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Abstract

A mutation in the Vps33a gene causes Hermansky–Pudlak Syndrome (HPS)-like-symptoms in the 

buff (bf) mouse mutant. The encoded product, Vps33a, is a member of the Sec1 and Class C 

multi-protein complex that regulates vesicle trafficking to specialized lysosome-related organelles. 

As Sec1 signaling pathways have been implicated in pre-synaptic function, we examined brain 

size, cerebellar cell number and the behavioral phenotype of bf mutants. Standardized behavioral 

tests (SHIRPA protocols) demonstrated significant motor deficits (e.g., grip strength, righting 

reflex and touch escape) in bf mutants, worsening with age. Histological examination of brain 

revealed significant Purkinje cell loss that was confirmed with staining for calbindin, a calcium 

binding protein enriched in Purkinje cells. This pathologic finding was progressive, as older bf 

mutants (13–14 months) showed a greater attrition of neurons, with their cerebella appearing to be 

particularly reduced (~30%) in size relative to those of age-matched-control cohorts. These studies 

suggest that loss of Purkinje neurons is the most obvious neurological atrophy in the bf mutant, a 

structural change that generates motor coordination deficits and impaired postural phenotypes. It is 

conceivable therefore that death of cerebellar cells may alsobea clinical feature of HPS patients, a 

pathological event which has not been reported in the literature. In general, the bf mutant may be a 

potentially new and useful model for understanding Purkinje cell development and function.
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1. Introduction

Hermansky–Pudlak Syndrome (HPS) is a genetically heterogeneous disease with a wide 

range of physiological abnormalities, including loss of visual acuity, prolonged bleeding 

times and early death caused by fibrotic lung disease. The clinical signs of HPS are caused 

by defects in the biogenesis of specialized lysosome-related organelles including 

melanosomes, lysosomes and platelet dense granules (Li et al., 2004). The bf mutant models 

the pathophysiology of HPS, and by positional cloning of the bf gene, a missense 

substitution of the Vps33a allele gives rise to the bf phenotype (Suzuki et al., 2003). Vps33a 

is a member of the Sec1 and Class C multi-protein complex whose correct assembly could 

be required for the normal function of intracellular protein trafficking from the Golgi to the 

vacuole (Robinson et al., 1988; Wada et al., 1990). In the brain, loss of Sec1 function results 

in the reduction of synaptic response to light and impairs synaptic vesicle trafficking at 

multiple steps, ultimately affecting neurotransmitter release (Halachmi and Lev, 1996). All 

of these data suggest an important and direct role for Sec1 in pre-synaptic function, with an 

emphasis on synaptic vesicle endocytosis.

The mammalian cerebellum is primarily concerned with postural control and motor 

coordination. The most prominent and distinctive neuron of the cerebellar cortex is the 

Purkinje cell whose axons project to deep cerebellar nuclei and to several extra-cerebellar 

structures, particularly the vestibular nuclei (e.g., cerebellovestibular fibers). Consequently, 

Purkinje neurite loss is associated with ataxia (abnormal posture and gait phenotypes) 

(Oppenheimer, 1984; Walton, 1985). There are a number of mouse mutants with Purkinje 

neuropathies, ataxia and tremors (Caddy and Biscoe, 1979; Caddy and Sidman, 1981; 

Heckroth et al., 1989; Herrup and Trenkner, 1987; Mullen et al., 1976; Rizai, 1972; Sonmez 

and Herrup, 1984; Wassef et al., 1987; Yuasa et al., 1993), all of which have provided 

insights into Purkinje cell development and function. Vps54, a member of the Vps family 

mutated in the wobbler (wr/wr) mouse, severely compromises motoneuron survival 

(Schmitt-John et al., 2005) and causes abnormal motility on a wire grid, weight loss and low 

grip strength. As the Vps33a mouse models HPS, we have characterized this mutant further 

in terms of its neurological features and have determined whether postural control and motor 

coordination abnormalities are observable phenotypes in the mutant.

2. Results

2.1. General behavioral deficits in bf mice

A series of experiments were performed to test the general behavior of bf mutants compared 

with wild-type and heterozygous control animals. We performed 35 different tests outlined 

in SHIRPA protocols (Rogers et al., 1997) and 4 standard tests for examination of motor 

functions. As illustrated in Fig. 1A, young bf mice (8–13 weeks) exhibited significant 

impairments in several behavioral tests. In the touch escape test for instance, C57/BL6 

controls reached 100% success rate while bf mutants reached only 50% success rate. This 

defect was augmented in older mice confirming a progressive impairment of motor 

functions with age (Fig. 1B). In the righting reflex test, the success rate was 100% for the 

wild-type control mice, whereas the success rate for the bf mice was only 58%. The righting 

reflex defect was also more severely accentuated with age as none of the older bf mutant 
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mice reached the success rate criterion (Fig. 1B). Likewise, in the grip strength test, none of 

the bf mutants scored whether young or old. We also noticed other apparent deficits in the 

wire suspension, rotating cylinder and ladder tests in young bf mice, but these did not reach 

statistical significance (Fig. 1A). In sharp contrast, older bf mice showed severe defects in 

the aforementioned tests. Of potential interest, old heterozygous bf/+ mice (13–14 months) 

displayed significant deficits in some of the SHIRPA behavioral protocols indicating that 

possessing a single mutated allele of the Vps33a gene may predispose animals to subtle 

behavioral abnormalities during the aging process. However, this conclusion is tentative as 

aged C57/Bl6+/+ controls were not tested.

To determine if there are defects in auditory capability, the startle response test (SHIRPA 

protocols) was performed. The startle response was severely deficient only in older bf 

mutants (Fig. 1B). Young bf mice showed a grossly normal auditory startle response (data 

not shown), whereas older bf mice showed a diminished or absent startle response. 

Likewise, there was no walking (gait) defect in the young mutant mice (data not shown), but 

13–14 months bf mice were severely affected in gait (Fig. 1B). Heterozygous control mice 

scored 100% whereas the bf mutant mice did not score in this test. Abnormal gait was 

observed in all old bf mice. Their back legs were severely affected resulting in a 

characteristic wobbling behavior (see video Supplement 1) further confirming the motor 

impairments in bf mice.

2.2. Curving behavior of bf mice

Video capture of body movements and analysis of locomotor activity of young bf mice 

revealed a rotational asymmetry in activity and body posture (Fig. 2). In contrast, age-

matched control C57/BL6 mice showed normal body movement and locomotor activity with 

little or no rotational asymmetry. This difference in postural symmetry suggests a subtle, but 

pathological motor deficit in bf mutants.

2.3. Cerebellar defects in bf mice

General examination of brain sections of young bf mice did not reveal any size difference in 

the cerebellum (Fig. 3A panel 1). In contrast old bf mice (calbindin stain) revealed an 

apparent reduction of cerebellar size compared to their age-matched heterozygous controls 

(Fig. 3A panels 2 and 3). Though cerebellum size is reduced in the bf mutant, foliation is not 

disturbed. This initial finding of decreased cerebellum size was confirmed by non-invasive 

MR imaging. MR imaging of the brain revealed no abnormality in size of the cerebellum 

relative to the total brain volume in young bf mice (Table 1). However, in aged mutant mice 

the size of the cerebellum was clearly reduced. There was a significant (20%) reduction of 

cerebellar volume at the age of 8 months in bf mice. The reduction progressed to 30% at 13–

14 months (Table 1). MR imaging and 3D rendering of old bf brains clearly shows that the 

relative volume of cerebellum was reduced (Fig. 4). There is however no significant 

difference in the total brain volume in bf mice compared with their age-matched controls, 

and bf mice were not smaller in body size than wild-type mice. The size of total brain and 

cerebellum was likewise measured in sections (Fig. 3B) with Image J software National 

Institutes of Health (NIH) and statistical significance was determined using the GraphPad 

Prism 5.0 software, Inc., San Diego, CA). While a small (12.5%) nominal decrease in 
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mutant total brain size was noted, this was not significantly different from wild-type. In 

contrast there was a relatively large (31.4%) decrease in size of mutant cerebella, consistent 

with the MR data.

2.4. Immunohistochemical analysis of bf Purkinje cells

To investigate the possibility of specific cell loss, brain sections of young and old bf mice 

were immunostained with anti-calbindin, which highlights cerebellar Purkinje cells. In 

young bf cerebellum there is no significant loss of Purkinje cells (data not shown). When 

individual Purkinje cells (Fig. 5A) were closely enumerated, there was a 70% loss of 

Purkinje cells in old mutants compared to their controls (Table 2). The loss of Purkinje cells 

was apparent in all lobules of the cerebellum and there is no consistency in the loss of these 

cells in the lobes affected (Fig. 5A). The decrease in number of Purkinje cells of bf mice was 

also observed by Nissl and hematoxylin and eosin stains (not shown). The molecular layer 

(brown) and granular layer (blue) (Fig. 5B) thickness of the cerebellum of old bf mutants 

measured with Image J (NIH) software revealed that the thickness of both layers was 

reduced in the mutants. There was a significant 50% reduction in the molecular layer (bf/+ 

38.3±4.9 μm; bf 18.9±3.4 μm) and 40% reduction in the granular layer (bf/+ 56.6±6.1 μm; bf 

33.1±9.2 μm) compared to their age-matched controls.

2.5. Analysis of Glial Fibrillar Acidic Protein (GFAP) in the cerebellum

The most obvious observation in the cerebellum was loss of Purkinje cells in older bf mutant 

mice. In addition GFAP was slightly up-regulated in the young bf cerebellum (data not 

shown). This up-regulation of GFAP expression was more pronounced in bf cerebellum 

(Fig. 6A) at 13–14 months. Western blot analysis of cerebellar protein extracts confirmed 

this up-regulation in old bf mutants (Fig. 6B). This indicates that glial cells, including 

astrocytes in which GFAP is predominantly expressed, might be activated. GFAP was up-

regulated in brain stem and deep cerebellar nuclei of bf mice where calbindin-

immunopositive Purkinje cell axons terminated. The up-regulation of GFAP suggests that 

the cells are activated because of neuronal degeneration.

3. Discussion

The present study was initiated to investigate whether Vps33a contributes to cerebellar 

functions. An abnormal behavioral phenotype was noticed in bf mutants kept for aging 

studies. Vps33a corresponds to the mouse bf locus and encodes a homologue of yeast vps33 

(Suzuki et al., 2003). Vps33, a homologue of Sec-1p-like regulators of membrane fusion, 

forms the class C Vps complex by interacting with other Vps proteins (Rieder and Emr, 

1997). In yeast the Vps complex is required for soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor (SNARE)-mediated vesicle docking and fusion with the vacuole 

(Peterson and Emr, 2001; Sato et al., 2000; Wurmser et al., 2000).

Members of the Sec-1p/Munc18 (SM) family of proteins have been implicated in the vesicle 

docking process (Voets et al., 2001; Weimer et al., 2003). In eucaryotic cells membrane 

trafficking pathways require SM family proteins, a group of conserved 60–80 kDa cytosolic 

proteins (Toonen and Verhage, 2003). UNC-18, originally identified in C. elegans belongs 
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to the SM protein family, and UNC-18 mutants exhibit uncoordinated locomotion (Brenner, 

1974). There are seven SM proteins in mammals (Munc18-1, -2, and -c, Sly-1, Vps45, and 

Vps33a and b). Drosophila has four SM proteins (ROP, Sly1, Vps45, and Vps33), and yeast 

has a similar number (Sec-1p, Sly-1p, Vps45p, Vps33p) (Toonen and Verhage, 2003). 

Recently, Dulubova et al. reported that the SM proteins (Sec1/Munc18-like proteins) and 

neuronal SNARE proteins (synaptobrevin/VAMP on synaptic vesicles, and SNAP-25 and 

syntaxin-1A/1B on plasma membrane) are required for intracellular membrane fusion 

(Dulubova et al., 2007). Vps33a, as a member of the SM protein family, could be involved 

in synaptic vesicle exocytosis.

In HPS, defects in intracellular vesicle trafficking lead to the dysfunction of lysosome-

related organelles. The well-known effects of HPS disease are on pigmentation, platelet 

function and lysosome secretion. The HPS genes control a wide range of physiological 

processes including immune recognition, neuronal functions, lung surfactant trafficking (Li 

et al., 2004) and the transport of cystine (Chintala et al., 2005).

We describe for the first time Purkinje cell abnormalities in a mouse model of human HPS 

disease. We did not observe a decrease in cerebellar Purkinje cells in young adult bf mice. 

However, bf mice older than 8 months exhibited obvious loss of Purkinje cells. Thus the 

onset of behavioral defects significantly precedes observable Purkinje cell degeneration. 

Movements of the hind legs are severely affected in the bf mutant (Supplement 1). The 

mutant mouse walks in a manner very different from that of the wild-type. The cerebellum is 

the key regulator of movement and plays an important role in locomotion and balance 

(Morton and Bastian, 2007). The most obvious defect due to cerebellum damage is gate 

ataxia or lack of coordination of movement.

The impaired response of bf mice to hand touch and startle response (Fig. 1) suggests that 

vps33a gene mutations may cause sensory defects in addition to the obvious cerebellar 

defects. Also, motor deficits may contribute to the observed defects in righting reflex, grip 

strength, balance and locomotion. Likewise, the odd wiggle in the hindquarters of mutant bf 

mice suggests possible spinal cord or neuromuscular defects in vps33a mutations. The 

absence of the startle response in old bf mutants suggests deafness. However, the cause for 

this phenotype has not been investigated.

The cerebellum is the most powerful machine in the brain containing multiple neurons 

involved in deciphering information (Manto, 2007). Recent reviews provide highlights from 

5 decades of research on the Lurcher (LC) mouse, a neurological mutant characterized by a 

wobbly, lurching gait which is caused by extensive degeneration of Purkinje cellsby3months 

after birth (Vogel et al., 2007). The gene mutated in lurcher is the d2glutamate receptor 

(GluRd2; gene symbol, Grid2) (Zuo et al., 1997). In contrast, the number of Purkinje cells of 

the bf mutant is not significantly reduced till 1 year. This suggests that the Vps33a protein is 

required for maintenance rather than development of Purkinje cells. Similarly to the +/Lc 

mouse, bf mice exhibit behavioral deficiencies when they are young (8–13 weeks) and old 

(13–14 months) (Fig. 1). Significant reduction in the volume of the bf cerebellum begins at 8 

months, to 30% reduction at 13–14 months (Table 1). This further indicates that Vps33a 

may be required for the maintenance of cerebellar functions. Consistent with this possibility, 
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the Vps33a mRNA mutated in bf mice is ubiquitous (Huizing et al., 2001) and highly 

expressed in mouse brain including the cerebellum (www.brain-map.org). Interestingly there 

is accumulation of cerebrospinal fluid (CSF) around the cerebellum in bf mutants especially 

in old mutants (Fig. 4). The biological basis for the accumulation of CSF is unknown. The 

cerebellar size is reduced, and the resulting space may be filled with CSF. Alternatively the 

accumulation of CSF may reduce cerebellar size.

Another HPS mouse mutant, mocha, exhibits neurological defects (Kantheti et al., 1998; 

Noebels and Sidman, 1989). Behavior abnormalities have been reported in other mouse 

pigment mutants. The two allelic mouse mutants, yellow submarine (Ysb) and light coat and 

circling (Lcc) exhibit recessive circling behavior and deafness together with semi-dominant 

yellow coat color (Dong et al., 2002). The sut/sut (subtle gray) mouse, mutated in the 

cystine/glutamate exchanger (xCT) responsible for pheomelanin synthesis (Chintala et al., 

2005), develops brain atrophy in early adulthood exhibiting ventricular enlargement, 

thinning of cortex and shrinkage of striatum (Shih et al., 2006). The dilute-lethal (dl) 

recessive mutation produces a dilute coat color (Searle, 1952), severe convulsive limb 

movements and ataxia which precedes the abnormal expression of tyrosine hydroxylase and 

the degeneration of Purkinje cells (Sawada et al., 1999a; Sawada et al., 1999b). A recent 

review (Dusart et al., 2006) summarizes Purkinje cell death in 5 additional mutant mice 

(nervous (nr), purkinje cell degeneration (pcd), Lurcher (Lc), toppler (top) and woozy (wz)) 

and also reports new data on tambaleante (tbl). These authors conclude that Purkinje cell 

loss in these mutants may be via apoptosis, autophagy and necrosis or a combination of 

these processes.

The mechanism of Purkinje cell loss has been extensively investigated in the case of the Lc 

mutant. The mutated Grid2 receptors in Lc are involved in autophagy through the interaction 

of Grid2 with Beclin via nPIST forming a signaling complex (Yue et al., 2002). nPIST is 

colocalized with Grid2 at postsynaptic membranes of Purkinje cell tertiary spines and has a 

presumptive adaptor protein function (Neudauer et al., 2001). The interaction of nPIST with 

Beclin1, a human ortholog of yeast autophagic gene Apg6/vps30p provides a link between 

autophagy and neuronal cell death. Beclin1 is a Bcl-2 interacting protein (Liang et al., 1998) 

and inhibits the effect of Beclin1-mediated autophagy. Thus Bcl-2 is not only antiapoptotic 

but also antiautophagic, and it regulates levels of autophagic processes for cell survival 

(Pattingre et al., 2005). Since Beclin1 is a human ortholog of the yeast autophagic gene 

Apg6/vps30p protein (Yue et al., 2002), we hypothesize that vps33a mutated in the bf 

mouse, could be involved in autophagy by interacting with Bcl-2.

An unidentified gene mutated in Tambaleante (tbl/tbl) mice causes Purkinje cell 

degeneration beginning at about 2 months and progressing to complete degeneration at one 

year (Rossi et al., 1995; Wassef etal.,1987). Degeneration is accompanied by accumulation 

of dense cytoplasmic material (Dusart et al., 2006) immunoreactive to antibodies against 

human lysosomal-associated membrane proteins LAMP-1 (Karlsson and Carlsson, 1998). 

The electron microscopic analysis of tbl mutant cerebella revealed the presence of numerous 

structures exhibiting features of autophagic vacuoles (AVs) including multilamellar bodies 

in degenerating Purkinje cells (Dusart et al., 2006). Purkinje cell degeneration in bf, a model 
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for lysosome-related organelle dysfunction, may similarly be due to abnormal AV 

trafficking.

In young bf mutants GFAP expressed in glial cells was slightly increased in the cerebellum, 

and Purkinje cell number was normal. In old bf mutants Purkinje cell number was reduced to 

30% of controls and GFAP expression was significantly increased in the cerebellum (Fig. 6) 

suggesting a relationship of GFAP expression to Purkinje cell degeneration. In agreement 

with these findings, GFAP positive cells are increased in the cerebellum of the toppler 

mutant (Duchala et al., 2004) which likewise exhibits Purkinje cell degeneration. The up-

regulation of GFAP is associated with damage to neurons in CNS (Condorelli et al., 1999) 

and also has been widely used as a marker for neuronal damage in cerebral ischemia 

(Herrmann and Ehrenreich, 2003; Petzold et al., 2006; Vissers et al., 2006). The up-

regulation of GFAP in bf mutants may be due to altered interaction of glial cells and the 

Purkinje cells since there is an obvious degeneration of Purkinje cells.

Additional studies are required to understand the mechanism of Purkinje cell death in bf 

mutants. These studies suggest that selected HPS patients may have neurological problems 

later in life. Possible abnormalities in VPS33A should be considered in these patients. It is 

presently not possible to directly test patients with deficiencies in the buff gene (VPS33A) 

for cerebellar defects since human patients with this subtype of HPS have not yet been 

identified. While old bf mutants are deaf, there is no report that patients with HPS have 

hearing defects. We suggest nevertheless, based on our observations in buff HPS mice, that 

HPS patients should be screened for hearing defects. There are reports of deafness in 

patients with Ocular Coetaneous Albinism (OCA) (Lezirovitz et al., 2006) another pigment 

deficiency disease.

In summary we report that the bf mouse, a model for HPS disease mutated in Vps33a, 

exhibits striking behavioral deficiencies and Purkinje cell degeneration. The degeneration of 

Purkinje cells progresses with age, reaching 70% loss in 1 year old mutant mice compared to 

heterozygous age-matched controls. Loss of Purkinje cells is accompanied by decrease in 

size of the cerebellum. Purkinje cell death is a likely cause of the observed bf behavioral 

defects including motor deficits and ataxia. The behavior abnormalities clearly correlate 

with the neurological defects. Thus the bf mouse is a model for understanding 

neurodegenerative disorders.

4. Experimental procedures

4.1. Mice

Mice carrying the spontaneous mutation bf on the C57BL/6J strain were obtained from The 

Jackson Laboratory (Bar Harbor, ME) and subsequently bred at Roswell Park Cancer 

Institute. All animal procedures outlined in this study were approved by The Roswell Park 

Cancer Institute Animal Care Use Committee.

4.2. Evaluation of behavioral impairments

Screenings of behavioral phenotypes were assessed in young (8–13 weeks) and old (13–14 

months) bf mutants and their controls (C57BL/6J and bf/+) with well established behavioral 
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procedures described in the SHIRPA protocols of the ENU Mutagenesis Program (Rogers et 

al., 1997). This procedure involves the use of a set of 35 tests, which profiles the 

spontaneous behavior of mice qualitatively. Twelve animals were used for each SHIRPA 

protocol category. Very briefly, the methods (described in full by Rogers et al., 1997) are as 

follows. The grip strength test was performed by allowing the mouse to grasp a metal net 

with its front legs while holding the mouse by the tail. The mouse was pulled back, and the 

grip strength was evaluated by hand. In the touch escape test movement of the mouse away 

from a side finger touch was evaluated. The righting reflex test measured the ability of the 

mouse to assume an upright position after being flipped gently backwards. The gait test 

measured observable abnormalities in gait/posture while walking a distance of 1–2 ft. The 

startle response test evaluated responses like a backward flick of pinnae and/or jumping in 

response to hand clapping and/or use of a simple clicker 30 cm above the arena.

4.3. Spontaneous, exploratory behaviors

To study the aforementioned mutants, male mice were filmed using a Sony Model TRV 900 

videotape recorder equipped with a standard 35 mm Sony mini-DV tape. In brief, a given 

wild-type or mutant mouse was placed in a clean, cylindrical bucket (27 cm diameter×30 cm 

height) and was allowed to explore this novel environment for 1 min. Recorded spontaneous 

exploratory behaviors were then digitized for each mouse using a Peak Motus Program. This 

was achieved by marking several constant points on every animal recorded including the 

nose, occiput, left and right shoulders, left and right hips, and the base of the tail. The 

aforementioned coordinates were followed for multiple events of 3 s duration to generate a 

spatial diagram of motor activities by plotting the range of circular motion angles.

4.4. Examination of motor functions

Motor functions were evaluated by standard tests including wire suspension, rotating 

cylinder, bridge test and slanting ladder (Krizkova and Vozeh, 2004). Both young (n=12) 

and old (n=12) bf mutants and their age-matched homozygous (n=12) as well as 

heterozygous (bf/+) control mice (n=12) were tested for these motor and coordination 

functions. For the wire suspension test, mice were allowed to hang by their front legs on a 1 

mm diameter horizontal wire which was suspended at the height of 40 cm. A foam cushion 

protected animals from injury upon falling. The criterion for success was the ability to hang 

from the wire for 1 min without falling. The rotating cylinder (15 cm diameter×20 cm 

length) test evaluated the ability to remain on the 1 rpm rotating cylinder for 1 min. In the 

bridge test (30 cm length×2 cm width×40 cm height) mice were placed on the bridge and 

tested for the ability to cross the bridge within a 2 min period. For the slanting ladder test 

(35 cm length×4 cm width×4 mm diameter) and with a 60° horizontal inclination angle, 

mice were placed on the middle of the ladder and tested for the ability to climb to the top or 

down to the floor within 1 min. All of these tests were performed in the same sterile hood 

and at the same time of the day.

4.5. Immunohistochemistry

Brains were dissected from age-matched and sex-matched wild-type/heterozygous control 

and mutant bf mice and fixed in formalin for subsequent paraffin blocks. Paraffin sections 
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were cut at 5 μm, placed on charged slides and dried in a 60 °C oven for 1 h. Slides were 

deparaffinized in three changes of xylene and re-hydrated using graded alcohols. 

Endogenous peroxidase was quenched with aqueous 3% H2O2 for 15 min and washed with 

PBS/T. Antigen retrieval was then carried out with citrate buffer (pH 6) in the microwave 

for 10 min; slides were allowed to cool for 15 min and washed in PBS/T. The slides were 

then placed on a DAKO auto-stainer and immunostaining was performed as follows. Slides 

were washed with PBS/T followed by Casein 0.03% [in PBS/T] for a blocking step for 30 

min. Primary antibodies calbindin (diluted 1/7000=1.1 μg/ml) or Glial Fibrillar Acidic 

Protein (GFAP) (diluted to 1.5 μg/ml) were applied to the slides and left for 1 h at room 

temperature. An isotype-matched control [1.1 μg/ml mIgG] was used on a duplicate slide in 

place of the primary antibody as a negative control. After washing with PBS/T, biotinylated 

secondary antibody [goat anti- mouse] was added to the solution and incubated for 30 min. 

A PBS/T wash was followed by the streptavidin peroxidase reagent [Zymed] for 30 min. 

Finally the chromogen DAB [DAKO, Carpinteria CA] was applied for 5 min to determine 

the color reaction product. The slides were then counterstained with hematoxylin, 

dehydrated, cleared and cover-slipped.

4.6. Western blot analysis

Brain samples were collected from old bf/+ and bf mice, and cerebellum was dissected 

carefully without any other part of the brain. Western blot analysis was performed as 

described (Chintala et al., 2007). Briefly, protein extract was prepared from the cerebellum 

in lysis buffer with protease inhibitor cocktail (Roche Molecular Biochemicals, IN). 30 μg of 

protein was separated on 4–12% gradient gels and transferred to polyvinylidene difluoride 

membrane. The membrane was blocked for 1 h with 5% milk in phosphate buffered saline 

(PBS-T) with 0.1% Tween-20 followed by incubation with anti-GFAP (Sigma) at 1:1000 

dilution. The membrane was washed and incubated with anti-mouse horseradish peroxidase-

conjugated secondary antibody for 1 h and washed with PBS-T, and the bound antibody was 

detected with ECL Advance (GE Life Sciences, NJ). Mouse monoclonal anti-α-tubulin 

(Sigma) was used a loading control.

4.7. Analysis of Purkinje cell number

To assess Purkinje cell number, brains were sectioned and stained with anti-calbindin. 

Purkinje cells were counted by visualizing cells under the microscopeinthe entire 

cerebellum. Three different mice from each group were used for the experiment, and two 

brain sections from each mouse were used to count the total number of Purkinje cells. Data 

were analyzed with unpaired t-tests.

4.8. Magnetic resonance imaging (MRI)

MRI scanning was performed with different age groups: (i) young (8–13 weeks) bf and their 

control C57/BL6, (ii) 8 months bf and their bf/+ heterozygous controls and (iii) >1 year old 

bf and their bf/+ heterozygous controls. Three different mice from each age group were 

imaged.

Magnetic resonance imaging was carried out on a 4.7 Tesla MR Scanner incorporating 

AVANCE™ digital electronics using a 60 mm removable gradient coil insert and a custom 
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designed 35 mm RF transceiver coil (Bruker BioSpec platform with ParaVision® Version 

3.1 Operating System, Bruker Medical, Billerica, MA). Anesthesia was induced with 4% 

isoflurane and maintained with 1–2% isoflurane during imaging. The respiratory rate of 

mice was monitored with an MR compatible monitoring and gating system (Model 1025, 

SA Instruments, Inc., Stony Brook, NY). A small foam pillow was taped down over the 

mouse heads to immobilize the heads during scan acquisitions. Several scout scans were 

first acquired to determine position of the brain within the RF coil. A high resolution, T2-

weighted 3D scan with RARE phase encoding (Rapid Acquisition with Relaxation 

Enhancement) was acquired in the sagittal orientation to delineate cerebellum and total brain 

volume. T2-weighted imaging was chosen as it offers good contrast of cerebral spinal fluid 

(CSF) and arbor vitae within the cerebellum without the use of manganese as a contrast 

agent, which is neurotoxic in high doses. Scanning parameters of the 3D scan are as follows: 

effective echo time=85 ms, TRmin=3 s, field of view = 24×16×16, matrix size = 128×96×96, 

echo train length = 16, 2 averages). The scanner was gated to acquire data between breaths, 

thus actual TR time varied slightly, dependent upon respiratory rate. Following acquisition, 

image data were transferred to a graphic workstation for image analysis with Analyze 5.0 

software (AnalyzeDirect, Overland Park, KS). An “object map” delineating the cerebellum 

and remaining brain regions of interest (ROI’s) was acquired by manual segmentation of the 

image data by an iterative process of visual inspection of all three orientations (coronal, 

sagittal, and axial). A 3×3×3 median filter was applied to the object map to smooth 

irregularities that occur via manual segmentation. Volumes of each ROI were calculated by 

the software, and percent volume of the cerebellum was calculated by dividing the volume 

of the cerebellum by the sum of the cerebellum and remaining brain.

Segmented datasets outlining cerebellum, CSF, and the remainder of the brain were 

imported into amira™ for 3D surface rendering (Mercury Computer Systems, Chelmsford, 

MA). Colors were assigned to specific regions of interest e.g. cerebellum (green), CSF 

(yellow), remainder of the brain (pink) and rendered as 3D surfaces. Brains were given a 

transparency value of 0.687 (out of 1.0) to allow the visualization of CSF within the central 

locations of the brain.

4.9. Statistical analysis

Fisher’s exact test was used to compare two groups that differ in portion by group with 

P≤0.05 considered as significant. We scored 100% when all the animals in the group 

succeeded in the test, determined the percent of animals that did not succeed in the test and 

compared for statistical significance. Purkinje cell number and cerebellum volume data are 

presented as mean±SEM. Significance was determined by using the standard t-test.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
SHIRPA behavior tests. (A) Young (8–13 weeks) bf and C57/BL6 controls were tested (12 

mice in each group). (B) Old (13–14 months) bf mice and their heterozygous controls were 

tested (12 mice each). The defect in startle response was found only in old bf mice. Results 

are presented only for those SHIRPA tests in which significances were noted. Twenty five 

other SHIRPA tests in which no significant differences were found are not 

presented. $P≤0.01; @P≤0.03; *P≤0.001.
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Fig. 2. 
Analysis of motion and postural symmetry. Video capture of body movements reveals 

asymmetry (or curving) behavior of bf (lower panel) compared with movement of wild-type 

C57BL6 mice (top panel). Two animals were videotaped, and subtle body movements and 

motion analysis were processed as described in methods.
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Fig. 3. 
(A) Effect of the Vps33a mutation on the cerebellum. Immunocytochemical stain (calbindin) 

of brain sections from young and old bf mice. Specific calbindin stain highlighting 

cerebellar regions indicates a smaller cerebellum in old bf mutants (panels 2 and 3) 

compared with heterozygous controls. There is no difference in the size of cerebellum in 

young bf mice (panel 1). Hematoxylin and eosin was used as counter stain. The pictures are 

representative of three different animals. Scale bar, 5 μm. (B) Measurement of total brain 

and cerebellum size by Image J software: There is a nominal 12.5% reduction in the total 

brain size in bf mutants (92.9 mm2) but this is not significantly different (P=0.11) from bf/+ 

controls (106 mm2) (a). The cerebellum size (bf/+ 10.8 mm2, bf 7.40 mm2) in bf mutants is 

significantly (P=0.02) reduced (31.4%) compared to their controls (b). 3 wild-type and 3 

mutant mice were used for determining sizes. Similar results (i.e. a selective reduction in 

size of mutant cerebella) were obtained when sections were stained with cresyl violet (not 

shown).
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Fig. 4. 
MRI analysis illustrates abnormal cerebellar volume in bf. A representative, central slice of 

MR imaging (left) and 3D renderings (right) show decrease in cerebellum volume (CB, 

green) and accumulation of more cerebral spinal fluid (CSF, yellow) in the bf mouse (panel 

B) as compared to control (panel A).
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Fig. 5. 
Purkinje cell loss in old bf. (A) Brain sections from old (13–14 months) bf/bf and bf/+ 

controls were stained with calbindin to clearly show the cerebellum. Scale bar 2 μm. (B) 

Higher magnification specifically highlights Purkinje cells. Arrowheads indicate Purkinje 

cells in the cerebellum. Three different animals were used for the study, and from each 

animal at least 2 different brain sections were used. Scale bar 40 μm.
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Fig. 6. 
Up-regulation of GFAP in bf. (A) Brain sections of old (13–14 months) bf and controls were 

immunostained with GFAP antibody. GFAP over expression was observed in cerebellum in 

bf mice compared to their controls in the regions indicated as arrow head (molecular layer), 

arrow (deep nuclei) and asterisk (Brain stem). Pictures are representative of three different 

animals. Scale bar, 100 μm. (B) Western blot analysis of old bf brain cerebellum extracts. 

The up-regulation of GFAP is apparent as a more intense signal with bf mutant compared to 

age-matched control. α-tubulin was used as loading control.
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Table 1

Cerebellum volume at different ages in bf mutants

Age (Volume mm3)

Cerebellum Total brain

C57/BL6 (or) bf/+ bf/bf C57/BL6 (or) bf/+ bf/bf

11–13 weeks 43±2 39±3 466±3 469±14

8 months 48±2 38±2* 478±7 480±10

>1 year 45±3 32±3* 470±6 460±5

Cerebellar volumes were determined by MR imaging. Three mice of each genotype were analyzed at each time point.

A significant 20% reduction in relative cerebellum volume was observed in 8 months old bf mice compared to their controls. The reduction 
progressed with age. There is no significant difference in the total brain volume of young and old bf mutants.

*
P≤0.02.
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Table 2

Purkinje cells in representative brain sections stained with calbindin

Number of Purkinje cells in cerebellum

Young Old

C57/BL6 or bf/+ 738±35 875±29

bf/bf 689±31  270±37*

Reduction of Purkinje cells in young (8–13 weeks) and old (13–14 months) bf brain. Purkinje cells were counted in representative brain sections 
stained with calbindin. Three different animals were used. From each animal duplicate sections were counted.

*
P≤0.0001.
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