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Drosophila Lacking dfmr1 Activity Show Defects
in Circadian Output and Fail to Maintain
Courtship Interest

The diverse phenotypes suggest that FMR1 protein acts
in several physiological processes. Mice homozygous
for a disruption of their FMR1 homolog share many of
the above phenotypes (Dutch-Belgian Fragile X Consor-
tium, 1994; Comery et al., 1997).
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FMR/FXR proteins are widely expressed in developingSwarthmore, Pennsylvania 19081
and adult tissues of mammals, but are at elevated levels
in neurons (Bakker et al., 2000). Immuno-gold labeling
has localized FMR1 protein to dendrites and dendriticSummary
spines of neurons (Feng et al., 1997). FMR1 message has
been found in synaptoneurosomes, and this message isFragile X mental retardation is a prominent genetic
translated in response to neurotransmitter action (Weilerdisorder caused by the lack of the FMR1 gene product,
et al., 1997). The observation that FMR1 protein bindsa known RNA binding protein. Specific physiologic
specific RNAs, is associated with ribosomes, and ispathways regulated by FMR1 function have yet to be
present at synapses has prompted speculation thatidentified. Adult dfmr1 (also called dfxr) mutant flies
FMR1 protein may play a role in synaptic maturation bydisplay arrhythmic circadian activity and have erratic
regulating the ability of certain transcripts to serve aspatterns of locomotor activity, whereas overexpres-
templates for translation (Weiler et al., 1997). Nonethe-sion of dFMR1 leads to a lengthened period. dfmr1
less, specific RNA substrates for FMR/FXR proteins andmutant males also display reduced courtship activity
the physiological consequences and significance ofwhich appears to result from their inability to maintain
such interactions remain largely unknown.courtship interest. Molecular analysis fails to reveal

We have previously reported that Drosophila has aany defects in the expression of clock components;
single gene (dfmr1, or also called dfxr) whose producthowever, the CREB output is affected. Morphological
shares sequence identity and biochemical propertiesanalysis of neurons required for normal circadian be-
with the FMR/FXR protein family (Wan et al., 2000). Inhavior reveals subtle abnormalities, suggesting that
this study, we report the identification and characteriza-defects in axonal pathfinding or synapse formation
tion of dfmr1 loss-of-function alleles. Analysis of thesemay cause the observed behavioral defects.
alleles has revealed that the dfmr1 gene is required for
normal circadian behavior and courtship activity. The

Introduction mutants are arrhythmic and have an erratic pattern of
locomotor activity with periods of hyperactivity. Molecu-

Fragile X syndrome is caused by transcriptional silenc- lar analysis of the clock genes and of a known output
ing or loss of function of the FMR1 gene (de Vries et al., of the clock has revealed that dfmr1 activity is required
1998; Jin and Warren, 2000). The frequency with which downstream of the clock, and is required for normal
this disorder appears (1/5000 births), along with its cAMP response element binding protein (CREB) activity
global distribution, make it one of the most prominent which is modulated by the clock (Belvin et al., 1999).
human genetic disorders. In addition to mental retarda- Analysis of courtship behavior in the dfmr1 mutants
tion, other clinically relevant behavioral symptoms in- has revealed a defect in overall courtship activity. The
clude hyperactivity, attention deficit disorder, autism, mutants initiate normal numbers of courtship attempts,
sleep disorders, and memory deficits (Reiss et al., 1995; but are unable to maintain courtship interest. Analyses
Hagerman, 1996; de Vries et al., 1998; Gould et al., 2000; of adult brain structure reveal no apparent defects in
Jin and Warren, 2000). Associated physical abnormali- mutant mushroom bodies, but abnormal axon branching
ties include maxillofacial abnormalities, macroorchidism and an overgrowth of terminal arborizations in individual
in male patients, and alterations in dendritic spine mor- neurons required for circadian behavior. These results
phology (de Vries et al., 1998; Jin and Warren, 2000). are similar to defects observed at the neuromuscular

junction (NMJ) (Zhang et al., 2001) and suggest that the
6 Correspondence: jongens@mail.med.upenn.edu observed behavioral defects may be due to growth and
7 These authors contributed equally to this work. maturation defects of neurons. However, since the circa-
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Ohio 45056.
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Figure 1. Molecular Characterization of dfmr1 Alleles Obtained from a P Element Imprecise Excision Screen

(A) The dfmr1 locus maps to 85F10 of the D. melanogaster cytogenetic map. The transcribed region of dfmr1 encompasses about 8.5 kb. An
imprecise excision screen was conducted using a P element stock with an insertion that maps to the dfmr1 gene [EP(3)3517]. Two alleles
were identified where most or all of the dfmr1 open reading frame was removed by imprecise excision of the P element. Hatched boxes
delineate the extent of deleted DNA. The distal breakpoint for dfmr12 has not yet been mapped. Two genomic rescue fragments have been
cloned and introduced into flies via P element transformation. Both are cloned as 14 kb BamHI/StuI fragments. One encodes a wild-type
dfmr1 gene and the other has a frameshift introduced at an NcoI site to disrupt dfmr1 translation. CG3940 is a predicted gene encoding
carbonic anhydrase (Berkeley Drosophila Genome Project). Only the upstream regulatory sequence of this gene is present in the genomic
rescue fragments. EP(3)3422 and NE3-4 are two additional EP P element insertions in the dfmr1 gene. The arrows associated with each P
element insertion indicate the orientation of the element with respect to its ability to direct overexpression. (B) Western blotting of protein
extracts from adult flies. Lane 1: w1118; Lane 2: dfmr12 heterozygote; Lane 3: dfmr12 homozygote; Lane 4: dfmr13 heterozygote; Lane 5: dfmr13

homozygote; Lane 6: dfmr13 homozygote with one copy of wild-type rescue; Lane 7: dfmr13 homozygote with one copy of FS rescue. Western
blotting was done using the anti-dFMR1 and anti-�-tubulin antibodies (Wan et al., 2000).

by FUTSCH misregulation at the NMJ and eye (Zhang sion chromosome were analyzed by Western blotting
et al., 2001). The similarities in the biochemical proper- with an anti-dFMR1 antibody to identify lines lacking
ties of dfmr1 and FMR1 (Wan et al., 2000) and their loss- dFMR1 expression. Two such stocks were identified
of-function phenotypes suggest that these two proteins and the extent of the deletions within the dfmr1 locus
have conserved function in similar behavioral pro- were delimited by Southern hybridizations (Figure 1A).
cesses. Both dfmr12 and dfmr13 are molecular null alleles. Flies

homozygous for either allele are viable and appear to be
morphologically normal in external appearance. dfmr13

Results
was used for further analyses given that it does not
appear to disrupt the function of any adjacent genes.Isolation of dfmr1 Null Alleles
Two genomic rescue fragments were constructed andA P element insertion (P[EP]3517) was found to map
transformed to flies. Both are 14 kb fragments that spanwithin the 5� UTR of the dfmr1 locus (Figure 1A). Flies
the dfmr1 transcriptional unit (Figure 1A). One encodeshomozygous for this insertion are viable and have no
a wild-type dfmr1 gene (WT rescue) and is used to dem-obvious visible phenotypes. A screen to obtain stocks
onstrate that phenotypes observed in the mutants arewith deletions of dfmr1 via imprecise excision of the P
caused by the lesion generated by excision of the Pelement was conducted. No excision lines were identi-
element. The second rescue fragment (FS rescue) hasfied that were lethal in trans to a deficiency which uncov-
a frameshift mutation introduced in the dfmr1 open read-ers the dfmr1 locus, Df(3R)by62, suggesting that loss
ing frame and is used to show that the function of theof dfmr1 is not a lethal event. Thus, from each excision

line, pupae or adults that were homozygous for the exci- dfmr1 ORF is responsible for any phenotypic rescue.
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Figure 2. Analysis of the Lifespan, Phototactic, and Chemotactic Capabilities of the dfmr13 Allele

(A) Viability curve of w1118 and dfmr13 flies. Flies of each genotype were placed in fresh food vials (20 per vial/5 vials each genotype) and
monitored for viability every 3 days for 30 days. (B) Countercurrent phototactic results using a six trial countercurrent apparatus with 20 s
trials (Balinger and Benzer, 1988). Results show the average percentage of flies in each tube obtained in three separate trials of 50 male flies
of w1118 or dfmr13 flies. Error bars indicate SEM. (C) Chemoattraction results obtained from a trap assay (Orgad et al., 2000) using yeast paste
as an attractant. Percentage of flies trapped are indicated for 24 and 48 hr intervals and error bars indicate SEM.

These rescue fragments were then crossed into the that is passed through the chamber (Yang and Sehgal,
2001). The activity of the flies was monitored for 9 daysdfmr1 mutant background to create isogenic stocks that

differ only in their ability to express wild-type dFMR1 in constant darkness, which allows for a determination
of free running rest:activity rhythms. Examination of ac-protein (Figure 1B).
tograms and periodogram analysis showed that while
control w1118 flies have a normal 23–24 hr circadian cycle,dfmr1 Mutant Flies Are Arrhythmic
most dfmr1 mutants are arrhythmic (Table 1A and FigureFlies homozygous for a dfmr1 deletion were found at
3B). The wild-type dfmr1 rescue fragment (WT rescue)expected Mendelian ratios and have near normal fitness
restores rhythmicity to mutants, whereas the rescueas determined in a standard viability assay (Figure 2A).
fragment containing the frameshift mutation (FS rescue)Analysis of simple behaviors revealed that the mutant
does not. Representative actograms show that w1118 fliesflies have normal phototactic and chemotactic abilities
and dfmr1 mutant flies with one copy of WT rescuein standard assays (Figures 2B and 2C). However, in
(dfmr1; WT rescue/�) have a circadian pattern of aboutcollecting virgin flies for various studies, we observed
12–14 hr of activity followed by about 10–12 hr of restthat the majority of dfmr1 mutant flies failed to eclose
(Figure 3B). In contrast, dfmr1 mutants and dfmr1; FSsoon after daylight, suggesting a defect in their circadian
rescue/� mutants have erratic activity patterns that aresystem (Konopka and Benzer, 1971; Sehgal et al., 1994).
characterized by occasional brief bouts of relatively highTo examine this possibility, we examined the eclosion
activity (Figure 3B).profile of a population of dfmr1mutant flies. Control

The erratic locomotor activity patterns of the dfmr1(w1118) and dfmr1 mutant larvae were entrained to a 12
mutants is not necessarily a consequence of the flieshr light: 12 hr dark (LD12:12) cycle for at least 5 days,
simply being arrhythmic since null mutants for timelessthen pupae were collected, loaded into eclosion moni-
(tim) or period (per) are also arrhythmic, but maintain ators, and placed in constant darkness for 6 days. The
relatively constant level of activity under similar experi-eclosion monitors determine the number of flies eclosing
mental conditions (Konopka and Benzer, 1971; Sehgalrelative to time of day. Analysis of the eclosion profiles
et al., 1994). To determine if this erratic behavior couldrevealed that the majority of the control flies eclosed in
be due to locomotor defects, we examined the overallthe early morning hours (“the circadian gate”) with a
activity of the dfmr1 mutant flies. Quantification of totalperiod of 23.5 hr (n � 501, FFT � 0.184; Figure 3A). The
activity over the course of 9 days in constant darknessdfmr1 mutant flies, on the other hand, did not show
fails to reveal any significant overall difference betweena tendency to eclose in the gate and eclosed with a
control and dfmr1 mutant flies (764 � 264 counts perbroadened delayed peak and reduced amplitude of
day for w1118 and 884 � 541 counts per day for dfmr1,rhythm (n � 298, FFT � 0.068). Thus the dfmr1 mutant
p � 0.32). The similarity in batch activity between mutantflies display reduced strength and altered phase with
and control flies, as well as the occasional bouts of highrespect to time of eclosion.
activity observed in the dfmr1 mutants, suggest thatSince the dfmr1 mutant flies displayed a circadian
motor function and locomotor abilities are not impaireddefect with respect to eclosion, we investigated the pos-
in these animals and thus not the cause of the arrhythmicsibility that they might also display such defects in loco-
phenotype.motor activity. We examined the rest:activity rhythms

Mutants that lack circadian function are unable toof dfmr1 mutant flies by entraining both mutant and
sustain rhythmicity in constant darkness, but can becontrol flies to an LD 12:12 cycle for 5 days prior to
driven to display activity rhythms in the presence ofeclosion, aged them 2 additional days in identical condi-
light:dark cycles. To determine if this was the case fortions, then placed them in activity monitors that quantify

the frequency with which a fly crosses an infrared beam dfmr1 mutants, we exposed mutant and control flies to
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Figure 3. Rest Activity of dfmr1 Mutant and Control Flies

(A) Eclosion timing of w1118 (n � 501) and dfmr1 (n � 298) flies in DD. Pupae from larvae that had been entrained in LD for five days were
placed in eclosion monitors in constant darkness for several days. The number of flies eclosing relative to the time of day were plotted. The
dark bars indicate the “circadian gate,” the time period each day when most wild-type flies eclose. Although the majority of w1118 flies eclosed
during the gate, the dfmr1 mutant flies eclosed over an extended period of time. (B) Representative actograms from flies of the genotypes
indicated above each actogram. Flies that had been entrained to a light:dark cycle were placed in the activity monitors in constant darkness
and their activity was recorded for 9 days. Flies expressing dfmr1 have rhythmic patterns of rest and activity, while flies lacking wild-type
dfmr1 have erratically timed short bouts of relatively high activity. (C) Locomotor activity of w1118 (n � 19) and dfmr1 (n � 14) flies averaged
over 9 days in LD. Mean activity levels are reported across flies for each time point (zeitgeber time). The black bars across the bottom of
each plot indicate the 12 hr of darkness and the open bars indicate the hours of light. The activity profiles of both w1118 and dfmr1 were similar
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Table 1. Circadian Phenotypes in Constant Darkness

Average
Genotype n % Rhythmic Perioda FFTb

(A)
w1118 27 100 23.4 � 0.4 0.100 � 0.044
dfmr13 21 14c 23.3 � 0.3 0.014 � 0.015
dfmr13 ; 22 100 23.5 � 0.5 0.099 � 0.046

WT rescue/�
dfmr1 3 ; 21 14c 24.2 � 0.3 0.014 � 0.014

FS rescue/�
(B)
TM3, Sb/NE3-4 32 100 23.1 � 0.1 0.127 � 0.044
tim-Gal4/�; 43 49 25.9 � 0.1 0.129 � 0.067

NE3-4/�
EP3517/� 18 100 23.8 � 0.1 0.213 � 0.064
tim-Gal4/�; 27 100 25.4 � 0.1 0.136 � 0.043

EP3517/�
tim-Gal4/�; 19 100 23.8 � 0.1 0.122 � 0.045

EP3422/�

Figure 4. Overexpression of dFMR1 Protein in the Lateral NeuronsCircadian and activity studies were done using monitors from Triki-
as a Result of Combining the NE 3-4 EP Insertion with the tim-GAL4netics and data were analyzed using the ClockLab software from
DriverMatLab as described in Yang and Sehgal (2001).

a Average period and standard deviation of flies judged to be rhyth- Head sections of adults containing the NE3-4 insertion alone (TM3,
mic. Rhythmicity was based upon actogram and periodogram and Sb/NE3-4) or in a genetic background containing a tim-GAL4 driver
on FFT value. (tim-GAL4/�;NE3-4) were stained with anti-dFMR1(green) and anti-
b Fast Fourier Transforms are a measure of the strength of the rhyth- PDF (red) antibodies. The anti-PDF staining indicates the position
micity and were averaged for all flies tested of a given genotype. of the lateral neurons (arrow). The position of photoreceptor nuclei
c These flies were judged to be weakly rhythmic, with an average is indicated with arrowheads. Elevated levels of dFMR1 protein are
FFT value of 0.043 � 0.010 for the dfmr1 flies and a value of 0.042 � observed in the lateral neurons and photoreceptors, as well as other
0.006 for dfmr1; FS rescue/� mutants. cells in the brain and optic lobe when the NE3-4 insertion is in a

genetic background containing the tim-GAL4 driver.

an LD 12:12 cycle for 5 days prior to eclosion, aged
tion that directs the overexpression of dfmr1 in cells

them 2 additional days in identical conditions, then
expressing GAL4 (Figure 1A). In fact, when the NE 3-4

placed them in activity monitors as described above.
line was crossed to a tim-GAL4 line, the progeny were

We found that most of the dfmr1 mutant flies were rhyth-
observed to overexpress dFMR1 protein in cells that

mic and displayed a very similar activity profile to that of
express tim, including the lateral neurons, the site of

w1118 (Figure 3C). Both w1118 and dfmr1 mutants displayed
the circadian clock, as well as other neurons in the brain

heightened levels of activity in anticipation of lights turn-
and optic lobe (Figure 4). Since two other EP P element

ing on and off. The anticipatory activity is indicative of
insertions near the 5� end of the dfmr1 gene were pre-

underlying clock function, which was further supported
viously identified by the Berkeley Drosophila Genome

by analysis of clock proteins in dfmr1 mutants (dis-
Project (BDGP), we also tested whether these lines

cussed below).
would lead to altered circadian patterns when intro-
duced into background containing tim-GAL4. We foundOverexpression of dFMR1 Leads
that the EP3517 insertion also resulted in a lengthenedto a Lengthened Period
period, but the EP3422 insertion, which is in the opposite

The specific requirement of dfmr1 for normal circadian
orientation of NE3-4 and EP3517, did not (Figure 1A;

behavior is reinforced by additional evidence that over-
Table 1B). Thus not only is dfmr1 activity required for

expression of dFMR1 protein also leads to altered circa-
normal circadian behavior, but elevation in dFMR1 pro-

dian behavior. In an independent screen for genes
tein levels lengthens the period.

whose overexpression leads to a circadian defect, we
identified the dfmr1 gene. Using the EP P element sys-
tem (Rørth, 1996), novel insertion lines were generated The Clock Genes Cycle Normally in dfmr1 Mutants

The circadian clock is regulated by an autoregulatoryand crossed into a genetic background containing a
tim-GAL4 driver, then assayed for changes in circadian feedback loop in which the transcription of timeless (tim)

and period (per) mRNA is repressed by an increase inbehavior. NE 3-4 was identified as an insertion that gives
rise to arrhythmicity and a lengthened period in a tim- PER and TIM protein concentration in the nucleus, lead-

ing to molecular oscillations of tim and per mRNA andGAL4-dependent manner (Table 1B). Molecular charac-
terization of this line revealed that the EP P element resultant proteins (reviewed by Dunlap, 1999; Williams

and Sehgal, 2001). To determine if the loss of dfmr1insert is in the first intron of the dfmr1 gene in an orienta-

in that both displayed two daily peaks of activity, anticipatory behavior at the light and dark transitions, and a steady increase in activity
during the later half of the day. Some of the dfmr1 were arrhythmic (FFT � 0.040) in LD as 26% (5/19) lacked significant 24 hr rhythms. The
histograms shown are derived only from rhythmic flies.
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activity leads to defects in the molecular oscillations of plex behaviors. For example, PKA, CREB, and NF1 mu-
tants exhibit both learning and clock output phenotypesthe clock components, we first examined the levels of

tim and per mRNA by performing RNase protection (Skoulakis et al., 1993; Bourtchuladze et al., 1994; Yin
et al., 1994; Majercak et al., 1997; Guo et al., 2000;assays. In this assay, the circadian oscillations of tim

and per mRNA in the dfmr1 mutant background were Williams et al., 2001). Moreover, the multiple cognitive
deficits and psychiatric diagnoses of fragile X patientsindistinguishable from those of the w1118 control flies

(Figure 5A). led us to expect that dfmr1 might influence multiple
complex behaviors in Drosophila. To this end, we evalu-Next, we examined the molecular oscillations of PER

and TIM proteins in the lateral neurons of the dfmr1 ated dfmr1 mutant males in a courtship assay. Courtship
in Drosophila involves a complex series of sensory andmutant brains by whole-mount immunostaining. No dif-

ference in the cycling of the two proteins was observed behavioral interactions between male and female. As such,
it provides a sensitive assay for behavioral abnormalities.between the dfmr1 mutants and control flies. PER pro-

tein staining was strongest at CT 2, low or undetectable Male-specific behaviors include orientation toward and
following of a female, tapping her with his forelegs, ex-at CT 8 and CT 14, and detectable again at CT 20 in

both the mutant and control brains (Figure 5B), sug- tending and vibrating one wing, licking her genitalia and
attempting copulation (Hall, 1994; Greenspan and Fer-gesting that PER protein oscillations are normal in the

dfmr1 mutant flies. Examination of TIM protein levels veur, 2000). In 10 min courtship assays with virgin fe-
males, 5-day-old males of mutant genotypes (dfmr1 andin similarly prepared samples also failed to reveal any

differences between dfmr1 mutant and control flies (not dfmr1; FS rescue/�) spent significantly less time en-
gaged in active courtship than did w1118 or dfmr1; WTshown). Taken together, our results suggest that the

loss of dfmr1 activity does not affect circadian clock rescue/� control males (Figure 6A). Most control males
directed sustained bouts of wing vibration toward thefunction at the molecular level, but affects the pathway

that translates signals from the clock and produces virgin, and many also attempted to copulate (Figure 6B).
In contrast, nearly 80% of dfmr1 males and �50% ofrhythmic rest:activity. Thus the mutation must have a

strong effect on a pathway that is downstream from the dfmr1; FS rescue/� males failed to advance beyond the
initial stages of courtship (following and tapping). Thusendogenous clock signal.
the mutants clearly failed to activate advanced stages
of courtship in response to the courtship-stimulatingA Known Output of the Clock Is Affected by Loss
cues of virgin females.of dfmr1 Activity

One known clock-controlled gene in Drosophila is the
cAMP response element binding protein (CREB) (Belvin A Failure to Maintain Courtship Interest Is
et al., 1999). To determine if the circadian oscillation of Observed in dfmr1 Mutant Flies
this protein is affected in the dfmr1 mutant flies, we To ask whether the reduced courtship represented a
monitored control and dfmr1 mutant flies carrying the defect in central courtship-activation systems or a spe-
CRE-luciferase (CRE-luc) reporter gene in a luminometer cific sensory deficit, similar courtship assays were per-
continuously in DD for up to 4 days. Although cycling formed in the presence of immature males, which pos-
of the CRE-luc reporter is detected in the dfmr1 mutant sess different pheromonal profiles than virgin females,
background, the amplitude of the oscillations is clearly but also stimulate older males to court (reviewed by
reduced compared to the oscillations in the w1118 control Hall, 1994). Similar to results obtained with virgin female
background (Figure 5C). This result indicates that dfmr1 objects, dfmr1 mutant males displayed significantly less
affects a known molecular output of the clock. courtship activity than control males toward immature

Another known output from the clock is the neuropep- male objects (Figure 6C), and largely failed to proceed
tide pigment dispersing factor (PDF) (Park et al., 2000) to the more advanced stages of courtship exhibited
which is specifically expressed in certain ventral lateral by controls (Figure 6D). The results indicate that dfmr1
neurons (LNv) that control circadian rhythms (Helfrich- mutants display the same lack of interest in courting
Forster, 1995, 1998). The small lateral neurons (s-LNv) two anatomically and pheromonally distinct objects,
project into the dorsal protocerebrum, and daily rhythms suggesting that this behavioral phenotype is not likely
in PDF levels have been observed in their terminal arbori- a result of a specific sensory deficit. This interpretation
zations (Park et al., 2000). We examined this cycling in is supported by results of analyzing the fine structure
brains of mutant and control flies that had been en- of courtship behavior. The duration of individual bouts
trained in LD 12:12 for 5 days, by immunostaining them of courtship varied greatly in control males, but was
with anti-PDF (Helfrich-Forster and Homberg, 1993). We consistently very short in the mutants. Indeed, only 7%
observed normal cycling of PDF levels in the termini of of courtship bouts with immature males lasted longer
the small lateral neurons in the dfmr1 mutant brains (not than a single sampling interval in dfmr1 and dfmr1; FS
shown). Thus this output of the clock is not affected, at rescue/� mutant males (the average interval sampling
the normal site of its release, providing further evidence time was 11 s), while w1118 and dfmr1; WT rescue/�
for normal central clock functioning in the dfmr1 mutant males averaged 2.6 and 1.6 sampling intervals per bout,
flies. respectively (p � 0.01; dfmr1; WT rescue/� males ver-

sus dfmr1 and dfmr1; FS rescue/� males, Mann-Whit-
ney U tests). During pairings with immature males, dfmr1dfmr1 Mutants Display a Defect

in Courtship Behavior and dfmr1; FS rescue/� males initiated courtship just
as often as w1118 males, averaging 4–5 bouts of courtshipSeveral mutations that disrupt output in the circadian

system in Drosophila are known to affect multiple com- in 10 min. dfmr1; WT rescue/� males initiated slightly
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Figure 5. Effect of the dfmr1 Mutation on Circadian Clock Gene Expression

(A) RNase protection assays (RPAs) were performed to measure the abundance of per and tim mRNA relative to a control, tubulin (tub), at
various time points in constant darkness (Williams et al., 2001). Data presented are representative of three independent trials. The actual RPA
data from this experiment are shown below the two plots. (B) Whole-mount immunostainings of adult brains from dfmr1 mutant and dfmr1;
WT rescue/� flies were double labeled for PER and PDF22. For each genotype the left panels show the staining for PDF. The right panels
show the staining pattern for PER. Time for each sample is indicated on the left. (C) CRE-luc reporter activity for w1118 (n � 58) and dfmr1
(n � 48) flies was obtained for flies entrained in 12:12 LD cycles for 5 days, then placed in DD and monitored for a minimum of 3 days. Raw
data were averaged across flies and plotted in the left panels. Data were normalized to remove both linear and nonlinear trends due to
depletion of the luciferin substrate (right panels). Significant oscillations can be detected for both genotypes; however, the dfmr1 mutants
clearly have a reduced oscillation amplitude.

more frequently, averaging 6.6 bouts/10 min. These re- Morphological Analysis of the Lateral Neurons
Reveals Subtle Defects in dfmr1 Mutant Fliessults indicate that the reduced courtship phenotype of

dfmr1 mutant males is largely the result of a failure to Given the rather ubiquitous expression pattern of dFMR1
during development (Wan et al., 2000), the erratic locomo-engage in sustained bouts of courtship.
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Figure 6. Courtship Studies of dfmr1 Mu-
tants and Controls

(A) dfmr1 mutant males court virgin females
less actively than control males. The Court-
ship Index (CI) of 5-day-old males was mea-
sured as the percent of time they engaged in
courtship behavior during 10 min pairings
with individual XX, yf virgin females. Court-
ship assays and data processing were per-
formed as described in McBride et al. (1999).
The average CI of dfmr1 males was sup-
pressed relative to w1118 controls (p � 0.0001
by ANOVA of arcsin-transformed CIs). This
phenotype was rescued in mutant males with
one copy of wild-type rescue, but was not
rescued in mutant males with one copy of FS
rescue. Error bars indicate SEM, n � 19–22
males for all groups except n � 41 for mutants
with FS rescue. (B) The courtship of dfmr1
mutant males toward virgin females differs
qualitatively from that of control males. The
percent of males that reached different levels
of courtship during 10 min pairings with virgin
females is plotted for each genotype. Most mu-
tant males (dfmr1 and dfmr1; FS rescue/�)

failed to proceed past the initial stages of courtship (following and tapping). Most control males (w1118 and dfmr1; WT rescue/�) exhibited
higher levels of courtship and 27%–37% attempted copulation. (C) dfmr1 mutant males court less actively than controls during 10 min pairings
with immature CS males (p � 0.0001 by ANOVA of arcsin-transformed CIs). This courtship phenotype is rescued by WT rescue, but not FS
rescue. Error bars indicate SEM, n � 24–27 males for all groups. (D) Qualitative analysis of courtship with immature males. The percent of
males that reached different levels of courtship during 10 min pairings with immature males is plotted for each genotype. Most mutant males
(dfmr1 and dfmr1; FS rescue/�) failed to proceed past the initial stages of courtship (following and tapping). Most control males (w1118 and
dfmr1; WT rescue/�) exhibited higher levels of courtship (wing vibration and/or copulation attempts).

tor activity, as well as the defects in circadian function complex or disorganized to count reliably (Figures 7E
and 7F). These results clearly show that the axon projec-and courtship behavior, could be due to abnormal neural

development in dfmr1 mutants. The morphology of the tions of the lateral neuron projections in the dfmr1 mu-
tant flies are abnormal.circadian system was examined in dfmr1 mutants by

staining of adult brains with the anti-PDF antibody and In Drosophila, mushroom bodies (MBs) have been
identified as structures involved in short-term and long-comparing them to similarly stained control brains. Both

mutant and control brains contained identical numbers term memory (McBride et al., 1999; Dubnau et al., 2001;
McGuire et al., 2001; Pascual and Preat, 2001), as wellof small and large ventral lateral neurons (s-LNV and

l-LNV, respectively). The axon projections from the l-LNV as normal locomotor behavior (Martin et al., 1998), and
courtship (Ferveur et al., 1995). Central complex regionsto the contralateral optic lobes via the posterior optic

tract (POT) and those from the s-LNV to the ipsilateral also modulate locomotor behavior (Martin et al., 1999).
When these and other structures were examined in braindorsal protocerebrum were present in mutant brains

(Figure 7A versus 7B). However, close examination re- sections of control (dfmr1; WT rescue/�) and dfmr1
mutant (dfmr1; FS rescue/�) male flies, no specific ab-vealed a high frequency of collateral branches emanat-

ing from these axons in the dfmr1 mutant brains (Figure normalities were detected in the neuropil regions and
fiber tracts of mutant brains (not shown). To look at the7B). Both the s-LNV and l-LNV projections into the central

brain were examined at high magnification for collateral structure of the MBs in more detail, we stained both
mutant control brains with an antibody raised to Fasicilinbranches. In 17 control brain hemispheres examined,

we found three projections with collateral branches from II (ID4), which has been shown to specifically label a
subset of the MB (Jefferies et al., 2002). The peduncle,either the s-LNV or l-LNV projections (17.6%), whereas

in 23 dfmr1 brain hemispheres examined, we found 18 �, and � lobes of MBs in mutant and control brains were
found to be very similar in structure and shape (Figures(78.2%) with collateral branches (p � 0.001 chi-square

analysis). Furthermore, comparison of the s-LNV termini 7G and 7H). Measurements of the diameters and lengths
of the � and � lobes of ten MBs each showed no differ-in mutant and control brains revealed more extensive

arborizations in the dfmr1 mutant brains (Figures 7C ence between the mutant and control. Thus the MBs of
dfmr1 mutant brains do not appear to be different fromand 7D versus 7E and 7F). To quantitate this difference,

confocal stacks were made of mutant and control s-LNV those in control brains.
termini, and the number of branches at the termini were
counted. For control s-LNV termini, the average number The Circadian Defect of dfmr1 Mutant Flies Is Not

Rescued by the Introduction of futschof branches was 4.2 � 0.47, n � 17. For 23 mutant
hemispheres examined, reliable counts of terminal Loss-of-Function Mutation

A recent report on dfmr1 (Zhang et al., 2001) indicatesbranches could only be made in 17 with an average of
6.9 � 0.59 (p � .0011, unpaired t test). For the termini a genetic interaction of dFMR1 with the MAP1B homolog

FUTSCH. A dfmr1/futsch double mutant combination isin the other six hemispheres, the branching was too
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cued. Viable futschN94; dfmr1 double mutants were en-
trained to a light:dark cycle in a manner identical to the
previous dfmr1 circadian studies and placed in activity
monitors. The futschN94 allele and dfmr1 mutants were
used as controls. We found that futschN94mutants have
no detectable circadian defect and that the dfmr13/
futschN94 showed no change in locomotor activity pro-
files or strength of rhythmicity when compared to dfmr1
mutants (FFT � .007 � 0.005, n � 9 versus FFT � .008 �
0.004, n � 12, respectively). Thus, the circadian pheno-
type exhibited by dfmr1 mutants is not largely a conse-
quence of the same futsch misregulation reported at
the NMJ and eye (Zhang et al., 2001).

Discussion

We have shown that although dfmr1 mutant flies are
indistinguishable from wild-type controls in overall loco-
motor activity and ability to perform simple chemotactic
and phototactic behavior, they have significant circa-
dian and courtship behavioral phenotypes. The circa-
dian system appears to be disrupted downstream of the
molecular pacemaker, as molecular analysis of the clock
genes failed to reveal any defect in the oscillations of
their mRNAs and resultant proteins. CREB protein activ-
ity has been shown to be a regulated output of the
clock (Belvin et al., 1999). We found that the circadian
oscillations of a CRE-luciferase reporter were signifi-
cantly reduced in amplitude in the dfmr1 mutant back-
ground. These results indicate that dfmr1 gene activity
is required for this known molecular output. Due to ef-
fects of feedback on the clock, at this time it is unknown
if dfmr1 acts upstream, downstream, or parallel to
CREB-mediated transcription. Also, whether this is the
only output pathway affected is not known. Clearly PDF
appears to cycle normally at the termini of the s-LNv,
but given the structural defects observed in the lateral
neurons, it is conceivable that PDF release is affected
in ways that we did not observe. For example, PDF
release may be more diffuse in the dfmr1 mutants due to

Figure 7. Morphological Analysis of Lateral Neurons and Mushroom
the increased arborization at the lateral neuron termini.Bodies in the Brains of Control and dfmr1 Flies
Therefore, the arrhythmicity observed in the dfmr1 mu-(A), (C), (D), and (G) are dfmr1; WT rescue/� brains and (B), (E), (F),
tants could be due to effects on multiple output path-and (H) are dfmr1 mutant brains. (A and B) Anti-PDF staining to
ways, or due to unique effects caused by a reductiondetect lateral neurons and their projection patterns. “cb” indicates

position of the cell bodies of PDF-staining lateral neurons. “dpp” in the oscillation amplitude of CREB protein activity. In
indicates the positions of the dorsal protocerebral projections com- addition to arrhythmic behavior, we observed a very
ing from the s-LNv. “pot” indicates the positions of the projections erratic pattern of locomotor activity with brief periods
into the posterior optic tract emanating from the l-LNv. The asterisks

of hyperactivity. This erratic pattern of activity has notin (B) indicate the position of collateral projections. (C–F) Termini of
been noted in other arrhythmic mutants (J. Hendricks,control (C and D) and dfmr1 mutant (E and F) dorsal protocerebral
personal communication). It could result from a uniqueprojections. The mutant termini are more extensively branched. (G

and H). Mushroom bodies of control (G) and H) dfmr1mutant brains effect of dfmr1 activity on circadian output or possibly
stained with anti-Fas II antibody. The positions of the �-lobe (�), from defects in another system that regulates locomotor
�-lobe (�), and peduncle (P) are indicated. activity.

In addition to the circadian defects, the dfmr1 mutant
males exhibited abnormal courtship behavior. dfmr1reported to rescue all reported synaptic defects de-

tected at the neuromuscular junction (NMJ) and in the mutant males displayed reduced overall courtship activ-
ity toward two independent targets, virgin females andeye of a dfmr1 mutant, prompting a hypothesis that

futsch misregulation is likely a key factor in pathologies immature males, which are anatomically distinct and
have different pheromonal profiles (Hall, 1994). This re-associated with fragile X mental retardation (Zhang et

al., 2001). To extend upon these observations, we gener- sult suggests a basic defect in courtship rather than a
failure to recognize or respond to a specific cue. Thisated dfmr1/futsch double mutants using the futschN94al-

lele (Hummel et al., 2000) to see if the circadian defect defect, however, was not seen in the number of initia-
tions of courtship attempts, but rather in their duration,observed in the dfmr1 mutants would be similarly res-
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suggesting that dfmr1 mutants are unable to maintain have similarities to behavioral phenotypes observed in
courtship interest. The behavioral phenotypes of the patients with fragile X syndrome. Fragile X patients com-
dfmr1 mutant place it in a growing class of Drosophila monly have abnormal sleep patterns with shortened pe-
genes that affect both circadian output and other com- riods of sleep and longer wake episodes (Hagerman,
plex behaviors. The pka, CREB, and Nf1 genes, which 1996), suggesting defects in their circadian systems.
were originally shown to be mutants affecting learning Consistent with this observation, many fragile X patients
and/or memory, have since been shown to affect circa- have been found to have an altered melatonin profile,
dian rhythms and more specifically output from the clock a well-known output of the circadian clock (Gould et
(Skoulakis et al., 1993; Bourtchuladze et al., 1994; Yin al., 2000). Cognitive analysis of fragile X patients has
et al., 1994; Majercak et al., 1997; Belvin et al., 1999; identified mild to severe mental retardation, associated
Guo et al., 2000; Williams et al., 2001). The evidence with specific weaknesses in short-term memory, se-
suggests a basic link between the circadian modulation quential information processing, and other more com-
of activity and integrative and associative behaviors. plex abilities (Hagerman, 1996; Backes et al., 2000). Psy-

What is the cellular basis for the behavioral pheno- chiatric diagnoses are also common among fragile X
types produced by dFMR1/FMR1 loss of function? Ana- patients, with a high rate of attention deficit hyperactivity
tomical analyses in both vertebrate and Drosophila disorder (Hagerman, 1996; Backes et al., 2000). The simi-
models suggest that regulation of axon growth and/or larities between the human and fly mutant phenotypes
synapse formation may be affected (Comery et al., 1997; and the shared biochemical properties of the two pro-
Zhang et al., 2001; this study). Because dfmr1 is widely teins (Wan et al., 2000) suggest that studies of dfmr1
expressed in the developing central nervous system will be a useful model to identify physiological pathways
(Wan et al., 2000; Zhang et al., 2001), the inappropriate and substrates affected by the FMR1 gene.
collateral branching and terminal arborization we ob-

Experimental Proceduresserve in the projections of the ventral lateral neurons
are likely to be present in other neurons as well. Thus,

Generation of dfmr1 Alleleswhile subtle defects in the projections of these specific
The P element of stock P[EP]3517 is inserted within the first exonneurons may not be sufficient to explain the behavioral
of the dfmr1 locus. Flies homozygous for this P insertion are viable,

phenotypes of dfmr1 mutants (Renn et al., 1999; Hel- fertile, and have no visible abnormalities. To assess the effects of
frich-Forster et al., 2000), similar abnormalities in the a deletion allele, an imprecise excision screen was conducted, using
wiring of many neurons throughout the brain could result the 	2–3 transposase to mobilize the P element, using previously

described methodologies (Faulkner et al., 1998). Approximately 270in a selective disruption of complex behaviors.
stocks that had lost the w� marker associated with the P elementA current model holds that dFMR1 negatively regulates
were generated. None of these stocks failed to complement a defi-the translation of the MAP1B homolog futsch. This model
ciency [Df(3R)by62] that uncovers the dfmr1 locus. Thus, anti-

is supported by biochemical interaction between dFMR1 dFMR1 antibody (Wan et al., 2000) was used to screen stocks homo-
protein and futsch mRNA, a dependence of FUTSCH pro- zygous for the excision chromosome for reduction or loss of dFMR1
teins levels on dfmr1 expression levels, and an observa- protein. Two stocks were identified where most or the entire dfmr1

open reading frame had been deleted as judged by Southern hybrid-tion that a double mutant combination of dfmr1 and a
ization. These stocks were backcrossed to w1118, the parent stockhypomorphic allele of futsch ameliorates the larval NMJ
of the EP lines (Rørth, 1996), then balanced using the TM6C Tb Sband photoreceptor phenotypes reported in dfmr1 mu-
balancer chromosome.tants (Zhang et al., 2001). By contrast we did not find

that the introduction of a futsch loss-of-function mutant Measurement of Time of Eclosion
into the dfmr1 mutant background rescued the circadian Larvae were entrained to a 12:12 light:dark cycle (lights on:ZT 0,
phenotype. Therefore, while dFMR1 protein may regu- lights off: ZT12) at 25
C, 5 days after parent crosses were set up.

On the tenth day post-cross, pupae were taped to eclosion monitorslate the form of terminal arborizations in both central
(Trikinetics) using double-sided tape. After lights off, monitors wereand peripheral neurons, these effects may involve the
transferred into constant darkness at 25
C. Eclosion activity wasregulation of different transcripts during the develop-
collected in 30 min bins. Eclosion histograms were generated fromment of different synapses.
pooled sets of data and the data were pooled into 2 hr bins. The

The recent use of biochemical screens, coupled with period was set at 24 hr and Fast-Fourier Transform values were
microarray analysis, to search for RNA substrates bound calculated as a measure of rhythmicity. All analysis was done using
by FMR1 protein, has identified several dozen candidate Clocklab software (Actimetrics, Inc).
transcripts that may be regulated by FMR1 (Brown et

Measurement of Rest:Activity Rhythmsal., 2001; Darnell et al., 2001). One interesting candidate
Flies were entrained on standard cornmeal, agar-molasses-yeastto note is the transcript for SCOP, a gene conserved
medium at 25
C. For activity assays, male flies were entrained to abetween mammals and insects, whose transcript is ex-
12:12 hr light:dark cycle for a minimum of 5 days prior to loading

pressed in a circadian manner in the suprachiasmatic in glass tubes for activity monitoring using a Trikinetics (Waltham,
nucleus of rats (Shimizu et al., 1999; Berkeley Drosophila MA) system interfaced with an Apple computer. Data were subse-
Genome Project). Although the functions for SCOP and quently analyzed using the Clocklab (Actimetrics) software package.

Rhythmicity was determined by visual inspection of the actograms,its necessity for circadian function are not known, our
periodograms, and FFT analysis.results that demonstrate a lack of circadian output in

dfmr1 mutants provide a measure of validation that sub-
RNase Protection Assaysstrates identified in the biochemical screens have a sub-
Flies, entrained in light:dark cycles for 3 days, were collected during

stantial likelihood of having an in vivo association with the first 24 hr period of constant darkness. Total RNA was extracted
FMR1 protein function. from heads using the Biotecx (Houston, TX) reagent using manufac-

It is interesting to note that the defects observed in the turer’s suggested procedures. RNase protection assays were per-
formed as previously described (Williams et al., 2001), using probesdfmr1 mutant flies for circadian and courtship behavior
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for tim, per, and tubulin mRNA simultaneously. After electrophoresis sampling interval � 11 s), from which data the frequency and dura-
tion of individual bouts of courtship were determined.of the Rnase-treated samples, the signal for each of the three

mRNAs was quantitated using a phosphoimager (Molecular Dynam-
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