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Protein Expression Profiling of the Drosophila
Fragile X Mutant Brain Reveals Up-regulation
of Monoamine Synthesis*
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Fragile X syndrome is the most common form of inherited
mental retardation, associated with both cognitive and
behavioral anomalies. The disease is caused by silencing
of the fragile X mental retardation 1 (fmr1) gene, which
encodes the mRNA-binding, translational regulator
FMRP. Previously we established a disease model
through mutation of Drosophila fmr1 (dfmr1) and showed
that loss of dFMRP causes defects in neuronal structure,
function, and behavioral output similar to the human dis-
ease state. To uncover molecular targets of dFMRP in the
brain, we use here a proteomic approach involving two-
dimensional difference gel electrophoresis analyses fol-
lowed by mass spectrometry identification of proteins
with significantly altered expression in dfmr1 null mu-
tants. We then focus on two misregulated enzymes, phe-
nylalanine hydroxylase (Henna) and GTP cyclohydrolase
(Punch), both of which mediate in concert the synthetic
pathways of two key monoamine neuromodulators, do-
pamine and serotonin. Brain enzymatic assays show a
nearly 2-fold elevation of Punch activity in dfmr1 null mu-
tants. Consistently brain neurochemical assays show that
both dopamine and serotonin are significantly increased
in dfmr1 null mutants. At a cellular level, dfmr1 null mutant
neurons display a highly significant elevation of the dense
core vesicles that package these monoamine neuromodu-
lators for secretion. Taken together, these data indicate
that dFMRP normally down-regulates the monoamine path-
way, which is consequently up-regulated in the mutant con-
dition. Elevated brain levels of dopamine and serotonin
provide a plausible mechanistic explanation for aspects of
cognitive and behavioral deficits in human patients.
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Fragile X syndrome (FraX)' is a common form of inherited
mental retardation manifesting a range of behavioral symp-
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toms including cognitive defects, hyperactivity, hyperarousal,
hypersensitivity to sensory stimuli, and impaired motor coor-
dination (1, 2). FraX is caused by silencing of the fragile X
mental retardation (fmr7) gene, which encodes an RNA-bind-
ing, translational regulatory protein (FMRP). FMRP associates
with two structurally and functionally homologous proteins,
fragile X-related 1 (FXR1P) and 2 (FXR2P) as well as several
other proteins and RNAs in a complex that interacts directly
with polyribosomes (for recent reviews, see Refs. 2-4). Sev-
eral genomic and in vitro biochemical binding studies have
delineated subsets of mMRNA species that are bound to the
FMRP complex (5-8). Although FMRP function may include
the subcellular transport and/or stabilization of bound
mRNAs, its best established function is to regulate, in most
cases negatively, the translation of bound mRNAs (2, 9, 10).
The challenge is to determine which FMRP mRNA targets are
most critical for its in vivo functions and which FMRP-depend-
ent interactions are altered when FMRP is absent to cause the
most damaging FraX symptoms.

A mouse FraX model established in 1994 has provided the
foundation for our current understanding of FMRP function
(11). However, neuronal and behavioral phenotypes of fmri
knock-out mice appear relatively subtle and particularly sen-
sitive to genetic background (12, 13). Moreover the genomic
and in vitro biochemical binding studies of FMRP in mammals
have generated a dauntingly long list of putative mRNA part-
ners, increasing the difficulty of pinpointing the most relevant
impacted pathways. Therefore, to complement the mouse
model, a Drosophila FraX model was established in 2001 (14)
to provide evolutionary perspective on conserved FMRP func-
tions and to allow genetic studies of molecular and cellular
functions in the context of a relatively simple brain (14-19).
The Drosophila fragile X mental retardation (dfmr1) gene is the
only family member present in the fly genome. FMRP and

dimensional; DIGE, difference gel electrophoresis; BH4, tetrahydro-
biopterin; DA, dopamine; DCV, dense core vesicle; dfmr1, Drosophila
fragile X mental retardation 1 gene; dFMRP, Drosophila fragile X
mental retardation protein; fmr1, fragile X mental retardation 1 gene;
FMRP, fragile X retardation mental retardation protein; FXR, fragile
X-related; Henna, Drosophila phenylalanine hydroxylase; PTM, post-
translational modification; Punch, Drosophila GTP cyclohydrolase;
TH, tyrosine hydroxylase; CHAPS, 3-[(3-cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonic acid.
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dFMRP have in common all defined functional domains, post-
translational modifications, subcellular expression pattern,
and, where they have been assayed, RNA binding properties,
interacting protein and RNA partners, and a conserved role as
a translational repressor (2, 14-16, 20-22). In Drosophila, loss
of dFMRP causes significant changes in neuronal structural
morphogenesis and circuit formation (18, 19) and synaptic
differentiation and neurotransmission properties (14, 19) and
alterations in behavioral output (14-16) comparable to the
human disease. To establish molecular bases for these cellu-
lar and behavioral phenotypes, it is particularly important to
identify proteins that are misregulated in the absence of
dFMRP.

To reveal dFMRP targets, we took a proteomic approach in
the brain using two-dimensional difference gel electrophore-
sis (2D DIGE) followed by mass spectrometry and data base
interrogation to identify proteins whose expression profiles
are significantly altered in dfmr1 null mutants. A surprisingly
small set of proteins showed altered expression: 24 species
that can be placed into five functional groups. The largest
group (six proteins), containing the most dramatic changes in
protein abundance, functions in energy metabolism. The sec-
ond most impacted group contains two enzymes, phenylala-
nine hydroxylase (Henna) and GTP cyclohydrolase | (Punch),
involved in biogenic amine synthesis. The other groups in-
clude heat shock proteins and protein degradation proteins
(five proteins), cytoskeletal proteins (tubulin, actin, and tropo-
myosin), redox and ion homeostasis proteins (two proteins),
and a collection of six miscellaneous proteins of no clear
group or relationship to known aspects of dFMRP function.
Since energy metabolism is relatively refractory to analyses of
nervous system specific functions, we first focused our atten-
tion on the second most impacted group, proteins involved in
the centrally important monoamine neuromodulator pathway.

Dopamine and serotonin are major neuromodulators in the
central brain, mediating a wide range of cognitive functions
and behavioral regulation in both vertebrates and inverte-
brates (23-26). In Drosophila, GTP cyclohydrolase is encoded
by the punch gene. Punch protein converts GTP to dihydro-
neopterin triphosphate, the rate-limiting step in de novo syn-
thesis of tetrahydrobiopterin (BH4), an essential cofactor for
three aromatic amino acid monooxygenases, i.e. phenylala-
nine, tyrosine, and tryptophan hydroxylases, participating in
the dopamine and serotonin syntheses (27, 28). In Drosophila,
phenylalanine hydroxylases and tryptophan hydroxylase are
encoded by a single gene, henna (29). Henna converts pre-
cursors phenylalanine and tryptophan into dopamine and se-
rotonin, respectively, for the synthesis of serotonin. Henna is
the rate-limiting enzyme (29). Thus, Henna and Punch, work-
ing in concert and in different steps, regulate the synthetic
pathways of dopamine and serotonin. 2D DIGE reveals spe-
cific defects in the post-translational modification (PTM) of
Henna and Punch in dfmr1 mutant brains. The activities of
both enzymes are positively regulated by PTM, i.e. phospho-

rylation (30-34). Consistently brain enzymatic assays reveal
significantly increased activity of Punch in dfmr1 mutants.
Furthermore brain neurochemical assays show that various
intermediates of the biogenic amine pathways are signifi-
cantly increased in dfmr1 mutants, including both dopamine
and serotonin, consistent with proteomic and enzymatic as-
say results. Finally ultrastructural studies show a significant
elevation in the number of dense core vesicles in synaptic
terminals of dfmr1 mutant brains. This class of secretory vesicle
mediates release of neuromodulators including dopamine and
serotonin. Taken together, these diverse data reveal up-
regulation of the monoamine pathway in dfmr1 mutant brains,
suggesting a likely molecular mechanism for aspects of cogni-
tive and behavioral deficits in human FraX patients.

EXPERIMENTAL PROCEDURES

Drosophila Stocks and Husbandry—The control genotype used in
all experiments was w’’"8; FRT82B. The dfmr1 null mutant stock used
in all experiments was w'""%; FRT82B, dfmr1°°™. This null allele of
dfmr1 is a small intragenic deficiency produced by imprecise P-
element excision (14); it is completely viable, produces no detectable
protein by immunocytochemistry staining or Western analyses, and is
phenotypically indistinguishable from other characterized null mutant
alleles (14, 16, 19, 35), one of which is completely rescued by a
transgenic wild-type dfmr1 gene (15). All Drosophila stocks were
maintained at 25 °C on standard medium.

Proteomic Analysis—2D DIGE using a mixed sample internal
standard, spot identification by mass spectrometry, and data base
searching was done largely according to previous reports (35, 36). For
each of three independent replicate experiments, 50 heads from
2-day-old adult flies (half male and half female) of each genotype
(genetic control: w’’"8; FRT82B; and mutant animal: w’""8; FRT82B,
dfmr°°™) were homogenized in 100 ul of lysis buffer (7 m urea, 2 m
thiourea, 4% CHAPS, 17 mm DTT), precipitated with methanol/chlo-
roform, and resuspended in 100 ul of lysis/labeling buffer (7 m urea, 2
M thiourea, 4% CHAPS, 30 mm Tris, 5 mm magnesium acetate) prior
to labeling with 200 pmol of either Cy3 (control) or Cy5 (mutant). In a
similar fashion, 150 brains, 25 from each of the six samples (three
controls and three mutants), were processed and labeled with 600
pmol of Cy2 (6-mix) as internal control for the three different gels. The
labeled samples were combined such that each pair of Cy3- and
Cy5-labeled samples was mixed with an equal aliquot of the Cy2-
labeled mixed sample; in total, 150 brains (50 brains of each of
labeled samples of control, mutants, and 6-mix) were loaded on the
gel. The three sets of tripartite-labeled samples were separated by
standard 2D gel electrophoresis using an IPGphor first dimension
isoelectric focusing unit and 24-cm pH 4-7 immobilized pH gradient
(IPG) strips (Amersham Biosciences) followed by second dimension
12% SDS-PAGE using an Ettan DALT 12 unit (Amersham Bio-
sciences) according to the manufacturer’s protocols. The Cy2 (mixed
standard), Cy3 (control), and Cy5 (mutant) components of each gel
were individually imaged using mutually exclusive excitation/emission
wavelengths of 480/530 nm for Cy2, 520/590 nm for Cy3, and 620/
680 nm for Cy5 with a 2D 2920 Master Imager (Amersham Bio-
sciences). A Sypro Ruby poststain (Molecular Probes) was used to
ensure accurate protein excision as the low stoichiometry of CyDyes
label only 1-3% of the total protein. DeCyder software (Amersham
Biosciences) was used for simultaneous comparison of abundance
changes across all three sample pairs with statistical confidence and
without interference from gel-to-gel variation (36, 37). Control:mutant
volume ratios for each protein were calculated relative to the internal
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standard present on every gel and were used to calculate average
abundance changes and Student’s t test probability (p) values for the
variance of these ratios for each protein pair across all three inde-
pendent gels. Entries with abundance changes of =1.3-fold increase
or decrease, an arbitrary cut-off, and p values =0.05 are reported.
Proteins of interest were excised and digested in-gel with modified
porcine trypsin protease (Promega). MALDI-TOF mass spectrometry
was performed on a Voyager 4700 (Applied Biosystems). lons specific
for each sample were used to interrogate Drosophila sequences
deposited in the Swiss-Prot and National Center for Biotechnology
Information (NCBI) data bases using the MASCOT (www.matrix-
science.com) and ProFound (prowl.rockefeller.edu) search algo-
rithms, respectively.

Enzymatic Activity Assay—Punch enzymatic activity was assayed
largely according to previous reports with the reaction product quan-
tified by HPLC (38, 39). Fly heads from 24-h posteclosion adults were
collected by sieving from liquid N,-frozen and vortexed flies. Fifty
heads were homogenized in 100 ul of cold 50 mm Tris, pH 8.0,
containing 2.5 mm EDTA, 5% sucrose, and Roche Applied Science
protease inhibitor mixture. After centrifugation of the homogenates at
9300 X g for 10 min at 4 °C, 5 mg of acid-rinsed charcoal was added
to 100 ul of supernatant with gentle mixing to adsorb eye pigment.
After centrifugation to remove the charcoal, the protein concentration
of the extract was determined using a Bio-Rad protein assay Kkit.
Extract (45 pg of protein/ml) was mixed with GTP to a substrate
concentration of 2 mm in a final volume of 70 ul. The reaction was
incubated at 37 °C for 1 h after which the product of the reaction,
7,8-dihydroneopterin triphosphate, was oxidized to its fluorescent
form in 30 ul of 1% iodine and 2% potassium iodide in 1 m HCI. After
incubation of the oxidation solution for 1 h in the dark at room
temperature, the samples were centrifuged at 14,500 X g for 5 min.
The oxidation reaction was terminated, and the samples were decolo-
rized with the addition of 15 ul of 3% ascorbic acid. After adjusting
the samples to pH 8.0, 50 ul of each sample was mixed with 2 ul of
calf intestine alkaline phosphatase, 7 wl of alkaline phosphatase
buffer (Roche Applied Science), and 11 ul of distilled H,O. The mix-
tures were incubated at 37 °C for 30 min to dephosphorylate the
neopterin triphosphate product. The reaction mixture was centri-
fuged, and the supernatant was filtered. Reaction products (10 wl)
were separated by HPLC on an ESA CoulArray system with Model
582 pumps using a Waters Symmetry C,5 HPLC column (4.6 X 150
mm, 5-um particle size). Pteridines were detected by fluorescence
using an ESA Model LC305 fluorescence detector at excitation 360
nm/emission 456 nm. The specific activities were determined by
integration of the peak area of neopterin, which appeared around 3
min using commercial neopterin (Sigma) as a standard. The specific
activity of Punch is reported as nanomoles of neopterin generated per
milligram of protein per minute of reaction time. The means and
standard deviations of three independent activity assays were com-
pared and analyzed by Student’s t test using the SPSS statistics
program.

Biogenic Amine Assay by HPLC—HPLC assays of biogenic amines
and amino acids were done largely according to previous reports
(40-42). Briefly 20 fly heads from 2-day-old flies (half male and half
female) were homogenized in 150 ul of 0.1 M TCA, which contained 10
mm sodium acetate, 0.1 mm EDTA, 1 um isoproterenol (as internal
standard), and 10.5% methanol (pH 3.8). Samples were then centri-
fuged in a microcentrifuge at 10,000 X g for 20 min. The supernatant
was removed and stored at —80 °C degrees. Before injection into the
HPLC system, the supernatant was thawed and centrifuged again for
20 min. The HPLC system for biogenic amine measurement consisted
of a Waters Model 515 pump, Waters 717+ autosampler, and an
Antec electrochemical detector utilizing an Antec Decade (oxidation,
0.7) electrochemical detector. 20-ul samples of the supernatant were

injected using a Water 717+ autosampler onto a Waters Nova-Pak
C,5 HPLC column (3.9 X 300 mm). Biogenic amines were eluted with
a mobile phase consisting of 89.5% 0.1 m TCA, 10 mm sodium
acetate, 01 mm EDTA, and 10.5% methanol (pH 3.8). Solvent was
delivered at 0.7 ml/min using a Waters 515 HPLC pump. Using this
HPLC solvent the four biogenic amines from fly heads elute in the
following order: octopamine, dopamine, tyramine, and serotonin (42).
Amino acids were determined by the Waters AccQ-Tag system uti-
lizing a Waters 474 scanning fluorescence detector. 10-ul samples of
the supernatant were diluted with 70 ul of borate buffer to which 20-pul
aliquots of 6-aminoquinol-N-hydroxysuccinimidyl carbamate were
added to form the fluorescent derivatives. After incubating the mixture
for 10 min at 37 °C, 10 ul of resultant samples were injected into the
HPLC system consisting of a Waters 712 autosampler, two 510 HPLC
pumps, a column heater (37 °C), and a fluorescence detector. Sepa-
ration of the amino acids was accomplished by means of a Waters
amino acid column and supplied buffers (buffer A: 19% sodium
acetate, 7% phosphoric acid, 2% triethylamine, 72% water; buffer B:
60% acetonitrile) using a specific gradient profile. Using this HPLC
solvent system, the amino acids elute in the following order: cysteine,
homocysteine, aspartic acid, serine, glutamate, glycine, taurine, argi-
nine, threonine, alanine, proline, y-aminobutyric acid, cystine, tyro-
sine, valine, methionine, lysine, isoleucine, leucine, and phenylalanine
(40). HPLC control and data acquisition were managed by Millennium
32 software. The means and standard deviations of at least 17 re-
peats were analyzed using Student’s t tests.

Brain Immunocytochemistry—Immunostaining of the adult brain
was done largely according to previous reports (14, 19). Briefly brains
from 2-3-day-old animals were dissected out intact in PBS followed
by fixation in 4% formaldehyde for 30-45 min. For immunostaining, a
rabbit polyclonal antibody against tryosine hydroxylase (Chemicon
International) was used at a 1:300 dilution to visualize dopaminergic
neurons. Mouse monoclonal antibody 22A7 against dFMRP was used
at a 1:1000 dilution (20). Serial sections of antibody-stained brains
were acquired on a Zeiss LSM 510 Meta laser scanning confocal
microscope. Images were processed and presented with Adobe
Photoshop 7.0.

Brain Electron Microscopy— Transmission electron microscopy ul-
trastructural analyses of Drosophila brains were done largely accord-
ing to a previous report (19). Briefly 1-3-day-old adult brains for
control and dfmr1 mutants were dissected in PBS buffer and imme-
diately fixed for 1 h in 2% glutaraldehyde at 4 °C. Samples were
washed in PBS and transferred to 1% osmium tetroxide in double
distilled H,O for 1 h and stained en bloc in 2% aqueous uranyl acetate
for 1 h. Samples were then dehydrated and embedded in araldite.
After placing in a vacuum oven for 30 min, brains were placed in fresh
araldite and left to polymerize overnight in a 60 °C oven. Ribbons of
thin (~50-nm) sections were obtained with a Leica Ultracut UCT 54
ultramicrotome and examined on a Phillips CM12 transmission elec-
tron microscope. Digital electron microscopy images were taken of
defined synaptic boutons from regions in the central brain. All sec-
tions for quantification contained at least one clear presynaptic T-bar
active zone defining a release site (43). Dense core vesicles (DCVs)
containing neuromodulators were counted in each synaptic profile.
Over 50 synaptic profiles across the central brain were quantified.
Statistical significance was determined by Student’s t test.

RESULTS

Protein Expression Profiles Altered in dfmr1 Null Mutant
Brains—FMRP/dFMRP is an mRNA-binding protein that as-
sociates with both polyribosomes and RNA interference/mi-
cro-RNA machinery to act as a translational regulator (5,
44-47). Studies in mouse and human suggest that FMRP

280 Molecular & Cellular Proteomics 4.3



Up-regulation of Monoamine Synthesis in Drosophila FraX Model

A 150D Cy3 pre-labeled control

Cy5 pre-labeled dfmr1  150KD

pie T ST pla T Tl e S 7
'] > " ee v & Prer o vy
oy a - * . .. -
. ‘.
15KD & P 15KD
B pl 4 pl7
. ! »
p— = g RExt
.Lm'o"',"* : \
¢ Tile = o e 7
" Le -
— e '.- ara'w 4 .'?.". .'. 3
i ' .'- 1&_ ’ - ' g.
o i The2
Poatieal 15
- . 3 »
30
] - » =9
S L T
- .
[ ° 21 . 8
16 .
- . I
’ . s
.
15KD
2 K

Fic. 1. Proteomic analysis of dfmr1 mutant brain. A, representative 2D gels of brain protein samples. Control is labeled with Cy3 (left, red),
and dfmr1 null mutant is labeled with Cy5 (right, blue). The protein size range from 15 to 150 kDa (bottom to top) and pl range from 4 to 7 (left
to right) are indicated. The expression profiles of the two brains look highly similar. B, the merged gel of wild-type and mutant protein samples.
Protein spots with significantly altered expression profiles are numbered. Proteins with dramatically increased expression (>3-fold) in the
mutants are seen as blue spots (e.g. spots 1 and 2). Proteins with dramatically decreased expression (>3-fold) in the mutants are seen as red
spots (e.g. spots 3 and 4). Quantitative measurements are made relative to a Cy2-labeled internal standard co-migrating within the gel (not

shown).

binds a large assortment of hundreds of putative target mes-
sages (i.e. 432 mRNAs in the mouse) (5, 7), but, as yet, only a
few proteins (<5 total, e.g. microtubule-associated protein 1B
and glucocorticoid receptor «) have been shown to display
detectably altered expression in vivo in the absence of FMRP
(7, 10). Thus, the scope of the role of FMRP as a translational
regulator in vivo is entirely unclear. Using the Drosophila
model, we wished to systematically analyze protein expres-
sion profiles in the dfmr1 null mutant brain to identify candi-
date proteins to mechanistically associate with mutant phe-

notypes in neuronal structural elaboration, synapse
differentiation, and the execution of complex behaviors (2, 14,
19). We therefore took advantage of a recently developed
proteomic 2D DIGE approach (see “Experimental Proce-
dures”) to compare protein expression profiles in dfmr1 null
mutant brains relative to matched genetic controls (Fig. 1).
The 2D DIGE approach resolved ~1500 protein species in
the brain. On first comparison, the protein expression profiles
in mutant and control were strikingly similar, and it was ap-
parent that there is no dramatic or widespread alteration in
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TABLE |
Altered protein expression in dfmr1 mutant brain

Gel ID  Change®

Protein

Energy metabolism

Glycerol-3-phosphate dehydrogenase 1 +4.53°
2 +7.09°
3 —4.41°
4 -3.10°
Glucose-phosphate dehydrogenase 5 -1.3°
Electron-transferring flavoprotein 6 —3.497
PckA phosphoenolpyruvate carboxykinase 7 —1.54¢
Alcohol dehydrogenase 8 —1.667
9 —1.367
Pyruvate dehydrogenase (CG7010) 10 +1.36¢
Monoamine pathway
Phenylalanine hydroxylase (Henna) 11 —1.687
12 +1.634
GTP cyclohydrolase (Punch) 13 +2.43°
14 +2.097
15 —2.52¢
Hsp and protein degradation
Heat shock protein 23 16 +1.42¢
Heat shock protein 60 17 +1.619
Cathepsin K (CG4847) 18 —1.49
Cysteine proteinase 1 19 +1.529
Ubiquitin-like 4 (CG7217) 20 +2.53°
Redox and ion homoestasis
1-cys peroxiredoxin 21 +2.08°
Ferritin 1 heavy chain homolog 22 +1.66°
Cytoskeleton proteins
B-tubulin 23 +1.8319
Actin 5C 24 +1.3¢
Tropomyosin 25 —1.48°
26 +1.38°
Miscellaneous
Annexin IX 27 +1.51¢
Senescence marker protein (SMP-30) 28 +2.33°
Spermine synthetase homolog (CG8327) 29 —1.429
CG10997 30 +1.38¢
Crystallin (CG16963) 31 -1.519
Farnesoic acid methyltransferase (CG10527) 32 —2.45P

2 +, increased expression;
bp < 0.001.

€0.001 < p < 0.01.
70.01 < p < 0.05.

—, decreased expression.

protein expression in the dfmr1 null mutant brain (Fig. 1A) in
contrast to predictions (5, 7). Protein abundance for each
species was quantified and compared using the DeCyder
software to ensure that abundance changes across all sample
pairs were calculated with statistical confidence and without
interference from gel-to-gel variation (37). This approach in-
dicated that <2% (24 of 1500) of detectable proteins were
significantly altered in dfmr1 null mutant brains compared with
controls; only 24 proteins change expression level by =1.3-
fold (increase or decrease) (Fig. 1B and Table I). Moreover
these 24 proteins can be assigned into just five functional
categories plus a small group of unrelated proteins. The larg-
est group (six proteins), containing the largest -fold changes
in protein abundance, functions in energy metabolism, includ-

ing glycerol-3-phosphate dehydrogenase and glucose-phos-
phate dehydrogenase (Table I). These changes are consistent
with alteration in glucose metabolism in fmr1 knock-out mice
(48). The second largest group (five proteins) functions as heat
shock protein chaperones and other proteins involved in pro-
tein maintenance versus degradation pathways (Table I). The
up-regulation of these proteins likely reflects conditions of
increased metabolic and/or general cellular stress (49). The
third group (three proteins) is cytoskeletal proteins (8-tubulin,
actin, and tropomyosin). The identification of these proteins
are consistent with a number of earlier reports predicting
alteration in both actin and microtubule cytoskeletal dynamics
and stability (9, 14, 50). The fourth group encodes two com-
ponents of the monoamine biosynthesis pathway, suggesting
an alteration in neuromodulator production, consistent with
recent mammalian reports (51). This group will be our primary
focus in this study (see below). The last two groups include
two proteins linked to redox changes/ion homeostasis and a
collection of six miscellaneous proteins (Table I). These pro-
teins belong to no clear functional group and have no rela-
tionship to known aspects of dFMRP function, and their sig-
nificance is currently unknown.

Many of the protein expression changes in the dfmr1 mu-
tant brain suggest that the alterations are not due to direct
dFMRP translation regulation but rather represent indirect
interactions attributable to altered post-translational modifi-
cation (Fig. 1B and Table ). In the energy metabolism group,
for example, the most strongly impacted protein, glycerol-
phosphate dehydrogenase, is altered in four different PTM
isoforms (Table I); two isoforms are increased in abundance
(7- and 4.5-fold), and two are decreased in abundance (4.4-
and 3-fold). Four other proteins, alcohol dehydrogenase,
Henna, Punch, and tropomyosin, also show two or more
isoforms with altered expression profiles (Table I). These pro-
teins with multiple isoforms changing in opposite directions
again suggest indirect post-translational modification defects
in dfmr1 mutants. The mechanism of these modifications is
unknown as our screen did not identify any kinase, phospha-
tase, or other protein class known to mediate these post-
translational modification events. It is intriguing to note, how-
ever, there are several kinases and phosphatases whose
mRNAs are reportedly direct targets of FMRP binding (7).

The Monoamine Synthesis Pathway Is Activated in the
dfmr1 Mutant Brain—The two enzymes Henna and Punch
participate in the same synthetic pathway for biogenic amines
dopamine and serotonin, suggesting that regulation of this
biosynthetic neuromodulator pathway could be a significant
target of dFMRP regulation. The mass spectra of gel-excised
proteins identified multiple isoforms of both Punch and Henna
to be significantly misregulated in the dfrm7 null mutant brain
(Fig. 2). MALDI-TOF fragmentation spectra confirmed the
post-translationally modified isoforms of the enzymes. Mag-
nified comparison of control and mutant 2D DIGE gels
showed changes in three Punch PTM isoforms, which was
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mass spectrometry. A, mass spectra of
gel-excised proteins used for protein
identification. MALDI-TOF peptide mass
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from the acidic Henna isoform. y- and
b-ion and immonium ions (on the ex-
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consistent across all three replicates (Fig. 3A, compare with
Fig. 1B (spots 13-15) and Table | (spots 13-15)). The abun-
dance levels from each PTM isoform can also be represented
as a three-dimensional pixel intensity map of the control ver-
sus the mutant species (Fig. 3B) or graphical representation of
the average protein abundance change across all trials (Fig.
3C). The average protein abundance change for the three
PTM isoforms, from the most acidic isoform to the most basic
isoform, was a 2.43-fold increase (p = 0.001), 2.09-fold in-
crease (p = 0.01), and 2.52-fold decrease (p = 0.008). Similar
changes occur to Henna with two PTM isoforms changing in
opposite directions (Fig. 1B (spots 11 and 712) and Table |
(spots 11 and 12)). Taken together, these data indicate a
highly significant shift in the abundance of the PTM isoforms
of these enzymes in the dfmr1 mutant brain.

Henna and Punch are involved in the same biogenic amine
synthesis pathways (Fig. 4A). Punch is the rate-limiting en-
zyme in the synthesis of BH4, an essential cofactor for the
activity of Henna and the other two aromatic amino acid
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monooxygenases tyrosine and tryptophan hydroxylases (28).
In Fig. 4A, the three asterisks indicate the three steps in the
synthetic pathway of biogenic amines dopamine and sero-
tonin that require BH4. In Drosophila, Henna and tryptophan
hydrogenase are encoded by the same gene (29). To deter-
mine the functional consequences of the PTM isoform protein
expression changes revealed in the proteomic analyses, the
enzymatic activities of Punch from control and mutant brains
were assayed using an established protocol (see “Experimen-
tal Procedures”) (39). The activity of Punch is nearly doubled
in the dfmr1 null mutant brain from 0.14 nmol of neopterin/mg
of protein/minute of reaction time in control to 0.24 in mutants
(Fig. 4B; p < 0.05, n = 3). Mammalian studies have shown
that Punch enzymatic activity is regulated by phosphorylation
with the phosphorylated form of Punch having higher enzy-
matic activity (33). The increased enzymatic activity of Punch
in dfmr1 mutants is consistent with the proteomic results that
the more acidic, probably phosphorylated Punch isoforms
(spots 13 and 74) are increased, concomitant with a decrease
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Fic. 3. Changes in post-translational modification of three Punch isoforms. A, separate Cy3-labeled control and Cy5-labeled mutant gel
images are shown for each of three punch isoforms (arrows) in the three DIGE gels (corresponding to proteins spots 13, 14, and 15 in Fig. 1
and Table I). Data for the most acidic isoform are presented in the right-hand pair of images, and the basic isoform is presented in the left-hand
pair of images. Two isoforms of glycerol-3-phosphate dehydrogenase underlined in the right-hand pair of images are also changing in
abundance. B, abundance levels from one of the three comparisons are shown for each isoform as a three-dimensional representation of the
pixel intensity of the Cy3-labeled control versus Cy5-labeled mutant signal (bounded in white). C, graphical representation of the average
abundance change indicated by crosses between control (blue cross) and dfmr1 mutants (red cross). Measurements were made within each
gel and normalized using the Cy2-labeled internal standard (standardized log abundance). Average relative abundance changes for the three

isoforms, from acidic to basic, are as follows: 2.43-fold increase for spot 13 (p = 0.0017), 2.09-fold increase for spot 14 (p = 0.016), and
2.52-fold decrease for spot 15 (p = 0.0087).
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in the basic, probably dephosphorylated Punch isoform (spot The Levels of Dopamine and Serotonin Are Increased in
15). Interestingly Punch mRNA was also found to be a target dfmr1 Mutant Brain—The biogenic monoamine neuromodu-
directly regulated by mammalian FMRP (7). lators dopamine and serotonin play critical roles in the regu-
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FiG. 4. Punch enzymatic activity is elevated in dfmr1 mutant
brain. A, biosynthetic pathway of neuromodulator monoamines do-
pamine and serotonin. L-Dopa, the levorotatory form of dihydroxy-
phenylalanine; Ddc, dihydroxyphenylalanine decarboxylase. Both
Henna and Punch (asterisk) require BH4 as a cofactor. Punch is the
rate-limiting enzyme required for BH4 synthesis and, thus, monoa-
mine production. B, enzymatic activity of Punch is significantly in-
creased (p < 0.05) in dfmr1 null mutants compared with control.
Activity is defined as nanomoles of neopterin per milligram of proteins
per minute of reaction. Error bars show mean + S.D.; n = 3.

lation of complex behaviors, including motor control, activity
level, and learning, in both vertebrates and invertebrates (23—
26). These functions are particularly relevant to FraX, charac-
terized by defects in motor control, activity level, and learning
ability. The above proteomic analyses show that the monoa-
mine synthesis pathway is under the control of dFMRP regu-
lation at two levels, Henna and Punch. Specifically the PTM
isoforms of both proteins are both significantly shifted to more
acidic, probably phosphorylated states. Both Henna and
Punch are activated by phosphorylation and inactivated when
dephosphorylated (30-32). Consistently Punch enzymatic ac-
tivity is elevated in the dfmr1 null mutant brain (Fig. 4B), and
the acidic isoform of Henna (Fig. 1B, spot 11 versus spot 12)
is predicted to be similarly activated. Henna is the first en-
zyme in the synthesis cascade of both dopamine and sero-
tonin (Fig. 4A). Tyrosine hydroxylase (TH) is the rate-limiting
enzyme in the dopamine synthesis pathway downstream of
Henna (52) (Fig. 4A). Both Henna and TH require the regula-
tory cofactor BH4 whose synthesis depends on Punch as the
rate-limiting enzyme. Taken together, these results predict
that the dopamine and serotonin biosynthetic pathway should
be accelerated in the absence of dFMRP.

A neurochemistry approach utilizing HPLC was used to
assay the abundance of dopamine and serotonin, and their
precursors and products, in the Drosophila brain (see “Exper-
imental Procedures”). HPLC assays were done of both amino
acids and biogenic amines in age-matched genetic controls
and dfmr1 null mutants (Fig. 5A). In mutants, 13 of the 19
amino acids assayed remain unchanged, although serine,
glutamate, histidine, alanine, y-aminobutyric acid, and tyro-
sine show significant, mild increases (p < 0.05; data not
shown). However, metabolites of the dopamine synthetic
pathway downstream of the amino acid precursor phenylala-
nine through tyrosine to dopamine and finally to the dopamine
product 3,4-dihydroxyphenylacetic acid are all significantly
increased in mutants (Fig. 5B). In particular, the level of do-
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Fic. 5. Dopamine production up-regulated in dfmr1 mutant
brain. A, representative HPLC traces of biogenic amines from head
extract from both control and dfmr1 null mutants. The peaks of
dopamine (DA) and serotonin (5-HT) are indicated. B, the concentra-
tions of different metabolites in the monoamine synthetic pathway.
Samples from control are shown in hatched bars; mutants are shown
in black bars. Error bars indicate mean = S.D. * indicates 0.05 > p >
0.01; **, p < 0.01. n = 18; NS, not significant.
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pamine is elevated by 80% in mutants from 63 pg/head in
control to 114 pg/head in dfmr1 nulls, a highly significant
increase (p < 0.01). A possible caveat to all of these analyses
is that they were done on the entire head, and the cuticle is
also known to contain dopamine at least during development.
The turnover of dopamine, i.e. the 3,4-dihydroxyphenylacetic
acid/dopamine ratio, remains unchanged between mutant
and control. Serotonin is also significantly elevated in abun-
dance but to a lesser extent (30% increase) from 17 pg/head
in controls to 22 pg/head in dfmr1 nulls, a significant increase
(p < 0.05; Fig. 5B). Taken together, the different lines of
evidence from proteomic, enzymatic, and neurochemical as-
says indicate that the biosynthesis pathways of dopamine and
serotonin, and thus the levels of dopamine and serotonin, are
up-regulated in dfmr1 mutant brains by a mechanism in which
dFMRP negatively regulates the activity of Henna and Punch
via post-translational modification.
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Dense Core Vesicles Are Increased in the dfmr1 Mutant
Brains—The up-regulation of neuromodulators dopamine and
serotonin in dfmr1 mutants provides a plausible mechanistic
explanation for behavioral defects observed in the Drosophila
model and, by extension, in human FraX patients. Therefore,
we wished to explore further the cellular and subcellular basis
of this mechanism. One possibility is that dfmr? mutants
might display more, or structurally overgrown, neurosecretory
neurons within these modulatory pathways. To test this pos-
sibility, control and dfmr1 mutant brains were stained with
anti-TH to assay dopaminergic neurons. Double labeling with
anti-dFMRP and anti-TH shows that dFMRP is highly ex-
pressed in dopaminergic neurons in the central brain (Fig. 6A),
consistent with the role of dFMRP in regulating the dopamine
biosynthesis pathway. However, no discernible morphological
abnormalities were found in TH-producing dopaminergic neu-
rons in dfmr1 null mutants (data not shown). These data suggest
that the normal complement of dopaminergic neurons must be
overproducing dopamine in the mutant condition.

Electron microscopy analyses were used next to probe the
ultrastructure of central brain synaptic connections, particu-
larly to assay for alterations consistent with an up-regulation
of the neurosecretory pathway. A subset of neurosecretory
vesicles are enlarged and contain an electron-dense core due
to the presence of electron-dense proteins within the vesicle
lumen. These DCVs (Fig. 6B) specifically package neuro-
modulators including neuropeptides and biogenic amines
such as dopamine and serotonin. Therefore, the distribution
of DCVs was assayed in control and mutant brains. All quan-
tification was done in identified synaptic profiles defined by
the clear presence of a presynaptic electron-dense T-bar,
which marks synaptic active zones (43). DCVs per synaptic
profile were quantified in the central brain for both control and
dfmr1 null mutants. In mutant brains, the number of DCVs is
significantly (o = 0.008) increased from 2.6 = 0.6 DCVs/
bouton in control to 6.4 = 0.9 in mutants (Fig. 6, B and C). This
ultrastructural finding strongly supports the conclusion that
dopamine/serotonin pathways are aberrantly elevated in the
dfmr1 mutant brain and suggests that increased release of
these neuromodulators may be an important element of the
FraX disease condition.

DISCUSSION

dFMRP-dependent Protein Changes in the Brain—RNA
binding studies and microarray analysis have identified hun-
dreds of potential direct mRNA targets of FMRP binding and
translational regulation (5, 7). However, few proteins have
been clearly demonstrated to be in vivo targets despite con-
siderable effort. This discrepancy may reflect the fact that
microarray analyses have overestimated the number of true
FMRP targets or that these targets are regulated in highly
specific temporal and/or spatial patterns that may be exceed-
ingly difficult to verify in vivo. In this study, we have therefore
taken the unique approach of searching for brain protein
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Fic. 6. Increased number of dense core vesicles in dfmr1 mu-
tant brain. A, dFMRP is expressed in dopaminergic neurons in the
brain. An adult brain double labeled with anti-dFMRP (red) and an-
ti-TH (green) to reveal dopaminergic neurons is shown. In the left
image, a low magnification brain image is shown with the asterisk
marking the synaptic neuropil with no staining of either antibody. A
number of TH-positive neurons are shown in green. In the right
images, higher magnification is shown of the co-localization of
dFMRP and TH in single dopaminergic neurons. B, electron micro-
graph (40,000X) of single synaptic boutons from control and dfmr1
mutant brains. Control bouton shows two active zones (asterisks),
synaptic vesicles, and DCVs, one of which is marked by an arrow. In
contrast, the dfmr1 mutant (bottom left panel) has much more numer-
ous DCVs, three marked by arrows. The scale bar represents 250 nm.
C, quantification of DCV numbers in control and dfmr1 mutant syn-
aptic terminals. The dfmr1 null mutant animals display a significantly
increased number of DCVs (p = 0.008) throughout synaptic boutons
in the brain of adult animals. Error bars show mean = S.D. (control,
n = 21; dfmr1, n = 32). **, p < 0.01. mito, mitochondria.

targets directly by using 2D DIGE coupled to mass spectrom-
etry identification of proteins altered in abundance in dfmr1
null mutants. This proteomic approach has the advantage that
it directly identifies brain proteins whose abundance in vivo is
dependent on dFMRP; it identifies not only direct targets of
dFMRP regulation but also any proteins altered secondarily or
as an indirect consequence of dfmr1 mutant phenotypes.
However, like all screening approaches, this proteomic anal-
ysis does not approach saturation. Among other things, this
proteomic analysis is limited in the size and abundance of
proteins it can detect by the temporal period of analysis and
by the whole-brain nature of the experiment. Thus, we do not
expect this approach to have identified large (>150 kDa) or
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rare proteins, proteins altered only during a specific develop-
mental window, or proteins altered only in a small region of
the brain. Rather this proteomic approach reveals expression
changes of relatively small, relatively abundant proteins in the
adult brain. Future directions for overcoming the current pro-
teomic limitations will include assays of different developmen-
tal periods and specific brain regions and using cellular frac-
tionations to identify protein changes limited to certain cellular
compartments such as synaptosomes.

Bearing these caveats in mind, it is nevertheless striking to
note how few proteins are altered in abundance in the com-
plete absence of dFMRP; among ~1500 brain proteins ana-
lyzed, only 24 were significantly changed. It is interesting to
note that the amplitude of changes shown in dfmr1 null mu-
tant brains is generally mild and mostly within a 4-fold range
(Table l) compared with dramatic changes of protein expres-
sion profiles reported in other conditions (up to 20-fold) (36,
53). These limited protein changes are consistent with the
viable nature of the mutation, the selective disruption of only
complex behaviors, and the relatively subtle neuronal pheno-
types at cellular and subcellular levels (14, 19). Moreover
several of the protein changes appear to reflect shifts in the
balance of PTM isoforms, i.e. a shift from one isoform (de-
creased) to another (increased) in the absence of dFMRP. This
observation suggests that these proteins are indirect targets
of dFMRP, indicating that dFMRP affects PTM pathways.
Although not recovered in this screen, there are several ki-
nases and phosphatases that have been reported as direct
targets of FMRP (7). It is therefore probable that dFMRP
regulates PTM isoforms of downstream targets via phospho-
rylation and dephosphorylation signaling pathways.

What is the functional significance of the protein expression
changes in the dfmr1 null mutant brain? Compared with the
hundreds of putative mRNA targets uncovered by genomic
approaches (5, 7), the 24 proteins uncovered by this pro-
teomic strategy represent a manageable number of candi-
dates to ascertain possible interactions with dFMRP one by
one. The largest changes, and the largest impacted group, are
proteins involved in energy metabolism (Table 1), suggesting
an alteration of fundamental metabolic pathways. This discov-
ery is consistent with the increased rates of glucose metab-
olism in fmr1 knock-out mouse brains (48). The second larg-
est group, heat shock protein chaperones and proteins
involved in protein degradation, redox, and ion homeostasis
(Table I), indicates that the central neurons are generally under
stress when dFMRP is absent. This could be a simple conse-
quence of the increased metabolic rate of the mutant brain.
We therefore focused attention on the physiological and path-
ological significance of the other two groups of dFMRP-de-
pendent proteins, cytoskeleton proteins and biogenic amine
synthesis enzymes. We discuss these two groups below.

dFMRP Negatively Regulates Cytoskeleton Stability— Our
previous work has shown that dFMRP plays a prominent role
in regulating the stability of the microtubule cytoskeleton both

during spermatogenesis in the testes (35) and during synap-
togenesis in the nervous system (14). In neurons, dFMRP acts
as a direct negative translational regulator of Futsch, the
Drosophila homolog of microtubule-associated protein 1B,
which positively regulates microtubule stability. We previously
showed that Futsch levels are increased (approximately
2-fold) in the dfmr1 mutant brain (14). Note that the molecular
mass of Futsch is >500 kDa and therefore cannot be resolved
in the 2D DIGE system used here (size limit, <150 kDa; Fig. 1).
Restoration of normal Futsch levels in dfmr1 null mutants
rescues both structural and functional phenotypes in the eye
and neuromuscular junction (14). These results predict that
the neuronal microtubule cytoskeleton is aberrantly hypersta-
bilized in dfmr1 mutants. Hyperstabilization of microtubules is
known to result in the formation of supernumerary processes,
excess branching, and overgrowth (54-56), paralleling the
dfmr1 mutant phenotypes observed in peripheral neuromus-
cular junction (14) and central mushroom body neurons (19).
Consistent with this hypothesis, the proteomic analysis re-
ported here shows that a post-translationally modified iso-
form of B-tubulin (Fig. 1B and Table |, spot 23) is significantly
increased in the dfmr1 mutant brain. It will therefore be of
considerable interest to confirm the change by independent
assays and identify which specific isoform of B-tubulin is
altered in the dfmr1 mutants. Taken together, these results
support a model in which dFMRP regulates Futsch to control
microtubule stability, and loss of dFMRP therefore leads to
hyperstabilized microtubules causing overextension of neuro-
nal processes.

dFMRP has also been implicated in the independent regu-
lation of the actin cytoskeleton. dFMRP interacts biochemi-
cally and genetically with cytoplasmic FMRP-interacting pro-
tein/Sra-1 (50) to regulate neuronal morphogenesis in both the
central and peripheral nervous system. Cytoplasmic FMRP-
interacting protein/Sra-1 provides a link between dFMRP-
regulated translational control of the small GTPase Rac1 (17)
and Rac1-mediated actin cytoskeleton remodeling of neuro-
nal structure (17, 50). In support of these previous studies, our
DIGE analyses showed a significantly increased level of actin
5C in the dfmr1 null mutant brain. Taken together, these data
suggest that dFMRP regulates both the microtubule and actin
cytoskeleton in neurons. This hypothesis derived from Dro-
sophila agrees well with recent data obtained from the mouse
FraX model. Mammalian FMRP mRNA targets include micro-
tubule-associated protein 1B, the mammalian homolog of
Drosophila Futsch (9, 10), and activity-regulated cytoskele-
ton-associated protein Arc/Arg3.1 (9), which modulates the
actin cytoskeleton. Moreover, in fmr1 knock-out mice, ele-
vated microtubule-associated protein 1B leads to increased
neuronal microtubule stability (10), further supporting the
above model (2). Alteration of cytoskeleton dynamics/stability
provides a likely explanation for defects in neuronal architec-
ture in dfmr1 mutants, knock-out mice, and human patients.
Future work is needed to elucidate the exact requirement of
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dFMRP/FMRP in cytoskeleton regulation.

Up-regulation of Dopamine and Serotonin Pathways in
dfmr1 Mutants—Proteomic analyses revealed that the abun-
dance of PTM isoforms of Punch and Henna is strikingly
altered in dfmr1 mutants, favoring the up-regulation of their
enzymatic activities. Punch is the rate-limiting enzyme in the
synthesis of the BH4 cofactor required for Henna activity as
well as tyrosine hydroxylase, the rate-limiting enzyme in the
synthesis of dopamine (Fig. 4A). Enzymatic assays confirmed
that Punch activity is elevated nearly 2-fold in dfmr1 null
mutants compared with controls. Further neurochemical
HPLC measurements showed that two major monoamines,
dopamine and serotonin, are significantly increased in abun-
dance, whereas the level of octopamine, synthesized from
precursor tyrosine via a BH4-independent pathway (57), re-
mains unchanged (data not shown). Taken together, these
data strongly suggest a model in which dFMRP regulates the
PTM isoforms of two rate-limiting enzymes in monoamine
synthesis, directly or indirectly, to negatively control the pro-
duction of the neuromodulators dopamine and serotonin.
Thus, in the absence of dFMRP, this regulation is lost, and
dopamine, in particular, is synthesized at an aberrantly high
rate. The highly elevated density of dense core vesicles in
neuronal synaptic terminals of dfmr1 mutants indicates that
the excess neuromodulator is packaged for secretion.

The elevated activity of the monoamine pathway in dfmr1
mutants suggests an underlying mechanism for the cognitive
and behavioral abnormalities exhibited in human FraX pa-
tients and fmr1 knock-out mice. First, a particularly prominent
symptom in human FraX patients is hyperactivity, which is
also one of the strongest phenotypes in animal models (12,
13). It is firmly established that dopamine regulates activity
levels and locomotion behaviors; dopamine-deficient mice
are severely hypoactive, whereas increasing synaptic concen-
tration of dopamine by inhibiting dopamine transporters stim-
ulates hyperactivity (24, 58). Second, recent pharmacological
experiments have shown that amphetamine, a psychostimu-
lant acting on dopamine transporter, administered to fmr1
knock-out mice specifically enhances cognitive ability to dis-
criminate novel versus familiar objects, indicating an involve-
ment of dopamine in the cognitive defects of the mutant mice
(59). Amphetamine has also been used in FraX patients to
help control attention, impulsivity, and hyperactivity (60).
Third, the level of melatonin is elevated in FraX patients (61).
Melatonin is made in the pinealocytes of the pineal gland from
serotonin in a two-step rate-limiting process, suggesting a
correlation with increased levels of the precursor serotonin.
Finally, turnover of dopamine and serotonin is altered in fmr1
knock-out mice in a brain region-specific manner (51). As in
Drosophila, the 3,4-dihydroxyphenylacetic acid level was el-
evated in mutant mice, although dopamine was not, resulting
in an increased 3,4-dihydroxyphenylacetic acid/dopamine ra-
tio in the mouse.

Taken together with the Drosophila studies shown here,

these lines of evidence from mammalian studies suggest a
model in which the levels of dopamine and serotonin are
altered in FraX patients and knock-out mice brain, leading to
clinical, cognitive, and behavioral symptoms. This model in-
dicates that intervention to reduce dopamine/serotonin pro-
duction or interfere with their biological actions should prove
efficacious in the treatment of FraX symptoms. Future work
will be directed at uncovering monoamine-dependent path-
ways to further understand the significance of this misregu-
lated pathway on neuronal and behavioral phenotypes.
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