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Fragile X syndrome (FXS) is the most common form of inherited mental retardation and is caused by the loss
of function for Fragile X protein (FMRP), an RNA-binding protein thought to regulate synaptic plasticity by
controlling the localization and translation of specific mRNAs. We have recently shown that FMRP is required
to control the proliferation of the germline in Drosophila. To determine whether FMRP is also required for pro-
liferation during brain development, we examined the distribution of cell cycle markers in dFmr1 brains com-
pared with wild-type throughout larval development. Our results indicate that the loss of dFmr1 leads to a
significant increase in the number of mitotic neuroblasts (NB) and BrdU incorporation in the brain, consistent
with the notion that FMRP controls proliferation during neurogenesis. Developmental studies suggest that
FMRP also inhibits neuroblast exit from quiescence in early larval brains, as indicated by misexpression
of Cyclin E. Live imaging experiments indicate that by the third instar larval stage, the length of the cell
cycle is unaffected, although more cells are found in S and G2/M in dFmr1 brains compared with wild-
type. To determine the role of FMRP in neuroblast division and differentiation, we used Mosaic Analysis
with a Repressible Marker (MARCM) approaches in the developing larval brain and found that single
dFmr1 NB generate significantly more neurons than controls. Our results demonstrate that FMRP is required
during brain development to control the exit from quiescence and proliferative capacity of NB as well as
neuron production, which may provide insights into the autistic component of FXS.

INTRODUCTION

Fragile X syndrome (FXS) is a devastating neurological dis-
order which affects the cognitive abilities of 1/4000 males
and 1/8000 females worldwide (1). The disease is caused by
the loss of function for the RNA-binding protein, Fragile X
protein (FMRP), which is thought to regulate synaptic plas-
ticity by controlling the localized translation of specific
mRNAs, including futsch, profilin, Rac1 and PSD-95
mRNAs, all of which are involved in various aspects of synap-
tic development and function (2–6). In addition to its synaptic
function, FMRP was shown to play a role in germline prolifer-
ation and differentiation (7–9). Previous studies using neuro-
spheres, an in vitro model for neural stem cell development,
have suggested that FMRP controls the balance between glia
and neuron production in the brain with more neurons being

produced at the expense of glia (10). Similar experiments
using human neural progenitor cells identified several genes
misexpressed in FMR1 mutant cells but found no neurogenesis
defects (11). Recent in vivo studies have identified defects
within the glutamatergic lineage in the FMR1 KO mouse
brain (12), and have implicated FMRP in adult neurogenesis
(13). Taken together, these data implicate FMRP in neural
stem cell proliferation and differentiation and indicate that
its role may be developmentally regulated, although this
aspect of FMRP biology remains poorly understood.

Drosophila larval brain neuroblasts (NB) have emerged as a
neural stem cell model for elucidating the mechanisms con-
trolling proliferation and differentiation in the developing
nervous system. The powerful genetic tools available in Dro-
sophila have led to the identification of several genes required
for neural stem cell renewal and differentiation, including
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brain tumor (brat), prospero (pros) and miranda (mir)
(reviewed in 14). To determine whether FMRP is required
during neurogenesis, we performed loss of function and
clonal analyses using the larval neuroblast model. Here we
report that loss of dFmr1 leads to cell cycle defects: in late
third instar larval brains, there are more mutant cells found
in mitosis and S phase, as indicated by PhosphoHistone H3
and BrdU incorporation. Clonal analyses indicate that dFmr1
mutant NB have an increased proliferative capacity and gener-
ate more neurons in the developing brain, in which they persist
through adulthood. Developmental studies show that dFmr1
mutant NB exit quiescence prematurely and begin their prolif-
erative activities sooner than their wild-type counterparts.
Taken together, these data demonstrate that FMRP controls
the developmental timing and proliferative capacity of larval
brain NB and suggest new mechanisms for FXS.

RESULTS

Loss of dFmr1 alters the cell cycle profile of the larval
brain

We have previously shown that FMRP controls the prolifer-
ation of the germline during Drosophila oogenesis (7). To
test whether FMRP plays a similar role in the developing
brain, we compared the distribution of cell cycle markers in
control brains (w1118 and dFmr1 genomic rescue,
P[dFmr1+]; dFmr13, see Materials and Methods) versus
dFmr1 mutant brains [dFmr13, dFmr13/50M and dFmr13/Df
6265, see Zhang et al. (2) and Wan et al. (15)]. We began
by examining the distribution of the mitotic marker Phospho-
Histone H3 (PH3) in dFmr1 mutant brains at the late third
instar larval stage. As seen in Figure 1, we found more PH3
positive cells in mutant brains compared with wild-type
(Fig. 1A–F). Indeed, the mitotic index of dFmr1 mutant
brains measured in squashed brain preparations was signifi-
cantly higher than wild-type. We found an average of 540+
65 mitotic cells in wild-type (n ¼ 3) and 831+ 11 mitotic
cells in dFmr13/Df 6265 (n ¼ 3, Pvalue ¼ 0.01, data not
shown). To determine whether FMRP controls NB specifi-
cally, we used the neural stem cell marker Miranda in conjunc-
tion with PH3 stainings, and identified significantly more
dFmr1 mutant NB in mitosis [24.8+ 2.4 for dFmr13 (n ¼ 6,
Pvalue ¼ 0.04) and 26.1+ 1.1 for dFmr13/50M brains (n ¼ 8,
Pvalue , 0.001) compared with 20.4+ 0.9 for genomic
rescue brains, P[dFmr1+]; dFmr13 (n ¼ 14), see Fig. 1K].
There was no significant difference in PH3 positive NB
between the two controls (dFmr1 genomic rescue and w1118,
see Fig. 1K). Interestingly, some mutant NB contain chromo-
somes that appear ‘spread out’ (compare Fig. 1E and F),
suggesting potential chromatin organization, or mitotic check-
point defects, which remains to be investigated. These results
are consistent with a role for FMRP in regulating neural stem
cell mitosis.

To further test the role of FMRP throughout the cell cycle,
we used BrdU incorporation as an S-phase marker and found
that dFmr1 mutant brains contain more BrdU positive cells
(Fig. 1H and J) compared with wild-type (Fig. 1G and I).
These data indicate that more cells in the central brain (CB)
region are actively synthesizing DNA due to the loss of

dFmr1. Flow cytometry experiments using whole brains
support these results by indicating that more mutant cells are
in S phase (15.4%) as well as in G2/M (12%) compared
with controls (9.6% in S and 4.6% in G2/M, respectively).
Consistent with this abnormal distribution, there are fewer
dFmr1 mutant cells in G1 (72.6%) compared with wild-type
(85.8%) (data not shown). Taken together, our data indicate
that, in the absence of FMRP, cell cycle progression is
altered during brain development.

FMRP controls the size of neuroblast lineages
in the central larval brain

Our findings of more mutant cells in S and G2/M in the whole
brain analyses can be explained by either an increase in pro-
liferation or a cell cycle delay. To distinguish between these
two scenarios, we set out to determine the number of cells pro-
duced by individual NB in the developing brain. To this end,
we performed clonal analyses using the MARCM (Mosaic
Analysis with a Repressible Cell Marker) technique (16)
using two independently derived null alleles of dFmr1,
namely dFmr13 and dFmr150M (2,15). In brief, using this tech-
nique, we can generate dFmr1 mutant NB in an otherwise het-
erozygous background. The mutant NB are concomitantly
marked with GFP, thus allowing us to trace all the daughter
cells produced by a single neuroblast (16). Individual NB
exhibit neural stem cell-like behaviors: they divide asymmetri-
cally to renew themselves and to generate a smaller daughter,
called a Ganglion Mother Cell (GMC) (17). For type I NB,
which comprise the majority of NB in the larval CB, each
GMC divides symmetrically a single time to produce two
Ganglion Cells (GC), which differentiate into neurons. Type
II NB, which have been shown to reside mostly on the
dorsal-medial side of the brain, generate GMCs that divide
asymmetrically, generate multiple neurons and are referred
to as intermediate neural progenitor cells (INPs) (18–20).
Individual NB in the larval brain can be distinguished by
Asense, which is expressed in type I but not type II NB (20).

Using the MARCM technique, we induced wild-type and
dFmr1 mutant neuroblast clones at 4–10 h after larval hatch-
ing (ALH) (Fig. 2A–H) and then allowed the larvae to
develop to the late third instar stage. This early clone induc-
tion regime allowed us to quantify the proliferative potential
of individual NB throughout larval development. Brains of
carefully staged larvae were then dissected and imaged
using confocal microscopy. Immunohistochemistry exper-
iments confirmed that FMRP, which is ubiquitously expressed
in the brain, was below detectable levels in mutant clones
(data not shown). Individual neuroblast lineage sizes were
determined by counting the number of cells in each clone,
based on the number of GFP positive cells in conjunction
with DAPI stainings. The loss of dFmr1 results in significantly
larger mutant clones in both type I (Fig. 2A–D and M) and
type II (Fig. 2E–H and N) NB. Using the type I neuroblast-
specific marker Asense (Fig. 2A–D), we found that type I
wild-type clones induced at 4–10 h ALH had an average of
34.9 cells per clone (n ¼ 21 clones). In contrast, dFmr1
mutant NB generated significantly more cells, with an
average of 47.0 cells per dFmr13 clone (n ¼ 18 clones, P ¼
0.001), and an average of 50.5 cells per dFmr150M clone
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(n ¼ 31 clones, P , 0.001) (Fig. 2M). Type II NB, identified
by the presence of Miranda and lack of Asense (Fig. 2E–H),
had an average of 96 cells per clone in the controls (n ¼ 3
clones), while dFmr1 mutants had significantly higher
numbers, with an average of 148 cells per clone for dFmr13

clones (n ¼ 5, P ¼ 0.02) and 141 cells per clone in
dFmr150M clones (n ¼ 4, P ¼ 0.04) (Fig. 2N). The lower
sample size for type II clones is attributed to the fact that
there are only eight type II NB per brain lobe, compared
with about 90 type I NB, which reduces considerably the fre-
quency of such clones compared with type I neuroblast clones.
Despite the smaller sample size for type II clones, loss of
dFmr1 led to significantly larger clones, similar to our
results obtained for type I NB. Importantly, no detectable
changes were found in the dimensions of individual cells
due to loss of dFmr1, indicating that FMRP controls cellular
proliferation and not cell size in the developing larval brain
(data not shown).

Since both NB and GMCs are the actively proliferating cell
types with the lineage, we next investigated whether the loss
of dFmr1 leads to overproliferation of the GMCs as well. To

test this, we induced GMC clones at 48–54 h ALH, when
wild-type clones contain either one or two cells, depending
on which cell underwent the Flp-mediated recombination
event. As shown in Figure 2 (compare Fig. 2I and J with K
and L), all mutant clones contained either one or two cells
just like their wild-type counterparts (n ¼ 5 wild-type, 11
dFmr13 and 6 dFmr150M clones). The inability to produce
clones containing several cells from a single, dFmr1 mutant
GMC supports the notion that FMRP controls cellular prolifer-
ation in NB only and has no effect on the proliferation poten-
tial of individual GMCs.

Loss of dFmr1 leads to supranumerary neurons

Our clonal analyses demonstrate that the loss of dFmr1 leads
to increased numbers of cells within neuroblast lineages in the
larval brain. An important question remaining is whether these
supranumerary cells differentiate into neurons, retain their
GMC fate or apoptose. To address this important issue, we
examined the distribution of the GMC/neuronal marker Pros-
pero, as well as the neuronal marker Elav. Prospero protein

Figure 1. Loss of dFmr1 alters cell cycle progression in the larval brain. (A–F) Staining for the M-phase marker PH3 in wild-type (A) and dFmr13 mutant (B)
larval brains. Dashed lines delineate the CB areas. The stem cell-specific protein Miranda marks NBs (C–F). Higher magnification indicates that the dFmr1
mutant brains contain more PH3 positive neuroblasts (F, arrowheads) compared with wild-type (E, arrowheads). (K) Total number of mitotic neuroblasts
(NBs) are significantly increased in both dFmr13 homozygotes (P ¼ 0.04) and dFmr13/50M (P , 0.001) brains compared with the genetic rescue,
P[dFmr1];dFmr13. There is no statistical significance (n.s.) between the w1118 and genomic rescue controls. Student’s t-test was used to calculate statistical
significance. (G–J) Staining for the S-phase marker BrdU in wild-type (G and I) and dFmr1 mutant (H and J) larval brains. The cortical protein Lgl was
used to delineate the CB (see also dashed areas) region, where the neuroblasts and associated cells display higher levels of BrdU incorporation in dFmr1
mutants (H and J) compared with wild-type (G and I). Stainings and genotypes as indicated. Brains were dissected from age matched late third instar
larvae. Scale bar in (A) 120 mm, in (E) 30 mm. All images are projections of three confocal slices, slice size ¼ 2 mm.
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is inherited from the neuroblast and expressed in the GMC
cytoplasm (21–23). Prospero then translocates into the
nucleus and causes the GMC to exit the cell cycle, divide sym-
metrically one time and generate two daughter ganglion cells.
As they acquire their neuronal fate, these two daughters begin
expressing the neuronal marker Elav (24). Differentiated
neurons should therefore express nuclear Prospero and Elav.
Since type II NB generate complex lineages containing both
neurons and glia (25), we focused our analyses on type I
lineages, as marked by the presence of Asense in the neuro-
blast (data not shown). Immunohistochemistry experiments
show that both wild-type and mutant type I clones contain a
comparable number of GMCs surrounding the neuroblast as
indicated by the presence of cytoplasmic Prospero (compare
arrows in Fig. 3I and K with J and L) and the lack of Elav
(compare arrows, Fig. 3C and E with D and F). The remainder
of the cells within all clones examined expresses nuclear Pros-
pero (Fig. 3K and L) as well as the neuronal marker Elav
(Fig. 3E and F). Quantification of Elav positive cells per
clone indicated that dFmr1 mutant clones contain significantly
more neurons [88.0+ 1.0% in dFmr13 (n ¼ 4 clones, Pvalue ¼
0.02) and 86.4+ 2.5% in dFmr150M (n ¼ 7 clones, Pvalue ¼
0.05) compared with 71.8+ 6.2% in wild-type clones
(n ¼ 6), see Fig. 3M]. Taken together, our data suggest that
the supranumerary cells produced by type I dFmr1 mutant
NB take on a neuronal fate, and predict that Fragile X
brains may contain up to 16% more neurons, which could
lead to wiring defects that precede the known synaptic dys-
function in FXS.

Supranumerary dFmr1 neurons survive into adulthood

The fly brain undergoes a significant amount of neuronal
remodeling during morphogenesis. To test whether the over-
proliferation of dFmr1 NB during larval development may
impact neuronal circuitry in the adult brain, we set out to
determine whether the supranumerary neurons found in
dFmr1 mutant clones persist into adulthood. To address this
issue, we induced clones at 4–10 h ALH as previously
described, allowed the flies to develop into adults and quanti-
fied the size of NB clones in the CB. These experiments indi-
cate that dFmr1 mutant clones not only persist into adulthood
but they are larger than wild-type clones and contain supranu-
merary Elav positive neurons (Fig. 4). The average number of
persisting GFP positive cells that also expressed the neuronal
marker Elav in newly enclosed adults was higher in both
dFmr13 clones (Fig. 4D and E, average number of neurons
per clone ¼ 76.7+ 14, n ¼ 8, Pvalue ¼ 0.03) and dFmr150M

clones (Fig. 4E, average number of neurons per clone ¼
54.8+ 7, n ¼ 10, Pvalue ¼ 0.08) compared with controls
(Fig. 4C and E, average number of neurons per clone ¼
39.4+ 3.8, n ¼ 8). Mushroom body (mb) clones as well as
optic lobe (OL) clones are also visible (Fig. 4A and B), but
were not quantified. Taken together, our data show that the
loss of dFmr1 in neural stem cells early in development
results in long-term defects in the size of neuronal populations,
and suggest that wiring defects may precede the well-
established synaptic plasticity defects found in Fragile X
brains (26).

Figure 2. FMRP regulates neural stem cell proliferation in the larval brain. (A–H) Single CB neuroblast clones (marked with GFP) in late third instar larval
brains. Control clones [wild-type (A, B, E, F)] have fewer cells than dFmr1 mutant clones (C, D, G, H) after induction at first instar stage (4–10 h ALH). The
type I neuroblast-specific marker, Asense, was used to differentiate type I (A–D) from type II (E–H) clones. Individual clone sizes were quantified by counting
cells within each clone, grouped by genotype for type I (M) and type II (N) clones. Statistical significance (see text for P-values) was calculated using Student’s
t-test. Error bars indicate standard error of the mean. (I–L) Late clone induction (48–54 h ALH) results in single cell clones in both wild-type (I, J) and mutant
(K, L) backgrounds in the ventral brain. Stainings, genotypes and clone induction regimes as indicated. Scale bar in (A) 25 mm, (I) 60 mm. Panels shown rep-
resent projections of two to three individual confocal slices, as needed, to include the entire clone.
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Loss of dFmr1 does not affect the length of the cell cycle
in third instar larval NB

A possible explanation for the ability of dFmr1 NB to generate
more daughters is that they divide faster. To address this possi-
bility, we performed live imaging analyses of early third instar
wild-type and dFmr1 mutant brains, which express the stem
cell marker Miranda fused to GFP (Miranda-GFP) and the
microtubule associated protein Jupiter fused to mCherry
(Jupiter-mCherry) (27). We then measured the time between
neuroblast mitoses in wild-type and dFmr1 mutant brains.
As seen in Fig. 5, our live imaging experiments show that
the loss of dFmr1 has no significant effect on the timing of
the cell cycle in these explanted early third instar brains

(n ¼ 18 mitoses in wild-type and 27 mitoses in dFmr13,
Pvalue ¼ 0.36). Furthermore, no obvious defects in asymmetric
cell division were noted in the mutant brains, at least in regard
to Miranda distribution. These results, together with our clonal
analyses, suggest that the defects seen in dFmr1 mutant brains
must occur earlier during development.

Cyclin E is misexpressed and NB exit quiescence
prematurely in dFmr1 brains

To test the possibility that FMRP controls proliferation earlier
than the third instar stage, we set out to perform a careful
developmental analysis of dFmr1 mutant brains compared
with wild-type. It has been established that each brain lobe

Figure 3. Loss of dFmr1 causes an increase in the number of Elav positive neurons with no effect on Prospero expression. (A, B, G, H) Low magnification
images of larval brains containing control (A and B) and dFmr1 (G and H) clones (see arrowheads). (C–F) High magnification views of representative
clones show that Elav is expressed in all cells within the clone but the neuroblast (NB) and a few surrounding cells, which are presumably GMCs (see
arrows). Quantification of the Elav positive cells/per clone results in a significant increase in both dFmr13 and dFmr150M clones compared with control (M).
Student’s t-test was used to calculate statistical significance. (G–L) Prospero stainings in control and dFmr1 clones show that a comparable number of cells
surrounding the NB exhibit cytoplasmic Prospero corresponding to GMCs (arrows) with the remainder showing nuclear localization characteristic to differen-
tiated neurons. Genotypes and stainings as indicated. Scale bar in (A) 100 mm. Panels shown represent projections of two to three individual confocal slices.
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contains about 100 NB, which are generated during embryo-
genesis (28). At hatching, most NB are in a state of quies-
cence, with only four mb NB and one lateral neuroblast
actively proliferating (29), and expressing the G1/S transition
cyclin, Cyclin E (CycE) (Fig. 6A and B). As the larvae
develop, more NB exit the state of quiescence and reenter
the cell cycle to divide and generate multiple GMCs and
neurons (28). Their proliferative capacity increases exponen-
tially during first instar larval stages, then it reaches a satur-
ation point during the third instar stage. The only NB known
to continue their proliferation and differentiation program
beyond third instar are the four mb NB that were active at
larval hatching. In wild-type brains, NB normally begin to
reenter the cell cycle by 8 h ALH (29) gradually increasing
the number of proliferative NB. To determine whether
FMRP regulates neuroblast exit from quiescence, we exam-
ined the localization of Miranda in conjunction with the cell
cycle marker CycE in five consecutive 6 h windows during
early larval brain development (0–30 h ALH). We discovered
that the loss of FMRP impacts the timing of NB exiting quies-
cence after 6–12 h ALH. As seen in Fig. 6, at 0–6 h ALH, no
significant differences were found between wild-type and
mutant brains with regard to the number of Miranda/CycE
positive NB (Fig. 6A–C, n ¼ 24 wild-type and 32 dFmr13/50M

brain lobes), with only the four mb NB and one lateral neuro-
blast (not shown) actively dividing. At 6–12 h ALH, however

(Fig. 6D–F), there is a highly significant increase in the
number of Miranda/CycE positive NB in the dFmr1 mutant
brains (9.3+ 0.7, n ¼ 21, Pvalue , 0.001) compared with
wild-type (5.5+ 0.4, n ¼ 15). At 12–18 h ALH (Fig. 6G–I),
the dFmr1 mutant brains exhibit approximately 2-fold more
Miranda/CycE positive NB (24.5+ 4.2, n ¼ 6, Pvalue ¼
0.007) compared with wild-type (10.8+ 2.0, n ¼ 8). By 18–
24 h ALH (Fig. 6J–L), wild-type brains (20.0+ 2.9, n ¼ 7)
begin to catch up to the mutants (31.2+ 3.9, n ¼ 10),
although the difference is still significant at this time point
(Pvalue ¼ 0.05). Interestingly, 24–30 h ALH (Fig. 6M–O),
there is a switch, with more wild-type brain NB (45.2+ 2.6,
n ¼ 5) actively dividing compared with dFmr1 mutants
(29.9+ 2.3, n ¼ 7). Compared with the profile of wild-type
neuroblast exit from quiescence throughout the first 30 h
ALH (Fig. 6P), dFmr1 mutant NB exhibit a precocious
increase in the rate of exit from quiescence, followed by a
decrease, possibly due to a homeostatic mechanism not yet
understood.

Our results indicate that dFmr1 brains exhibit a misregula-
tion of CycE expression, which in turn controls the G1/S tran-
sition during the cell cycle (30) and are consistent with our
previous findings of CycE misexpression due to the loss of
dFmr1 in the ovaries (7). Taken together, our data suggest
that FMRP controls proliferation by regulating the timing of
CycE expression in NB. Furthermore, these results suggest
that FMRP controls the dynamic behavior of proliferating
NB during brain development and provide further support to
the notion that FMRP controls neurogenesis in the developing
brain (Fig. 7 and Discussion below for model).

DISCUSSION

FMRP is an RNA-binding protein with an established role in
the transport and translation of specific mRNAs in neurons
(31–33). In addition to its established role in differentiated
neuronal cells, FMRP has been recently implicated in prolifer-
ation and differentiation in neural progenitors, albeit with
somewhat conflicting results (10–13). To determine the role
of FMRP during early neurogenesis in vivo, we used loss of
function and clonal approaches in the Drosophila larval
brain. Here we show that whole dFmr1 mutant brains from
late third instar larvae exhibit altered cell cycle profiles,
with more cells found in S and G2/M at the expense of G1.
These cell cycle defects indicate that FMRP is necessary for
correct cell cycle progression in neural stem cells. Our devel-
opmental studies coupled with live imaging experiments indi-
cate that FMRP controls the exit from quiescence and
proliferative capacity of larval brain NB. To our knowledge,
this is the first evidence that FMRP controls the exit from
quiescence of neural progenitors in the developing brain.
Such developmental defects could lead to significant problems
in neural connections that are dependent on precise timing for
proper function.

Our clonal analyses provide further support to these find-
ings, by showing that dFmr1 mutant NB produce an increased
number of neurons, which persist in the adult brain. In the
future, it will be interesting to determine whether some neur-
onal populations are more sensitive to loss of FMRP than

Figure 4. Increased neurons in mutant clones survive to adulthood. (A and B)
Low magnification images of adult brains, clones induced at 4–10 h ALH.
(C and D) High magnification images indicate GFP positive cells also stain
positive for neuronal marker Elav. (E) Quantification of adult clone
numbers. Increased number of cells per clone is statistically significant in
dFmr13 mutants compared with control clones. Scale bar in (A) 275 mm,
(C) 35 mm. (A) and (B) are projections of the entire brain. (C) and (D) are pro-
jections of two to three individual confocal slices to capture entire clone.
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others and what are the functional consequences of having
supranumerary neurons. Taken together, our results show
that FMRP is required cell-autonomously for neurogenesis
in vivo and are consistent with recent reports indicating that
neural stem cell proliferation is increased (13) and that the
density of intermediate progenitors and pyramidal cells is
increased in the early postnatal cortex of FMR1 KO mice
(12). In addition, our work suggest a mechanism involving
the control of the G1/S transition point possibly through the
regulation of CycE expression in NB during early larval
brain development.

A model for FMRP function in the developing brain

Our data reveal a novel and surprising role for FMRP during
brain development. In the young first instars, there are compar-
able numbers of Miranda/CycE expressing NB in the mutant
compared with wild-type but only 6 h later (6–12 h ALH),
there is a shift, with more dFmr1 mutant cells expressing
Miranda/CycE compared with wild-type. The coexpression of
the neuroblast marker Miranda and the G1/S transition marker
CycE indicates that these additional cells correspond to NB
exiting the G0 quiescence phase and entering the cell cycle
(29). Based on these results, we propose that FMRP controls
the timing of neuroblast exit from quiescence. It remains to be
seen whether CycE is a direct target or whether FMRP acts
through other factors such as E2F, Rb or the SCF/cullin
complex [for review of CycE regulation, see Lee and Orr-Weaver
(30)]. Interestingly, recent work in mice has shown that FMRP
plays a role in adult neurogenesis by regulating the expression
of cell cycle regulators such as Cyclin D and CDK4 (13).

While we found no significant change in the number of
mitotic cells in early larval stages, at the onset of the third
instar larval stage, we observed a slight increase in PH3 posi-
tive cells in dFmr1 mutant brains compared with wild-type
(data not shown). In late third instar larval brains,
however, the difference in PH3 positive NB became statisti-
cally significant, which could be accounted for by seemingly
opposite scenarios whereby the mutant NB either divide
faster, or are progressing through mitosis at a slower pace.
It remains to be determined what mRNA targets mediate
FMRP’s role in the timing of mitotic events. Given that
dFmr1 mutant NB generate significantly larger lineages con-
taining more neurons and that the live imaging experiments
showed no change in the total length of the cell cycle of
third instars, we propose a model whereby FMRP controls
neuroblast proliferation during early brain development by
regulating the timing of reentry into the cell cycle. This is
supported by our developmental studies showing misexpres-
sion of CycE, which suggests a premature exit from quies-
cence due to the loss of dFmr1. Our clonal analyses
indicate that dFmr1 mutant NB produce on average 15–16
more neurons than wild-type by the end of third instar.
This correlates with the mutant neuroblast completing
approximately eight more divisions than its wild-type
counterparts during larval development (every two neurons
are the result of a single neuroblast division). By the end
of the larval stage, however, the proliferative activity of
dFmr1 NB is comparable to that of their wild-type counter-
parts, which supports the notion that these additional cell
cycles are restricted to the early stages of brain development
(see Fig. 7 for proposed model).

Figure 5. Live imaging of dividing neuroblasts indicates no change in the duration of the cell cycle in third instar dFmr1 mutant brains compared to wild-type.
(A–D) Miranda-GFP (shown in green) and Jupiter-mCherry (shown in red) label neuroblasts, GMC daughters and mitotic spindles, respectively. Several mitoses
were imaged live in cultured explanted brains. Two mitoses are shown at the time of GMC pinching off (arrows). Genotypes and division times as indicated.
Note: dFmr1 neuroblasts shown were located deep within the brain, hence the lower quality image. (E) Quantification of cell cycle time shows no significant
difference between wild-type (1.48+0.11 h) and mutant brains (1.70+0.26 h). Imaging was performed using early third instar brains. Student’s t-test was used
to calculate statistical significance (see text for P-value). Scale bar in (A) 10 mm.
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Figure 6. Loss of dFmr1 leads to premature exit from quiescence in the developing larval brain. Wild-type (w1118) and dFmr13/50M larval brains analyzed at
different time points ALH, as shown. Brains were immunostained for Miranda and CycE (A–N′). DAPI was used to label nuclear DNA. (A–B′) At 0–6 h ALH,
both wild-type (A, B, see arrows) and dFmr13/50M mutant brains (A′, B′, see arrows) display large, Miranda/CycE positive mb neuroblasts (NBs) only. (C)
Quantification of Miranda/CycE double positive cells shows no significant change between genotypes at this timepoint. (D–E′) At 6–12 h ALH, wild-type
brains contain four large mb NBs (D, D′, arrows). Note: only three out of the four mb NBs clearly visible in the single confocal slice shown. Mutant brains
show an increased number of smaller, Miranda/CycE positive NBs (E, E′, arrows) compared with controls. (F) The total number of Miranda/CycE positive
NBs at this time point is significantly increased in the dFmr13/50M mutant brains. (G–H′) At 12–18 h ALH, the number of Miranda/CycE positive cells continues
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Lessons from the Drosophila brain

Neural stem cell proliferation and differentiation are the basis
for generating the correct number of neurons and support
cells in the developing nervous system. The Drosophila larval
brain NB have emerged as a premiere model for neural stem
cells that have been successfully used to elucidate the molecular
mechanisms underlying stem cell renewal and differentiation in
the brain (34). The fly larval type I NB give rise to only neurons
as opposed to both neurons and glia, while type II NB give rise
to both (25), as is the case with mammalian neural stem cells.
Despite some differences, it is clear that Drosophila NB
follow general stem cell principles and utilize conserved path-
ways. Given the powerful genetic tools available in the fly,
including the ability to study individual neuroblast lineages,
the clues obtained from the fly are likely to provide useful
insights into mammalian brain development and the mechan-
isms for RNA regulation in neural stem cells.

Our clonal analyses demonstrate that dFmr1 mutant NB
generate more neurons than their wild-type counterparts.
These findings are consistent with previous in vitro studies
using neurospheres (10) as well as a recent study using the
FMR1 KO mouse (12), both of which reported the presence
of supranumerary neurons in the absence of FMRP. Recently,
the loss of FMRP from adult neural progenitors was shown to
generate more glial cells at the expense of neurons (13). The
differences in neuronal numbers between our study and that
of Luo et al. (13) may reflect inherent differences between
the fly and mouse models. Alternatively, FMRP has a develop-
mental component and exerts distinct modes of regulation on
neural stem cell proliferation and differentiation during the
various stages of brain development. Supporting this notion
is the study by Castren et al. (10), which found more
neurons at the expense of glia in embryonically derived neuro-
spheres lacking FMRP.

Quantification of the Elav positive cells within clones
suggests that dFmr1 NB generate an estimated 16% more

neurons. With approximately 15 000 neurons present in the
larval brain (35) and considering that each brain lobe is
shaped as a sphere, a 16% increase in neurons is predicted
to amount to a 1.13 change in the area occupied by the
brain when mounted on a microscope slide (1.13 ¼ ratio
between mutant and wild-type surface area of two spheres
that differ by 16% in volume). While such a small increase
in brain size may go unnoticed by the experimentalist, inter-
neuronal connections and circuit formation are likely to be
more sensitive. The presence of wiring defects would
suggest that the loss of FMRP affects brain development
earlier than previously thought and may account for the autis-
tic component of FXS.

Finally, our finding that FMRP regulates the timing of neu-
roblast reentry into the cell cycle is particularly interesting, as
this critical aspect of brain development remains poorly under-
stood. Our whole brain analyses suggest that FMRP may
control the exit from quiescence by regulating the expression
of CycE. These results are consistent with our previous find-
ings that the loss of dFmr1 leads to CycE misexpression in
the fly ovary (7). Another interesting parallel to our oogenesis
study is that loss of FMRP leads to both an increase and a
delay in proliferation. In the larval brain, we detected an
increase in proliferation during early larval stages, followed
by a slowdown towards the end of the larval life. This suggests
the presence of compensatory mechanisms that alleviate the
consequences due to loss of FMRP in the brain and provide
an explanation for the lack of an obvious effect on brain
size in dFmr1 mutants.

Previous studies have shown that neuroblast exit from
quiescence is controlled in part by the glycoprotein Anachron-
ism (Ana), which is secreted by the surrounding glial cells
(36). Ana’s role in neuroblast proliferation suggests that
stem cell proliferation in the brain is controlled by its micro-
environment. Whether FMRP is required in glial cells
remains to be elucidated. In further support of this notion, a
recent study has implicated both Branchless and Hedgehog
signaling pathways in NB’ exit from quiescence (37). It will
be interesting to see whether FMRP cooperates with these
genes or utilizes distinct mechanisms to regulate neural stem
cell quiescence during brain development.

MATERIALS AND METHODS

Drosophila stocks

Fly stocks were maintained at 258C on standard cornmeal agar
medium. All larvae and adults were obtained from 6 h egg col-
lections to minimize developmental effects. The dFmr13/Df
6265 mutant was produced by crossing w1118;; dFmr13/
TM6C Tb Sb with the deficiency Df 6265/TM6B Tb Hu,
which removes the dFmr1 locus. The dFmr1 genomic rescue
line (w1118; P[dFmr1+; dFmr13/TM6C Sb Tb) was kindly

Figure 7. Proposed model for FMRP function in the developing brain. FMRP
controls the dynamic proliferative activity of neuroblasts during development.
See text for details.

to be significantly increased in dFmr13/50M mutant brains (H, H′), quantified in (I). (J–K′) At 18–24 h ALH, the number of Miranda/CycE positive cells remains
significantly increased in dFmr13/50M mutant brains (K, K′), quantified in (L). (M–N′) At 24–30 h ALH, the number of Miranda/CycE positive cells is now
significantly increased in w1118 brains (M, M′), compared with the mutant brains (N, N′), quantified in (O). (P) Line plot of average CycE/Miranda positive
neuroblasts at each 6 h interval ALH. Student’s t-test was used to calculate statistical significance (see text for P-values). Scale bars: (A) 30 mm, (D)
30 mm, (G) 30 mm, (J) 40 mm, (M) 40 mm. Panels (A–B′) represent projections of two to three individual confocal slices to capture all mb neuroblasts. All
remaining images represent single confocal slices (2 mm thick).
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provided by Dr Tom Jongens, University of Pennsylvania.
MARCM clones were generated using the following stocks
(kindly provided by C.-Y. Lee, University of Michigan):
elav Gal4 UAS mCD8-GFP hsflp;; FRT82B Tub Gal80/
TM6B Tb Hu crossed with w1118;;[P neoFRT]82B
P[Ubi-GFP.D]83] (for control clones) or w1118;; FRT82B
dFmr13/TM6B-GFP and w1118;;FRT82B dFmr150M/
TM6B-GFP (for dFmr1 clones). The FRT82B dFmr1 stocks
were generously provided by K. Broadie (Vanderbilt Univer-
sity). For developmental studies, transheterozygote larvae
were produced by crossing w1118;;FRT82B dFmr13/
TM6B-GFP with w1118;;FRT82B dFmr150M/TM6B-GFP.
Timed larvae were selected against GFP, then dissected and
processed as described below.

For live imaging experiments, yw; wor-Gal4, UAS-cherry::
Jupiter, UAS-GFP::Mira was used as a wild-type control. For
mutant studies, the control stock was introduced into a dFmr13

background by standard genetic techniques. Larval brains
were imaged live for several hours as previously described
(27).

Brain squashes

Whole brain squashes were prepared as described in Pimpinelli
et al. (38) (protocol 1.9, method 3 w/o steps necessary for
immunodetection). Briefly, DAPI stained late third instar
larval brains were squashed between the slide and the coverslip
to visualize the chromosome morphology. Mitotic figures were
counted manually using a Nikon E800 (Nikon Instruments Inc.)
with standard filters for DAPI, FITC and Cy3.

Mosaic analysis with a repressible cell marker (MARCM)
clones

MARCM clones were generated as described (16). In brief,
clones were induced by placing the larvae at 378C for 1 h at
4–10 or 48–54 h ALH. Brains were dissected from larvae
of the appropriate genotype at late third instar stage or from
newly enclosed adults. Brains were immunolabeled and
imaged as described below.

Flow cytometry

To detect the DNA content of larval brain cells, 10 third instar
larvae brains were dissected in Grace’s insect cell culture
medium (GIBCO). After removal of Grace’s, 700 ml of filtered
ice-cold Partec Buffer (200 mM Tris–HCl, pH 7.5, 4 mM

MgCl2, 0.1% Triton X-100) was added to the brains. The
samples (three biological replicates) were processed as pre-
viously described (7). After adding DAPI (100 mg/ml),
samples were kept on ice for 60 min before analysis on a
BD FACS Aria high-speed cell sorter (BD BioSciences). As
controls, we used either dFmr1 heterozygous larvae processed
separately or a Histone2A-GFP control line processed simul-
taneously with the mutant samples.

Antibodies

Antibodies used in this study were: Primary antibodies: rabbit
anti-Asense (1:400, a gift from Cheng-Yu Lee, University of

Michigan), rat anti-Miranda (1:100), rat anti-Prospero
(1:100, Developmental Studies Hybridoma Bank), rabbit
anti-PH3 (1:500, Millipore, Temecula, CA, USA), mouse anti-
Elav (1:500, Developmental Studies Hybridoma Bank), rabbit
anti-Lgl [1:500, see Zarnescu et al. (39)], mouse anti-BrdU
[1:20, BD Bioscience, San Jose, CA, see Gratzner (40)],
guinea pig anti-CycE (1:500, a gift from Giovanni Bosco, Uni-
versity of Arizona and Terry Orr-Weaver, MIT) and mouse
anti-FMRP (6A15 at 1:500, Abcam). DNA was visualized
using DAPI (Sigma-Aldrich, St Louis, MO, USA). Secondary
antibodies were goat anti-mouse, rabbit or guinea pig IgG,
coupled to the FITC, Alexa 568, 594 or 633 fluorophores
and used in conjunction with the appropriate primary anti-
bodies at 1:1000 (1:250 for FITC goat anti-guinea pig).

Immunohistochemistry

Staged larvae were dissected in PBS, and the central nervous
system was immediately fixed in 4% formaldehyde (Ted Pella,
Inc.) in PBS for 20 min. All incubations were performed at
room temperature unless otherwise noted. After three washes
in PBS (10 min each), the brains were permeabilized in
0.3% Triton X-100 in PBS (PBT) with 3 × 10 min washes.
Non-specific binding was blocked with 10% normal goat
serum (in PBT) for 30 min. Primary antibody incubation was
performed at 48C, overnight. After three washes (10 min
each), the brains were blocked again for 30 min. Secondary
antibody incubations were performed for 3 h. DAPI was
added to the secondary antibody solution for the final
30 min. Following three washes in PBS (10 min each), the
samples were mounted in Vectashield (Vector Labs, Orton
Southgate, UK) and imaged as described below.

For BrdU incorporation, brains were dissected in Grace’s
insect Media, and incubated for 30 min in 5 mg/ml BrdU/
Grace’s. Following three washes in Grace’s, the brains were
fixed in 4% formaldehyde (in PBS). Immunostaining was
performed as described above, with the addition of a 30 min
2 N HCl treatment before blocking and primary antibody
incubation.

Imaging

Images were acquired using a Zeiss Axiovert 200 510 LSM
META confocal microscope (Carl Zeiss Inc., Thornwood,
NY, USA), using 40× and 63× objectives. Confocal slices
were acquired every 2 mm when using the 40× objective
and every 1 mm when using the 63× objective. Images were
processed using LSM software and Adobe Photoshop (Adobe).

Live imaging

Live imaging was performed as previously described (27). In
brief, early third instar larvae (48–72 ALH) were dissected
and mounted in Schneider’s insect media (Sigma) sup-
plemented with 1% bovine growth serum (BGS; HyClone),
0.5 mM ascorbic acid and the fat bodies of 10 wild-type
larvae. Movies were acquired on a McBain spinning disc con-
focal microscope equipped with a Hamamatsu EM-CCD
camera, using a 63× 1.4NA oil-immersion lens.
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