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Gangliosides are found at high levels in neuronal tis-
sues where they play a variety of important functions. In
the gangliosidoses, gangliosides accumulate because of
defective activity of the lysosomal proteins responsible
for their degradation, usually resulting in a rapidly pro-
gressive neurodegenerative disease. However, the mo-
lecular mechanism(s) leading from ganglioside accumu-
lation to neurodegeneration is not known. We now
examine the effect of ganglioside GM2 accumulation in a
mouse model of Sandhoff disease (one of the GM2 gan-
gliosidoses), the Hexb—/— mouse. Microsomes from
Hexb—/— mouse brain showed a significant reduction in
the rate of Ca®*-uptake via the sarco/endoplasmic retic-
ulum Ca?*-ATPase (SERCA), which was prevented by
feeding Hexb—/— mice with N-butyldeoxynojirimycin
(NB-DNJ), an inhibitor of glycolipid synthesis that re-
duces GM2 storage. Changes in SERCA activity were not
due to transcriptional regulation but rather because of a
decrease in V.. Moreover, exogenously added GM2
had a similar effect on SERCA activity. The functional
significance of these findings was established by the
enhanced sensitivity of neurons cultured from embry-
onic Hexb—/— mice to cell death induced by thapsigar-
gin, a specific SERCA inhibitor, and by the enhanced
sensitivity of Hexb—/— microsomes to calcium-induced
calcium release. This study suggests a mechanistic link
among GM2 accumulation, reduced SERCA activity, and
neuronal cell death, which may be of significance for de-
lineating the neuropathophysiology of Sandhoff disease.

The GM2 gangliosidoses are a group of inherited metabolic
disorders caused by mutations in any of three genes, the HEXA
gene, resulting in Tay-Sachs disease, the HEXB gene, resulting
in Sandhoff disease, and the GM2A gene, resulting in GM2
activator deficiency (1, 2). The HEXA and HEXB genes code for
the B-hexosaminidase a- and B-subunits, respectively, which
dimerize to produce two forms of the enzyme, A («f) and B (Bp),
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and a minor form, S (aa). In both Tay-Sachs and Sandhoff
disease (a- and B-subunit deficiency, respectively), there is a
deficit of hexosaminidase A («B) and, as a consequence, mas-
sive accumulation of ganglioside GM2 in the brain (3). As in
all lysosomal storage diseases, significant clinical heteroge-
neity is observed, varying from infantile-onset, rapidly progres-
sive neurological disease culminating in death before 4 years of
age to late-onset, sub-acute or chronic progressive neurological
disease (4).

Few molecular details are available that delineate the path-
way leading from GM2 accumulation to neurological disease. In
the current study, we analyze the effect of GM2 accumulation
in neuronal tissues obtained from mice homozygous for the
disrupted HEXB gene (5, 6), a model of Sandhoff disease. The
Hexb—/— mouse shows increased neuronal GM2 storage in
most brain areas (5), neuronal apoptosis (6), changes in rates of
axonal and dendritic growth (7), and severe neurological dis-
turbances causing death by ~4 months of age. We demonstrate
that brain microsomes and neurons cultured from these mice
show dramatically reduced levels of Ca2*-uptake via the sarco/
endoplasmic reticulum Ca®?"-ATPase (SERCA),' which is not
related to transcriptional regulation of SERCA but rather to
changesin V.. Impairment of SERCA activity usually results
in neuronal cell dysfunction and/or death (8, 9), and our obser-
vations that Ca®*-uptake via SERCA is severely impaired upon
GM2 accumulation may suggest a molecular mechanism to
explain, at least in part, the neuropathophysiology in Sandhoff
disease. This is supported by our observation that SERCA
activity is essentially normal in 3-month-old Hexb—/— mice fed
with the glycolipid synthesis inhibitor N-butyldeoxynojirimy-
cin (NB-DNJ) (10, 11), which correlates with the delayed symp-
tom onset and increased life expectancy of these mice (12).

EXPERIMENTAL PROCEDURES

Materials—Gangliosides GM3, GM2, and GM1 were obtained from
Matreya (Pleasant Gap, PA). Antipyrylazo III, thapsigargin, creatine
phosphokinase, phosphocreatine, and ATP were from Sigma. °Ca®* (30
mCi/mg) was from Amersham Biosciences. NB-DNJ was from Searle
Monsanto and Oxford GlycoSciences. The anti-SERCAZ2 antibody (N-19)
was from Santa Cruz Biotechnology (Santa Cruz, CA), and a horserad-
ish peroxidase-conjugated rabbit anti-goat secondary antibody was
from Jackson Laboratories (West Grove, PA). Silica gel 60 thin layer
chromatography plates were from Merck. All solvents were of analytical
grade and were purchased from Biolab (Jerusalem, Israel). Oligonucleo-
tides were synthesized by the Weizmann Institute Oligonucleotide and
Peptide Synthesis Facility.

! The abbreviations used are: SERCA, sarco/endoplasmic reticulum
Ca?*-ATPase; CICR, calcium-induced calcium-release; ER, endoplas-
mic reticulum; NB-DNJ, N-butyldeoxynojirimycin; RT, reverse tran-
scription; MOPS, 4-morpholinepropanesulfonic acid.

This paper is available on line at http://www.jbc.org
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Inhibition of SERCA in Sandhoff Disease

Hexb Colony—A mouse model of Sandhoff disease (the Hexb—/—
mouse) (5—7) was maintained in the Experimental Animal Center of the
Weizmann Institute of Science (7). Wild type (Hexb+/+) mice were bred
with each other, as were Hexb—/— mice, to obtain homozygous off-
spring. The genotype of the mice was determined by PCR using genomic
DNA extracted from mouse tails (13). A similar Hexb colony, main-
tained in the Glycobiology Institute at the University of Oxford, Oxford,
United Kingdom, was used for the studies in which Hexb—/— mice were
fed with NB-DNJ. Mice were treated from weaning at 3 weeks with
1200 mg/kg/day of NB-DNJ.

Lipid Analysis—GM2 levels were determined in Hexb—/— mouse
brains at various ages after birth and compared with Hexb+/+ mice
(11). GM2 levels were determined in microsomes after glycosphingo-
lipid extraction (14, 15), separation by thin layer chromatography using
chloroform:methanol:9.8 mm CaCl, (60:35:8, vol:vol:vol) as the develop-
ing solvent, and resorcinol staining. Ganglioside GM2 was identified
using an authentic standard.

Hexb Brain Microsomes—Hexb mice were sacrificed after 3-4
months, and their brains were removed, separated into cerebral cortex
and cerebellum, rapidly frozen in liquid N,, and stored at —80 °C; in one
set of experiments, microsomes were prepared from embryonic day 17
(E17) mouse cortices. Cortical microsomes (from 12-25 mice) were
prepared essentially as described (16) with some modifications. Tissue
was suspended at a ratio of 1:4 (w/v) in ice-cold Buffer A (0.32 M sucrose,
20 mm HEPES-KOH, pH 7.0, containing 0.4 mM phenylmethylsulfonyl
fluoride, leupeptin (0.8 pg/ml), and aprotinin (1.4 trypsin inhibitory
units)), and homogenized at 4 °C using eight up and down strokes of a
rotating Potter-Elvehjem homogenizer. After centrifugation (700 X g,
10 min), the resulting pellet (P1) was gently resuspended in % of the
original volume of Buffer A and centrifuged (700 X g, 10 min), and the
two supernatants were pooled (S1). Mitochondria were removed by
centrifugation (8,000 X g, 45 min) of S1, and the resulting superna-
tant (S2) was centrifuged (115,000 X g,,, 90 min) to obtain a microso-
mal pellet (P3), which was resuspended in 0.4—0.8 ml of Buffer A.
Protein was determined (17), and the microsomes were subsequently
flash-frozen in liquid N,. Microsomes were stored at —80 °C and used
for up to several weeks after their preparation, during which time there
was no change in their activity with respect to Ca®*-release and
-uptake.

Spectrophotometric Assay of Ca®"-Uptake—Ca®"-Uptake was meas-
ured by a spectrophotometric assay using the Ca®*-sensitive dye, anti-
pyrylazo III (16, 18, 20), with some modifications. Mouse brain micro-
somes (330 pg in 8-15 ul of Buffer A) were added to 0.95 ml of 8 mm
NaMOPS, pH 7.0, 40 mMm KCl, 62.5 mm K,HPO,, and 250 uM antipyry-
lazo III in a plastic cuvette containing a magnetic stir bar, to which 1
mM MgATP, 40 ug/ml creatine phosphokinase, and 5 mM phosphocre-
atine, pH 7.0, were added. Ca?*-Uptake and -release were measured in
a Cary spectrophotometer (Varian Australia Pty Ltd.) at 37 °C by sub-
tracting A,q, from A, at 2-s intervals. The effect of exogenously added
GM3, GM2, and GM1, dissolved in absolute ethanol, was tested by their
addition 5 min before Ca®>"-loading. The rate of Ca**-uptake into mi-
crosomes was calculated by measuring the linear portion of the slope
after addition of Ca®".

Kinetic Assay of SERCA—Ca?"-Uptake by SERCA was determined
radiometrically using a rapid filtration technique (21). Mouse cortical
microsomes (350 ug protein) were incubated at 37 °C in 1.5 ml of Buffer
B (40 mm imidazole, pH 7.0, 100 mm KCl, 5 mm MgCl,, 5 mm NaN,, 5
mM potassium oxalate, 0.5 mM EGTA, 1 uM ruthenium red (21) (which
blocks spontaneous Ca®*-release via the ryanodine receptor (22)), 10
uCi *5Ca®*, and CaCly, to yield the required final concentration of free
Ca?* (determined using an algorithm (23) and software available at
www.stanford.edu/~cpatton/maxc.html). Ca?*-Uptake was initiated by
addition of ATP and terminated after 1, 3, and 5 s by addition of 3 ml of
ice-cold washing solution (20 mm HEPES, pH 7.4, 150 mm KCl, 1.4 mMm
MgCl,, and 2 mm KH,PO,) (24), followed by filtration through a HAWP
0.45-um Millipore filter in a Millipore filtration device. The initial rate
of Ca®*-uptake (v,) was calculated by linear regression analysis. The
kinetic coefficients of Ca®"-uptake were calculated according to Equa-
tion 1 (25), using non-linear regression analysis (Origin 5.0; MicroCal
Software, Inc.).

- Kz,
V= Vmax

[Cal” + K&, (Eq. 1)

In Equation 1, V.  is maximum velocity, K., is the concentration
required for half-maximal activation, and n is the equivalent of the Hill
coefficient. The K,1p was obtained by Michaelis-Menten analysis.
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RT-PCR—Total cellular RNA was prepared from individual cortices
using the TRI reagent (MRC, Cincinnati, OH) or from ~0.5 X 108
neurons (see below) grown on 24-mm coverslips using the RNeasy Mini
Kit (Qiagen) according to the manufacturer’s instructions. The RT-PCR
was performed as described (26) using the Qiagen OneStep RT-PCR kit.
Primers (SERCA2a: 5'-ACTTCTTGATCCTCTACGTG and 5'-AAATG-
GTTTAGGAAGCGGTT, 33 cycles, annealing temperature 53 °C;
SERCA2b: 5'-ACTTCTTGATCCTCTACGTG (same as SERCA2a) and
5'-AGACCAGAACATATCGCTAA, 25 cycles, annealing temperature
53 °C; glyceraldehyde-3-phosphate dehydrogenase: 5'-TTAGCACCCC-
TGGCCAAGG and 5'-CTTACTCCTTGGAGGCCATG, 23 cycles, an-
nealing temperature 50 °C) were designed using the MacMolly Tetra
program (Softgene, Berlin, Germany), and conditions were adjusted to
be within the linear phase of PCR. For sequencing, bands were excised
from gels and purified using the QIAquick gel extraction kit (Qiagen)
and subsequently sequenced by the DNA sequencing unit of the Weiz-
mann Institute of Science using the respective primers.

SDS-PAGE and Western blotting—SDS-PAGE and Western blotting
were performed as described (27) using a 6% separating gel. After
transfer to nitrocellulose membranes, the blot was incubated with
blocking buffer (Tris-buffered saline containing 3% (w/v) non-fat dried
milk, 1% (w/v) bovine serum albumin, and 0.1% Tween 20) for 20 min
and then incubated with an anti-SERCA2 antibody at a dilution of
1/100 in blocking buffer for 2 h. Bound antibodies were detected after
washing using 25 ng/ml horseradish peroxidase-conjugated rabbit anti-
goat secondary antibodies in blocking buffer for 1 h and the SuperSignal
chemiluminescent detection reagent (Pierce).

Neuronal Ca’®*-Uptake—Embryos (embryonic day 17) were isolated,
the hippocampi were removed, and hippocampal pyramidal neurons
were cultured as described (7). The dissected hippocampi were dissoci-
ated by trypsinization (0.25% w/v, for 15 min at 37 °C), and the tissue
was washed in Mg?*/Ca®*-free Hanks’ balanced salt solution and dis-
sociated by repeated passage through a constricted Pasteur pipette.
Neurons were maintained in Neurobasal serum-free medium contain-
ing B27 supplements and L-glutamine (28) (Invitrogen).

For analysis of Ca?"-uptake (29), neurons were plated at a density of
1.1 X 10° cells per 60-mm culture dish that contained three 24-mm
polylysine-coated coverslips. Coverslips were washed in Ca®"-free me-
dium (minimal essential medium containing 50 mm HEPES, pH 7.3, 4
mM NaHCOj, 11 mg/ml pyruvic acid, 1 mM glutamine, and 0.6% (w/v)
glucose (30)) and transferred to a new dish containing the same me-
dium. After 25 min at 37 °C, neurons were incubated with the calcium
ionophore A23187 (1 um) (31) for 5 min, prior to addition of 1 uCi of
45Ca?* for 30 s at 37 °C (32). The reaction was terminated by removing
coverslips from the wells and washed by dipping five times in Ca®"-free
medium and then placing in 0.65 ml of NaOH (0.5 M) for 3 h. *°Ca®* was
further extracted by adding NaOH for 16 h and then for another 2 h.
NaOH extracts were pooled, and *°Ca®?* was determined by liquid
scintillation counting.

Neuronal Cell Death—Neurons were plated at a density of 25,000
cells per 13-mm coverslip in a 24-multiwell dish. Live and dead cells
were distinguished using 2 uM calcein acetoxymethyl ester and 4 um
ethidium homodimer-1, respectively, as described in a Live/Dead®
viability/cytotoxicity kit (Molecular Probes Inc.). At least 700—800 cells
were counted per coverslip. Neurons were examined using a Plan 25X/
0.45 numerical aperture objective of a Zeiss Axiovert 35 microscope.

RESULTS

Previous studies have shown that GM2 accumulates in adult
Hexb—/— mouse brains (5). We now examine GM2 accumula-
tion throughout brain development. Even at the earliest age
measured, embryonic day 10, small but significant levels of
GM2 were detected (7.6 = 0.4 pug/10 mg dry weight), which
increased to levels of 140 = 7 ug/10 mg dry weight in 3-month-
old mice (Fig. 14), whereas no GM2 could be detected at any
stage in Hexb+/+ brains. Significant amounts of GM2 were
also detected in microsomes prepared from 3-4-month-old
Hexb—/— mice, but essentially no GM2 was detected in micro-
somes from Hexb+/+ mice (Fig. 1B). A significant decrease in
GM2 accumulation (Fig. 1B) was observed in microsomes from
120-day-old Hexb—/— mice that had been fed with NB-DNJ,
similar to that reported previously for whole brain (12).

We proposed recently that changes in Ca®*-homeostasis, and
specifically changes in Ca?"-release from intracellular stores
via the ryanodine receptor (29, 33), may be responsible, at least
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Fic. 1. GM2 accumulation in Hexb brains and microsomes. A,
gangliosides were extracted from individual Hexb—/— mouse brains at
the indicated ages, and GM2 was quantified. B, gangliosides were
extracted from cortical microsomes obtained from 120-day-old Hexb+/+
and Hexb—/— mice, or from Hexb—/— mice that were fed NB-DNJ, and
ganglioside GM2 was visualized by resorcinol.

in part, for the neuropathophysiology observed in neurono-
pathic forms of Gaucher disease, in which glucosylceramide
accumulates in lysosomes. To determine whether Ca®*-home-
ostasis is also affected in Sandhoff disease mice, we examined
CaZ*-release and -uptake in Hexb microsomes, by a spectro-
photometric assay using the Ca®*-sensitive dye, antipyrylazo
II1. No differences were detected in the rate of agonist-induced
CaZ?*-release via the ryanodine or inositol 1,4,5-trisphosphate
receptors, the major Ca%*-release channels in the endoplasmic
reticuilum (ER) (not shown). In contrast, the rate of CaZ*-
uptake was reduced by ~5-fold in microsomes from Hexb—/—
compared with Hexb+/+ mice (Fig. 2A) and, remarkably, was
almost completely normal in microsomes from Hexb—/— mice
fed with NB-DNJ (Fig. 2B). These results suggest a causal
relationship between GM2 levels and rates of Ca®*-uptake via
SERCA. Although we cannot formally exclude the possibility
that NB-DNJ by itself effects SERCA activity in vivo, there is
no indication from clinical studies (34) or from studies in cell
culture (35) that NB-DNJ has any effect on Ca2?"-homeostasis,
and moreover, no changes are observed in GM2 levels in wild
type mice fed NB-DNJ (36). A causal relationship between
GM2 levels and SERCA activity was supported by a similar
reduction in the rate of Ca®*-uptake in Hexb+/+ microsomes
incubated with exogenously added GM2 (Table I). Two other
monosialogangliosides, GM3 and GM1, also reduced the rate of
Ca?*-uptake but to a smaller extent than GM2 (Table I).

To determine the mechanism by which GM2 affects SERCA
activity, we analyzed the initial rate of Ca®*-uptake by a radi-
ometric assay using a rapid filtration technique (21). The V.,
of SERCA was 3.70 * 0.12 nmol Ca2?"/s/mg of protein in
Hexb+/+ brain microsomes and 1.88 + 0.17 nmol Ca®*/s/mg of
protein in Hexb—/— microsomes, the K., was 0.29 * 0.03 and
0.23 = 0.06 um for Hexb+/+ and Hexb—/—, respectively, with
no change in the Hill coefficient (1.9 versus 2.0) (Fig. 3A), and
there was a small but non-significant reduction in the K,p
(140 = 40 pMm for Hexb+/+ and 80 = 20 um for Hexb—/—) (Fig.
3B). Thus, GM2 affects the V, of SERCA but not its affinity

max
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Fic. 2. Rate of Ca®*-uptake in Hexb microsomes. A, cortical
microsomes were loaded by two sequential additions of 25 nmol of Ca®*.
Data are representative traces showing absorbance change (A;;,-A;40)
of antipyrylazo III versus time, with an increase in absorbance demon-
strating an increase in free Ca®>" in the cuvette and a decrease in
absorbance demonstrating a decrease in free Ca®?* because of microso-
mal Ca®"-uptake by SERCA. B, the mean rate of Ca®"-uptake (n = 3 or
4 = S.D.) was determined in microsomes obtained from Hexb+/+ and
Hexb—/— mice or from Hexb—/— mice that were fed NB-DNJ.

TABLE I
Effect of exogenously-added gangliosides on microsomal Ca®*-uptake
Cortical microsomes were incubated with gangliosides 5 min prior to
Ca?"-loading, as in Fig. 2. Results are means = S.D. for two to four
independent analyses.

Ganglioside (10 um) Rate of Ca®*-uptake

nmol/s/mg protein

None 0.22 = 0.01
GM3 0.17 = 0.04
GM2 0.07 = 0.02
GM1 0.13 = 0.00

toward Ca®" or ATP. The reduction in V. was not because of
transcriptional regulation of SERCA, because there were no
changes in mRNA expression in brain for the SERCA2 iso-
forms? (the predominant isoform in brain (37)) (Fig. 44) and no
change in SERCA2 protein levels in microsomes (Fig. 4B).

We next examined the functional significance of the reduced

2 Using the primers for SERCA2a, a second product was amplified
(Fig. 4A). Sequencing revealed a novel SERCA2 isoform with an alter-
native COOH terminus, designated SERCAZ2c. This isoform differs from
SERCA2a by 83 nucleotides (6879 to 6961; GenBank™ accession no.
AJ131870 (19)) inserted between exons 21 and 25. The amino acid
sequence of the COOH terminus is LEQPGQS instead of >'*LEQPAILE
for SERCA2a.



Inhibition of SERCA in Sandhoff Disease

29499

4
FiG. 3. Initial rate of Ca®?*-uptake in a 3k
Hexb microsomes. The initial rate (v,) g
of Ca?*-uptake in cortical microsomes
from Hexb+/+ (circles) or Hexb—/— (tri-
angles) mouse brains was measured using =] 2l
45Ca* varying either free Ca®" (in the E E
presence of 5 mM ATP) (A) or ATP (in the =
presence of 10 uM free Ca®*) (B). A best fit
was obtained by non-linear regression
analysis. Results are means * S.D. for 5 1F
five to twelve independent measurements &
using two to three different microsomal 8
preparations.
0 w AL A A
107 10€ 10%
Free calcium [M]
A cortex hippocampal 200 [ 4 B
neurons
Hexb+/+ Hexb—l- Hexb+/+ Hexb-/- ém
T 1 g 'E *
SERCA2c ) 3 Hext+/+
SERCA2a g%
e T I !
o [ -
B
Hexb+/+ Hexb-/-
Heart I 1 I 1 g
a
3 Hexb-/-
-  sf oo
§ E 002
: . ‘Ei oo Hexb+'+
Fic. 4. RT-PCR and Western blotting of SERCA. A, RT-PCR was é
performed on RNA extracted from two samples of Hexb+/+ and 0.0 0.00
Hexb—/— cortices or from two cultures of hippocampal neurons; levels HE = 5 min
of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) expression are +
shown to demonstrate that equal amounts of RNA were used for RT- NB-DNJ

PCR. One of two independent experiments is shown. B, Western blot-
ting using an anti-SERCA antibody was performed on three different
microsomal preparations from each Hexb—/— and Hexb+/+ brain (100
ng of protein) or from rat heart (20 ug of protein); note that even though
SERCA2 is the predominant SERCA isoform in brain, its levels are
much lower than in heart microsomes.

rate of Ca?"-uptake via SERCA. Hexb—/— microsomes were
significantly more sensitive to calcium-induced calcium release
(CICR) than Hexb+/+ microsomes or microsomes from
Hexb—/— mice fed with NB-DNJ (Fig. 5, A and B), suggesting
that elevated cytosolic Ca®* levels in Hexb—/— neurons may
induce CICR. In addition, thapsigargin (75 um), a specific
SERCA inhibitor (38), blocked Ca®*-uptake by only 50% in
Hexb+/+ microsomes (compare Fig. 2B with Fig. 5C) but com-
pletely blocked SERCA activity in Hexb—/— microsomes (Fig.
5, C and D), an effect that was again prevented in Hexb—/—
microsomes from NB-DNJ-fed mice. To determine whether the
enhanced sensitivity to thapsigargin might be of functional
significance for neuronal viability, we examined the effect of
thapsigargin on neurons cultured from E17 Hexb mice. No
changes in mRNA expression of SERCA2 was detected in hip-
pocampal neurons (Fig. 4A4). Even in neurons from these young
mice, a significant reduction in the rate of Ca®"-uptake into the
ER of live neurons was observed (Fig. 6A), and the rate of

Fic. 5. CICR and thapsigargin sensitivity. A and B, cortical mi-
crosomes were loaded by sequential additions of 25 nmol of Ca®" until
CICR was induced. Panel A gives the average concentration of Ca®"
required to induce CICR for microsomes from Hexb+/+ and Hexb—/—
microsomes or from microsomes from Hexb—/— mice that were fed
NB-DNJ, and panel B shows typical traces of absorbance change (A,;,-
Aqo) of antipyrylazo III versus time; in the upper trace, CICR is induced
after five additions of 25 nmol of Ca?", whereas in the bottom trace,
CICR is induced after three additions of 25 nmol of Ca®*. C and D,
cortical microsomes were incubated with 75 uMm thapsigargin (not
shown), followed by one addition of 25 nmol of Ca®*. Panel C gives the
rate of Ca®"-uptake after thapsigargin addition, and panel D shows
typical traces of Ca?"-uptake. Results in panels A and C are means *
S.D. of three to five independent experiments.

Ca?*-uptake into E17 microsomes was also decreased by ~50%
(Fig. 6B). Note that the specific activity of SERCA in embryonic
microsomes was ~50-fold lower than in adult microsomes (com-
pare Fig. 2B with Fig. 6B), implying that the small but signif-
icant amounts of GM2 that accumulate in E17 brain (Fig. 1),
and in cultured neurons from E17 embryos (7), is sufficient to
account for the reduction in SERCA activity. Intriguingly, neu-
rons cultured from Hexb—/— mice were more sensitive to thap-
sigargin-induced neuronal cell death than Hexb+/+ neurons,
supporting our contention that changes in cytosolic Ca2™" levels
resulting from inhibition of SERCA activity by GM2 may be
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Fic. 6. Ca%?*-Uptake in embryonic hippocampal neurons. A,
45Ca?*-uptake into 7-day-old neurons cultured from E17 Hexb+/+ and
Hexb—/— mice. Results are means * S.D. from three independent
neuronal cultures in which “°Ca®*-uptake was measured on six indi-
vidual coverslips. B, the mean rate of Ca?"-uptake (n = 3 or 4 = S.D.)
was determined in cortical microsomes from E17 Hexb+/+ and
Hexb—/— mice. Results are means = S.D. for three independent meas-
urements. C, 4-day-old neurons cultured from E17 Hexb+/+ (squares)
or Hexb—/— (circles) mice were incubated with thapsigargin for 1 h, and
cell death was quantified using the Live/Dead® kit. Results are
means * S.D. for three independent cultures in which four coverslips
were analyzed for each thapsigargin concentration.

involved in the molecular mechanism(s) causing neuronal
pathophysiology in Sandhoff disease.

DISCUSSION

The major finding of the current study is that ganglioside
GM2, upon its accumulation in neuronal tissues from Hexb—/—
mice, affects the rate of Ca®*-uptake into brain microsomes
and into the ER of live neurons, because of a decrease in the
V. ax 0f SERCA. As a result, neurons are more sensitive to
thapsigargin-induced neuronal cell death, implying that al-
tered Ca®*-uptake may be of physiological relevance for under-
standing the etiology of Sandhoff disease.

The main functions of SERCA in skeletal and smooth muscle
(37) are to prevent prolonged elevation of cytosolic Ca®* and to
maintain Ca2?* levels within the ER (39). Modification of
SERCA activity normally has deleterious effects (40). Less is
known about the regulation of SERCA activity in brain, where
it occurs at much lower levels than in muscle (41), but a
number of studies, mainly using thapsigargin, have shown that
SERCA plays a crucial role in neuronal function. For instance,
exposure of neurons and neuronal cell lines to thapsigargin
results in ER stress (42, 43), decreased neuronal viability (8, 9),
inhibition of protein synthesis (44), and injury in developing
nerves (45).

Inhibition of SERCA in Sandhoff Disease

Two previous studies have demonstrated that exogenously
added gangliosides modulate SERCA activity in rabbit sarco-
plasmic reticulum (46, 47), but ours is the first to show a direct
physiological link between endogenous ganglioside accumula-
tion and neuronal cell death mediated via SERCA. In the
previous studies, GM1 inhibited rabbit sarcoplasmic reticulum
SERCA whereas GM3 activated SERCA (47) via a mechanism
that was proposed to involve the compactness of the hydro-
philic and hydrophobic domains. In our study on mouse brain
SERCA, GM1 and GM3 both inhibited SERCA, although exog-
enously added GM3 had a slight stimulatory effect at higher
concentrations (i.e. 50 um) (not shown). Irrespective of the
effects of GM3 and GM1, our data unambiguously demonstrate
that GM2 has a potent inhibitory effect on SERCA activity and
that neurons that accumulate endogenous GM2 are more sen-
sitive to thapsigargin-induced neuronal cell death via a path-
way that may be amplified in neurons by their enhanced sen-
sitivity to CICR.

We demonstrated previously (7) that endogenous GM2 accu-
mulation in Hexb—/— neurons results in reduced rates of ax-
onal and dendritic growth but no changes in viability under
non-stress conditions. Interestingly, an inverse relationship
exists between cytosolic Ca?" levels and rates of axon out-
growth (48), suggesting a mechanistic link among GM2 accu-
mulation, SERCA activity, cytosolic Ca2?", and axonal out-
growth. Clearly, modulation of SERCA activity, either directly
or indirectly by GM2, is the critical step in this pathway, and a
crucial question concerns whether the intracellular GM2 that
accumulates in Hexb—/— brains is accessible to SERCA in
neurons, because gangliosides are not normally considered to
reside in the ER, as they are synthesized distal to the ER in the
Golgi apparatus. Our observation that GM2 is readily detect-
able in the same microsomes used to analyze SERCA activity
lends support to the possibility that SERCA could be directly
modulated by GM2. It should be noted that other gangliosides
affect intracellular organelles other than those in which they
reside or are degraded. For instance, ganglioside GD3 traffics
to mitochondria where it affects mitochondrial function (49).

To date, no molecular mechanism has been provided to ex-
plain the neuropathophysiology in Sandhoff disease. Microglial
activation precedes acute neurodegeneration in Hexb—/— mice,
with elevation of various genes related to a macrophage-medi-
ated inflammatory response (50, 51), although the initiating
signal for microglial activation is not known. Our data suggest
that a downstream response to changes in cytosolic Ca®* levels
might initiate a stress response (52), which may subsequently
act as an initiating signal for the neuroinflammatory response.
Interestingly, the inflammatory response pre-dates symptom
onset in Hexb—/— mice (563), and changes in SERCA activity
can be detected in mice as young as embryonic day 17, even
though no symptoms of Sandhoff disease are observed until 2—-3
months of age. Moreover, the ability of NB-DNJ to prevent the
reduction of SERCA activity, because of a decrease in storage
levels of GM2, together with the delayed symptom onset of
these mice (12), implies a direct correlation between the initi-
ation of neuronal cell dysfunction and/or death and modulation
of SERCA activity by GM2.
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