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Neurobiology of Disease

Defective Neuronal Development in the Mushroom Bodies of
Drosophila Fragile X Mental Retardation 1 Mutants

Carlos I. Michel,’* Robert Kraft,'* and Linda L. Restifo!-
!Arizona Research Laboratories, Division of Neurobiology, University of Arizona, Tucson, Arizona 85721-0077, and 2Department of Neurology, Arizona
Health Science Center, Tucson, Arizona 85724

Fragile X mental retardation 1 (Fmrl) is a highly conserved gene with major roles in CNS structure and function. Its product, the
RNA-binding protein FMRP, is believed to regulate translation of specific transcripts at postsynaptic sites in an activity-dependent
manner. Hence, Fmrl is central to the molecular mechanisms of synaptic plasticity required for normal neuronal maturation and
cognitive ability. Mutations in its Drosophila ortholog, dfimrl, produce phenotypes of brain interneurons and axon terminals at the
neuromuscular junction, as well as behavioral defects of circadian rhythms and courtship. We hypothesized that dfmrl mutations would
disrupt morphology of the mushroom bodies (MBs), highly plastic brain regions essential for many forms of learning and memory. We
found developmental defects of MB lobe morphogenesis, of which the most common is a failure of 3 lobes to stop at the brain midline. A
similar recessive 3-lobe midline-crossing phenotype has been previously reported in the memory mutant linotte. The dfmrl MB defects
are highly sensitive to genetic background, which is reminiscent of mammalian fragile-X phenotypes. Mutations of dfmrI also interact
with one or more third-chromosome loci to promote «/3-lobe maturation. These data further support the use of the Drosophila model

system for study of hereditary cognitive disorders of humans.
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Introduction
Fragile X syndrome, a very common form of inherited mental
retardation (Sherman, 2002) caused by mutation of the fragile-X
mental retardation 1 (Fmrl) gene, manifests as cognitive deficits,
with visuospatial skills more impaired than language (Bennetto
and Pennington, 2002). Some patients have epilepsy or neurobe-
havioral disorders, including autism (Hagerman, 2002). Regional
brain defects have been detected (Kates et al., 2002), but their
specificity and causality remain unresolved (O’Donnell and War-
ren, 2002). Single-neuron-level staining techniques reveal in-
creased density of long, thin dendritic spines in cortical areas of
fragile-X-syndrome brains (Rudelli et al., 1985; Hinton et al.,
1991; Irwin et al., 2001). The abnormality suggests dendritic im-
maturity, implying that Fmrl is required for spine pruning and
maturation during synaptogenesis (Irwin et al., 2001).

Fragile X syndrome typically results from expansion of a
trinucleotide repeat in the 5'-untranslated region, followed by
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hypermethylation-induced transcriptional silencing of Finrl (Jin
and Warren, 2000). The gene product, FMRP, is expressed in
brain neurons (Devys et al., 1993) and binds to specific mRNAs
(Brown et al., 2001; Darnell et al., 2001; Schaeffer et al., 2001),
repressing their translation in vitro (Laggerbauer et al., 2001; Li et
al., 2001; Mazroui et al., 2002; Zalfa et al., 2003). Indirect evi-
dence suggests that FMRP shuttles between the nucleus and
polyribosomes near synapses (Feng et al., 1997). Moreover,
FMRP expression is neuronal activity-dependent in several sys-
tems (Weiler et al., 1997; Irwin et al., 2000; Todd and Mack,
2000). The evidence supports a model of FMRP as a selective
regulator of postsynaptic protein synthesis involved in develop-
mental and adult synaptic plasticity (Greenough et al., 2001; An-
tar and Bassell, 2003; Jin and Warren, 2003).

A mouse model, generated by transposon disruption of mu-
rine Fmrl (Dutch-Belgian Fragile X Consortium, 1994), likewise
shows cortical dendritic immaturity (Comery et al., 1997; Nim-
chinsky et al., 2001; Irwin et al., 2002; Galvez et al., 2003). Den-
dritogenesis and synaptogenesis in cultured hippocampal neu-
rons are defective (Braun and Segal, 2000), as is long-term
depression in hippocampal slices (Huber et al., 2002). Behavioral
abnormalities of mutant mice are surprisingly mild (Kooy, 2003),
perhaps because of functional redundancy of FxrI or Fxr2 (Kirk-
patrick et al., 2001). Another important clue is provided by ge-
netic background effects on behavioral (Paradee et al., 1999;
Dobkin et al.,, 2000) and neuroanatomical (Ivanco and
Greenough, 2002; Mineur et al., 2002) phenotypes.

Drosophila fmrl (dfmrl), the sole ortholog (Wan et al., 2000),
offers advantages because loss-of-function mutations are more
likely to result in phenotypic defects. dfimrl mutants have abnor-
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mal circadian rhythms and courtship behavior (Dockendorff et
al., 2002; Inoue et al., 2002; Morales et al., 2002). Peripheral phe-
notypes include overgrown, dysfunctional motor neuron termi-
nals (Zhang et al., 2001) and overgrown sensory neuron dendritic
arbors (Lee et al., 2003). In the CNS, where dFMRP is widely
expressed in neurons, mutant interneurons have abnormal neu-
rite extension, guidance, and branching (Morales et al., 2002). As
for conserved molecular features, experiments in Drosophila have
revealed a phosphorylation site (Siomi et al., 2002), a functionally
relevant target (Kaytor and Orr, 2001; Zhang et al., 2001), and
mechanisms of translational control (Caudy et al., 2002; Ishizuka
et al., 2002; Jin et al., 2004).

Because mushroom bodies (MBs) are the best-characterized
insect brain region involved in associative learning and memory
(Heisenberg, 2003), we proposed that dfmrl regulates MB struc-
ture and function. Below we demonstrate specific developmental
defects of MB morphogenesis in dfmrl mutants that are modu-
lated by genetic interactions.

Materials and Methods

Drosophila rearing and genetics. Fly stocks were maintained at room
temperature on corn meal-yeast-agar medium obtained from the Tucson
Drosophila Species Stock Center (Tucson, AZ). Experimental cultures
were reared at 25°C, 60—80% relative humidity, on corn flour-yeast-agar
medium (Elgin and Miller, 1978). Wild-type control strains included
OreRC and w(z), a “Cantonized” strain of w'!’® obtained from T. Tully
(Cold Spring Harbor Laboratories, Cold Spring Harbor, NY) (Bolwig et
al., 1995). The P[UAS-GFP.S65T] reporter line encoding a cytoplasmi-
cally localized, mutant green fluorescent protein (GFP) (Cubitt et al.,
1995) was constructed by B. Dickson (University of Vienna, Vienna,
Austria; FlyBase accession number FBrf0086268) and provided by K. Ito
(University of Tokyo, Tokyo, Japan). This second-chromosome trans-
gene was recombined onto the P[GAL4]201Y chromosome to produce
201Y UAS-GFP, which was crossed into various backgrounds for mush-
room body visualization, especially of the ylobes (Kraft et al., 1998). See
Brand and Dormand (1995) for a description of the GAL4-UAS reporter
system in Drosophila.

Mutant alleles of dfmrl [also known as Drosophila fragile-X-related
(dfxr)] were obtained from B. Hassan (Baylor College of Medicine,
Houston, TX), who had obtained them from A. Bailey and G. Rubin
(Berkeley Drosophila Genome Project, Berkeley, CA). These included
P[EP]3517, a P-element insertion into the second exon, which encodes
5’-untranslated region sequences, and three internal deletion alleles re-
sulting from imprecise excision: A50, A83,and A113 (Zhangetal., 2001).
A fourth internal deletion allele derived from P[EP]3517, A3 (also called
dfmr1®) (Dockendorff et al., 2002), was provided by T. Jongens (Univer-
sity of Pennsylvania, Philadelphia, PA). All alleles had been outcrossed
for several generations. The dfmr1 stocks all have a w-mutant X chromo-
some, and were maintained balanced over TM6B, Tb e or TM6C, Tb Sb e
or TM3, Sb e. Standard mating procedures were used to generate trans-
heterozygous allele combinations.

Animals were selected at readily identified stages (for metamorphosis
staging criteria, see Bainbridge and Bownes, 1981): wandering third in-
star larva, puparium formation [white prepupa (P1)], pupation [identi-
fied by head eversion (HE) (P4ii)], or eclosion (A1). They were either
dissected immediately or aged for various times. Pupal stages are given
relative to head eversion, which typically takes place ~12 hr after pupa-
rium formation. Prepupae and pupae were aged at 25°C under high-
humidity conditions as previously described (Restifo and White, 1991).
We found these high-humidity conditions and the corn flour-based lar-
val culture medium (see above) ideal for maximizing the maturational
potential of developmental mutants (Restifo and White, 1991; Restifo
and Merrill, 1994). A “pharate adult” stage (P14-15), within hours of
adult emergence, was chosen for most analyses because brain develop-
ment has reached mature adult morphology, and the lack of muscle
activity and lack of air in the tracheal system allow for optimal dissection
and fixation (Restifo and White, 1991).
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We used the A113 allele to quantify the viability of mutants in two
ways. On the basis of numbers of homozygous and heterozygous adults
emerging from mating A113/TM6B, Tb e males and virgin females, the
viability of A113/A113 was estimated at 78% compared with balancer
siblings. We then conducted a lethal phase analysis in which individual
prepupae of both genotypes were selected and observed throughout
metamorphosis. Ninety percent of A113/A113 mutants attempted eclo-
sion (n = 152), with ~80% succeeding, which was slightly better than the
developmental performance of their balancer sibs. Moreover, the devel-
opmental rate of the mutant animals was normal. On the basis of these
observations, most of the mutants examined during metamorphosis
were alive and healthy.

We generated new excisions of P[EP]3517 by standard methods (Rob-
ertson et al., 1988) and screened for precise excisions by PCR amplifica-
tion using primers flanking the insertion site (data not shown).
Ex(3517)-16 is one such sequence-confirmed revertant. T. Jongens also
provided a line, P[dfimr]1™], carrying a wild-type genomic transgene
spanning the entire dfrl transcription unit, inserted into the second
chromosome (Dockendorff et al., 2002). The chromosomal deletion
Df(3R)by62, which is missing cytogenetic region 85D10-11 through
85F8—-11 (FlyBase accession number FBab0002716), was obtained from
the Bloomington Drosophila Stock Center (over TM1, Me red e) and from
T. Dockendorff (Miami University of Ohio) (over TM6C, Tb Sb e). Be-
cause recent FlyBase entries have been inconsistent about whether
Df(3R)by62 deletes dfinrl, we used PCR amplification of Df(3R)by62/A3
genomic DNA to confirm that dfmrl sequences are indeed missing from
the Df(3R)by62 chromosome (data not shown).

Fluorescence labeling and microscopy of whole-mount brain prepara-
tions. The brains were removed in cold Drosophila buffered saline (Bud-
nik et al., 1986) and fixed for 1-3 hr on ice in 4% formaldehyde (Ted
Pella, Redding, CA) in PBS. After three 15 min washes in PTN (0.1 m
sodium phosphate, pH 7.2, 0.1% Triton X-100, and 0.1% sodium azide)
at 4°C, the tissue was incubated with a mouse monoclonal antibody
against Fasciclin I (FasIl; monoclonal antibody ID4; Developmental
Studies Hybridoma Bank, Iowa City, IA) at a 1:25 dilution in PTN for
12-16 hr at 4°C. The tissue was washed six times for 20 min each at room
temperature with PTN and then incubated with Cy3-conjugated goat
anti-mouse secondary antisera (Jackson ImmunoResearch, West Grove,
PA) ata 1:1000 dilution in cold PTN for 3 hr at 4°C in darkness. This was
followed by six 20 min washes in PTN at room temperature in darkness.
Tissue was briefly washed in 0.1 m Tris-HCI, pH 8.0, and mounted in
polyvinyl alcohol (Sigma, St. Louis, MO) with DABCO (1,4-dia-
zabicyclo[2.2.2.]octane) (Sigma) to minimize fading of fluorescent sig-
nals (Withers and Banker, 1998). The anti-FasII staining and the GFP
signal were visualized by laser-scanning confocal microscopy using a
Nikon (Tokyo, Japan) PCM 2000 mounted on a Nikon E800 micro-
scope with a 60X (numerical aperture, 1.4) oil-immersion objective and
SimplePCI image acquisition software (Compix, Tualatin, OR). Prepa-
rations were scanned with a helium-neon laser line with an excitation
maximum at 543 nm and a long-pass filter at 565 nm for Cy3 and with an
argon laser line with an excitation maximum at 488 nm and a bandpass
filter at 500-530 nm for GFP. The selection of subsets of optical sections
for the creation of projected images was performed using SimplePCI.
Images were assembled using CorelDraw 9 software (Corel, Ottawa, On-
tario, Canada). Color schemes (Figs. 1, 2) were chosen to be colorblind-
friendly, using the guidelines of M. Okabe and K. Ito (University of
Tokyo, Tokyo, Japan) (http://jfly.iam.u-tokyo.ac.jp/color/).

Scoring and classification of mushroom body phenotypes. Brain mor-
phology was assessed by examining individual optical sections (z = 0.5—
1.0 wm) of anti-FaslI-labeled or 201Y-directed GFP-expressing brains, or
both, with special attention to the mushroom body lobe and ellipsoid body
regions. Note that the ellipsoid body is closely associated with the 3 and y
lobes, sitting just posterior to them, and that the ellipsoid body, which stains
strongly for Fasll, normally crosses the midline dorsal and ventral to the
lobes (Rein et al., 2002). The B-lobe midline-crossing phenotype was classi-
fied as “severe,” “moderate,” “mild,” or “normal,” with normal brains (Fig.
1A,B) showing no S-lobe fibers crossing the midline. The classification of
abnormal phenotypes was based on the thickness and density of anti-FasII-
labeled B-lobe fibers crossing the midline. Severe fusion was observed as a
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densely stained band equal to or greater in width
and thickness than those of the adjacent 8 lobes
(Fig. 1C,D,H). A moderate score was assigned
when the thickness of the fiber bundle crossing the
midline was considerable but less than the width
of the B-lobe termini (Fig. 1G). A mild score was
assigned when a thin band of fibers crossed the
midline; this phenotype was often very subtle and
only apparent in a few optical sections (Fig. 1F).
Mild phenotypes might easily be missed with low-
er-resolution methods. B-lobe crossing was usu-
ally bilaterally symmetric, but occasionally a band
of fibers appeared to extend from only one 3 lobe
and traverse the midline, e.g., when the other 3
lobe was missing or not projecting in the normal
medial direction (see below). When midline
crossing was observed from a single 3 lobe, the
phenotype severity was scored according to the
above criteria.

Accessory mushroom body phenotypes of
pharate adults were defined as instances of gross
a- or B-lobe dysmorphology, with one or more
lobes apparently missing or misdirected. A
mushroom body immaturity phenotype, also
assessed by anti-FaslI labeling and identified in
association with Df(3R)by62, consisted of lobe
morphology in a pharate adult brain resem-
bling normal mushroom bodies at consider-
ably earlier developmental stages. In particu-
lar, lobe diameter was unusually thin and
variable along the length of the lobes. The
phenotype was scored as severe, moderate, or
“within normal limits” (WNL) on the basis of
the degree to which mushroom body lobe
maturity deviated from that observed in the
wild type at the same developmental stage
(see Fig. 5A-C). This phenotype was scored
blind with respect to genotype.

Results

dfmr]l mutants have a mushroom body
B-lobe midline-crossing phenotype

The MBs are paired neuropils arranged
symmetrically about the midline of the
brain. In wild-type Drosophila melano-
gaster, axon-like fibers in the medially pro-
jecting lobes terminate near the midline
but do not cross it (Strausfeld et al., 2003).
We identified MB structural phenotypes
in dfmrl mutants by immunostaining for
FasIl of whole brains dissected from
pharate adults. As previously described for
sectioned material (Crittenden et al.,
1998), confocal microscopy reveals strong
immunolabeling of &/ neurons along the
peduncles as well as distally as their axons
bifurcate and project dorsally into the «
lobes and medially into the B lobes.
Weaker anti-FaslI labeling is seen in vy
neurons which are unbranched and
project medially into the <y lobes (Fig.
1A,E). In contrast to wild-type MB mor-
phology, brains of dfinr] mutants show 3-

lobe fibers extending across the midline, sometimes sufficient to
cause apparent fusion of the right and left 8 lobes (Fig. 1C). Using
GAL4-201Y and a UAS-GFP reporter (see Materials and Meth-
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Figure1.  Mutationsin dfmr1 cause MB 3-lobe fibers to cross the brain midline: lobe specificity and variable expressivity. A-D,
Projections of sequential optical sections through the MB lobe regions from two pharate adult whole-mount brain preparations.
Frontal views; dorsal is at the top. Fasll expression, which is strong in the cc and 3 lobes and weaker in the -y lobes, is detected by
immunostaining and is shown as magenta (4, (). Fasllis also expressed in the ellipsoid body (eb) of the central complex, which is
centered about the brain midline (arrowhead) immediately posterior to the medially directed MB lobes. The antennal lobes (AL)
stain weakly for Fasll. GFP reporter expression driven by GAL4—207Y, which is strong in the -y lobes and weaker in ccand 3 lobes,
is shown as green (B, D). Stars indicate processes of the median bundle extending along the brain midline from cell bodies in the
pars intercerebralis that are positive for both Fasll and GFP (Ito et al., 1997). A, B, Wild-type (207Y UAS-GFP/+) MB lobes
exhibiting normal morphology. 3 and -y lobes terminate adjacent to the brain midline without crossing it. ¢, D, dfmr1 mutant
(207Y UAS-GFP/+; A83/A83) MBlobes. 3-lobe fibers crossing the brain midline (arrow) are visualized by both anti-Fasll ( () and
GFP (D). However, the -y lobes appear normal and do not extend across the midline. The somewhat higher-than-normal Fasll
labeling intensity of mutant -y lobes ( () is occasionally seen in dfmr 7 mutants. £, Diagram of wild-type adult mushroom body, left
side only (adapted from Crittenden et al., 1998). D, Dorsal; M, medial. A single representative of each of the three major subtypes
of Kenyon cells (y, a'/B’, o/ B) is shown projecting a dendritic arbor within the calyx and an axon-like process through the
peduncle and into its respective lobe(s). The relative positions of the neuronal cell bodies are not intended to imply anatomical
segregation of the three types. F—H, Projection of sequential optical sections through the o and (3 lobes, visualized by Fasll
immunostaining, showing representatives of the phenotypic categories used in scoring 3-lobe midline crossing. Frontal views;
dorsal is at the top. The distal end of the peduncle (p), composed of axonal projections from the neuronal cell bodies to the MB
lobes, isvisiblein Fand G. F, Mild (P[EP13577/P[EP13517 ). Athin band of B-lobe fibers crosses the midline, linking the dorsal-most
regions of right and left lobes (arrow). G, Moderate (A7173/TM6B). The B-lobe fiber bundle crossing the midline is substantial
(arrow) but less than the thickness of the 3-lobe termini. H, Severe (A50/A773). A densely stained band (arrow) equal to or
greater in thickness than the 3 lobes extends across the midline; the lobes appear fused. Scale bars: A-D, F~H, 50 pm.

ods) to visualize the ylobes (Fig. 1 B, D), it was evident that dfinr1
mutant y-lobe fibers do not extend across the brain midline (Fig.
1 D). In other words, dfmrl mutations cause a selective defect in
MB morphology involving neurons born during metamorphosis,
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whereas their y-neuron neighbors, which are regenerating in
close proximity at the same time (Lee et al., 1999), are unaffected.

Because the 3-lobe midline-crossing phenotype was variable
in degree, we developed a classification scheme based on the ap-
parent fraction of B-lobe axons that cross the midline (see Mate-
rials and Methods) (Fig. 1 F-H). Several dfmr]l mutant alleles
were examined either as homozygotes or as transheterozygotes,
including the P-element insertion allele, P[EP]3517, and four
internal deletions, A83, A3, A113, and A50, derived by imprecise
excision (Fig. 2F). With the exception of A50 homozygotes,
many of which could not be scored (see below), the penetrance
and expressivity of the B-lobe midline-crossing phenotype was
high for all mutant genotypes tested, with >60% of brains show-
ing severe midline crossing (Fig. 2A). Within a given genotype,
there was no sexual dimorphism in penetrance or expressivity
(data not shown). Although there was some variation in pen-
etrance and expressivity among the alleles, there was no differ-
ence between the hypomorphic insertion allele, P[EP]3517,
which has reduced protein expression (Morales et al., 2002) and
A3, the largest deletion allele, which must be protein-null (Dock-
endorffetal., 2002). MBs of newly eclosed or 2-d-old adult dfinr1
homozygous mutants also showed B-lobe midline crossing in a
majority of animals (see below).

In OreRC, a wild-type laboratory strain, we found a very low
incidence and severity of B-lobe midline crossing: 7% mild and
7% moderate (Fig. 2 B), which is similar to other analyses based
on brain sections (Moreau-Fauvarque et al., 1998) and consistent
with the occasional wild-type B-lobe axon seen crossing the mid-
line in Golgi preparations (N. J. Strausfeld, personal communi-
cation). When A83 was placed over a wild-type third chromo-
some from an OreRC parent, the resulting heterozygotes showed
no midline crossing (Fig. 2C). Similarly, A113 over a wild-type
third chromosome from one of several sources showed normal
B-lobe morphology (data not shown). Balancer siblings from the
dfmrl mutant stocks had either normal 8 lobes or alow incidence
of midline crossing (Fig. 2C). Hence, the B-lobe midline-crossing
phenotype is recessive.

The -lobe midline-crossing phenotype maps to dfmrl
Approximately 70% of P[EP]3517 homozygous brains exhibited
B-lobe midline crossing, with a great majority having a severe
phenotype. If the phenotype results from P-element insertion
into the dfmrl gene, then the precise excision of this transposon
should rescue B-lobe morphology. Excision lines were generated
by standard procedures, and several independent precise exci-
sions of the P element were identified by PCR amplification using
primers flanking the insertion site (data not shown). Examina-
tion of the brains of homozygous precise-excision animals
showed phenotypic reversion to wild-type or near-wild-type lev-
els (Fig. 2 B). For example, Ex(3517)-16 homozygotes had 14%
B-lobe midline crossing but only of the mild or moderate class.
This is comparable with the frequency and severity of the pheno-
type in OreRC (Fig. 2B).

In a parallel approach to mapping the B-lobe midline-
crossing phenotype, we provided a single wild-type copy of dfmr1
(P[dfmr1™]) to mutant transheterozygotes. To be able to com-
pare siblings, we crossed w; P[dfmrl™]; A3/TM6C, Tb Sb e to
either w; +/+; A83/A83 or w; +/+; A113/A113. Each experiment
yielded transheterozygous siblings (A3/A83 or A3/A113, respec-
tively) that differed by the presence or absence of the wild-type
dfmrl transgene, which was detectable because of the effect of
mini-w” on eye color. For both A3/A83 and A3/A113, the pres-
ence of a single wild-type dfmrl transgene greatly reduced
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the penetrance and expressivity of the B-lobe midline-crossing
phenotype (Fig. 2D). Together, the phenotypic reversion after
P-element excision and the partial rescue by a single copy of
dfmr1™* demonstrate that B-lobe midline crossing maps to the
dfmrl gene. This MB phenotype is very similar to that of the
mutant linotte (Moreau-Fauvarque et al., 1998; Simon et al.,
1998), originally identified because of a memory phenotype
(Dura et al., 1993).

Given the high penetrance and expressivity of the B-lobe
midline-crossing phenotype of dfinr] mutants, it is surprising
that other investigators did not detect it using anti-FasII immu-
nostaining (Dockendorff et al., 2002). Potential contributors to
this discrepancy include both technical and biological issues.
First, if lower-resolution microscopy methods were used, it
would have been possible to confuse 3-lobe midline crossing
with the normal morphology of the adjacent ellipsoid body or
simply to miss a mild phenotype. Second, because there is some
late-pupal lethality of dfmrl mutants (see Materials and Meth-
ods), the penetrance and severity of MB phenotypes in adults may
belower than in pharate adults. Our observation that only 42% of
2-d-old dfmrl homozygous mutants have severe 3-lobe midline
crossing (compare Fig. 2 A, E) is consistent with this idea. Finally,
there could be spontaneous “correction” of B-lobe defects after
eclosion, analogous to the report of transient abnormalities of
cortical dendritic development in fimr] mutant mice (Nimchin-
sky et al., 2001). However, we consider this very unlikely because
the overall penetrance of 3-lobe midline crossing in 2-d-old adult
mutants is very high, 79% (n = 19).

Genetic background strongly affects the penetrance of B-lobe
midline crossing

The normal B-lobe morphology of A83/+ brains demonstrates
the recessive nature of the midline-crossing phenotype. Nonethe-
less, the modest penetrance of the phenotype in balancer siblings
(=30%) (Fig. 2C) was noteworthy. Moreover, when we replaced
the third chromosome balancers to create dfmrI stocks for differ-
ent purposes, we noticed wide variation in the midline-crossing
phenotype among balancer heterozygotes. These observations
suggested the possibility of an interaction between dfmrl muta-
tions and other sites on the third chromosome. To test this di-
rectly, we mated A83/TM6B, Tb e to A83/TM3, Sb e and exam-
ined three classes of progeny siblings for the frequency and
severity of B-lobe midline crossing (Fig. 2 E). As previously, A83/
A83 brains showed 100% penetrance, the vast majority of which
was severe, and A83/TM6B showed 30% penetrance, most of
which was mild and moderate. However, A83/TM3 brains
showed 90% penetrance, and 90% of that was severe. In other
words, in the presence of the TM3 balancer, the dfmrl 3 lobe
midline-crossing phenotype becomes dominant. A similar en-
hancement was seen with the TM1, Me red e third chromosome
balancer (data not shown). Thus, the B-lobe midline-crossing
phenotype caused by dfmr]l mutations is highly susceptible to ge-
netic background effects, as is the hippocampal phenotype of Fmrl
mutant mice (Ivanco and Greenough, 2002; Mineur et al., 2002).

Development of the 3-lobe midline-crossing phenotype
during metamorphosis

The o/ Kenyon cells are born during the first half of metamor-
phosis; as they differentiate, each neuron extends an axon-like
process that branches into the ipsilateral /B lobes (Lee et al.,
1999). Given the neurite overgrowth phenotypes previously re-
ported in dfmrl mutants (Zhang et al., 2001; Dockendorff et al.,
2002; Morales et al., 2002), the midline-crossing phenotype in
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Figure2. Penetrance and expressivity of the mushroom body phenotypes in pharate adult brains
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of various genotypes. For each genotype, the 3-lobe midline-crossing phenotype is depicted in

gray scale on the left of the graph, and accessory phenotypes are shown color-coded on the right (see boxed legend). The number of samples analyzed is shown in parentheses. A, Homozygous and

transheterozygous dfmr7 mutants. Penetrance and expressivity of B-lobe midline crossing are very
B, Comparison of the wild-type strain OreRC and the precise-excision line Ex(3577)-16. Precise exc

high. Accessory phenotypes have much lower penetrance and are limited to a subset of alleles.
ision has normalized both midline-crossing and accessory phenotypes. (, Heterozygotes. The

TM6B-bearing animals were all siblings of homozygotes or transheterozygotes shown in A. The wild-type + chromosome came from OreRC. Heterozygotes show much less, if any, B-lobe midline
crossing than do homozygous and transheterozygous mutants, but accessory phenotypes persist in the presence of A50and A83 alleles. D, Results from two rescue experiments using the genomic
transgene Pldfmr1™]; each pair of samples represents siblings derived from a cross. A single wild-type copy of dfmr1™ greatly improves the midline-crossing phenotypes of both A83/A3 and
AT713/A3 mutants. However, the accessory phenotypes associated with A83 are not reduced. £, Three sibling classes from the mating of A83/TM6B to A83/TM3 demonstrate the effect of different
balancers on the midline-crossing phenotype. These samples are independent of those of the same genotype shown in other parts of this figure. F, Diagrammatic representation of the dfmr1 locus

(modified from Zhang etal., 2001; Dockendorff et al., 2002). The exons are depicted as boxes (orasa i

nein the case of the very small exon 1) aligned in their approximate positions along the genomic

sequence, with noncoding regions in white and coding regions in black. The insertion site of the P-elementallele P[EP] 3577 into the second exon is shown, as are the approximate sizes of the internal

deletions of four alleles (A83, A713, A50, A3) generated by the imprecise excision of P[EP]3517.

dfmrl mutant MBs at the end of metamorphosis might result
from failure of B-lobe axons to terminate their growth as they
approach the midline, thus extending into the contralateral
B-lobe region. An alternative possibility is that wild-type 3-lobe
axons transiently cross the midline during their initial outgrowth

and are subsequently pruned back, with the dfmr] mutant phe-
notype reflecting failure of branch pruning. To resolve this ques-
tion, we compared MB development in wild-type and mutant
brains, using A83 homozygotes because they manifest complete
penetrance of the midline-crossing phenotype, and several differ-
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ent control genotypes, including 201Y UAS-GFP/+, w(z) and
A83/TM6B.

First, we used the 201Y driver to show that the medial lobes of
late larval y neurons in A83 or A113 homozygous mutant MBs
(n = 20) do not cross the midline (data not shown). Moreover,
retraction of vertical and medial branches of y neurons occurs on
schedule and to its full extent in young mutant pupae (n = 6)
(data not shown). Given the normal midline phenotype of mu-
tant larval and young pupal vy neurons, the late-stage -lobe
midline-crossing phenotype cannot be blamed on faulty
y-neuron morphology earlier in development. Second, we used
FasII immunostaining to track the development of /3 neurons.
In wild-type pupae at HE + 1617 hr, the e and 3lobes appear as
thin bundles projecting dorsally and medially (Fig. 3A). These
bundles lengthen and thicken over the next several hours, and by
HE + 22 hr, the tips of the 3 lobes reach their maximum medial
extension, approaching but not crossing the brain midline (Fig.
3C). The appearance is similar at HE + 24 hr, except for a slight
enlargement of lobe diameter (Fig. 3E). Over the next 24 hr, the
two lobes continue to increase in diameter as fibers of newly born
o/B neurons are added (Fig. 3G). Between 48 and 72 hr after HE,
a/B lobes resemble their appearance in the pharate adult (data
not shown). We saw no evidence in the wild type of transient
midline crossing of B-lobe fibers.

In A83/A83 mutant brains, the o and 3 lobes also appear as
thin FasII-immunoreactive bundles at HE + 16—17 hr (Fig. 3B),
with progressive thickening over the next 30 hr. The medial tips
of the B lobes approach the midline at the correct time (HE + 22
hr) (Fig. 3D), but immediately thereafter, fibers can be seen to
extend from the B-lobe termini across the midline (Fig. 3F). By
48 hr, the right and left 3 lobes appear fused and very similar to
the pharate-adult mutant phenotype (Fig. 3H). Thus, the
midline-crossing phenotype is attributable to 3-lobe axons fail-
ing to stop at the normal lobe terminus and, instead, growing
across the brain midline into the contralateral B lobe. Consistent
with what we saw in the pharate adults, the phenotype usually
develops symmetrically.

Accessory mushroom body phenotypes of dfinr] mutants

In addition to the high-penetrance, recessive 3-lobe midline-
crossing phenotype of dfmrl mutants, other MB abnormalities
were observed at low frequency with some alleles (Figs. 2, 4).
These accessory phenotypes most often involve the a lobe, but
B-lobe involvement was occasionally seen as well. There were two
general varieties of accessory phenotypes: lobe(s) missing or
lobe(s) misdirected. For ease of graphical display (Fig. 2), we
grouped “missing” and “misdirected” accessory phenotypes but
separated them according to which lobes were involved. Note
that the combination of highly penetrant S-lobe midline crossing
and low-penetrance a-lobe-missing has been previously reported
in the memory mutant linotte (Simon et al., 1998). Because the
accessory phenotypes could be found in the absence of B-lobe
midline crossing, we consider them independent phenotypes. Of
course, in the extreme case of both 3 lobes missing or misdirected
(as in some A50 homozygotes), the midline phenotype cannot be
scored.

The accessory phenotypes are dramatic and very diverse. In
some brains, the aberrant o or 3 lobe appeared to project parallel
to its ipsilateral B or « lobe, respectively (Fig. 4A-C). In other
words, the o/ axons had branched, but the two bundles pro-
jected side by side either vertically or medially. In other prepara-
tions with an apparently missing lobe, the remaining ipsilateral
lobe was much thicker than normal, suggesting that o/B-lobe
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wildtype

Figure3. The -lobe midline-crossing phenotype in dfmr7 mutants develops during meta-
morphosis. Projection of sequential optical sections through the MB lobe regions at successive
stages during metamorphosisis shown. Times indicated are hours after HE, the beginning of the
pupal period. The « and 3 lobes were visualized by Fasll immunostaining, which also labels
many other pathways, especially during early pupal development. Frontal views; dorsal is at the
top. The distal end of the peduncle (p) is visible in some images. The white arrowheads indicate
the position of the brain midline. Pairs of images compare wild-type in the left column (4, G, £,
G) with A83/A83 mutantsin the right column (8, D, F, H) at the same developmental stage. 4,
B, HE + 1617 hr. In both wild-type (207Y UAS-GFP/+) and mutant brains, the medial tips of
the 3 lobes (arrows) can be seen approaching the midline. The lobes are thin relative to their
mature morphology. The apparent length difference between the wild-type (A) and mutant
(B) aelobes is attributable to differences in the orientation of the samples during mounting. ¢,
D, HE + 22 hr. Wild-type [w(z)] and mutant 3-lobe termini are adjacent to the midline (ar-
rows). In C, theimage of the 3-lobe terminiis projected onto part of the ellipsoid body (eb). The
wild-type o/ 3 lobes have thickened compared with earlier stages. D, In the mutant, o/ 3-lobe
growthis somewhat delayed, and the left o lobe (asterisk) is misdirected out of the plane of the
image. (For additional examples of cc-lobe misdirection, see Fig. 5.) The apparent reduced
length of the right « lobe is attributable to variation in sample mounting. £, F, HE + 24 hr. The
7 lobes have become FaslI-positive and can be seen adjacent to the midline in both wild-type
and mutant brains. £, The wild-type (207Y UAS-GFP/+,; A83/TM6B) ot/ B lobes look similar to
those at the previous stage. £, In the mutant (207Y UAS-GFP/+; A83/A83), B-lobe fibers have
crossed the midline (arrow), with the fused region almost as thick as the adjacent 3 lobes. G, H,
HE + 48 hr. G, Wild-type (207Y UAS-GFP/+; A83/TM6B) o/ 3 lobes are nearing maturation,
although they are still thinner than in the adult. #, The mutant brain (207Y UAS-GFP/+; A83/
A83) shows severe 3-lobe midline crossing (arrow), with full fusion of right and left sides.
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Figure 4.  Accessory phenotypes of the MB « and (3 lobes associated with some dfmr7
alleles. Projections of sequential optical sections through the MB lobe regions of Fasll-
immunostained pharate adult brains (except (, which is from a 2-d-old adult) are shown.
Frontal views; dorsal is at the top. A, « lobe misdirected without 3-lobe midline crossing
(A83/TM6B). The right o lobe projects parallel to the ipsilateral 3 lobe (arrow). B,  lobe
misdirected with B-lobe midline crossing (A3/A83). The right o lobe projects parallel to the
ipsilateral 3 lobe (arrow). The B lobes are virtually fused across the midline (arrowhead). C, B
lobe misdirected (A83/A83). The left 3 lobe projects parallel to the ipsilateral « lobe (arrow).
The contralateral ce/[3 lobes appear morphologically normal. D, c lobes missing with 3-lobe
midline crossing (A50/A50). Neither « lobe is present (stars), and the 3 lobes are fused across
the midline (arrowhead). £, 3 lobe missing (A50/A50). The left 3 lobe is not present in its
normal location (star), and the ipsilateral o lobe is thicker than usual (arrow), suggesting 3-
lobe misdirection and ct/ 3-lobe fusion. F, 3 lobe reduced, with probable partial misdirection (A83/
TM3). The right (3 lobe is greatly reduced in thickness; its image is projected onto the ellipsoid body
(eb). Theipsilateral c lobeis enlarged (arrow) relative to the contralateral one, suggesting that part of
the right 3 lobe is misdirected vertically and fused with the x lobe. G, czand (3 lobes missing unilat-
erally, with contralateral B-lobe midline crossing (A50/A50). Fasll-immunoreactive mushroom
body fibers have formed a large clump (arrow) ipsilateral to the missing lobes (stars). The weakly
labeled fibers represent the peduncle (p) and the -y lobe. On the contralateral side, 3-lobe fibers cross
over the midline a short distance (arrowhead). H, ccand 3 lobes missing bilaterally (A50/A50). No
recognizable ¢ or (3 lobes are visible (stars), but the peduncles and -y-lobe fibers are present. FaslI-
immunoreactive mushroom body fibers form large clumps bilaterally (arrows).
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fusion had occurred (Fig. 4E,F). In cases of a missing lobe without
evidence of misdirection (Fig. 4 D), it is possible that o/ 8 axons failed
to branch at the bottom of the peduncle and then selected one of two
possible projection paths to generate a single « or 3 lobe. It is also
possible that all missing lobes are really misdirected but that we were
notalways able to discern the path or location of the misdirected lobe
(Fig. 4G,H). It is worth considering the detection sensitivity for ac-
cessory phenotypes, especially compared with the B-lobe midline-
crossing phenotype. Ifa small subset of &/ 3 neurons had misdirected
projections, e.g., both branches projecting medially within the 8
lobe, this might be very difficult to detect by our methods. Nor
would single-neuron analyses such as Golgi impregnations (Straus-
feld et al., 2003) or MARCM (mosaic analysis with a repressible cell
marker) clones (Lee and Luo, 1999) reliably find such defects if they
affected a small percentage of /8 neurons. Hence, our analysis may
underestimate the true penetrance of accessory phenotypes. In all
cases in which accessory phenotypes were observed in pharate
adults, both ylobes were present, albeit somewhat reduced in size in
the most severely affected MBs, and projected in the normal medial
direction.

The accessory phenotypes are also striking because of their
genotype distribution and mode of inheritance (Fig. 2). The P-
element insertion allele P[EP]3517 had a low incidence (~10%)
of accessory phenotypes, and these were eliminated when the P
element was excised precisely (Fig. 2A, B). The penetrance and
expressivity of accessory phenotypes of A50 homozygotes were
exceptionally high. Accessory phenotypes were seen with all A83
or A50 genotypes, including A83 and A50 homozygotes and, with
lower penetrance, in any transheterozygous mutants with one of
those alleles (i.e., A50/A113, A83/A3, and A83/A113) (Fig. 2A,E)
and A83/Df(3R)by62 (see below). Moreover, they were seen in
A83 and A50heterozygotes in which the other third chromosome
was wild type for dfmrl (A83/+, where + came from OreRC,
A83/TM6B, A83/TM3, and A50/TM6B), even in the absence of
the B-lobe midline-crossing phenotype (Fig. 2C,E). In the
genomic rescue experiment with A83/A3 (Fig. 2D), the dfmri™
transgene reduced the frequency of B-lobe midline crossing, but
the accessory phenotypes were still present at an unimproved
frequency. In contrast, A3 and A113 homozygotes, and A3/A113
transheterozygotes never displayed accessory phenotypes. In
other words, the accessory phenotypes are restricted to a subset of
dfmrl alleles and have a semidominant pattern of inheritance.
Thus, although all five alleles tested have loss-of-function behav-
ior with respect to 3-lobe morphology at the midline, three of
them (A83, A50, and, to a lesser extent, P[EP]3517) have gain-
of-function properties with respect to «- and 3-lobe formation
and projection.

A deficiency chromosome reveals regulators of MB
maturation during metamorphosis

As part of our efforts to map the B-lobe midline-crossing pheno-
type, we placed A83 in combination with Df(3R)by62, the only
available cytologically visible deletion in the dfmrI region. One-
third of A83/Df(3R)by62 MBs showed accessory phenotypes, in
keeping with the semidominant, gain-of-function effect of A83
described above. However, only 8% exhibited the pB-lobe
midline-crossing phenotype, and it was only mild or moderate in
severity (n = 39). On closer examination of the FaslI-labeled MBs
in A83/Df(3R)by62 pharate adults, we recognized that the « and 8
lobes appeared very immature, resembling those seen in wild-type
brains at earlier stages of metamorphosis (Fig. 5A—C). In many cases,
the lobes appeared younger than those of pupae whose 3-lobe fibers
were just approaching the midline. Similar results were seen in A113/



Michel et al. « Mushroom Body Defects in dfmr7 Mutants

Df(3R)by62 and P[EP]3517/Df(3R)by62 pharate adults (data not
shown). Hence, this new phenotype precludes the use of Df(3R)by62
for mapping MB phenotypes. Nonetheless, as explained below, it has
revealed novel information about the genetic basis of MB matura-
tion during metamorphosis.

The MB o/ immaturity phenotype is characterized by abnor-
mally thin @ and lobes that are very irregular along their lengths
(Fig. 5A—C), whereas the vy lobes appear normal. Because lobe
thickness and contour vary somewhat in mature wild-type
brains, and because the phenotypes of A83/Df(3R)by62 brains
were variable, we coded a large number of MB images from dif-
ferent genotypes and, thus blinded, developed a categorical ma-
turity scoring scheme (see Materials and Methods): WNL, mod-
erate, and severe (Fig. 5A—C). Subsequent scoring was done blind
to genotype. Genetic features of the a/f3 immaturity phenotype
were revealed by comparison of Df/A83 and Df/Balancer siblings
generated in two independent experiments by somewhat differ-
ent mating schemes (Fig. 6; for details, see legend). Figure 6, A
and B, depicts the data graphically and demonstrates a dominant
effect of Df(3R)by62. In each experiment, 80—-90% of both A83/
Df(3R)by62 and Df(3R)by62/Balancer brains showed a/B-lobe
immaturity. In contrast, all MBs of A83/Balancer siblings were
WNL (Fig. 6B). In a third experiment, we examined the
Df(3R)by62/+ progeny of Df(3R)by62/TM6C and OreRC parents
(Fig. 6C). Again, >90% of the MBs of deficiency heterozygotes
were immature, confirming the dominant effect of the deficiency.

A comparison of Df(3R)by62 over a dfmrl™ chromosome
(balancer or OreRC) with Df(3R)by62 over the dfmrl allele A83
reveals a clear difference in the severity profiles of MB immatu-
rity. For Df/+, in three independent experiments scored blind,
the majority of samples showed moderate immaturity pheno-
types. In contrast, when the deficiency is paired with a dfinrl
mutation, 40-50% of the brains show severe MB immaturity.
Thus, although the effect of Df(3R)by62 is dominant, the severity
of the immaturity phenotype is enhanced by A83, demonstrating
genetic interaction between dfmrl and the deficiency chromo-
some. This synergistic interaction is likely to involve one or more
loci in the deficiency interval flanking dfmrl, but other sites on
the third chromosome may participate as well.

The MB immaturity phenotype could result from either arrest
or delay of a- and B-lobe development. To distinguish between
these two mechanistic possibilities, we compared MB develop-
ment in A83/Df(3R)by62 and wild-type brains at successive times
during the first half of metamorphosis (Fig. 5D-I). MB lobe de-
velopment of A83/Df(3R)by62 brains appears immature begin-
ning at HE + 18 hr (Fig. 5E), and the disparity with the wild type
gets progressively worse over time thereafter (Fig. 5F-I). How-
ever, there is a progressive, albeit very slow, increase in lobe mat-
uration in the A83/Df(3R)by62 brains, indicating that the devel-
opmental defect is one of delay and not arrest. Taken together,
the data suggest a role for dfmrl in the overall rate of a/-lobe
maturation.

Discussion

dFMRP limits neurite extension in a learning and memory
brain center

We have demonstrated that dfmr] mutations cause a strongly
penetrant neuronal overextension phenotype, in a highly plastic
brain region well known for its role in multimodal sensory inte-
gration, olfactory associative learning, and visual context gener-
alization (Zars, 2000; Roman and Davis, 2001). The B-lobe
midline-crossing phenotype has recessive, loss-of-function char-
acteristics and arises during the de novo differentiation of a/f3
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neurons during metamorphic development of the MBs. Neuro-
nal excess is a recurring theme in the finr] mutant phenotypes of
both flies (Zhang et al., 2001; Dockendorff et al., 2002; Morales et
al., 2002; Lee et al., 2003; this study) and mammals (Comery et al.,
1997; Irwin et al., 2001), although some neuron types show re-
duced axon extension (Morales et al., 2002). From an evolution-
ary perspective, midline fusion of MB lobes represents an atavis-
tic change: a reversion to a more primitive form (Strausfeld et al.,
1998).

Despite the simultaneous process outgrowth of newly born
a/B neurons and regenerating <y neurons, the dfmrl midline-
crossing phenotype is restricted to the 3 lobes, with regrowing -y-
lobe axons respecting the brain midline. This differential sensi-
tivity of -y and a/@ neurons to dfimrl mutations parallels their
distinct cognitive functions. vy lobes are required for short-term
olfactory memory formation (Zars et al., 2000), whereas short-
term memory is not affected by lack of a« and B lobes (Pascual and
Préat, 2001). Rather, o/ lobes mediate olfactory memory re-
trieval (McGuire et al., 2001) and long-term memory formation
(Pascual and Préat, 2001). On the basis of these studies and others
(Heisenberg, 2003) linking MB structure with cognitive func-
tions, we predict that dfmr] mutants will show memory pheno-
types that help clarify the specific function of &/ neurons.

The midline-crossing defect of dfmrl mutant MBs implies
either the lack of a midline repulsive signal or, alternatively, a
failure by B-lobe axons to sense, recognize, or respond to that
“stop” signal. Other mutant conditions that cause MB axon over-
extension across the midline provide clues to the underlying
mechanism(s). The memory mutant linotte (lio) (Dura et al.,
1993) also has a recessive, highly penetrant B-lobe midline-
crossing phenotype that is sensitive to genetic background and
sometimes accompanied by missing o lobes (Moreau-Fauvarque
etal., 1998; Simon et al., 1998). lio is expressed in the developing
MBs, especially the « and B lobes (Moreau-Fauvarque et al.,
1998), as well as in a transient midline glial “ring” whose structure
it regulates (Simon et al., 1998). lio is probably identical to the
atypical receptor tyrosine kinase-encoding derailed gene
(Moreau-Fauvarque et al., 2002) (but see Bolwig et al., 1995),
which mediates repulsive signaling via the ligand Wnt5 in the
embryonic nerve cord, preventing midline crossing by develop-
ing axons (Bonkowsky et al., 1999). Mutations of castor, which
encodes a transcription factor expressed in a subset of CNS pro-
genitor cells, also cause B-lobe midline crossing and interact with
linotte mutations (Hitier et al., 2001). Overexpression of the
actin-binding protein Ciboulot induces 3-lobe midline crossing
(Boquet et al., 2000). The involvement of regulators of transcrip-
tion (Castor), translation (dFMRP), cell surface signaling (Li-
notte/Derailed), and the actin cytoskeleton (Ciboulot) highlights
the complex pathway controlling MB lobe morphogenesis.
Translational repression of ciboulot by dFMRP would explain the
observed phenotypes. Finally, mutations in the dFMRP interac-
tor CYFIP cause midline-crossing defects in the embryonic CNS
(Schenck et al., 2003). By analogy with mechanisms controlling
axon behavior there, dFMRP may regulate Slit-Roundabout sig-
naling (Guthrie, 2001).

Genetic complexities of the dfinr1 locus: parallels to
mammalian Fmrl

Three types of genetic complexity associated with dfinrl provide
challenges to understanding its biology, as well as opportunities
to discover loci involved in its function. First, the recessive dfmrl
overextension phenotype is very sensitive to genetic background,
such that related third-chromosome balancers enhance the phe-
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pharate adult

wildtype  A83/Df(3R)by62

Figure5. The MB c/3-lobe immaturity phenotype associated with Df(3R)by62: phenotypic
variation and development. Projections of sequential optical sections through MB lobe regions
of Fasll-immunostained brains are shown. Frontal views; dorsal is at the top. A—C, Pharate adult
progeny siblings from the mating of A83/TM6B to Df(3R)by62/TM6C. ot/ B maturity was scored
blind and classified as WNL, moderately immature (moderate), or severely immature (severe).
Two representative examples of each are shown. Aj, Aii, WNL (A83/TM6C). There is some
variation in the thickness and contour of normal ot/ 3 lobes (also see Fig. 1A). Bi, Bii, Moderate
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Figure 6. The Df(3R)by62-associated «/3 immaturity phenotype is dominant and en-
hanced by dfmr1 mutations. A-C, Three independent experiments in which Fasll-labeled
pharate adult brains were scored for «/ 3-lobe maturity as in Figure 5. All samples were scored
blind with respect to genotype. A, Progeny siblings from the mating of A83/TM6B to
Df(3R)by62/TM1. In Df(3R)by62/Balancer [Df(3R)by62/TM6B] brains, most of the /3 lobes
were outside the normal maturity range. In A83/Df(3R)by62 siblings, the immaturity pheno-
types were shifted toward greater severity. B, Genotypes associated with the mating of 207V
UAS-GFP; A83/TM6Bto Df(3R)by62/TM6C. A83/Df(3R)by62, Progenyssiblings. Df(3R)by6.2/Bal-
ancerincludes Df(3R)by62/TM6B progeny siblings as well as the parental genotype Df(3R)by62/
TM6C. Once again, the presence of A83 enhances the phenotypic severity of v/ 3-lobe imma-
turity associated with Df(3R)by62. In contrast, the /3 lobes of A83/Balancer (A83/TM6()
siblings are 100% within the normal range. (, Df(3R)by62/+ progeny from the cross of
Df(3R)by62/TM6C to the wild-type OreRC strain. Less than 10% of brains showed «/[3 maturity
in the normal range, confirming the dominant effect of Df(3R)by62.

notype to varying degrees. The very features that make balancers
such powerful tools, breakpoints that prevent recombination and
markers that can be followed through successive generations
(Greenspan, 1997), may act in trans as modifiers of mutations
under study. While the source of genetic background variation is
different in murine inbred strains, the phenomenon of

<«

[A83/Df(3R)by62]. Note the apparent abrupt changes in lobe diameter, especially of the «
lobes. Gi, Cii, Severe [A83/Df(3R)by62]. The lobes are very thin and wiggly, reminiscent of
wild-type early pupal o/ 3-lobe development (also see Fig. 4). D—/, o/ 3-lobe development
during metamorphosis. Times indicated are hours after HE. Pairs of images compare wild type
(207Y UAS-GFP/+) in the left column (D, £, H) with A83/Df(3R)by62 in the right column (E, G,
/) at the same developmental stage. D, £, HE + 18 hr. The «t/[3 lobes in the A83/Df animals
appear thinner than comparably aged normal brains. £, G, HE + 24 hr. o/ 3-lobe development
is delayed in A83/Df animals; on the basis of their thickness, the lobes are similar to those of a
normal brain 6 — 8 hr younger (also see Fig. 3). H, |, HE + 48 hr. At the midpupal stage, A83/Df
brains show even more delay in o/ 3-lobe development. On the basis of their thin diameter
(especially the left side) and excessive contour variation (on the right side), the /3 lobes of
this brain are >24 hr delayed in maturation.
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background-dependent phenotype modification is common
and, as in the case of Fmrl, may be dramatic. The size of partic-
ular terminal fields within the hippocampus is significantly re-
duced, and associated with poor spatial learning, in mice whose
Fmr]l mutation was on a C57Bl/6 background (Mineur et al.,
2002), whereas that structure was significantly enlarged when the
same mutation was crossed onto an FVB background (Ivanco
and Greenough, 2002). Similarly, MB phenotypes due to muta-
tions of mushroom bodies miniature vary greatly depending on
genetic background (deBelle and Heisenberg, 1996).

Second, the dfmrl accessory phenotypes causing misdirection
or absence of « and 3 lobes, presumably because of pathfinding
errors, are semidominant, incompletely penetrant, and associ-
ated with a subset of dfimrl mutations. The phenotypic constel-
lation of B-lobe midline crossing plus /3 misdirection has been
reported for mutants of two other genes, linotte, which is quite
similar to dfmrl in its MB phenotype (Moreau-Fauvarque et al.,
1998), and alpha-lobes-absent, which shows highly penetrant
a/B-lobe misdirection and infrequent B-lobe midline crossing
(Pascual and Préat, 2001). Thus, the accessory phenotypes of
dfmrl cannot be easily dismissed. Nonetheless, their allele speci-
ficity and semidominant nature are perplexing and suggest two
alternative explanations. All of the imprecise excision alleles fail
to produce a protein product detectable by a monoclonal anti-
body (Wan et al., 2000; Zhang et al., 2001; Dockendorff et al.,
2002; Morales et al., 2002) that recognizes an epitope in the
N-terminal 40% of the protein (T. Jongens, personal communi-
cation). However, the alleles that produce accessory phenotypes,
the P[EP]3517 insertion allele, and the two imprecise excision
alleles with the least loss of dfmr1 coding sequence (A83 and A50)
might be capable of directing expression of an altered dfmnrI tran-
script or protein, with gain-of-function properties and undetect-
able by the monoclonal antibody. The rescue of accessory pheno-
types in the precise-excision line is consistent with this model.
Moreover, there is a precedent for gain-of-function FmrI pheno-
types in mammals. Elevated levels of Fmrl RNA associated with
fragile-X premutation alleles cause premature ovarian failure in
females and a neurodegenerative disorder in older males (Oostra
and Willemsen, 2003). Alternatively, if all the excision alleles are
truly nulls, then A83, A50, and P[EP]3517 chromosomes may
share a linked allelic variant that acts alone, or in concert with
dfmrl mutations, to induce o/ pathfinding defects.

Third, a large chromosomal deficiency that flanks dfinrl,
Df(3R)by62, has a dominant effect on the MB «/f3 lobes, causing
developmental delay that is enhanced by dfmrl mutations. The
genetic interaction between dfmrl and the deficiency chromo-
some indicates that dfinr] participates in a second aspect of /3
development, boosting the rate of lobe maturation during meta-
morphosis. It also makes loci in the vicinity of dfmrl (85D10-11
through 85F8-11) candidate target genes of dFMRP. Several
mechanisms could explain the apparent inhibition of B-lobe
midline crossing in most dfmrl/Df(3R)by62 animals: (1) lobe
development is so compromised that fibers do not progress far
enough to cross; (2) a critical period “permissive” for midline
crossing is missed because of developmental delay; or (3) pheno-
typic suppression is caused by an interacting dosage-sensitive
locus.

D. melanogaster as a model for fragile X syndrome

The Drosophila genetic model system is valuable for studying
molecular pathophysiology of human disease (Bonini, 2000;
Lasko, 2002; Driscoll and Gerstbrein, 2003). Perhaps most excit-
ing is its use to identify novel therapeutic strategies for neurolog-
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ical disorders with few treatment options (Warrick et al., 1999;
Kazantsev et al., 2002). The circadian rhythm and neuronal mor-
phology phenotypes of dfmrl mutants (Zhang et al., 2001; Dock-
endorff et al., 2002; Inoue et al., 2002; Morales et al., 2002; Lee et
al., 2003; this study) are reminiscent of human fragile X sleep
disorders (Gould et al., 2000) and cortical neuropathology (Irwin
etal.,2001), respectively. Genetic and biochemical approaches in
Drosophila have identified two dFMRP targets, a MAPIB ho-
molog (Zhang et al., 2001) and RacI (Lee et al., 2003; Schenck et
al., 2003). In addition, experiments in Drosophila have been cen-
tral to demonstrating the involvement of small interfering RNA
and micro RNA in the translational control mechanism of FMRP
(Caudy et al., 2002; Ishizuka et al., 2002; Schenck et al., 2003; Jin
et al., 2004). The sensitivity of dfmrl-regulated MB structure to
genetic interactions will allow screening for dFMRP targets and
interacting proteins relevant to cognition and other behaviors.

The dfinr] model of fragile X syndrome should also be viewed
in the wider context of phylogenetic conservation of genes con-
trolling cognition. Fundamental molecular mechanisms of learn-
ing and memory are shared between vertebrates and inverte-
brates (Mayford and Kandel, 1999). Of the ~300 molecularly
identified human mental retardation genes, 87% have a ho-
molog, and 76% have a single-candidate functional ortholog in
Drosophila (Inlow and Restifo, 2004). Some of these Drosophila
genes have already revealed neurological phenotypes, including
learning and memory defects (Inlow and Restifo, 2004, and ref-
erences therein).

Drosophila MBs manifest not only developmental reorganiza-
tion (Technau and Heisenberg, 1982; Lee et al., 1999), but also
experience-dependent plasticity (Technau, 1984; Heisenberg et
al., 1995; Barth and Heisenberg, 1997). Hence, MB phenotypes in
Drosophila mental retardation gene mutants are of particular in-
terest. Drosophila Lissencephaly-1 was the first of these to be
shown to regulate MB neuronal structure (Liu et al., 2000). Our
demonstration of dfimrl MB defects suggests that others are likely
to follow as additional mental retardation genes are studied in
Drosophila.
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