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Each model system has its own strengths and weaknesses: 

Strengths: 
•  Short life span (2-3 weeks), 4 day generation time. 
•  Breed at will 
•  Large numbers, easy to manipulate 
•  First multicellular organism to have its genome sequenced  
•  302 neurons defined as is the connectome 
•  Ease of genetic manipulations 
•  Genetic screens 

C. elegans 

Weaknesses: 
•  Neural anatomy and neural circuitry different than in vertebrates (eg. no 

cortex, no spinal cord)  
•  Motoneurons are gaba-ergic (as opposed to cholinergic) 
•  Limited number of glia and no microglia 
•  Lack blood brain barrier 
 
 



Strengths: 
•  Short life span (1 month), 7 day generation time. 
•  Breed at will 
•  Large numbers, easy to manipulate 
•  Strong genetic tools 
•  Ease of genetic manipulations 
•  Genetic screens 

Drosophila 

Weaknesses: 
•  Neural anatomy and neural circuitry different than in vertebrates (eg. no 

cortex, no spinal cord)  
•  Motoneurons are glutamatergic (as opposed to cholinergic) 
•  Limited number of glia and no microglia 
•  Lack blood brain barrier 
 



Strengths: 
•  Vertebrate 
•  Longer lifespan (~2 yrs in the lab setting) 
•  Breed at will 
•  Large numbers, easy to manipulate 
•  Genetics. Genome sequenced, transgenics, knockouts 
•  Vertebrate genetic and chemical screens 
•  Vertebrate neuroanatomy 
•  Have robust glia and microglia 
•  Have a blood brain barrier 
•  Behavior 

zebrafish 

Weaknesses: 
•  ~3 month generation time 
•  No cortex 
•  Yes a vertebrate, but not a mammal 



Strengths: 
•  Mammal 
•  Longer lifespan (~2 yrs in lab setting) 
•  Genetics. Genome sequenced, transgenics, knockouts 
•  Vertebrate genetic screen and chemical screens 
•  Vertebrate neuroanatomy and a cortex  
•  Microglia and a blood brain barrier 
•  Robust behavior 

Weaknesses: 
•  21 day gestation period and an ~2 month generation time 
•  Low numbers/small litters 
•  Not great for genetic or large drug screens 
•  Too inbred? Doesn’t represent human population 



 
•  Does your model system have the cells that are affected in the disease? 
The entire system/circuit may not be present. 

•  What are the genetics of the disease? 
In many cases it is not know whether ALS is caused by a lack of function or 
gain of function. 
 
•  How will you generate the model?  
If making a transgenic what promoter will be used? 

•  Is this an adult onset or embryonic/early disease? 
Model organisms have shorter lifespans than humans. 

•  What is your plan to assess the phenotype? 
The phenotype may look different in a model than in humans 

•  If your goal is to do a drug screen, do you have a readout? 

•  Does your plan play to the strengths of that model organism? 
Genetics, imaging, cell biology, drug screens 
 

Questions to ask when deciding on a model system 



Look at SOD mutant over-expression in these 4 systems.  
 

Look at phenotypes 
Compare across models 

What can we learn? 



C. Elegans 
Drove mutant human SOD pan-neuronally (worm synaptobrevin 
promoter) 
 
See movement defects 

Wang et al (2009) PLoS Genetics: 5, e1000350 

mutant exhibited a well-demarcated pattern, suggestive of
aggregate formation. Consistent with this, a FRAP experiment
(fluorescent recovery after photobleaching) showed very slow
recovery of fluorescence in mutant cell bodies as compared with
wild-type (see Figure S4).
Aggregates were directly observed in the mutant by EM

examination following chemical fixation (Figure 2C, D), which
revealed well-delineated electron-dense inclusions in the cytosol of
ventral nerve cord cell bodies of G85R-YFP animals (Figure 2C,
Agg.). By contrast, there were no recognizable aggregates in
WTSOD-YFP cell bodies (Figure 2D). The location of G85R-YFP
aggregates in a perinuclear position is reminiscent of aggresomes
[33] or of perinuclear structures distinct from the centrosome
known as JUNQ, involved in juxtranuclear quality control [34],
but aggregates formed in the unfused G85R animals exhibited a
more diffuse, ‘‘fluffy’’ character (Figure S5A, asterisks). When high
pressure freezing/fixation was employed on the G85R animals,
these regions were now observed as amorphous inclusions (e.g.
Figure 2E, Agg.), which at high magnification appeared to contain
loosely stacked fibrillar material (Figure 2F).

Biochemical fractionation. Biochemical analysis also revealed
insoluble SOD protein as well as soluble oligomers to be present
specifically in mutant animals. Animals were homogenized in non-
denaturing buffer, the extracts were centrifuged at
120,0006g615 min, and the supernatant and pellet fractions were
solubilized under reducing conditions and analyzed by
immunoblotting with anti-SOD antibodies. As shown in Figure 3A,
both G85R and G85R-YFP animals exhibited a substantial portion
of SOD protein in the insoluble fraction (P) whereas all of the SOD
protein in wild-type animals localized to the soluble fraction (S). The
soluble fractions of G85R-YFP and WTSOD-YFP were further
analyzed by gel filtration chromatography (under reducing
conditions), and immunoblotting of the fractions revealed the
presence of soluble oligomers specifically present in the mutant
extending in size from ,45 kDa (size of the fusion monomer) up to
,5 MDa (void volume). Such soluble oligomers are likely to be the

precursors to insoluble aggregates and have been implicated in
cellular toxicity [35–37].

Distribution. To address the distribution of neurons
containing aggregates, first we counted fluorescent aggregates in
the ventral nerve cord cell bodies (all belonging to motor neurons)
at stage L4. Individual cell bodies could not be readily assigned
due to their high density, but we observed greater than 40
aggregate-containing cell bodies out of the total of 56 cell bodies of
the ventral nerve cord. The aggregates in these cell bodies were
typically of large size, like those shown in Figure 2A. Next, a
number of individually identifiable neurons of the lateral body wall
were scored in L4 stage G85R-YFP animals for presence or
absence of a visible fluorescent aggregate (Figure 4A). This
revealed that some neurons, e.g. PVDR and SDQR, nearly always
contained an aggregate, whereas other neurons only rarely
exhibited an aggregate. Of interest in regard to such differences
is the behavior of the two neighboring lateral body wall
mechanosensory neurons, PVDR and PDER (Figure 4B). PVDR
nearly always exhibited fluorescent aggregates, usually first
observed at the L4 stage, whereas PDER was generally spared
(Figure 4B; note that PDER was present in G85R-YFP animals,
delineated by diffuse green fluorescence not clearly visible in this
image). The nature of the difference between these two neurons
that governs the different aggregation behavior is interesting to
contemplate and may relate to specific neuronal activity. More
generally, whether neurons which have sequestered misfolded
SOD-YFP into an insoluble fraction are functionally more affected
in vivo than neurons lacking aggregates, as suggested by
Matsumoto et al [31], who observed reduced viability of SOD-
YFP aggregate-containing cultured cells, or, conversely, are
protected by aggregation, as suggested by primary neuron
studies with Httex1-polyQ-GFP [38], is unknown.
Concerning temporal development of aggregates, fluorescent

aggregates in the head region and ventral cord were detectable as
early as L1, while lateral body wall aggregates were not detected
until L3. Aggregation was not restricted to motor neurons, as

Figure 1. Locomotor defects in G85R and G85R-YFP transgenic C. elegans. Rates of forward movement were measured as net distance
traveled during 30 sec, divided by body length, normalized against non-transgenic L4 animals. The assay was carried out immediately after transfer to
a fresh bacterial plate and measured by videomicroscopy. N= 20 for each time point; error bars = SEM. A, unfused constructs. B, YFP fusions.
Transgenic lines employed were WTSOD (line 7), G85R (line 10), WTSOD-YFP (line 51), G85R-YFP (line 18) and H46R/H48Q-YFP (line 7).
doi:10.1371/journal.pgen.1000350.g001
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indicated in Figure 4. Concerning other sensory neurons, we note
that the DiI-stainable chemosensory amphid neurons in the
anterior region, as well as the stainable phasmid tail neurons,
exhibited normal DiI staining, but no green fluorescence was
observed in these cells in either mutant or wild-type animals,
leaving uncertain whether any expression of SOD-YFP occurred
in these neurons. Consistent with broad neuronal involvement,
however, additional general functions of mutant animals were
found to be affected, including survival, brood size, and rate of
development (see Figures S6, S7).

Abnormal Processes and Synaptic Function in G85R
Animals

Ventral nerve cord processes are abnormal. In further
EM studies, transverse sections of the ventral nerve cord were
prepared and the processes examined. In 4 day old adults, the
number of processes (mostly axons) in G85R animals was slightly
reduced compared with wild-type (Figure 5A). More striking,
however, were morphologic abnormalities that included reduced
diameter (compare Figure 5B, C), and reduced numbers of
organelles, both mitochondria and vesicles, within them (compare
Figure 5D, E). Some of the processes in G85R animals were also

swollen by large vesicular structures (Figure 5C). In contrast with
these abnormalities of the ventral nerve cord, the innervated body
wall muscles appeared normal, with normal sarcomeres and
subcellular organelles (not shown).

Synaptic vesicles are reduced in dorsal region. To
address whether synapses might be affected, labeling was carried
out with GFP-synaptobrevin. This protein, when expressed in DA
motor neurons, has been observed to produce a continuous
pattern of fluorescent puncta in the dorsal nerve cord, where
neuromuscular junctions are present (e.g. ref. 39). Wild-type and
G85R (unfused) transgenic animals were crossed to Punc-
129::GFP-synaptobrevin transgenic animals, and the double
transgenic progeny were examined for the number of dorsally
located green synaptic puncta that demarcate neuromuscular
junctions (Figure 6A). Whereas wild-type animals exhibited a
continuous band of such puncta, the mutant animals exhibited a
discontinuous pattern. In addition to the reduced number of
puncta (Figure 6B), their signals were also reduced. A similar
decrease in number and brightness of puncta relative to wild-type
was also observed when the fluorescent-tagged synaptic vesicle
proteins YFP-RAB-3 and synapsin-1-YFP (SNN-1-YFP) were
similarly crossed in and examined (Figure 6A). These data suggest

Figure 2. Aggregation in G85R and G85R-YFP neurons. A, B, Fluorescence analyses of G85R-YFP and WTSOD-YFP transgenic animals at stage
L4, comparing cytoplasmic fluorescence in cell bodies of ventral nerve cord. WTSOD-YFP (panel B) exhibits a diffuse pattern in cell bodies (with
noticeable nuclear exclusion) while G85R-YFP (panel A) exhibits a more discrete pattern in brighter, well defined, zones. C–F, EM analyses. Aggregate
(Agg) in the perinuclear region of a ventral cord cell body of a G85R-YFP day 4 adult animal (panel C), and normal appearance of cell body of a
WTSOD-YFP day 4 adult (panel D); Nu: nucleus. G85R (nonfused) shows fibrillar-appearing aggregate in a large nerve ring process (panels E,F). Panels
C, D from chemical immersion fixed preparation and E, F from high pressure freezing preparation.
doi:10.1371/journal.pgen.1000350.g002
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reduce fluorescence and aggregate formation of G85R-YFP to a
degree that could allow for a ‘‘dynamic’’ range of effects of RNAi
screening, i.e. both reduction and enhancement of green
fluorescence patterns reflecting aggregation would be detectable.
A bacterial feeding library was employed for RNAi testing.
Collectives of animals at all stages were transferred onto feeding
plates and visually examined by multiple observers after 3–6 days
for changes in the number and intensity of fluorescent aggregates
in the nerve ring and ventral nerve cord as compared with the
strain fed bacteria with an empty vector.
In the general case of observing decreased fluorescent

aggregates when animals were placed on a particular interfering
bacterial strain, the development of the animals was generally also
slowed and viability in many cases reduced, reflecting likely effects
on general health or on general gene expression, and these
interfering RNAs were not studied further. There was one
exception to this, involving an interfering RNA for a ubiquitin
specific protease, where fluorescent aggregation was reduced and
viability somewhat improved, and this gene is under further study.

In the general case of animals with increased fluorescent
aggregates on a particular interfering bacterial strain, these
animals generally exhibited larger numbers of fluorescent
inclusions and diminished locomotion. There were 88 such hits
(Table S1). 7 of these appeared likely to suppress eri-1; lin-15B
action and were not studied further (see last entries in Table S1),
while the remaining 81 hits were categorized into 10 groups
(Table 1). The largest group of well-annotated hits comprised
molecular chaperones and quality control components, amounting
to about a quarter of the hits. These are discussed below. The
other large group, of about the same size, comprised a collective of
uncharacterized gene products.
To independently confirm RNAi hits in the parental genetic

background, loss-of-function alleles were obtained for 12 hits of
interest and were crossed with the parental G85R-YFP strain. 11
out of 12 of these enhanced the inclusion phenotype of G85R-
YFP. For example, heat shock factor 1 (HSF1), which transcrip-
tionally regulates a number of stress components [44], registered
very strongly in the RNAi screen in increasing aggregate

Figure 4. Distinct neuronal pattern of aggregation in G85R-YFP animals. A, Involvement of selected lateral neurons. Mid-L4 G85R-YFP
animals were scored; N = 21. Note that neuronal function and birth time do not appear to correlate with aggregate formation. B, PVDR generally
presents with a well demarcated fluorescent inclusion whereas PDER, lying next to it, is usually unaffected in G85R-YFP animals. Arrows point to
cytosolic aggregates.
doi:10.1371/journal.pgen.1000350.g004
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that both synapse number and vesicle content in the dorsal cord is
reduced. Consistent with decreased numbers of synapses, when the
presynaptic active zone protein UNC-10 (RIM1) [40] was
examined, it exhibited a diminished number of puncta in the
mutant (Figure 6A).
A FRAP experiment was also carried out on the GFP-

synaptobrevin animals, showing slower recovery of fluorescence
at puncta in the dorsal region in G85R animals vs wild-type
(Figure 6C). This potentially reflects abnormal dynamic behavior
of synaptic vesicles in this dorsal region.

EM analysis shows a diminished number of presynaptic
vesicles. To inspect synapses at the ultrastructural level, EM
studies of the nerve ring were carried out, because this region has
the greatest concentration of synapses. Thin sections were prepared
from 4 day old adult G85R or wild-type animals using the high
pressure freezing method. The character of synapses appeared to be
affected (Figure S8). For example, in many synapses of the mutant
animals (panels C,D), there appeared to be a paucity of synaptic
vesicles which was more pronounced in the region closest to the
presynaptic density (37 of 50 synapses examined) as compared with
wild-type (panels A,B), where vesicles were densely packed in the
presynaptic region including the active zone and periactive zone (44
of 50 synapses examined). In view of the paucity of vesicles, further
EM analysis was carried out to identify whether there might be a
corresponding accumulation of vesicles in cell bodies, as occurs for
example in unc-104 kinesin-deficient animals [41], but this was not
observed. Instead, vesicles were observed in some cases to be
trapped within aggregate material.

Deficient synaptic function measured by aldicarb
assay. To assess synaptic function, the effects of the

cholinesterase inhibitor alidcarb in paralyzing wild-type or G85R
transgenic animals was measured [39,42]. Resistance to this inhibitor
can be caused by loss of cholinergic synaptic transmission. Both
G85R and G85R-YFP animals were strongly resistant to aldicarb as
compared with the corresponding wild-type animals (Figure 7),
indicating deficient synaptic function. To distinguish whether
postsynaptic function was contributing, a second compound,
levamisole, a cholinergic receptor agonist, was employed. G85R
animals displayed the same sensitivity to levamisole-induced paralysis
as wild-type (data not shown). Thus both morphologic and functional
assays point to defective presynaptic function as a proximate cause to
the locomotor defect of G85R transgenic animals.

RNAi Screen for Modifiers of Protein Aggregation—
Components that Increase Aggregation
To identify genetic modifiers of neuronal aggregation in the

G85R SOD-YFP transgenic animals, we carried out an RNAi
screen. Neurons of C. elegans are relatively resistant to RNA
interference, so alleles previously identified to enhance interfer-
ence activity, eri-1 (mg366) and lin-15B (n744), were introduced
[39]. Strikingly, the introduction of these alleles led to a significant
reduction in fluorescence from the G85R-YFP protein as
compared with the parental strain (Figure S9A), associated with
a decrease in the number of fluorescent inclusions observed in the
ventral nerve cord (Figure S9B) and with somewhat improved
movement. These results are consistent with a previous report that
lin-15B could produce silencing of multicopy transgenes [43]. We
observed that either allele alone could produce substantial
silencing of the G85R-YFP transgene, although lin-15B exerted
a greater effect. The combination of alleles proved to sufficiently

Figure 3. Biochemical analysis of SOD solubility and assembly state in transgenic animals. A, Fractionation of worm extracts into soluble
and insoluble fractions under native conditions and Western blotting. Extract was prepared by sonication and cuticle debris removed, followed by
centrifugation at 120,0006g615 min to produce soluble (S) and insoluble pellet (P) fractions. G85R and G85R-YFP exhibit substantial insoluble
material whereas none is detected in wild-type. B, Western blot analysis of fractions from gel filtration chromatography of soluble fraction, showing
soluble G85R-YFP oligomers extending from monomer-size up to the void volume. WTSOD-YFP, by contrast, shows only lower molecular weight
species. Numbers above the blot panels indicate the size in kDa of standard proteins chromatographed on the same column; Vo = void volume,
corresponding to ,5 MDa size.
doi:10.1371/journal.pgen.1000350.g003
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mammalian contexts, TGF-b family members have exhibited
effects on axon outgrowth and protection from excitotoxicity [e.g.
47]. A hit of the dopamine transporter DAT-1 was confirmed with
allele tm903. A link between neuronal activity and aggregation in
the cases of GABAergic and dopaminergic transmission thus seems
a consideration but requires further study. In the DNA
replication/repair pathways, interference with top-1, the gene for
topoisomerase 1, had a very strong effect, equivalent to the strong
effect of hsf-1 interference. How such action could figure into
aggregation behavior remains unclear. Similarly, interference of
div-1, a subunit of the DNA polymerase a/primase complex,

increased aggregation. Also a strong effect was observed with
interference of pha-4, a FoxA transcription factor, implicated in
calorie-restriction-mediated longevity, at least in part by regulating
endogenous C. elegans SOD enzymes [48].

Discussion

Neuronal Presynaptic Dysfunction in G85R SOD
Transgenic Worms
We have described here that pan-neuronal expression of a

human ALS-associated mutant SOD in C. elegans produces

Figure 6. Dorsal nerve cord of G85R at L4 stage exhibits diminished numbers and brightness of puncta of fluorescent presynaptic
markers and diminished fluorescence recovery of GFP-synaptobrevin after photobleaching. A, Three different fluorescent protein-
tagged synaptic proteins, synaptobrevin (SNB-1), RAB-3, and synapsin-1 (SNN-1), and one tagged presynaptic active zone protein, Rim1, were
examined in WTSOD and G85R transgenic worms. Anterior portion of the dorsal cord is shown. In all cases there was a reduced number of puncta in
the mutant animals. This was quantitated in panel B for GFP-SNB-1 animals, examining 10 of each genotype at L4 stage. Puncta were counted along a
50 micron distance and normalized to total body length. The number was reduced in the mutant animals, p = 0.0004. Error bars = SEM. Panel C,
fluorescent recovery after photobleaching (FRAP) of GFP-synpatobrevin. Left, example of photobleaching of dorsal cord. Right, recovery of
fluorescence plotted as function of time. Mid-L4 animals were subject to photobleaching, covering an area of 1 mm surrounding the dorsal punctum
of interest, and fluorescence was recorded thereafter. Average intensity was normalized to the pre-bleaching intensity. G85R showed significantly
slower recovery. N= 8 for each genotype. Error bars are SEM.
doi:10.1371/journal.pgen.1000350.g006
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formation. Consistently, when the sy441 allele of hsf-1 was crossed
into G85R-YFP, a strong increase in aggregate formation was
observed (Figure S10A), and locomotion of these animals was
substantially decreased as compared with either parental strain
(Figure S10B).
Multiple interference hits of strong magnitude were observed in

a number of pathways (Table 2), indicating that these pathways
are likely playing a role in preventing aggregation of the misfolded
G85R-YFP protein or facilitating its turnover. For example, hits of
a collective of chaperone components registered strong increases of
aggregation, including an Hsp110 (C30C11.4), a DnaJ (A2) (dnj-
19), an Hsp70 (stc-1), and a neuron specific Hsp16 (F08H9.4).
Three of these were validated as strongly increasing aggregation
when mutant alleles were crossed with G85R-YFP. Two hits were
identified in the ubiquitin-mediated turnover pathway at the level
of E3 ligase SCF complexes, SEL-10, an F-box protein, and RBX-
1, a RING finger protein, the latter confirmed with the ok782
knockout allele. Three hits were also observed in the sumoylation

pathway by the RNAi screen, uba-2, encoding the E1 enzyme that
activates SUMO, ubc-9, which encodes one subunit of the E2
SUMO-conjugating heterodimer, and an E3 SUMO-ligase
component gei-17 (homologous to PIAS1). In validation of the
interference effects, an allele of SUMO, smo-1 (OK359), increased
aggregation when crossed into the parental G85R-YFP strain. The
latter hits raised the question of whether G85R-YFP is itself
sumoylated, and this is under study. In addition, three components
involved with redox regulation were identified, PDI-2, an
orthologue of a human thioredoxin domain-containing protein
(C30H7.2), and BLI-3, a dual oxidase with both a peroxidase
domain and a superoxide-generating oxidase domain.
Other pathways were also identified through strong effects of

interference. For example, a hit in the TGFb component DBL-1
was confirmed by the allele nk3. DBL-1 is expressed in neuronal
cells, e.g. in the ventral cord, has recently been implicated in
GABAergic synaptic transmission [45], and has been shown to
affect both body size and male tail development [46]. Notably, in

Figure 5. Ventral nerve cord is affected in 4 day old adult G85R animals – fewer and smaller diameter processes and lack of
organelles. A, Number of neuronal processes is mildly reduced. Transverse sections of transgenic animals were prepared and examined by EM, and
the number of neuronal processes in the main bundle of the ventral nerve cord was determined. N = 9. (Error bars indicate SEM.) B–E, Representative
cross-sections of WTSOD and G85R animals at two levels of magnification, with white dashed lines in B, C denoting the boundaries of the main
bundle of processes. The diameter of processes was reduced, and the number of organelles including mitochondria (m) and synaptic vesicles (arrows)
was greatly reduced in G85R.
doi:10.1371/journal.pgen.1000350.g005
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formation. Consistently, when the sy441 allele of hsf-1 was crossed
into G85R-YFP, a strong increase in aggregate formation was
observed (Figure S10A), and locomotion of these animals was
substantially decreased as compared with either parental strain
(Figure S10B).
Multiple interference hits of strong magnitude were observed in

a number of pathways (Table 2), indicating that these pathways
are likely playing a role in preventing aggregation of the misfolded
G85R-YFP protein or facilitating its turnover. For example, hits of
a collective of chaperone components registered strong increases of
aggregation, including an Hsp110 (C30C11.4), a DnaJ (A2) (dnj-
19), an Hsp70 (stc-1), and a neuron specific Hsp16 (F08H9.4).
Three of these were validated as strongly increasing aggregation
when mutant alleles were crossed with G85R-YFP. Two hits were
identified in the ubiquitin-mediated turnover pathway at the level
of E3 ligase SCF complexes, SEL-10, an F-box protein, and RBX-
1, a RING finger protein, the latter confirmed with the ok782
knockout allele. Three hits were also observed in the sumoylation

pathway by the RNAi screen, uba-2, encoding the E1 enzyme that
activates SUMO, ubc-9, which encodes one subunit of the E2
SUMO-conjugating heterodimer, and an E3 SUMO-ligase
component gei-17 (homologous to PIAS1). In validation of the
interference effects, an allele of SUMO, smo-1 (OK359), increased
aggregation when crossed into the parental G85R-YFP strain. The
latter hits raised the question of whether G85R-YFP is itself
sumoylated, and this is under study. In addition, three components
involved with redox regulation were identified, PDI-2, an
orthologue of a human thioredoxin domain-containing protein
(C30H7.2), and BLI-3, a dual oxidase with both a peroxidase
domain and a superoxide-generating oxidase domain.
Other pathways were also identified through strong effects of

interference. For example, a hit in the TGFb component DBL-1
was confirmed by the allele nk3. DBL-1 is expressed in neuronal
cells, e.g. in the ventral cord, has recently been implicated in
GABAergic synaptic transmission [45], and has been shown to
affect both body size and male tail development [46]. Notably, in

Figure 5. Ventral nerve cord is affected in 4 day old adult G85R animals – fewer and smaller diameter processes and lack of
organelles. A, Number of neuronal processes is mildly reduced. Transverse sections of transgenic animals were prepared and examined by EM, and
the number of neuronal processes in the main bundle of the ventral nerve cord was determined. N = 9. (Error bars indicate SEM.) B–E, Representative
cross-sections of WTSOD and G85R animals at two levels of magnification, with white dashed lines in B, C denoting the boundaries of the main
bundle of processes. The diameter of processes was reduced, and the number of organelles including mitochondria (m) and synaptic vesicles (arrows)
was greatly reduced in G85R.
doi:10.1371/journal.pgen.1000350.g005
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substantial locomotor defects associated with macroscopic aggre-
gation in neuronal cell bodies. By contrast, a wild-type human
SOD produced neither locomotor defects nor aggregation.
Further testing indicated that the human SOD mutant, G85R,
unable to fold properly and producing both soluble oligomers and
aggregates, appears to produce neuronal dysfunction in C. elegans
at the presynaptic level. This was indicated by three types of
observation. First, there was a reduced number and brightness of
puncta of fluorescently-labeled synaptobrevin, RAB-3, and
synapsin, as well as of the presynaptic active zone protein RIM1
in the dorsal nerve cord in transgenic G85R animals as compared
with wild-type SOD transgenic animals. Second, mutant trans-
genic animals but not wild-type exhibited resistance to aldicarb
paralysis, consistent with deficient acetylcholine release at
cholinergic synapses in the mutant. Third, EM studies on a small
number of animals revealed paucity of vesicles in the presynaptic
region of nerve ring synapses of the mutant animals. In addition,
EM showed reduced numbers of vesicles and mitochondria in
ventral nerve cord processes (axons) of transgenic mutant animals.
In contrast with the foregoing findings pointing to presynaptic
dysfunction, there was a lack of postsynaptic effects. The

cholinergic agonist levamisole produced the same efficient
paralysis of both mutant G85R and wild-type SOD transgenic
animals. In addition, EM inspection of muscle revealed normal
morphology.
The putative presynaptic defect could result, in the first

instance, from defective biogenesis, axonal transport, or recycling
of synaptic vesicles. The diminution of vesicles in dorsal and
ventral nerve cord processes and their sparsity in the presynaptic
regions as demonstrated from the EM and fluorescence studies
suggest that biogenesis or transport is affected. Because accumu-
lations of vesicles were not detected in cell bodies, it seems less
likely that transport is affected. Yet the failure of recovery of the
GFP-synaptobrevin fluorescence following photobleaching could
be consistent with an ongoing transport or recycling defect.
Further studies will be required to resolve the steps affected.
Excitingly, effects of expression of human SOD1 on synaptic

transmission in another invertebrate system have recently been
reported. Watson et al [49] observed that expression of human
SOD1 (wild-type or mutant) in motor neurons of Drosophila
produced an age-progressive climbing defect that was associated in
electrophysiological studies, stimulating muscle through the giant
fiber circuit, with progressive loss of muscle response during high
frequency stimulation.
Presynaptic effects have also been observed in several contexts in

C. elegans expressing a number of other neurodegeneration-
associated proteins. Animals transgenic for both wild-type and
FTDP-associated mutant forms of tau presented with locomotor
defects, associated with aldicarb resistance (and levamisole sensitiv-
ity), followed by appearance of macroscopic aggregates and then
apparent neuronal loss [50]. Animals transgenic for a-synuclein
exhibited locomotor defects when any of a number of synaptic
proteins were knocked down, associated with aldicarb resistance
and levamisole sensitivity [28]. In contrast with these studies,
however, the studies of SOD1 presented here indicate a direct and
specific effect of the mutant G85R SOD1 on presynaptic function.

Misfolding and Aggregate Formation and Linkage to
Locomotor Defect
So far it is not evident how or whether the presence of G85R-

SOD aggregates in cell bodies of specific neurons, comprising a

Figure 7. Aldicarb paralysis assay of SOD transgenic strains. G85R and G85R-YFP transgenic animals of L4 stage are relatively resistant to
aldicarb. A, Comparison of WTSOD and G85R transgenic animals at various times after exposure to aldicarb, measuring percentage that fail to exhibit
movement upon physical prodding in the head region. B, Comparison of WTSOD-YFP and G85R-YFP animals for percent exhibiting aldicarb paralysis.
Error bars are SEM.
doi:10.1371/journal.pgen.1000350.g007

Table 1. Summary of 81 RNA interference hits that worsened
aggregation.

Protein chaperones, turnover, and modification 22 27.2%

Redox 3 3.7%

Signal transduction 7 8.6%

Transcription, RNA processing 6 7.4%

Metabolism 6 7.4%

DNA replication and repair 4 4.9%

Extracellular matrix 2 2.5%

Translation 2 2.5%

Intracellular trafficking 2 2.5%

Uncategorized 27 33.3%

doi:10.1371/journal.pgen.1000350.t001
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substantial locomotor defects associated with macroscopic aggre-
gation in neuronal cell bodies. By contrast, a wild-type human
SOD produced neither locomotor defects nor aggregation.
Further testing indicated that the human SOD mutant, G85R,
unable to fold properly and producing both soluble oligomers and
aggregates, appears to produce neuronal dysfunction in C. elegans
at the presynaptic level. This was indicated by three types of
observation. First, there was a reduced number and brightness of
puncta of fluorescently-labeled synaptobrevin, RAB-3, and
synapsin, as well as of the presynaptic active zone protein RIM1
in the dorsal nerve cord in transgenic G85R animals as compared
with wild-type SOD transgenic animals. Second, mutant trans-
genic animals but not wild-type exhibited resistance to aldicarb
paralysis, consistent with deficient acetylcholine release at
cholinergic synapses in the mutant. Third, EM studies on a small
number of animals revealed paucity of vesicles in the presynaptic
region of nerve ring synapses of the mutant animals. In addition,
EM showed reduced numbers of vesicles and mitochondria in
ventral nerve cord processes (axons) of transgenic mutant animals.
In contrast with the foregoing findings pointing to presynaptic
dysfunction, there was a lack of postsynaptic effects. The

cholinergic agonist levamisole produced the same efficient
paralysis of both mutant G85R and wild-type SOD transgenic
animals. In addition, EM inspection of muscle revealed normal
morphology.
The putative presynaptic defect could result, in the first

instance, from defective biogenesis, axonal transport, or recycling
of synaptic vesicles. The diminution of vesicles in dorsal and
ventral nerve cord processes and their sparsity in the presynaptic
regions as demonstrated from the EM and fluorescence studies
suggest that biogenesis or transport is affected. Because accumu-
lations of vesicles were not detected in cell bodies, it seems less
likely that transport is affected. Yet the failure of recovery of the
GFP-synaptobrevin fluorescence following photobleaching could
be consistent with an ongoing transport or recycling defect.
Further studies will be required to resolve the steps affected.
Excitingly, effects of expression of human SOD1 on synaptic

transmission in another invertebrate system have recently been
reported. Watson et al [49] observed that expression of human
SOD1 (wild-type or mutant) in motor neurons of Drosophila
produced an age-progressive climbing defect that was associated in
electrophysiological studies, stimulating muscle through the giant
fiber circuit, with progressive loss of muscle response during high
frequency stimulation.
Presynaptic effects have also been observed in several contexts in

C. elegans expressing a number of other neurodegeneration-
associated proteins. Animals transgenic for both wild-type and
FTDP-associated mutant forms of tau presented with locomotor
defects, associated with aldicarb resistance (and levamisole sensitiv-
ity), followed by appearance of macroscopic aggregates and then
apparent neuronal loss [50]. Animals transgenic for a-synuclein
exhibited locomotor defects when any of a number of synaptic
proteins were knocked down, associated with aldicarb resistance
and levamisole sensitivity [28]. In contrast with these studies,
however, the studies of SOD1 presented here indicate a direct and
specific effect of the mutant G85R SOD1 on presynaptic function.

Misfolding and Aggregate Formation and Linkage to
Locomotor Defect
So far it is not evident how or whether the presence of G85R-

SOD aggregates in cell bodies of specific neurons, comprising a

Figure 7. Aldicarb paralysis assay of SOD transgenic strains. G85R and G85R-YFP transgenic animals of L4 stage are relatively resistant to
aldicarb. A, Comparison of WTSOD and G85R transgenic animals at various times after exposure to aldicarb, measuring percentage that fail to exhibit
movement upon physical prodding in the head region. B, Comparison of WTSOD-YFP and G85R-YFP animals for percent exhibiting aldicarb paralysis.
Error bars are SEM.
doi:10.1371/journal.pgen.1000350.g007
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Metabolism 6 7.4%
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variety of neuronal cell types in the transgenic mutant animals,
directly relates to the apparent presynaptic defect. We note,
however, that the degree of locomotor defect correlates roughly
with the degree of aggregation observed. For example, for the
G85R-YFP transgene, out of multiple stable integrant lines, those
with the highest level of fluorescence and greatest level of
aggregation exhibited the strongest locomotor defect. Thus, either
the aggregates themselves or perhaps the apparent precursors,
soluble oligomers (Figure 3B), may be directly responsible for the
presynaptic defect. The defect could come at the level of physical
interactions of oligomers or aggregates either directly with synaptic
vesicles themselves or with soluble or cytoskeletal components that
are involved with vesicle biogenesis and traffic. A recent study
producing pan-neuronal expression of dimeric versions of human
wild-type and G85R SOD1 in C. elegans also observed locomotor
defects associated with aggregation, but, in contrast to the direct
correlation above, observed that a heterodimeric G85R-WTSOD-
GFP molecule, while producing less aggregation than G85R-
G85R-GFP, led to a greater paraquat-induced reduction of animal
survival [51]. Thus in the context of a heterodimer, residual SOD
enzymatic activity may contribute to toxicity.

Lack of Neuronal Cell Death
Notably, despite evident protein aggregation and synaptic

dysfunction, neurons in the mutant animals studied here were
not subject to cell death, even during later adult life. This
resembles the observation in the recent report of Watson et al [49]
where human SOD1 expressed in Drosophila motor neurons
produced both focal SOD protein accumulation and measurable

electrical dysfunction but no observable cell death. Similarly, in
earlier studies of C. elegans PLM neurons transgenic for
polyglutamine expansion, touch sensitivity function was abolished
but cell death did not occur [52]. This lack of cell death may either
relate to the state of disease progression or be a function of the
invertebrate neuronal systems themselves. For example, concern-
ing stage of disease, in the mammalian context, SOD1-affected
motor neurons appear likely to be functionally affected for a
period of time before being subject to cell death. In C. elegans or
Drosophila, by contrast, the trajectory may not extend sufficiently in
time to produce cell death, albeit that added insults such as
oxidative toxicity [50] may be capable of producing cell death.
Alternatively, these systems may differ from that of mammals. C.
elegans has, for example, a limited number of glia, and they may
not function as in the mammalian context to hasten death of
affected neurons [53–55]. Alternatively, the absence of cell death
could be a function of a different neuronal response to chronic
exposure to misfolded protein as compared with mammalian
neurons.

Proteostatic Protection from Misfolded SOD in C. elegans
Neurons
The RNA interference screen conducted here, examining

relative levels of G85R-YFP protein aggregation in relation to
knockdown of various gene products, validated in many cases by
crosses with corresponding mutant alleles (Table 2), provided
evidence that a proteostatic network similar to that present in body
wall muscles of C. elegans [56,57] and elsewhere [44] is operative in
C. elegans neurons. Whether it is induced in response to mutant

Table 2. Selected genes whose inactivation strongly aggravates formation of SOD-YFP neuronal inclusions1.

CATEGORY GENE FUNCTION

2RNAI
SCORE

3ALLELE
SCORE

Chaperone/quality control hsf-1 (Y53C10A.12) Heat shock transcription factor 5 sy441 ++

C30C11.4 homolog to human apg-1 (a heat shock 110 kDa protein) 3 gk533 ++

dnj-19 (T05C3.5) homolog to DnaJ subfamily A member 2 3 gk649 ++

F08H9.4 neuron-specific HSP16 3 ok1976 ++

stc-1 (F54C9.2) member of HSP70 superfamily (microsome associated) 3

Protein turnover sel-10 (F55B12.3) member of the CDC4/CUL-1 family of ubiquitin ligases 3

rbx-1 (ZK287.5) RING box protein RBX1, a subunit of the SCF ubiquitin-ligase complex 2 ok782 +

W07G4.4 Predicted aminopeptidase 4

Protein modification uba-2 (W02A11.4) sumo activating enzyme 5

ubc-9 (F29B9.6) sumo conjugating enzyme 4

gei-17 (W10D5.3) Homologous to E3 SUMO-protein ligase PIAS1 3

Redox bli-3 (F56C11.1) dual oxidase 3 e767 ++

pdi-2 (C07A12.4) Protein disulfide isomerase 2 gk375 ++

C30H7.2 thioredoxin domain-containing protein precursor 2

Signal transduction dbl-1 (T25F10.2) member of the TGFb superfamily 3 nk3 +

Dopamine metabolism dat-1 (T23G5.5) plasma membrane dopamine transporter 3 tm903 +

Dna replication & repair top-1 (M01E5.5) DNA topoisomerase I 5

div-1 (R01H10.1) homolog of the B subunit of the DNA polymerase alpha-primase complex 3 or148 ++

Transcription H43I07.2 RNA polymerase I and III, subunit RPA40/PRC40 3

Longevity factor pha-4 (F38A6.1) FoxA transcription factor 4

120 genes out of the 88 hits from the screen are listed here.
2RNAi scores range from 1 to 5, with 5 representing the strongest increase of the G85R-YFP inclusions, and 1 a discernible increase.
3Alleles are loss-of-function mutations that have been bred to homozygosity in the strain carrying the G85R-YFP transgene; ‘‘+’’ represents moderate increase of the
inclusion profile, and ‘‘++’’ strong increase.
doi:10.1371/journal.pgen.1000350.t002
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Drosophila: 
 
Used Gal4:UAS system to drive human SOD wt and mut in 
motoneurons (D42-larval-adult) and eye 
hSOD and dSOD differ in 49/153 residues so also used dSOD 

muscle, a small incision was made along the upper edge of the
scutella. A reference electrode was inserted in the abdomen
with a sharp tungsten electrode. Electrical stimulus was gener-
ated by a stimulus isolator commanded by the Master 8 stimu-
lator (A.M.P.I., Jerusalem, Israel). The Axon Patch 2000 ampli-
fier (Axon Instruments/Molecular Devices, Union City, CA)
was set at the current clamp mode and used to detect and
amplify electrical signals generated in the indirect flight mus-
cles. The average age of the flies used for giant fiber physiology
was 10 and 55 days old; for each genotype, however, 1–2 flies
aged to 49 days or up to 60 days were also used.Within this age
range, the following frequencies showed consistent results for
each genotype.
Immunohistochemistry—At least 10 males of each genotype

were dissected at 0–3, 28, or 49 days in each of at least three
experiments. Flies expressing GFP were typically used as nega-
tive controls. Flies expressing SCA3-trQ78were used in parallel
to verify immunostaining of ubiquitin- and chaperone-positive
inclusions in motor neurons. For analysis of hSOD1 accumula-
tion, hSOD1 was visualized using rabbit polyclonal antibody
SOD-100 (1:200, Nventa Biopharmaceuticals Corp., SanDiego,
CA), or the mouse monoclonal antibody NCL-SOD (1:50,
Novocastra Laboratories Ltd.). Rabbit polyclonal antibody
PW8765 (TBP7-27, 1:100) was used to visualize the protea-
some-associated molecule Rpt3/TBP7/S6B (Biomol Interna-
tional, Plymouth Meeting, PA). Ubiquitin was identified using
mouse monoclonal antibody NB300-130E (1:50, Novus Bio-
logicals, Littleton, CO), and anti-Hsc/Hsp70 was labeled with
SPA-822 (1:50, Nventa Biopharmaceuticals Corp.) or rat
monoclonal anti-Hsp70 7F8 (1:50, gift of Dr. Susan Lindquist).
Neuronal nuclei were visualized using ratmonoclonal antibody
7E8A10 anti-Elav (1:75, Developmental Studies Hybridoma
Bank), and glia were identified using the mouse monoclonal
8D12 anti-Repo (1:50, Developmental Studies Hybridoma
Bank). Alexa Fluor-conjugated secondary antibodies were used
in all immunofluorescence studies: chicken anti-mouse conju-
gated to Alexa Fluor 647, goat anti-mouse conjugated to Alexa
Fluor 488, goat anti-rabbit conjugated to Alexa Fluor 488 or
Alexa Fluor 555, and goat anti-rat conjugated to Alexa Fluor
555 (1:200, Molecular Probes, Eugene, OR). For analysis of
hSOD1 accumulation, each stack of 30 confocal images repre-
senting an individual fly was categorized according to uniform
standards (absent, mild, moderate, or severe). Each stack was
also categorized according to intensity and breadth of the hsp70
signal by predetermined standards (absent, low, moderate, and
strong). Chi square analysis within genotypes and within ages
was performed using the JMPin statistical software (SAS) to
identify differences due to age and UAS transgene (p ! 0.001).

RESULTS

Expression of hSOD1 but Not dSOD1 in Motor Neurons
Causes ProgressiveMotor Dysfunction—To develop amodel for
fALS, we generated flies bearing UAS transgenes of WT, A4V,
andG85Rmutant forms of hSOD1. A4V is a commonmutation
and is associated with fast disease progression (27). In mice,
G85R causes rapid disease with low expression levels (28). We
also used dSOD1 because although they are highly related,
hSOD1 and dSOD1 differ at 49/153 residues (Fig. 1A). Expres-

sion was directed selectively to motor neurons using the D42
motor neuron driver, which is expressed from larval develop-
ment through adult lifespan (20, 21). Western analysis con-
firmed expression of SOD1 in motor neurons over at least "50
days, allowing detailed examination of potential phenotypes
over this extended time course (Fig. 1, B and C). The levels of
A4V and WT hSOD1 were consistently higher than that of
G85R. As observed in mouse tissue (28), G85R ran with faster
mobility.
Gross observation revealed no paralysis or obvious lack of

activity in flies expressing any form of hSOD1 or dSOD1 in
motor neurons. Comparison of the survival of flies expressing
hSOD1 to flies expressing GFP indicated that survivorship
curves were similar (Fig. 2). We then examined motor function
using a negative geotaxis climbing assay. When compared with
flies expressing dSOD1, flies expressing hSOD1 or mutant
forms inmotor neurons showed typical strong climbing activity
within the first week. However, flies expressing WT or mutant
hSOD1 showed progressive loss of climbing when compared
with dSOD1 controls, starting at 14 days (G85R) or 21 days
(WT) (Fig. 3A). This finding indicates that hSOD1may have an
intrinsic toxicity to motor neurons in Drosophila. A surprising
finding was that loss of climbing was not limited to mutant
forms of hSOD1 but was also seen with theWT protein. Given
that over 100 amino acid substitutions in hSOD1 are associated
with fALS and that hSOD1 and dSOD1 differ at many residues,
including some mutated in SOD-linked fALS (Fig. 1A), WT
hSOD1 may be recognized as a toxic mutant form of SOD1 in
Drosophila. This view was further reinforced by electrophysi-
ological studies (see below).

FIGURE 1. Drosophila model of SOD-linked fALS employs motor neuron-
specific expression of wild type hSOD1, A4V, and G85R mutant proteins.
A, comparison of hSOD1 and dSOD1. Green bars identify residues that are
mutated in SOD-linked fALS. Identities are in black, and similarities are in gray
(BLOSUM 62 matrix). B, expression of transgenes in young flies with D42
motor neuron driver. Western blots were probed for an internal reference
tubulin (tub, E7 ascites) and with antibodies that detect both hSOD1 and
dSOD1 (top: FL154) or that detect only hSOD1 (bottom: NCL-SOD). C, relative
expression of hSOD1 transgenes in young (1 day), middle-aged (28 days), and
old (49 days) flies with D42 motor neuron driver, from Western blots also
probed for tubulin (E7 ascites), GFP, and an hSOD1 antibody that cross-reacts
to fly dSOD1 (NCL-SOD or FL154). Data were expressed as a relative ratio of
immunoblot reactivity of the antibody staining of antibodies to hSOD1 (or
antibodies to GFP) to antibodies to tubulin and normalized to the signal for
1-day GFP from the same Western blot.
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NoApparent Loss ofMotorNeurons—Themotor dysfunction
and lifespan effects on human ALS patients are due to dysfunc-
tion and loss of motor neurons. We therefore determined
whether there was gross loss of motor neurons in the flies by
counting nuclei in theT1/T2 region of the thoracic ganglia (Fig.
3B), an area we determined to have a large number of motor
neuron somata using DiI labeling of leg muscles (data not
shown). This analysis revealed no detectable loss of neuronal
nuclei over time (Fig. 3C). Therefore, large scale motor neuron
loss appeared not to occur; rather, climbing loss may reflect
motor dysfunction.
Biochemical Oligomerization of hSOD1 Is Not Linked to Neu-

ronal Loss or Dysfunction—Mutant hSOD1 in mice or humans
often forms insoluble species or inclusions in cells (29, 30).High
salt/high speed fractionation with SDS-PAGE was used to
examine the solubility of hSOD1 in Drosophilamotor neurons
from 1–49 days. However, the solubility profile of WT and
mutant hSOD1 in motor neurons did not differ from GFP or
dSOD1 at any age tested (data not shown). Thus, a change in
hSOD1 solubility in motor neurons did not accompany motor
dysfunction. When hSOD1 was expressed in the eyes of adult
flies, however, mutant G85R formed high molecular weight
complexes, but WT hSOD1 did not (Fig. 4, A–D). No anatom-
ical degeneration of the retina occurred with either form of the
protein (Fig. 4, E–J). Considering their similar deleterious
effects on climbing and giant fiber physiology (below), these
results suggest that biochemical hSOD1 insolubility appeared
dissociable from neuronal toxicity in flies.
Synaptic Transmission along the Giant Fiber Motor Pathway

Is Abnormal—Early signs of motor neuron disease in humans
includemuscle weakness and diminishedmotor nerve conduc-
tion. Analysis of the expression pattern of the D42 driver
showed expression inmotor neurons of the giant fiber system, a

well defined neuronal circuit in Drosophila (25). Flies express-
ing hSOD1 and dSOD1 in motor neurons were therefore
assessed for reduced or abnormal signaling at the neuromuscu-
lar junctions of the giant fiber system (Fig. 5A). Synaptic phys-
iology of indirect flight muscles was compared between flies
expressing WT and mutant hSOD1 to driver line controls
(D42/!) and flies expressing dSOD1. The DLMs showed nor-
mal and robust responses at 10 days, with maximum following
frequencies of at least 140 Hz in both experimental and control
animals (Fig. 5, B andC). At 55 days, when control flies (D42/!

FIGURE 2. Lifespan of flies expressing WT hSOD1, A4V, or G85R hSOD1.
A, survival curves, and B, details of lifespan analysis for each genotype, from
multiple experimental points. The effect of hSOD1 on lifespan is known to
differ between males and females and is dependent on genetic background
(64). The hSOD1 transgenes used here were generated in a similar genetic
background, and we do not see an extension of lifespan with hSOD1. CI,
confidence interval.

FIGURE 3. Motor neuron expression of hSOD1 induces a reduction in
climbing activity without gross loss of motor neuron nuclei. A, climbing
activity was compromised in flies expressing mutant or WT hSOD1 relative to
flies expressing dSOD1 (blue bars). G85R showed a deficit from 14 days
onwards (green bars), WT showed a deficit from 21 days (red bars), and A4V
showed a deficit at 28 days (purple bars). Bars represent climbing indices for
genotypes normalized to the 1-day climbing index of dSOD1 controls, " S.E.
from at least three experiments. B, the number of motor neurons was deter-
mined by counting nuclei in the T1/T2 border (rectangular selection) in con-
focal stacks of whole-mounted thoracic ganglia. Shown is a thoracic ganglion
of genotype D42/UAS-GFP. Ab, abdominal ganglion. the number of labeled
nuclei detected in the T1/T2 border was not different at any time point when
compared with controls (gold bars) or between time points for flies express-
ing dSOD1, WT, A4V, or G85R hSOD1 (blue, red, purple, and green bars, respec-
tively) in motor neurons (analysis of variance, p # 0.05). The cell number is
normalized to 1-day controls within each experiment; average " S.E. from at
least two experiments (5–10 flies each) is presented.
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NoApparent Loss ofMotorNeurons—Themotor dysfunction
and lifespan effects on human ALS patients are due to dysfunc-
tion and loss of motor neurons. We therefore determined
whether there was gross loss of motor neurons in the flies by
counting nuclei in theT1/T2 region of the thoracic ganglia (Fig.
3B), an area we determined to have a large number of motor
neuron somata using DiI labeling of leg muscles (data not
shown). This analysis revealed no detectable loss of neuronal
nuclei over time (Fig. 3C). Therefore, large scale motor neuron
loss appeared not to occur; rather, climbing loss may reflect
motor dysfunction.
Biochemical Oligomerization of hSOD1 Is Not Linked to Neu-

ronal Loss or Dysfunction—Mutant hSOD1 in mice or humans
often forms insoluble species or inclusions in cells (29, 30).High
salt/high speed fractionation with SDS-PAGE was used to
examine the solubility of hSOD1 in Drosophilamotor neurons
from 1–49 days. However, the solubility profile of WT and
mutant hSOD1 in motor neurons did not differ from GFP or
dSOD1 at any age tested (data not shown). Thus, a change in
hSOD1 solubility in motor neurons did not accompany motor
dysfunction. When hSOD1 was expressed in the eyes of adult
flies, however, mutant G85R formed high molecular weight
complexes, but WT hSOD1 did not (Fig. 4, A–D). No anatom-
ical degeneration of the retina occurred with either form of the
protein (Fig. 4, E–J). Considering their similar deleterious
effects on climbing and giant fiber physiology (below), these
results suggest that biochemical hSOD1 insolubility appeared
dissociable from neuronal toxicity in flies.
Synaptic Transmission along the Giant Fiber Motor Pathway

Is Abnormal—Early signs of motor neuron disease in humans
includemuscle weakness and diminishedmotor nerve conduc-
tion. Analysis of the expression pattern of the D42 driver
showed expression inmotor neurons of the giant fiber system, a

well defined neuronal circuit in Drosophila (25). Flies express-
ing hSOD1 and dSOD1 in motor neurons were therefore
assessed for reduced or abnormal signaling at the neuromuscu-
lar junctions of the giant fiber system (Fig. 5A). Synaptic phys-
iology of indirect flight muscles was compared between flies
expressing WT and mutant hSOD1 to driver line controls
(D42/!) and flies expressing dSOD1. The DLMs showed nor-
mal and robust responses at 10 days, with maximum following
frequencies of at least 140 Hz in both experimental and control
animals (Fig. 5, B andC). At 55 days, when control flies (D42/!

FIGURE 2. Lifespan of flies expressing WT hSOD1, A4V, or G85R hSOD1.
A, survival curves, and B, details of lifespan analysis for each genotype, from
multiple experimental points. The effect of hSOD1 on lifespan is known to
differ between males and females and is dependent on genetic background
(64). The hSOD1 transgenes used here were generated in a similar genetic
background, and we do not see an extension of lifespan with hSOD1. CI,
confidence interval.

FIGURE 3. Motor neuron expression of hSOD1 induces a reduction in
climbing activity without gross loss of motor neuron nuclei. A, climbing
activity was compromised in flies expressing mutant or WT hSOD1 relative to
flies expressing dSOD1 (blue bars). G85R showed a deficit from 14 days
onwards (green bars), WT showed a deficit from 21 days (red bars), and A4V
showed a deficit at 28 days (purple bars). Bars represent climbing indices for
genotypes normalized to the 1-day climbing index of dSOD1 controls, " S.E.
from at least three experiments. B, the number of motor neurons was deter-
mined by counting nuclei in the T1/T2 border (rectangular selection) in con-
focal stacks of whole-mounted thoracic ganglia. Shown is a thoracic ganglion
of genotype D42/UAS-GFP. Ab, abdominal ganglion. the number of labeled
nuclei detected in the T1/T2 border was not different at any time point when
compared with controls (gold bars) or between time points for flies express-
ing dSOD1, WT, A4V, or G85R hSOD1 (blue, red, purple, and green bars, respec-
tively) in motor neurons (analysis of variance, p # 0.05). The cell number is
normalized to 1-day controls within each experiment; average " S.E. from at
least two experiments (5–10 flies each) is presented.
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and D42/dSOD1) were still able to follow high frequency stim-
ulation, flies expressing WT or G85R displayed repeated fail-
ures (Fig. 5C, arrows), with the average cut-off frequency drop-
ping to 85–92 Hz (Fig. 5B). Recordings from the TTMs showed
similar cut-off following frequencies between experimental and
control flies at 10 days and a small but significant reduction in
the following frequency for flies expressing G85R at 55 days
(Fig. 5, B and D; p ! 0.05), with a slight reduction in flies with
WT hSOD1.

These results showed that the giant fiber circuit is functional
in older flies upon low frequency stimulation but defective with
high frequency stimulation, revealing that synaptic transmis-
sion becomes progressively defective in flies expressing hSOD1.
The DLM pathway was more sensitive than the TTM pathway
to hSOD1 damage. DLMmotor neurons mediate wing depres-
sion during the escape response, whereas the TTMs initiate leg
extension of the mesothoracic leg extensor (25, 31). Although
the giant fiber circuit does not directly govern climbing, these
observations indicate that abnormalities in synaptic transmis-
sion or excitability may be common in motor systems of
hSOD1-expressing flies.

hSOD1 Progressively Accumu-
lates in Motor Neuron Somata and
Processes—Visible protein accumu-
lations that can be ubiquitinated or
associated with chaperones are hall-
marks of many diseases including
ALS, as well as hSOD1 inclusions in
motor neurons (32–35). Given that
hSOD1 conferred neuronal dys-
function, we examined motor neu-
rons in the thoracic ganglia for evi-
dence of pathology. Strikingly, both
WT and mutant hSOD1 protein
accumulated in foci within motor
neurons. Fociwere apparent as early
as 1 day and increased with age both
in number within individual cells
and in total number of cells with foci
(Figs. 6 and 7). At later time points,
accumulations were visible not only
within cell bodies but also within
neuronal axons. Foci formation in
young flies was similar for WT and
mutant hSOD1 (1 day: absent to
mild), and foci formation in old flies
was similar forWTandA4V (28 and
49 days: absent to mild/moderate)
and was much greater for G85R (28
and 49 days: moderate to strong)
(Fig. 7). Foci were specific to hSOD1
as the control protein GFP did not
form similar focal accumulations
(data not shown). We also co-im-
munostained for ubiquitin, TBP7 (a
proteasomal cofactor), and the
chaperone Hsp70. None of these
antibodies highlighted hSOD1-pos-

itive foci inmotor neurons (data not shown). This indicates that
these accumulations do not appear to represent misfolded pro-
tein recognized by ubiquitin-proteasomal or chaperone sys-
tems, although their appearance suggests a gradual overwhelm-
ing of the neuronal capacity to properly handle hSOD1 protein.
Expression of hSOD1 in Motor Neurons Produces a Stress

Response in Glia—These studies, however, did uncover a chap-
erone response that was not present within the motor neurons
themselves but rather in nearby cells. We noted that animals
expressing hSOD1 showed an increase in immunostaining for
Hsp70 that was not coincident with hSOD1 foci (Fig. 8, A–D).
Although there was a minimal chaperone signal at 1 day, flies
expressing hSOD1 showed increased immunoreactivity for
Hsp70 at 28 and 49 days formutant proteins and 49 days for the
WT protein (Fig. 8E). The stress response was specific to SOD1
since expression of GFP hadminimal effects, and up-regulation
of Hsp70 was also seen upon expression of dSOD1 in motor
neurons at 28 and 49 days (data not shown).

The Hsp70 response in cells not visibly expressing the toxic
protein was a striking feature of SOD1 expression in motor
neurons. In contrast, neuronal expression of toxic polyglu-

FIGURE 4. G85R accumulates in high salt-resistant foci in retinal cells but does not cause degeneration.
A, solubility assay for ionic fractionation of hSOD1 in homogenates of flies expressing WT or G85R under control
of the retinal promoter gmr-GAL4. Proteins were separated in high salt buffer to break ionic bonds and then
centrifuged at high speed to isolate soluble and insoluble species. B, total (T), supernatant (S), and pellet (P)
fractions were separated by SDS-PAGE and probed for hSOD1. At 28 days, G85R but not wild type hSOD1
formed high molecular weight complexes that were found in both soluble and insoluble fractions. Both WT and
G85R monomer were found in the pellet. dpe, days post eclosion of adult. C and D, cryosections of 28-day eyes
from flies expressing WT or G85R expressed by the gmr-gal4 driver. Red fluorescence decorates hSOD1, and blue
fluorescence labels nuclear DNA. G85R, but not WT, forms large foci recognized by hSOD1 antibody in the distal
retina, just internal to the lens. E–J, nuclear arrays (E and F), external eye (G and H), and internal ommatidial
structure (I and J) appear normal in eyes of 45-day flies expressing WT or G85R.
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Large MW forms of mutant SOD present when driven in the eye 



Flies expressing 
hSOD1 and dSOD1 in motor neurons 
were assessed for reduced or abnormal 
signaling at the neuromuscular 
junctions of the giant fiber system. 
 
Looked at synaptic physiology of indirect 
flight muscles.  

tamine protein induces dramatic up-regulation of Hsp70 in
neurons (Fig. 9) (36, 37)). In the SOD situation, the Hsp70
immunostaining appeared to partially or completely fill small

round cells. This suggested that it
may be localized to glia, the other
major cell type of the nervous sys-
tem.We co-stained thoracic ganglia
from flies expressing G85R with
Hsp70 and the glial marker Repo
(Fig. 8, F–H). These studies revealed
that not all glia contained Hsp70,
but all cells positive for Hsp70 were
also positive for Repo, indicating
that expression of SOD1 in motor
neurons was inducing a chaperone
response in glia.

DISCUSSION

We present a model for SOD-
linked fALS in Drosophila that dis-
plays motor dysfunction, a defining
feature of the human disease. This
effect in flies was accompanied by
failure in high frequency synaptic
transmission, focal accumulation of
hSOD1 in motor neurons, and up-
regulation of heat shock protein in
glia. This work suggests that SOD
can cause cell-autonomous damage
to motor neurons, and highlight
that expression of hSOD1 selec-
tively in motor neurons induces a
change in glia.
Drosophila Reveals an in Vivo

Toxicity of hSOD1 to Motor
Neurons—Our data indicate that a
motor neuron-restricted expression
pattern conferred behavioral com-
promise in climbing ability. This
suggests that hSOD1 may have an
intrinsic toxicity to motor neurons,
which can be defined in the Dro-
sophila system. Like typical mouse
models of SOD1 toxicity (38), we
used robust expression of hSOD1.
Previous models in mice have dem-
onstrated a dependence of toxicity
on widespread tissue expression,
specifically with the genes under
control of the endogenous hSOD1
enhancer/promoter elements
(8–10). Several studies with mice
have reported no toxicity with neu-
ron-restricted expression; Lino et
al. (13) directed expression to
motor neurons and sensory neurons
using the Thy1 promoter, and Pra-
matarova et al. (12) directed expres-

sion to all neurons using the neurofilament light chain pro-
moter. Moreover, Lino et al. (13) showed that the addition of
Thy1-driven expression to hSOD1-driven expression had no

FIGURE 5. hSOD1 induces age-dependent electrophysiological defects in the giant fiber neural circuit.
A, schematic illustration of the giant fiber pathway responsible for jump-flight escape behavior. The giant fiber
neuron (GFn) is located in the brain and descends to the thoracic ganglion, where it excites the motor neuron
(TTMn) that innervates the TTM via an electrical synapse (marked with a lightning bolt). GFn also excites the
peripherally synapsing interneuron (PSI) via an electrical synapse, which in turn excites five motor neurons
(DLMn) innervating DLMs. Both DLM and TTM motor neurons synapse with their respective muscles via gluta-
matergic synapses. For illustrational purposes only, the DLMn is shown outside the thoracic ganglion. B, his-
tograms of the average cutoff frequency in DLM (left panel) and TTM (right panel) in 55-day flies. DLM in control
flies (D42/! and dSOD1) was able to follow a train of 10 stimuli up to "140-Hz stimulation of the GFn, whereas
DLM in flies expressing WT or G85R was only capable of following up to 80 –90 Hz. Although TTM in the control
flies followed up to 300 Hz, the ability of the TTM to follow high frequency stimulation was compromised in flies
expressing WT. (**, p # 0.05) and slightly reduced in G85R. n ! 5 independent flies for each genotype. C, rep-
resentative responses of DLM following 140-Hz stimulation of the GFn in control flies (top panels), flies
expressing WT hSOD1 (second panels), flies expressing G85R (third panels), and those expressing dSOD1
(bottom panels). The muscle responded normally to each stimulus at 10 days but failed to follow each
stimulus when aged (55 days) in the experimental flies. The arrows indicate failed responses. D, represent-
ative responses of TTM following 300-Hz stimulation of the GFn in control flies (top panels), flies expressing
WT (second panels), flies expressing G85R (third panels), and those expressing dSOD1 (bottom panels). The
muscle responded normally to each stimulus at 10 days, but experimental flies showed minor failures to
a train of 10 stimuli at older time points (55 days). Arrows indicate failed responses. For each genotype and
age group presented, n $ 5.
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DLM motoneurons mediate wing 
depression during the escape response 
 
TTM motoneurons initiate leg extension 



enhancement effect, undermining a long held view that SOD1
toxicity is primarily cell-autonomous. This idea was expanded
when Clement et al. (15) demonstrated in chimeric mice that
motor neurons can display ALS-like pathology when they are
not expressing the mutant protein themselves but rather are
surrounded by other cell types that are expressing the mutant
protein. Furthermore, they observed that motor neurons
expressing mutant hSOD1 are devoid of pathology when in
proximity to other cells not containing themutant protein. Our
model, on the other hand, provides an approach to define toxic
properties of hSOD1 specifically inmotor neurons that can lead
to a motor deficit.

Although such studies in the mouse suggest that motor neu-
rons may not be the primary site of damage in ALS models,
reducing mutant hSOD1 expression in motor neurons delays
disease onset (5). This finding indicates that SOD1 in motor
neurons may indeed be playing a critical role. This is further
substantiated in studies reporting deleterious effects in cul-
tured motor neurons expressing mutant hSOD1 (39–42). Our
findings of toxicity of hSOD1 in the fly support a role for cell-
autonomous damage to motor neurons by hSOD1 as the defi-
cits are seen with expression restricted to motor neurons.
Within motor neurons, we see progressive accumulation of
hSOD1, both in the somata surrounding the nucleus, as well as
in neurites. These focal accumulations may both cause and
result from hindrances in trafficking and axonal transport or
insufficient protein degradation. It is known that disruption of
anterograde and retrograde axonal movement of synaptic pro-
teins and neurotrophic entities can negatively affect neuronal

function. The p150gluedmutation in dynactin-1, which severely
disrupts axonal transport, causes a progressive, late onset
motor phenotype in mice (43–46). Mice expressing mutant
SOD1 also have compromised axonal transport (47–49). Our
flies display electrophysiological defects reflective of impaired
motor neuron function, indicating that the fly may provide a
sensitive system for the detection of subtle motor neuron
defects caused by hSOD1 and disease-linked forms. Despite a
progressive motor phenotype, we did not detect a change in
numbers of neuronal nuclei, excluding widespread loss of cells.
The electrical features of themotor pathway also indicated that
it could function fine at low activity levels, suggesting that syn-
apses may be the primary site of dysfunction of SOD1 flies.
Death of motor neurons and other aspects of the progression
phase of the disease may be related to the effects of SOD1 in
other cells, such as astrocytes or microglia. Alternatively, cell
death may occur at a much later stage, possibly beyond the
lifespan of flies, as it takes 8 months for motor neurons in the
G85R transgenic mice to begin to die (28).

In our studies, WT hSOD1 imparted toxicity nearly on a par
with either A4V or G85R mutant forms; WT hSOD1 even
showed a tendency to accumulate in foci, a feature generally
expected of amutant but not normal hSOD1. Recent data, how-

FIGURE 6. hSOD1 accumulates in foci with age in motor neurons. The accu-
mulation of hSOD1 into foci in the thoracic ganglion of animals expressing
G85R with the D42 driver at young (0 –1 days) and old (28 days) ages, when
compared with animals expressing GFP only (left) is shown. Green, GFP or
hSOD1 immunostaining; red, the neuronal nuclear marker Elav, in whole-
mount thoracic ganglia. B–D, details of C showing homogenous GFP fluores-
cence in a 28-day fly. F–H, details of G showing homogenous immunoreactiv-
ity for G85R hSOD1 at 0 –1 days. J–L, details of K showing striking focal
accumulation of G85R at 28 days, with many foci in a single cell (arrows).

FIGURE 7. Quantitative analysis of hSOD1 foci accumulation in motor
neurons. Top, analysis of WT, A4V, and G85R hSOD1 accumulation with time.
WT and mutant forms of hSOD1 accumulated into foci progressively with age
(chi square p ! 0.001). Bottom, whole-mount thoracic ganglia immunola-
beled for hSOD1 to illustrate classification of focal protein accumulation.
Arrows denote SOD-positive foci in motor neurons and neuropil. Only the
T1-T2 border is shown here, but immunofluorescence in the entire thoracic
ganglia was used to make the determination. Absent, SOD immunofluores-
cence was uniform and smooth. Mild, SOD immunofluorescence was mostly
smooth and uniform, a few cells exhibited focal accumulations, and not more
than one focus was observed per cell. Moderate, some smooth immunofluo-
rescence was visible, and many cells contained at least one focal accumula-
tion. Severe, the vast majority of visible immunofluorescence was present in
foci, and most cells contained large numbers of accumulations.
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enhancement effect, undermining a long held view that SOD1
toxicity is primarily cell-autonomous. This idea was expanded
when Clement et al. (15) demonstrated in chimeric mice that
motor neurons can display ALS-like pathology when they are
not expressing the mutant protein themselves but rather are
surrounded by other cell types that are expressing the mutant
protein. Furthermore, they observed that motor neurons
expressing mutant hSOD1 are devoid of pathology when in
proximity to other cells not containing themutant protein. Our
model, on the other hand, provides an approach to define toxic
properties of hSOD1 specifically inmotor neurons that can lead
to a motor deficit.
Although such studies in the mouse suggest that motor neu-

rons may not be the primary site of damage in ALS models,
reducing mutant hSOD1 expression in motor neurons delays
disease onset (5). This finding indicates that SOD1 in motor
neurons may indeed be playing a critical role. This is further
substantiated in studies reporting deleterious effects in cul-
tured motor neurons expressing mutant hSOD1 (39–42). Our
findings of toxicity of hSOD1 in the fly support a role for cell-
autonomous damage to motor neurons by hSOD1 as the defi-
cits are seen with expression restricted to motor neurons.
Within motor neurons, we see progressive accumulation of
hSOD1, both in the somata surrounding the nucleus, as well as
in neurites. These focal accumulations may both cause and
result from hindrances in trafficking and axonal transport or
insufficient protein degradation. It is known that disruption of
anterograde and retrograde axonal movement of synaptic pro-
teins and neurotrophic entities can negatively affect neuronal

function. The p150gluedmutation in dynactin-1, which severely
disrupts axonal transport, causes a progressive, late onset
motor phenotype in mice (43–46). Mice expressing mutant
SOD1 also have compromised axonal transport (47–49). Our
flies display electrophysiological defects reflective of impaired
motor neuron function, indicating that the fly may provide a
sensitive system for the detection of subtle motor neuron
defects caused by hSOD1 and disease-linked forms. Despite a
progressive motor phenotype, we did not detect a change in
numbers of neuronal nuclei, excluding widespread loss of cells.
The electrical features of themotor pathway also indicated that
it could function fine at low activity levels, suggesting that syn-
apses may be the primary site of dysfunction of SOD1 flies.
Death of motor neurons and other aspects of the progression
phase of the disease may be related to the effects of SOD1 in
other cells, such as astrocytes or microglia. Alternatively, cell
death may occur at a much later stage, possibly beyond the
lifespan of flies, as it takes 8 months for motor neurons in the
G85R transgenic mice to begin to die (28).
In our studies, WT hSOD1 imparted toxicity nearly on a par

with either A4V or G85R mutant forms; WT hSOD1 even
showed a tendency to accumulate in foci, a feature generally
expected of amutant but not normal hSOD1. Recent data, how-

FIGURE 6. hSOD1 accumulates in foci with age in motor neurons. The accu-
mulation of hSOD1 into foci in the thoracic ganglion of animals expressing
G85R with the D42 driver at young (0 –1 days) and old (28 days) ages, when
compared with animals expressing GFP only (left) is shown. Green, GFP or
hSOD1 immunostaining; red, the neuronal nuclear marker Elav, in whole-
mount thoracic ganglia. B–D, details of C showing homogenous GFP fluores-
cence in a 28-day fly. F–H, details of G showing homogenous immunoreactiv-
ity for G85R hSOD1 at 0 –1 days. J–L, details of K showing striking focal
accumulation of G85R at 28 days, with many foci in a single cell (arrows).

FIGURE 7. Quantitative analysis of hSOD1 foci accumulation in motor
neurons. Top, analysis of WT, A4V, and G85R hSOD1 accumulation with time.
WT and mutant forms of hSOD1 accumulated into foci progressively with age
(chi square p ! 0.001). Bottom, whole-mount thoracic ganglia immunola-
beled for hSOD1 to illustrate classification of focal protein accumulation.
Arrows denote SOD-positive foci in motor neurons and neuropil. Only the
T1-T2 border is shown here, but immunofluorescence in the entire thoracic
ganglia was used to make the determination. Absent, SOD immunofluores-
cence was uniform and smooth. Mild, SOD immunofluorescence was mostly
smooth and uniform, a few cells exhibited focal accumulations, and not more
than one focus was observed per cell. Moderate, some smooth immunofluo-
rescence was visible, and many cells contained at least one focal accumula-
tion. Severe, the vast majority of visible immunofluorescence was present in
foci, and most cells contained large numbers of accumulations.
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Both wt hSOD and mutant SOD show protein accumulations in motoneurons 

ELAV labels 
 neurons 



ever, suggest thatwild type aswell asmutant forms of SOD1 can
take on abnormal conformations that are disease-associated
(50, 51). We hypothesize that WT hSOD1 may function as a
conformational mutant protein in the context of Drosophila
neurons for the following reasons. Toxicity can be conferred
onto hSOD1 by any one of more than a hundred distinct amino

acid substitutions, which implies an
exquisite dependence upon confor-
mation. This raises the possibility
that any sequence other than the
wild type Drosophila SOD1 confor-
mation in the context of the SOD1
proteinmay appear abnormal to the
fly. Although Drosophila SOD1 and
hSOD1 are very similar in sequence,
and hSOD1 can even functionally
replace the Drosophila gene (21),
the enzymes do differ in many
amino acids, including locations
where mutations occur that are
associated with fALS. Importantly,
overexpression of dSOD1 does not
mimic the effects of hSOD1 expres-
sion in the fly. We note that this
finding also fails to support the idea
that SOD1 toxicitymay be related to
dismutase activity of the enzyme as
both dSOD1 andhSOD1would pre-
sumably result in the overabun-
dance of hydrogen peroxide, yet
there was selective toxicity of
hSOD1.
Toxic protein-induced dysfunc-

tion in neurons is often associated
with abnormal protein accumula-
tion. This may serve as a protective

measure undertaken by the cell to sequester a toxic entity, or it
may signal disruption of the normal capacity of a cell for protein
handling, degradation, folding, or trafficking. In ALS, inclu-
sions consisting mainly of neurofilaments are regularly
observed in affected tissue (52). SOD-linked fALS is known to
be associated with accumulation of mutant SOD inmotor neu-
rons. Indeed, somemutant hSOD1 proteins form aggregated or
cross-linked complexes in vitro (34, 53). In Drosophila, we
observed accumulation of hSOD1 in motor neurons that
increased with age. Initially, foci were rare and exclusively seen
in cell bodies. At later ages, they increased in frequency and
were observed both in somata and processes. This points to a
gradual overwhelming of the neuronal capacity to properly
process hSOD1, including flagging for degradation, trafficking
to the proteasome, or degradation. We have not ruled out that
the cell may be actively sequestering hSOD1, but since the foci
in flies were not ubiquitinated, these foci may be early signs of a
problem with handling hSOD1 protein.
A Glial Response to Motor Neurons Expressing hSOD1—Af-

fected tissues in neurodegenerative diseases often exhibit the
induction of a chaperone stress response. Heat shock protein
induction has been noted in a mouse model with widespread
mutant SOD1expression (32), and chaperones have been found
co-localized with SOD1 inclusions in motor neurons (32, 34,
35). The heat shock protein immunoreactivity we observed in
fly thoracic ganglion did not overlap with hSOD1 staining.
Rather, it was present exclusively in cells that are positive for
the glial-specific marker protein Repo. Thus, in the fly model,

FIGURE 8. Expression of SOD1 in motor neurons is associated with a stress response in glia. A–D, confocal
images of a thoracic ganglion from a fly expressing G85R in motor neurons, stained for Hsc/Hsp70 (blue),
hSOD1 (green), and Elav (neurons, red). Hsc/hsp70 immunoreactivity was often seen near, but not overlapping
with, hSOD1 and Elav (arrows). E, WT hSOD1 induced mild to strong expression of hsc/hsp70 protein at 49 days,
whereas both A4V and G85R induced immunostaining at 28 days, which was increased at 49 days. Differences
when compared with control at each time point and differences due to age within genotype are statistically
significant (p ! 0.0001). F–H, the chaperone signal was in glia, not motor neurons. Hsp70 signal (blue) over-
lapped with the glial cell marker Repo (yellow). Arrowheads highlight examples of cells that immunostain
strongly for both Hsc/Hsp70 and Repo.

FIGURE 9. Expression of Hsp70 in motor neurons is associated with a neu-
ronal stress response upon polyglutamine protein expression. Shown
are confocal images of thoracic ganglia from flies demonstrating expression
of SCA3tr-Q78 in motor neurons, stained for Hsc/Hsp70 (red) and polyglu-
tamine protein (A and C, green) or glia with Repo (D and F, green). Neuronal
expression induces robust Hsc/Hsp70 immunoreativity in neurons (here and
in Refs. 36 and 37), with a minimal response in Repo-positive cells. HA,
hemagglutinin.
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Expression of SOD in motoneurons is associated with a stress response in glia 

Repo=glial cell marker HSP70 expressing 
cells are not neurons 



Summary of fly model: 
 
Motor dysfunction  
Failure of high frequency synaptic transmission 
Neuronal aggregates 
Non-cell autonomous stress response in glia 
 
Model only expressed mutant SOD in motoneurons 
Did not see any evidence of neuronal cell death 



Conservation of SOD1  

•  Human & mouse sod1: 83% identical, 88% similar 
•  Human & fish sod1: 71% identical, 81% similar 

human 
mouse 
zebrafish 

Zebrafish 



G85R 
G93R 

hsp70 
promoter sod1 zebrafish sod1 promoter DsRed 

Generation of transgenic mutant sod1 zebrafish 

11.7 kb 



larvae 

adult 

Analysis using Image J 

Progressive pre-synaptic defects 



Testing swimming strength in zebrafish 

Water flow Fish swim against the water current 
 
Flow rate is low initially and rate is 
increased by 3.25 cm/sec every 5 min 
 
Fish drop out at specific flow rates 
 
Critical swimming speed (Ucrit) is calculated 



Zebrafish)expressing)mutant)Sod1)have)decreased)swimming)strength!

nTG 
 
WT os4 

nTG 
 
G93R os10 

nTG 
 
WT os1 

nTG 
 
G93R os6 

C) D)



No difference in maximal twitch force. 
Indicates that muscle contractile properties 
are intact. 
 
 
 
 
Was a difference in response to fatigue due 
to repeated stimulations (4 ms at 0.2 htz) 
 
 
Sod mut had better fatigue resistance 
(this was also found in SOD mut mice) 
 
 
 
 
 
 
 
 
 

Muscle physiology 



Late/end stage behavior in adult Tg(sodG93R)os10))



nTg                                    Tg(sodG93R)os10        

Endstage fish overexpressing mutant Sod1 show motoneuron loss        

ChAT antibody labeling 



muscle Spinal Cord 

nTg                Tg(sodG93R)os10 nTg            Tg(sodG93R)os10 

EM reveals spinal cord and muscle degeneration in endstage fish 

Shrunken mns 
Vacuolated mitochondria 
with disintegrating cristae 

Reduced myofibril size 
Smaller mitochonidria 
Collagen deposition 



Premature death in fish expressing mutant Sod 



Summary of zebrafish model: 
 
Presynaptic defects 
Movement defect 
Motoneuron cell loss 
Premature death 
 
No aggregates found 
 
)



Mouse model: 
 
Used endogenous promoter 
Neuronal aggregates 
Loss of motoneurons 
Decreased movement followed by paralysis 
Axon sprouting and reinnervation 
 
 
 
A commonly used model has 17-20X protein expression 
Inbreed lines- will small changes translate to outbreed systems? 
Sick animals make drug/genetic screens difficult 
 
)



Discussion points: 
 
What are the common themes? Is this telling us something? 
 
Is it relevant to express mutant protein in only selected cell types? 
 
The strength of non-mammalian models for genetic and drug screens 
 
Is it useful to have non-mammalian models? 
 
 
 
)
)
)
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