














(NB3-3), Hb� Krüppel (NB5-5), or Hb� Krüppel� Pdm (NB6-1)
(Cui and Doe, 1992; Tsuji et al., 2008; Benito-Sipos et al., 2010).
This is another interesting spatial patterning question for the future.
Furthermore, misexpression of the early factors (Hb and Krüppel)
would be unlikely to affect the progeny produced by type II NBs
during embryogenesis, as the competence window for Hb (i.e. the
stage at which neuroblasts are responsive to Hb expression) closes
with the loss of Dan/Danr expression in all neuroblasts at stage 12
(Kohwi et al., 2013). Thus, most embryonic type II neuroblasts form
after closing of the Hb competence window and would probably be
unresponsive.
Type I neuroblasts show persistent expression of the temporal

transcription factors within neurons born during each window of
expression (i.e. a Hb+ neuroblast divides to produce a Hb+ GMC
which makes Hb+ neurons). In contrast, we find that type II lineages
do not show persistent Cas or Grh expression in INPs born during

each expression window, but do contain some Cas+ neurons (data
not shown). Both Cas and Grh transcription factors can be seen in
INPs immediately adjacent to the parental neuroblast, consistent
with transient perdurance from the parental neuroblast, but they are
typically lacking in INPs more distant (data not shown). The
function of Pdm, Cas and Grh in embryonic type II neuroblasts
awaits identification of specific markers for neural progeny born
during each expression window.

During larval neurogenesis, virtually all INPs sequentially express
the temporal transcription factors Dichaete� Grh� Ey (Bayraktar
and Doe, 2013). In contrast, embryonic INPs express only Dichaete.
These data, together with the short time frame of embryogenesis,
suggest that INP quiescence occurs during the Dichaete window,
preventing expression of the later Grh� Ey cascade. Interestingly,
INPs in the posterior cluster (presumptive DL1 and DL2 type II
neuroblast progeny) completely lack Dichaete; this is similar to the
DL1 and DL2 larval lineages, which also do not express Dichaete
(Fig. S2). It is possible that DL1/DL2 neuroblasts make INPs that
generate identical progeny (and thus do not require an INP temporal
cascade), or perhaps these two neuroblasts use a novel temporal
cascade in both embryonic and larval stages.

Larval type II neuroblasts produce many intrinsic neurons of the
adult central complex (Bayraktar and Doe, 2013; Ito et al., 2013; Yu
et al., 2013). Here, we show that embryonic INPs also produce
neurons that contribute to the adult central complex. Our data show
� 54 neurons (64 minus 10 due to ‘leaky’ expression) born from
embryonic-born INPs survive to adulthood and innervate the central
complex. It is likely that this is an underestimate, however, because
(1) 9D11-gal4 expression is lacking from a few INPs in the
embryonic brain and (2) the time to achieve sufficient FLP protein
levels to achieve immortalization could miss the earliest born
neurons. The variation in immortalization of the widefield ellipsoid
body neuron might represent a neuron born early in the type II
lineages, thus unlabeled in a subset of embryos. Additionally, some
embryonic-born neurons might perform important functions in the
larval/pupal stages but die prior to eclosion.

Further studies will be required to understand the function of
neurons born from embryonic type II lineages. It remains to be

Fig. 7. Embryonic INP progeny contribute to the adult central complex.
(A) The FLEXAMP memory cassette used for immortalization of embryonic
INPs into the adult brain; modified from Bertet et al., 2014. (B-P) Central
complex neuropil regions from flies containing FLEXAMP memory cassette
reared at different temperature regimes to permanently label neurons born
within all development (29°C positive control), no stage of development (18°C
negative control) or specifically during late embryogenesis (29°C pulse)
stained for GFP (green) and NC82 (magenta). (B-F) Positive controls reared at
29°C from embryo to adult with over 500 (n=4) of immortalized neurons
innervating the protocerebral bridge (PB), the fan-shaped body (FB), the
ellipsoid body (EB) and the noduli (NO). (G-K) Negative control adult brains of
flies reared at 18°C from embryo to adult showing 10±5 (n=5) neurons from the
adult 9D11-gal4 pattern innervating only the dorsal region of the FB.
(L-R) Experimental adult brains from flies reared for 6 h pulse at 29°C at late
embryonic stages, then reared at 18°C until adult (seeMaterials andMethods);
there are 64±4 (n=12) neurons that innervate the PB, FB, EB but not the NO.
(P�-R) Experimental adult brains with differences in innervation pattern within
the EB (n=12). (P�) Single z plane from the anterior region shown in P with
innervation of two wedges within the EB (yellow arrowheads) seen in 12/12
brains. (P�) Single z plane from posterior region shown in P showing widefield
neuron innervationwithin the EB seen in 9/12 brains. (Q) EBwith innervation of
two wedges, lacking the widefield innervation (n=1). (R) EB with innervation of
one wedge, lacking the widefield innervation (n=1). Yellow arrowheads in Q,R
indicate wedge labeling in ellipsoid body. Scale bars: 20 �m. n>5 for positive
control (29°C constitutive) and negative control (18°C constitutive); n>10 for
experimental (29°C pulse).

4559

STEM CELLS AND REGENERATION Development (2017) 144, 4552-4562 doi:10.1242/dev.157826

D
E
V
E
LO

P
M

E
N
T



experimentally determined whether some or all embryonic
progeny of type II neuroblasts (1) remain functionally immature
in both the larval and adult brain, but serve as pioneer neurons to
guide larval-born neurons to establish the central complex, (2)
remain functionally immature in the larval brain, but differentiate
and function in the adult central complex, or (3) differentiate
and perform a function in both the larval and adult CNS. It
will be informative to ablate embryonic-born neurons selectively
and determine the effect on the assembly of the larval or
adult central complex, and their role in generating larval and adult
behavior.

MATERIALS AND METHODS
Fly stocks
Male and female Drosophila melanogaster were used. The chromosomes
and insertion sites of transgenes (if known) are shown next to genotypes.
Unless indicated, lines were obtained from Bloomington Stock Center
(FlyBase IDs shown). Enhancer gal4 lines, mutants and reporters were:
cas24/TM3, P[GAL4]pnt14-94 (III) (gift of Y. N. Jan, UCSF), R9D11-gal4
(III, attP2), R9D11-CD4-tdTomato (III, attP2), 10XUAS-IVS-mCD8::GFP
[III, su(Hw)attP2; referred to as UAS-GFP], hs-FLPG5;;MCFO (I and III;
FBst0064086). For the FLEXAMP experiment, y,w,UAS-FLP;
tubGAL80ts/CyO; R9D11-gal4/TM3 and 13Xlex-Aop2-myr::GFP;
tubGAL80ts/CyO; P[nSyb(FRT.stop)LexA.p65] were used.

Immunofluorescence staining
Primary antibodies were: rat anti-Dpn (1:50, Abcam, 11D1BC7), guinea pig
anti-Dpn (1:1000, Jim Skeath, Washington University, USA), chicken anti-
GFP (1:1000, Aves Laboratories, GFP-1020), guinea pig anti-Dichaete
(1:500, John Nambu, University of Massachusetts, USA), rabbit anti-Ey
(1:2500, Uwe Walldorf, Saarland University, Germany), rabbit anti-
phospho-histone H3 (ser10) (1:20,000, Millipore, 06-570), rabbit anti-
PntP1 (1:1000, Jim Skeath), rat anti-Grh (1:1000, Stefan Thor, Linkoping
University, Sweden), rabbit anti-DsRed (1:1000, Clontech Laboratories,
632496), rabbit anti-Ase (1:1000, Cheng-Yu Lee, University of Michigan,
USA), mouse anti-Hunchback (1:500, Abcam, F18-1G10.2), guinea pig
anti-Krüppel (1:500, Doe Lab, immunogen information available on
request), rat anti-Pdm2 (1:1000, Abcam, 6G6AC11), guinea pig anti-
Asense (1:1000, Hongyan Wang, Duke-NUS Medical School, Singapore),
rabbit anti-Cas (1:1000, Ward Odenwald, NIH, distributed by the Doe lab),
mouse anti-NC82 (1:200, Developmental Studies Hybridoma Bank).
Secondary antibodies were from Molecular Probes or Jackson
ImmunoResearch and were used at 1:400.

Embryos were blocked overnight in 0.3% PBST (1× PBS with 0.3%Triton
X-100) with 5% normal goat serum and 5% donkey serum (PDGS) (Vector
Laboratories), followed by incubation in primary antibody overnight at 4°C.
Next, embryos underwent four washes, 15 min each, in PDGS, followed by a
2 h secondary antibody incubation at 25°C. Embryos were then either
dehydrated with ethanol and mounted in dibutyl phytalate in xylene (DPX)
according to Janelia protocol (Wolff et al., 2015) or were cleared with a
glycerol series: 25% for 10 min, 50% for 10 min, 90% for 10 min then into
90% glycerol with 4% n-propyl gallate overnight before imaging.

Larval brains were dissected in PBS, fixed in 4% formaldehyde in PBST for
25 min, rinsed for 30 min in PBST, and blocked in PDGS overnight at 4°C.
Staining was carried out as above for embryos, but after the secondary
antibody incubation brains were mounted in Vectashield (Vector
Laboratories).

Adult brains were fixed in 2% formaldehyde in PBST, rinsed, and
blocked in PDGS with 0.5% Triton X-100. Brains were incubated in
primary antibodies for 4 days at 4°C, then in secondary antibodies for 2 days
at 4°C. Brains were mounted in DPX according to Janelia protocol.

Clones
For type II clones, P[GAL4]pnt14-94 (III)×hs FLPG5;;MCFO (I and III;
FBst0064086) embryos were collected for 4 h at 25°C, aged 4 h and heat
shocked at 37°C for 12 min, then left to develop until desired stages.

FLEXAMP immortalization of embryonic INPs
The FLEXAMP experiment used 1- to 3-day-old adult females from
crossing y,w,UAS-FLP; tubGAL80ts/CyO; R9D11-gal4/TM3 to 13Xlex-
Aop2-myr::GFP; tubGAL80ts/CyO; P[nSyb(FRT.stop)LexA.p65] to label
embryonic INPs permanently (Bertet et al., 2014). Negative controls were
raised continuously at 18°C to maintain Gal80 repression; positive controls
were raised continuously at 29°C inactivate Gal80 and allow 9D11-gal4
expression. To ‘immortalize’ embryonic INPs and their progeny, we
exposed embryos aged 5-6 h to 29°C for 10 h to allow R9D11-gal4
expression and then shifted all unhatched embryos to 18°C to block R9D11-
gal4 expression during larval, pupal and adult stages.

Cell proliferation analysis
Number of proliferating INPs was calculated by dividing the number of
pH3-positive by the total number of INPs within each cluster of neuroblasts
at different stages. Each circle represents one cluster of INPs. Error bars
represent s.e.m.

Imaging
Images were captured with a ZeissLSM700 or ZeissLSM710 confocal
microscope with a z-resolution of 1.0 μm, and processed in the open source
software FIJI (http://fiji.sc) and Photoshop CS5 (Adobe). Figures were
made in Illustrator CS5 (Adobe). Three-dimensional brain reconstructions
in Figs 3 and 6 were generated using Imaris (Bitplane).
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