












Nevertheless, our results provide a strong impetus for further studies to
explore the possible use of resveratrol as an alternative treatment
strategy for MPS VII.
Apart from being a convenient drug screening platform, the

CG2135−/− fly may also be utilized for large-scale genetic
screenings leading to identification of modifiers of the disease
phenotype (St Johnston, 2002). Such carefully designed screens
have earlier led to the identification of genetic suppressors of
polyglutamine toxicity in flies (Kazemi-Esfarjani and Benzer,
2000). Therefore, this novel model of MPS VII, combined with the
power of fly genetics, holds the key to deeper exploration of the
disease mechanism and drug discovery. The findings derived from
this model may also have broader implications in understanding and
managing other closely related MPS disorders.

MATERIALS AND METHODS
Unless specified otherwise, all reagents were from Sigma-Aldrich. Details
of all the primers (IDT) are provided in Table S1.

Drosophila strains and maintenance
w1118, actin 5C Gal4, FLP, I-SceI and balancer flies were all obtained from
the Bloomington Drosophila Stock Center at Indiana University, USA. Flies
were maintained at 25°C, at controlled density, with 12 h day-night cycle on
a standard cornmeal agar medium. Wherever indicated, 400 µM resveratrol
(Calbiochem) was added in the fly food.

Cell culture
S2 cells (kindly provided by Dr Sankar Maiti, IISER Kolkata, India) were
cultured at 28°C in Schneider’s medium supplemented with 10% fetal
bovine serum (FBS; Gibco), 2 mM L-glutamine, 100 U/ml penicillin and
100 μg/ml streptomycin.

� -GUS assay
Asdescribed previously, β-GUS activitywasmeasured fluorometrically using
4-methylumbelliferyl β-D-glucuronide as substrate (Glaser and Sly, 1973).

Briefly, tissues/cells were lysed by homogenization/sonication and the assay
was performed at 37°C for varying times using 100 µl of the substrate solution
containing 10 mM 4-methylumbelliferyl β-D-glucuronide and 1 mg/ml BSA
in 0.1 M acetate buffer, pH 4.8. The reaction was stopped by adding glycine-
carbonate buffer, pH 10.5, following which the product was quantified
fluorometrically with respect to a standard curve generated using known
concentrations of 4-methylumbelliferone. The β-GUS activity was
normalized to protein concentration, determined by Lowry’s method
(Lowry et al., 1951).

RNA isolation and RT-PCR
Total RNA from tissues was isolated using TRIzol reagent (Thermo Fisher
Scientific). DNA contaminants were removed by DNase I (Invitrogen)
treatment. DNA-free RNA (1 µg) was reverse transcribed using a cDNA
synthesis kit (Invitrogen). The cDNA was used as a template for the PCR
reactions with specific primers.

Cloning, expression and protein purification
Coding regions of the CG2135 and CG15117 genes were PCR amplified
from thewhole fly cDNA using gene-specific primer sets P7/P8 and P9/P10,
and cloned in the pMT-puro vector (Addgene). Designing of the reverse
primers ensured in-frame addition of a hexa-histidine coding sequence at the
C-terminal end of the cDNAs. The clones were verified by sequencing,
following which the constructs were transfected in S2 cells by calcium
phosphate method (Sambrook and Russell, 2016). Stably transfected S2
cells were selected in puromycin-containing medium. For protein induction,
the cells were grown for 96 h in serum-free medium in the presence of
500 µM CuSO4. Since a substantial amount of the overexpressed protein
was secreted out of the cell (as indicated by β-GUS assay), a total of 300 ml
of the conditioned media was collected in batches and used for protein
purification. The media was subjected to ammonium sulfate precipitation in
three stages: 0-30%, 30-65% and 65-80%. For both CG2135 and CG15117,
maximum β-GUS activity was detected in the 30-65% pellet fraction, which
was dissolved in a minimum volume of 50 mM sodium phosphate buffer
(pH 8.0) containing 10 mM imidazole and 300 mM sodium chloride. The
solutions were extensively dialyzed against the same buffer and the
recombinant enzymes were purified to homogeneity by Ni-NTA (Qiagen)

Fig. 6. Attenuation of neuromuscular degeneration and locomotor deficits in the CG2135� /� fly by resveratrol treatment. (A-C) Immunostaining of the 30-
day-old fly brainswith anti-tyrosine-hydroxylase antibody (green), showing the numberof dopaminergic neurons in 30-day-oldWTandCG2135−/− flies fed on normal
diet as opposed to the age-matched CG2135−/− fly fed with resveratrol. Enlarged view of a dopaminergic neuron cell body from the boxed regions of the
brain is provided in the insets. (D) Bar graph represents the number of dopaminergic neuron cell bodies in the fly brains. (E-J) TUNEL staining (red) of the thoracic
muscles, showing widespreadmyocyte apoptosis in theCG2135−/− fly but not in theWT fly or resveratrol-fedCG2135−/− fly. The total number of nuclei is marked by
DAPI staining (blue). (K) Percentage of TUNEL-positive nuclei (apoptotic cells) in the 30-day-old WT and the CG2135−/− fly fed on normal diet as opposed to
the age-matchedCG2135−/− fly fedwith resveratrol. (L) Climbing index of 30-day-oldWTand theCG2135−/− flies fed on normal diet as opposed to the age-matched
CG2135−/− fly fed with resveratrol (N∼200). Error bar represents s.e.m. of values from >three independent experiments. *P≤0.05, **P≤0.01, ***P≤0.001.
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affinity chromatography, following the manufacturer’s suggested protocol.
Protein purity was confirmed by SDS-PAGE followed by silver staining.

Generation of CG2135 knockout and rescue flies
The CG2135−/− fly was generated by ends-out gene targeting (Rong and
Golic, 2000). For this, 5′ and 3′ untranslated regions (UTRs) of the CG2135
gene (corresponding to the 3R:31771758-31774848 and the 3R:31768557–
31771547genomic regions of the Drosophila melanogaster genome,
respectively) was PCR amplified using P11/P12 and P13/P14 primer sets.
The amplified 5′ and 3′ UTRs were respectively subcloned into Not1 and
KpnI/BamHI restriction sites of the pw35Gal4 vector (a kind gift from Dr
Craig Montell, USCB, USA). The targeting construct was verified by
sequencing and then used to generate a donor transgenic fly (in w1118

background) by germline transformation (embryo microinjection service
provided by C-CAMP, Bangalore, India). For targeting of the CG2135
gene, the donor transgenic fly was crossed with the w[1118];
P{ry[+t7.2]=70FLP}23 P{v[+t1.8]=70I-SceI}4A/TM3,Sb[1] fly
(Bloomington stock number 6935). The larval progenies were heat-
shocked at 37°C for 1 h for two subsequent days to induce FLP and
I-SceI expression. The targeting construct was excised from the genome as a
circular DNA by FLP recombinase, which was subsequently linearized by
I-SceI endonuclease. The highly recombinogenic linearized targeting
construct can, in principle, disrupt the CG2135 gene in somatic as well as
germ cells by replacing a 212-bp coding sequence with the targeting
construct containing mini-white and Gal4 markers. Flies in which such
homologous recombination has happened were selected based on a red-
white mosaic eye pattern (Maggert et al., 2008). Those flies were
individually mated to w1118; Pin/Cyo;TM2, Ubx[130] e[s]/TM6B,e[1]
Tb[1] balancer fly. Red-eyed progenies were selected and backcrossed to the
same balancer fly to obtain the CG2135−/− fly. Balancer and marker from
the second chromosome were replaced with wild chromosome by using
w1118; +/+; TM2, Ubx[130] e[s]/TM6B,e[1] Tb[1] to get pure w1118; +/+;
CG2135−/− flies. For generation of the rescue fly, CG2135 cDNAwas PCR
amplified using the P7/P21 primer set and subcloned into the XhoI site of the
pUAST vector (DGRC). The clone was verified by sequencing. The
construct was microinjected in w1118 embryos and progeny was selected on
the basis of the red eye colour marker. The fly containing the construct in the
second chromosome was selected by chromosomal mapping. The actin 5C
Gal4 driver was used to drive theUAS-CG2135 in rescue flies. Genotypes of
the knockout and rescue flies were confirmed by genomic PCR with
appropriate primer sets.

Lifespan analysis
Total 120newlyeclosed flieswere used for lifespan analysis.Males and females
were separated and 20 flies were placed per vial. The flies were transferred to
fresh vials every alternate day and the number of dead flies was recorded.Mean
lifespan was calculated from the survivorship curve that represents percent
survival with increasing age. Maximum lifespan was calculated as average age
of the top 10% long-lived flies (Lushchak et al., 2012).

Climbing assay
The climbing assay was performed as described earlier (Strauss and
Heisenberg, 1993; Venkatachalam et al., 2008). For each set, 20-25 flies
were acclimatized for 24 h and then transferred to a 50 ml graduated
cylinder. The flies were gently tapped to the bottom, following which they
immediately tend to climb up because of their negative geotactic behaviour.
The climbing index was calculated as the percentage of flies that could climb
up to the 25 ml mark within 15 s. Each experiment was performed several
times with more than 100 flies.

Egg laying and hatching assays
Freshly eclosed healthy male and female flies were kept separated for 3 days
to attain maturity, following which they were mated at a 1:1 male:female
ratio. As soon as the first batch of embryos emerged, the female flies were
placed in separate wells with fly food. After 24 h, the flies were discarded
and the number of embryos laid per day was counted. Hatching assay was
performed in a 35 mm dish with fly food, each containing 50 freshly

collected embryos. A moist paper was kept at the side of each plate to
prevent drying. The number of unhatched embryos was counted after 48 h.

Tissue processing, staining and imaging
For brain histology, the tissues were fixed in 2.5% glutaraldehyde for 4 h
followed by post-fixation in 2% osmium tetraoxide for 2 h. The tissues were
then subjected to ethanol dehydration and embedded in Epon. Semi-thin
transverse sections (0.5 µm) were prepared and were stained with 0.1%
Toluidine Blue. For examination of the retinas, whole fly heads were
similarly fixed with glutaraldehyde–osmium-tetroxide and embedded in
Epon. Tangential retinal sections (0.5 µm) were stained with Toluidine Blue.
The thoracic muscles were fixed with 4% paraformaldehyde overnight. The
fixed tissues were dehydrated in increasing concentrations of ethanol,
infiltrated with paraffin wax, followed by embedding in paraffin moulds.
Finally, thick sections (4 µm) were prepared and stained with haematoxylin
and eosin. All tissue sections were analyzed by light microscopy. For whole-
mount immunohistochemistry, the fly brains were dissected in S2 media
supplemented with 15% FBS. Immediately after dissection, the tissues
were fixed in 4% paraformaldehyde for 30 min and immunostaining was
performed as described previously (Wu and Luo, 2006). Briefly, the tissues
were incubated overnight with primary antibody at 4°C followed by washing
three times. The following primary antibodies were used at the indicated
dilutions: rabbit anti-tyrosine hydroxylase (Merck Millipore; 1:400) or
rabbit anti-ubiquitin (Cell Signaling; 1:200). Anti-rabbit Alexa-Fluor-488 or
anti-mouse Alexa-Fluor-568 goat secondary antibodies (Molecular Probes;
1:500, 3 h incubation at room temperature) were used for detection.
LysoTracker Red (100 nM) and MitoTracker Red (250 nM) staining was
done in live brain tissues following the manufacturer’s (both from Thermo
Fisher Scientific) instructions. After staining, the tissues were mounted in
Vectashield (Vector Laboratories) mounting medium and fluorescence
imaging was performed with Apotome.2 microscope (Carl Zeiss). A total of
9-12 image tiles were taken using the motorized stage where images of 5
slices of 0.32 μm were present in each tile. The images were reconstructed
by the microscope’s own software (ZEN) and analyzed. Mean fluorescence
intensity in the Drosophilawhole-brain image was calculated using ImageJ
software. TUNEL staining of muscle sections was performed as per the
manufacturer’s (Roche) instructions.

Statistical analysis
Statistical analyses were performed by paired two-tailed Student’s t-test
using GraphPad Prism. The results were expressed as the mean±s.e.m. from
at least three independent experiments. P-values ≤0.05 were considered as
statistically significant as indicated by asterisks: *P≤0.05, **P≤0.01 and
***P≤0.001.
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Jacquet, M., Fiala, A. and Birman, S. (2013). A single dopamine pathway
underlies progressive locomotor deficits in a Drosophila model of Parkinson
disease. Cell Rep. 5, 952-960.

Rong, Y. S. and Golic, K. G. (2000). Gene targeting by homologous recombination
in Drosophila. Science 288, 2013-2018.

Sambrook, J. and Russell, D. W. (2006). Calcium-phosphate-mediated
transfection of eukaryotic cells with plasmid DNAs. Cold Spring Harb. Protoc.
2006, pdb.prot3871.

9

RESEARCH ARTICLE Disease Models & Mechanisms (2018) 11, dmm036954. doi:10.1242/dmm.036954

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

http://dx.doi.org/10.1126/science.1067389
http://dx.doi.org/10.1126/science.1067389
http://dx.doi.org/10.1126/science.1067389
http://dx.doi.org/10.1016/j.bbadis.2014.09.011
http://dx.doi.org/10.1016/j.bbadis.2014.09.011
http://dx.doi.org/10.1038/nrd2060
http://dx.doi.org/10.1038/nrd2060
http://dx.doi.org/10.1172/JCI114010
http://dx.doi.org/10.1172/JCI114010
http://dx.doi.org/10.1172/JCI114010
http://dx.doi.org/10.1172/JCI114010
http://dx.doi.org/10.1146/annurev.neuro.26.041002.131425
http://dx.doi.org/10.1146/annurev.neuro.26.041002.131425
http://dx.doi.org/pdb.prot5571
http://dx.doi.org/pdb.prot5571
http://dx.doi.org/10.1038/ng2049
http://dx.doi.org/10.1038/ng2049
http://dx.doi.org/10.1038/ng2049
http://dx.doi.org/10.1073/pnas.0610068104
http://dx.doi.org/10.1073/pnas.0610068104
http://dx.doi.org/10.1038/35006074
http://dx.doi.org/10.1038/35006074
http://dx.doi.org/10.15252/embr.201642080
http://dx.doi.org/10.15252/embr.201642080
http://dx.doi.org/10.15252/embr.201642080
http://dx.doi.org/10.3233/TRD-160005
http://dx.doi.org/10.3233/TRD-160005
http://dx.doi.org/10.1016/j.conb.2005.10.011
http://dx.doi.org/10.1016/j.conb.2005.10.011
http://dx.doi.org/10.1016/j.ymgme.2014.10.017
http://dx.doi.org/10.1016/j.ymgme.2014.10.017
http://dx.doi.org/10.1016/j.ymgme.2014.10.017
http://dx.doi.org/10.1111/j.1476-5381.2010.00725.x
http://dx.doi.org/10.1111/j.1476-5381.2010.00725.x
http://dx.doi.org/10.1073/pnas.0737556100
http://dx.doi.org/10.1073/pnas.0737556100
http://dx.doi.org/10.1073/pnas.0737556100
http://dx.doi.org/10.1073/pnas.0737556100
http://dx.doi.org/10.1073/pnas.0712147105
http://dx.doi.org/10.1073/pnas.0712147105
http://dx.doi.org/10.1073/pnas.0712147105
http://dx.doi.org/10.1073/pnas.0712147105
http://dx.doi.org/10.1016/j.ymgme.2018.02.006
http://dx.doi.org/10.1016/j.ymgme.2018.02.006
http://dx.doi.org/10.1016/j.ymgme.2018.02.006
http://dx.doi.org/10.1016/j.ymgme.2018.02.006
http://dx.doi.org/10.1038/cddis.2014.467
http://dx.doi.org/10.1038/cddis.2014.467
http://dx.doi.org/10.1038/cddis.2014.467
http://dx.doi.org/10.1371/journal.pone.0079687
http://dx.doi.org/10.1371/journal.pone.0079687
http://dx.doi.org/10.1371/journal.pone.0079687
http://dx.doi.org/10.1002/ana.10373
http://dx.doi.org/10.1002/ana.10373
http://dx.doi.org/10.1002/ana.10373
http://dx.doi.org/10.1002/ana.10373
http://dx.doi.org/10.1124/jpet.111.183210
http://dx.doi.org/10.1124/jpet.111.183210
http://dx.doi.org/10.1124/jpet.111.183210
http://dx.doi.org/10.1124/jpet.111.183210
http://dx.doi.org/10.1038/nature01960
http://dx.doi.org/10.1038/nature01960
http://dx.doi.org/10.1038/nature01960
http://dx.doi.org/10.1038/nature01960
http://dx.doi.org/10.1242/dev.02079
http://dx.doi.org/10.1242/dev.02079
http://dx.doi.org/10.1242/dev.02079
http://dx.doi.org/10.1073/pnas.0400895101
http://dx.doi.org/10.1073/pnas.0400895101
http://dx.doi.org/10.1073/pnas.0400895101
http://dx.doi.org/10.1073/pnas.0400895101
http://dx.doi.org/10.1002/ana.410140415
http://dx.doi.org/10.1002/ana.410140415
http://dx.doi.org/10.1002/ana.410140415
http://dx.doi.org/10.1074/jbc.274.33.23451
http://dx.doi.org/10.1074/jbc.274.33.23451
http://dx.doi.org/10.1074/jbc.274.33.23451
http://dx.doi.org/10.1074/jbc.274.33.23451
http://dx.doi.org/10.1126/science.275.5297.218
http://dx.doi.org/10.1126/science.275.5297.218
http://dx.doi.org/10.1126/science.275.5297.218
http://dx.doi.org/10.1126/science.275.5297.218
http://dx.doi.org/10.1126/science.287.5459.1837
http://dx.doi.org/10.1126/science.287.5459.1837
http://dx.doi.org/10.1038/sj.emboj.7601758
http://dx.doi.org/10.1038/sj.emboj.7601758
http://dx.doi.org/10.1038/sj.emboj.7601758
http://dx.doi.org/10.1038/sj.emboj.7601758
http://dx.doi.org/10.1523/JNEUROSCI.4527-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.4527-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.4527-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.4527-15.2016
http://dx.doi.org/10.1523/JNEUROSCI.4527-15.2016
http://dx.doi.org/10.1096/fasebj.1.6.3315809
http://dx.doi.org/10.1016/j.cell.2006.11.013
http://dx.doi.org/10.1016/j.cell.2006.11.013
http://dx.doi.org/10.1016/j.cell.2006.11.013
http://dx.doi.org/10.1016/j.cell.2006.11.013
http://dx.doi.org/10.1006/exer.1993.1067
http://dx.doi.org/10.1006/exer.1993.1067
http://dx.doi.org/10.1006/exer.1993.1067
http://dx.doi.org/10.1007/s004010050562
http://dx.doi.org/10.1007/s004010050562
http://dx.doi.org/10.1007/s004010050562
http://dx.doi.org/10.1093/gerona/glr184
http://dx.doi.org/10.1093/gerona/glr184
http://dx.doi.org/10.1093/gerona/glr184
http://dx.doi.org/10.1093/gerona/glr184
http://dx.doi.org/10.1093/gerona/glr184
http://dx.doi.org/10.3389/neuro.04.005.2009
http://dx.doi.org/10.3389/neuro.04.005.2009
http://dx.doi.org/10.3389/neuro.04.005.2009
http://dx.doi.org/10.1136/jmedgenet-2015-103322
http://dx.doi.org/10.1136/jmedgenet-2015-103322
http://dx.doi.org/10.1136/jmedgenet-2015-103322
http://dx.doi.org/10.1136/jmedgenet-2015-103322
http://dx.doi.org/10.1002/mds.21907
http://dx.doi.org/10.1002/mds.21907
http://dx.doi.org/10.1002/mds.21907
http://dx.doi.org/10.1036/ommbid.165
http://dx.doi.org/10.1036/ommbid.165
http://dx.doi.org/10.1036/ommbid.165
http://dx.doi.org/10.1036/ommbid.165
http://dx.doi.org/10.1016/j.bcp.2006.11.003
http://dx.doi.org/10.1016/j.bcp.2006.11.003
http://dx.doi.org/10.1016/j.bcp.2006.11.003
http://dx.doi.org/10.1111/bph.12453
http://dx.doi.org/10.1111/bph.12453
http://dx.doi.org/10.1111/bph.12453
http://dx.doi.org/10.1038/ng1534
http://dx.doi.org/10.1038/ng1534
http://dx.doi.org/10.1038/ng1534
http://dx.doi.org/10.1083/jcb.201208152
http://dx.doi.org/10.1083/jcb.201208152
http://dx.doi.org/10.1083/jcb.201208152
http://dx.doi.org/10.1002/jnr.21779
http://dx.doi.org/10.1002/jnr.21779
http://dx.doi.org/10.1002/jnr.21779
http://dx.doi.org/10.1002/jnr.21779
http://dx.doi.org/10.1016/j.celrep.2013.10.032
http://dx.doi.org/10.1016/j.celrep.2013.10.032
http://dx.doi.org/10.1016/j.celrep.2013.10.032
http://dx.doi.org/10.1016/j.celrep.2013.10.032
http://dx.doi.org/10.1016/j.celrep.2013.10.032
http://dx.doi.org/10.1016/j.celrep.2013.10.032
http://dx.doi.org/10.1126/science.288.5473.2013
http://dx.doi.org/10.1126/science.288.5473.2013


Sands, M. S. and Birkenmeier, E. H. (1993). A single-base-pair deletion in the
beta-glucuronidase gene accounts for the phenotype of murine
mucopolysaccharidosis type VII. Proc. Natl. Acad. Sci. USA 90, 6567-6571.

Sewell, A. C., Gehler, J., Mittermaier, G. and Meyer, E. (1982).
Mucopolysaccharidosis type VII (beta-glucuronidase deficiency): a report of a
new case and a survey of those in the literature. Clin. Genet. 21, 366-373.

Sly, W. S., Quinton, B. A., McAlister, W. H. and Rimoin, D. L. (1973). Beta
glucuronidase deficiency: report of clinical, radiologic, and biochemical features of
a new mucopolysaccharidosis. J. Pediatr. 82, 249-257.

Soper, B. W., Pung, A. W., Vogler, C. A., Grubb, J. H., Sly,W. S. and Barker, J. E.
(1999). Enzyme replacement therapy improves reproductive performance in
mucopolysaccharidosis Type VII Mice but does not prevent postnatal losses.
Pediatr. Res. 45, 180-186.

St Johnston, D. (2002). The art and design of genetic screens: Drosophila
melanogaster. Nat. Rev. Genet. 3, 176-188.

Strauss, R. (2002). The central complex and the genetic dissection of locomotor
behaviour. Curr. Opin. Neurobiol. 12, 633-638.

Strauss, R. and Heisenberg, M. (1993). A higher control center of locomotor
behavior in the Drosophila brain. J. Neurosci. 13, 1852-1861.

Tomatsu, S., Montan ̃o, A. M., Dung, V. C., Grubb, J. H. and Sly, W. S. (2009).
Mutations and polymorphisms in GUSB gene in mucopolysaccharidosis VII (Sly
Syndrome). Hum. Mutat. 30, 511-519.

Valenzano, D. R., Terzibasi, E., Genade, T., Cattaneo, A., Domenici, L. and
Cellerino, A. (2006). Resveratrol prolongs lifespan and retards the onset of age-
related markers in a short-lived vertebrate. Curr. Biol. 16, 296-300.

Venkatachalam, K., Long, A. A., Elsaesser, R., Nikolaeva, D., Broadie, K. and
Montell, C. (2008). Motor deficit in a Drosophila model of mucolipidosis Type IV
due to defective clearance of apoptotic cells. Cell 135, 838-851.

Vogler, C., Levy, B., Kyle, J. W., Sly, W. S., Williamson, J. and Whyte, M. P.
(1994). Mucopolysaccharidosis VII: postmortem biochemical and pathological
findings in a young adult with beta-glucuronidase deficiency. Mod. Pathol. 7,
132-137.

Wood, J. G., Rogina, B., Lavu, S., Howitz, K., Helfand, S. L., Tatar, M. and
Sinclair, D. (2004). Sirtuin activators mimic caloric restriction and delay ageing in
metazoans. Nature 430, 686-689.

Wu, J. S. and Luo, L. (2006). A protocol for dissecting Drosophila melanogaster
brains for live imaging or immunostaining. Nat. Protoc. 1, 2110-2115.

Zhang, F., Shi, J.-S., Zhou, H., Wilson, B., Hong, J.-S. and Gao, H.-M. (2010).
Resveratrol protects Dopamine neurons against lipopolysaccharide-induced
neurotoxicity through its anti-inflammatory actions. Mol. Pharmacol. 78, 466-477.

Zhou, Q.-Y. and Palmiter, R. D. (1995). Dopamine-deficient mice are severely
hypoactive, adipsic, and aphagic. Cell 83, 1197-1209.

Zielonka, M., Garbade, S. F., Kölker, S., Hoffmann, G. F. and Ries, M. (2017).
Quantitative clinical characteristics of 53 patients with MPS VII: a cross-sectional
analysis. Genet. Med. 19, 983-988.

10

RESEARCH ARTICLE Disease Models & Mechanisms (2018) 11, dmm036954. doi:10.1242/dmm.036954

D
is
ea

se
M
o
d
el
s
&
M
ec
h
an

is
m
s

http://dx.doi.org/10.1073/pnas.90.14.6567
http://dx.doi.org/10.1073/pnas.90.14.6567
http://dx.doi.org/10.1073/pnas.90.14.6567
http://dx.doi.org/10.1111/j.1399-0004.1982.tb01389.x
http://dx.doi.org/10.1111/j.1399-0004.1982.tb01389.x
http://dx.doi.org/10.1111/j.1399-0004.1982.tb01389.x
http://dx.doi.org/10.1016/S0022-3476(73)80162-3
http://dx.doi.org/10.1016/S0022-3476(73)80162-3
http://dx.doi.org/10.1016/S0022-3476(73)80162-3
http://dx.doi.org/10.1203/00006450-199902000-00004
http://dx.doi.org/10.1203/00006450-199902000-00004
http://dx.doi.org/10.1203/00006450-199902000-00004
http://dx.doi.org/10.1203/00006450-199902000-00004
http://dx.doi.org/10.1038/nrg751
http://dx.doi.org/10.1038/nrg751
http://dx.doi.org/10.1016/S0959-4388(02)00385-9
http://dx.doi.org/10.1016/S0959-4388(02)00385-9
http://dx.doi.org/10.1523/JNEUROSCI.13-05-01852.1993
http://dx.doi.org/10.1523/JNEUROSCI.13-05-01852.1993
http://dx.doi.org/10.1002/humu.20828
http://dx.doi.org/10.1002/humu.20828
http://dx.doi.org/10.1002/humu.20828
http://dx.doi.org/10.1016/j.cub.2005.12.038
http://dx.doi.org/10.1016/j.cub.2005.12.038
http://dx.doi.org/10.1016/j.cub.2005.12.038
http://dx.doi.org/10.1016/j.cell.2008.09.041
http://dx.doi.org/10.1016/j.cell.2008.09.041
http://dx.doi.org/10.1016/j.cell.2008.09.041
http://dx.doi.org/10.1038/nature02789
http://dx.doi.org/10.1038/nature02789
http://dx.doi.org/10.1038/nature02789
http://dx.doi.org/10.1038/nprot.2006.336
http://dx.doi.org/10.1038/nprot.2006.336
http://dx.doi.org/10.1124/mol.110.064535
http://dx.doi.org/10.1124/mol.110.064535
http://dx.doi.org/10.1124/mol.110.064535
http://dx.doi.org/10.1016/0092-8674(95)90145-0
http://dx.doi.org/10.1016/0092-8674(95)90145-0
http://dx.doi.org/10.1038/gim.2017.10
http://dx.doi.org/10.1038/gim.2017.10
http://dx.doi.org/10.1038/gim.2017.10

