FEBS

bio

RESEARCH ARTICLE

@ FEBSPRESS

@ @ science publishing by scientists
([ J

Synthetic GM1 improves motor and memory dysfunctions
in mice with monoallelic or biallelic disruption of GM3

synthase

Suman Chowdhury'

, Ranjeet Kumar', Evelyn Zepeda', Shawn DeFrees? and Robert Ledeen’

1 Department of Pharmacology, Physiology, and Neuroscience, Rutgers, The State University of New Jersey, Newark, NJ, USA

2 Seneb BioSciences, Inc., Wilton, CT, USA

Keywords

GM1 ganglioside; GM3 synthase; memory
impairment; motor impairment; Parkinson’s
disease

Correspondence

R. Ledeen, Department of Pharmacology,
Physiology, and Neuroscience, Rutgers, The
State University of New Jersey, 185 South
Orange Avenue, Newark, NJ 07103, USA
Tel: +1(973) 832 6191

E-mail: ledeenro@njms.rutgers.edu

(Received 3 May 2023, revised 23 June
2023, accepted 30 June 2023)

doi:10.1002/2211-5463.13669

Edited by Sandro Sonnino

This study attempts to answer the question of whether mice with biallelic
and monoallelic disruption of the Sz3gal5 (GM3 synthase) gene might bene-
fit from GMI1 replacement therapy. The GM3 produced by this sialyltrans-
ferase gives rise to downstream GD?3 and the ganglio-series of gangliosides.
The latter includes the a-series (GM1 + GDla), which has proved most
essential for neuron survival and function (especially GM1, for which GDla
provides a reserve pool). These biallelic mice serve as a model for children
with this relatively rare autosomal recessive condition (ST3GAL5—/—) who
suffer rapid neurological decline including motor loss, intellectual disability,
visual and hearing loss, failure to thrive, and other severe conditions leading
to an early death by 2-5 years of age without supportive care. Here, we stud-
ied both these mice, which serve as a model for the parents and close rela-
tives of these children who are likely to suffer long-term disabilities due to
partial deficiency of GM1, including Parkinson’s disease (PD). We find that
the movement and memory disorders manifested by both types of mice can
be resolved with GM1 application. This suggests the potential therapeutic
value of GM1 for disorders stemming from GM1 deficiency, including GM3
synthase deficiency and PD. It was noteworthy that the GM1 employed in
these studies was synthetic rather than animal brain-derived, reaffirming the
therapeutic efficacy of the former.

Gangliosides are the subgroup of glycosphingolipids
whose main structural feature is the presence of one
or more sialic acids attached to the oligosaccharide
chain [1]. They appear to be ubiquitous in all verte-
brate cells but especially abundant in neurons, render-
ing the brain the heaviest repository [2]. There is
substantial evidence of their essentiality for neuronal
function and viability, as is well-illustrated in those
neurological disorders characterized by the absence of
one or more ganglioside groupings, for example,
absence of the ganglio-series gangliosides in early-
onset hereditary spastic paraplegia due to disruption

Abbreviations

of the B4GALNTI (GM2/GD2 synthase) gene with
loss of the ganglio-series gangliosides (principally
GMI1, GDla, GDI1b, GTIb as well as the c-series)
[3]. Mice with this lesion are somewhat less affected
than humans but were shown to manifest multiple
symptoms of Parkinson’s disease (PD) [4]. An even
more serious condition in humans arises from disrup-
tion of the ST3GAL5 (GM3 synthase) gene which
results in deletion of gangliosides GM3 and GD3
along with the ganglio-series [5-7] while mice with
this lesion also suffer more debilitation than the
above mice [8,9].

BBB, blood-brain barrier; BSS, basic salt solution; CNS, central nervous system; GM1-OS, oligosaccharide GM1; HT, heterozygous; IP,
intraperitoneal; KO, knockout; PD, Parkinson’s disease; PNS, peripheral nervous system; SEM, standard error of the mean; WT, wild-type.
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Treatment of GM3 synthase-deficient mice with GM1

The homozygous GM3 synthase-deficient mice are
one subject of this study, with focus on movement dis-
orders and defective short-term spatial memory, which
are also present in B4galntl(—/—) and B4galnti(+/—)
mice [4,10]. The question we are addressing is whether
GMI1 alone, despite deletion of all ganglio-series gan-
gliosides, is capable of correcting the Parkinsonian-like
movement disabilities and defective short-term mem-
ory, as it was in the latter two conditions [4,10,11].
Loss of GM3 synthase results from biallelic disruption
of the ST3GALS5 gene, which encodes a sialyltransfer-
ase that produces GM3 [6,7,12]. The latter in turn
gives rise to the ganglios-series of gangliosides. The
principal features in children with this relatively rare
autosomal recessive condition include intellectual dis-
ability, early-onset choreoathetosis, visual and hearing
impairments, failure to thrive, and cutaneous dyspig-
mentation [5,13]. It occurs most prevalently in Old
Order Amish communities [14] but in non-Amish
patients as well [15]. Gene modification is an obvious
therapeutic approach [16] but ganglioside replacement
therapy in which patients are administered one or
more of the missing gangliosides deemed most essential
for neuronal function is also worthy of consideration.
In that regard, ganglioside GMI1 is receiving primary
attention owing to the several functions it mediates in
preservation of neuronal function and viability [17,18].

Less attention has been given to individuals or mice
with monoallelic disruption of the ST3GALS gene
(St3gal5+/—) although they too are likely suffering neuro-
logical disabilities due to partial deletion of the same gan-
gliosides as for the homozygous knockout (KO) mice
with complete deletion. We show in the present study that
is indeed the case for St3gal5+/— heterozygous (HT) mice
whose movement disorder and short-term spatial mem-
ory loss are also corrected by GM1 administration.

Methods

Preparation of synthetic GM1

Synthetic GM1 was provided by Seneb BioSciences, Inc.,
which prepared it via metabolically engineered Escherichia coli
as described previously [19,20]. A key characteristic of syn-
thetic GM1 is the identity of its oligosaccharide to brain GM1
oligosaccharide, while the ceramide structure can vary in cer-
tain ways (see Discussion). See international patent WO: 2006/
03225 A2 for details on the synthesis procedure.

Mice and genotyping

A breeding pair of St3gal5+/— was a gift from R. Yu.
Mice were bred and maintained in the Rutgers University,
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New Jersey Medical Science Animal Facility with 12 h
light/dark cycles. Mice genotyping was done by Transnetyx
Inc. (Cordova, TN, USA) using tail snips. Biallelic
(St3gal5—/—) KO male mice at 7-10 months of age (n = 5)
along with wild-type (WT) of same age (» = 8) and mono-
allelic (St3gal5+/—) HT male mice at 10-12 months of age
(n = 11) along with WT of same age (n = 6) were used for
the study (female mice were found to be unreliable for the
study). The limited number of KO mice for the study, as
mentioned, is because these mice suffered low survival rates
due to their multiple pathologies and dysfunctions. KO and
HT mice were administered synthetic GM1 at a dose of
30 mgkg™! daily via intraperitoneal (IP) injection over a
period of 21 days; basic salt solution (BSS) was adminis-
tered similarly to WT mice. All animal studies were con-
ducted under a protocol (PROT0201800212) approved by
the Rutgers University Institutional Animal Care and Use
Committee (IACUC) in accordance with the guidelines of
the Rutgers Institutional Animal Care and Use
Committees.

Motor and memory impairment tests
Grip duration test

To determine the extent of motor impairment, the mouse
was allowed to grasp a narrow horizontal rod located
50 cm above a pillow with its forepaws. This procedure
was carried out in order to measure the amount of time
required to fall from the rod [4,21]. A gentle hold on the
tail of the mice was used to prevent them from climbing on
their hind legs. The test was performed three times succes-
sively with a 30-min rest interval between each trial. Based
on the results, an average duration was calculated.

Beam traversal test

Beam traversal test was used to test motor coordination
and balance. A wooden beam (width 12 mm, length 90 cm)
was placed horizontally. The time spent traversing the
beam and the number of foot slips was measured [22,23].
Mice were trained three times before the first trial, followed
by five consecutive trials.

T maze test

An examination of short-term spatial memory capacity in
mice was conducted using a T maze (similar to Y maze)
forced-trial spontaneous alternation test [24]. The mouse
was placed into the center arm and forced into one arm by
blocking another arm with a barrier. Once the mouse
enters the open arm, it is held there for 45 s. The mouse is
then removed and placed into a stimulus-free cage for a
60 s retention interval and again placed back into the cen-
ter arm. A normal mouse’s instinct is to choose the new
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arm for exploration, since it is expected to retain
the memory. The exploration of the initial arm was
recorded as incorrect, and the exploration of the novel arm
was recorded as correct. Each mouse was subjected to three
trials, separated by an interval of 1 h. The score was calcu-
lated as a percentage of spontaneous alternation rate.

Statistical analysis

All the data are expressed as mean = SEM (standard error
of the mean). Statistical analysis was performed by one-
way ANOVA followed by Bonferroni’s multiple compari-
sons tests. P-value < 0.05 was considered significant.

Results

Homozygous GM3 synthase-deficient (KO) mice
showed significantly poorer performance than WT
mice on the grip duration (Fig. 1) and beam traversal
tests (Fig. 2), as well as short-term spatial memory test
(Fig. 3). The tests were performed at D 0 to check the
basal state and at D 21 to check the effect of GM1 at
the end of treatment. The differences in performance
largely disappeared following GM1 treatment, during
which the KO mice improved significantly. This was
true despite the limited number of KO mice for the
study; as mentioned, these mice suffered low survival
rates due to their multiple pathologies and dysfunc-
tions. Importantly, GM1 treatment improved KO mice
performance in grip duration test (P = 0.032) and
beam traversal test significantly (P = 0.0079); the GM1
treatment elevated the T maze performance to largely
eliminate the significant difference compared to WT.

The heterozygous GM3 synthase-deficient mice (HT)
suffered fewer pathologies and dysfunctions than the
KO mice but still showed significant impairments
prior to GMI1 treatment in the three tests employed
(Figs 4-6). In the grip duration test, the HT mice
showed significant impairment prior to GM1 treatment
(P =0.0275) and this impairment largely disappeared
with GM1 treatment (P = 0.4409). Although GMI1
appeared to improve performance, the change was not
significant (P = 0.4385).

Beam traversal was significantly impaired prior to
GMI treatment (P = 0.0053), but this impairment dis-
appeared with GM1 treatment (Fig. 5). In this case, -
GMl-induced change was highly significant
(P =0.0014). The foot slippage test was significantly
impaired (more slippage, P = 0.0014) prior to GMI
treatment, which largely disappeared after GM1 treat-
ment (P = 0.0004).

The results for the T maze test were slightly differ-
ent, in that HT mice did not show significant
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Fig. 1. Improvement of grip duration test by synthetic GM1 in KO
mice. KO mice at 7-10 months of age (n=5) were IP injected
with 30 mg-kg™' GM1 and WT mice of the same age (n = 8) were
IP injected with BSS daily for 21 days. P-value < 0.05 is considered
significant. The test was done at D 0 to check the basal state and
at D 21 to check the effect of GM1 at the end of treatment. All

data are presented as mean + SEM and were evaluated by one-
way ANOVA followed by Bonferroni's multiple comparisons tests.

difference compared with WT mice prior to GMI1
treatment (P = 0.1655). However, the GM1 treatment

did induce significant improvement in this test
(P = 0.0125).
Discussion

The results showed significant difference between KO
and WT mice in the grip duration test prior to treat-
ment and no significant difference following GM]1
treatment for 21 days. The same was observed for
beam traversal, the other movement disorder tested;
the latter included both traversal time and the number
of slips during the walk. These observed changes were
significant despite the limited number of KO mice
available at this testing time (the KO homozygous
mice suffer high mortality rates at relatively young
ages). Despite the severity of disease in the KO mice
at the age of testing, GMI1 treatment was able to cor-
rect the motor and cognitive deficits. These results sug-
gest that even humans with late-stage GM3 synthase
deficiency might benefit from GMI1 replacement ther-
apy. Similar results were obtained with the T maze,
short-term spatial memory test, despite similar limita-
tion in KO mouse number.
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Thus, GM1 replacement therapy may receive consid-
eration as an alternative to gene therapy (which has its
own disadvantages), although more work is required
to test the ability of GM1 to resolve other possible
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Fig. 3. Improvement of short-term spatial memory impairment (T
maze test) by synthetic GM1 in KO mice. KO mice at 7-10 months
of age (n=5) were IP injected with 30 mg-kg™' GM1 and WT
mice of the same age (n = 8) were IP injected with BSS daily for
21 days. P-value < 0.05 is considered significant. The test was
done at D 0 to check the basal state and at D 21 to check the
effect of GM1 at the end of treatment. All data are presented as
mean + SEM and were evaluated by one-way ANOVA followed by
Bonferroni's multiple comparisons tests.
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Fig. 2. Improvement of beam traversal
test by synthetic GM1 in KO mice. KO
mice at 7-10 months of age (n = 5) were
IP injected with 30 mg-kg™' GM1 and WT
mice of the same age (n = 8) were IP
injected with BSS daily for 21 days. (A)
Time taken by mice to cross the beam,
and (B) number of times mice slip while
crossing the beam. P-value < 0.05 is
considered significant. The test was done
at D 0 to check the basal state and at D
21 to check the effect of GM1 at the end
of treatment. All data are presented as
mean + SEM and were evaluated by one-
way ANOVA followed by Bonferroni’s
multiple comparisons tests.

0.4312

dysfunctions in the KO mice (e.g., visual and hearing
impairments). It may be noted that while GM1 and
GDla together comprise 80% or more of total brain
gangliosides [12], the principal function of GDla
appears to be that of reserve pool for GM1 since it is
converted to the latter via Neu3 neuraminidase which
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Fig. 4. Improvement of grip duration test by synthetic GM1 in HT.
HT mice at 11-13 months of age (n = 11) were IP injected with
30 mg-kg™' GM1 and WT mice of the same age (n = 6) were IP
injected with BSS daily for 21 days. P-value < 0.05 is considered
significant. The test was done at D 0 to check the basal state and
at D 21 to check the effect of GM1 at the end of treatment. All
data are presented as mean + SEM and were evaluated by one-
way ANOVA followed by Bonferroni’'s multiple comparisons tests.
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Fig. 5. Improvement of beam traversal 30
test by synthetic GM1 in HT mice. HT
mice 11-13 months of age (n = 11) were
IP injected with 30 mg-kg~" GM1 and WT
mice of the same age (n = 6) were IP
injected with BSS daily for 21 days. (A)
Time taken by mice to cross the beam,
and (B) number of times mice slip while
crossing the beam. P-value < 0.05 is
considered significant. The test was done
at D 0 to check the basal state and at D
21 to check the effect of GM1 at the end 0-
of treatment. All data are presented as

mean + SEM and were evaluated by one-

way ANOVA followed by Bonferroni's

multiple comparisons tests.
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has membrane locus close to that of those two gangli-
osides [25].

It was of interest that heterozygous mice (HT),
St3gal5(+/—) were also responsive to GM1 treatment. In
the case of short-term spatial memory, although there
was an observed difference between HT and WT, this
did not reach significance prior to treatment. However,
GMI treatment did cause virtual elimination of the
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Fig. 6. Improvement of short-term spatial memory impairment (T
maze test) by synthetic GM1 in HT mice. HT mice 11-13 months
of age (n=11) were IP injected with 30 mg-kg~' GM1 and WT
mice of the same age (n = 6) were IP injected with BSS daily for
21 days. P-value < 0.05 is considered significant. The test was
done at D O to check the basal state and at D 21 to check the
effect of GM1 at the end of treatment. All data are presented as
mean + SEM and were evaluated by one-way ANOVA followed by
Bonferroni’s multiple comparisons tests.
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difference between HT and WT and effected significant
improvement compared with untreated HT (Fig. 5). The
modest difference prior to treatment was likely due to
partial depletion of GMI1 attributable to monoallelic
disruption of this gene, similar to that occurring in
B4galnt1(+/—) mice [4,10]. This indicates that both par-
ents and possibly other close relatives of the afflicted
children would be at risk of expressing subnormal GM1
with resulting health consequences. Primary among the
latter is PD shown to be characterized by neuronal
pathologies due to subnormal GM1 in both the central
nervous system (CNS) and peripheral nervous system
(PNS) [26,27] as well as non-neuronal cells [28]. This in
turn correlates with the fact that Old Order Amish com-
munities, a major repository of persons with disrupted
ST3GALS [14] also manifest the highest PD incidence in
the world [29]. This suggests the potential advantage of
monitoring those parents and close relatives for early
detection of PD (prodromal stage) with corresponding
therapeutic advantages.

In KO mice, GM1 was shown to have a greater effect
than in HT mice possibly due to the KO mouse blood-
brain barrier (BBB) being more damaged, and therefore
more permeable to GM1, whereas BBB of HT mice is
likely more intact, limiting GM1’s central passage.
GM1 has been shown to be inefficient at crossing the
BBB [30], and its daily IP administration did not pro-
vide statistically significant improvement in PD symp-
toms [10]. Therefore, in HT mice GM1 was possibly not
able to exert its full neuroprotective effects due to the
low quantity of GM1 that crossed the BBB.

It is worth noting that the GM1 employed in this
study was synthetic (see Methods) rather than animal-
derived to avoid possible prion contamination. The oli-
gosaccharide of synthetic GM1 is identical to that of
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animal-derived GM1. Similar synthetic GM1 was also
employed in an earlier study [21], which showed the syn-
thetic form to be as effective as the brain-derived form
in resolving both CNS and PNS localized pathologies in
an animal model of PD. This was despite the fact that
the ceramide in synthetic GM1 contains a single form of
sphingosine (d18:1) in contrast to brain-derived GM1
which contains that in addition to an approximately
equivalent amount of C20-sphingosine (d20:1) [31]. In
addition, a single fatty acid (18:0) is present in the syn-
thetic GM1 in contrast to the mixture of fatty acids (low
amounts of 18:1, 16:0, and 20:0 in addition to the pre-
dominant 18:0) [2] in animal brain GM1. Interestingly,
ceramide from PD-involved portions of PD patient
brains contained significant amounts of shorter-chain
fatty acids [32], though the pathophysiological signifi-
cance of this difference is not yet known. In any case,
the oligosaccharide portion of GM1 devoid of ceramide
(GM1-0S) was shown as effective as GM1 itself in ther-
apy for an animal model of PD [33]. That is in addition
to a variety of in vitro neuronal functions mediated by
GMI1-0S [34]. Since it (GM1-OS) crosses the BBB more
readily than GM1 [35], this suggests GM1-OS is worthy
of consideration. The oligosaccharide portion of syn-
thetic GM1 is identical to animal-derived GMI1 [34].
Thus, there is substantial justification for the use of syn-
thetic GM 1 for therapeutic purposes in such studies.

Conclusion

The present study focuses on mice with monoallelic or
biallelic disruption of the St3gal5 (GM3 synthase)
gene. Both mice suffer neurological dysfunctions due
to the total or partial deletion of GM3, GMI, and
other gangliosides. The KO mice were severely affected
by the time were treated with GM1. Our findings sug-
gest that GM1 treatment in both KO and HT mice,
despite the severity of the disease in the KO mice, can
alleviate motor and short-term spatial memory dys-
functions and may lead to the development of a clini-
cally relevant treatment for GM3 synthase deficiency.
Our results of treatment with GM1 would be equiva-
lent to treating end-stage human disease.
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