitch and Michelle L. Olsen

The electrical properties of neuronal cells rely on gradients of ions across their membranes and the extracellular fluid (ECF) in which they
are bathed. Little is known regarding how the ECF volume and content is maintained. In this issue, Li et al. (2019. J. Cell Biol. https://doi.org/10.
1083/jcb.201907138) identify the kinase SIK3 in glia as a key signal transduction regulator in ion and volume homeostasis in Drosophila
peripheral nerves.

Evidence suggests that glial cells, long con-
sidered the support cells of neurons, con-
tribute to extracellular fluid (ECF) regulation.
In ECF, the regulation of extracellular K+ ions,
[K+]o, is thought to be particularly critical. On
the downswing of the action potential, central
and peripheral neurons release K+ into the
ECF. Due to the tortuously small extracellular
space volume (ECV) and the relatively low
concentration of K+ ions outside the cell rel-
ative to inside, K+ can accumulate, leading to
neuronal depolarization and alterations in
neuron action potential propagation. The ex-
trusion of ions leads also to subsequent flow
of water due to osmotic pressure. Central and
peripheral glia express a compliment of
transporters, pumps, water, and ion channels
used to regulate ECV, water, and K+ homeo-
stasis. Emerging evidence suggests that Dro-
sophila melanogaster may be an ideal model
system to garner insight into how the ECF ion
content and volume is maintained (1).

In this issue, Li et al. use the power of
Drosophila genetics to investigate the regu-
lation of ECF in larvae nerves (2). Using a
GAL4/UAS systemwith a glial-specific GAL4
driver in 500 different RNAi UAS lines,
these authors identify a single protein
whose disruption by RNAi causes nerve
swelling—the salt-inducible kinase 3 (SIK3;
Fig. 1). By reinstating SIK3 expression in
SIK3-deficient larvae, specifically in the
wrapping glial of the peripheral nerve,
the authors were able to completely rescue
the phenotype. Reexpression in sub-
perineurial glia partially rescued the nerve
swelling phenotype. No rescue of the

phenotype was observed when SIK3 was re-
stored in neurons or perineurial glia. Using a
complementary approach, specifically in
wrapping glia, RNAi of SIK3 recapitulated the
nerve swelling phenotype in the global
knockout (KO). Intriguingly, despite the
massive swelling observed, the axons them-
selves were grossly morphologically intact.

As K+ homeostasis is a key component of
the ECV, the authors next investigated the
role of K+ in the nerve-swelling phenome-
non of the SIK3 mutant larvae. WT larva fed
a high-K+ diet demonstrated normal pe-
ripheral nerves. In contrast, the swelling
phenotype was exacerbated in SIK3 mutant
larvae fed a high K+ diet. A high Na+ diet had
no effect onWT or glia SIK3-KO larvae. This
dysregulation in K+ homeostasis led to
Nav-dependent hyperexcitability in the ax-
ons of motor neurons innervating Droso-
philia larval muscles, culminating in
increased susceptibility to seizures by me-
chanical stimulation in the SIK3-mutated
adult flies.

What is the pathway that leads from
SIK3 dysfunction to nerve swelling? A pri-
mary target of SIK3 is histone deacetylase 4
(HDAC4). Li et al. demonstrate that when
phosphorylated by SIK3, HDAC4 is localized
in the cytoplasm (2). In the absence of SIK3,
unphosphorylated HDAC4 enters the nu-
cleus to regulate expression of genes that
regulate ion and volume homeostasis. Sup-
porting this, KO of HDAC4, specifically from
glia, prevented the nerve swelling of the
SIK3-mutated larvae. In contrast, over-
expression of HDAC4 in glia exacerbated

nerve swelling, an effect that was abolished
when cooverexpressing SIK3. Finally, the
authors were able to reverse the neuronal
hyperexcitability and seizure susceptibility
of the SIK3 mutant flies by treating them
with HDAC4 inhibitor trichostatin A. Thus,
HDAC4 is a key downstream signaling ele-
ment in the SIK3 signal transduction
cascade.

What genes are downstream of this novel
SIK3-HDAC4 signal transduction cascade?
Screening for various transcription factors,
Li et al. identified that myocyte enhancer
factor 2 (Mef2) RNAi in gliarecapitulated the
nerve swelling phenotype (2). Continuing to
chase the pathway, the authors demonstrate
two critical Mef2-regulated genes long im-
plicated in volume and [K+]o regulation: fray,
a protein kinase that activates ncc69 (the fly
orthologue for the human Na-K-Cl trans-
porter NKCC1), and drip, the fly equivalent
for themammalian glial Aquaporin 4 (AQP4).
fray has been previously implicated in the
nerve swelling phenotype (3).

What are the roles of these genes in
mammals? SIK3 is a constitutive kinase that
is involved in skeletal development, glucose
regulation, and sleep (4). Mechanistically,
SIK3 phosphorylates synaptic regulatory
proteins associated with sleep (4). Interest-
ingly, specific SNPs in nonneuronal SIK3 are
associated with hearing ability (5). HDAC4
is a histone deacetylase, which represses
gene expression and is involved in many
physiological and pathophysiological pro-
cesses (6). Drugs that treat both bipolar
disorder and epilepsy such as valporic acid
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and carbamazepine also have inhibitory ef-
fects on HDACs (7, 8). HDAC phosphoryla-
tion by SIK3 in fly circadian neurons
affected male sex drive rhythm (9). Re-
markably, HDAC4 is involved in the physi-
ology of Schwann cells—the enwrapping
glia in the peripheral nervous system (10).
Thus, the actuality of this pathway in en-
wrapping glia and the physiological role it
asserts fits well with previous research.

fray has been previously implicated in
axonal ensheathment in the Drosophila larva
(3) and in regulation of ECV (11). Its deletion
causes symptoms similar to the SIK3 muta-
tion (3). AQP4, the mammalian homologue
of Drosophila drip, is a well-known glial
protein that is involved in ECV regulation
and potassium regulation (12). The study by
Li et al. shows transcriptional regulation of
these proteins by the SIK3-HDAC4 pathway
and the importance of this regulation on
ECV, peripheral nerve integrity, and seiz-
ures (2). This exemplifies the strength of the

Drosophila model: the ability to screen hun-
dreds of genes and discover pathways that
affect physiology. These findings raise ad-
ditional questions regarding this pathway.
Does this pathway occur in mammals and
does it persist in the adult? Are other tran-
scription factors besides Mef2 affected by
this pathway? What other genes are down-
regulated by SIK3-HDAC4–dependent Mef2
repression? What are the upstream factors
that regulate SIK3? Can [K+]o alterations be
measured on control and SIK3 KO periphe-
ral nerves? Given the critical role of K+ ions
and volume homeostasis in maintenance of
a healthy central and peripheral nervous
system, answers to these questions may
identify druggable targets to treat various
pathophysiologies.

Acknowledgments
We thank Jessica L. Boni for creating the
figure for this article. We apologize to our
colleagues whose relevant work we were

not able to cite here because of reference
limits.

The authors declare no competing fi-
nancial interests.

1. Leiserson, W.M., and H. Keshishian. 2011. Glia. https://doi
.org/10.1002/glia.21132

2. Li, H., et al. 2019. J. Cell Biol. https://doi.org/10.1083/jcb
.201907138

3. Leiserson, W.M., E.W. Harkins, and H. Keshishian. 2000.
Neuron. https://doi.org/10.1016/S0896-6273(00)00154-9

4. Wein, M.N., et al. 2019. Trends Endocrinol. Metab. https://
doi.org/10.1016/j.tem.2019.01.009

5. Wolber, L.E., et al. 2014. Hum. Mol. Genet. https://doi.org/
10.1093/hmg/ddu346

6. Wang, Z., et al. 2014. Epigenomics. https://doi.org/10
.2217/epi.13.73

7. New, M., et al. 2012. Mol. Oncol. https://doi.org/10.1016/j
.molonc.2012.09.003

8. Beutler, A.S., et al. 2005. Life Sci. https://doi.org/10.1016/j
.lfs.2005.01.003

9. Fujii, S., et al. 2017. Proc. Natl. Acad. Sci. USA. https://doi
.org/10.1073/pnas.1620483114

10. Liu, Y., et al. 2014. Neurochem. Res. https://doi.org/10
.1007/s11064-014-1401-4

11. Leiserson, W.M., et al. 2011. Glia. https://doi.org/10.1002/
glia.21103

12. Nagelhus, E.A., and O.P. Ottersen. 2013. Physiol. Rev.
https://doi.org/10.1152/physrev.00011.2013

13. Altenhein, B., et al. 2016. Wiley Interdiscip. Rev. Dev. Biol.
https://doi.org/10.1002/wdev.200

Figure 1. SIK3, a central regulator of ion and volume homeostasis in the Drosophila peripheral nerve. (A) WT levels of SIK3 are required to maintain basal
cytoplasmic phosphorylated HDAC4, healthy peripheral nerves, and normal fly behavior. (B) Loss of SIK3, specifically in wrapping glia, leads to unphosphoryalted
HDAC4, translocation of HDAC4 to the nucleus, relief of inhibition of MEF2-dependent transcription of fray (a protein kinase that activates ncc69, the fly orthologue for
the human Na-K-Cl transporter NKCC1), and drip (fly orthologue of mammalian AQP4). Glial-specific KO of SIK3 also leads to suceptibility to mechanically induced
seizures in the fly. Image of the Drosophila nerve is adapted from Altenhein et al. (13)
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