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Abstract

Background: Polyamine catabolism plays a key role in maintaining intracellular polyamine pools, yet its
physiological significance is largely unexplored. Here, we report that the disruption of polyamine catabolism
leads to severe cerebellar damage and ataxia, demonstrating the fundamental role of polyamine catabolism in
the maintenance of cerebellar function and integrity.

Methods: Mice with simultaneous deletion of the two principal polyamine catabolic enzymes, spermine
oxidase and spermidine/spermine N1-acetyltransferase (Smox/Sat1-dKO), were generated by the crossbreeding
of Smox-KO (Smox−/−) and Sat1-KO (Sat1−/−) animals. Development and progression of tissue injury was
monitored using imaging, behavioral, and molecular analyses.

Results: Smox/Sat1-dKO mice are normal at birth, but develop progressive cerebellar damage and ataxia. The
cerebellar injury in Smox/Sat1-dKO mice is associated with Purkinje cell loss and gliosis, leading to
neuroinflammation and white matter demyelination during the latter stages of the injury. The onset of tissue
damage in Smox/Sat1-dKO mice is not solely dependent on changes in polyamine levels as cerebellar injury
was highly selective. RNA-seq analysis and confirmatory studies revealed clear decreases in the expression of
Purkinje cell-associated proteins and significant increases in the expression of transglutaminases and markers
of neurodegenerative microgliosis and astrocytosis. Further, the α-Synuclein expression, aggregation, and
polyamination levels were significantly increased in the cerebellum of Smox/Sat1-dKO mice. Finally, there were
clear roles of transglutaminase-2 (TGM2) in the cerebellar pathologies manifest in Smox/Sat1-dKO mice, as
pharmacological inhibition of transglutaminases reduced the severity of ataxia and cerebellar injury in Smox/
Sat1-dKO mice.
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Conclusions: These results indicate that the disruption of polyamine catabolism, via coordinated alterations in tissue
polyamine levels, elevated transglutaminase activity and increased expression, polyamination, and aggregation of α-
Synuclein, leads to severe cerebellar damage and ataxia. These studies indicate that polyamine catabolism is necessary
to Purkinje cell survival, and for sustaining the functional integrity of the cerebellum.

Keywords: Polyamine, Polyamine catabolism, Transglutaminase, Protein polyamination, Gliosis, Neuroinflammation,
Cerebellum, Purkinje cells, Ataxia

Background
The polyamines spermidine and spermine are cationic
aliphatic amines that play important roles in the regu-
lation of DNA synthesis and chromatin structure,
protein-nucleic acid interactions, translation, and ion
channel functions that are important for cell growth
and survival [1–3]. The synthesis and export of poly-
amines in neurons and their uptake by glial cells is
tightly regulated [4]. Polyamines are critical in regu-
lating neuronal excitability by modulating the activity
of glutamate receptors and inward rectifying potas-
sium (Kir) channels [1, 5, 6]. In addition, polyamines
play a critical role in tuning neuronal maturation and
plasticity by polyamination of tubulin [7].
The control of the import, biosynthesis, catabolism,

and export of polyamines in mammalian cells is com-
plex (Fig. 1a). Polyamine synthesis is initiated by orni-
thine decarboxylase (ODC)-mediated decarboxylation
of ornithine to form putrescine. Sequential enzymatic
addition of aminopropyl groups to putrescine and
spermidine leads to the formation of spermidine and
spermine, respectively. Polyamines are catabolized via
back-conversion reactions that are catalyzed by the
spermidine/spermine N1-acetyltransferase/N1-acetylpo-
lyamine oxidase (SAT1/PAOX) cascade, and by direct
oxidation of spermine by spermine oxidase (SMOX).
Oxidation of N1-acetyl-spermine and N1-acetyl-spermi-
dine by PAOX, and of spermine by SMOX generates toxic
molecules, including hydrogen peroxide (H2O2) and react-
ive aldehydes (e.g., acrolein and 3-aminopropanal) [8].
Polyamine catabolism is enhanced and plays an important

role in the mediation of cell and tissue damage in the re-
sponse of injuries affecting the kidney, brain, and liver [9,
10]. Further, polyamine catabolism has also been implicated
in the etiology of a number of epithelial cancers [11, 12].
However, little is known about the physiological roles of
polyamine catabolism in development and tissue homeosta-
sis. To address the role of polyamine catabolism under nor-
mal physiological conditions, we generated mice with global
deletion of both Sat1 and Smox genes. Analyses of these
mice establish, for the first time, strikingly selective and
unique effects of ablation of polyamine catabolism on the
structural and functional integrity of the cerebellum.

Methods
Generation of Smox/Sat1-dKO mice
Sat1-KO and Smox-KO mice were generated as de-
scribed previously [10, 13, 14]. Knockout animals were
maintained on a C57BL/6 background by back-crossing
with C57BL/6 mice every 6 generations. Smox/Sat1-dKO
mice were generated through the following breeding
protocols:

1) Smox+/−/Sat1+/− x Smox+/−/Sat1+/−

2) Smox−/−/Sat1+/− x Smox−/−/Sat1+/−

Genotypes of animals were determined by PCR ampli-
fication of isolated tail DNA followed by determination
of amplified DNA fragment size by agarose gel electro-
phoresis as previously described. All procedures to
maintain and use the mice in these studies were de-
signed using the ARRIVE guidelines and approved by
University of Cincinnati’s Institutional Animal Care and
Use Committee (IACUC, protocol number 04020901).
Throughout the experiments, mice were maintained in a
temperature-controlled, AAALAC-certified level 3 facil-
ity on a 12-h light–dark cycle. Food and water were pro-
vided ad libitum.

Neurologic scoring system for monitoring mouse ataxia
Animals were examined twice weekly starting at 8
weeks of age to monitor the progression of neuro-
logical deficits using the following tests based on pre-
viously described protocol [15]: (1) Ledge test; (2)
Hindlimb clasping; (3) gait assessment; and (4) obser-
vation for kyphosis.

A. Composite Ataxia Scoring

These trials allowed us to assign a Composite
Ataxia Score (CAS) for each mouse by adding up the
scores from individual tests. Individual test scores
were obtained through 10-s testing periods that were
repeated 3 times with rest periods in between tests. A
higher CAS indicated a more pronounced phenotype.
The tests and scoring systems were as follows:
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Ledge test
The ledge test directly measures coordination through
placing the mouse directly on the ledge of the home
cage and monitoring movement for 10 s. The scoring
system is shown below as follows:

0—Mouse will balance itself on the edge of the
cage and can gracefully lower itself into the
cage.
1—Mouse may lose footing but can lower itself into

the cage.

Fig. 1 Polyamine pathway and confirmation of loss of Smox and Sat1 expression in Smox/Sat1-dKO mice. a Schematic depiction of the polyamine metabolic
pathway, as well as import and export mechanisms. The main pathways of polyamine catabolism that are facilitated by SMOX and SAT1 were disrupted in
Smox/Sat1-dKO mice. b The expression of both Smox and Sat1 transcripts were absent in total RNA extracted from the cerebellum of Smox/Sat1-dKO mice
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2—Mouse does not use hind legs or cannot lower itself
into the cage.
3—Mouse shakes or falls, cannot lower itself into the

cage or refuses to move at all.

Hindlimb clasping
Hindlimb clasping is a marker of disease progression.
Mice were picked up at the base of the tail and hind
limbs were observed for 10 s. The scoring system is as
follows:

0—Legs consistently splayed away from the body.
1—One leg retracted for over 50% of the time.
2—Both hind limbs retracted toward abdomen for over
50% of the time lifted.
3—Both hind limbs retracted for the entire time lifted.

Gait assessment
The gait of the animal is a measure of coordination and
muscle function. Mice were placed on a flat surface and
were their gait and body posture were assessed for 10-s
periods twice with 5 min of rest in between. The scoring
system is as follows:

0—Normal movement, body weight supported by all
limbs, abdomen not touching the surface, and equal
load bearing on all limbs.
1—Mouse exhibits a limb tremor or feet are slightly
pointed away from the body.
2—Severe tremor or limp, lowered pelvis, or feet are
severely pointed away from the body.
3—Difficulty moving forward or dragging abdomen
along the surface.

Observation for kyphosis
Kyphosis is an abnormal curvature of the spine caused
by lack of muscle tone. It is used to assess the mouse’s
condition based on the Body Condition Scoring chart.
Mice were placed on a flat surface and their movements
were observed for 10 s. The scoring system is as follows:

0—Can straighten spine as it walks. No curvature.
1—Mild curvature, but can straighten the spine.
2—Unable to straighten its spine. Mild but persistent
kyphosis.
3—Pronounced kyphosis as it walks or sits.

B. Rotarod test

These studies were performed to examine the neuro-
muscular coordination. The rotarod test highlights cere-
bellar or spinal cord injuries or defects. We assessed the
latency time required for the mouse to fall from a rod

that was rolling at a constant speed. Mice try to remain
balanced on the rotating rod. A constant speed for
rotarod analysis is used to measure ataxia [16]. These
tests quantified the ability of mice to balance. Briefly,
after habituation in the test room, motor coordination
was measured using a rotarod apparatus (rod rotation
was set at a constant speed of 24 rpm). Mice were tested
each week on 2 consecutive days with 3 trials per day
with 15-min rest intervals between trials. The time that
it took for each mouse to fall from the rod (latency to
fall) was recorded.

C. Gait analysis

Gait analysis was performed to compare the gait of
Smox/Sat1-dKO and wild-type (Wt) mice. The front and
rear paws of each mouse were coated with red and pur-
ple non-toxic paint, respectively. The paint was applied
with a paintbrush. The animals were then allowed to
walk along a 56-cm-long, 10-cm-wide (with 10-cm-high
walls) paper-lined open runway into a darkened over-
turned empty cage. All mice had 3 training runs and one
recorded testing per week. The paper runway liner was
labeled with the mouse information and was changed
between each run. The resulting footprint patterns were
measured based upon three metrics, all measured in cm:
(1) stride length was measured as the distance between
the front and rear paw prints ipsilaterally; (2) sway
length was measured as the distance between the right
and left front paw prints, perpendicular to the stride
measurement; and (3) stance was measured as the dis-
tance between the right and left rear paw prints mea-
sured diagonally. When the footprints did not overlap,
the distance between the centers of the footprints was
recorded. The footprints from the starting portion of the
runway where the animal was initializing its movement
were excluded.

Magnetic resonance imaging and spectroscopy
Magnetic resonance imaging and spectroscopy (MRI)
data were generated using a Bruker BioSpec 7-T system
(Bruker BioSpec 70/30, Karlsruhe, Germany) equipped
with 400 mT/m actively shielded gradients and Paravi-
sion 6.0 software. For MRI studies, animals were anes-
thetized using 1% to 2% isoflurane delivered by oxygen.
Respiration rate was maintained at around 80 breaths
per minute. Animals were kept warm with a flow of
warm air controlled by a Small Animal Instruments
(Small Animal Instruments, Inc., Stony Brook, NY)
monitoring system. Mice were centered in a 38-mm ID
linear coil (Bruker). Localizers were acquired in all three
planes, followed by an ungated T2-weighted 3D RARE
sequence (repetition time 1.2 s, effective echo time 74.7
ms, RARE factor 16, 0.15 mm isotropic resolution) for
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volumetric measurements. A 1.5 × 1.5 × 3 mm voxel
was selected in the cerebellum. The voxel was shimmed
using FASTMAP to an average line width of 12 Hz.
Water-suppressed data were acquired using VAriable
Pulse Power and Optimized Relaxation delays water sup-
pression with a 120 Hz bandwidth followed by Point RE-
Solved Spectroscopy with Outer Volume Suppression
localization with a TE of 20 ms, TR of 2500 ms, 256 av-
erages, 2048 points, and a spectral width of 3301 Hz.
Unsuppressed data were acquired by turning the
VAPOR RF pulses off and acquiring 4 averages. Total
scan time was about 1 h. Volumes were estimated by
drawing regions of interest in ImageJ. The spectra were
imported into LCModel for quantitation, using the un-
suppressed acquisition for phasing, eddy-current correc-
tion, and an internal water reference. A provided
simulated basis set containing 16 metabolite signals (ala-
nine, aspartate, creatine, phosphocreatine, GABA, glu-
cose, glutamine, glutamate, glycerophosphocholine,
phsophocholine, inositol, lactate, N-acetyl aspartate, N-
acetylaspartyl, scyllo-inositol, and taurine) was used to
fit the spectra to obtain peak areas, which are reported
as ratios to creatine, the concentration of which was as-
sumed to be constant. Estimates were retained if the
Cramer-Rao lower bound reported by LCModel was less
than 25%.

Acquisition and processing of tissue samples
Acquisition of tissue sample for protein and RNA ex-
traction was performed after sacrificing the animals by
cervical dislocation followed by decapitation. The brain
was extracted from the skull and divided into cerebrum
(left and right hemispheres) and cerebellum, which were
snap frozen in liquid nitrogen and stored at − 80 °C.
Samples used for microscopic studies were harvested by

rendering the animal unconscious using Euthazol (390 mg/
ml pentobarbital sodium and 50 mg/ml phenytoin sodium;
Virbac AH, Inc. Fort Worth, TX) and perfusing the animal
through the left ventricle with 20 ml of 4 °C saline followed
by 20 ml of 4 °C 4% paraformaldehyde in phosphate-
buffered saline at pH 7.4. The perfusion-fixed brain was
harvested, cut into right and left sections along the medial
longitudinal fissure of the cerebrum and bisecting the cere-
bellum, fixed in 4% paraformaldehyde in phosphate-buffered
saline pH 7.4 for 18 h, and then stored in 70% ethanol.
Paraformaldehyde-fixed, ethanol-preserved samples were
then paraffin embedded, cut into 5 μm sections, and used for
Hematoxylin and Eosin, Luxol Fast Blue staining, or im-
munofluorescence microscopy.

Measurement of polyamine levels
Cellular polyamine content was determined as describe
[16]. However, in place of the 10 mM KH2PO4 buffer
suggested in Kabra et al. [16], distilled H2O was used.

Perchloric acid extracts of cells were dansylated and
chromatographs were resolved by reverse phase high-
performance liquid chromatography with an increasing
acetonitrile/H2O gradient.

RNA extraction.
For RNA extraction, tissue samples were homogenized
and total RNA was isolated using Tri-Reagent (MRC,
Cincinnati, OH) following the manufacturer's protocol.
RNA pellets were dissolved in Formazol and stored at −
80 °C until use.

RNA-seq and data analysis.
Total RNA isolated from cerebellum of ataxic Smox/
Sat1-dKO and Wt mice was used for RNA-seq analyses.
RNA-seq was performed at the Cincinnati Children’s
Hospital Medical Center Genomic Core Facility. Post
alignment the Binary Alignment Map files of RNA-seq
data were imported and analyzed using Avadis® NGS
Version 1.3.0 software. Reads were filtered to remove (1)
duplicate reads, (2) non-primary matched reads, and (3)
reads with alignment scores of < 95. Quantification was
performed on the filtered reads against the mouse
RefSeq annotation mm9.
Data normalization was performed with the DESeq

package. DESeq via R script was performed on the fil-
tered reads using three functions (estimate size factors,
estimate dispersions and negative binomial test). The se-
quencing depth was estimated by the read count of the
gene with the median read count ratio across all genes.
The method is based on the negative binomial distribu-
tion, which allows for less restrictive variance parameter
assumptions than does the Poisson distribution. The
false discovery rate was calculated according to the
Benjamini and Hochberg algorithm. Fold Change ± 1.5
with an FDR of 0.05 was used as criteria for the selection
of the differentially expressed genes (DEG).
The functional classification of DEG was performed by

the ingenuity pathway analysis (IPA) tool (www.ingenu-
ity.com). The DEG in the KO compared to WT were
imported into the IPA knowledge base v6.3 for func-
tional annotation that summarizes the DEGs associated
with top biological functions and canonical pathways. A
p value cut-off of 0.05 was used to identify significant
functions and pathways. Cluster analysis of gene expres-
sion profiles. Heat maps were generated from hierarch-
ical cluster analysis of the DEGs identified in the KO
compared to the WT samples. Hierarchical clustering
was performed by Ward’s method using Euclidean dis-
tance metric.

Northern blot analysis
RNA (25 μg/lane) was size fractionated on a 1.6% agar-
ose gel containing formaldehyde. The RNA was
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transferred overnight at room temperature to a Nylon
Membrane (GE Healthcare). Specific PCR-generated
cDNA probes were radio-labeled with 5′-deoxycytidine
triphosphate [α-32P] (Perkin Elmer), heat denatured,
and used to detect the transcripts of interest (mem-
branes were hybridized overnight at 65 °C). Results were
documented using a STORM Phosphoimager utilizing
ImageQuant software (GE Healthcare).

Preparation of protein extracts and western blot analysis
Samples (100–200 mg) were sonicated for 10–15 s in
homogenization buffer (25 mM Tris–HCl, pH 7.4) con-
taining Halt protease and phosphatase inhibitors
(Thermo Scientific). Tissue homogenates were centri-
fuged at 23,500 g for 10 min, supernatants were col-
lected, and proteins were measured using the BCA
protein assay (Thermo Scientific).
For Western blot analysis, 50 μg of each protein ex-

tract was size fractionated under denaturing conditions
by gel electrophoresis (16% Tris-Glycine polyacrylamide
gel). Size fractionated samples were transferred on to
nitrocellulose membrane in buffer containing 20 mM
Tris, 192 mM glycine, and 20% methanol (pH 8.3) for 90
min at 25 mV. The blocking reaction was performed for
30 min in Tris-buffered saline (137 mM NaCl and 20
mM Tris, pH 7.4) with 0.1% Tween 20 (TTBS) contain-
ing 5% non-fat dry milk. Incubation with primary anti-
body was in the same buffer overnight at 4 °C. The
membrane was then washed in TTBS and incubated
with appropriate secondary antibody diluted in TTBS
plus 5% dry milk for 1 h at room temperature. The
membrane was then washed in TTBS, the blot was de-
veloped using peroxidase detection reagents (ECL kit,
Invitrogen), and exposed to X-ray film for visualization.
For a list of primary and secondary antibodies, refer to
Supplemental Table 1.

Immunofluorescence microscopy
Slides were deparaffinized in xylene and then dehydrated
in a series of ethanol dilutions followed by citric acid anti-
gen retrieval. Afterwards, slides were incubated in respect-
ive primary antibodies overnight at 4 °C. The following
day slides were washed in PBS and incubated in the ap-
propriate secondary antibody (1:200) (Alexa Fluor IgG,
Invitrogen, Carlsbad, CA) for 2 h at 25 °C. Slides were
washed again in PBS and allowed to air dry. Vectashield
Hard Set (Vector Labs, Burlington, CA) was added and
cover slips were applied. Slides were examined and immu-
nofluorescene microscopic images of cerebellum were ac-
quired as previously described [17, 18] using a Zeiss Axio
Imager.M2 microscope and Zeiss Zen Software (Zeiss,
Thornwood, NY). For a list of primary and secondary anti-
bodies, please refer to Supplemental Table 1.

Fluoro-Jade C staining
Fluoro-jade C (FJC) specifically stains degenerating neu-
rons likely through its interaction with C-Tau, which is
a marker of nerve cell injury [19]. Degenerating neurons
were identified by FJC staining using Biosensis Ready-to-
Dilute (RTD)™ FJC Staining Kit (TR-100-FJ, Biosensis)
following the instructions of the manufacturer. Briefly,
slides bearing 5-μm-thick tissue sections were immersed
in a basic alcohol solution consisting of 1% NaOH in
80% ethanol. They were then rinsed in 70% ethanol, dis-
tilled water, and then incubated in 0.06% potassium per-
manganate solution. Slides were stained with 0.0001%
solution of FJC and examined by immunofluorescence
microscopy. Degenerating neurons stained with JFC emit
green fluorescence light upon excitation with blue laser
(488 nm).

Electron microscopy
Samples used for transmission electron microscopy
(TEM) were obtained by rendering the animals uncon-
scious using Euthazol and perfusing the animal through
left ventricle with 20 ml of saline followed by 20 ml EM
fixative (3% glutaraldehyde in 0.1 M Na cacodylate buf-
fer pH 7.4, Poly Scientific R&D Corp.). Tissues were pre-
served in EM fixative buffer, washed in 0.1 M Na
cacodylate buffer pH 6.8 (Bioworld), and post-fixed in
1% osmium tetroxide (EMS). Osmicated samples were
washed in cacodylate buffer, dehydrated through a
graded ethanol series, and embedded in LX-112 (Ladd
Research Industries). Tissue blocks were sectioned (0.5
to 1-μm) and stained with toluidine blue for light micro-
scopic examination. Blocks were cut with an ultramicro-
tome (Leica EM UC7) to the thickness of 90 nm and
counterstained with uranyl acetate 2% (EMS) and lead
citrate. Images were acquired with an 80-kV transmis-
sion electron microscope (Hitachi, H-7650, V01.07).

Immunoprecipitation
For immunoprecipitation, Dynabead Protein-G slurry
(Invitrogen) was washed with 200 μl of PBS with Tween-
20 (PBS-T), incubated with elution buffer for 10 min, and
then washed with PBS-T. Next, 10 μg of mouse anti-α-
Synuclein monoclonal antibody (Santa Cruz Biotechnol-
ogy) was diluted in 200 μl of PBS-T, and added to Dyna-
bead Protein-G slurry. The mixture was subjected to
rotation for 10 min at room temperature, washed with
PBS-T, and the bound antibody was crosslinked to Dyna-
bead Protein-G following the manufacturers’ protocol.
Kidney lysates were pre-cleared by incubation with Dyna-
bead Protein-G slurry. Pre-cleared mouse kidney lysates (
in 100 μl of PBS-T) were then added to Dynabeads-Ab
complex. The mixture was subjected to rotation for 10
min at room temperature, and the Dynabeads-Ab-antigen
complex was washed 3 times using 200 μl of PBS-T. In
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the last step, 20 μl of elution buffer was heated for 10 min
at 70 °C, and then the eluted protein was subjected to
western blot using a rabbit anti-Spermine polyclonal anti-
body (Novus Biologicals).

TGM2 activity assay
Cerebellar extracts were prepared by homogenizing the
tissue of interest in TBS containing 1% NP40 and Halt
protease and phosphatase inhibitor cocktail without
EDTA (ThermoFisher) using a Biomasher II homogenizer
system (Kimble). Measurement of TGM 2 activity in the
cerebellar samples (80 μg of protein/well) was performed
using the Novus Biologicals colorimetric TGM2 Assay Kit
(Novus Biologicals) following the manufacturer's protocol.
The results are presented as μUnits of TGM2 activity/mg
of protein. Each unit of TGM2 was defined as “the
amount of TGM2 that catalyzes the formation of 1 μmole
of hydroxyamate per minute from z-Gln-Gly-OH and hy-
droxylamine at pH 6.0 at 37 °C.”

Statistical analysis
All data are expressed as the means ± standard deviation
(SD). Statistical differences were assessed using unpaired
Student’s two-tailed t tests for two groups and a one-
way ANOVA for three groups or more. Statistical sig-
nificance was assumed at p < 0.05. Exact p values are
provided in the figure legends.

Results
Smox/Sat1-dKO mice develop progressive ataxia
The Smox and Sat1 double knockout (Smox/Sat1-dKO)
mice were generated by intercrossing Smox-KO [14] and
Sat1-KO [13] mice. Smox/Sat1-dKO offspring were born
at an expected Mendelian frequency. Loss of Smox and
Sat1 expression was confirmed by Northern blot ana-
lyses of the cerebellar mRNA, which showed the absence
of both transcripts in the cerebellum of Smox/Sat1-dKO
versus Wt mice (Fig. 1b).
Although Smox/Sat1-dKO mice are viable and normal at

birth, they all develop progressive ataxia and exhibit severe
deficits in movement as early as 12 weeks of age (Video 1,
8-week-old mouse and video 2, 14+-week-old mouse). Ex-
perimental animals were assessed for neurological deficits
using a composite phenotype scoring system [15] rotarod
and gait analyses. This revealed that Smox/Sat1-dKO mice
developed mild ataxia as early as 8 weeks of age that pro-
gressively advanced with age (Fig. 2a). The Smox/Sat1-dKO
mice also showed a significant and progressive reduction in
the latency to fall time in rotarod tests at 10, 12, and 14+
weeks of age (Fig. 2b). The results of gait analyses, another
metric to assess the movement of animals, revealed signifi-
cant differences in both stance and stride values on week 8
and significant differences in stride values on week 12 (Fig.
2c). In contrast to Smox/Sat1-dKO mice, which exhibited

progressively worsening movement deficits, Smox-KO,
Sat1-KO, and Wt mice had consistent and stable CAS and
Rotorod results (the latency to fall of Smox-KO, Sat1-KO
mice were similar and consistent throughout the study, but
shorter than that of their Wt counterparts) (Fig. 2a and b).
The Smox/Sat1-dKO mice died or were euthanized be-
tween 16 and 20 weeks of age due to either severe ataxia or
a weight loss of greater than 20%, as required by our proto-
col. The Smox-KO, Sat1-KO, and Wt did not develop any
movement disorders and did not have increased mortality
or weight loss that required them to be euthanized.

Ataxia development in Smox/Sat1-dKO mice is associated
with cerebellar damage
To determine the cause of ataxia, mice were subjected
to MRI and histological studies. MRI studies demon-
strated the following changes in the cerebellum of the
Smox/Sat1-dKO (n = 4) compared to age-matched Wt
(n = 6) mice: (1) cerebellar edema (presence of hyperin-
tense regions) and atrophy (Fig. 3a); (2) significantly re-
duced cerebellar white matter (WM; Fig. 3a); (3)
increased cerebral spinal fluid volume (CSFV; Fig. 3b);
(4) diminished glutamate and N-acetylaspartate to creat-
ine ratios; and (5) elevated inositol to creatine ratios
(Fig. 3c). Notably, MRI did not detect changes in other
areas of the brain.
Examination of hematoxylin and eosin (H&E)-stained

slides indicated that while the cerebellum was affected in
Smox/Sat1-dKO mice, no histologic abnormalities were de-
tected in the cerebrum, spinal cord, lung, kidney, or liver of
the Smox/Sat1-dKO animals (Supplemental Fig. 1). The
cerebellar histology was comparable in the white matter of
4-week and 8-week-old Wt and Smox/Sat1-dKO (Fig. 4a, top
left and middle panels). However, there was mild vacuoliza-
tion in the Purkinje cell layer of 4 weeks and 8 weeks old
Smox/Sat1-dKO but not in Wt mice (Fig. 4a, top left and
middle panels). In severely ataxic Smox/Sat1-dKO mice (14+
weeks old), there was a marked deterioration of the Purkinje
cell layer (Fig. 4a, top right panel and Fig. 4b, right panel,
black arrows). Also, the cerebellum of severely ataxic mice
also showed extensive degeneration of cerebellar white mat-
ter (Fig. 4a, top right panel), as well as leukocyte infiltration
in the leptomeninges (Fig. 4b, right panel, blue arrows). The
onset of neurodegeneration was further confirmed by FJC
staining (Fig. 5a, middle and right panels). Although it has
been proposed that FJC recognizes C-Tau, a marker of in-
jured neurons [19], the mechanistic basis of FJC staining of
degenerating neurons has not yet been elucidated. Green
fluorescence, which is indicative of neurodegeneration, was
observed in Purkinje cells at 8 and 14+ weeks, and in the
white matter of 14+-week-old Smox/Sat1-dKO mice. There
was no remarkable FJC staining in the cerebellum of Wt ani-
mals (Fig. 5a, left panel). The FJC staining of the cerebrum
did not reveal any neurodegenerative changes in Wt mice;
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however, the ataxic mice had multiple FJC-positive neurons,
indicating the presence of neurodegenerative changes (14+-
week-old Smox/Sat1-dKO mice had higher number of FJC
stained neurons than Wt and 8-week-old Smox/Sat1-dKO
mice; Supplemental Fig. 2).

Reduced cerebellar and cerebral spermidine and
increased spermine levels are manifest in Smox/Sat1-dKO
mice
Despite severe damage being selective to the cerebellum
of Smox/Sat1-dKO mice, there were similar alterations

in polyamine levels in both the cerebellum and cere-
brum of 8-week-old and 14+-week-old Smox/Sat1-dKO,
and 14+-week-old Smox-KO mice (Fig. 6a and b). In
contrast, polyamine content of the cerebellum and cere-
brum of Smox/Sat1-dKO and Smox-KO mice were sig-
nificantly different than that of 14+-week-old Wt and
Sat1-KO mice (Fig. 6a and b). Specifically, the cerebellar
and cerebral spermidine levels decreased significantly in
8- and 14+-week-old Smox/Sat1-dKO mice as well as in
14+-week-old Smox-KO mice compared to 14+-week-
old Wt and Sat1-KO mice (Fig. 6a and b). Levels of

Fig. 2 Disruption of polyamine catabolism provokes the development of age-dependent, progressive ataxia. Development of ataxia was monitored by
comparing the CAS, rotarod latency to fall and gait of Smox/Sat1-dKO (n = 13) to those of Smox-KO (n = 9), Sat1-KO (n = 8), and Wt (n = 11) mice. a
The CAS of Smox/Sat1-dKO were not significantly different than Wt, Smox-KO, and Sat1-KO mice at 8 weeks of age. The CAS of Smox/Sat1-dKO mice
were significantly higher than those of Wt, Smox-KO, and Sat1-KO mice as early as 10 weeks of age (p = 0.00245, p = 0.00497, and p = 0.0000239). The
CAS scores continued to increase, remaining significantly higher in Smox/Sat1-dKO compared to Wt, Smox-KO, and Sat1-KO in 12 weeks (p = 0.00586,
p = 0.00817, and p = 0.00586) and 14 weeks (p = 0.00274, p = 0.00217, and p = 0.00372) of age. b Rotorod studies revealed that only the Smox/Sat1-
dKO mice exhibited a progressive and significant reduction in their latency to fall when results at 12 weeks (p = 0.00423) and 14 weeks (p = 3.37 ×
10−7) of age were compared to those of 8-week-old mice. The Smox/Sat1-dKO mice had a significantly shorter latency to fall time compared to Wt,
Smox-KO, and Sat1-KO mice as early as 8 weeks of age (p = 0.000846, p = 0.00928, and p = 0.0297). The results are shown as the means ± SD. For CAS
and rotorod results, (*) denotes p < 0.05 and (**) denotes p < 0.01 for comparison to Wt. For rotorod results, (+) and (#) denote p < 0.01 and p < 0.001
for comparison to 8-week-old Smox/Sat1-dKO mice. c Gait analyses of Wt versus Smox/Sat1-dKO mice indicate that there were significant differences
in both stance (p = 0.0346) and stride (p = 0.0334) values on week 8 and significant differences in stride values on week 12 (p = 0.000404). For gait
analysis results, (*) denotes p < 0.05 and (**) denotes p < 0.01
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spermine were significantly elevated in Smox/Sat1-dKO
as well as Smox-KO mice, compared to Wt mice (Fig. 6a
and b). Comparison of polyamine contents revealed a
trend toward increased levels of spermine and putrescine
in Smox/Sat1-dKO mice (14+-week-old Smox/Sat1-dKO
> 8-week-old Smox/Sat1-dKO > Smox-KO > Wt for
spermine, Fig. 6a and b; and 14+-week-old Smox/Sat1-
dKO > Wt > 8-week-old Smox/Sat1-dKO > Smox-KO
for putrescine, Fig. 6a). Samples from cerebrum had very
low putrescine levels in all strains except the Wt (Fig.
6b). Kidney spermine levels were comparable in all ge-
notypes, whereas spermidine and putrescine levels were
significantly reduced in Sat1-KO, Smox-KO, 8-week-old
Smox/Sat1-dKO and 14+-week-old Smox/Sat1-dKO
mice compared to Wt mice (Fig. 6c). The examination
of urinary polyamine levels did not reveal any differences
other than a reduction in the putrescine levels of Smox/
Sat1-dKO versus Wt mice (Fig. 6d).

Transcriptional programs of Purkinje cell function,
neurodegenerative gliosis, and altered protein
modification are present in the cerebellum of Smox/Sat1-
dKO mice
RNA-seq analysis of the cerebellar transcriptomes of
sex- and age-matched Wt (n = 3) and ataxic Smox/Sat1-

dKO (n = 3) mice revealed a total of 318 differentially
expressed genes (Supplemental Data set 1). Examination
of these transcripts (Table 1) indicated that a number of
them are associated with (1) Purkinje cell function and
movement disorders (e.g., calbindin D28k, Calb1; car-
bonic anhydrase 8, CA8; Purkinje cell protein 2, Pcp2;
solute carrier family 1 member A3, Slc1A3, and Transi-
ent receptor potential cation channel subfamily C mem-
ber 3, Trpc3); (2) neurodegenerative polarization of
microglia (e.g., complement factor 1q, C1q; serine pep-
tidase inhibitor clade E member 1, Serpine1, and pentra-
xin 3, Ptx3) and astrocytes (e.g., complement factor 3,
C3; complement factor 4, C4; Serine peptidase inhibitor
clade A member 3N, Serpina3n and glial fibrillary acidic
protein, Gfap); and (3) protein modification associated
with neurodegenerative conditions (e.g., transglutami-
nases 1 and 2; Tgm1 and Tgm2). In addition to involve-
ment in protein modification, neurodegeneration, gliosis,
movement disorders, and immune and inflammatory re-
sponses, the differentially regulated transcripts are impli-
cated in a number of other pathways (Supplemental
Data sets 2 and 3, and Supplement Fig. 3).
RNA-seq results for genes of interest were confirmed

by Northern, Western, or immunofluorescence micro-
scopic analyses. The mRNA levels for Purkinje cell-

Fig. 3 Development of ataxia in Smox/Sat1-dKO mice is due to selective cerebellar damage. a Comparison of the MRI images of Wt (n = 6) and
Smox/Sat1-dKO mice (n = 4) revealed the latter to have severe cerebellar edema (hyperintense, white colored, region in the cerebellum) without
any changes in the cerebrum. b Comparison of the volumetric MRI results of Wt (n = 6) and Smox/Sat1-dKO mice (n = 4) revealed that the latter
have significantly reduced WM volume (p = 5.90 × 10−5) and elevated CSFV (p = 7.35 × 10−4). c Metabolic MRI also revealed significantly
decreased of glutamate (p = 0.0036), N-acetylaspartate (p = 0.0096), and elevated inositol (p = 0.013) to creatine ratios. (*) denotes p < 0.05 and
(**) denotes p < 0.01
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associated transcripts such as Pcp2, Slc1a3, a glutamate
transporter critical for Purkinje cell function [20, 21],
Trpc3 (a cation channel important for regulation of cal-
cium influx and electrophysiological properties of Pur-
kinje cells) [22, 23], were significantly downregulated in
ataxic Smox/Sat1-dKO mice (Fig. 7a), confirming the
histological observation that loss of polyamine catabol-
ism damages the Purkinje cells. The expression of Slc1a3
and Trpc3 transcripts remained unchanged in the cere-
brum of ataxic Smox/Sat1-dKO mice, whereas Pcp2
mRNA was not detected in the cerebral RNA samples

(Fig. 7a). Selective damage to Purkinje cells was also
confirmed by Western blot analysis of CALB1 expres-
sion, which was reduced in the cerebellar extracts of 8-
week-old and 14+-week-old Smox/Sat1-dKO versus Wt
mice (Fig. 7b, top panel). Reductions in CALB1 levels
and damage to Purkinje cells was further confirmed by
immunofluorescence microscopic examination of Wt, 8-
week-old and 14+-week-old Smox/Sat1-dKO mice (Fig.
7b, bottom panels). Our results revealed a marked de-
crease in CALB1 staining and dropout of Purkinje cells
in 8-week-old Smox/Sat1-dKO mice (Fig. 7b, bottom

Fig. 4 Ataxia in Smox/Sat1-dKO mice is associated with early Purkinje cell damage followed by white matter injury and leptomeningeal leukocyte
infiltration. a Representative H&E stained sections of the cerebellum revealed the presence of Purkinje layer vacuolization (black arrows) and
severe demyelination (black box) in the cerebellar white matter of the Smox/Sat1-dKO mice (large black arrows, top far right panel). b Examination
of comparable cerebellar regions indicates apparent Purkinje cell loss (black arrows) and leptomeningeal leukocyte infiltration (blue arrow) in
ataxic mice
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middle panel, white arrow point to the area of Purkinje
cell dropout). There was a marked disorganization in the
Purkinje cell layer as well as a reduction in the
CALB1 staining and the number and of Purkinje cells
and an increase in axonal spheroids (Fig. 7b, bottom
right panel, white arrows point to the areas of Pur-
kinje cell dropout), in the cerebellum of 14+-week-old
Smox/Sat1-dKO mice. The expression of CALB1 was
not affected in the cerebrum of Smox/Sat1-dKO mice
(Supplemental Fig. 4).
The onset of microgliosis and astrocytosis in Smox/

Sat1-dKO mice was confirmed by additional immuno-
blot and immunofluorescence analyses. First, cerebellar
expression of ionized calcium-binding adapter molecule
1 (IBA1) and GFAP were elevated in both pre-ataxic and
ataxic Smox/Sat1-dKO versus Wt mice (Fig. 7c, top
panel). The onset of gliosis in the cerebellum of Smox/
Sat1-dKO mice was further confirmed by immunofluor-
escent double-labeling for GFAP and IBA1. Specifically,
the number of microglia that expressed IBA1 was in-
creased, as was the expression of GFAP in the cerebel-
lum of Smox/Sat1-dKO mice as early as 8 weeks of age,
and this correlated with the severity of ataxia (Fig. 7c,
bottom panels).
The expression of transcripts coding for transglutami-

nases 1 (Tgm1) and 2 (Tgm2) enzymes that modify a
number of proteins associated with neurodegenerative
conditions [24–29] were elevated in Smox/Sat1-dKO
mice (Table 1 and Supplemental Data-dataset 1). North-
ern blot analyses (Fig. 7d) further confirmed that the ex-
pression levels of Tgm2 are significantly more robust
than those of Tgm1. In contrast, the expression of nei-
ther Tgm1 or Tgm2 mRNAs were altered in the cere-
brum of Smox/Sat1-dKO mice, or in the cerebellum and
cerebrum of Smox-KO, Sat1-KO, or Wt mice (Fig. 7d,
top panel and Supplemental Fig. 5). The expression of

Tgm2 mRNA increased while Tgm1 mRNA levels were
not detectable in the cerebellum of Smox/Sat1-dKO
mice at 4 weeks of age (Fig. 7d, middle panel). The ex-
pression of mRNA transcripts for both Tgm1 and Tgm 2
were elevated in 14+-week-old mice (Fig. 7d, middle
panel). Again, the expression of Tgm2 was significantly
higher than that of Tgm1 (Fig. 7d, middle panel). Finally,
immunofluorescence microscopic analyses revealed that
TGM2 expression was elevated in the Purkinje cells of
8-week-old Smox/Sat1-dKO mice and became more
widespread (e.g., Purkinje cells, cerebellar WM and
leptomeninges) in severely ataxic (14+ weeks old) Smox/
Sat1-dKO mice (Fig. 7d, bottom panel, white arrows de-
note TGM2 positive cells).

Increased cerebellar TGM2 levels and enhanced protein
polyamination are a hallmark of Smox/Sat1-dKO mice
Given the role of TGMs in neurodegenerative diseases
and their ability to polyaminate proteins [30–32], we
assessed if there were alterations in protein polyamina-
tion in the cerebellum of Smox/Sat1-dKO mice. Notably,
the polyamination of a number of cerebellar proteins
was elevated in 8-week-old and 14+-week-old Smox/
Sat1-dKO compared to Wt mice (Fig. 8a, right panel). In
contrast, levels of polyaminated proteins were not sig-
nificantly different in the cerebrum of Wt and Smox/
Sat1-dKO mice (Supplemental Fig. 6). Further, immuno-
fluorescence microscopic analysis of the cerebellum of
Wt, 8-week-old, and 14+-week-old Smox/Sat1-dKO
mice using anti-spermine antibodies revealed increased
levels in the Purkinje cells of Smox/Sat1-dKO mice (Fig.
8b, left panel and bottom panel).
Notably, the expression and aggregation of α-Synuclein, a

pre-synaptic protein often associated with neurodegeneration
[33], is augmented in the cerebellum of pre-ataxic and ataxic
Smox/Sat1-dKO mice (Fig. 8a, left panel). The α-Synuclein

Fig. 5 Onset of neurodegenerative changes in cerebellum of Smox/Sat1-dKO mice. FJC staining reveals the presence of increased neurodegeneration
(green fluorescence) as early as 8 weeks (white arrows) in Purkinje cell layer and axonal staining in the white matter (orange arrows) of the cerebellum
of Smox/Sat1-dKO mice
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levels were also elevated in the cerebrum of Smox/Sat1-dKO
at 8 (mild ataxia) and 14+ (severe ataxia) weeks of age (Sup-
plemental Fig. 6), but their expression levels were lower in
comparison to those found in the cerebellum of the same an-
imals (Fig. 8a). Finally, immunofluorescence microscopy
studies also revealed increased expression of α-Synuclein in
the Purkinje cells of ataxic Smox/Sat1-dKO mice (Fig. 8c, left
panel and bottom panel).

The C-terminus of α-Synuclein regulates its
oligomerization and also contains a TGM2 target sequence
that can be polyaminated [34, 35]. Polyamines are known to
enhance the oligomerization of α-Synuclein [36–38].
Immunofluorescence microscopic studies revealed specific
co-localization of spermine and α-Synuclein in Purkinje cells
of the cerebellum of Smox/Sat1-dKO mice (Fig. 8b and c).
Since TGM2 expression, like that of α-Synuclein, is

Table 1 Lists of transcripts on interest that are differentially regulated in Smox/Sat1-dKO compared to Wt mice

Purkinje function and
movement

Neurodegenerative polarization
of microglia

Neurodegenerative polarization
of astrocytes

Protein modification associated with
neurodegeneration

Calb1 C1q C3 Tgm1

Ca8 Serpine1 C4 Tgm2

Pcp2 Ptx3 Serpina3n

Slc1a3 Gfap

Trpc3

Fig. 6 Tissue and urine polyamine levels in Wt, Sat1-KO, Smox-KO, and Smox/Sat1-dKO mice. Polyamine contents of the cerebellum, cerebrum
and kidney of Wt (n = 6), Sat1-KO (n = 4), Smox-KO (n = 4) at 14+ weeks of age, Smox/Sat1-dKO at 8 weeks of age (n = 6) and Smox/Sat1-dKO at
14+ weeks of age (n = 7) were measured in duplicate (t = 2). a The cerebellar spermidine levels decreased significantly in Smox-KO (p = 5.2 ×
10−16), 8-week-old Smox/Sat1-dKO (p = 1.82 × 10−19) and 14+-week-old Smox/Sat1-dKO (p = 1.24 × 10−20) compared to Wt mice. The levels of
spermine were significantly elevated in the cerebellum of Smox-KO (p = 4.64 × 10−11), 8-week-old Smox/Sat1-dKO (p = 4.87 × 10−20), and 14+-
week-old Smox/Sat1-dKO (p = 5.07 × 10−21) compared to Wt mice. Cerebellar polyamine levels of Wt and Sat1-KO mice were not significantly
different. b The cerebral spermidine levels decreased significantly in Smox-KO (p = 1.04 × 10−16), pre-ataxic Smox/Sat1-dKO (p = 4.55 × 10−23), and
ataxic Smox/Sat1-dKO (p = 1.77 × 10−26) compared to Wt mice. The levels of spermine were significantly elevated in the cerebrum of Smox-KO (p
= 2.28 × 10−9), pre-ataxic Smox/Sat1-dKO (p = 9.11 × 10−9), and ataxic Smox/Sat1-dKO (p = 3.09 × 10−16) compared to Wt mice. c Spermidine
levels in the kidneys of Smox-KO pre-ataxic Smox/Sat1-dKO and ataxic Smox/Sat1-dKO were similar to Wt mice. The spermidine levels in the
kidneys of Smox-KO (p = 5.78 × 10−9), pre-ataxic Smox/Sat1-dKO (p = 2.76 × 10−6), and ataxic Smox/Sat1-dKO (p = 4.46 × 10−9) mice were
significantly lower than Wt mice. d The urinary putrescine levels of Smox/Sat1-dKO were significantly lower than Wt mice (p = 0.028), while the
urinary levels of other polyamines did not reveal any significant differences. (*) Denotes p < 0.05, (**) denotes p < 0.0001 compared to Wt, (+)
denotes p < 0.05 when comparing 14+-week-old Smox/Sat1-dKO mice to 8-week-old Smox/Sat1-dKO and Smox-KO mice
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localized to the Purkinje cells of Smox/Sat1-dKO mice, we
assessed the polyamination status of α-Synuclein by im-
munoprecipitation/Western blot analysis. Cerebellar ex-
tracts subjected to immunoprecipitation with anti-α-
synuclein antibodies, size fractionated, and subjected to
Western blot analysis using anti-spermine antibodies for
detection of polyaminated α-synuclein demonstrated that
increased polyamination of monomeric and polymeric α-
synuclein is manifested in the cerebellum of ataxic Smox/
Sat1-dKO mice (Fig. 8d, arrow heads indicate proteins

that were immunoprecipitated using anti-α-synuclein anti-
body and recognized by the anti-spermine antibody).

Ataxia in Smox/Sat1-dKO is associated with white matter
demyelination and lymphocyte infiltration
Cerebellar sections stained with Luxol Fast Blue (LFB)
showed mild demyelination in the deep cerebellar nuclei in
8-week-old Smox/Sat1-dKO mice (Fig. 9a). The extent and
severity of demyelination was profoundly increased and
spread to the white matter of the folia in 14+-week-old

Fig. 7 Altered expression of genes associated with Purkinje cell function and neurological disorders are manifest in Smox/Sat1-dKO mice. The changes in the
expression of mRNAs and proteins of interest identified by RNA-seq were confirmed by Northern blot, Western blot, or immunofluorescence microscopic
analyses. a Northern blot analysis of selected transcripts known to be associated with Purkinje cell function and movement disorders in RNA samples from
the cerebellum and cerebrum of Wt, Sat1-KO, Smox-KO, and Smox/Sat1-dKO mice revealed that while their levels remained unchanged in the cerebrum their
expression was reduced in the cerebellum of Smox/Sat1-dKO mice. bWestern blot and immunofluorescence microscopy studies indicate that the expression
of CALB1, a Purkinje cell marker, decreased in the cerebellum of Smox/Sat1-dKO versus Wt mice (white arrows point out the areas of Purkinje cell drop out). c
Western blot analyses indicate that the expression of IBA1, a microglia marker, and GFAP, an indicator of astrocytosis, increased in the cerebellum of Smox/
Sat1-dKO mice as early as 8 weeks of age. Immunofluorescence microscopy studies indicate that the expression of IBA1 (red) and GFAP (green) increases in
the cerebellum of Smox/Sat1-dKO mice as early as 8 weeks of age. The image of Smox/Sat1-dKO cerebellum at 14+ weeks of age was taken at a reduced
exposure to mitigate the loss of definition caused by intensity of the fluorescence signal. d Northern blot analysis of Tgm2 and Tgm1mRNA in the
cerebellum and cerebrum of Wt, Sat1-KO, Smox-KO, and Smox/Sat1-dKO mice (top panel) indicates that the expression of both transcripts is elevated in the
cerebellum of Smox/Sat1-dKO mice only. Also, it should be noted that the mRNA levels of Tgm1 are significantly lower than Tgm2mRNA levels. Comparison
of age-matched Wt and Smox/Sat1-dKO mice reveals that increased expression of Tgm2 is apparent as early as 4 weeks of age in Smox/Sat1-dKO mice
(middle panel). Immunofluorescence microscopic images of comparable cerebellar regions examining the expression of TGM2 in the cerebellum of Wt, 4
weeks, 8 weeks, and 14+-week-old Smox/Sat1-dKO mice (white arrows point to TGM2 positive cells). Northern blots contained 20 μg of RNA/lane and
Western blots contained 50 μg of protein/lane. All analyses are representative of three independent sets of experiments
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animals. These results were confirmed by immunoblot ana-
lyses, which showed a reduction in myelin basic protein
(MBP) levels in the cerebellum of Smox/Sat1-dKO mice
versus Wt mice (Fig. 9b), and by TEM, which showed age-
dependent progressive disorganization and increased inter-
lamellar electron lucency in the myelin sheath of the cere-
bellum of Smox/Sat1-dKO mice (Fig. 9c). Finally, the
development of severe ataxia in Smox/Sat1-dKO mice was
accompanied by accumulation of CD3+, CD4+, and CD8+

lymphocytes in the leptomeninges (Fig. 9d).

TGM2 contributes to cerebellar injury in Smox/Sat1-dKO
mice
TGM2 activity contributes to the severity of tissue dam-
age in mouse models of amyotrophic lateral sclerosis,

Huntington’s disease, multiple sclerosis, and stroke [39–
42]. Therefore, we examined the role of TGMs in the
mediating the cerebellar injury in Smox/Sat1-dKO mice.
To test this, the TGM inhibitors cystamine and cyste-
amine (Cys) were added to the drinking water [43, 44].
TGM2 activity was compared in the cerebellar extracts
from Wt mice, Smox/Sat1-dKO mice, Cys-treated Wt
mice, and Cys-treated Smox/Sat1-dKO mice. Our results
indicate that TGM2 activity in the cerebellum of Wt,
Cys-treated Wt, and Cys-treated Smox/Sat1-dKO mice
were significantly lower than that of untreated Smox/
Sat1-dKO mice (Fig. 10a). Importantly, CAS and rotarod
performances of Cys-treated Smox/Sat1-dKO mice were
also significantly improved compared to untreated
Smox/Sat1-dKO mice (Fig. 10b and c). This reduction in

Fig. 8 Increased polyaminated proteins and α-Synuclein expression, polymerization and polyamination are a hallmark of Smox/Sat1-dKO mice. a
Comparison of protein polyamination and α-Synuclein expression in the cerebellar and cerebral protein extracts of Wt, 8 weeks old (ataxic) and
14+-week-old (severely ataxic) Smox/Sat1-dKO mice. The lines on the right side of the left panel indicate similar size protein bands that were
identified to be differentially polyaminated. b Representative immunofluorescence microscopic images of spermine in the cerebellum of ataxic
Smox/Sat1-dKO versus Wt animals indicates the presence of increased staining in cells of the Purkinje layer. The lower panel shows a higher
magnification view of upper left panel. c Immunofluorescence microscopy studies examining the expression of α-Synuclein in comparable
cerebellar sections of Wt and ataxic Smox/Sat1-dKO animals indicates the presence of increased staining in cells of the Purkinje layer. The lower
panel shows a higher magnification view of upper left panel. d α-Synuclein was immunoprecipitated from cerebellar protein extracts of Wt, 8,
and 14+-week-old Smox/Sat1-dKO mice, size fractionated and subjected to Western blot analysis using anti-spermine antibodies. The arrows
indicate the bands in anti α-Synuclein antibody immunoprecipitates that reacted with anti-spermine antibody. All results are representatives of at
least 3 independent experiments. Northern blots contained 25 μg/lane of RNA and western blots contained 50 μg/lane of protein
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the severity of ataxia was associated with reductions in
Purkinje cell damage, leptomeningeal leukocyte infiltra-
tion (Fig. 11a), white matter demyelination (Fig. 11a, b,
d), neurodegeneration (FJC staining Fig. 11c) and gliosis
(IBA1 and GFAP expression, Fig. 11d). Finally, α-
Synuclein expression and aggregation, and the extent of
protein polyamination, were also reduced in Cys-treated
Smox/Sat1-dKO mice (Fig. 11d). We conclude that ele-
vated spermine levels in concert with enhanced α-
Synuclein expression and polyamination mediated by
TGMs drive cerebellar damage in Smox/Sat1-dKO mice.

Discussion
While enhanced polyamine catabolism is an important
mediator of a variety of tissue injuries [9, 10, 45–47], its
role in normal physiology was heretofore unclear. To in-
vestigate this, we generated mice with simultaneous de-
letions of Smox and Sat1 genes. Although the expression
of Sat1 and Smox is ubiquitous and their expression was

globally ablated, Sat1/Smox deficiency led to strikingly
selective damage to the cerebellum and progressive
ataxia. Indeed, there are no apparent injuries to any
other organs or tissues in Smox/Sat1-dKO mice (Supple-
mental Fig. 1), despite the fact that these mice manifest
profound, fully penetrant ataxia. Further, our analyses of
the development of cerebellar injury and ataxia in Smox/
Sat1-dKO mice indicated that this was due to extensive
damage to and degeneration of Purkinje cells (reduced
calbindin1 expression and increased fluorescence of Pur-
kinje cells in FJC stained sections), vacuolization of the
Purkinje cell layer (histopathology), gliosis (increased
GFAP and IBA1 staining), and, at later stages, marked
demyelination of white matter, severe edema and lepto-
meningeal leukocyte infiltration.
Several studies have demonstrated that excess poly-

amine levels are neurotoxic [6, 48], and that direct intra-
cerebral infusion of spermine can provoke an innate
immune response [49]. Studies showing increased

Fig. 9 Smox/Sat1-dKO mice develop severe demyelination and neuronal injury. a LFB staining reveals the presence of demyelinating injury in the
deep cerebellar nuclei of Smox/Sat1-dKO mice at 8 weeks of age and severe white matter demyelination and leptomeningeal leukocytic infiltration in
the cerebellum of 14+-week-old Smox/Sat1-dKO mice. b Northern and western blot analyses of cerebellar RNA (top two panels) and protein extracts
(bottom two panels) revealed a decrease in the expression of MBP mRNA (top panel) and protein (third panel from the top) levels in the cerebellum
of Smox/Sat1-dKO mice. Northern blots contained 25 μg/lane of RNA and western blots contained 50 μg/lane of protein. Results are representative of
3 independent experiments. c Transmission electron microscopic analysis of cerebellar myelin sheaths revealed the onset of progressive age-
dependent damage (increased translucency and disorganization of the myelin lamellae) in Smox/Sat1-dKO mice. Results are representative of TEM
images obtained from multiple samples; n = 3/genotype/time point. d Severely ataxic mice develop profuse leptomeningeal lymphocyte infiltrates
rich in CD4+ and CD8+ cells
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expression of SAT1 and SMOX in rats subjected to trau-
matic brain injury [45], as well as those using SMOX
over-expressing transgenic mice, JoSSMOrec and Dach-
SMOX, support the maladaptive role of enhanced poly-
amine catabolism in the mediation of brain injury and
the regulation of brain function [50–52]. Using different
SMOX over-expressing transgenic mice and various
excitotoxicity models, it was demonstrated that elevated
SMOX levels and the resultant disturbance of polyamine
levels increase the severity of seizures caused by kainic
acid and pentylentetrazole [50–52]. Of great interest in
these models are the induction of oxidative stress (e.g.,
increased generation H2O2 and 3-aminopropanal as a re-
sult of spermine oxidation), alterations in spermine to
spermidine ratios, increased activity of the cystine/glu-
tamate antiporter (System xc

−), and consequent glutam-
ate excitotoxicity. Unlike the Smox/Sat1-dKO model

described in the current manuscript, the root cause of
injury in JoSSMOrec and Dach-SMOX mice may lie in
generation of oxidative stressors, which in concert with
other alterations (e.g., increased activity of cystine/glu-
tamate antiporter, System xc

−) may render the SMOX
over-expressing mice more prone to seizures [51, 52].
Derangements in polyamine homeostasis are also associ-
ated with neurological maladies [53, 54], where for ex-
ample, mutations in spermine synthase and the ensuing
changes in polyamine levels are the cause of Snyder-
Robinson Syndrome [54]. Similarly, a mutation in the
ODC1 gene, that leads to the production of a stable form
of the protein, also causes severe changes such as macro-
somia, macrocephaly, developmental delay, alopecia, spas-
ticity, hypotonia, cutaneous vascular malformation,
delayed visual maturation, and sensorineural hearing loss
[55]. Polyamines also play key roles in modulating the

Fig. 10 Increased TGM2 activity contributes to the onset and severity of ataxia in Smox/Sat1-dKO mice. a Activity of TGM2 was compared in Wt,
Wt + Cys, Smox/Sat1-dKO and Smox/Sat1-dKO + Cys mice (n = 3/genotype, samples were assayed in triplicate, t = 3/sample). The TGM2 activity
was significantly higher in both Smox/Sat1-dKO and Smox/Sat1-dKO + Cys compared to Wt mice (p = 8.15 × 10−6 and p = 0.00017 respectively).
The Cys-treated Smox/Sat1-dKO mice also had significantly lower cerebellar TGM2 activity compared to untreated Smox/Sat1-dKO mice (p =
0.000044). Each unit of TGM2 activity is defined as “the amount of TGM2 that catalyzes the formation of μmole of hydroxyamate per minute from
z-Gln-Gly-OH and hydroxylamine at pH 6.0 at 37 °C.” b Comparison of CAS of Wt, Wt + Cys, Smox/Sat1-dKO, and Smox/Sat1-dKO + Cys (n = 6/
genotype). The CAS of Cys-treated Smox/Sat1-dKO mice in weeks 12 (p = 0.0029), 14 (p = 0.0304), and 16 (p = 0.0262) were significantly improved
compared to untreated Smox/Sat1-dKO mice. c Comparison of rotarod latency of fall in Wt, Wt + Cys, Smox/Sat1-dKO, and Smox/Sat1-dKO + Cys
mice (n = 6/genotype). The inhibition of TGM activity significantly improved the rotorod performance of Smox/Sat1-dKO mice in weeks 10 (p =
0.0119), 12 (p = 0.000022), 14 (p = 0.0015), and 16 (p = 0.002) compared to age-matched untreated Smox/Sat1-dKO mice. (*) Denotes p < 0.05,
(**) denotes p < 0.01 for comparisons between Wt, Wt + Cys, Smox/Sat1-dKO, and Wt. (+) Denotes p < 0.05 and (++) denotes p < 0.01 for
comparison between Wt and Smox/Sat1-dKO + Cys mice. (#) Denotes p < 0.05 for comparisons between Smox/Sat1-dKO and Smox/Sat1-dKO +
Cys mice
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activity of glutamate receptors, for example in mouse
models of alcohol withdrawal neurotoxicity [1, 5, 6, 36].
Toxicity of polyamines in cultured cerebellar granule neu-
rons has also been demonstrated [48], and studies have
shown that spermidine as well as spermidine/spermine
balance play important roles in the regulation of macro-
phage polarization and neurological health, respectively
[56–58]. Reduced spermidine levels and deficiencies in the
hypusination of eIF5A also provoke macrophage activa-
tion [58]. Finally, spermidine also has anti-inflammatory
and antioxidant functions, enhances mitochondrial meta-
bolic function and respiration, and improves proteostasis
and chaperone activity [57], hence reduced spermidine
levels may be maladaptive. Collectively, the above studies
reveal the importance of maintaining balance in

polyamine metabolism and polyamine levels to preserve
the integrity of both brain and cerebellar structure and
function. Studies by Jain et. al. 2018, showing that the
downregulation of polyamine catabolism leads to airway
injury, further support the important role of polyamine ca-
tabolism in the maintenance of tissue integrity [59]. Here,
our analyses revealed increased spermine and reduced
spermidine levels in the cerebrum and cerebellum of
Smox-KO and Smox/Sat1-dKO versus Wt mice. The com-
parable polyamine levels in affected (Smox/Sat1-dKO) and
unaffected (Smox-KO) mice, as well as affected (cerebel-
lum) and unaffected (cerebrum) areas of the brain led us
to conclude that the alterations in polyamine levels con-
tribute to, but are themselves not sufficient, to provoke
cerebellar neurotoxicity in Smox/Sat1-dKO mice.

Fig. 11 TGM inhibition reduces the cerebellar in Smox/Sat1-dKO mice. a, b Microscopic examination of cerebellar histopathology and demyelination
in comparable sections obtained from Wt, Wt + Cys, Smox/Sat1-dKO, and Smox/Sat1-dKO + Cys mice at 16 weeks of age. Black arrows in A point out
the areas of Purkinje cell damage and white matter demyelination. Black arrows in B point to the areas of white matter demyelination. c FJC staining
of Wt, Wt + Cys, Smox/Sat1-dKO, and Smox/Sat1-dKO + Cys mice. White arrows point to degenerating Purkinje cells. d Western blot analysis of
proteins associated with cerebellar injury in Wt, Wt + Cys, Smox/Sat1-dKO, and Smox/Sat1-dKO + Cys mice (results are representative of 3 independent
experiments). Western blots contained 50 μg/lane of protein
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Expression and immunohistochemical analyses con-
firmed deleterious effects of the Smox/Sat1 deficiency on
Purkinje cells, and provided insights into the mecha-
nisms of cerebellar neurotoxicity in Smox/Sat1-dKO
mice. Specifically, the ataxia observed in Smox/Sat1-defi-
cient mice appears to initiate with Purkinje cell damage,
as evidenced by the reduced expression of genes associ-
ated with the viability and function of these neurons, to-
gether with attendant gliosis as evidenced by increases
in the expression of genes implicated in neurodegenera-
tive M1 microglia and A1 astrocyte polarization [60, 61].
Further, Smox/Sat1-dKO Purkinje cells displayed
marked increases in the expression of Tgm2, which has
established roles in neurodegeneration [30, 31]. Collect-
ively, these findings suggest the ataxia observed in
Smox/Sat1-dKO mice is initiated as a result of Purkinje
cell damage and gliosis (neurodegenerative M1 microglia
and A1 astrocyte activation), which is later exacerbated
by white matter demyelination and the onset of a react-
ive immune/inflammatory response (e.g., CD4+ and
CD8+ T cell leptomeningeal infiltrates). The severe dam-
age to Purkinje cells points to the exquisite sensitivity of
these cells to the disruption in polyamine metabolism,
and to the ensuing sequelae that lead to their destruc-
tion in Smox/Sat1-dKO mice. This selectivity may be ex-
plained in part by the high constitutive expression levels
of Sat1 and Smox transcripts in the Purkinje cells of the
cerebellum, as indicated by expression analyses of mouse
brain in the Allen Brain Atlas (“http://mouse.brain-map.
org/experiment/show/67881784" and "https://mouse.
brain-map.org/gene/show/19992,” Supplemental Fig. 7)
The deficiency of SMOX and SAT1 in cells that are the
major site of their expression in the cerebellum, in con-
cert with increased α-Synuclein and TGM2 expression,
as well as enhanced spermine accumulation, suggests
that these alterations act in concert to provoke Purkinje
cell damage and ataxia in Smox/Sat1-dKO mice.
The expression and activity of TGMs is elevated in the

central nervous system and cerebral spinal fluid of Hun-
tington’s and Parkinson’s disease patients, as well as in
the cells of Snyder-Robinson syndrome patients [54, 62,
63]. TGM1 expression is closely associated with tauopa-
thies and corpora amylacea formation in damaged, de-
generating neurons [27–29]. Although the expression of
Tgm1 mRNA increases in the cerebellum of Smox/Sat1-
dKO mice, the transcript content is lower than that of
Tgm2 (Fig. 7d). The significantly reduced expression
levels of Tgm1 compared to Tgm2 mRNA in the cerebel-
lum and cerebrum of Smox/Sat1-dKO mice suggest that
TGM2 plays a more dominant role in the cerebellar in-
jury in these animals. TGM2 has maladaptive roles in
neurodegenerative diseases such as Parkinson’s disease,
multiple sclerosis (MS), amyotrophic lateral sclerosis,
and Huntington’s disease [40–42, 62, 63], and mediates

the polyamination of proteins associated with neurode-
generative diseases (e.g., Tauopathies and Huntington's
disease) [32, 64, 65]. Further, TGM-mediated polyamina-
tion of Phospholipase A2, a mediator of neuroinflamma-
tion, increases its activity by 3-fold [66], and its
polyamination of tubulin regulates neuronal plasticity
[7]. Finally, the ablation of the Tgm2 gene or inhibition
of TGM activity reduces the extent of tissue damage in
stroke, MS, and Huntington’s disease [39–41]. Our find-
ings support a model where the elevated levels of sperm-
ine and increased polyamination of target proteins such
as α-Synuclein by TGM2 in Smox/Sat1-dKO Purkinje
cells drive the development and progression of ataxia.
α-Synuclein is a pre-synaptic protein involved in the

regulation of exocytotic vesicles [33, 67], and its expres-
sion increases in response to brain injury [68]. Further,
α-synuclein oligomerization is important in the patho-
genesis of synucleinopathies [69, 70], where it forms
neurotoxic oligomers [70–73] that accumulate in and
damage Purkinje cells [74–76]. When released into the
extracellular space, α-Synuclein oligomers are potent in-
ducers of neuroinflammatory M1 microglia and A1
astrocyte polarization [77, 78]. The expression and ag-
gregation of α-Synuclein increases in the cerebellum of
Smox/Sat1-dKO mice and correlates with the onset of
microgliosis and astrocytosis (Fig. 7c). TGMs, in particu-
lar TGM2, are known to facilitate the crosslinking and
oligomerization of α-Synuclein [63] and polyamines to
enhance the oligomerization of α-Synuclein [36–38].
Since inhibition of TGMs in Smox/Sat1-dKO mice pre-
vents cerebellar injury and ataxia, our findings suggest
that an aberrant spermine-TGM2-α-Synuclein-neuroin-
flammatory circuit is sufficient to provoke Purkinje cell
damage, gliosis, and white matter demyelination in
Smox/Sat1-dKO mice, and that this circuit may play an
important role in other forms of neurodegeneration.
Purkinje cell damage and gliosis in our model precedes

the cerebellar white matter demyelination and the induc-
tion of leptomeningeal lymphocyte infiltration that is
only observed in severely ataxic animals. This sequence
of events lends support to the “inside-out” model of
pathogenesis in certain neurodegenerative diseases, in-
cluding the primary progressive form of MS and leuko-
dystrophies, in which the inflammatory/immune
response is a reaction to the initial injury that further ag-
gravates the extent of tissue damage [79].
These studies examine the changes and factors that

lead to severe cerebellar injury in Smox/Sat1-dKO mice;
however, the initial alterations that drive the observed
neurodegenerative changes need to be elucidated. The
combined inactivation of Smox and Sat1 genes and the
attendant derangements in polyamine levels and their
catabolic pathways can cause structural and metabolic
changes (e.g., DNA and histone modifications, protein

Zahedi et al. Journal of Neuroinflammation          (2020) 17:301 Page 18 of 21

http://mouse.brain-map.org/experiment/show/67881784
http://mouse.brain-map.org/experiment/show/67881784
https://mouse.brain-map.org/gene/show/19992
https://mouse.brain-map.org/gene/show/19992


methylation, and fat metabolism) in Smox/Sat1-dKO
mice that may be responsible for the onset of tissue in-
jury. Deactivation of Sat1 for example leads to elevated
acetyl coenzyme A (acetyl-CoA) levels [13], which can
alter fatty acid and steroid synthesis as well as affect pro-
tein acetylation (e.g., histones) and gene regulation. Ele-
vated spermine accompanied by a significant decrease in
spermidine levels may indicate increased decarboxy S-ade-
nosyl methionine (dcAdoMet) usage in Smox-KO and
Smox/Sat1-dKO mice. The increased need for dcAdoMet
may create a shortfall in the tissue content of its precur-
sor, S-adenosyl methionine (AdoMet). The potential re-
duction in AdoMet levels can alter the methylation of
DNA and proteins including histones. The latter changes
were proven to be critical in gene regulation and in the
pathogenesis of many neurodegenerative diseases [80–82].
Whether or not the spermine synthesis can lead to signifi-
cant enough changes in dcAdoMet utilization and Ado-
Met levels as to differentially affect the methylation
reactions in Smox/Sat1-dKO vs. Smox-KO mice in is not
clear and needs to be examined. Polyamines are also im-
portant determinants of DNA and chromatin structure
[83–85]. Elevated free spermine levels, as seen in 14+-
week-old Smox/Sat1-dKO mice may contribute to the ac-
tivation of peptidylargenine deaminases and lead to his-
tone citrullination, which reduces the positive charge of
histones, modifies their structure, and alters their interac-
tions with DNA thereby affecting gene regulation [86].
Similarly, significantly higher spermine levels or increased
polyamine nuclear aggregate formation, which can arise
from increases in putrescine and spermine, can lead to
changes in DNA conformation from B to Z [83–85] and
profoundly affect gene expression [87]. The simultaneous
and combined effects of the alterations listed above may
be the initiating factors for the development of severe
cerebellar injury in Smox/Sat1-dKO mice. The individual
and concerted role of the aforementioned derangements
in the induction of neurodegenerative changes in Smox/
Sat1-dKO is important to our understanding the physio-
logical significance of polyamine catabolic pathways and
needs to be elucidated.
Smox/Sat1-dKO mice develop an age-dependent, pro-

gressive ataxia and corresponding extensive cerebellar
neurodegeneration, with no evidence of damage to other
components of the central nervous system or organs
such as kidney, liver, and lung. However, the relatively
short life span of the Smox/Sat1-deficient mice precludes
a long-term examination of the potential adverse effects
of deficits in polyamine catabolism on the function and
structure of the cerebrum and other organs. Accord-
ingly, studies of models with tissue-specific disruption of
polyamine catabolism are clearly warranted to better
understand its role in maintaining the structural and
functional integrity of other organs.

Conclusions
Based on our results, we propose that prolonged deficits
in polyamine catabolism, increased TGM2 activity, and
enhanced α-Synuclein expression, polyamination, and
aggregation result in the activation of a circuit that leads
to cerebellar injury and ataxia in Smox/Sat1-dKO mice.
The data presented here suggest the presence of a close
interplay between polyamine catabolism, polyamine
levels and TGM-mediated protein polyamination in neu-
rodegenerative conditions.
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