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Introduction
Duchenne muscular dystrophy (DMD) is an X-linked recessive disease 
with an incidence of 1 in 3,500 male live births, making it the most 
common form of muscular dystrophy worldwide. [1,2] Dystrophin, a 
protein which has a role in sarcolemmal stability in skeletal muscles, 
is absent in patients with DMD. The resulting progressive muscular 
weakness eventually leads to death. Deficiency in dystrophin has 
also been shown in neurons in the cerebral cortex, cerebellum and 
hippocampal CA1–CA3 regions. [3]

The cerebellum is covered externally by grey matter which is divided 
into: (1) a molecular layer; (2) a Purkinje cell (PC) layer; and (3) a 
granular cell layer. [4] PCs integrate and relay their synaptic information 
to the deep cerebellar nuclei (DCN) and vestibular nuclei. The DCN then 
project to the cerebral cortex via the thalamus, mediating fine motor 
control and balance. [5] Our research focuses on the effects of the lack 
of dystrophin on the cerebellum, in particular, the PC population.

The effect of Duchenne Muscular Dystrophy on Purkinje cell number in the mdx 
mouse

Methods
Animals and tissue preparation

This opportunistic study was performed with discarded cerebellar 
slices from the UNSW Stewart Head Laboratory. All experiments were 
conducted blind to the phenotype of the mice and the mice were 
either ten or eleven weeks old. Prior to receiving the tissues, the mdx 
and control mice were anaesthetised with halothane then decapitated 
with the individual cerebellums of the respective mice rapidly 
removed and transferred to ice-cold cutting buffer. The cerebellum 
was fixed to the pedestal of a Vibroslicer™ (Campden Instruments Ltd., 
Loughborough, England) with cyanoacrylate. Finally, the slices were 
fixed in 4% paraformaldehyde. The slices provided were 100μm thick 
sagittal sections through the vermis, along with other sections within 
the cerebellar hemispheres. In total, there were eight samples - four 
were mdx mice and the other four were control mice.

Immunohistochemistry

The cerebellar slices were stained with Calbindin due to its 
superiority to Nissl Staining and facilitation of cerebellar PC counting. 
[6,7] All vermal slices selected were stained with Calbindin and 
immunohistochemistry was performed under the laboratory standard 
protocol for immunohistochemistry. [8]

Cell counts

PCs from every section were counted with the Stereo Investigator® 
(MicroBrightField, Inc., Williston, USA) in the Prince of Wales Medical 
Research Institute, Sydney, Australia (POWMRI). The counting 
technique potentially overestimated PC numbers. However, given 
that the same method was applied to every section analysed, it was 
decided not to use any correction factor.

The PC number was collected from the three separate sections of 
the vermal slice: from lobe 10; lobes 3 and 4/5 from the anterior 
cerebellum and lobes 6 and 8 from the posterior cerebellum.

Although the ideal thickness of slices for the purpose of counting PC 
numbers is 50 μm, the slices in this study were 100 μm thick. Therefore, 
three cell counting techniques were used to estimate PC numbers.
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Conclusion: The study findings suggest a decrease in Purkinje cell 
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Figure 1. Comparison of Nissl stained and Calbindin-D28k immunostained 
sections. (a) Calbindin immunopositive PCs clearly visible along the PC layer. (b) 
PCs not visible in Nissl stained section. [7]
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Method 1

Our data showed significant differences in the median PC count 
between the mutant and control groups (Figure 2). Differences were 
most apparent in lobules 3, 4&5, 6 and 10. The largest difference was 
found in lobules 4&5 and 6.

Figure 3 demonstrates the mean PC number in each group. This figure 
illustrates a decrease in the mean PC number in lobules 3, 4/5 and 6. 
The percent decrease in the mdx group was 33.5%, 39% and 33% in 
lobules 3, 4/5 and 6 respectively.

Method 2

Figures 4 and 5 demonstrate large differences in the number of PCs 
in lobules 3, 4/5 and 6. The most significant difference was found in 
lobule 4/5. The mean PC count in the mutant group was decreased by 
16%, 30% and 24.5% in lobules 3, 4/5 and 6 respectively.

• Method 1: Actual number of PCs per lobe (actual PC count without 
mathematical adjustment).

• Method 2: The randomised estimated counts. Using the Stereo 
Investigator®, five sections were randomly selected along the PC 
layer of variable distances and the number of PCs within those 
sections counted. Results were averaged. The total possible PC 
count was estimated by multiplying that average with the total 
length of the PC layer in that lobe.

• Method 3: The estimated maximum possible count. Three 
segments of variable length along the PC layer with the densest 
population of PCs were selected. The number of PCs per unit 
length was averaged and multiplied by the total length of the PC 
layer of that lobe.

Statistical Methods

The unpaired t-test was applied to test the equivalence of PC counts 
between mutant and normal mice at different lobules statistically. 
Where the number of PCs was normally distributed the Mann-Whitney 
U test was used. Box-and-whisker plots were drawn to illustrate a 
comparison of the PC numbers in the mutant and normal mice. All 
tests were performed using STATA™ 9.0 (Stata Corporation, College 
Station, TX, USA). All statistical evaluations were made assuming a two-
sided test with significance level of 0.05.

Results
Qualitative assessment

On examination of the slides without microscopy, there were no 
obvious differences between the mdx from the normal mice. The 
calbindin staining appeared homogenously distributed. It must be 
noted however that these missing rows may be a natural occurrence in 
the groups of mice tested.

Statistical assessment

The unpaired Student t-test (Table 1) and the Mann-Whitney U test 
(Table 2) did not reveal any significant difference in the number of PC 
counts between mutants and controls at different lobules, regardless 
of the method of cell counting. It is likely, however, that our small 
sample size precludes statistical assessment using these tests.

Actual PC count and box-and-whisker plots

Box-and-whisker plots demonstrate a difference in the median PC 
count at lobules 3, 4/5 and 6 between mutant and normal mice. 
The findings of our PC counts are presented below, organised by the 
method of cell counting used.

Site Method 1 Method 2 Method 3

Lobule 10 0.2608 0.6899 0.7885

Lobule 8 0.7976 0.5258 0.6430

Lobule 6 0.0980 0.2294 0.9254

Lobule 4/5 0.0924 0.1671 0.3774

Lobule 3 0.1455 0.3410 0.2890

Table 1. P-values of the comparison of the number of PC counts between mutant 
mice and controls using unpaired t-test.

Site Method 1 Method 2 Method 3

Lobule 10 0.2482 0.7728 1.0000

Lobule 8 0.8845 0.2454 0.7728

Lobule 6 0.1489 0.1489 0.7728

Lobule 4/5 0.0833 0.1489 0.2482

Lobule 3 0.2482 0.4678 0.2482

Table 2. P-values of the comparison of the number of PC counts between mutant 
mice and controls using Mann-Whitney U test.

Figure 2. Box-and-whisker plot of PC counts in mutants and controls at different 
lobules using method 1.

Figure 3. Method 1 – Actual PC count. x-axis: lobule number; y-axis: the mean 
results of the PC number in the mdx and normal mice.
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Table 3. Method 1 - table of results of the actual PC count.
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Sample size estimation

Table 6 summarises the mean and standard deviation (S.D.) of the 
number of PC counts among each group of mice at different lobules. 
Sample size estimation was based on these results. Considering 
multiple tests by adjustment using the Bonferroni method, two-sided 
unpaired t-test using equal variance shows that the sample sizes 

Method 3

Figures 6 and 7 demonstrate differences in the PC number, particularly 
in lobules 3 and 4/5. The most significant difference was found in lobule 
4/5. However, this difference was less significant than those observed 
in method 1 and 2. Figure 7 illustrates a decrease in PC number in the 
mutant group by 16% and 16% in lobules 3 and 4&5 respectively.

Figure 5. Method 2 - The estimated randomised PC counts. x-axis: lobule 
number; y-axis: the mean results of the PC number in the mdx and normal mice.

Table 4. Method 2 - table of results of the estimated randomised PC counts.

Figure 6. Box-and-whisker plot of PC counts in mutants and controls at different 
lobules using method 3.

Figure 7. Method 3 – The estimated maximum possible PC count. x-axis: lobule 
number; y-axis: the mean results of the PC number in the mdx and normal mice.

Table 5. Method 3 - tabulated results of the estimated maximum possible PC 
count.
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Figure 4. Box-and-whisker plot of PC counts in mutants and controls at different 
lobules using method 2.

Method 1 (mean ± S.D) Method 2 (mean ± S.D) Method 3 (mean ± S.D)

Site Control Mutant Control Mutant Control Mutant

Lobule 10 39.6±6.1 29.5±15.1 46.7±10.1 50.9±17.5 69.9±25.0 65.7±15.5

Lobule 8 43.4±15.2 46.3±15.2 55.4±9.4 63.6±22.3 75.2±17.6 83.2±27.8

Lobule 6 96.9±17.2 64.6±28.1 127.9±36.8 96.3±29.5 144.7±51.3 141.9±23.4

Lobule 4/5 119.4±32.9 72.6±33.2 182.2±44.4 126.9±54.7 215.1±53.6 179.3±52.8

Lobule 3 66.8±22.3 44.3±15.1 81.5±17.9 68.3±18.2 112.8±19.9 94.9±23.5

Table 6. Summary of the number of PC counts between mutant mice and controls at different lobules.
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required to compare the PC counts between mutant mice and controls 
at significance level of 0.05 and power of 0.8 using method 1, 2 and 
3 would be 66 (33 control and 33 mutant), 546 (273 control and 272 
mutant), and 9,490 (4,745 mutant and 4,745 control), respectively. The 
number of mice needed for this study would be 11,610 (5,805 control 
and 5,805 mutant) to test the PC counts between mutant mice and 
controls at different lobules using different counting methods at a 
significance level of 0.05 (the significance level should be 0.05/15 after 
adjustment if three methods are used in the same study) and power 
of 0.8.

Discussion
This study found limited evidence suggestive of a reduction in PC 
number in the mdx mouse, particularly in lobules 4/5 and 6. Several 
previous studies have also analysed PC numbers and attempted to 
correlate PC number with other mutations, such as the Staggerer, 
Lurcher chimera, Stumbler, Reeler and Weaver mice. [9-13]

This analysis has yielded statistically insignificant results for all 
counting methods and for every lobule. However, it is likely that the 
small sample size precludes statistical analysis. Thus, data is presented 
via box-and-whisker plots and the tabulation of raw data. Differences 
between the mutant and control group are demonstrated, particularly 
in lobules 4/5 and 6 across all three methods.

The number of PCs is influenced by intrinsic mechanisms (such as the 
organism’s genetic makeup) and extrinsic mechanisms (for example, 
hormonal factors which determine stem cell survival and recruitment).

PCs in lobules 1 and 10 are the earliest to mature, whereas those in 
lobules 6, 7 and 8, that is, lobules in the posterior cerebellum, are the 
latest. [14] The results in method 1 demonstrate a marked decrease in 
the PC population in lobules 3, 4/5, a marginal decrease in lobules 6 
and 10 and a negligible decrease in lobule 8. Therefore, it is suggested 
that since the lobules which are affected tend to be those which 
mature earlier, the stage at which DMD affects the cerebellum and 
notably the PCs may be between the neurogenesis of PCs and the full 
maturation of all the lobules.

Furthermore, other neurological structures have been shown to be 
affected by a lack of dystrophin. For example, in the peripheral nervous 
system, utrophin and the short dystrophin soform (Dp116) are co-
localised at the outermost layer of the myelin sheath of nerve fibers. 
Dystrophin is also present in the outer plexiform layer in the retina 

and cochlear hair cells, and is mostly absent from subcortical neurons. 
[15,16] Thus, a lack of dystrophin has shown to cause sensorineural 
hearing loss in mdx mice. Given that neurological structures are affected 
by a lack of dystrophin, we postulate that the lack of dystrophin may 
have an effect on cerebellar PCs.

Moreover, dystrophin has also been shown to regulate Ca2+ flux and 
its absence leads to increased intracellular calcium. [17,18] Raynor 
and Mulroy [15] have suggested that dystrophin may play a role in 
protecting the cell membrane of cochlear hair cells against mechanically 
induced damage, by regulation of calcium influx or stabilisation of 
membrane structure as previously described. Given that PCs begin to 
express calcium-binding protein or calbindin as they mature, [5] we 
speculate that perhaps this dysregulation of Ca2+ flux due to a lack of 
dystrophin may be responsible for potential problems with maturation 
at this stage.

Conclusion
It was Duchenne himself who first noted cognitive deficits in patients 
with DMD. [19] In addition to other morbidities, DMD has since been 
shown to cause a reduction in the IQ score of boys with the disease. 
IQ scores in this group are 1 standard deviation lower than the average 
population. [2] Clinically, our study examines the effect of DMD on 
the cerebellar PC population and the cells associated with it. Our 
study findings suggest a trend towards a decrease in the number 
of PCs in mdx mice. Although we are unable to pin-point the exact 
pathophysiology underlying the intellectual deficits in those with DMD, 
we propose several points in the neurogenesis of PCs where DMD may 
disrupt PC development. Our study findings suggest the need for a 
large trial to determine the statistical significance of differences in PC 
numbers in mdx and normal mice.
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