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Abstract
Spinalmuscular atrophy (SMA) is a neuromuscular disease that affects as
many as 1 in 6000 individuals at birth, making it the leading genetic cause of
infant mortality. A growing number of studies indicate that SMA is a multi-
system disease. The cerebellum has received little attention even though it
plays an important role in motor function and widespread pathology has been
reported in the cerebella of SMA patients. In this study, we assessed SMA
pathology in the cerebellum using structural and diffusion magnetic resonance
imaging, immunohistochemistry, and electrophysiology with the SMNΔ7
mouse model. We found a significant disproportionate loss in cerebellar vol-
ume, decrease in afferent cerebellar tracts, selective lobule-specific degenera-
tion of Purkinje cells, abnormal lobule foliation and astrocyte integrity, and a
decrease in spontaneous firing of cerebellar output neurons in the SMA mice
compared to controls. Our data suggest that defects in cerebellar structure and
function due to decreased survival motor neuron (SMN) levels impair the
functional cerebellar output affecting motor control, and that cerebellar
pathology should be addressed to achieve comprehensive treatment and ther-
apy for SMA patients.
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1 | INTRODUCTION

Spinal muscular atrophy (SMA), the leading genetic
cause in infant mortality, is an autosomal recessive dis-
ease that affects 1 out of every 6000–10,000 individuals at

birth [1,2]. A deletion or mutation in survival motor neu-
ron 1 (SMN1) gene causes lower motor neuron dysfunction
and degeneration, leading to progressive muscle atrophy,
weakness, and paralysis [3–5]. SMN1 is the most common
disease-determining gene for SMA, but an additional gene,
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SMN2, can partially make up for the reduced protein levels
when SMN1 is mutated. The number of SMN2 copies car-
ried by SMA patients is inversely correlated to symptom
severity, which is related to the age of onset, level of motor
function, and patient survival time [2,6]. These factors are
used clinically to classify patients into SMA types 0 through
4, with type 0 being most severe and type 4 being the least
[7–10].

Sufficient SMN expression is critical to the develop-
ment and physiological function of motor neurons.
Within nuclei, SMN forms a large macromolecular com-
plex (SMN complex) that is known to function in RNA
and protein trafficking during dendritic and axonal devel-
opment of motor neurons, as well as in the assembly of
small nuclear ribonucleoproteins (snRNPs) [11,12]. It
also has other proposed roles in regulating cytoskeletal
dynamics, the endocytic pathway, and autophagy [7].
Reduction in SMN protein levels due to altered SMN
transcripts causes lower levels of functional spliceosomal
snRNPs in SMA patient cell lines [13] and SMN-deficient
mice [14], with the greatest effect being observed in motor
neurons [15]. However, the defects resultant of SMN defi-
ciency is still mostly unknown across many cell types.
Recent studies points toward SMA being a multi-system
disease ([16–20]), with effects beyond lower motor neu-
rons and their associated circuitry. Further investigation
into the brain may provide crucial insight into under-
standing SMN function and the progression of SMA
pathology. The spinal cord has received much attention
[5,21–24] and the degeneration due to SMN deficiency in
lower motor neurons of the spinal cord and at the neuro-
muscular junction is well-characterized [25,26]. However,
SMA pathology in the upper motor neuron projections
and within the brain itself remain unclear [17], highlight-
ing the necessity to thoroughly define pathology through-
out the nervous system. Doing so will help generate a
complete characterization of SMA disease progression
and guide the development of therapies to sustain patient
brain development and quality of life.

Accumulating evidence suggests widespread SMA
pathology across the brain. In severe SMA patients
(Type 0 and Type 1), neuronal degeneration has been
observed in the thalamus, cerebral cortex, pigmented
nuclei, brainstem, and cerebellum [23,27–29]. In SMN-
depleted mouse embryos, altered morphology and defas-
ciculation of facial cranial nerve bundles has been
observed [30]. In the hippocampus, where there is notably
dense SMN expression [31], SMN�/�;SMN2 mice exhibit
decreased SMN levels, as well as a decrease in cell den-
sity, cell proliferation, and neurogenesis [32]. In the thala-
mus of SMA type 0 patients, neurodegeneration [33] and
atrophy [34] have been detected. Importantly, motor and
extra-motor regions in the cortex of SMA-affected brains
showed increased gray matter density [24] and a reduc-
tion of layer V pyramidal neurons [35], indicating patho-
logical defects along cerebrospinal tracts. These studies
suggest that SMA pathogenesis in the central nervous

system (CNS) extends beyond spinal motor neuron
degeneration. To better understand the mechanisms of
SMA pathology, a more complete characterization of
these brain regions impacted by SMA is required.

The cerebellum plays a key role in mediating locomo-
tor control and is emerging as a critical region to be stud-
ied as reports of abnormalities within the cerebellum
accumulate in SMA patients. The cerebellum communi-
cates directly with integral motor circuit components
such as the thalamus, motor cortex and spinal cord to
precisely refine motor function. In mammalian motor cir-
cuitry, locomotion is initiated in the motor cortex and
signals descend through the pyramidal and extrapyrami-
dal tracts to the brainstem and spinal cord. Some of these
tracts project to brainstem nuclei and integrate into the
cerebellum via the middle peduncles. The proprioceptive
signals necessary for motor refinement originate from the
muscle spindles and tendon organs, ascend to the spinal
cord, and project to the cerebellum through inferior
peduncles. These fibers project to granule cells mainly by
way of mossy fibers and some climbing fibers (for review,
see Reference [36]). Granule cell axons split into parallel
fibers in the molecular layer (ML) and innervate Purkinje
cells (PCs) [37] via thousands of glutamatergic synapses.
Outward cerebellar tracts start at PCs, then project to deep
cerebellar nuclei (DCN), and leave the cerebellum mainly
through the superior peduncles. Notably, both PCs and
DCN neurons exhibit dense SMN expression in humans
[38,39] and in rats [31]. These efferent fibers from the cere-
bellum carry signals to the thalamus where they project
back to the motor cortex, and the brainstem where they
modulate descending inputs to the spinal cord.

Surprisingly, given its critical role in motor refine-
ment, the cerebellum is still one of the least investigated
brain regions for defects related to SMA. However, there
are a growing number of clinical reports documenting
cerebellar pathology in SMA patients. In the cerebellum
of severe SMA patients (type 0 and 1), neurodegenera-
tion, neuron ballooning, and neuronophagia [23,27] as
well as progressive atrophy [34] have been observed. In
another study of type 3 and 4 SMA patients, selective cer-
ebellar degeneration was observed in cerebellar lobules
VIIIB, IX, and X [40]. In our previous work with the
SMNΔ7 mouse model, we found that the intrinsic prop-
erties and synaptic transmission of PCs—the sole output
neuron of the cerebellar cortex—were significantly
affected [41]. These data support the involvement of the
cerebellum in SMA pathology.

To fully assess pathology in SMA-affected cerebella
and build on our previous work, we investigated the
structural, cellular, and functional defects of the cerebel-
lum in the SMNΔ7 mouse model using magnetic reso-
nance imaging (MRI), immunohistochemistry (IHC),
and electrophysiological techniques. Here, we report
results from: (i) T2-weighted images from MRI revealing
a differential loss in SMA cerebellar volume; (ii) diffusion
tensor imaging (DTI) showing that SMA affects the
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afferent and efferent cerebellar pathways, as well as intra-
cerebellar connections (ICCs); (iii) IHC staining showing
structure changes, neurodegeneration, and glia defects in
SMA-affected cerebellum; and (iv) electrophysiology
recordings from DCN neurons showing that the observed
structural and cellular pathology defects impair the func-
tional output of the cerebellum. Using a mouse model to
elucidate SMA pathologies in the cerebellum, we expand
the understanding of SMA disease mechanisms as more
than just a motor neuron disorder, and progress toward
developing comprehensive methods for treatment and
therapy.

2 | RESULTS

2.1 | Reduced SMN expression levels in
SMA-affected cerebella

We performed western blots using dissected brain regions
from healthy and mutant SMNΔ7 at post-natal day
12 (P12) mice for comparison of SMN expression to the
spinal cord. The levels of SMN expression in the cerebel-
lum, brainstem, thalamus, and hippocampus of healthy

mouse brains were comparable to the spinal cord. There
was no significant difference in SMN expression among
the different brain regions of control mice or among dif-
ferent brain regions of SMA mice. When comparing
between SMA and control, the cerebellum and spinal
cord showed significantly lower SMN expression levels in
SMA tissues (*p < 0.05). Other regions were nearly sig-
nificant, with a few outlier data points preventing statisti-
cal significance. This included the brainstem as well as
cortex 2 (�p = 0.0912 and �p = 0.0642, respectively)
(Figure S1), which is defined as the cortex caudal to
approximately bregma = �0.5 mm. This experiment con-
firms previous SMN expression level findings in specific
brain regions and provided us the rationale to continue
with a thorough investigation into SMA pathology in the
cerebellum.

2.2 | Cerebellar volume was
disproportionately affected in the brains of
SMA mice

We initially measured the volume of the brain and cere-
bellum in SMNΔ7 mice at P12 to investigate how the

F I GURE 1 Spinal muscular
atrophy (SMA)-affected cerebella were
disproportionately smaller and display
uniform morphological abnormalities
relative to controls. (A) Representative
3D renditions of control and
SMA-affected cerebella from manual
segmentation of T2-weighted images at
P12 (scale bar = 1 mm). (B–D)
Volumetric measurements of 3D
renditions from segmentations for
control and SMA affected. (B) Whole-
brains, (C) cerebella, and (D) cerebellar
volume as a percentage of whole brain
volume were smaller in SMA compared
to controls. (E) Point-to-point length
measurements of various cerebellar
dimensions. Inset: representative
cerebella displaying how length
measurements were acquired, � refers
to the location of the depth
measurements. **p < 0.01,
***p < 0.001 for SMA (n = 6)
compared to control (n = 5), unpaired
two-tailed Student’s t-test.
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F I GURE 2 Legend on next page.
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brain may be affected by SMA. To do this, we used semi-
automatic and manual segmentation of T2-weighted
images to generate 3D renderings of the brain and cere-
bellum, respectively (Figure 1A). The whole brain vol-
ume was significantly smaller in SMA mice (n = 6) as
compared to control (n = 6) (Figure 1B, see Table S1 for
significance tests); the same was observed for SMA cere-
bella as well (Figure 1C). Importantly, SMA-affected cer-
ebellar volume relative to whole brain volume was also
significantly lower compared to control (Figure 1D),
indicating that the volume loss for the cerebellum was
greater than that for the rest of the brain. We also com-
pared dimension-specific morphology across groups. This
included cerebellar width, as well as depth and height
measurements for the vermis, left hemisphere, and right
hemisphere. The differences in morphology measure-
ments between SMA cerebella and controls were rela-
tively uniform. We also calculated hemisphere ratios to
test if volume loss was greater on one side or the other,
and found no significant difference between hemispheres
across groups (Figure 1E, see Table S1 for significance
tests). These results suggest that pathology in the cerebel-
lum manifests symmetrically, which is consistent with the
symmetrical muscle weakness observed in SMA
patients [9].

2.3 | Cerebellar fiber tracts and diffusivity
were significantly different between SMA and
control mice

To investigate how cerebellar connectivity is altered in
SMA-affected mice, we quantified tract formation
between key motor circuit components based on their
passage through cerebellar peduncles and within the cere-
bellar cortex using DTI and probabilistic tractography.
Tract reconstruction revealed fewer tracts and less orga-
nization of white matter pathways across the brain
(Figure 2A,B). Within the cerebellum, many of the ICCs,
such as climbing and mossy fibers (green), as well as par-
allel fibers (red; [42]), were less apparent in SMA com-
pared to control (Figure 2C,D). Most notably, SMA
cerebellar input and output pathway formation were
largely missing and lacked the same conserved organiza-
tion as controls (Figure 2E,F). We adapted a previous
protocol for diffusion tractography analysis to quantify
these observations [43]. For sagittal planes across one
half of the cerebellum (Figure 3A), we quantified the

presence of each tract type in each single-voxel regions-
of-interest (ROIs; Figure 3B) and compared across
groups (Figure 3F–J). In many cases, several tract types
were observed in a single voxel ROI.

Superior peduncular tracts (SPTs) were defined as
pathways that leave the cerebellum through the superior
peduncle and projected into the midbrain. The extent of
SPT formation for SMA-affected cerebella was lower
within the intermediate zone and vermis, but these differ-
ences were not statistically significant (Figure 3C,F).
Middle peduncular tracts (MPTs) connect the cerebellum
to the pontine nucleus through the middle peduncle and
were consistently present across the sagittal planes
probed. Notably, there were significantly lower MPTs in
the cerebellar hemisphere in SMA versus controls
(Figure 3D,G). Inferior peduncular tracts (IPTs) were
defined as pathways that leave the cerebellum through
the inferior peduncle and mainly descend toward the spi-
nal cord. IPTs were also uncommon in the hemispheres
in SMA mice (>10% of voxels) and increased in the inter-
mediate zone and vermis. Unlike the SPTs, IPT tract for-
mation was significantly diminished in two planes within
the vermis of SMA-affected cerebella (Figure 3E,H).
Voxel ROIs containing tracts confined within the cerebel-
lum (ICCs) were slightly less common in SMA-affected
cerebella (Figure 3I). Furthermore, voxel ROIs tended to
have a higher likelihood of no tract formation (NTF) in
SMA cerebella (Figure 3J). Significance values for each
tract at each mediolateral distance are shown in
Table S2. For both ICCs and NTF, trends of less tracts
spanned the cerebella. Overall, tract reconstruction is less
likely in SMA cerebella, indicating that white matter
pathway formation may be weakened by SMN defi-
ciency, most notably in inferior and MPTs. These results
suggest that the inputs from the cerebral cortex, brain-
stem, and spinal cord were significantly altered in SMA
mice, whereas outputs through the SPTs were not signifi-
cantly affected.

To further characterize microstructure within the cer-
ebellum, we acquired sagittal plane ROIs across the
entire cerebellum to quantify common diffusivity mea-
surements such as fractional anisotropy (FA), mean dif-
fusivity (MD), axial diffusivity (AD), and radial
diffusivity (RD). FA measures the overall directionality
of water diffusion and is greater in white matter tracts
and lower in extracellular space and disorganized fibers.
FA showed little variation within the cerebellar hemi-
spheres but was significantly greater in six sagittal planes

F I GURE 2 Cerebellar tract reconstructions were less organized and peduncular pathway formation was diminished in spinal muscular atrophy
(SMA) mice compared to controls. (A,B) Comparison of probabilistic tract reconstructions between representative brains for (A) control and
(B) SMA (top panels). Color-coding of tracts represents the average direction as shown in (B). For example, fibers that primarily course from rostral
(R) to caudal (C) are in blue. (Middle panel) Cerebellar ROIs isolate tracts within or connected to cerebellum. Axial view of cerebellar pathways
shows parallel fibers (in red, yellow arrow), mossy fibers, and climbing fibers (in green). (Bottom panel) Sagittal view of cerebellar pathways shows
superior (black arrow), middle (white arrow), and inferior (gray arrow) peduncular tracts. C, caudal; D, dorsal; L, lateral; M, medial; R, rostral; V,
ventral. Scale bars = 1 mm.
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across the vermis region in SMA-affected cerebella com-
pared to controls (Figure S2A). MD can be affected by
any process that alters the barriers that maintain the

directionality of water diffusion, such as cell membranes.
MD was generally lower in the SMA cerebella compared
to controls; however, the difference was significant for

F I GURE 3 Diffusion tractographical analysis revealed that afferent fiber tracts were significantly lower in spinal muscular atrophy (SMA)-
affected cerebella relative to controls. (A) Representative coronal T2-weighted image. Red lines represent the sagittal planes probed. (B) Colored
boxes indicate a total of 50 randomly selected single-voxel ROIs within each of the sagittal planes of the cerebellum. These were used for
quantification of fiber pathways. (C–E) Examples in a control cerebellum of the categorized tract types in coronal T2-weighted images with white
matter pathway reconstruction (inset: sagittal view): (C) superior peduncular tract (SPT), (D) middle peduncular tract (MPT), and (E) inferior
peduncular tract (IPT). (F–J) Each tract type is quantified as a percentage of all single-voxel ROIs. A coronal view of a representative cerebellum was
displayed to help visualize the mediolateral distance. Each point represents the sagittal plane probed and the distance from the lateral edge of the
cerebellum. ICC, intra-cerebellar connection; NTF, no tract formation within the single-voxel ROI. �p < 0.10, *p < 0.05 for SMA (n = 6) compared
to control (n = 5), multiple unpaired two-tailed Student’s t-test for each tract category.
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just 2 sagittal planes (Figure S2B). The combination of
higher FA and lower MD in conditions of neuropathology
is commonly attributed to edema, inflammation, and
microglial activation [44,45].

AD quantifies the magnitude of water diffusion along
the principal direction of diffusion and showed a similar
trend of lower measurements in SMA cerebella. How-
ever, only one sagittal plane in the hemisphere showed
significantly lower AD in SMA-affected cerebella relative
to controls (x = 2.6, *p < 0.05; Figure S2C). For RD
measurements, there was also an overall trend of lower
values, with nine sagittal planes across the vermis and
intermediate zones and one sagittal plane in the hemi-
sphere showing statistically significant differences
(Figure S2D). While higher RD measurements are gener-
ally understood to correlate with demyelination, the con-
tribution of myelination to DTI-derived measures in
brain white matter is complex [46], and lower RD mea-
surements might also reflect differences in axonal diame-
ters or density [47]. Taken together, these results suggest
diffuse pathology in the cerebellum with certain medio-
lateral regions more affected than others.

2.4 | SMA is associated with lobule-specific
structural abnormalities and degeneration of PCs

We next investigated defects in the structure and cell
types of the cerebellum in SMA mice using IHC staining.
To do this, two sagittal slices were stained within the
intermediate zone of cerebella using anti-calbindin, and
counterstained with hematoxylin (Figure 4A,B). Calbindin
is a common marker for PCs because it provides adequate
visualization of PCs and surrounding substructures [48].
We investigated PCs across entire slices and found that the
number of PCs (Figure 4C) and their area (Figure 4D)
were significantly lower in SMA cerebella compared to
controls. To quantify the extent of structural abnormalities
and PC loss within particular lobules, we acquired area
and perimeter measurements, counted the number of PCs,
and calculated PC density and PC perimeter density for
each lobule, as described in the methods. We observed dis-
tinct structural and PC abnormalities within the more pos-
terior lobules of the cerebellum. Specifically, the Ansiform
Crus 2 (ANCr2) and paramedian (PRM) lobules were
most affected in SMA cerebella. Lobule area was signifi-
cantly smaller compared to controls in the ANCr2 and
PRM lobules (Figure 4E; *p < 0.05 for both), and PCs
were significantly fewer compared to controls in the PRM
lobule (*p < 0.05) and close to significance for ANCr2 as
well (p < 0.086; Figure 4F). Interestingly, the Culmen 4/5
lobule displayed a significantly lesser PC density compared
to controls (*p < 0.05), while the trend was opposite for
the ANCr2 and PRM lobules (*p < 0.05 and p = 0.13,
respectively; Figure 4G). This was the only instance in
our analysis where a lobule besides ANCr2 or PRM
showed a significant, or near significant, difference

between SMA and controls. Perimeter measurements
showed no significant difference for any of the lobules
across groups. However, for PC perimeter density, a
measurement that reflects the layered nature of PCs in
the cerebellum, the SMA cerebella were significantly
higher compared to controls in the ANCr2 lobule
(***p < 0.001) and nearly the PRM lobule (p = 0.077;
Figure 4H). In our analysis, not all cerebellar cell types
exhibited degeneration. For example, neurons within
the DCN of SMA cerebella showed no significance in
passive membrane properties (Table S3), cell densities
or soma areas (Figure S3A–C). These results suggest
that there was no neurodegeneration of DCN neurons,
but that neurodegeneration is present in the cerebellum
in a lobule and cell-type specific manner.

2.5 | SMA cerebella exhibit lobule-specific
abnormalities in layer structure and granule cell
migration across the ML

The cerebellum is an intricately layered substructure, thus
we examined how SMN deficiency may affect the struc-
ture of the internal and external granule layers (IGL and
EGL, respectively), as well as the PC and ML (PCL
+ ML). We used Anti-NEUN antibody staining as a
marker for granule cells [49], but due to the extremely
high density of cells we were unable to accurately analyze
granule cell count and degeneration in the IGL and EGL
of SMA cerebella. However, we were able to examine
cerebellar substructure by measuring the thickness of cer-
ebellar layers within lobules which were among the least
(SIM lobule) and most (ANCr2 lobule) defected for
SMA cerebella compared to controls (Figure 4D). In the
least affected simple (SIM) lobule, thicknesses were gen-
erally unchanged except for the EGL being slightly
thicker in SMA-affected cerebella than in controls
(*p < 0.05, Figure 5A–C). Total SIM lobe thickness was
nearly identical in both groups (Figure 5D). Interestingly,
the greatest discrepancies were observed in posterior
lobes, which also had the most lobule and PC defects in
SMA cerebella. The IGL, PC + ML, and external granule
layer thicknesses were all significantly thinner in SMA pos-
terior lobes relative to controls. Within the posterior lobes,
the internal granule layer thickness was approximately 25%
thinner (**p < 0.01), the PC and ML thickness was approx-
imately 45% thinner (***p < 0.0001), and the external gran-
ule layers thickness was approximately 76% thinner
(***p < 0.0001) in SMA-affected cerebella compared to
controls (Figure 5E–G). The total posterior lobule thickness
of SMA-affected cerebella was significantly lesser than in
controls (***p < 0.0001, Figure 5H), providing some con-
text to earlier findings of cerebellar volumetric loss.

In the early postnatal period in mice, post-mitotic
granule cells migrate across the ML after proliferation
from the external granule layer to the internal granule
layer (Figure 5I; [50]). We observed that the density of
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migrating granule cells was higher in SMA-affected cere-
bella for both the least and most affected lobules com-
pared to controls (SIM; *p < 0.05 and ANCr2;
**p < 0.01, respectively; Figure 5J,K), suggesting that
the migration of granule cells in the cerebellum may be
slowed in SMA mice. The lobule-specific differences in
the thickness of cerebellar layers suggest structural abnor-
malities in the posterior lobes of P12 SMA mice. How-
ever, the fact that immature migrating granule cell
density in the ML was greater for both the least affected
and most affected lobules in SMA mice relative to con-
trols suggests that SMN deficiency is associated with

changes in the migratory behavior of granule cells across
the entire cerebellum.

2.6 | Astrocyte integrity is affected in
cerebellar peduncles and in cerebellar gray and
white matter

Glial cells have been suggested to play a critical role in
the development of motor neuron dysfunction in SMA
[51], and astrogliosis has been reported in SMA mice and
patients [52] Thus, we investigated how astrocyte

F I GURE 4 Spinal muscular atrophy (SMA)-affected cerebella displayed structural abnormalities and Purkinje cell (PC) neurodegeneration
localized to the posterior lobules. Representative anti-calbindin stained images with labeled lobules for (A) control and (B) SMA cerebella. Scale
bar = 1 mm. (C) Average number of PCs detected per stained slice was less in SMA compared to control. (D) PC soma size quantified by area was
smaller in SMA compared to control. (E) Lobule area was significantly smaller for the ANCr2 and PRM lobules in SMA cerebella. (F) PC count was
significantly lower in the PRM lobule. (G) PC density, as measured by PC number divided by lobule area, was significantly lower for the CUL 4/5
lobule and higher for the ANCr2 lobule. (H) PC perimeter density, as measured by PC number divided by the perimeter, was significantly higher for
the ANCr2 lobule. Comparisons with near significant p-values are shown. Lobules: CUL IV/V = culmen 4/5; SIM = simple; PRM = paramedian;
COPY = copula pyramidis. *p < 0.05, **p < 0.01, ***p < 0.001 for SMA compared to control (n = 12 slices, n = 6 mice for both control and SMA),
(C,D) unpaired two-tailed Student’s t-test, (E–H) ordinary one-way ANOVA with Šid�ak’s multiple comparisons test.
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integrity was affected in the cerebella of SMNΔ7 mice
using Anti-GFAP antibody staining in the white matter
(Figure 6) and gray matter regions (Figure 7). We
assessed astrocyte integrity by quantifying stain intensity
using optical density and positive pixels per μm2 for the
cerebellar regions of interest (ROIs). Comparisons were

made between SMA lobules and control lobules, as well as
between what we define as posterior lobules (ANCr1 and
ANCr2) and anterior lobules (SIM and CUL 4/5) within
SMA brains. In the arbor vitae branches of the anterior cer-
ebellar lobules, the GFAP optical density of SMA cerebella
was significantly lower compared to that of control

F I GURE 5 Cerebellar layers in posterior lobes, such as ANCr1 and ANCr2, were thinner in spinal muscular atrophy (SMA) mice compared to controls,
with a higher density of migrating granule cells in the ML. Cerebellar layer thickness was measured in microns (y-axis) at three locations for each cerebellar layer
and averaged to compare between SMA (n = 12) and control (n = 12) cerebella (A–H). Comparisons between SMA and control were made in the less affected
simple (SIM) lobule (A–D) and the more affected posterior lobules (E–H). (A,E) Internal granule cell (IGL), (B,F) Purkinje cell and molecular (PCL +ML),
(C,G) external granule cell (EGL), and (D,H) total thicknesses (measured from the outer edge of the arbor vitae to the crown). (I) Images of representative
Anti-NeuN stained slices of the ML in the SIM and ANCr2 lobules for control and SMA cerebella. Red arrows point to areas of increased granule cell density
for both the (J) SIM and (K) ANCr2 lobules. The gray arrow points to the thinner EGL of the SMA ANCr2 lobule. *p < 0.05, **p < 0.01, ***p < 0.001 for
SMA compared to control (n = 12 slices, n = 6 mice for both SMA and control), unpaired two-tailed Student’s t-test. Scale bars = 100 microns.
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cerebella (#p < 0.05). The optical density of GFAP in the
arbor vitae of the posterior cerebellar lobules trended lower
in SMA cerebella compared to control (p = 0.0518;
Figure 6C). GFAP staining between posterior and anterior
lobules within SMA cerebella was similar for measurements
of both GFAP optical density (p = 0.9797) and pixel den-
sity (p = 0.9916). Within the peduncles, both GFAP optical
density and positive pixels per μm2 were significantly lower
in SMA cerebella compared to controls (**p < 0.01 and
*p < 0.05, respectively) (Figure 6D,F). These results are
consistent with the indication of fiber tract abnormalities
observed in SMA cerebella in our DTI tractography data.

After assessing astrocyte integrity in cerebellar white
matter, we investigated it in cerebellar gray matter. GFAP
optical density was acquired and positive pixels per μm2

was calculated in the ML, IGL, and DCN (Figure 7A,B).
The ML of posterior lobules in SMA-affected cerebella
exhibited greater GFAP optical density relative to the con-
trol counterparts (##p < 0.01) and to the unaffected anterior
lobes of SMA cerebella (Figure 7C; ⦁⦁⦁p < 0.001). GFAP
positive pixel density was significantly greater in both com-
parisons as well (Figure 7F; #p < 0.05 and ⦁⦁⦁p < 0.001,
respectively). The IGL of posterior lobes in SMA-affected

cerebella displayed greater GFAP positive pixel densities
compared to both posterior lobes of control cerebella
(###p < 0.001) and anterior lobes of SMA-affected cerebella
(⦁⦁⦁p < 0.001). These differences were extreme, at 4.5 times
greater and 7 times greater than controls, respectively
(Figure 7D,G). This data suggested activated astrocytes
and reactive gliosis in SMA-affected cerebellar gray matter.
Although DCN neurons did not display degeneration
(Figure S3), activated astrocytes and reactive gliosis were
also observed in this region. DCN glial cells displayed
7-fold greater positive pixel density in SMA-affected cere-
bella as compared to control (**p < 0.01, Figure 7H).
These data suggest that in SMA-affected cerebella, the sig-
nificantly higher GFAP expression in the more posterior
lobules may be an astrocytic response to the PC degenera-
tion observed in these regions.

2.7 | Output neurons in the DCN of SMA
mice display abnormal functional output

Having assessed fiber pathway structure and cellular
pathology, we aimed to investigate the functional output

F I GURE 6 Glial cell structural integrity was lower in white matter regions. Representative Anti-GFAP stained slices for (A) control and (B) spinal
muscular atrophy (SMA) cerebella with each lobule labeled. Sample ROIs are drawn for the arbor vitae (red) and cerebellar peduncles (yellow). (C) GFAP
optical density and (E) GFAP positive pixel per μm2 measurements for arbor vitae (AV) of the control and SMA anterior and posterior lobules. (D) GFAP
optical density and (F) GFAP positive pixel per μm2 measurements for the control and SMA-affected cerebellar peduncles. #p < 0.05 for SMA anterior
lobules compared to control anterior lobules, *p < 0.05, **p < 0.01 for SMA (n = 12 slices, n = 6 mice) compared to control (n = 12 slices, n = 6 mice),
(C,E) Ordinary one-way ANOVA with Tukey’s multiple comparisons test, (D,F) unpaired two-tailed Student’s t-test.
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of the cerebellum by measuring the spontaneous firing
and intrinsic properties of the output neurons of the
DCN. Only neurons with greater than 20 μm soma

diameter, complex dendritic branches, spontaneous fir-
ing, and less than 500 ms rebound depolarization that are
characteristic of DCN output neurons were included in

F I GURE 7 Reactive gliosis was observed in the gray matter of the cerebellum, such as the molecular and internal granular layers of posterior
lobes, as well as the deep cerebellar nuclei (DCN). Representative Anti-GFAP stained images for (A) control and (B) spinal muscular atrophy
(SMA)-affected cerebella with each lobule labeled. Sample ROIs are drawn for the internal granule layer (IGL, cyan), molecular layer (ML, green),
and DCN (purple). GFAP optical density for the (C) molecular layer (ML), (D) internal granule cell layer (IGL), and (E) DCN. GFAP positive pixel
per μm2 for (F) the ML, (G) the IGL, and (H) the DCN. *p < 0.05 control versus SMA, ⦁⦁⦁p < 0.001 posterior SMA lobules (n = 12 slices, n = 6
mice) versus anterior SMA lobules (n = 12 slices, n = 6 mice), #p < 0.05, ##p < 0.01, ###p < 0.001 posterior control lobule (n = 12), (C,D,F,G)
ordinary one-way ANOVA with Tukey’s multiple comparisons test, (E,H) unpaired two-tailed Student’s t-test. Scale bar = 500 microns.
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the analysis. These are signature characteristics of the
glutamatergic output neurons that we intended to study
[53]. Among these output neurons, 100% showed sponta-
neous firing in control cerebella (three animals, n = 11
cells), while only 58.8% showed spontaneous firing in
SMA cerebella (three animals, n = 17 cells). For DCN
neurons from SMA mice, spontaneous firing frequency
was only half as much as in DCN neurons from control
mice (*p < 0.05, Figure 8A,C,D). However, there
appeared to be a compensatory effect for evoked action
potential firing, with the frequency-current (F-I) mea-
surements suggesting that the SMA cells were more excit-
able than controls. DCN neurons from SMA mice
displayed a steeper increase in action potential firing
frequency in response to injected current than DCN
neurons from control mice. For current injections
between 160 and 300 pA, the neuronal firing frequen-
cies for SMA neurons compared to controls trended
toward significance (0.05 < p < 0.1) (Figure 8B,E),
while the neuronal gain values calculated from the
F-I slope were significantly larger in SMA neurons
compared to controls (*p < 0.05, Figure 8F). We
observed no other passive membrane and action poten-
tial properties with a significant difference between
SMA and control neurons. These measurements
included: rheobase current, peak amplitude, threshold,

half-width, after-depolarization potential (ADP) and
after-hyperpolarization potential (AHP) for action potential
properties, and input resistance, capacitance and time
constant for the passive membrane properties (Table S3).
These results suggest that the functional output from
the DCN is lower in SMA cerebella compared to con-
trols. Interestingly, the excitability of the DCN neurons
from SMA mice was increased, which may represent a
compensatory response similar to what has been reported
for motor neurons [54] and cerebellar PCs [41] from
SMNΔ7 mice.

3 | DISCUSSION

The data presented in this study provide for the first
time a comprehensive investigation into cerebellar
defects related to reduced functional SMN protein
levels. Using the SMNΔ7 mouse model, we employed a
multimodal approach to comparatively identify and
characterize pathophysiology in the cerebellum, includ-
ing MRI with T2-weighted and DT images, histology,
and electrophysiology. Recent SMA research supports
the notion that SMN is a multi-system disease that
uniquely affects cell types beyond spinal cord motor
neurons. Our findings in this study strongly support

F I GURE 8 Spinal muscular atrophy (SMA)-affected Deep cerebellar nuclei (DCNs) exhibited fewer neurons with spontaneous firing, lower
frequency of spontaneous firing, but greater firing frequency in response to current injections. Representative traces of (A) spontaneous firing and
(B) evoked action potentials for control and SMA DCN neurons. (C) The percentage of neurons that spontaneously fired during cell-attached
measurements for control (n = 11/11) and SMA (n = 10/17). (D) Spontaneous firing frequency for control (n = 11) and SMA (n = 10) DCN neurons.
(E) Frequency-current (F-I) relationship for evoked action potential firing for control (n = 10) and SMA (n = 11). (F) Neuronal gain values
calculated from the F-I slope. *p < 0.05 for SMA compared to control, (D,F) unpaired two-tailed Student’s t-test, (E) multiple unpaired one-tailed
Student’s t-test with Welch correction.
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this conception of SMA. The observed pathologies
show that cerebellar dysfunction may contribute to
SMA pathogenesis, and that SMN function is essential
to the development, function, and health of specific
cerebellar cell types.

3.1 | Disproportionate loss in SMA cerebella
volume

Volumetric segmentation revealed that SMA-affected
brains display significantly lower volumes in both the
whole brain and the cerebellum. A smaller brain is con-
sistent with reported differences in body mass for
SMNΔ7 mice at about P12 [55]. However, we found that
cerebellar volume as a percentage of whole brain volume
was significantly lower as well, indicating that the cere-
bellum experiences a greater reduction of volume due to
SMA than the rest of the brain. Although causes for
smaller brain size are complex and difficult to isolate, we
propose that this could be attributed to a combination of
three factors: (1) abnormal motor usage and subsequent
reduction in functional communication to the cerebellum,
a result of spinal cord motor neuron degeneration, (2) loss
of white matter tracts, which our DTI analysis provides
evidence for, and (3) neurodegeneration of cell types that
are particularly reliant on normal SMN function, and
our western blot and IHC analyses provide evidence for
that. Pertaining to the neuromuscular dysfunction,
SMNΔ7 mice display hind limb fibrillation and abnor-
mal gait [55] that leads to reduced electrical output and
muscle innervation from those areas [56,57]. A similar
reduction has also been observed in humans with correla-
tion to SMN2 copy number [58,59]. Humans that experi-
ence limb amputation [60] and spinocerebellar ataxias
[61–64] have been shown to experience losses in cerebellar
volume, indicating that reduced functional motor com-
munication may lead to reduced cerebellar volume. In
addition, SMA cerebella exhibited less tract formation in
our DTI analysis, and white matter makes up a signifi-
cant portion of cortical volume [65].

The role of neurodegeneration in the smaller size of
SMA cerebella is complicated by the array of defects we
observed in response to SMA. Loss of PCs and abnormal
Bergmann glial cells were observed in this study, both of
which are essential for proper spatiotemporal foliation of
the cerebellum [66]. Additionally, the lobule-specific
structural abnormalities that were observed in this study
suggest that developmental foliation is affected by SMA,
and this could be another contributor to losses in volume.
The specific causes for the phrenological alterations are
difficult to isolate due to the vast functionality of SMN.
Nonetheless, the significantly lower SMN levels in the
cerebellum and disproportionate losses in volume com-
pared to the rest of the brain provide a rationale for the
investigation into SMA pathology of various cerebellar
cell types performed in this study.

3.2 | Disruption of cerebellar input pathways
in SMA brains

Using DTI, we investigated the integrity of white matter
input and output pathways that traverse the cerebellar
peduncles, as well as ICCs. This revealed lower fiber tract
formation across all tract categories of SMA-affected cer-
ebella, with significant reductions being observed in IPTs
and MPTs. The relationship between tractography
abnormalities and axonal health and myelination is well
documented (for review, see Reference [67]), and hin-
dered axonal outgrowth due to depleted SMN protein
may explain this overall trend. This would be consistent
with the disruptions observed in axonal outgrowth as a
result of SMN depletion in mouse [68,69] and cell culture
models of SMA [68–72].

More specifically, we observed large decreases in fiber
tract formation in the IPTs. These tracts mostly consist
of dorsal spinocerebellar tracts (dSCTs) and tracts from
the inferior olivary nuclei that transmit proprioceptive
sensory information from Golgi tendon organs and mus-
cle spindles in the trunk and lower limbs [73], the muscles
where SMNΔ7 mice typically exhibit the most severe
phenotypes [55]. Reduced IPT formation suggests defects
in sensory fibers that project to the cerebellum and is sup-
ported by studies in SMA patients and animal models.
Clinical studies have shown that SMA type I patients
exhibit severe sensory-motor neuropathy [74] and abnor-
mal sensory signal conduction in sural nerves [75]. In sen-
sory neurons cultured from severe mouse models of
SMA, abnormal neurite outgrowth and growth cone
morphology has also been observed [76]. Additionally, in
SMA mouse models, sensory neurons are smaller [77]
and show reduced vGlut1-positive synapses in lumbar
vertebrae (L) 1 [78] and L3-5 [79], as well as a greater
reduction in synaptic transmission [78]. These data
describe sensory neurons at sensorimotor synapses within
the lumbar regions of mice spinal cords. However, our
data suggest that SMN dysfunction affects not only sen-
sory axons that synapse to motor neurons in the anterior
horn but all proprioceptive sensory axons, including
those that furcate to synapses at Clarke’s nucleus. We offer
two potential explanations for reduced IPT tract forma-
tion: (i) Sensory-motor synapses may be relaying abnor-
mal chemical and electrical signals that subsequently lead
to retrograde degeneration or weakening of the second
order dSCT sensory axons; and/or (ii) reductions of SMN
protein levels in proprioceptive neurons may disrupt axo-
nal outgrowth of second order dSCT sensory neurons dur-
ing development.

In our diffusion tensor tractography, tracts classified
as MPTs are synonymous with pontocerebellar tracts,
and are established during development [80]. The area
where we observed a significant decrease in the occur-
rence of MPTs was in the cerebellar hemisphere just out-
side the intermediate zone. Building on a study in mice
that mapped pontocerebellar projections into cerebellar
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lobules [81], our findings suggest that defective tracts
may originate from the central or caudal pontine nuclei,
which are established in development [80] and contain
pontine nuclei projections from the temporal and frontal
cortices [82]. Interestingly, tracing studies in non-human
primates [83,84], as well as functional and structural stud-
ies in humans [85–88] have identified bidirectional con-
nections between the prefrontal cortex and Crus I–II
lobes of the cerebellum. The same bidirectional connec-
tion has been identified in humans using functional MRI
[89–92], tractography [93], and dynamic causal modeling
[94] between the temporal lobe and Crus I–II lobes. We
observed the highest degree of structural and PC degener-
ation of SMNΔ7 mice in Ansiform Crus I–II lobules,
which may correspond to decreased connectivity with
prefrontal or temporal cortices. Several studies suggest
that ponto-cerebellar projections, especially to Crus I and
II lobules are relevant in executive, language, and spatial
function [87,88,95]. Moreover, there is clinical evidence
for cognitive and linguistic defects in SMA patients (for
review, see Reference [17]). More investigation into basic
cerebellar and cerebral mechanisms will help reveal the
role of executive, language, and sensorimotor circuitries
in the context of SMA. Cortico-ponto-cerebellar path-
ways are the major input pathway into the cerebellum
and link cortical regions with the cerebellum for the coor-
dination and refinement of movement [96]. The observed
decrease in MPT formation in our study supports the
supposition that cortico-ponto-cerebellar pathways may
be experiencing cell-autonomous defects due to lower
SMN levels, and that this may be contributing to motor
dysfunction in SMA patients.

We also observed higher FA and lower RD along the
vermis region of the cerebellum, suggesting restricted
water diffusion perpendicular to the principal direction of
diffusion [97,98]. Selective neurodegeneration of isotropic
cells such as glia in the white matter regions of the cere-
bellum may be contributing to this effect [99–101], but a
deeper investigation into diffusivity metrics including a
distinction between cerebellar subregions will be neces-
sary to further elucidate microstructural defects in SMA.

3.3 | Selective neuronal degeneration of PCs
in SMA cerebella

PCs have proven widely relevant in neurological condi-
tions such as ataxia, Huntington’s disease, and autism
spectrum disorder due to their critical role in modulat-
ing cerebellar circuitry development (for review, see
Reference [102]). However, PCs have been largely over-
looked in SMA research [17] even though SMA patients
experience neuronal loss [103–105] and PCs in SMA mouse
models have displayed distinct functional abnormalities
[41]. Spinal cord motor neurons are well studied in SMA,
and have consistently exhibited selective vulnerability
and neurodegeneration in SMA due to diminished SMN

levels [35] while surrounding cell types remain relatively
unaffected [11,26]. Motor neurons express lower levels of
full length SMN from the SMN2 gene than that of sur-
rounding types because of a negative feedback loop
between decreased snRNP levels and exon 7 splicing
[15,106]. Here, we document a selective degeneration of
PCs similar to that of motor neurons, and we suggest that
this may be caused by a specific vulnerability resulting
from decreased SMN levels. Moreover, PCs are a cell
type that strongly express both SMN [38,39,107], and
critical apoptotic proteins Bcl-x [21] and NAIP [108,109].
Thus, a deeper investigation relating changes in SMN
levels in PCs to their viability may clarify the causes of
their vulnerability to degeneration in SMA.

In the cerebellar hemispheres, we observed abnormal
lobule structure and PC formation in the posterior lob-
ules of the cerebellum: Ansiform Crus II and paramedian
(ANCr2 and PRM, respectively). Posterior lobules were
significantly smaller, and PCs were fewer for SMA cere-
bella compared to controls. This suggests that PC neuro-
degeneration may contribute to structural abnormalities.
However, PC density was higher for these lobules as well.
Furthermore, the PC perimeter density, a unique mea-
surement that more accurately represents PC presence in
each lobule because of the pseudo-parallelity of PCs with
foliation, was increased for these posterior lobules as
well. This suggests that there are other factors that con-
tribute to diminished lobule size in SMA cerebella. In spi-
nocerebellar ataxia, patients exhibit atrophy in the
posterior lobules of the cerebellar hemispheres as well
[110], implying that the atrophic aspect of the hindlimb
deficiencies experienced by SMNΔ7 [111] may be a con-
tributor to this loss in area, or volume.

PCs employ apoptotic mechanisms at the cerebellar
midline and along the rostrocaudal axis in a lobule-
specific pattern during development [112]. Studies in
mouse models and patient tissues have shown that anti-
apoptotic and pro-survival pathways are affected by
reduced SMN protein levels, and disruptions in the bal-
ance of apoptotic mechanisms plays an important role in
SMA pathology (for review, see Reference [113]). SMN
interacts with proteins in the Bcl-x family to prevent apo-
ptosis, as seen in yeast cells [114], several compartments
of mammalian cells [115], and neuroblastoma cells [116].
Reductions in SMN expression levels occur concurrently
with reductions in what are normally dense Bcl-2 expres-
sion levels [117]; this has been observed in spinal motor
neurons of both SMA patients [21,118] and SMA mouse
models [119]. Additionally, Bcl-2 proteins are critical in
inhibiting Bax-mediated apoptosis [120–122], and knock-
ing out Bax in spinal cord motor neurons lessens disease
severity in SMA mice [123]. Motor neurons of SMA
patients also display longer than normal periods of apo-
ptosis [124,125]. In mice, the number of apoptotic PCs is
typically highest in the first post-natal week [112]. There-
fore, these observations of PC abnormalities made at P12
may be an indicator that PC degeneration is related to
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disruptions in the balance of pro- and anti-apoptotic
mechanisms which extends the period of apoptosis in a
manner similar to what has been observed in spinal cord
motor neurons. These stained slices were within the cere-
bellar hemispheres, and a deeper investigation into the
vermis region as well will aid in clarifying the effect of
SMA on PC apoptosis.

3.4 | Astrocytic reaction in SMA cerebella

We found greater glial fibrillary acidic protein (GFAP)
stain density in the ML, IGL and DCN of cerebella from
SMA-affected mice. We used GFAP staining because its
expression levels are a reliable marker of glial response to
stress or injury in the CNS [126–129]. Increases in GFAP
staining density can be attributed to gliosis, which
involves excessive neuronal ballooning, proliferation, and
secretion of pro- and anti-inflammatory cytokines [130–
133]. Gliosis is a protective mechanism, but in disease or
severe injury scenarios can cause a disruption in neuro-
trophic support, synaptic pruning, and apoptotic bal-
ances that can lead to neurodegeneration of neighboring
cells [132,133]. In type II and type III SMA patients, glio-
sis has been observed surrounding degenerating spinal
cord motor neurons (MNs) and displays a strong correla-
tion to MN number [21,103]. The same is observed in the
spinal cord and brainstem of SMA type I patients, with
cytokine increases also documented surrounding degener-
ating spinal cord MNs [134]. In astrocytes from the spinal
cord of SMNΔ7 mice and from SMA stem cells,
increased GFAP expression and decreased expression of
an anti-apoptotic marker were observed long before spi-
nal cord motor neuron degeneration [135], suggesting
that astrocytic dysfunction occurs as a direct response to
SMN deficiency. In our SMA mice, higher stain density
in the ML and IGLs was only evident in the posterior
cerebellar lobules of the hemispheres, which include
ANCr1, ANCr2, and PRM; the same lobules where we
also observed PC loss and structural degeneration. There-
fore, our data suggest that SMN deficiency in Bergmann
cells, the astrocytes that surround PCs in the cerebellum
[136,137], may accelerate PC neurodegeneration by dis-
rupting the balance of apoptotic mechanisms in PC
somas and their axons that constitute a portion of effer-
ent white matter pathways.

We also observed increased migrating granule cell
density in the ML of SMA cerebella, where GFAP stain-
ing intensity was also significantly higher. The SMN-
deficient Bergmann glia of the cerebellar ML may be
imparting disruptions in the granule cell proliferation
(GCP) and migration processes as well. It has long been
established that PCs and Bergmann cells help to mediate
GCP through expression of proteins such as sonic hedge-
hog [138,139]. The degenerative relationship between
PCs and surrounding Bergmann cells may interrupt

mechanisms regulating the development of granule cells.
We also found that the average thicknesses of the EGL,
IGL, and PC + ML were all significantly lower in the
same posterior lobules that displayed pathology for PCs
and for glial cells. Thus, we propose that these uniform
and lobule-specific reductions in the cerebellum are
related to the imbalanced relationship between PCs and
glial cells. Additionally, the lobule-dependent effects
observed in this study suggest that glial cell expression
patterns as well as PC zones of expression [140] may be
important in the progression of SMA pathology.

Glial cells in cerebellar white matter, including the
arbor vitae branches of the cerebellum and the cerebellar
peduncles, mainly consist of fibrous astrocytes [137], and
SMA mice exhibit lower levels of GFAP staining com-
pared to controls. Decreased GFAP staining levels in the
arbor vitae and peduncles suggests that these fibrous
astrocytes have decreased structural integrity. Given the
vast functionality of cerebellar astrocytes, we suspect that
many factors may contribute to the lower GFAP stain
density we observed. Interestingly, for the arbor vitae, this
decrease was only observed in posterior lobules, such as
the ANCr1, ANCr2, and PRM lobules, further suggest-
ing a relationship between astrocytic integrity and PC
degeneration. Decreased GFAP staining in cerebellar
white matter may also reflect the health of myelinating
glial cells, such as oligodendrocytes [141,142] and may
therefore disrupt normal axon formation and be partly
responsible for decreased white matter tract formation in
SMA. More investigation into the glial cells of the cere-
bellum will help to elucidate a precise answer to an
open question in SMA research: is SMA primarily a neu-
roinflammatory disease [51,137]? Investigating specific
populations using markers for glial cells such as oligoden-
drocytes and macrophages will be instrumental in devel-
oping our understanding of neuroinflammation caused
by SMA across the CNS.

3.5 | Disrupted output from SMA DCN

The glutamatergic DCN neurons make up the sole out-
put of the cerebellum, and receive inputs not only from
inhibitory PC axons, but also from the collateral projec-
tions of mossy fibers and climbing fibers, all of which
contribute to the control of cerebellar output [143,144].
In our cell-attached electrophysiological recordings of
DCN output neurons, we found striking differences
between SMA and control. SMA DCN neurons were
about half as likely to exhibit spontaneous firing com-
pared to control DCN neurons. When SMA DCN neu-
rons did spontaneously fire, the firing frequency was half
the speed of control DCN neurons. Interestingly, the
excitability for the neuronal gain of SMA DCN neurons
was higher compared to control, as suggested by the
frequency-current relationship in Figure 7E,F. Recently,
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we reported that the spontaneous inhibitory synaptic
activity in PCs was lower in SMA cerebella compared to
controls [41]. The response profile of DCN neurons is pri-
marily determined by the activity of the PC inputs, their
firing rate, and the level of synchrony in their firing [143].
Therefore, the decreased PC activity, as well as the PC
degeneration we observed in this study, support the
notion that PC properties are exerting a profound influ-
ence on the function of DCN output neurons.

In our earlier study measuring excitatory motor neu-
rons and inhibitory ventral horn interneurons (vINs) of
SMA mice in the spinal cord [54], we found that MNs
displayed a greater excitability, which is supported by
other studies [78,145,146]. Similarly, in the cerebellum we
observed higher excitability in DCN output neurons from
SMA mice in this study. Both MNs and DCN neurons
are excitatory neurons, suggesting that disruptions in
neuronal excitability may be a common pathology of
SMA-affected excitatory neurons. Our study suggests
that the disruption of afferent and efferent pathways,
selective neurodegeneration, and reactive gliosis may
alter the output of the cerebellum and disrupt fine-tuned
and precise motor function in SMA patients.

3.6 | Conclusion

This study provides for the first time a detailed character-
ization of the pathological defects in SMA cerebellum
using the SMNΔ7 mice model and a multi-technique
approach. Our findings emphasize that dysfunction in
PCs, cerebellar glia, and cerebellar pathways are impor-
tant facets of SMA disease pathogenesis (Figure S4). Our
findings join a growing body of research that supports
the notion of SMA as a multi-system disease, with many
relevant defects beyond just the lower motor neuron in the
spinal cord. By continuing investigation into SMA as a
multi-system disease, we can begin to understand whether
the pathology observed outside of the spinal cord and in the
cerebellum is a result of independent mechanisms due to
reduced functional SMN in specific cerebellar cell types, or
if it is a downstream effect of neuromuscular and spinal
ventral horn degeneration in the spinal cord.

Clinically, SMA pathology in the cerebellum may
contribute to the persistent phenotypes that continue to
be observed in treated SMA patients. This is especially
important considering that the most recently developed
treatment for SMA, onasemnogene abeparvovec, has
shown relatively little SMN1 delivery to the cerebellum
in an infant with SMA type 1 [107]. Optimistically, fur-
ther investigation into supra-spinal pathology in SMA
may reveal novel avenues for therapeutics and treatments
in clinical experimentation that could address the persis-
tent deficiencies. While this study provides answers
regarding cerebellar defects due to SMA, it also raises
many questions about the role that SMN plays across
cerebellar cell types and beyond.

4 | MATERIALS AND METHODS

4.1 | Animals

All animal procedures were approved by the Institutional
Animal Care and Use Committee of Delaware State
University. Mice were maintained under a 14/10 h light/dark
photoperiod with PMI rodent diet (Animal Specialties
and Provisions) and water available ad libitum. Hetero-
zygote male and female mice of the FVB.Cg-Grm7 < Tg
(SMN2)89Ahmb > Smn1<tm1Msd>Tg(SMN2*delta7)
4299 strain obtained from Jackson Laboratory (stock#:
005025, Bar Harbor, ME) were mated to produce pups for
experiments. Post-natal day (P12) pups of both sexes were
used for the western blot, MRI, and IHC experiments, and
P11-P12 pups were used for the electrophysiology experi-
ments. Mouse genotyping was done by Transnetyx
(Germantown, TN) after experimentation and data ana-
lyses, but before performing statistical tests for significance.
Wild type and heterozygous pups were pooled as controls,
and pups with the homozygous mutation formed the SMA
group as described previously [41].

4.2 | SMN Western blot analysis and
quantification

P12 SMNΔ7 mice were anesthetized with isoflurane in an
upward flowing BSL2 cabinet. After decapitation, brain
tissue samples were dissected, submerged in liquid nitro-
gen for 2 min, then stored at �80�C. The dissected tissues
included the cerebellum, brainstem, thalamus, hippocam-
pus, spinal cord, cortex 1, and cortex 2 (cortices were
divided coronally within bregma �1 to 0 mm; [147]). For
western blotting, tissues were thawed and homogenized
on ice by sonification in radioimmunoprecipitation
assay buffer (RIPA buffer; ThermoFisher Scientific) with
protease inhibitor (Halt Protease Inhibitor Cocktail;
ThermoFisher Scientific). Samples were centrifuged for
15 min at 4�C at 15,000g. Protein lysates were trans-
ferred to a new tube and the concentration of the sam-
ples was determined using the BCA protein assay kit
(ThermoFisher Scientific). Protein concentration was
normalized for all samples at 1 μg/μL with an equal vol-
ume of 2X SDS sample buffer. The samples were boiled
for 5 min and stored at �80�C for later use. Protein sam-
ples were loaded onto a 4%–12% Bis-Tris gradient gel
(ThermoFisher Scientific), and the gel was run at 50 V
for 15 min, followed by 1 h at 140 V. Samples were trans-
ferred onto a polyvinylidene difluoride (PVDF) mem-
brane using the Transblot Turbo Transfer System
(BioRad). The membranes were blocked for 1 h at room
temperature in 5% milk powder in 20 mM Tris pH 7.5,
150 mM NaCl containing 0.1% Tween-20 (TBST). The
membranes were then incubated overnight at 4�C in primary
antibody solution (mouse anti-SMN, BD Bioscience
61046, 1:1000; anti-beta tubulin, Abcam ab6046, 1:5000).
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Antibodies were diluted in 5% milk/TBST buffer described
previously. Membranes were washed 3� 10 min in 1X
TBST at room temperature before 1 h incubation in
secondary antibody solution (HRP-conjugated goat anti-
mouse; HRP-conjugated goat anti-rabbit, Jackson Immu-
noresearch, 1:5000). Secondary antibodies were also diluted
in 5% milk/TBST blocking buffer. Membranes were washed
3� 10 min in 1X TBST at room temperature and visualized
using a chemiluminescent reagent (Pierce™ ECL Western
Blotting Substrate) according to the manufacturer’s instruc-
tions. Membranes were imaged using GeneSys image capture
software (Syngene).

Intensity levels of β-tubulin and SMN signals were
determined using ImageJ (imagej.nih.gov; [148]) and
SMN levels were normalized to β-tubulin signal levels to
control for variation in protein loading. The relative
decrease of SMN expression in SMA was determined by
calculating the average SMN expression found within the
cerebellar tissue of three control mice. This value was
defined as 1. SMN expression in SMA mice was then
obtained by dividing the normalized expression in SMA
samples by the average normalized expression in the cere-
bellar tissue of the controls. With a normalized, relative
expression value for each sample, this allows SMN
expression to be directly compared across tissues col-
lected from different regions of the brain.

4.3 | MRI scanning and analysis

MRI were obtained using a 9.4 T Bruker Biospec 94/20
small animal MR system (Bruker BioSpec MRI, Ettlin-
gen Germany) in the Center for Biomedical and Brain
Imaging at University of Delaware. Mouse brains were
extracted at P12, fixed in 4% paraformaldehyde, and stored
at 4�C. Control and mutant mouse brains were fixed for at
least 2 weeks before being submerged in fomblin oil for ex-
vivo MRI. We collected high-quality T2-weighted anatomi-
cal imaging sets using the turbo rapid acquisition with
relaxation enhancement (turboRARE) pulse sequence,
which were performed with the following parameters: a rep-
etition time of 2.5 s, an echo time of 56 ms, 2 averages, iso-
tropic 100 μm3 voxel resolution, and a rare factor of 14.
The scan time was 1 h 15 min. We acquired diffusion
weighted images using a spin-echo echo-planar imaging
sequence with the following parameters: an echo time
of 45 ms, a repetition time of 500 ms, isotropic 100 μm3

voxel resolution, 65 sampling directions with a b-value of
4000 s/mm2, 5 b = 0 s/mm2 images, a slice thickness a
0.1 mm, fat suppression and field-of-view saturation. The
scan time was 2 h 10 min for each brain.

4.4 | MRI volumetric measurements

We acquired volumetric measurements of whole brains and
cerebella via segmentation implemented with ITK-SNAP

(itksnap.org). We used T2-weighted images as a guide
for brain anatomy, manual segmentation for the cere-
bella and semi-automatic segmentation was performed
for the whole brain. From these segmentations, we gen-
erated 3D renditions and volumetric measurements
within the program. Regions that were lost during the
extraction or scanning process were extrapolated using
the Allen Brain Atlas (mouse.brain-map.org). We
acquired morphological measurements of the cerebellar
width, as well as vermis and hemisphere heights and
depths using T2-weighted scans and a ruler tool in
DSI-Studio (dsi-studio.labsolver.org). These measure-
ments were used for comparison between control and
SMA-affected mice.

4.5 | DTI probabilistic tractography and
diffusivity metric analysis

Fiber tract reconstructions were generated from diffusion
weighted MR scans via an interpolated streamline propa-
gation algorithm in Diffusion Toolkit (trackvis.org).
Tracts were set to cease when the angle between two con-
secutive orientation vectors (angle threshold) was greater
than 45� [149]. An automatic mask threshold with a T2
mask image was found to be most effective in optimizing
tract reconstruction and minimizing external tract forma-
tion due to background noise. Voxel-based investigation
across sagittal sections that span the cerebellum were
used to better characterize different tract types. Based on
these observations, five tract classifications were gener-
ated: IPT, SPT, MPT, ICC, and NTF. IPTs travel
through the inferior peduncle and connect to the spinal
cord, and are primarily composed of spinocerebellar
tracts (SCTs) [150]. SPTs consist of mostly output path-
ways that travel through the superior peduncle to mainly
connect with the midbrain and in few cases the frontal
cortex. MPTs pass through the middle peduncle and con-
nect the cerebellum to the cerebral cortex via the pontine
nucleus. Categorizing tracts within the cerebellum was
impossible with the current resolution, so fibers that did
not leave the cerebellum were classified as ICCs. Using
these classifications, tract occurrence was quantified on
individual sagittal planes for 50 randomly selected single-
voxel ROIs [151]. This was done on seven sagittal planes
spaced with equal intervals of 500 microns to cover a cer-
ebellar hemisphere and half of the vermis region based
on the symmetric pathology of SMA [9] (see
Figure 3A–E). Occurrence of each tract type was quanti-
fied as a percentage of 50 total voxels. We considered this
quantification a reliable strategy to compare cerebellar
connectivity to the CNS across disease-affected brains
and controls since the tractography identifies large brain
pathways and may be less precise at gray to white matter
boundaries [152].

Diffusivity metrics of the DTI scans were measured
across the entire cerebellum in the mediolateral direction.
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We generated single-layer ROIs on sagittal planes at
intervals of 200 microns using DSI-Studio. FA, as well as
mean, radial, and axial diffusivity (MD, RD, AD, respec-
tively) were obtained as average values from every
whole-plane sagittal ROI spanning the cerebellum and
tracked for comparison between disease-affected cere-
bella and controls. Midpoint values were aligned across
brains for anatomical consistency during statistical
analysis.

4.6 | Immunohistochemistry, imaging, and
analysis

IHC staining with low and high magnification imaging
were performed at the Histochemistry and Tissue Proces-
sing Core Laboratory at Nemours A.I. duPont Children’s
Hospital in Wilmington, Delaware. SMA-affected
(n = 6) and control brains (n = 6) were bisected along the
sagittal plane and processed for 1 h on an ASP300S tissue
processor (Leica, Buffalo Grove, IL). Four out of six
brains for both SMA-affected and control that were used
for IHC and had also been used for MRI scanning. We
chose this approach to enhance comparative power
across structural information and cellular function. Each
brain was bisected along the sagittal plane and paraffin-
embedded on a single block; one half was embedded with
the medial side down, while the other half was embedded
with the lateral side down. Then for each brain, two slices
of 5 μm were floated onto one Superfrost Plus slide
(Fisher Scientific, Pittsburg, PA). This was done three
times with each pair of sections on an individual slide;
each slide was stained with one of the following anti-
bodies: anti-calbindin antibody (Abcam ab229915) for
PC staining, Anti-GFAP antibody (Abcam ab207165)
for astrocyte staining, and Anti-NeuN antibody (Abcam
ab177487) for granule cell staining. For each brain, this
was done twice in two regions within the intermediate
zone of the cerebellum. Slides were incubated for 30 min
in one of the three antibodies, incubated in a Peroxide
Block, developed in DAB and counter-stained with
hematoxylin to visualize the nucleus of the cells. The
slides were dried with ethanol, then xylene, and cover-
slipped with Tissure-Tek® Prisma™ mounting media
(Sakura, Torrance, CA). Imaging of the cerebellar slices
was performed with an Olympus Bx51 Microscope
(Olympus, Waltham, MA) for all three stains. The three
antibodies combined with hematoxylin counterstaining
enabled morphological analyses. All immunoreactive
analyses were performed using QuPath (qupath.github.
io) brightfield H-DAB cell detection function with
parameters of sigma = 8 px, threshold = 0.1, cell
expansion = 1 px.

PC count per slice and PC soma size were acquired
via cell detection using the 4� images of calbindin
staining. Using Qupath, single-lobule ROIs were
acquired in accordance with the Allen Brain Atlas

(http://atlas.brain-map.org). From these ROIs, area and
perimeter measurements were generated. PCs were manually
counted within each of the lobules (CUL 4/5, SIM, ANCr1,
ANCr2, PRM, COPY), and area and perimeter densities
were calculated. Granule cells could not be differentiated in
the internal and external granule layers (IGL and EGL,
respectively) during cell detection via NeuN staining due
to the small and compact organization of the granule
cells in young mice. Thus, thickness measurements of the
IGL, PC, and MLs (PCL and ML), and EGL were
acquired to assess cerebellar abnormalities in morphol-
ogy and GCP. Three technical replicates were acquired
for each layer from the lobes that were least and most
affected based on the PC defects. This was done for the
six biological replicates in both the SMA and control
groups using the ruler tool in QuPath.

A BioTek Cytation 5 imaging reader (Winooski, VT,
USA) was used for 20� imaging of NeuN stains in the
ML of the cerebellum to quantify the migrating granule
cells. Based on the lobule and PC defects, the least and
most affected lobules were imaged. This provides com-
parative power between corresponding SMA and CTL
lobes as well as between lobes within SMA cerebella.
Granule cells were detected and quantified in the ML for
each lobe and cell density measurements were calculated
(number of detections/mm2). NeuN staining was also pre-
sent in DCN neurons. Neuronal somas were detected in
the DCN with the 4� images; cell density was calculated
in μm2 and soma areas were acquired in μm2 for
comparison.

The 4� GFAP images were used to assess the robust-
ness and integrity of glial cells across the cerebellar white
and gray matter. Unfortunately, we were unable to assess
individual glial cell size and morphology due to the clus-
tered and layered nature of this cell type, as well as imag-
ing resolution. However, for the white matter regions of
the cerebellum including the branched arbor vitae and
peduncles, ROIs were hand drawn using an Allen Brain
Atlas for reference (see Figure 6A,B), and measurements
were acquired in units of optical density and positive
pixels per μm2, and were converted to mm2 where appro-
priate. Lobule-specific values were acquired where appro-
priate. The same was performed for the gray matter
regions of the cerebellum, such as the ML, IGL, and
DCN (see Figure 7A,B).

4.7 | Acute cerebellum slice preparation

P11-12 mice were anesthetized in a sealed chamber con-
taining the inhalation anesthetic isoflurane in an upward
flowing BSL2 cabinet. After decapitation, the brain was
quickly removed and immersed in the ice-cold oxygen-
ated slicing solution contained: 2.5 mM KCl, 10 mM
MgSO4, 0.5 mM CaCl2, 1.25 mM NaH2PO4, 234 mM
sucrose, 11 mM glucose, and 26 mM NaHCO3 (pH 7.2,
310–330 mOsm). The 300-μm sagittal slices were cut with
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a LEICA VT1200s tissue slicer (Leica Microsystems,
Wentzler, Germany) in ice-cold oxygenated slicing solu-
tion. Slices were incubated in oxygenated slicing solution
at 34�C for 30 min, then left at room temperature for
more than 60 min before electrophysiology recordings.

4.8 | Electrophysiological recordings and
analysis

After at least 1 h of recovery, the slices were transferred
to a recording chamber, which was continuously perfused
at a rate of 2–3 mL/min with pre-heated 34�C artificial
cerebrospinal fluid containing: 126 mM NaCl, 3 mM
KCl, 2 mM MgCl2, 2 mM CaCl2, 1.25 mM NaH2PO4,
10 mM glucose, and 26 mM NaHCO3 (pH 7.2, 310–
330 mOsm). The DCN glutamatergic output neurons
were selected for our study by their morphology and
physiological signatures: largest soma (>20 μm), complex
dendrites, high frequency of spontaneous firing and short
rebound depolarization associated firing [53]. Alexa
594 (50 μM) was included in the intracellular solution to
show the morphology of the neuron immediately after
recording. The internal solution contained (in mM):
130 K-gluconate, 10 Hepes, 11 EGTA, 2.0 MgCl2, 2.0
CaCl2, 4 50-ATP-Na2, and 0.2 50-GTP-Na2 (pH 7.2–7.3,
290–310 mOsm). Only neurons with greater than 20 μm
soma diameter, complex dendritic branches, spontaneous
firing, and less than 500 ms rebound depolarization,
which are the signature characteristics of glutamatergic
output neurons, were included in the analysis. The cell-
attached mode was first employed to record spontaneous
firing of the neuron under voltage-clamp mode to avoid
any effect of the internal solution. Then whole-cell con-
figuration was employed afterwards by breaking through
the membrane with negative pressure. Current-clamp
recordings were acquired via Clampex 11 by a Multi-
Clamp 700B amplifier with auto bridge balance. Data
were filtered with low pass at 10 KHz and digitized at
100 kHz with a Digidata 1550B (Molecular Devices;
Sunnyvale, CA). The membrane potential was held at
�60 mV by manual current injection for all current-
clamp recordings. Single action potentials were evoked
every 5 s with positive current injection steps of 50 pA
intervals. The input resistance, time constant, and fir-
ing frequency versus injection current (F-I) relationship
was studied by 1 s negative and positive steps with
20 pA intervals applied every 10 s.

Data were analyzed with Clampfit 11 (Molecular
Devices; Sunnyvale, CA). Membrane input resistance
(Rin) was calculated from the mean voltage deflections
during the last 50 ms of the 1 s hyperpolarizing current
pulse injection. The membrane time constant (Tau) was
derived from an exponential decay fit applied to the
beginning 100 ms of the current-evoked membrane
hyperpolarization. The capacitance of the membrane
(Cm) was calculated by the measurement of Rin and Tau

(Cm = Tau/Rin). Action potential (AP) peak amplitude
was measured from the first AP evoked. AP threshold
was defined as the membrane potential at which dV/dt
first exceeds 10 V/s [153]. The minimum current
required to evoke the first AP was defined as the rheo-
base current. The firing frequency for F-I relationship
was measured by the mean frequency of each current
injection step. The baseline for determining the ADP
and the AHP was the membrane potential before AP
activation (�60 mV). For details of the electrophysiol-
ogy recordings and analysis, please refer to previous
publications [41,54].

4.9 | Statistical analysis

All statistical analysis was carried out in the Graphpad
Prism 9 software (graphpad.com). For western blot anal-
ysis, we used unpaired two-tailed Student’s t-tests to
determine significance across SMA and control groups.
Between the cerebellum and brain regions within control
brains and SMA brains, we used an ordinary one-way
ANOVA with Šid�ak’s multiple comparisons test since
comparisons were made between preselected pairs of col-
umns. In the morphometric analysis, unpaired two-tailed
Student’s t-tests were used to compare volumes and vol-
ume ratios. For the tractography and diffusivity metric
analyses, multiple unpaired two-tailed Student’s t-tests
were used. For histological analyses, unpaired two-tailed
Student’s t-tests were used, as well as ordinary one-way
ANOVAs with Tukey’s multiple comparisons test where
appropriate since each column was compared with the
mean of every other column. For the electrophysiological
measurements, unpaired one-tailed Student’s t-tests were
used to compare frequencies and gain. Multiple unpaired
Student’s t-tests with Welch correction were used for the
frequency comparisons at each current injection value.
P values are indicated as follows: *, p < 0.05; **, p < 0.01;
***, p < 0.001; o, 0.5 < p < 0.10. Figure legends indicate
where # or • are used for other statistical comparisons. All
quantification data are plotted as means ± standard errors
of the means (SEM).
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