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Summary

Loss of Fragile X mental retardation protein (FMRP)
function causes the highly prevalent Fragile X syn-
drome [1, 2]. Identifying targets for the RNA binding
FMRP is a major challenge and an important goal of
research into the pathology of the disease. Perturba-
tions in neuronal development and circadian behavior
are seen in Drosophila dfmr1 mutants. Here we show
that regulation of the actin cytoskeleton is under
dFMRP control. dFMRP binds the mRNA of the Dro-
sophila profilin homolog and negatively regulates
Profilin protein expression. An increase in Profilin
mimics the phenotype of dfmr1 mutants. Conversely,
decreasing Profilin levels suppresses dfmr1 pheno-
types. These data place a new emphasis on actin mis-
regulation as a major problem in fmr1 mutant neurons.

Results and Discussion

FMRP is a highly conserved RNA binding protein [3,
4]. The identification of a Drosophila homolog, dFMRP,
opened the door to detailed genetic investigation of the
physiological role of this protein. Altered morphology at
the Drosophila neuromuscular junction was shown to
be due to misregulation of Futsch, the fly homolog of
the microtubule binding protein MAP1B [5]. However,
futsch misregulation does not account for brain pheno-
types in dfmr1 mutants [6], suggesting that other
targets are involved. Recently, Drosophila dRac1 has
been shown to positively regulate dFMRP. On the other
hand, Lee et al. [7], found that dFMRP may negatively
regulate dRac1 mRNA. These data suggest that Rac1
acts via dFMRP to control actin cytoskeletal dynamics.
Crucially, however, the precise cellular role of dFMRP
is unknown.

To identify FMRP targets in the brain, we initiated a
Western immunoblot search for neuronal proteins regu-
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lated by dFMRP. We obtained 32 antibodies to neu-
ronally expressed proteins with functions potentially
relevant to dfmr1 phenotypes. We tested for misregu-
lation of these proteins in pharate adult brain extracts
from two independently derived dfrmr1 mutants (dfmr14773
[5] and dfmr18755 [8]). We used Futsch upregulation as
a positive control (Figure 1B). Of 16 antibodies with a
signal in brain extracts, 12, including Semaphorinia
and Neuroglian, for example, showed normal abun-
dance in dfmr1 mutants (Figures 1C and 1D). Three
other antibodies gave unclear results. However, we
found Drosophila Profilin (encoded by chickadee) to be
reproducibly strongly upregulated in the dfmr1 mutants
(Figures 1E and 1F). These results indicate that dFMRP
negatively regulates Profilin. A genomic rescue con-
struct (P[w+=dfmr1] [8], ), which partially restores
dFMRP in a mutant background (Figure 1A, lane 4), also
partially rescues the misregulation of Profilin (Figures
1E and 1F). Notably, the ratio of Profilin in mutant ver-
sus rescued flies is comparable to the ratio of dFMRP
itself in the two genotypes (Figure 1F; 1.67 versus 1.73),
suggesting a sensitive response of Profilin to dFMRP
levels.

Next, we investigated a physical interaction between
dFMRP and chickadee mRNA in immunoprecipitates of
dFMRP-RNP (ribonucleoprotein) complexes. Upon RT-
PCR of the precipitated material, a band of the ex-
pected size is observed (Figure 1G, lane 4), indicating
that chickadee mRNA is associated with dFMRP in
vivo. We performed two controls to determine specific-
ity: (1) We did not observe a PCR product with immuno-
precipitates from dfmr1 mutants (Figure 1G, lane 2);
and (2) precipitates of the pan-neuronal RNA binding
protein ELAV [9] also gave negative results (Figure 1G,
lane 3).

To establish that these interactions are physiologi-
cally relevant, we investigated genetic interactions be-
tween chickadee and dfmr1. We first carefully docu-
mented neuronal-extension and branching defects of
LNv neurons in dfmr1 mutants [6, 10]. Specifically, we
quantified defects in the morphology of collateral
branches from the small LNv cells and assessed the
posterior optic tract (POT), arising from the large LNv
cells [11].

dFMRP has been proposed to function in a dose-
dependent manner [10], an observation seen in mice
[12], and recently reported for human patients [13]. In
addition, the sensitive response of Profilin levels to
dFMRP levels suggests a dose-dependent role for
dFMRP in regulating actin dynamics. To determine if
the ectopic collateral branches observed on the small
LNv projections is dependent on dFMRP levels, we be-
gan by examining projections in the partial loss-of-
function dfmr1 mutant EP3%77 (with approximately 10%
of wild-type levels [10]) and saw no collateral branches
in heterozygotes, whereas 6% of homozygotes dis-
played one ectopic branch (Table 1). Similarly, an ec-
topic branch was observed in 15% and 12.5%, respec-
tively, of homozygous mutants (Figures 2B and 2C;
Table 1 and Figure 3). These defects were rescued by
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dFMRP from dfmr121'3/TM6B (lane 1, A) to that from P[dfmr1*];dfmr18155 (lane 4, A) is 1.73. The ratio of Profilin levels in these genotypes

is 1.67.

(G) chickadee mRNA coimmunoprecipitates with dFMRP. Lane 1: Expected size of chickadee PCR product from wild-type genomic DNA.
Lane 2: Immunoprecipitation performed on homozygous dfmr141'2 prains with dFMRP-specific antibody followed by RT-PCR on precipitated
material. No chickadee mRNA is detected. Lane 3: Immunoprecipitation on wild-type brains with ELAV-specific antibody. No chickadee mRNA
is detected. Lane 4: Immunoprecipitation performed on wild-type brains with dFMRP-specific antibody and subsequent RT-PCR with chicka-
dee-specific primers. A product of the expected size is clearly detectable.

a dfmr1* genomic transgene (Figure 2D; Table 1 and
Figure 3), indicating that ectopic branching is depen-
dent on dFMRP levels and providing a sensitive assay
for genetic interactions.

While studying the dorsal projections of the small
LNv, we noted that the tightly fasiculated commissure
of the large LNv neurons, or posterior optic tract (POT),
displayed a defasiculation (split) phenotype. We quanti-
fied this to determine if it correlates with dFMRP levels.
A split phenotype is defined as defasiculation along
more than 25% of POT length (Figure 2E). We observed
a dose-dependent increase in the incidence of POT
splitting, with a 3-fold higher split phenotype seen in
null homozygotes compared to hypomorphic EP3577
homozygotes (Figures 2F and 2G; Table 1 and Figure
3). This phenotype was rescued in flies with a genomic
dfmr1 transgene (Figure 2H; Table 1 and Figure 3).
Therefore, the dose of dFMRP is important for the in-
tegrity of the LNv POT.

Next we tested if POT splitting and ectopic branching
defects are modulated by increasing Profilin dosage.
We used two previously described duplication chromo-
somes (henceforth Dp) overlapping the chickadee gene
[14, 15], as well as expression of a Profilin cDNA via
the UAS/Gal4 system. The rationale is that if dFMRP
represses Profilin, then increasing Profilin levels in a
dfmr1-deficient background ought to enhance the
dfmr1 phenotypes. Conversely, increasing dFMRP should
suppress Profilin gain of function.

dfmr1 and Profilin Dp heterozygotes show no ectopic
branching (Figures 2A and 2I; Table 1 and Figure 3). In
contrast, 28% of Dp/+;dfmr1/+ double heterozygotes
showed a collateral branch (Figures 2K and 2M; Table 1
and Figure 3). This phenotype was rescued by a dfmr1*
transgene (Figure 2L; Table 1 and Figure 3).

A second assay for genetic interaction between
chickadee and dfmr1 is POT fasiculation. Flies carrying
the Dp alone showed a weak split phenotype (Table 1),
suggesting that this phenotype is sensitive to Profilin
levels. Strikingly, 90% of Dp/+;dfmr1/+ flies showed a
split phenotype (Figures 2K and 2M; Table 1 and Figure
3). Furthermore, the POT split in Dp/+;dfmr1/+ flies
generally extended the entire length of the commissure,
whereas it extended to no further than 50% of the com-
missure in dfmr1 mutants (Table 1). This phenotype was
rescued with the dfmr1* transgene (Figure 2L; Table 1
and Figure 3).

To test the cell autonomy of chickadee-dfmr1 in-
teractions and exclude a role for other genes within the
duplication chromosomes, we expressed Profilin cDNA
[16] in the LNv neurons. We observed a split phenotype
in 47.6% of the brains examined (n = 21). Importantly,
this phenotype was rescued when we coexpressed
Profilin and dFMRP (n = 9, p = 0.006).

Schenck et al. [17] proposed that dRac1, a known
regulator of actin dynamics [18, 19], positively regulates
dFMRP. We assayed for genetic interactions between
dfmr1 and dRac1 in the LNv. We found that heterozy-
gotes for dRac1 [18] displayed 17% penetrance of the
collateral branch and a 33% penetrance of the split
phenotype (Table 1). Heterozygous dfmr1 flies displayed
no collateral branches and an 8% penetrance of the
POT split (Table 1). However, dfmr1/dRac1 exhibited
complete penetrance of both phenotypes (Figure 2N;
Table 1). If dRac1 interacts positively with dfmr1, it
should interact negatively with Profilin. Indeed, all Dp/+;
dRac1/+ flies show both phenotypes (Figure 20; Table
1). These data support the hypothesis that dRac1 and
dFMRP act cooperatively to negatively regulate Profilin.

Loss of dfmri1 causes extensive coverage of the
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Figure 2. dfmr1 Mutants Show Dose-Sensitive Collateral Branching and Defasiculation of the Posterior Optic Tract (POT) of LNv’s

(A-D) Half brains from adult flies of stated genotypes were stained with anti-PAP antibody. Ectopic collateral branches are indicated with
arrows. (A) A dfmr121'3/TM6B adult brain showing no collateral branching. (B) A dfmr12113/dfmr1211 adult brain displaying collateral branch-
ing with an axon turning ventrally and extending toward the POT (p < 0.05 to controls). (C) A dfmr1815%/dfmr18155 adult brain displaying
collateral branching similar to that seen in (B) (p < 0.05 to controls). (D) A rescued P[dfmr1];dfmr181%% adult half brain showing no collateral
branching.

(E-H) POT-splitting phenotypes are indicated by arrowheads. Length of POT was defined as percentage of length along the intersection of a
vertical line drawn from the dorsal projections (dotted line) with a horizontal line, as exemplified in (E). (E) Almost all dfmr14113/TM6B brains
display normal POT morphology. (F) A dfmr12113/dfmr14113 adult brain showing POT splitting (p < 0.05 to controls). (G) A dfmr18155/dfmr18155
showing a POT-splitting phenotype (p < 0.05 to controls). (H) A P[dfmr1];dfmr181%5-rescue fly brain showing no POT-splitting phenotype (p =
0.01 to null).

() Half brain from Dp(2;2)C619/SM1 showing no collateral branching or POT splitting.

(J) Half brain from Dp(2;2)C619/+;P[EP]*%'7/+ displaying no collateral branching or POT splitting.

(K) Half brain from Dp(2;2)C619/+;dfmr1815 displaying collateral branching (arrows) and POT splitting (arrowheads) (p < 0.005 to controls).
(L) Half brain from a rescued Dp(2;2)C619/P[dfmr1];dfmr18155/+ fly showing no collateral branching or POT splitting (p < 0.002 to [K] and [M]).
(M) Dp(2;2)C619/+;dfmr1211%/+ brain showing collateral branching and POT splitting (p < 0.005 to controls). (N) Brain from dRac1''/dfmr14113
displaying multiple and severe disruptions to LNv morphology. (O) Brain from Dp(2;2)C619/+;dRac1”''/+ showing severe morphological dis-
ruptions to the LNvs.

target area by LNv dorsal-projection termini (Figures 4A (7.3 = 0.3). In addition, we saw little or no secondary

and 4B [6]). This increase could result from (1) an in-
crease in the number of dorsal branches, (2) an in-
crease in branch order, (3) an increased extension of
the dorsal branches, or (4) any combination thereof. We
counted the branch number and found no increase
in mutants (6.3 = 0.4) as compared to wild-type flies

branching in either genotype (data not shown). To de-
termine if the increase in area coverage was due to in-
creased branch extension, we first quantified target
area coverage in wild-type flies, genetic-background
controls, and mutant flies (see Experimental Pro-
cedures; Figure 4H). We found genetic-background
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Table 1. Penetrance of Collateral-Branching and POT-Splitting Phenotypes and Severity of POT Splitting in Various Genotypes

Collateral Branching (Percent of Total

POT Splitting (Percent of Total Brains Showing

Genotype Half Brains) >25% Split)
P[EP]35'7/TM6B (n = 9) 0% 0%
dfmr12113/TM6B (n = 12) 0% 8% (1/12)

P[EP]®5'7/P[EP]®®'7 (n = 9)
dfmr12113/dfmr14113 (n = 13) 15% (4/26)
dfmr15155/dfmr18155 (n = 12) 12.5% (3/24)
Pldfmr [/P[dfmr [l;dfmr1B155/dfmr1B155 (n = 11)  4.5% (1/22)
Dp(2;2)C619/SM1 (n = 13) 0%
Dp(2;2)C619/+; P[EP]*5'7/+ (n=7) 0%
Dp(2;2)C619/+;dfmr1211%/+ (n = 11) 27% (6/22)
Dp(2;2)C619/+;dfmr18155/+ (n = 7) 29% (4/14)
Dp(2;2)C619/P[dfmr I]; dfmr15155/4+ (n = 9) 0%
Dp(2;2)C619/+;dRac1?'"/+ (n = 14) 100% (28/28)
dRac19"/dfmr14118 (n = 14) 100% (28/28)
dRac1¥"/+ (n = 6) 17% (2/12)

6% (1/18)

22% (2/9)
69% (9/13)
58% (7/12)
36% (4/11)
31% (4/13)
29% (2/7)
91% (10/11)
85% (6/7)
0%

100% (14/14)
93% (13/14)
33% (2/6)

n values are given in parentheses with each genotype. The number of samples displaying the phenotype is given in parenthesis with the

percentage. See also the chart in Figure 3.

controls to be indistinguishable from wild-type flies.
Both mutant and Dp/+;dfmr1/+ brains showed greater
area coverage than wild-type flies or controls because
of a combination of increased dorso-ventral and
medio-lateral extension (Figures 4H, 4l, and 4J). If
dFMRP negatively regulates Profilin, then the pheno-
type of dfmr1 mutants ought to be rescued by decreas-
ing Profilin. Indeed, heterozygosity for chic significantly
reduced area coverage in dfmr1 mutants (Figure 4C).
To test cell autonomy, we expressed dFMRP and Pro-
filin specifically in LNv neurons by using UAS-dfmri1*,
UAS-chic, and Pdf-Gal4 [20] and quantified LNv dorsal
branching by using a specific antibody [21]. Flies over-
expressing dFMRP almost completely lack normal
target innervation, whereas those overexpressing Pro-
filin cover a target area significantly larger than that of
controls (Figures 4E, 4E’, and 4H). If dFMRP downregu-

lates Profilin, then increasing Profilin should rescue the
phenotype of dfmr1 overexpression. Indeed, flies ex-
pressing dFMR1 and Profilin showed area coverage
similar to that of controls (Figures 4G and 4H). Taken
together, our data suggest that dFMRP and Profilin in-
teract physically and genetically to ensure normal neu-
rite fasiculation and extension and, therefore, correct
target innervation.

To determine if the relationship between dFMRP and
Profilin is relevant for neuronal populations other than
the LNvs, we analyzed the mushroom bodies (MBs).
Michel et al. [22] and Pan et al. [23] showed that dfmr1
controls growth of MB axonal processes. Consistently,
we observed that FMRP overexpression in MBs signifi-
cantly increases the gap between the [ lobes. We also
found a striking increase in the gap between the ylobes
(Figures 4K, 4L, and 4N). If dFMRP causes these phe-

Percent of brains

Figure 3. Chart of Data in Table 1

1: dfinr143/TM6

2: dfinr 2113

3: dﬁm.. 13155

4: dfmrl*; dfmr1815

5: Dp(2;2)Cam2/SMI

6: Dp(2:2)C619/SM1

7: Dp(2;2)Cam2/+; dfinr43/+
8: Dp(2;2)C619/+; dfinr113/+
9: Dp(2:2)C619/+ dfinr 1355+
10: Dp(2;2)C619/dfmr1* ;dfimr15155/+
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@ Split 0-25%

The severity of the POT-splitting phenotype is shown in the graph as follows: Blue = between 0% and 25% split; purple = between 25% and

50% split; yellow = greater than 50% split.
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Figure 4. dFMRP and chickadee Interact Cell Autonomously to Regulate Dorsal-Projection-Area Coverage and Mushroom-Body Development

(A-J) Tips of the LNv dorsal projections from adult half brains stained with either anti-PAP (A-E and G) or anti-GFP (F).(A)-(G) show representa-
tive samples of the given genotypes. (C) shows that rescue of the mutant increased area coverage (n = 6, p = 4.6 x 1075). (E) shows the
predominant phenotype of pdf-Gal4;UAS-dfmr1, and (E’) shows the maximal branching observed. (H) The target-area coverage (see Experi-
mental Procedures) for each genotype was compared to Canton S wild-type controls (mean area of 0.011 au, standard deviation [SD] =
0.005). Significant changes (*) were observed in dfmr1/dfmr1 (mean = 0.036, SD = 0.029, p < 0.05), Dp/+;dfmr1/+ (mean = 0.025, SD = 0.008,
p < 0.01), pdf-Gal4;/UAS-dfmr1 (mean = 0.008, SD = 0.0045, p = 4.6 x 10-5), and pdf-Gal4;UAS-chic/+ (mean = 0.027, SD = 0.007, p = 0.002).
No other genotypes significantly differed. (I) An increase in target-area width (see Experimental Procedures) compared to that of controls
(mean = 0.064, SD = 0.016) was observed for dfmr1/dfmr1 (mean = 0.13, SD = 0.07, p = 0.05) and Dp/+;dfmr1/+ (mean = 0.11, SD = 0.025,
p < 0.01). (J) An increase in target-area length (see Experimental Procedures) as compared to that of controls (mean = 0.17, SD = 0.043) was
seen for dfmr1/dfmr1 (mean = 0.26, SD = 0.09, p < 0.05) and Dp/+;dfmr1/+ (mean = 0.23, SD = 0.044, p = 0.02).

Gald/UASchic; UASdfmr]
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notypes by suppressing Profilin, then coexpressing
Profilin and dFMRP should reduce the severity of these
phenotypes. Combining Profilin and dFMRP signifi-
cantly rescued dFMRP overexpression phenotypes
(Figures 4L, 4M, and 4N). Therefore, the dFMRP-Profilin
interaction is not restricted to the LNv.

Flies homozygous for dfmr1 null alleles have arrhyth-
mic locomotor activity [6, 10]. Based on differences be-
tween neuroanatomical and behavioral defects in
dfmr1 mutants, we proposed that the two phenotypes
are independently regulated by dFMRP [10]. The neu-
roanatomical defects in Dp/+;dfmr1/+ flies provided the
opportunity to test this hypothesis. Indeed, Dp/+;
dfmr1/+ flies manifested normal activity rhythms (Fig-
ure S1 and Table S1), suggesting that dJFMRP may inde-
pendently regulate neuronal morphology and function,
although it is possible that our neuroanatomical assays
are more sensitive than the behavioral assays.

The aim of this work was to identify dFMRP targets
in brain neurons. Our molecular and genetic studies
demonstrate that dFMRP binds the profilin (chickadee)
mRNA, suggesting direct regulation of Profilin. Al-
though Profilin appears not to have been identified in
large-scale searches for mammalian FMRP targets [24],
it would be interesting to examine if it is misregulated
in FMRP mutant mouse brains. Using LNv and MB neu-
rons, we show that (1) upregulation of Profilin is suffi-
cient to mimic phenotypes caused by loss of dfmr1, (2)
that overexpression of dFMRP in the LNv is rescued by
upregulation of Profilin, and (3) that reducing Profilin
levels rescues phenotypes observed in dfmr1 mutants.

Profilin regulates filamentous actin dynamics by facil-
itating filament turnover and providing a pool of ATP-
actin for filament polymerization [25]. Our results indi-
cate that the interaction between Profilin and dFMRP
contributes to the correct patterning of Drosophila
brain neurons; i.e., dFMRP has a direct role in regulat-
ing the neuronal actin cytoskeleton. Schenck et al. [17]
showed that dRaci1 inhibits CYFIP, an inhibitor of
dFMRP. This implies a positive relationship, with dRac1
activating dFMRP to inhibit Profilin translation. How-
ever, Lee et al. [7] suggest that dFMRP acts as a nega-
tive regulator of dRac1 mRNA, and thus it is possible
to envisage a feedback mechanism whereby dFMRP
represses excessive Profilin translation (Figure S2A).
With loss of dFMRP, the fine control of Profilin and actin
dynamics becomes disrupted (Figure S2B). Signaling
via dRac1 activates dFMRP to regulate Profilin and other
cytoskeletal proteins. To maintain sensitivity to these sig-
nals, dFMRP suppresses its own activation by repression
of dRac1 translation. The inhibition of dFMRP conse-
quently releases the repression of dRac1 translation and
thereby restores the system’s sensitivity (Figure S2C).
Our data suggest a need for a paradigm shift toward

misregulation of the actin network as an important
factor in Fragile X syndrome.

Experimental Procedures

Fly Strains and Genetics

Canton S was used as the wild-type control. The dfmr147?3 allele,
the P[EP]J®®'7 parental line, and the UAS-dfmr1 lines were obtained
from A. Bailey and G. Rubin at the university of California and are
described in [5]. The dfmr187%% allele and p[dfmr1*];dfmr187%° lines
were obtained from H. Siomi and are described in [8]. Dp(2;2)C619
(region 26A1-7;28E) is a tandem duplication spanning the chicka-
dee locus (26A09-26B01) [12, 14, 15] and was obtained from the
Bloomington stock center. Dp(2,2)Cam2 (region 23D01-02;26C01-
02) overlaps Dp(2;2)C619 at 26A;26C01-02 [15] and was obtained
from the Bloomington Stock center. UAS-chic overexpression lines
were a kind gift from L. Cooley. The c772-Gal4 driver was obtained
from R. Davis. The Pdf-Gal4 driver was obtained from P. Taghert
and is described in [20]. All crosses were performed on standard
fly food at controlled ambient temperature (22°C-23°C) except the
overexpression crosses, which were performed at 25°C.

SDS-PAGE Analysis

For protein analysis, total protein was extracted from whole fly
heads by homogenization in loading buffer (SDS, bromophenol
blue, glycerol, and -mercaptoethanol) and heating to 98°C for 5
min. The crude extract was separated by SDS-PAGE in a 4%-12%
NuPAGE novex bis-tris gel (Invitrogen) and electroblotted onto Hy-
bond-ECL membrane (Amersham). All monoclonal antibodies were
obtained from the Developmental Studies Hybridoma Bank (DSHB;
University of lowa, department of biological sciences, lowa city, 1A
52242.). dFMRP was probed with monoclonal 5A11; Neuroglian
was probed with monoclonal BP104; and Profilin was probed with
monoclonal chilJ. Semala antibody was a kind gift from A. Kolod-
kin. Primary antibodies were detected by the appropriate horserad-
ish-peroxidase-coupled secondary antibodies (Amersham) by the
chemiluminescent method (ECL kit, Amersham).

Immunoprecipitations and RT-PCR

Approximately 100 pharate adult heads from wild-type (CS) or ho-
mozygous dfmr14773 flies were dissected in extraction buffer con-
sisting of 50 mM Tris (pH 8.0), 0.5% Triton X-100, 1 mM DTT, 100
units/ml RNase out, 0.2% vanadyl ribonucleoside complex, 1 mM
PSMF, and 10 pl/ml protease inhibitor cocktail (Sigma, catalog
number 8340).

All further manipulations were carried out at 4°C. The tissues
were homogenized in the same buffer, and the precleared cell ly-
sates were used for immunoprecipitation.

Protein A-Sepharose beads (Sigma) were mixed for 2 hr with 10
ul of anti-dFMRP (5A11 antibody from the DSHB) or with 10 pl of
anti-Elav-antibody (9F8A9 antibody from the DSHB). The antibody-
bead mix was then washed with buffer NT2 (50 mM Tris [pH 7.4];
150 mM NaCl; 1 mM MgCI2; 0.05% Nonindet P-40). Immunopreci-
pitation was carried out for 2 hr in 1 ml volume with buffer NT2R
(NT2 containing the following additions: 100 units/ml RNase out,
0.2% vanadylribonucleoside complex, 20 mM EDTA, and 1 mM
DTT). The immunoprecipitate was washed four times with NT2R,
twice with NT2 containing 1 M urea, and twice with high-stringency
NT2 buffer (50 mM Tris [pH 7.4], 50 mM NaCl, 1 mM MgCl,, and
0.05% Nonindet P-40). The antibody-bead-protein mixture was
phenol/chloroform extracted once, and RNA in the samples was
ethanol precipitated (glycogen was used as a carrier). To amplify

(K-N) dFMRP and chickadee interaction is required for normal mushroom-body development. (K) Confocal stack of a gfp;c772-Gal4 mush-
room body. Measurements of the § lobe gap (average of 12.5 um; red lines) and y lobe gap (average of 4.6..m; blue lines) were taken (n =
12). Values were normalized against o lobe to o lobe (black arrow). (L) An increase in § lobe gap and y lobe gap is seen in gfp;c772-Gal4;UAS-
dfmr1 mushroom bodies (average of 25.9 pm for B gap and 19.7 pm for y gap; n = 11, p = 2.3 x 1075 [B], 3.8 x 1075 [}]). (M) gfp;c772-Gal4/
UAS-chic;UAS-dfmr1 show a significant rescue compared to (L) (average B gap of 19.5 pm [p = 0.01] and y gap of 12.9 um [p < 0.001], n =
8). The scale bar represents 40 pm. (N) Graph of mean gap distance between the 3 lobes and the mean gap distance between the v lobes:
blue = ¢772-Gal4; purple = c772/+;UAS-dfmr1/+; yellow = c772/UAS-chic;UAS-dfmr1/+. Error bars indicate standard error of the mean (SEM).

An asterisk indicates p < 0.05.
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RNAs precipitated with dFMRP-RNPs, we used the RiboAmp HS
RNA amplification kit (Arcturus) according to the manufacturer’s
directions. Although we could not detect cDNA by spectrophotom-
etry after one round of amplification, we proceeded with a polymer-
ase chain reaction (PCR) amplification. PCR primers were designed
to amplify a 287 bp segment near the 3’ end of the chickadee gene.
The primers were as follows: 5'-GTT TCC ATC TAC GAG GAT CCC-
3’ (forward) and 5'-CCG CAA ATT CTT TCT TGG CCG-3’ (reverse).
We used the entire sample from a single dFMRP-RNP or Elav-RNP
immunoprecipitation (8 nl volume). For genomic DNA PCR reac-
tions, we used 95 ng of CS genomic DNA.

Immunohisochemistry

Immunohistochemistry was performed as previously described
[10]. Antibodies used were as follows: anti-PAP at 1/1000 (donated
by P. Taghert); anti-GFP at 1/1000 (Molecular Probes); Fluores-
cence-conjugated secondary antibodies at 1/500 (Molecular Probes).

Analyses of LNv Neurons

After labeling with anti-PAP, LNv’s were scored in a blind fashion
as follows. (1) Collateral branches: Scores were given for half brains
with PDF-labeled axons that could be traced to the dorsal projec-
tions but did not follow the normal dorsal-projection trajectory. (2)
POT splits: A commissure was regarded as “split” if it displayed
separation over more than a quarter of the length. (3) Coverage of
the dorsal-projection area: Two measurements were made for all
genotypes—the distance from the point of defasiculation to the
most medial extent of each axon, averaged for all axons in one
sample and referred to as the “target-area length,” and the “target-
area width,” defined as the distance between the most dorsal arbor
(excluding the dorsal horn) and the most ventral arbour, medial to
the branch start point. Values were corrected against POT length
(which shows no significant differences between genotypes [data
not shown]). The “maximal area” coverage was calculated by
multiplying uncorrected target-area length by uncorrected target-
area width, then correcting for the square of the POT length. Sam-
ples were compared to Canton S.

Analysis of Mushroom Bodies

1- to 2-day-old adult brains were immunolabeled with anti-GFP
(Molecular Probes) or anti-Fasll (monoclonal 22C10, Develop-
mental Studies Hybridoma Bank). Confocal Z sections were ob-
tained for all brains with a Leica TCS SP2 system. All measure-
ments were performed with Leica Confocal Software. The
intersection formed by the medial edge of the o lobes with the
dorsal edge of the 3 lobes was defined for both sides of the mush-
room bodies. The distance between these points was taken as
“brain size” and was statistically similar for all genotypes. The
lengths of the y lobes, the B lobes, and the gap span of the respec-
tive lobes were taken relative to this line. Lengths of y lobes and 3
lobes were statistically the same for all genotypes.

Statistical Analyses

Genotypes were compared by one- and two-tailed t tests with
Statistica software (Statsoft [2001] STATISTICA [data-analysis soft-
ware system] version 6.0). When multiple comparisons were per-
formed, p values were corrected according to the Bonferroni step-
down (Holm) method.

Behavioral Analysis

Locomotor activity data were acquired with Trikinetics monitors
and the Drosophila Activity Monitoring (DAM) acquisition software
(see [22]). Flies were entrained for 5-7 days in LD 12:12 at 24°C
and then allowed to free run in constant darkness for 10-12 days.
Activity records were analyzed with a MATLAB-based software
package called Flytoolbox [16]. The robustness of rhythmicity was
determined with the rhythmicity index (RI); flies with RI values >0.1
were considered rhythmic. The circadian period was calculated
with the third peak of the autocorrelation function [16].

Supplemental Data

An additional two figures and one table are available with this arti-
cle online at http://www.current-biology.com/cgi/content/full/15/
12/1156/DC1/.
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