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Abstract 

Background:  Spinocerebellar ataxia 38 (SCA38) is a rare autosomal neurological disorder characterized by ataxia and 
cerebellar atrophy. SCA38 is caused by mutations of ELOVL5 gene. ELOVL5 gene encodes a protein, which elongates 
long chain polyunsaturated fatty acids (PUFAs). Knockout mice lacking Elovl5 recapitulate SCA38 symptoms, including 
motor coordination impairment and disruption of cerebellar architecture. We asked whether, in Elovl5 knockout mice 
(Elovl5−/−), a diet with both ω3 and ω6 PUFAs downstream Elovl5 can prevent the development of SCA38 symptoms, 
and at which age such treatment is more effective. Elovl5−/− mice were fed either with a diet without or containing 
PUFAs downstream the Elovl5 enzyme, starting at different ages. Motor behavior was assessed by the balance beam 
test and cerebellar structure by morphometric analysis.

Results:  The administration from birth of the diet containing PUFAs downstream Elovl5 led to a significant amelio-
ration of the motor performance in the beam test of Elovl5−/− mice, with a reduction of foot slip errors at 6 months 
from 2.2 ± 0.3 to 1.3 ± 0.2 and at 8 months from 3.1 ± 0.5 to 1.9 ± 0.3. On the contrary, administration at 1 month 
of age or later had no effect on the motor impairment. The cerebellar Purkinje cell layer and the white matter area of 
Elovl5−/ −mice were not rescued even by the administration of diet from birth, suggesting that the improvement of 
motor performance in the beam test was due to a functional recovery of the cerebellar circuitry.

Conclusions:  These results suggest that the dietary intervention in SCA38, whenever possible, should be started 
from birth or as early as possible.
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Introduction
ELOVL5 (ELOngase of Very Long-chain fatty acids 5) 
encodes for an enzyme necessary to synthetize ω3 and ω6 
very long polyunsaturated fatty acids (PUFAs), including 
arachidonic acid (ARA, C20:4, ω6) and docosahexaenoic 
acid (DHA, C22,6, ω3) [1]. Compelling evidence indicates 
an important role of PUFAs in brain signaling, rang-
ing from membrane excitability to synaptic properties 

regulation. The brain contains high levels of PUFAs, that 
modulate membrane signaling dynamics, synaptogenesis 
[2, 3], synaptic transmission [4, 5], synaptic plasticity [6] 
and neuronal excitability [7, 8].

ELOVL5 belongs to a family of multi-pass transmem-
brane proteins (ELOVL1-7) linked with various nervous 
system diseases [9–20]. Missense mutations of ELOVL5 
cause the spinocerebellar ataxia type 38 (SCA38), a 
recently discovered rare form of ataxia characterized by 
ataxia, hyposmia, peripheral neuropathy and cerebellar 
atrophy [1, 21]. SCA38 is progressive and debilitating, 
as in three decades from the diagnosis, patients become 
unable to feed themselves and to walk [1].
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Elovl5 knockout (Elovl5−/−) mice recapitulate the 
main features of SCA38 [22]. Moreover, we recently 
demonstrated that Elovl5 is highly expressed in the 
adult mice central nervous system and that, in the 
peripheral nervous system, its loss leads to dysfunc-
tional action potential propagation and disrupted 
lipidic profile [23, 24]. More specifically, in patients 
with SCA38 and in Elovl5−/− mice, both ω3 and ω6 
PUFAs with more than 18 carbon atoms are reduced 
in all types of phospholipids, including phosphatidyl-
cholines, phosphatidylethanolamines, phosphatidyl-
serines, phosphatidylinositols, phosphatidic acids, 
sphingomyelins, ceramides, sulfatides, plasmalogens 
[24].

A few clinical trials on SCA38 patients have shown 
that the administration of DHA alone, which is the 
most abundant ω3 PUFA in the brain and can function 
as a precursor of other ω3 PUFAs, is sufficient to par-
tially ameliorate ataxic symptoms [25, 26]. However, 
the effect of a more balanced and complete dietary 
supplementation, containing both ω3 and ω6 PUFAs 
downstream of Elovl5, is currently unknown. The aim 
of the present research was to test, in Elovl5−/− mice, 
the extent of the beneficial effects, on motor perfor-
mance in the balance beam test, of a diet with both ω3 
and ω6 long chain PUFAs, which constitutes a com-
plete supply of products downstream Elovl5.

Results
Progression of motor impairment of Elovl5−/− mice fed 
with PUFA precursors only diet
A deficit in the balance beam test was already present 
at the age of 1 month for Elovl5−/− mice, as shown by 
a higher number of paw placement errors compared to 
wild type littermates (Fig.  1). The difference of motor 
performance in such test between genotypes remained 
statistically significant throughout the ages analyzed 
(P < 0.0001, Two-way ANOVA; n = 38 wild type mice: 
0.24 ± 0.04; n = 38 Elovl5−/− mice: 0.86 ± 0.11) (Fig.  1). 
Elovl5−/− mice showed a progressive increase of foot 
slip errors with age, in agreement with the worsening of 
Elovl5−/− mice motor performance reported by Hoxha 
et al. [22].

Effects of the administration of a complete PUFA diet 
since birth on Elovl5−/−

Wild type and Elovl5−/− mice born from dams that 
received a complete PUFA diet, also containing long 
chain PUFAs, were evaluated on the balance beam test.

In wild type mice, the administration of a complete 
PUFA diet reduced the number of foot slips at 1 (P < 0.05, 
Unpaired Student’s t-test t(53) = 2.02; Fig. 2A and B) and 
6 months (P < 0.01, Unpaired Student’s t-test t(34) = 3.29; 
Fig. 2D), while at 8 months there was no significant dif-
ference (P = 0.05, Unpaired Student’s t-test; Fig. 2F). With 
2-way repeated measures ANOVA analysis, there was no 
significant effect of diet (P > 0.05; F(1,46) = 0.96) while 

Fig. 1    Progression of motor impairment in Elovl5−/− mice administered with a PUFA precursors diet. Bar graphs showing the number of errors 
at different ages (from 1 to 10th month of age) for wild type and Elovl5−/− mice. Elovl5−/− mice undergo a great worsening of motor coordination 
across months, while wild type mice, after the first month of age, show an almost unchanged mean number of errors with age (****P < 0.0001, 
Two-way ANOVA; n = 23 wild type mice, n = 18 Elovl5−/− mice). Values are mean ± S.E.M
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the effect of time was significant [P < 0.001; F=(1.61, 
60.25) = 10.71].

In Elovl5−/− mice, at 1 month the complete PUFA 
diet did not significantly change the number of foot 
slips (P > 0.05, Unpaired Student’s t-test; Fig.  2C). How-
ever, at 6 and 8 months, Elovl5−/− mice with a complete 
PUFA diet showed a significantly better performance 
at the beam test compared to Elovl5−/− mice kept with 
PUFA precursors only (for 6 months old mice: P < 0.05, 
Unpaired Student’s t-test t(37) = 2.37, Fig. 2E; for 8 months 
old mice: P < 0.05, Unpaired Student’s t-test t(36) = 2.03). 
With 2-way repeated measures ANOVA analysis, there 
a significant effect of both diet (P < 0.01; F(1,41) = 10.72) 
and time (P < 0.0001; F=(1.73, 59.51) = 14.13).

Effects of the administration of a complete PUFA diet 
at later ages on Elovl5−/− mice
The administration to wild type mice of a complete PUFA 
diet starting at 1 month of age significantly reduced the 
number of foot slips compared to wild type mice fed with 
PUFA precursors only (for 6 months old mice: P < 0.01, 
Unpaired Student’s t-test t(37) = 3.18, Fig.  3A and B; for 
8 months old mice: P < 0.01, Unpaired Student’s t-test 
t(30) = 3.52), Fig. 3D). In contrast, the complete PUFA diet 
starting at 1 month of age, failed to improve the beam test 
motor performance of Elovl5−/− mice (P > 0.05, Unpaired 
Student’s t-test; Fig.  3C and E), although at 8 months 
there was a trend to perform fewer errors than Elovl5−/− 
mice with PUFA precursors only (Fig.  3E). However, it 
should be noticed that PUFA precursors Elovl5−/− mice 
have a tendency to worsen their performance from 6 to 
8 months, while, in the same period, Elovl5−/− mice with 
complete PUFAs since 1 month retained the same perfor-
mance level, without worsening.

In order to understand whether a later start of the 
complete PUFA diet could provide a benefit, similar to 
a therapy started after diagnosis of SCA38 in an adult 
individual, in a separate group we administered the com-
plete PUFA diet since 10 months of age and continued 
for two months. With this protocol, neither wild type 
nor Elovl5−/− mice showed an improvement relative to 
the respective controls receiving PUFA precursors only 
(P > 0.05, Unpaired Student’s t-test; Fig. 4A, B and C).

Effects of the complete PUFA diet on Elovl5−/− cerebellar 
morphological parameters
In a previous report [22] we showed that Elovl5−/− cer-
ebellar cortex has a shorter length of the PC layer and 
a reduced section area of the cerebellar white mat-
ter. Therefore, in 12 months old mice, we studied the 
effects of the complete PUFA diet administered either 
since birth or since 1 month of age on these morpho-
logical parameters. The complete PUFA diet failed to 
affect these parameters in either wild type or Elovl5−/− 
mice. Thus, in Elovl5−/− the complete PUFA diet, even 
since birth, failed to increase either the PC layer length 
(Elovl5−/− mice: PUFA precursors diet, n = 8 mice, 
20.11 ± 0.55  mm; complete PUFAs since birth, n = 8 
mice, 19.86 ± 0.30 mm, complete PUFAs since 1 month: 
n = 11 mice, 20.17 ± 0.22  mm; P > 0.05 for all compari-
sons, Unpaired Student’s t-test) or the white matter 
area (Elovl5−/− mice: PUFA precursors diet, n = 8 mice, 
0.12 ± 0.003 mm2; complete PUFAs since birth, n = 8 
mice, 0.12 ± 0.003 mm2; complete PUFAs since 1 month, 
n = 11 mice, 0.11 ± 0.004 mm2; P > 0.05 for all compari-
sons, Unpaired Student’s t-test).

Discussion
In this work, we assessed the effects of a complete PUFA 
diet, containing both ω3 and ω6 downstream products of 
Elovl5, on motor performance and on cerebellar architec-
ture in SCA38 murine model (Elovl5-/- mice). We show 
that the introduction of the complete PUFA diet at birth 
is more effective than a later administration in ameliorat-
ing the motor performance in the beam test of Elovl5-/- 
mice. The improvement of the motor performance is not 
paralleled by changes of cerebellar PC layer length and 
white matter area.

Most hereditary ataxias still lack a specific cure able 
to revert the progressive worsening of motor functions. 
Because of this almost complete lack of clinically rel-
evant treatments, several studies have been conducted 
in animal models of specific types of SCA [27]. In SCA1 
Hourez et  al. [28] found increased A-type voltage-
dependent potassium current, which could be blocked 
by aminopyridines, improving the motor performance, 
and partially protecting against cell atrophy. Notarto-
maso et  al. [29] showed that, in a SCA1 model mouse, 

Fig. 2    Administration of a complete PUFA diet since birth on Elovl5−/− mice slows down motor impairment. A Scheme of diet administration: 
one group composed of Elovl5−/− (n = 18) and wild type mice (n = 17) received a diet providing them with both Elovl5 substrates and downstream 
products from birth (complete PUFA diet), while the other group of Elovl5−/− (n = 38) and wild type mice (n = 38) received only PUFA precursors 
from birth (PUFA precursors only). B, C Bar graphs showing errors committed traversing the experimental apparatus at 1 month of age for wild 
type and Elovl5−/−mice who received the two different diets (for wild type mice: *P < 0.05; for Elovl5−/−mice P > 0.05, Unpaired Student’s t-test). D, 
E Motor performances at 6 months of age for Elovl5−/−mice and wild type littermates receiving the two different diets from birth (for wild type 
mice: **P < 0.01; for Elovl5−/−mice *P < 0.05, Unpaired Student’s t-test). F, G Motor performances at 8 months of age for Elovl5−/− mice and control 
littermates compared to genotype matched PUFA precursors mice (P < 0.05, Unpaired Student’s t-test). Values are mean ± S.E.M

(See figure on next page.)
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Fig. 2  (See legend on previous page.)
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the metabotropic glutamate receptor 1 (mGlu1) receptor 
is reduced in the cerebellum, and that ataxic symptoms 
could be reverted by administration of a mGlu1 recep-
tor positive allosteric modulator. On the same line, Shu-
vaev et al. [30] administered baclofen to enhance mGlu1 
receptor function and this treatment improved the motor 
performance of SCA1 model mice. In contrast, in SCA2 
model mice, the mGlu1 receptor signaling pathway is 
enhanced, leading to Purkinje cell degeneration [31]. 
Inhibition of the mGlu1 receptor-signaling pathway by 
dantrolene restored the normal functional level of this 
pathway and improved motor symptoms [31].

Recently, a few attempts of pharmacological treat-
ments have been performed in patients of mixed groups 
of dominant and recessive ataxias, showing some weak 
and short-lasting benefit with riluzole and thyrotropin 
releasing hormone [32]. In patients with SCA3, valp-
roic acid showed some effect, which needs to be further 
evaluated [33]. Clinical trials utilizing repetitive transcra-
nial cerebellar magnetic stimulation (rTMS) or anodal 
transcranial direct current stimulation (tDCS) showed 
improvements of symptoms in patients with different 
types of ataxia, but more studies are needed before these 
protocols can be broadly applied in clinical settings [34]. 
Of great impact in the ataxia field research is the clinical 
trial performed in symptomatic SCA38 patients where 
the diet supplementation of DHA, one of the PUFAs 
downstream Elovl5, was sufficient to ameliorate and sta-
bilize clinical symptoms [25, 26].

There is a limited number of chronic progressive 
ataxias that, like SCA38, can be ameliorated by die-
tary administration of compounds which are deficient 
in patients [35]. Like SCA38, in which a loss of func-
tion of an enzyme brings about a reduction of down-
stream products [24], ataxia with vitamin E deficiency 
(AVED) is caused by mutation of alpha tocopherol 
transfer protein gene [36], with the consequence that 
vitamin E cannot be incorporated in very low density 
apolipoproteins [37]. AVED can be treated by Vitamin 
E supplementation [38, 39]. Such therapy is currently 
administered to patients with AVED and proved to 
be effective in slowing down or stopping the progres-
sion of ataxic symptoms in the majority of patients. A 
similar approach was used also in Cerebrotendinous 

xanthomatosis (CTX), a lipid storage disorder, caused 
by mutations of the mitochondrial sterol 27-hydroxy-
lase enzyme [40]. The CTX patients have a reduced 
amount of hepatic-bile acids (cholic and chenodeoxy-
cholic acid). The simple oral supplementation of cheno-
deoxycholic acid can ameliorate the symptoms of CTX 
patients [41]. Another type of treatable disease char-
acterized by ataxia is Abetalipoproteinemia, which is 
caused by the mutation of the microsomal triglyceride 
transfer protein (MTTP). The mutation of MTTP leads 
to low levels of plasma apolipoprotein B containing 
lipoproteins, causing a poor absorption of fat-soluble 
vitamins like vitamin E and A. Treatment with vitamin 
E and A, and a low-fat diet are reported to slow the 
neurological signs in this disease [42].

The motor deficit of Elovl5−/− mice was significantly 
improved by the introduction of the downstream prod-
ucts of Elovl5 in early phases of the disease suggesting 
being more beneficial in pre-symptomatic stage. This 
earlier intervention was able to significantly slow down 
the progression of ataxia. In a similar way as reported 
here, early administration of the treatment in young 
AVED, CTX and Abetalipoproteinemia patients, was 
more effective in improving neurological symptoms [35, 
39, 41]. These clinical trials have highlighted the manda-
tory necessity to start the treatment as early as possible 
to obtain the amelioration of the neurological symptoms.

Our results show that the complete PUFA diet has also 
a positive impact on the motor performance of wild type 
mice, suggesting that the effect of PUFA is not restricted 
to pathological conditions. Indeed, it is widely known 
that the supplementation of PUFAs is beneficial for the 
development and function of the central nervous system 
[42].

The motor improvement induced by the complete diet 
in Elovl5-/- mice is not paralleled by an amelioration of 
the cerebellar atrophy, as measured by PC layer length 
and white matter area. This result suggests that the com-
plete diet induces a functional recovery of cerebellar cir-
cuitry while a morphological amelioration is not present 
for the parameters measured. This is consistent with the 
increased cerebellar metabolism observed in SCA38 
patients supplemented with DHA [25, 26]. However, fur-
ther experiments are needed to support this hypothesis.

(See figure on next page.)
Fig. 3    Administration of a complete PUFA diet from 1 month of age in Elovl5−/− and wild type mice. A Scheme of diet administration: one group 
composed of Elovl5−/− (n = 20) and wild type mice (n = 19) received a diet providing them with both Elovl5 substrates and downstream products 
from 1 month of age (complete PUFA diet), while the other group of Elovl5−/− (n = 18) and wild type mice (n = 20) received PUFA precursors only 
from birth (PUFA precursors only). B, C Bar graphs showing errors committed at 6 months of age when traversing the experimental apparatus for 
wild type and Elovl5−/−mice who received the complete diet since 1 month of age compared to the group receiving the precursor diet only (for 
wild type mice: **P < 0.01, Unpaired Student’s t-test; for Elovl5−/−mice P > 0.05, Unpaired Student’s t-test). D, E Bar graphs showing errors committed 
at 8 months of age when traversing the experimental apparatus by wild type and Elovl5−/− mice receiving the two different diets (for wild type 
mice: **P < 0.01, Unpaired Student’s t-test; for Elovl5−/−mice P = 0.07, Unpaired Student’s t-test). Values are mean ± S.E.M
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Fig. 3  (See legend on previous page.)
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Conclusions
In conclusion, our results suggest that the intervention 
with a complete diet containing both ω3 and ω6 Elovl5 
downstream products, when administered in the initial 
phase of SCA38 is the most effective approach to slow 

down the progression of the disease and highlights the 
need for an earlier diagnosis of SCA38. Moreover, for 
female patients diagnosed with SCA38, is it advisable to 
start diet supplementation with ELOVL5 downstream 
PUFAs already during pregnancy.

Fig. 4    Administration of a complete PUFA diet on Elovl5−/− mice in late adulthood does not ameliorate motor deficits. A Schematic representation 
of the experimental design. One group composed of 10 months old Elovl5−/− (n = 8) and wild type mice (n = 16) received the complete PUFA diet 
since 10 months of age and the motor performance was checked after two months of administration. B, C Mean number of errors committed 
traversing the experimental apparatus for both wild type and Elovl5−/− mice at 10 (white bars) and 12 months (grey bars). As shown, the complete 
diet administered in late adulthood fails to rescue motor coordination impairment of Elovl5−/− mice (for both wild type and Elovl5−/− mice: P > 0.05, 
Unpaired Student’s t-test). Values are mean ± S.E.M
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Materials and methods
Animals
All experimental procedures have been authorized by 
the Italian Ministry of Health (authorization number: 
161/2016-PR). Elovl5 knockout (Elovl5−/−) mice have 
been kindly provided by Dr. Moon and Dr. Horton of 
the UT Southwestern Medical Center and bred in our 
Animal Facility at NICO. Elovl5−/− and wild type mice 
(C57Bl6 background) were used for all the experimental 
paradigms, while heterozygous mice were only used as 
breeders. Data from female and male mice were pooled 
together because they showed no significant difference.

Mice experimental groups
To assess the effect of a PUFA rich diet in our pathologi-
cal model we divided mice in three groups based on the 
different time for diet administered.

The first group, “PUFA precursors diet”, was composed 
of mice born from dams kept on a natural diet without 
animal derivatives, containing essential PUFAs like lin-
oleic and α-linolenic acids, but excluding the presence 
of ω3 and ω6 PUFAs downstream Elovl5, such as DHA, 
eicosapentaenoic acid (EPA) and ARA (Teklad Global 
18% Protein Rodent Diet, Harlan Laboratories) (Table 1). 
The dams received the natural diet from the moment of 
mating and throughout pregnancy and lactation. The 
offspring continued to be fed throughout life with the 
“PUFA precursors diet”.

The second group of mice was born from dams receiv-
ing a complete PUFA diet, containing precursors and 
downstream products of Elovl5, (Standard rodent diet 
4RF25, Mucedola Srl) (Table  1), from the moment of 

mating and throughout pregnancy and lactation. The off-
spring continued to be fed throughout life with the com-
plete diet.

The third group of mice was born from dams receiv-
ing the natural diet with PUFA precursors only from the 
moment of mating and throughout pregnancy and lac-
tation. The offspring was divided in two subgroups and 
were switched to a complete PUFA diet at different ages. 
One subgroup was switched at 1 month, while another 
subgroup at 10 months of age. Each group included both 
Elovl5−/− and wild type littermates, equally representing 
both sexes.

Balance beam test
To check the effect of complete PUFA diet on motor 
performance we performed balance beam test at 1, 6, 8 
months of age in Elovl5−/− and wild type mice. The beam 
test was performed as previously described [44]. Briefly, 
we used a metal beam 1 cm wide, and 100 cm long sus-
pended 12  cm above the bench. The mice had to cross 
the beam to reach a cage enriched with toys. To allow the 
mice to familiarize with the experimental apparatus, thus 
reducing the stress due to an unknown procedure, the 
experiment was preceded by 3 days of acclimation. On 
the day of the test, the animals were placed to acclimate 
in the behavioral room at least 15 min before the experi-
ment. Both Elovl5−/− and wild type mice were tested 
individually, and each animal was encouraged to traverse 
the beam at least three times. The test was repeated for 
three consecutive days. The test was recorded using a 
video camera and analyzed offline by an operator blind 

Table 1  Fatty acids content of PUFA only and complete diets

Data are expressed as ng/mg (mean ± standard error)

Fatty acid PUFA precursors diet
(Teklad Global 18% Protein Rodent Diet, Harlan 
Laboratories)

Complete PUFA diet
(4RF25, Mucedola Srl)

Linoleic acid C18:2n-6 2227.234 ± 48.492 1542.747 ± 183.529

Gamma-Linolenic acid C18:3n-6 325.807 ± 11.766 302.807 ± 25.603

Arachidonic acid C20:4n-6 0.254 ± 0.031 9.901 ± 0.365

Eicosapentaenoic acid C20:5n-3 0.190 ± 0.034 28.677 ± 1.564

Docosahexaenoic acid C22:6n-3 0.096 ± 0.027 125.449 ± 1.686

Oleic acid (C18:1) 1920.966 ± 68.373 1847.310 ± 174.768

Erucic acid (C22:1) 15.155 ± 0.361 12.909 ± 0.392

Nervonic acid (C24:1) 2.081 ± 0.170 2.203 ± 0.024

Palmitic acid (C16:0) 1243.140 ± 50.405 875.832 ± 70.505

Margaric acid (C17:0) 10.233 ± 0.180 11.495 ± 0.606

Stearic acid (C18:0) 256.665 ± 4.021 241.530 ± 11.131

Arachidic acid (C20:0) 17.404 ± 0.034 18.555 ± 1.564

Behenic acid (C22:0) 16.268 ± 0.732 14.383 ± 0.236
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to the genotype. The number of slips from the beam was 
measured to assess the motor performance.

Histological procedures
We analyzed the cerebellar cortex of Elovl5−/− and wild 
type littermates fed with the three different diets at 12 
months of age. Histological procedures were performed 
as previously described [45]. Animals were anesthetized 
using a cocktail of ketamine (100  mg/kg body weight) 
and xylazine (10 mg/kg body weight) via intraperitoneal 
injection. The mice were intracardially perfused initially 
with a physiological solution (NaCl 0.9%) and then with 
4% paraformaldehyde in 0.12  M phosphate buffer, pH 
7.2–7.4. Following perfusion, the brains were removed 
and stored at 4  °C for 24  h immersed in the same fixa-
tive. The brains were then transferred to a cryoprotect-
ant solution made of 30% sucrose in 0.12  M phosphate 
buffer for few days. For each mouse, the cerebellum was 
separated and embedded in optimal cutting temperature 
compound, frozen in ice-cold isopentane. Cerebella were 
serially cut by a cryostat in 30 μm-thick sagittal slices and 
collected in phosphate buffered saline (PBS).

Cresyl Violet Staining (Nissl Staining) was performed 
on one series for each Elovl5−/− and wild type mouse at 
12 months of age. Free-floating sections were washed 
twice in PBS (15  min each). The series were mounted 
on gelatin-coated slides and let air dry overnight. The 
staining was performed as follows: mounted series were 
washed for 2 min in distilled water to remove any resid-
ual salts and then stained in 0.1% Cresyl violet solution 
for 15 min. Following, sections were rinsed again in dis-
tilled water for 2 min, and then dehydrated using a series 
of alcohols: 50% (2  min), 70% (2  min), 95% (I) (2  min), 
95% (II) (few seconds) and 100% (2 min). Next, the gela-
tin-coated slides were immersed in xylene for 5 min and 
finally a clear glass coverslip was applied using a per-
manent mounting medium. We evaluated for each slice 
white matter area/total area of the slice ratio and the PC 
layer length. At least three vermal slices/animal and three 
animals were analyzed. All measurements were done 
blind relative to the mouse genotype.

Statistical analysis
Statistical analyses were carried out with GraphPad 
Prism 9 software (GraphPad Software Inc., San Diego, 
CA, USA). Data were tested for normal distribution 
with Kolmogorov-Smirnov test. When data were nor-
mally distributed two-tailed unpaired Student’s t-test 
followed by Holm-Sidak post hoc correction was used. 
For data not normally distributed, Mann-Whitney U test 
was used. Two-way ANOVA followed by the Bonferroni 
test was used when indicated. All data are expressed as 

mean ± SEM. P < 0.05 was considered as statistically 
significant.

Abbreviations
SCA38: : Spinocerebellar ataxia 38; ELOVL5: ELOngase of Very Long-chainfatty 
acids 5; PUFAs: verylong polyunsaturated fatty acids; ARA​: arachidonicacid; 
DHA: docosahexaenoic acid; ELOVL5-/-:  Elovl5 knockout ; rTMS: transcranial 
cerebellar magnetic stimulation; tDCS: transcranial direct current stimulation; 
AVED: ataxia with vitamin E deficiency; CTX: Cerebrotendinous xanthomatosis; 
MTTP: microsomal triglyceride transfer protein; PBS: phosphatebuffered saline; 
mGlu1: metabotropic glutamate receptor 1.

Acknowledgements
The authors thank Dr. Moon and Dr. Horton of the UT Southwestern Medical 
Center for providing Elovl5-/- mice.

Author contribution
IB and FM performed the experiments and data analysis and assisted in writ-
ing the manuscript. FG performed the experiments and analyzed the data. FT 
and EH designed the study and wrote the manuscript. All authors approved 
the final version of the manuscript.

Funding
The research was funded by Telethon Italy (grant #GGP14225) and by the 
University of Torino (Local Research Grants 2014 and 2017).

Data availability
The data are available for any scientific use from the corresponding author on 
reasonable request.

Declarations

Ethics approval and consent to participate
All experimental procedures have been authorized by the Italian Ministry of 
Health (authorization number: 161/2016-PR).

Consent for publication
Not applicable.

Competing interests
The research was conducted in the absence of any commercial or financial 
relationships that could be construed as a potential conflict of interest.

Author details
1 Neuroscience Institute Cavalieri Ottolenghi (NICO), Regione Gonzole 10, 
10043 Orbassano, Italy. 2 Department of Neuroscience, University of Torino, 
Torino, Italy. 3 Department of Molecular Biotechnology and Health Sciences, 
University of Torino, Torino, Italy. 

Received: 3 April 2022   Accepted: 13 July 2022

References
	1.	 Di Gregorio E, Borroni B, Giorgio E, Lacerenza D, Ferrero M, Lo Buono 

N, et al. ELOVL5 mutations cause spinocerebellar ataxia 38. Am J Hum 
Genet. 2014. https://​doi.​org/​10.​1016/j.​ajhg.​2014.​07.​001.

	2.	 Martin RE. Docosahexaenoic acid decreases phospholipase A2 activ-
ity in the neurites/nerve growth cones of PC12 cells. J Neurosci Res. 
1998;54:805–13.

	3.	 Martin RE, Bazan NG. Changing fatty acid content of growth cone lipids 
prior to synaptogenesis. J Neurochem. 1992;59:318–25.

	4.	 Chisari M, Shu HJ, Taylor A, Steinbach JH, Zorumski CF, Mennerick S. 
Structurally diverse amphiphiles exhibit biphasic modulation of GABAA 
receptors: similarities and differences with neurosteroid actions. Br J 
Pharmacol. 2010;160:130–41.

https://doi.org/10.1016/j.ajhg.2014.07.001


Page 10 of 10Balbo et al. Behavioral and Brain Functions            (2022) 18:8 

	5.	 Mazzocchi-Jones D. Impaired corticostriatal LTP and depotentiation follow-
ing iPLA2 inhibition is restored following acute application of DHA. Brain Res 
Bull. 2015;111:69–75.

	6.	 Sang N, Chen C. Lipid signaling and synaptic plasticity. Neuroscientist. 
2006;12:425–34.

	7.	 Xiao Y, Li X. Polyunsaturated fatty acids modify mouse hippocampal 
neuronal excitability during excitotoxic or convulsant stimulation. Brain Res. 
1999;846:112–21.

	8.	 Young C, Gean PW, Chiou LC, Shen YZ. Docosahexaenoic acid inhibits 
synaptic transmission and epileptiform activity in the rat hippocampus. 
Synapse. 2000;37:90–4.

	9.	 Kutkowska-Kaźmierczak A, Rydzanicz M, Chlebowski A, Kłosowska-Kosicka 
K, Mika A, Gruchota J, et al. Dominant ELOVL1 mutation causes neurologi-
cal disorder with ichthyotic keratoderma, spasticity, hypomyelination and 
dysmorphic features. J Med Genet NLM (Medline). 2018;55:408–14.

	10.	 Mueller N, Sassa T, Morales-Gonzalez S, Schneider J, Salchow DJ, Seelow D, 
et al. De novo mutation in ELOVL1 causes ichthyosis, acanthosis nigricans, 
hypomyelination, spastic paraplegia, high frequency deafness and optic 
atrophy. J Med Genet. 2019;56:164–75.

	11.	 Cadieux-Dion M, Turcotte-Gauthier M, Noreau A, Martin C, Meloche C, 
Gravel M, et al. Expanding the clinical phenotype associated with ELOVL4 
mutation: study of a large French-Canadian family with autosomal 
dominant spinocerebellar ataxia and erythrokeratodermia. JAMA Neurol. 
2014;71:470–5.

	12.	 Bourassa CV, Raskin S, Serafini S, Teive HAG, Dion PA, Rouleau GA. A New 
ELOVL4 mutation in a case of spinocerebellar ataxia with erythrokeratoder-
mia. JAMA Neurol. 2015;72:942–3.

	13.	 Ozaki K, Doi H, Mitsui J, Sato N, Iikuni Y, Majima T, et al. A novel mutation in 
ELOVL4 leading to spinocerebellar ataxia (SCA) with the hot cross bun sign 
but lacking erythrokeratodermia: a broadened spectrum of SCA34. JAMA 
Neurol. 2015;72:797–805.

	14.	 Bernstein PS, Tammur J, Singh N, Hutchinson A, Dixon M, Pappas CM, et al. 
Diverse macular dystrophy phenotype caused by a novel complex muta-
tion in the ELOVL4 gene. Investig Ophthalmol Vis Sci. 2001;42:3331–6.

	15.	 Edwards AO, Miedziak A, Vrabec T, Verhoeven J, Acott TS, Weleber RG, et al. 
Autosomal dominant Stargardt-like macular dystrophy: I. Clinical charac-
terization, longitudinal follow-up, and evidence for a common ancestry in 
families linked to chromosome 6q14. Am J Ophthalmol. 1999;127:426–35.

	16.	 Zhang K, Kniazeva M, Han M, Li W, Yu Z, Yang Z, et al. A 5-bp deletion in 
ELOVL4 is associated with two related forms of autosomal dominant macu-
lar dystrophy. Nat Genet. 2001;27:89–93.

	17.	 Sailer A, Scholz SW, Nalls MA, Schulte C, Federoff M, Price TR, et al. A 
genome-wide association study in multiple system atrophy. Neurology. 
2016;87:1591–8.

	18.	 Li G, Cui S, Du J, Liu J, Zhang P, Fu Y, et al. Association of GALC, ZNF184, IL1R2 
and ELOVL7 with Parkinson’s disease in southern Chinese. Front Aging 
Neurosci. 2018;10:402.

	19.	 Keo A, Mahfouz A, Ingrassia AMT, Meneboo JP, Villenet C, Mutez E, et al. Tran-
scriptomic signatures of brain regional vulnerability to Parkinson’s disease. 
Commun Biol. 2020;3:1–12.

	20.	 Sun C, Zou M, Wang X, Xia W, Ma Y, Liang S, et al. FADS1-FADS2 and ELOVL2 
gene polymorphisms in susceptibility to autism spectrum disorders in 
Chinese children. BMC Psychiatry. 2018;18:283.

	21.	 Borroni B, Di Gregorio E, Orsi L, Vaula G, Costanzi C, Tempia F, et al. Clinical 
and neuroradiological features of spinocerebellar ataxia 38 (SCA38). Park 
Relat Disord. 2016. https://​doi.​org/​10.​1016/j.​parkr​eldis.​2016.​04.​030.

	22.	 Hoxha E, Gabriele RMC, Balbo I, Ravera F, Masante L, Zambelli V, et al. Motor 
deficits and cerebellar atrophy in Elovl5 knock out mice. Front Cell Neurosci. 
2017. https://​doi.​org/​10.​3389/​fncel.​2017.​00343.

	23.	 Balbo I, Montarolo F, Boda E, Tempia F, Hoxha E. Elovl5 Expression in the 
Central Nervous System of the Adult Mouse. Front Neuroanat. 2021;15:1–13.

	24.	 Hoxha E, Balbo I, Parolisi R, Audano M, Montarolo F, Ravera F, et al. Elovl5 is 
required for proper action potential conduction along peripheral myeli-
nated fibers. Glia. 2021. https://​doi.​org/​10.​1002/​glia.​24048.

	25.	 Manes M, Alberici A, Di Gregorio E, Boccone L, Premi E, Mitro N, et al. Long-
term efficacy of docosahexaenoic acid (DHA) for Spinocerebellar Ataxia 
38 (SCA38) treatment: an open label extension study. Park Relat Disord. 
2019;63:191–4. https://​doi.​org/​10.​1016/j.​parkr​eldis.​2019.​02.​040.

	26.	 Manes M, Alberici A, Di Gregorio E, Boccone L, Premi E, Mitro N, et al. Doco-
sahexaenoic acid is a beneficial replacement treatment for spinocerebellar 
ataxia 38. Ann Neurol. 2017;82:615–21.

	27.	 Hoxha E, Tempia F, Lippiello P, Miniaci MC. Modulation, plasticity and 
pathophysiology of the parallel fiber-purkinje cell synapse. Front Synaptic 
Neurosci. 2016;8:35.

	28.	 Hourez R, Servais L, Orduz D, Gall D, Millard I, de Kerchove d’Exaerde A, 
et al. Aminopyridines correct early dysfunction and delay neurodegen-
eration in a mouse model of spinocerebellar ataxia type 1. J Neurosci. 
2011;31:11795–807.

	29.	 Notartomaso S, Zappulla C, Biagioni F, Cannella M, Bucci D, Mascio G, 
et al. Pharmacological enhancement of mGlu1 metabotropic glutamate 
receptors causes a prolonged symptomatic benefit in a mouse model of 
spinocerebellar ataxia type 1. BioMed Central. 2013;6:1–17.

	30.	 Shuvaev AN, Hosoi N, Sato Y, Yanagihara D, Hirai H. Progressive impair-
ment of cerebellar mGluR signalling and its therapeutic potential for 
cerebellar ataxia in spinocerebellar ataxia type 1 model mice. J Physiol. 
2017;595:141–64.

	31.	 Liu J, Tang TS, Tu H, Nelson O, Herndon E, Huynh DP, et al. Deranged calcium 
signaling and neurodegeneration in spinocerebellar ataxia type 2. J Neuro-
sci. 2009;29:9148–62.

	32.	 Zesiewicz TA, Wilmot G, Han Kuo S, Perlman S, Greenstein PE, Sarah Y, et al. 
Comprehensive systematic review summary: treatment of cerebellar motor 
dysfunction and ataxia: report of the guideline development, dissemination, 
and implementation subcommittee of the American Academy of Neurol-
ogy. Neurology. 2018;90:464–71.

	33.	 Lei LF, Yang GP, Wang JL, Chuang DM, Song WH, Tang BS, et al. Safety and 
efficacy of valproic acid treatment in SCA3/MJD patients. Parkinsonism Relat 
Disord. 2016;26:55–61.

	34.	 Benussi A, Pascual-Leone A, Borroni B. Non-Invasive Cerebellar Stimula-
tion in Neurodegenerative Ataxia: A Literature Review. Int J Mol Sci. 
2020;21:1948.

	35.	 Divya KP, Kishore A. Treatable cerebellar ataxias. Clin Park Relat Disord. 
2022;3:100053.

	36.	 Ouahchi K, Arita M, Kayden H, Hentati F, Ben Hamida M, Sokol R, et al. Ataxia 
with isolated vitamin E deficiency is caused by mutations in the alpha-
tocopherol transfer protein. Nat Genet. 1995;9:141–5.

	37.	 Traber MG, Sokol RJ, Burton GW, Ingold KU, Papas AM, Huffaker JE, et al. 
Impaired ability of patients with familial isolated vitamin E deficiency to 
incorporate alpha-tocopherol into lipoproteins secreted by the liver. J Clin 
Invest. 1990;85:397–407.

	38.	 Schuelke M, Mayatepek E, Inter M, Becker M, Pfeiffer E, Speer A, et al. Treat-
ment of ataxia in isolated vitamin E deficiency caused by alpha-tocopherol 
transfer protein deficiency. J Pediatr. 1999;134:240–4.

	39.	 Mariotti C, Gellera C, Rimondi M, Mineri R, Uziel G, Zorzi G, et al. Ataxia with 
isolated vitamin E deficiency: neurological phenotype, clinical follow-up 
and novel mutations in TTPA gene in Italian families. Neurol Sci Springer 
Milan. 2004;25:130–7.

	40.	 Cali JJ, Hsieh CL, Francke U, Russell DW. Mutations in the bile acid biosyn-
thetic enzyme Sterol 27-hydroxylase underlie Cerebrotendinous Xanthoma-
tosis. J Biol Chem. 1991;266:7779.

	41.	 Nie S, Chen G, Cao X, Zhang Y. Cerebrotendinous xanthomatosis: a com-
prehensive review of pathogenesis, clinical manifestations, diagnosis and 
management. Orphanet J Rare Dis. 2014;9:17.

	42.	 Takahashi M, Okazaki H, Ohashi K, Ogura M, Ishibashi S, Okazaki S, et al. 
Current diagnosis and management of abetalipoproteinemia. J Atheroscler 
Thromb. 2021;28:1009.

	43.	 Basak S, Mallick R, Banerjee A, Pathak S, Duttaroy AK. Maternal supply of 
both arachidonic and docosahexaenoic acids is required for optimal neu-
rodevelopment. Nutrients. 2021;13:2061.

	44.	 Hoxha E, Boda E, Montarolo F, Parolisi R, Tempia F. Excitability and Synaptic 
Alterations in the Cerebellum of APP/PS1 Mice. PLoS ONE. 2012;7:e34726.

	45.	 Lippiello P, Hoxha E, Volpicelli F, Lo Duca G, Tempia F, Miniaci MC. Noradr-
energic modulation of the parallel fiber-Purkinje cell synapse in mouse 
cerebellum. Neuropharmacology. 2015;89:33–42.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.parkreldis.2016.04.030
https://doi.org/10.3389/fncel.2017.00343
https://doi.org/10.1002/glia.24048
https://doi.org/10.1016/j.parkreldis.2019.02.040

	Effects of the administration of Elovl5-dependent fatty acids on a spino-cerebellar ataxia 38 mouse model
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Introduction
	Results
	Progression of motor impairment of Elovl5−− mice fed with PUFA precursors only diet
	Effects of the administration of a complete PUFA diet since birth on Elovl5−−
	Effects of the administration of a complete PUFA diet at later ages on Elovl5−− mice
	Effects of the complete PUFA diet on Elovl5−− cerebellar morphological parameters

	Discussion
	Conclusions
	Materials and methods
	Animals
	Mice experimental groups
	Balance beam test
	Histological procedures
	Statistical analysis

	Acknowledgements
	References




