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ABSTRACT 
 
The CAG/polyglutamine (polyGln)-related diseases include nine different members that together 
form the most common class of inherited neurodegenerative disorders; neurodegeneration is 
linked to the same type of mutation, found in unrelated genes, consisting of an abnormal 
expansion of a polyGln tract normally present in the wild-type proteins. Nuclear, cytoplasmic, or 
neuropil aggregates are detectable in CAG/polyGln-related diseases, but their role is still 
debated. Alteration of the androgen receptor (AR), one of these proteins, has been linked to 
spinal and bulbar muscular atrophy, an X-linked recessive disease characterized by 
motoneuronal death. By using immortalized motoneuronal cells (the neuroblastoma-spinal cord 
cell line NSC34), we analyzed neuropil aggregate formation and toxicity: green fluorescent 
protein-tagged wild-type or mutated ARs were cotransfected into NSC34 cells with a blue 
fluorescent protein tagged to mitochondria. Altered mitochondrial distribution was observed in 
neuronal processes containing aggregates; occasionally, neuropil aggregates and mitochondrial 
concentration corresponded to axonal swelling. Neuropil aggregates also impaired the 
distribution of the motor protein kinesin. These data suggest that neuropil aggregates may 
physically alter neurite transport and thus deprive neuronal processes of factors or components 
that are important for axonal and dendritic functions. The soma may then be affected, leading to 
neuronal dysfunctions and possibly to cell death.  
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T he expression of proteins containing abnormal elongations of polyglutamine (polyGln) 
stretches (coded by CAG triplet repeat gene sequences of expanded size) is associated 
with several types of neuronal degeneration. So far, at least nine different proteins 

containing a polyGln tract of increased size have been cloned from patients with 
neurodegenerative disorders (polyGln-related diseases): Kennedy's disease or spinal and bulbar 
muscular atrophy (SBMA); Huntington's disease (HD); spinocerebellar ataxias (SCAs) 1, 2, 3 (or 
Machado-Joseph disease), 6, and 7; and dentatorubral and pallidoluysian atrophy (DRPLA) (1). 
The polyGln expansion of the tract present in the TATA box binding protein has recently been 
linked to a novel autosomal dominant cerebellar ataxia (SCA17) (2). The first identified protein 
of this class is the mutated androgen receptor (AR) in which the polyGln tract elongation, present 
in the N-terminal transactivation domain, is linked to SBMA (3, 4). This is an X-linked recessive 
neurodegenerative disorder characterized by selective motoneuronal loss in the anterior horn of 
the spinal cord and in the bulbar region; depletion of sensory neurons in the dorsal root ganglia 
also occurs (5). Normally, the AR polyGln repeat ranges from 9 to 34 glutamines, whereas in 
SBMA patients the size of the polyGln tract is expanded to be more than 35 glutamines (3, 6-9). 
The biological functions of the protein causing SBMA are well known, and AR activation can be 
measured with various functional assays (e.g., hormone binding, DNA binding, transactivation, 
cellular trafficking). With these tests, it has been shown that the expanded polyGln tract only 
partially modifies the transcriptional activity of the SBMA AR (10-14). Because patients with 
androgen resistance syndromes do not show signs of neurodegeneration, it is likely that the 
neurological phenotype of SBMA is due to a direct toxic effect of the expanded polyGln tract at 
the neuronal level, rather than to a defective AR function. The acquired toxicity is probably 
common to all proteins containing the unusually long polyGln tract. 
 
A common feature of all polyGln-related diseases is the intracellular formation of insoluble 
aggregates formed by the mutated proteins in the cell nucleus and/or cytoplasm (15-38). The 
aggregates found in the cytoplasm are perinuclear or are localized in the cell processes (e.g., in 
the neurites of neuronal cells); in the latter case they have been called neuropil aggregates (20, 
24, 39). 
 
Because these inclusions are analogous to those found in other types of neurodegenerative 
disorders (such as Alzheimer�s, Parkinson�s, and prion diseases), it has been proposed that 
aggregates may be toxic for long-lived postmitotic cells. However, their pathological role is still 
matter of discussion, and neuronal cell death observed in polyGln-related disorders is now 
considered a multifactorial event. We have already reported that AR cytoplasmic aggregates do 
not seem to be toxic for transfected immortalized motoneuronal cells (the neuroblastoma-spinal 
cord cell line NSC34) (35). In fact, SBMA AR induces neuronal cell death in the absence of 
testosterone when cytoplasmic inclusions are not present; in contrast, cell survival is increased 
by androgen treatment (21, 35), which, in our system, induces the formation of cytoplasmic 
aggregates (40, 41). Apparently, cytoplasmic aggregates initially play a protective role for 
neurons, mainly by removing toxic proteins from soluble compartments in the cell (35, 42, 43).  
 
A different role appears to be played by intranuclear inclusions. In SBMA patients, these 
inclusions have been observed in central nervous system regions susceptible to 
neurodegeneration (25, 26), and they seem to be associated with the production of a specific AR 
N-terminal fragment containing the elongated polyGln tract (17, 21, 44), which might start the 



aggregation process into the nuclei (21, 45). The potential toxicity of nuclear aggregates may be 
linked to sequestration, by AR aggregates, of steroid receptor coactivator 1 (37) and of CREB 
binding protein, two transcriptional coactivators that are involved in a variety of cell-signaling 
cascades fundamental for neuronal physiology (46). 
 
With regard to neuropil aggregates (20), they also seem to be highly correlated (at least in HD) 
with the development of neurological symptoms (24). In fact, it has been reported, both in HD 
patients (39) and in the HD transgenic mouse (24), that they are much more common than 
nuclear aggregates and that they appear largely before the onset of clinical symptoms. Using an 
in vitro motoneuronal model for SBMA (35), we also found inclusions in the neuropil. 
Unfortunately, we could not analyze the potential toxicity of these inclusions with standard cell 
viability tests, because the inclusions were present in only a limited number of transfected 
immortalized motoneuronal cells. Neuropil aggregates of mutated AR may play important 
pathogenetic roles because they may mechanically (physically) alter neurite functions by 
blocking the transport of organelles, vesicles, and polyribosomes along the axons, as well as by 
modifying the accessibility to factors that are important for the neurofilament network (47). 
 
In the present study, we analyzed the potential neurotoxicity of neuropil aggregates by 
investigating axonal and dendritic transport of mitochondria in living cells expressing the 
mutated SBMA AR. We also analyzed possible aggregate-induced alterations of the anterograde 
motor protein kinesin. Our results showed that neuropil aggregates strongly affect the 
distribution of mitochondria in neuronal processes of living cells, a process mediated by a fast 
axonal transport. Neuropil aggregates also altered the distribution of the motor protein kinesin 
along the cell processes of immortalized motoneuronal cells. 
 
MATERIALS AND METHODS 
 
Reagents 
 
Anti-androgen receptor mouse monoclonal IgG1 antibody clone F39.4.1 recognizing residues 
301-320 of the N-terminal domain of the human AR was purchased from Euro-Diagnostica 
(Malmo, Sweden). AR (N-20), an affinity-purified rabbit polyclonal antibody raised against a 
synthetic peptide reproducing an amino acid sequence located in the N-terminal region of the 
human AR, and Actin C-2, a mouse monoclonal IgG1 antibody directed to the C terminus of 
actin of human origin, were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). The 
mouse anti-kinesin monoclonal antibody (MAB1614) reacting with the heavy chain of kinesin 
near the N terminus was obtained from Chemicon International (Temecula, CA). Living Colors 
D.s. Peptide Antibody is an affinity-purified rabbit polyclonal antibody recognizing the 
Discosoma sp. red fluorescent protein (D.s. Antibody, Clontech, Palo Alto, CA). 
 
Tetramethyl rhodamine isothiocyanate (TRITC)-conjugated AffiniPure Donkey Anti-Mouse IgG 
(H+L) secondary antibody was purchased from Jackson ImmunoResearch Laboratories (West 
Grove, PA). 
 
Defined FBS was obtained from Hyclone Laboratories, Logan, UT. All the tissue culture 
reagents were from Seromed, Biochrom KG, Berlin, Germany. Charcoal-stripped FCS (CS-FCS) 



was prepared as previously described (48) and used in all experiments in which steroid hormone 
treatments were utilized. Chemicals were obtained from Sigma, St. Louis, MO. NSC34 cells 
were kindly provided by Dr. Neil R. Cashman (McGill University, Montreal, Canada). 
 
Plasmids 
 
pEGFP-N1, pEGFP-C1, and pDsRed1-N1 were obtained from Clontech. The plasmids 
expressing the cDNA coding for the full-length wild-type AR (either with the normal size of the 
polyglutamine tract = Q22, or in which the polyGln tract was artificially removed = Q0) and 
mutated forms of AR (48 contiguous glutamines) were obtained as previously described (35). 
The green fluorescent protein (GFP)-AR fusion protein expression vectors were generated by 
insertion of the AR cDNA in the multiple cloning site of the pEGFP-C1, as previously described 
(35). In the chimeric proteins, the GFP is linked to the N-terminal region of the wild-type and 
mutated AR proteins. 
 
The mtBFP plasmid has been previously described (49) and contains a pCMV promoter driving 
the expression of a chimeric cDNA coding for the blue fluorescent protein (BFP) fused with a 
portion of the cDNA of cytochrome c oxidase subunit VIII that encodes the mitochondrial 
targeting �presequence� and six amino acids of the mature protein. 
 
Plasmids were utilized throughout the study to visualize mitochondria in living cells, by means 
of high-resolution inverted fluorescence microscopy. 
 
Cell culture 
 
The NSC34 cell lines are hybrid cell lines obtained by fusion of mouse motoneuron-enriched 
embryonic day 12-14 spinal cord cells (from gestational day 14-16) with mouse neuroblastoma 
cells (50, 51). The hybrid dispays a multipolar neuron-like phenotype and possesses most of the 
motoneuronal properties. The initial cell characterization, by reverse transcriptase-polymerase 
chain reaction (RT-PCR), demonstrated that these cells do not express endogenous mouse AR 
(52). The immortalized motoneurons have been routinely maintained in Dulbecco�s modified 
Eagle�s medium (DMEM) supplemented with 5% defined FBS, 1 mM glutamine, and antibiotics 
(penicillin G, potassium salt, Bristol-Myers Squibb [New York, NY], 100 IU/ml; and 
streptomycin sulfate, Squibb, 100 µg/ml) and grown at 37°C in a humidified atmosphere (5% 
CO2, 95% air) in 25-cm2 flasks (Corning, Cambridge, MA), with the medium being changed 
every 2-3 days. Every week the cells were detached from the plate by mechanical dissociation in 
culture medium and were replated at a density of 5 × 104 cells/flask. When cells were treated 
with testosterone, FCS was always replaced with CS-FCS (5%) to eliminate endogenous 
steroids. 
 
Transient transfection 
 
The day before transfection, NSC34 cells were plated in the six-well cell culture plates at a 
concentration of 4 × 104 cells/well. Cells were transfected with GFP-AR.Q0, GFP-AR.Q22, or 
GFP-AR.Q48 constructs; on the basis of the type of experiments performed, the full panel of 
plasmids was also cotransfected with mtBFP or pDsRed1-N1 using Lipofectamine Plus (GIBCO 



BRL, Gaithersburg, MD). For microscopy of living cells, the cells were plated in the 6-well 
multiwell plate containing a round coverslip glass with a diameter of 24 mm at the same level of 
confluence. The day of transfection, the medium was replaced with serum-free, antibiotic-free 
DMEM, and then the cells were transfected according to the manufacture�s procedure using 
different sets of plasmids (normally GFP-AR.Q0, GFP-AR.Q22, and GFP-AR.Q48 were used 
alone or in cotransfection with the mtBFP plasmid). After 3 h of transfection, the medium was 
replaced with standard growth medium containing CS-FCS. Cells were allowed to grow in these 
conditions for 2 or 3 days in presence or absence of a given treatment and then were used for 
analysis. 
 
Western blot analysis 
 
Transfected cells were harvested in 1% sodium dodecyl sulfate (SDS) in PBS and were briefly 
sonicated; protein concentration was determined by using the bicinchoninic acid method (Pierce, 
Rockford, IL). Western immunoblot analysis was done by SDS-polyacrylamide gel 
electrophoresis (PAGE) resolution of the samples obtained from NSC34/GFP-AR.Q0, 
NSC34/GFP-AR.Q22, and NSC34/GFP-AR.Q48 cells in the presence or absence of 1 µM 
testosterone. Samples of 35 µg of each lysate were heated to 100°C for 5 min in sample buffer 
(0.6 g/100 ml Tris, 2 g/100 ml SDS, 10% glycerol, 1% β-mercaptoethanol, pH 6.8) and loaded 
onto 10% SDS-PAGE gel, after which they were electrotransferred to nitrocellulose membranes 
(Hybond-ECL) by using a liquid transfer apparatus (Bio-Rad Laboratories, Hercules, CA) (to 
analyze D.s Red fluorescent protein, samples were revolved on 12% SDS). Nitrocellulose 
membranes were treated with a blocking solution containing 1% BSA in PBS for 1 h to block 
specific protein binding sites and were then incubated with the primary antibody AR (N-20) for 1 
h at room temperature. Immunoreactivity was detected using the secondary antibody peroxidase-
conjugated goat anti-rabbit IgG and was visualized using the enhanced chemiluminescence 
detection kit reagents (ECL, Amersham, Little Chalfont, Buckinghamshire, England). 
 
The same membranes were then processed to detect the levels of actin and/or the red fluorescent 
protein in the samples loaded on the gel. For this purpose, primary and secondary antibodies 
were removed from the membrane by incubation for 30 min in stripping buffer (100 mM 2-
mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.7) at 50°C and then washing twice with 
0.2% Tween 20 in PBS. The membranes were processed as described above using as primary 
antibody Actin C-2 to detect total actin or the D.s. antibody to detect red fluorescent protein, and 
as secondary antibody peroxidase-conjugated goat anti-mouse IgG. 
 
Immunofluorescence analysis 
 
Cells were plated on noncoated glass coverslips before transfection. At 72 h after transfection, 
the cells were fixed for 10 min at room temperature in 4% paraformaldehyde in 0.1 M phosphate 
buffer, pH 7.4 (PB). Cells were permeabilized with 0.2% Triton X-100 in PBS for 20 min at 
room temperature. The coverslips were then blocked in PBS, 1.5% horse serum, and 0.1% Triton 
X-100 for 20 min. Cells were incubated overnight at 4°C with the primary antibody diluted in 
PBS with 0.1% Triton X-100 for mouse anti-kinesin monoclonal antibody. Coverslips were 
washed three times for 10 min each with 0.1% Triton X-100 in PBS and were then incubated 



with rhodamine-TRITC-conjugated secondary antibody for 1 h at room temperature, washed 
with PBS, and mounted on slides in 9:1 glycerol/PBS. 
 
Routine fluorescein isothiocyanate (FITC) filters were used to detect GFP, and a TRITC-
conjugated secondary antibody was used to detect the kinesin. 
 
Microscopy 
 
To routinely analyze the transfection efficiency in living immortalized motoneuronal cells, and 
to measure the number and size of aggregates in the cell cytoplasm and in the neurites, we used a 
Zeiss axiovert microscope equipped with FITC filters for fluorescence analysis. The number of 
cells bearing aggregates was estimated at 32 × magnification. In the studies performed with the 
mtBFP protein:GFP-AR chimera transfection in living NSC34 cells, a Nikon Eclipse TE300 
microscope (Nikon, Tokyo, Japan) equipped with epifluorescence and a piezoelectric 
motorization of the objective (Physik Instrumente, GmbH, Karlsrue/Palmbach, Germany) was 
used. The light field or fluorescence images were captured by a back-illuminated CCD camera 
(Princeton Scientific Instruments, Trenton, NJ) and were processed using Metamorph software 
(Universal Imaging, Downingtown, PA). 
 
Confocal microscopy 
 
Cells analyzed for immunoreactivity to the anti-kinesin antibody were counterstained with the 
TRITC-conjugated secondary antibody and were then visualized by use of a Leica TCS-NT 
(Leica Microsystem, Heidelberg, Germany) confocal laser scanning microscope equipped with 
an argon/krypton laser and 75 mW multiline. Focal series of horizontal planes of sections were 
simultaneously monitored for GFP and rhodamine, using the 488- and 568-nm laser line, a band 
pass 590/30-nm filter, and a long pass 590-nm filter. 
 
RESULTS 
 
NSC34 is a mouse hybrid cell line obtained by the fusion of mouse motoneuron-enriched 
embryonic day 12-14 spinal cord cells with mouse neuroblastoma cells (50, 51). The hybrid 
displays a multipolar neuronal-like aspect, which has been fully characterized for its 
motoneuronal phenotype (50, 51), and does not express endogenous mouse AR (52). This cell 
line is routinely used in our laboratory in transfection experiments to analyze the effect of wild-
type and mutated ARs in immortalized motoneurons.  
 
Cellular model for the study of spinal and bulbar muscular atrophy 
 
Figure 1 provides a schematic representation of the ARs containing polyGln tracts of different 
sizes the GFP-AR.[Q(n)] chimeras utilized throughout the study. The GFP-AR.Q(n) expression 
is driven by the potent cytomegalovirus (CMV) promoter. GFP-AR.Q0 expresses an AR cDNA 
in which the CAG repeat was artificially removed (there is no polyGln tract in the AR protein); 
the GFP-AR.Q22 represents the wild-type AR, with a polyGln tract of 22 glutamines; and the 
GFP-AR.Q48 expresses AR with an elongated polyGln tract of 48 contiguous glutamines. No 
additional amino acid changes were present, as determined by sequence analysis. These plasmids 



were used in transient transfections of NSC34 cells, and the expression of the desired cDNAs 
was tested by RT-PCR analysis followed by Southern analysis (data not shown). All clones 
expressed high levels of AR mRNA, and the size of the CAG expansion in NSC34/GFP-AR.Q48 
remained stable, indicating that no rearrangement of the expanded tract had occurred in this cell 
model. 
 
Figure 2 shows a representative Western blot analysis performed on total cellular extracts of 
NSC34 cells cotransfected with recombinant GFP-AR.Q(n) and pDsRed1-N1, which codes for a 
protein utilized as internal control. The different GFP-AR proteins (upper panel) were of the size 
expected and showed an increment in the molecular weight proportional to the different polyGln 
tracts present in the AR. The levels of AR immunoreactivity were comparable in samples 
derived from untreated cells expressing GFP-AR.Q0 and Q22 (lanes 1 and 3, respectively), 
whereas in cells expressing GFP-AR.Q48 (lane 5) the total amount of AR protein was apparently 
reduced. The rate of transfection efficiency, assayed with red fluorescent protein produced by the 
pDsRed1-N1 (lower panel), was comparable in all samples. Testosterone treatment (lanes 2, 4, 
and 6) produced an increase in the immunoreactive AR protein levels. It remains to be 
determined whether this increase is due to transcription/translation alteration or rather to a 
protein stabilization mechanism, as already reported for AR (53). It is also possible that the 
association of the AR with DNA, which occurs in the nuclear compartment, prevents proteolysis 
and inhibits the degradation of the AR protein. 
 
Dynamics of aggregate formation in immortalized motoneuronal cells 
 
Figure 3 shows the cellular distribution of GFP-AR.Q(n) in our immortalized motoneuronal 
system either in the absence (Fig. 3A, C, E) or in the presence (Fig. 3B, D, F) of testosterone. It 
is clear that all the unliganded GFP-AR.Q(n)s (Fig. 3A, Q0; Fig. 3C, Q22; Fig. 3E, Q48) are 
soluble and normally confined in the cell cytoplasm, and testosterone-activated GFP-AR.Q0 
(Fig. 3B) and GFP-AR.Q22 (Fig. 3D) are fully translocated into the nuclei. The testosterone-
activated GFP-AR.Q48 may be detected in aggregates confined in the cell cytoplasm or in the 
cell processes (Fig. 3F). We have already reported that these inclusions are ubiquitinated (35) 
and that, in our experimental conditions, NSC34 cells do not contain nuclear aggregates. The 
correspondence of the AR immunofluorescence with the GFP-AR chimeras was confirmed with 
an anti-AR polyclonal antibody (AR-N20) (data not shown). The aggregates are found only after 
testosterone activation of the AR, probably because this treatment induces dissociation of the 
receptor from the chaperone proteins hsp90 and hsp70.  
 
Examples of the different types of aggregates detectable in NSC34 cells are given in Fig. 4. On 
the basis of their size and cell localization, the aggregates have been classified as small 
cytoplasmic aggregates (diameter of about 0.5-2 µm; Fig. 4A), large cytoplasmic aggregates 
(diameter of about 3-10 µm; Fig. 4B), and neuropil aggregates (Fig. 4C, D; always classified as 
small). Small aggregates were generally diffusely localized throughout the cytoplasm, and large 
aggregates were generally confined to the perinuclear region of the immortalized motoneurons. 
The number of aggregates per cell was extremely variable, ranging from a single aggregate per 
cell (usually a large one) up to 30-40 per cell (in this case the aggregates were small).  
 



Table 1 illustrates, for two times of observation, the total number of living immortalized 
motoneuronal cells displaying cytoplasmic or neuropil aggregates or both types of aggregates, as 
measured by fluorescence microscopic evaluation of the percentage of cells bearing a specific 
type of aggregate. The rate of aggregation in neurites is very low when compared with that 
found in the cytoplasm, and consequently, only a very limited number of cells is potentially 
sensitive (in this limited time window of observation) to alteration of the neuronal processes; 
this result is compatible with the long time required for symptoms to appear in all polyGln-
related diseases. 
 
Alteration of axonal trafficking 
 
To evaluate possible alterations in the distribution of organelles in the neurites as a consequence 
of the presence of neuropil aggregates, NSC34 cells were cotransfected with both the GFP-
AR.Q(n)s chimeras and mtBFP. The results obtained with living cells are shown in Fig. 5, in 
which we focused our attention on the cell processes, whereas the high-resolution images of the 
soma of NSC34 cells bearing neuropil aggregates are shown in Fig. 6. We analyzed several 
neurites of NSC34 cells transfected with the GFP-AR.Q(n)/mtBFP chimeras. At least two 
different phenotypes were observed in cells bearing neuropil inclusions. Figure 5 shows the 
appearance of representative NSC34 cells cotransfected with control GFP-AR.Q0 and mtBFP 
(Fig. 5A, B) or GFP-AR.Q22 and mtBFP (Fig. 5C, D) after testosterone treatment. AR proteins 
(Q0 or Q22) are confined to the nuclei, whereas mitochondria are distributed in the cell 
cytoplasm and along cell processes (obviously, the intensity of fluorescence in the neurites was 
considerably lower than that observed in the cytoplasm; therefore, this latter region appears 
moderately saturated in all images shown). However, in NSC34 cells expressing GFP-AR.Q48 
and mtBFP, accumulation of mitochondria in the cell processes was detectable in close 
association to neuropil aggregates. In Fig. 5E, F, the NSC34/GFP-AR.Q48/mtBFP cell body 
adhered well to the coverslip, and it appears that mitochondria (in blue) are closely associated 
with two small aggregates (in green). This cell (Fig. 5F) exhibits a neurite of an unexpectedly 
large and constant diameter, with a substantially normal phenotype. Figure 5G, H depicts a 
representative NSC34/GFP-AR.Q48/mtBFP cell with an aberrant neurite morphology related to 
neuropil aggregates. In this case, as shown by the merged analysis (Fig. 5H), the accumulation 
of insoluble proteinaceous material (in green) resulted in three abnormal enlargements of the 
neurite caliber; these are accompanied by an increased number of organelles, e.g., mitochondria 
(in blue), in the swollen portions. It must be noted that the fiber depicted in Fig. 5H has a 
smaller diameter than the fiber shown in Fig. 5F. It is not possible, at the moment, to determine 
whether the smaller size is a result of neuropil inclusions present at the root of the fiber, which 
would possibly deprive the downstream compartment of material coming from the soma, or 
whether the small caliber per se may promote accumulation. Figure 5I, J shows a different 
NSC34/GFP-AR.Q48/mtBFP cell phenotype; in this case the neurite swelling is similar to that 
depicted in Fig. 5H but is apparently induced by the intersection of two processes arising from 
different cells (higher magnification of this intersection is shown in Fig. 5K). This suggests that 
the pressure exerted by one cell process on the other one may squeeze the neurite, causing total 
obstruction by the aggregate and consequently an accumulation of mitochondria. Axonal 
swelling may thus be secondary to the formation of inclusions in neurites. 
 



To analyze whether aberrant distribution of mitochondria was also present in the cell cytoplasm 
(possibly because of an energy need for the formation of aggregates, or because of an early 
apoptotic process inducing mitochondria clustering), we used high-resolution fluorescence 
microscopy and focused our attention on the cell soma (unfortunately, because of the low 
intensity of fluorescence in the cell processes, in these conditions we were unable to obtain 
images of neurites in GFP-AR.Q0-transfected cells, whereas the mitochondria accumulation 
made it possible in GFP-AR.Q48/NSC34 cells bearing aggregates in the cell processes). It 
appears from Fig. 6 that in immortalized motoneuronal cells transfected with the chimera of with 
GFP-AR.Q0 (Fig. 6A-C), the AR protein is normally concentrated in the nuclei (Fig. 6A), 
whereas the mitochondria are well distributed in the cell cytoplasm (Fig. 6B). The different 
compartmentalization is evident in the merged analysis (Fig. 6C). Immortalized motoneuronal 
cells transfected with AR containing an elongated polyGln tract show aggregates localized in the 
cell cytoplasm and in cell processes (Fig. 6D). The distribution of mitochondria, labeled with 
mtBFP, is clearly altered in neuronal processes (Fig. 6E); the merged analysis (Fig. 6F) shows 
that mitochondria are detectable in large amounts in association with neuropil inclusions (Fig. 
6F, marked with arrows; this is more evident at higher magnification in the inset), but not with 
cytoplasmic inclusions, suggesting that this effect is specific for the neuropil. 
 
To evaluate the potential neurotoxicity of neuropil aggregates of GFP-AR.Q48 induced by 
testosterone treatment in transfected motoneuronal cells, we also analyzed whether fast axonal 
transport could be impaired by the inclusion. Because mitochondria are rapidly transported on 
microtubules through the axons by the motor protein kinesin, we analyzed the distribution of 
kinesin in cells bearing neuropil aggregates. 
 
Figure 7 shows confocal microscopic images of fixed NSC34/GFP-AR.Q(n)s cells processed by 
using an anti-kinesin monoclonal antibody (MAB1614, Chemicon) and a TRICT-labeled 
secondary antybody. The analysis of kinesin distribution (in red) in NSC34 cells expressing the 
control GFP-AR.Q0 (Fig. 7A, in green) and the GFP-AR.Q22 (Fig. 7C, in green) shows that this 
motor protein is detectable in the whole cell, with homogeneous distribution along the cell 
processes. Figure 7B, D shows the same cells at light-transmitted microscopy. The distribution 
of kinesin in cells bearing neuropil aggregates is depicted in Fig. 7E, which shows the kinesin 
immunoreactivity in two contiguous cells (as shown by light microscopy in Fig. 7H). Figure 7F 
shows that both NSC34 cells were positive for GFP-AR.Q48, with a large amount of AR protein 
in the two cell nuclei, but only the upper cell contained neuropil aggregates. Figure 7G shows 
that kinesin was normally distributed in the lower cell devoid of neuropil aggregates, but the 
presence of inclusions in the processes (upper cell) heavily altered the kinesin distribution in the 
neurites, inducing a concentration of the motor protein in structures that resembled those 
observed in the case of the mitochondrial study. It must also be noted that the cell devoid of 
intracellular aggregates had normal kinesin distribution in the soma, whereas the cell containing 
several neuropil aggregates showed not only a large kinesin accumulation closely associated 
with the inclusions but also a loss of immunoreactive kinesin from the cell body (Figure 7G). At 
higher magnification, the same cell processes are evident in double fluorescence (Fig. 7I), and 
the two parallel neurites from distinct NSC34 cells are shown by light-transmitted microscopy 
(Fig. 7J). It is also possible to identify the location of the aggregates (merged analysis in Fig. 
7K) within the upper neurite; little distortion of the axonal caliber was observed (Fig. 7J). 



Occasionally, axonal swelling, containing a high proportion of immunoreactive kinesin, was 
also detectable in this fixed cell. 
 
DISCUSSION 
 
In the present paper, we analyzed the possible neurotoxicity of SBMA AR aggregates located in 
neuronal processes. In particular, we studied whether events mediated by the process of fast 
axonal transport sustained by kinesin can be modified by the presence of the aggregate inclusions 
in neurites, which would alter the bioavailability of important components for synaptic functions. 
To this purpose, we initially evaluated the rate of neuropil aggregate formation in immortalized 
motoneuronal cells (NSC34) transfected with SBMA AR, and we found that both types of 
cytoplasmic inclusions (perinuclear and neuropil) appeared only under the influence of 
androgens. In the absence of the hormone, the unliganded AR, which is normally entrapped in a 
multi-heteromeric inactive complex with accessory chaperone proteins (hsp90, hsp70), is 
probably protected from polyGln-induced aggregation. The chaperones either may mask the 
polyGln tract, which would counteract its natural tendency to cross-link with other polyGlns (54-
56), or may repair the misfolding induced by the expanded polyGln of the mutant AR protein 
(57). Testosterone, by inducing dissociation of AR from chaperones, allows the mutated protein 
to acquire the misfolded conformation responsible for initiation of the aggregation process (40, 
45). 
 
It is not clear, however, whether neuropil aggregates derive from cytoplasmic aggregates 
migrated into the cone of the processes, or whether they are directly formed in the neurites. The 
fact that GFP-AR.Q48 chimeric protein is detectable in the neurites in the absence of 
testosterone, when aggregates are not yet present, suggests that these inclusions may originate 
directly in the cell processes after androgenic treatment.  This suggestion is supported by the 
observations that neuropil aggregates are also detectable in cells not showing cytoplasmic 
aggregates and that neuropil inclusions appear in a relatively low number of transfected cells 
(about 10-15% of total transfected immortalized motoneuronal cells); consequently, the potential 
toxicity of these inclusions cannot be measured with standard cell viability tests (35). However, 
this low number of inclusions in the cell processes may explain why, up to now, they have not 
been observed in SBMA transgenic mice (58).  
 
Neuropil aggregates have been reported in vivo in another well-studied polyGln-related disease 
HD: in the brains of HD patients (39), as well as in the corresponding transgenic mice (24), these 
aggregates are highly concentrated in the axons of striatal neurons, the first cells that degenerate 
in HD, whereas intranuclear inclusions are mainly present in cortical neurons, which are affected 
at later stages of the disease. Moreover, the total number of neuropil aggregates found in vivo in 
the juvenile form of HD (a more aggressive form of HD caused by extremely long polyGln 
expansions) is higher than that observed in late-onset form of the disease (in which the size of 
the polyGln expansion is just above the threshold value of 40). These observations suggest a 
direct role of neuropil aggregates in the neurodegeneration of HD. 
 
To evaluate possible alterations of the transport through the cell processes, we studied the 
distribution of mitochondria in cell processes after cotransfection of immortalized motoneuronal 
cells (NSC34) with GFP-tagged wild-type or mutated ARs, and mtBFP. The combined use of the 



two fluorescent proteins, with distinct spectral and targeting properties, allowed the simultaneous 
identification of AR aggregation and of mitochondrial distribution in living immortalized 
motoneuronal cells. After testosterone induction of AR aggregates, we observed wild-type AR 
protein normally concentrated into the nuclei and the mitochondria well distributed in the cell 
cytoplasm. In contrast, the distribution of mitochondria was clearly altered in neuronal processes 
of immortalized motoneuronal cells transfected with AR bearing the expanded polyGln tract and 
containing neuropil aggregates: mitochondria accumulated along the processes close to the 
aggregate (either upstream or downstream), possibly because aggregates physically alter neurite 
trafficking. Mitochondria may also become aberrantly distributed because of an increased energy 
need in the vicinity of the aggregate; however, no sequestering of mitochondria by aggregates 
was observed in the cell cytoplasm. Of particular relevance is that, in our motoneuronal cell 
system, the neuropil aggregates were occasionally accompanied by neurite swellings rich in 
mitochondria. The swelling of cell processes with mitochondrial accumulation can also be seen 
in vitro at the intersection of two cell processes. Transposed into an in vivo situation, this result 
suggests that the primary event in neuropil aggregate accumulation, and consequently in the 
alteration of mitochondrial transport, may be generated not only by variations in nerve caliber at 
particular districts (such as at the nodes of Ranvier) but also by nerve compression. Interestingly, 
the same type of neurite swelling has been described in other neurodegenerative disorders (such 
as amyotrophic lateral sclerosis [ALS]) (59). 
 
Mitochondria are actively transported through the axons via a microtubule-based system that 
utilizes specific motor proteins of the kinesin and dynein families, which transport several 
different neuronal cargoes. These proteins exert their action along the neuronal processes 
themselves or at the synapses. Damage to this highly controlled axonal transport may result in 
axonal malfunction, axonal loss, and consequently motoneuronal cell death (60). In particular, 
mitochondria are specifically transported both by classic kinesin (61) and by another member of 
the kinesin superfamily, KIF 1B (62). Confocal microscopic analysis allowed identification of 
regions upstream of neuropil aggregates in which the levels of kinesin were much higher than 
those normally found in cells processes devoid of aggregates; the accumulation of kinesin was 
occasionally associated with swellings (not shown). Therefore, accumulation of proteinaceous 
material in the processes of motoneuronal cells may result in a slow depletion of important 
components required for axonal functions or may induce axonal strangulation; both processes 
may then lead to neuronal dysfunction followed by axonal degeneration, which would then 
affect the soma and induce cell death. 
 
Our study provides the first experimental evidence that in polyGln-related disorders, 
intraneuronal aggregates in the cell processes may profoundly alter the process of fast axonal 
transport by blocking one of the major effectors, the motor protein kinesin. Interestingly, in 
Drosophila melanogaster, mutants lacking the kinesin heavy chain are lethal and exhibit an 
alteration in the motoneuronal phenotype, accompanied by accumulation of material in �clogs� 
along axons, that disrupts neuronal functions (63). Moreover, as reported in Kennedy�s disease 
(64) and in a transgenic mouse model for familial ALS, neurofilament-rich inclusions are 
present in axons, and these inclusions reduce the transport of selective cargoes (65, 66). Axonal 
swellings and spheroids have also been reported in the spinal cord of patients with motoneuron 
disease (67). Finally, depletion of sensory neurons in the dorsal root ganglia is detectable in 
SBMA (recently reclassified as a neuropathy) (5, 64, 68, 69). It is of note that defects in axonal 



transport, induced by a mutation in the motor protein KIF1Bβ, is responsible for axonopathy in 
the inherited human neuropathy Charcot-Marie-Tooth disease type 2A (70). On the basis of our 
results, a similar mechanism may be hypothesized for SBMA. 
 
Alterations of axonal functions in SBMA and possibly in other polyGln-related disorders may 
represent one of the multifactorial events capable of inducing cell death (17, 21, 35, 40, 42, 44, 
71-78). The multistep neurodegenerative process also includes the toxicity mediated by 
intranuclear inclusions (25, 26) (but not that of cytoplasmic perinuclear inclusions; see ref 35), 
which may sequester CREB-binding protein, an essential transcriptional coactivator, leading to 
altered control of gene expression in motoneuronal cells of SBMA patients. 
 
Neuropil inclusions may thus become toxic and act as a second (or third and final?) step in the 
neurodegenerative process, and it is conceivable that these occlusions occurring in axons may 
lead to the formation of the dystrophic neurites (20, 24, 35, 36, 39, 40, 79). It is therefore evident 
that the processes involved in the formation of cytoplasmic, neuropil, and nuclear inclusions (and 
their neurotoxicity) are rather different and that the three types of aggregates may play different 
roles in the multistep events required for the pathogenesis of SBMA.  
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Table 1 
 
 
 
 
 
 
 
 
 
 

Aggregate formation in immortalized motoneuronal cells expressing AR with an elongated polyGln tract 
 
 

Observation 
time point a 

%  Cells  with cytoplasmic  aggregates  
only 

%  Cells with neuropil  aggregates % Cells 
without 
aggregates 

% Cells with 
all 
aggregates 

(N = 12) Total Small Large Total Neuropil Cytoplasmic 
and neuropil 

  

48 h 29.1 ± 8.44 7.51 ± 4.65 21.63 ± 4.87 6.22 ± 2.38 0.24 ± 0.39 5.97 ±  2.29 64.63 ± 10.00 35.36 ± 10.11 

72 h 18.19 ± 4.14 3.9 ± 1.79 14.34 ± 3.46 5.90 ± 2.32 0.51 ± 0.45 5.38 ±  2.41 75.89 ± 5.46 24.10 ± 5.46 

 
  aN = 12 represents the number of wells counted (in six different discrete regions) for each time point of observation. 
 
 
              
 
 



Fig. 1 
 

 
 
Figure 1. Schematic representation of the GFP or BFP chimeras utilized throughout the study: GFP-AR.Q0 
indicates GFP-tagged AR in which the polyGln tract was artificially removed; GFP-AR.Q22 and GFP-AR.Q48 indicate 
GFP-tagged ARs in which the polyGln tracts were, respectively, composed of 22 (wild-type) or 48 (SBMA AR) 
contiguous glutamines. The cDNAs coding for the AR proteins have been cloned in pEGFP-C1. mtBFP indicates a BFP 
protein containing the mitochondrial localization signal of the COX8 gene. 



Fig. 2 
 

 
 
Figure 2. Western blot analysis of NSC34 cells cotrasfected with GFP-AR.Q(n) chimeric constructs and pDSRed1-
N1 plasmid (panel D.s.Red, the protein used to normalize transfection efficiency). Immunoblot analysis was 
performed using the AR (N-20) polyclonal antibody to detect AR, and the D.s.Red antibody to detect fluorescent protein. 
Lanes 1 and 2 were loaded with samples obtained from NSC34/GFP-AR.Q0. Lanes 3 and 4 were loaded with samples 
obtained from NSC34/GFP-AR.Q22. Lanes 5 and 6 were loaded with samples obtained from NSC34/GFP-AR.Q48. 
Lanes 1, 3, and 5 were loaded with GFP-AR.Q(n)-transfected cells not exposed to testosterone, whereas lanes 2, 4, and 6 
were loaded with GFP-AR.Q(n)-transfected cells treated with testosterone. 



Fig. 3 
 

 
 
Figure 3. Aggregate formation in NSC34 cells transiently transfected with GFP-AR.Q(n). A) Control NSC34 cells 
expressing GFP-AR.Q0. B) NSC34 cells expressing GFP-AR.Q0 treated with testosterone. C) Control NSC34 cells 
expressing GFP-AR.Q22. D) NSC34 cells expressing GFP-AR.Q22 treated with testosterone. E) Control NSC34 cells 
expressing GFP-AR.Q48. F) NSC34 cells expressing GFP-AR.Q48 treated with testosterone. Scale bar = 10 µm. 
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Figure 4. Aggregate localization in NSC34 cells transiently transfected with GFP-AR.Q48. NSC34 cells were 
transiently transfected with a plasmid expressing chimeras of GFP and the ARs bearing the elongated polyGln. The cells 
were treated with 1 µM testosterone for 48 h to induce the formation of aggregates. Living cells were observed with a 
fluorescence reverse-phase microscope using the FITC set of filters. A) Appearance of testsoterone-inducible small 
cytoplasmic perinuclear and neuropil aggregates of the GFP-AR.Q48 chimera. B) Distribution of perinuclear cytoplasmic 
aggregates classified as large. C, D) Motoneuronal cells containing both large perinuclear cytoplasmic aggregates and 
small neuropil aggregates: in C, soluble AR is also present in the cell nucleus; in D, the AR is excluded from the nucleus. 
Scale bar = 10 µm. 



Fig. 5 
 

               
 
Figure 5. Swelling of processes containing neuropil aggregates. NSC34 cells were cotransfected with GFP-AR.Q(n)s 
proteins and mtBFP. Transfected cells were treated with testosterone. A) NSC34 cell expressing GFP-AR.Q0 (green) and 
mtBFP. B) Phase-contrast microscopy of the cell shown in A, used to visualize cell morphology and merged with the 
corresponding fluorescence analysis shown in A. C) NSC34 cell expressing GFP-AR.Q22 (green) and mtBFP. D) The 
results for C merged with the corresponding phase-contrast microscopic analysis to visualize cell morphology. E, G, I) 
NSC34 cells expressing GFP-AR.Q48 and bearing neuropil aggregates (green) and mtBFP (blue). F, H, J) The results for 
E, G, and I merged with phase-contrast microscopic analysis to visualize cell morphology. E, F) NSC34/GFP-
AR.Q48/mtBFP cell bearing “jams” in the cell processes: mitochondria are entrapped by two small aggregates. The cell 
neurite appears unexpectedly large and constant in diameter, with a substantially normal phenotype. G, H) NSC34/GFP-
AR.Q48/mtBFP cell: mitochondria and small AR aggregates: the accumulation of insoluble material results in abnormal 
and localized enlargements of the neurite accompained by an increased number of mitochondria in the swollen neurite. In 
I and J, an NSC34/GFP-AR.Q48/mtBFP cell shows a neurite swelling similar to that depicted in G and H, but this is 
apparently induced by the intersection of two processes arising from different cells. A higher magnification view of these 
two intersecting neurites appears in K. Scale bars = 10 µm. 



Fig. 6 
 

             
 
Figure 6. Mitochondrial distribution in immortalized motoneuronal cells expressing ARs with elongated polyGlu 
tracts. NSC34 cells were cotransfected with GFP-AR.Q(n)s proteins (Q0 or Q48) and mtBFP. A, B, C) NSC34 cells 
cotransfected with GFP-AR.Q0 and mtBFP after testosterone treatment: A, subcellular localization of GFP-AR.Q0;  
B, subcellular localization of mitochondria; C, merged analysis. D, E, F) NSC34 cells cotransfected with GFP-AR.Q48 
and mtBFP after testosterone treatment: D, subcellular localization of GFP-AR.Q48 with aggregates in neurites (arrows); 
E, subcellular localization of mitochondria; F, merged analysis with aggregates in neurites and accumulation of 
mitochondria (arrows). The inset in F shows the neurite at higher magnification. Scale bar = 10 µm. 
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Figure 7. Kinesin distribution in NSC34 cells containing neuropil aggregates. NSC34 cells were transiently 
transfected with GFP-AR.Q(n)s and treated with testosterone. The cells were then processed by using an anti-kinesin 
monoclonal antibody (MAB1614, Chemicon) and visualized with a TRICT secondary antibody. A) Distribution of kinesin 
(red) in control GFP-AR.Q0 (green)-transfected NSC34 cells. B) Light-transmitted microscopy of cells in A.  
C) Distribution of kinesin (red) in control GFP-AR.Q22 (green)-transfected NSC34 cells. D) Light transmitted 
microscopy of cells in C. Images were obtained with a confocal fluorescence microscope. E-H) Analysis of GFP-
AR.Q48-transfected cells. E) Kinesin immunoreactivity in two contiguous cells expressing GFP-AR.Q48.  
F) Fluorescence analysis to detect GFP-AR.Q48; both NSC34 cells were positive for AR, but only one contained neuropil 
aggregates. G) Merged analysis of E and F. H) Light transmission analysis of the same cells. I, J) Higher magnification 
of the neurites in G and H showing the region of the neurites containing the AR aggregates and kinesin accumulation.  
K) Merged analysis of I and J. Little distortion of the axonal caliber was observed in this case (J). Scale bar = 10 µm. 
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