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Tracing cells throughout development
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In the article “Predetermined embry-
onic glial cells form the distinct glial
sheaths of the Drosophila peripheral ner-
vous system” we combined our expertise
to identify glial cells of the embryonic
peripheral nervous system on a single
cell resolution with the possibility to
genetically label cells using Flybow. We
show that all 12 embryonic peripheral
glial cells (ePG) per abdominal hemiseg-
ment persist into larval (and even adult)
stages and differentially contribute to
the three distinct glial layers surround-
ing peripheral nerves. Repetitive label-
ings of the same cell further revealed
that layer affiliation, morphological
expansion, and control of proliferation
are predetermined and subject to an
intrinsic differentiation program. Inter-
estingly, wrapping and subperineurial
glia undergo enormous hypertrophy in
response to larval growth and elongation
of peripheral nerves, while perineurial
glia respond to the same environmental
changes with hyperplasia. Increase in
cell number from embryo (12 cells per
hemisegment) to third instar (up to 50
cells per hemisegment) is the result of
proliferation of a single ePG that serves
as transient progenitor and only con-
tributes to the outermost perineurial
glial layer.

Introduction

One of the beauties of neurobiological
research in Drosophila is the combination
of early development and stem cell biology
with functional neurobiology and physi-
ology on a nearly single cell resolution.
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Previous work on embryonic neural stem
cells, so called neuroblasts (NB), and their
lineages revealed a precise description of
each NB and the progeny at the end of
embryogenesis."> Most NBs both in the
embryonic brain as well as the ventral nerve
cord give rise to neurons. Only six of the
30 NBs per abdominal hemisegment of the
embryo generate mixed lineages of neurons
and glial cells. In our group we focused on
development, specification, and migration
of these glial cells in the past. Using a set of
molecular markers we are able to identify
almost every single glial cell in the central
and peripheral nervous system individu-
ally.** This enabled us to precisely describe
the origin, migration behavior, and final
pattern of embryonic peripheral glia (ePG).
Despite this knowledge, we were unable to
link these ePG to the three different lay-
ers surrounding larval peripheral nerves
as were described by other groups.®” The
Flybow method however, allowed us to
close this gap.® We labeled all ePG as single
cell Flybow recombination events, iden-
tified the cells at late embryonic stages
according to their position and association
with the different peripheral nerves, and
followed them into third instar. A sum-
mary of the results along with some addi-
tional data and interpretations are given in
the following chaprters.

Predetermined Glial Cell Fate

As already mentioned above, our pre-
vious work on embryonic peripheral glial
cells (ePG) suggested a predetermined
cell fate of each ePG with respect to ori-
gin, marker gene expression, migratory
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Figure 1. Single peripheral glial cells can be identified in Flybow labelings at late embryonic stages and reveal
a highly reproducible differentiation in the larval PNS. (A and B) Filet preparation of a Flybow labeled embryo
(repo-Gal4 > Flybow 1.1) at stage 16. The ground state of the repo > Flybow 1.1 is pan-glial expression of cd8-
EGFP (green). Recombination within the Flybow cassette may result in change from cd8-EGFP to cd8-mCherry
(magenta), to pm-mCitrine (blue) or cd8-Cerulean (not detected with our filter settings and thus not visible,
encircled area in A3). (C-H) Three independent labelings of ePG5 as an example reveal that not only layer affili-
ation (in this case the innermost wrapping layer) but also association with individual nerve branches and mor-
phology are predetermined and highly reproducible. Note that the fuzzy magenta staining at the tip of the SNa
in G/H is a preparation artifact. A1-A4, abdominal segments 1-4; SNa-SNd, branches of the segmental nerve; ISN,

intersegmental nerve.

behavior, and final positioning at the end
of embryogenesis.” None of these descrip-
tive levels however, allowed us to link any
of the ePGs to the three glial layers sur-
rounding peripheral nerves of late third
instar larvae. These layers comprise the
innermost wrapping glia, the tightly seal-
ing subperineurial glia, and the outermost
perineurial glia.®” Though it was also
described that both wrapping and subperi-

neurial glia are addressable with markers
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(e.g., enhancer-trap Gal4 fly strains nrv2-
Gal4 and moody-Gal4, respectively) and
each show a constant number of 3-4
cells per abdominal hemisegment at lar-
val stages, it was not evident which ePG
becomes a wrapping or subperineurial glia.
Marker gene expression is not comparable
between embryonic and larval stages,
because their expression is variable at least
to some extent and might change during
development. The fact that the amount of
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glial cells per peripheral nerve
increases enormously during
larval stages was complicating
matters too, as it was entirely
unclear where these additional
cells would come from and to
which layer they would con-
tribute. With the Flybow sys-
tem® we were able to unravel
these mysteries. Our precise
knowledge on positioning of
the 12 ePGs as prerequisite,
we were able to identify single
labeled cells in the PNS and
into third
instar larvae. One example of

trace these cells

such a Flybow embryo with
labeled glial cells is given in
Figure 1. Recombination of
the Flybow 1.1 cassette in
ePG12 (abdominal segment
A2) and ePGl1 (segment A4)
resulted in a change from
EGFP to mCherry expres-
sion (Fig. 1A and B). Note
that
also result in inversion of the

recombination

might

entire Flybow cassette and
hence change from cd8-EGFP
to cd8-Cerulean expression.
Since our filter settings did
not allow the detection of this
fluorophore, ~ cd8-Cerulean
labeled cells appear unstained
as can be seen for ePG10 and
11 in segment A3 (Fig. 1B,
encircled area). Repetitive
labelings of all 12 ePG showed
that peripheral glia are indeed
predetermined with respect
to layer affiliation and asso-
ciation/wrapping  of
branches including morphol-

nerve

ogy and cellular extension.

The reproducible morphology
and association with distinct peripheral
nerve branches is shown for ePG5 as an
example (Fig. 1C-H). In addition, pro-
liferation and mitotic control are also
predetermined. Only one of the 12 PG
per hemisegment re-enters mitosis dur-
ing larval development and generates all
additional cells in the PNS. These were
astonishing findings, because along each
peripheral nerve in the most posterior
segments A7 and A8, up to 80 additional
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Figure 2. A summary cartoon illustrates that there is no evident correlation between origin of peripheral glia (embryonic NB map with ePG progenitors
highlighted), layer, associated nerve branches, or location in the larval PNS. Only cell nuclei are shown for the sake of simplicity and better visualization.
Regarding markers, only reproducible expression is indicated with colors for the same reason. DLN, dorsal longitudinal nerve; ISN, intersegmental nerve;
PG, perineurial glia; SNa-d, segmental nerves; SPG, subperineurial glia; TN, transversal nerve; WG, wrapping glia.

cells can be found that all derive from this
one transient progenitor, ePG2.

In summary, ePGl, ePG5, and ePG9
become wrapping glia, ePG3, PG4,
ePG7, and ePG10 contribute to the sub-
perineurial glia layer and built the blood-
nerve-barrier, and ePG2 (and progeny),
ePG6 and ePGS8 form the outermost peri-
neurial sheath. ePG11 and ePGI12 can-
not be assigned to any layer as these cells
are the only glia surrounding the dorsal
longitudinal nerve and the transversal
nerve, respectively. No evident correla-
tion, however, is present between embry-
onic origin and layer affiliation (Fig. 2).
Sensory organ precursor (SOP) derived
peripheral glial cells ePG4, ePG5 (both
from a ventral SOP), and ePGI10 (part of
a dorsal SOP lineage) contribute to wrap-
ping and subperineurial layers. NB1-3
derived ePGI and ePG9 become wrapping
glia, while ePG3 and ePG7 from the same
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NB differentiate into subperineurial cells.
The perineurial sheath is built by ePG2
(descendant of NB5—6) as well as ePG6
and ePG8 (both generated by NB2-5). A
summary of markers, origin, layer affili-
ation, and association with peripheral
nerves is given in Figure 2. A more detailed
description of the molecular markers and
their expression patterns can be found in
the original article. The genetic program
underlying cell specification, terminal dif-
ferentiation, and function of peripheral
glial cells is entirely unclear and remains
to be shown in the future.

Function of the Distinct Glial
Layers in the PNS

The specific function of the different

layers is not clear for the innermost wrap-
ping and the outer perineurial layers. The
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pivotal role of subperineurial glia is to
establish the blood-nerve-barrier in the
PNS by completely sealing the peripheral
nerve tracts and isolating them from the
potassium rich hemolymph. The tight
isolation of the
achieved by intercellular connection of the

blood-nerve-barrier is

subperineurial glia via septate junctions.
Thus, these cells express septate junction
markers such as Neurexin IV, Contactin,
and Neuroglian, as well as the subperineu-
rial marker Moody.*?

But what about the other two glial
layers? The innermost wrapping glia
have been shown to progressively sepa-
rate axons (bundles or individual axons)
within a peripheral nerve tract compa-
rable to vertebrate Schwann cells forming
either Remak bundles or separating single
axons.”!* Wrapping glia are the only glial
cells that have direct contact to the axon
at least with respect to those lying deep
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inside nerve fascicles. Thus, one possible
function of the innermost cells might be
support of axons (e.g., trophic, metabolic,
homeostasis). Additionally, wrapping glia
might speed up conduction velocity due to
an increase of membrane resistance.

Almost nothing is known about the
function of the outermost perineurial
layer. Results of Stork and colleagues
describe a potential barrier function of the
perineurial glia at least for larger molecules
(around 500nm) or pathogens.” Our results
suggest that perineurial glia ensheath the
peripheral nerve bundle almost completely
along the nerve extension region (NER),
but rather form a mesh-like and incom-
plete layer in the muscle field area (MFA).
Maybe the outermost layer is involved in
regulating the hemolymph composition or
required for the generation of the neuro-
lemma / basal membrane? The amount of
perineurial glia along the NER is tightly
controlled and corresponds to the length
of the peripheral nerve. The cells persist
metamorphosis as we could show for some
Flybow events where animals were allowed
to develop into adulthood. Thus, perineu-
rial glia are important for the animal and
discovering their precise function will be
an interesting task.

Hypertrophy vs. Hyperplasia

In general there are two ways to realize
tissue growth — increasing cellular volume
(hypertrophy) or increasing the amount
of cells via proliferation (hyperplasia). For
glial cells of the PNS, both mechanisms
exist. Innermost wrapping glia and sub-
perineurial glia show enormous hyper-
trophy, best seen in the NER where they
become up to one millimeter in length. In
contrast, outermost perineurial glia divide
and compensate for nerve elongation in
the same area by increasing cell number
from one cell in the embryo (ePG2) up to
50 cells or even more in late larval stages.
But why do these different glial cells react
on larval growth and nerve elongation in
such different ways? We think one major
reason for the observed hypertrophy of the
subperineurial glia is the fact that these
cells have to maintain a sealed blood-
nerve-barrier. Thus, any disruption of
the connectivity of individual glial cells
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within this sheath during mitosis would
cause a leaky barrier. Similar results have
been reported for subperineurial glia of the
developing brain." A similar reason might
account for the hypertrophy of wrapping
glia. Although the precise function of this
glial subtype is currently unknown (see
above), an even contact between these
cells and neurons has to be guaranteed. In
contrast, perineurial glia undergo exten-
sive proliferation in the NER. These cells
have no direct contact to axons and are
obviously not essential for the sealing of
the PNS. Apparently their function is not
linked to a constant cellular connectiv-
ity and thus enables this glial subtype to
undergo cell proliferation.

Cell Specific Mitotic Control

One of the most astonishing results
of our work was the finding that only
the perineurial glial cells along the NER
undergo cell proliferation starting from
a single transient precursor, ePG2. The
unique ability of ePG2 to re-enter mitosis
must on the one hand go along with dis-
tinct intrinsic cellular properties. On the
other hand the precise number of perineu-
rial cells along a certain nerve depends on
the length of this nerve and therefore pre-
sumably requires multiple steps of cellular
interactions between glia and glia as well as
glia and neurons. In this context, Larvery
and colleagues (2007) could already show
that thickness of the perineurial glial layer
is controlled by underlying subperineurial
cells.’? But thickness and cell number do
not necessarily correlate. Pandey and col-
leagues also show that in brave mutants less
glial cells are found along shortened nerves,
again indicating that cell specific prolif-
eration of perineurial cells is controlled by
underlying peripheral nerves."”” In contrast
to these data, we observed the same amount
of glial cells in fubby mutant larvae (which
are about 30% shorter) compared with wild
type animals of the same stage. We cannot
interpret this discrepancy, nor do we know
the underlying signals for both perineurial
specific proliferation and subperineurial/
wrapping glial cell growth. We assume that
growing nerves either actively send signals
to both wrapping and subperineurial glia or
are sensed by these cells. In any way, cells
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of both glial layers are in intimate contact
with neurons and grow along with axo-
nal elongation during larval development.
Growing subperineurial glia in turn might
send signals to the outermost perineurial
cells which in response proliferate. Ablation
experiments in addition revealed only a par-
tial compensatory ability by peripheral glial
cells. If ePG2 was ablated, the remaining
glial cells were able to partially compensate
for the loss of this perineurial progenitor
in only half of the cases. We were not able
to clarify which glial cell generates these
(perineurial) cells in the absence of ePG2.
We assume that either ePG6 in the MFA
or most likely perineurial glial cells of the
ventral nerve cord (which have not been
described so far) proliferate in the absence
of ePG2. It is unlikely that ePGI1 or ePG3
compensate for the loss of ePG2, because a
general block of mitosis in the perineurial
subtype only abolishes the generation of
additional perineurial cells completely and
results in glial cell numbers comparable
to the late embryo. These results indicate
that (1) glial cells of the inner layers have
no compensatory abilities, (2) proliferation
capacity is regulated by intrinsic properties,
(3) developmental stimuli such as systemic
growth and/or axonal elongation have dif-
ferent effects (hyperplasia vs. hypertrophy)
within the same area of a segment and
between segments of the same animal. The
nature of these stimuli and signal transduc-
tion pathways that lead to these different
outputs need to be addressed in the future.
Perineurial glia of the brain also undergo
extensive proliferation during larval devel-
opment in response to Insulin-like recep-
tor/Target of rapamycin and fibroblast
growth factor receptor signaling.® Such
paracrine signals, however, are unlikely to
account for the mitotic control of perineu-
rial glia in the PNS, because cell numbers
within the same animal increase from ante-
rior to posterior segments.

Conclusions/Outlook

Flybow offers a perfect system to
label and trace individual cells through-
out development. For our approach on
peripheral glial cells, the precise knowl-
edge about individual cell identities was
an indispensable prerequisite for successful
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identification of the cells in the late embryo
and thus the subsequent description in L3
larvae. The knowledge about the origin
of each glial layer and the opportunity to
manipulate them specifically using either
subtype specific Gal4 driver lines or abla-
tion experiments will help to unravel the
function of each glial layer, probably even
down to the precise function of individual
cells. We will extend this work to CNS glia
and also follow cells beyond metamorpho-
sis into the adult. In future studies, the pos-
sibility to genetically manipulate a distinct
subgroup or to perform subgroup specific
RNAi-mediated knock-down experiments
will further allow to decipher cell-cell inter-
actions and signaling cascades required for
specific behavior of the cells, e.g., hyperpla-
sia vs. hypertrophy.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were
disclosed.

Acknowledgments
We are thankful to Christof Rickert for
help with graphics. The work referred to in
this article was supported by grants from
the German Research Foundation.

90

References
Bossing T, Udolph G, Doe CQ, Technau GM.

The embryonic central nervous system lineages of
Drosophila melanogaster. I. Neuroblast lineages
derived from the ventral half of the neuroectoderm.
Dev Biol 1996; 179:41-64; PMID:8873753; http://
dx.doi.org/10.1006/dbio.1996.0240

Schmid A, Chiba A, Doe CQ. Clonal analysis of
Drosophila embryonic neuroblasts: neural cell types,
axon projections and muscle targets. Development
1999; 126:4653-89; PMID:10518486

Schmidt H, Rickert C, Bossing T, Vef O, Urban J,
Technau GM. The embryonic central nervous system
lineages of Drosophila melanogaster. II. Neuroblast
lineages derived from the dorsal part of the neuroecto-
derm. Dev Biol 1997; 189:186-204; PMID:9299113;
http://dx.doi.org/10.1006/dbio.1997.8660
Beckervordersandforth RM, Rickert C, Altenhein B,
Technau GM. Subtypes of glial cells in the Drosophila
embryonic ventral nerve cord as related to lineage
and gene expression. Mech Dev 2008; 125:542-
57; PMID:18296030; http://dx.doi.org/10.1016/j.
mod.2007.12.004

von Hilchen CM, Beckervordersandforth RM,
Rickert C, Technau GM, Altenhein B. Identity,
origin, and migration of peripheral glial cells in
the Drosophila embryo. Mech Dev 2008; 125:337-
52; PMID:18077143; http://dx.doi.org/10.1016/j.
mod.2007.10.010

Banerjee S, Pillai AM, Paik R, Li J, Bhat MA. Axonal
ensheathment and septate junction formation in the
peripheral nervous system of Drosophila. ] Neurosci
2006; 26:3319-29; PMID:16554482; http://dx.doi.
org/10.1523/JNEUROSCI.5383-05.2006

Stork T, Engelen D, Krudewig A, Silies M, Bainton
RJ, Klimbt C. Organization and function of the
blood-brain barrier in Drosophila. ] Neurosci
2008; 28:587-97; PMID:18199760; http://dx.doi.
org/10.1523/JNEUROSCI.4367-07.2008

Fly

10.

11.

12.

13.

14.

Hadjieconomou D, Rotkopf S, Alexandre C, Bell
DM, Dickson BJ, Salecker I. Flybow: genetic mul-
ticolor cell labeling for neural circuit analysis in
Drosophila melanogaster. Nat Methods 2011; 8:260-
6;  PMID:21297619;  http://dx.doi.org/10.1038/
nmeth.1567

Bainton RJ, Tsai LT, Schwabe T, DeSalvo M, Gaul
U, Heberlein U. moody encodes two GPCRs that
regulate cocaine behaviors and blood-brain barrier
permeability in Drosophila. Cell 2005; 123:145-
56; PMID:16213219; http://dx.doi.org/10.1016/j.
cell.2005.07.029

Griffin JW, Thompson WJ. Biology and pathology of
nonmyelinating Schwann cells. Glia 2008; 56:1518-
31; PMID:18803315; http://dx.doi.org/10.1002/
glia.20778

Unhavaithaya Y, Orr-Weaver TL. Polyploidization
of glia in neural development links tissue growth to
blood-brain barrier integrity. Genes Dev 2012; 26:31-
6;  PMID:22215808;  http://dx.doi.org/10.1101/
gad.177436.111

Lavery W, Hall V, Yager JC, Rottgers A, Wells
MC, Stern M. Phosphatidylinositol 3-kinase and
Akt nonautonomously promote perineurial glial
growth in Drosophila peripheral nerves. ] Neurosci
2007; 27:279-88; PMID:17215387; http://dx.doi.
org/10.1523/JNEUROSCI.3370-06.2007

Pandey R, Blanco ], Udolph G. The glucuronyl-
transferase GIcAT-P is required for stretch growth
of peripheral nerves in Drosophila. PLoS One
2011; 6:€28106; PMID:22132223; http://dx.doi.
org/10.1371/journal.pone.0028106

Avet-Rochex A, Kaul AK, Gatt AP, McNeill H,
Bateman JM. Concerted control of gliogenesis by
InR/TOR and FGF signalling in the Drosophila
post-embryonic brain. Development 2012; 139:2763-
72; PMID:22745312; http://dx.doi.org/10.1242/
dev.074179

Volume 8 Issue 2



