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Conditional expression of human
β-hexosaminidase in the neurons of Sandhoff
disease rescues mice from neurodegeneration
but not neuroinflammation
Stephanos Kyrkanides1,2*, Sabine M Brouxhon2, Ross H Tallents3, Jen-nie H Miller3, John A Olschowka4

and M Kerry O’Banion4
Abstract

This study evaluated whether GM2 ganglioside storage is necessary for neurodegeneration and neuroinflammation
by performing β-hexosaminidase rescue experiments in neurons of HexB−/− mice. We developed a novel mouse
model, whereby the expression of the human HEXB gene was targeted to neurons of HexB−/− mice by the Thy1
promoter. Despite β-hexosaminidase restoration in neurons was sufficient in rescuing HexB−/− mice from GM2

neuronal storage and neurodegeneration, brain inflammation persisted, including the presence of large numbers of
reactive microglia/macrophages due to persisting GM2 presence in this cell type. In conclusion, our results suggest
that neuroinflammation is not sufficient to elicit neurodegeneration as long as neuronal function is restored.
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Introduction
The pathognomonic feature of Sandhoff disease is GM2

ganglioside storage primarily in neurons. Catabolism
of GM2 ganglioside in mammalian cells is undertaken by
β-hexosaminidase, a lysosomal acidic hydrolase. Struc-
turally, β-hexosaminidase (HEX) is comprised of two
subunits, α and β, and exists in three isoforms HEXA
(α/β heterodimer), HEXB (β/β homodimer) and HEXS
(α/α homodimer). In humans, HEXA (α/β) catabolizes
GM2 presented by a third protein named GM2 activator.
Each subunit, α and β, is encoded by a distinct gene,
HEXA and HEXB, located on human chromosomes 15
and 5, respectively. Human patients with HEXA (Tay-Sachs)
or HEXB (Sandhoff) mutations develop storage of GM2

ganglioside in the lysosomes due to the lack of HEXA
(α/β) enzyme activity [1]. Although HEXA enzyme is pre-
sent in all cell types and tissues, neurons are characterized
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by remarkably higher concentrations of gangliosides than
other cell types and therefore are highly susceptible to
GM2 lysosomal storage. Similarly to humans, two murine
genes encoding for β-hexosaminidase have been identified:
HexA and HexB [1]. Targeted deletion of the HexA locus
resulted in the development of a mouse phenotype that
showed only a mild degree of the expected pathology and
lack of any neurological findings [1]. In contrast, disrup-
tion of the murine HexB locus resulted in a mouse pheno-
type that closely resembled that of the human disease.
The mice displayed storage of GM2 ganglioside in the cen-
tral nervous system (CNS), and neurons with membran-
ous cytoplasmic bodies similar to those in Tay-Sachs and
Sandhoff patients [1,2]. The phenotypic variation between
humans and mice appears to result from differences in
the ganglioside degradation pathway between the species.
It has been proposed that a second ganglioside degrad-
ation pathway exists in the mouse, whereby GM2 can be,
at least in the absence of HEXA (α/β), metabolized by a
murine sialidase to asialo-GM2 and subsequently catabo-
lized by HEXB (β/β). However, human sialidases cannot
metabolize GM2 ganglioside. Therefore, in the mouse
HexB disruption results in GM2 gangliosidosis, whereas in
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the human either HEXA or HEXB mutations can cause
GM2 storage. For these reasons, the HexB−/− knockout
mouse is widely accepted as the appropriate animal model
in the study of GM2 gangliosidosis [1,2].
Clinically, HexB−/− knockout mice display, similarly

to human patients, a near-normal phenotype at birth,
but quickly develop muscle weakness, rigidity, and
motor deterioration typically leading to death at
approximately 4 months of age [1,2]. Progressive neur-
onal GM2 storage is a cardinal characteristic of the
HexB−/− mice, followed by neurodegeneration asso-
ciated with neuronal apoptosis occurring in the central
nervous system [3]. Additional studies have demon-
strated the presence of reactive microglia and astrocytes
in the HexB−/− brain, along with increased levels of
inflammation-related genes [4-7]. Deletion of macrophage-
inflammatory protein (MIP)1α retarded neurodegenera-
tion in the HexB−/− mouse model [8]. Moreover, trans-
plantation of healthy bone marrow to HexB−/− pups
attenuated microglia activation, reduced the extent of
neuronal apoptosis and ameliorated the clinical phe-
notype [5,9]. As the presence of activated microglia
preceded neuronal cell death and reactive microglia
were observed proximal to neurons undergoing apop-
tosis, it was hypothesized that neuroinflammation contri-
butes to neurodegeneration [4,8]. Neuroinflammation
and reactive microglia have also been associated with
neurodegeneration in several other neural diseases
[10,11]. Taken together, the aforementioned studies sug-
gest that microglia activation and neuroinflammation are
contributory to neurodegeneration.
Recent studies in our laboratory focused on the role of

infiltrating peripheral blood mononuclear cells (PBMC)
in the HexB−/− brain. We demonstrated that inhibition
of PBMC infiltration in the brain after deletion of the C-
C chemokine receptor type 2 (CCR2) protein resulted
in partial reduction of neuroinflammation and modest
attenuation of the disease phenotype [12]. However, the
HexB−/−;CCR2−/− mice succumbed due to GM2 storage
and neurodegeneration [12]. Therefore, this data implies
that GM2 neuronal storage is sufficient to elicit neurode-
generation. The goal of this investigation was to evalu-
ate whether GM2 ganglioside storage is necessary for
neurodegeneration and neuroinflammation by pursuing
β-hexosaminidase rescue experiments selectively in the
neurons of HexB−/− mice.

Materials and methods
Cloning
The Thy1-HEXB transgene was engineered by digesting
the pTSC21k (9,098 bp) and pHEXB-IRES-HEXA [5]
vectors with XhoI. Subsequently, HEXB was cloned into
the pTSC21k vector containing the Thy1 promoter,
which was donated by Dr Van der Putten [13]. The final
clone was digested with EcoRV and BamHI to check for
orientation. The final construct was digested with NotI,
and the 11.1 Kb fragment was send to the transgenic
facility to generate transgenic Thy1-HexB mice.

Animals and behavioral analyses
The use of mice and all manipulations and methods per-
tinent to this study were reviewed and approved by the
University of Rochester Animal Resources committee
(IACUC) as well as the Institutional Biosafety Commit-
tee and assigned protocol number 2003–142. HexB+/−

breeders were donated to us by Dr RL Proia (NIH/
NIDDK; Bethesda MD, USA) on a 129 S background,
and genotyped as previously described [7]. Thy1-HEXB
transgenic mice were generated on 129 S background in
the University of Rochester transgenic facility by micro-
injection of the approximately 11.1 Kb linearized DNA
fragment into fertilized oocytes following standard pro-
cedures. Two founder mouse lines (F0) were developed,
of which line no. 2 was able to transmit a functional
copy of the Thy1-HEXB transgene to its offspring. F3
generation transgenic mice were then crossed into the
HexB+/− mouse and their offspring backcrossed into
HexB+/− mice to develop littermates of the desired geno-
type. Genotyping for the Thy1-HEXB transgene was
facilitated by the following primer sets: 5′-AGTCCTGC-
CAGAATTTGATACC-3′ and 5′-ATTCCAAGTTCGA-
CCATCC-3′ at Ta = 58°C. Genotyping for the HexB
locus was performed as previously described [7].
Starting at 9 weeks of age, the mice were trained for

2 weeks on the rotarod appliance (Columbus Instru-
ments, Columbus, OH, USA). At the age of 11 weeks,
we began evaluating the behavioral performance of the
mice by rotarod. Differences between the various animal
groups were assessed by analysis of variance and post
hoc analysis using the Tukey method.

RNA isolation and cDNA synthesis
Tissue was dissected out, frozen in isopentane chilled
with dry ice, and stored in sterile tubes at −80°C until
ready for RNA isolation. RNA was isolated using Trizol
reagent (Invitrogen, Carlsbad, CA, USA), precipitated,
and the concentration determined by spectrophotometry.
A total of 2 μg of RNA was DNase-treated (Invitrogen)
according to the manufacturer’s instructions. First-strand
DNA was synthesized by using 2 μg of DNase-treated
RNA, random hexamers, and Superscript II (Invitrogen)
according to the manufacturer’s instructions.

Quantification of mRNA abundance by real-time reverse
transcription polymerase chain reaction (RT-PCR)
Quantification of mRNA levels was accomplished using
an iCycler (Bio-Rad, Hercules, CA, USA) and real time
quantitative (q)RT-PCR with Taqman probes constructed
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with FAM as the fluorescent marker and Blackhole I
quencher (Biosearch Technologies, Novato, CA, USA).
Prior to PCR of the cDNA samples, PCR conditions
were optimized for each mRNA to be analyzed. Standard
curve reactions were performed by varying annealing
temperatures, primer concentrations, and Taqman probe
concentration. Serial dilution of the starting cDNA tem-
plate demonstrated linear amplification over at least five
orders of magnitude.
PCR reactions were performed in a volume of 25 μl

and contained iQ Supermix (Bio-Rad; 0.625 U Taq,
0.8 mM dNTP, 3 mM Mg2+, 0.2 to 0.6 μM concentra-
tions of each primer, 10 to 100 nM probe and 1 μl of
cDNA sample). To ensure consistency, a master mix was
first prepared containing all reagents except the cDNA
sample. Primers were designed using the Primer Express
(Applied Biosystems) and Oligo 6.83 programs (Molecular
Biology Insights, Inc., Cascade, CO, USA). In general,
Figure 1 Neuronal β-hexosaminidase (HEX) restitution in Sandhoff m
open reading frame was targeted to neurons by the Thy1 promoter. (B) Tw
expression was detected by immunohistochemistry employing an antibody
harvested from Thy1-HEXB;HexB−/− brains. (D) As expected, HexB−/− litterm
of HEXB (red) was confirmed by (F) double immunofluorescence (yellow o
mice. (H) The lack of HEXB expression was confirmed (I) by double immun
there (K) was lack of HEXB expression in astrocytes as detected (L) by the l
(GFAP)+ astrocytes.
PCR reaction conditions were the following: denaturation
at 95°C for 3 minutes, followed by 40 cycles of amplifica-
tion by denaturing at 95°C for 30 s, annealing at 60°C for
30 s and extension at 72°C for 60 s. For each real time
PCR, a standard curve was performed to insure direct lin-
ear correlation between product yield (expressed as the
number of cycles to reach threshold) and the amount of
starting template. The correlation was always greater than
r = 0.925. PCR reaction efficiency (e) was determined for
each reaction. To correct for variations in starting RNA
values, the level of ribosomal 18 S RNA or glyceraldehyde
3-phosphate dehydrogenase (GAPDH) RNA was deter-
mined for all samples and used to normalize all subse-
quent RNA determinations. Normalized threshold cycle
(Ct) values were then transformed using the function
expression = (1+ e) Ct, in order to determine the relative
differences in transcript expression. Data were compared
by analysis of variance (ANOVA) and Tukey’s post hoc
ice. (A) The expression of human HEX β/β homodimer (HEXB)
o transgenic mouse lines were generated. (C) β-Hexosaminidase
raised specifically against human HEXB in histology sections

ates did not express any human HEXB protein. (E) The expression
verlap) in (G) neurons (green) in the brains of Thy1-HEXB;HexB−/−

ofluorescence in (J) MHC-II+ microglia/macrophages. Similarly,
ack of double immunofluorescence in (M) glial fibrillary acidic protein
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tests, and by linear regression to determine correlations
using the JMP statistics program (SAS Institute). A prob-
ability of P <0.05 was considered statistically significant.
Cyclo-oxygenase 2 (COX-2) (Ta = 60°): UP-5′-tgacccc-
caaggctcaaata-3′, LP-5′-cccaggtcctcgcttatgatc-3′, PR-5′-
ctttgcccagcacttcacccatcagtt-3′; GAPDH (Ta=60°): UP-5-′
cccaatgtgtccgtcgtg-3′, LP-5′-cctgcttcaccaccttcttg-3′, PR-5′-
tgtcatatacttggcaggtttctccagg-3′; interleukin (IL)-1β (Ta=
60°): UP-5′-tcgctcagggtcacaagaaa-3′, LP-5′-atcagaggcaag-
gaggaaacac-3′; PR-5′-catggcacattctgttcaaagagagcctg-3′; IL-6
(Ta=60o): UP-5′-ccagaaaccgctatgaagttcct-3′; LP-5′-cac-
cagcatcagtcccaaga-3′; PR-5′-tctgcaagagacttccatccagttgcc-3′;
tumor necrosis factor α (TNFα) (Ta=55°): UP-5′-
gacaaggctgccccgacta-3′; LP-5′-tttctcctggtatgagatagcaaatc-3′;
PR-5′-ctcctcacccacaccgtcagcc-3′.

Histology
The antibody used to detect CD45+ in our experiment
was a rat anti-CD45+ monoclonal antibody commercially
available from Serotec (Raleigh, NC, USA; cat. no.
MCA43G) at 1:400 dilution, coupled with a rabbit anti-
rat IgG secondary antibody (Jackson Immunoresearch;
West Grove, PA, USA). Activated astrocytes were identi-
fied by a mouse anti-glial fibrillary acidic protein (GFAP)
monoclonal antibody (1:400 dilution; Chemicon INTL,
Temecula, CA, USA; clone GA-5). Activated denditric
cells/microglia/macrophages were stained with a rat
Figure 2 GM2 ganglioside storage in the Thy1-HEXB;HexB−/− brain. (A
immunohistochemistry (black staining) employing a monoclonal antibody.
driven by the Thy1 promoter resulted amelioration of GM2 storage, as seen
Thy1-HEXB;HexB−/− mouse brain compared to (C) HexB−/− littermates. (D) G
detected by the lack of double immunofluorescence, the presence of (F) G
(MHC-II)+ microglia/macrophages contained, as detected (H) by double im
HEXB= β-hexosaminidase β/β homodimer.
anti-major histocompatibility complex class II (MHC-II;
Bachem, Torrance, CA, USA; clone ER-TR3). GM2
ganglioside was immunolocalized employing a mouse
anti-N-acetyl GM2 monoclonal IgM antibody (Seika-
gaku, East Falmouth, MA, USA; clone MK1-16). These
antibodies were coupled with appropriate secondary
antibodies: rabbit anti-goat IgG biotin-conjugated, goat
anti-mouse IgG Fab biotin conjugated, goat anti-rat IgG
biotin-conjugated antibodies and goat anti-mouse IgM
biotin conjugated, respectively (Jackson Immunore-
search). Human HEXB was detected by a goat anti-
HEXB polyclonal antibody (Proia RL, NIH/NIDDK,
Bethesda MD, U.S.A.) coupled with a rabbit anti-goat
IgG secondary antibody (Jackson Immunoresearch).
Visualization was performed utilizing 3,3-diaminobenzi-
dine (DAB)-nickel as chromagen. The glass slides were
then dehydrated through multiple ethanol solutions,
cleared through xylene and coverslipped using DPX per-
manent mounting medium (Fluka, Neu-Ulm, Switzer-
land). The tissue sections were then studied under a
BX51 Olympus light microscope and color microphoto-
graphic images were captured as described above. The
total numbers of GFAP+ and MHC-II+ cells were
counted in ten random microscopic fields (40 ×): in each
field, the number of positive cells was counted, and
averages and standard errors of mean were calculated
for each area of the brain.
) Wild-type mice did not display any GM2 storage as detected by
(B) The expression of human HEXB in the neurons of HexB−/− mice
by the lack of any significant GM2 immunoreactivity in 4-month-old
lial fibrillary acidic protein (GFAP)+ astrocytes (E) did not contain, as
M2 ganglioside. However, (G) major histocompatibility complex class II
munofluorescence, the presence of (I) GM2 ganglioside. Bar = 100 μM.
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Results
Conditional restoration of β-hexosaminidase in neurons
rescued HexB−/− mice from GM2 ganglioside storage
Conditional restitution of β-hexosaminidase in the neu-
rons of HexB−/− mice was accomplished by driving the
expression of the human HEXB cDNA by the neuron
specific Thy1 promoter in transgenic mice (Figure 1A).
Two founder lines were generated in the 129 S strain
background, of which line no. 2 successfully transmitted
the transgene to the offspring (Figure 1B). Trans-
genic mice derived from founder mouse line no. 2
were subsequently crossed into the HexB−/− knockout
mouse colony (129 S background strain) for the dev-
elopment of Thy1-HEXB;HexB−/− compound mice. The
Thy1-HEXB;HexB−/− were characterized by expres-
sion of human HEXB in neurons (Figure 1C). As
expected, HexB−/− mice did not display any human
HEXB expression (Figure 1D). Double immunofluorescence
analysis confirmed the expression of human HEXB in
neuron (Figure 1E-G), but not MHC-II+ microglia/
macrophages (Figure 1H-J) or GFAP+ astrocytes
(Figure 1K-M).
Figure 3 Neuronal β-hexosaminidase (HEX) restitution does not reduc
brains lacked any major histocompatibility complex class II (MHC-II) immun
the presence of MHC-II positive cells, a marker of myeloid-derived immune
Thy1-HEXB;HexB−/− littermates were also characterized by the presence of
immune cells expressed in high levels by peripheral blood macrophages/m
by the lack of CD45+-positive cells, whereas (E) HexB−/− mice display high
HexB−/− littermates. Moreover, we evaluated the presence of reactive astro
immunohistochemistry. (G) Wild-type mice lacked GFAP+ cells (activated as
displayed GFAP+ astrocytes throughout their brain parenchyma, as well as
Immunohistochemical analysis revealed the lack of GM2
ganglioside in wild-type mice (Figure 2A) and comparable
low levels in the Thy1-HEXB;HexB−/− compound mice
(Figure 2B), compared to HexB−/− knockout mice, which
are known to develop GM2 storage in neurons (Figure 2C).
Further analysis by double immunofluorescence analysis
revealed that GFAP+ astrocytes do not contain any GM2
ganglioside in the Thy1-HEXB;HexB−/− mouse model
(Figure 2D-F). Conversely, MHC-II+ microglia/macro-
phages displayed the presence of GM2 ganglioside content
in the Thy1-HEXB;HexB−/− mouse model despite the
restoration of HEXB activity in neurons (Figure 2G-I).

β-Hexosaminidase restitution in the brain of HexB−/− mice
did not abolish brain inflammation
Brain inflammation was assessed by evaluating transcript
(mRNA) levels for key inflammatory genes in total RNA
brain extracts, as well as by assessing the presence of
reactive astrocytes and microglia in histology brain
sections. Astrocyte activation was evaluated by GFAP
immunohistochemistry. Microglia activation was assessed
by MHC-II+ and CD45+ immunohistochemistry. As
e brain inflammation in adult HexB−/− mice. (A) Adult wild-type
oreactive cells, whereas (B) HexB−/− brains were characterized by
cells, throughout the brain parenchyma. (C) The 4-month-old
MHC-II positive cells in their brain. Another marker of myeloid-derived
onocytes intensely is CD45+. (D) Wild-type mice were characterized
numbers of CD45+ cells, also (F) present in the brains of Thy1-HEXB;
cytes in the mouse brains by glial fibrillary acidic protein (GFAP)
trocytes) in their cortex. Conversely, (H) HexB−/− mice (4 months old)
(I) in the brain of Thy1-HEXB;HexB−/− littermates. Bar = 100 μM.
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anticipated, HexB−/− mice were characterized by the
presence of GFAP, MHC-II+ and CD45+ cells throughout
their brain parenchyma (Figures 3B and 4A), as well as
significant upregulation in key inflammatory genes in
their brain (Figure 4B). Conversely, we observed a reduc-
tion in the number of MHC-II+ and CD45+ cells in
the brain parenchyma of Thy1-HEXB; HexB−/− mice at a
significant degree (Figure 4A). CD45+ immunoreactivity
was employed as a marker of infiltrating macrophages/
monocytes, as CD45+ is expressed at high levels by acti-
vated myeloid derived immune cells [7,12]. CD45+ is also
expressed by other immune cells, however at low levels
(detectable by flow cytometry) that fall below the detec-
tion threshold of our immunohistochemical method.
Moreover, there was a significant downregulation of
TNFα and MHC-II transcript in Thy1-HEXB;HexB−/−

brains (Figure 4B). Interestingly, there were no changes in
the number of activated astrocytes in the HexB−/− versus
Thy1-HEXB;HexB−/− mouse brains (Figures 3H-I and
4A). To this end, there was a significant downregulation
in some inflammatory genes (Figure 4B), including TNFα
and MHC-II, but not in others (GFAP, IL-1β, COX-2).
Figure 4 Rescue of HexB−/− mice from GM2 storage has limited effect
deficiency selectively in the neurons of HexB−/− mice (A) significantly reduc
and CD45+ cells in the brain, but not of glial fibrillary acidic protein (GFAP)
of the tumor necrosis factor α (TNFα) and MHC-II genes, but not of interleu
Thy1-HexB;HexB−/− mice compared to HexB−/− littermates. (C) Interestingly
neurological phenotype, assessed by rotarod, even in the presence of reac
evaluated in the brain as a measure of neurodegeneration. ***P <0.001; **P
Restoration of neuronal function rescues HexB−/− mice
from neurodegeneration
Neuronal β-hexosaminidase restitution in the Thy1-
HEXB;HexB−/− mice led to amelioration of neurodegen-
eration and normalization of the clinical phenotype,
despite the partial reduction in neuroinflammation. Neu-
rodegeneration was evaluated clinically by rotarod test
as well as by caspase-3 immunohistochemistry in brain
histology sections. As expected, HexB−/− mice were
characterized by a significant decline in motor behavior
starting at 14 weeks of age, followed by complete clinical
deterioration by 17 weeks of age (Figure 4C) when they
were killed according to approved animal use protocols.
Conversely, Thy1-HEXB;HexB−/− mice performed on
the rotarod test similar to wild-type mice for the total
duration of the experiment (Figure 4C). Further, we
have followed these mice for over 12 months and they
continuously display normal motor behavior. Further-
more, caspase-3 immunoreactivity was reduced to wild-
type levels in the Thy1-HEXB;HexB−/− mice, whereas
HexB−/− mice displayed extensive caspase-3 immunos-
taining (Figure 5).
on neuroinflammation. Targeted rescue of β-hexosaminidase
ed the number of major histocompatibility complex class II (MHC-II)+
+ astrocytes. (B) We also observed downregulation in the expression
kin (IL)-1β, GFAP or cyclo-oxygenase 2 (COX-2) in 4-month-old
, the Thy1-HexB;HexB−/− mice were characterized by fully rescued
tive astrocytes and retained brain inflammation. Caspase-3 levels were
<0.01; *P <0.05.



Figure 5 Caspase-3 expression is reduced in Thy1-HexB;HexB−/− mice. Caspase-3 immunoreactivity was employed as a measure of
neurodegeneration. (A) Thy1-HexB;HexB−/− mice lacked any detectable caspase-3 expression, as assessed by immunohistochemistry.
(B) Conversely, HexB−/− mice displayed intense caspase-3 immunoreactivity located in cortical neurons. (C) Wild-type mice did not present
any caspase-3 immunostaining in their brain. (D) Cell counts of caspase-3 immunopositive cells was reduced significantly in Thy1-HexB;HexB−/−

mice, to levels observed in wild-type mice. Bar = 100 μM. ***P <0.001; **P <0.01; *P <0.05.
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Discussion
In order to elucidate the role of GM2 ganglioside storage
in neurodegeneration and neuroinflammation, we
restored β-hexosaminidase selectively in the neurons
HexB−/− mice targeting the expression of the human
HEXB by the Thy1 neuron specific promoter selectively
in neurons. Our results demonstrated that Thy1-HEXB;
HexB−/− mice were rescued from GM2 neuronal stor-
age and displayed normal clinical phenotype. This set
of data proves that β-hexosaminidase restoration in
neurons is sufficient for the rescue of mice from GM2

gangliosidosis. Although this finding was anticipated, as
β-hexosaminidase deficiency is pathognomonic in GM2

gangliosidosis [1], we observed a significant number of
prevailing MHC-II+ cells, a marker of activated microglia
and myeloid derived immune cells, including peripheral
blood macrophages and monocytes, in the brain of the
Thy1-HEXB;HexB−/− mice. Upon further analysis, we
identified the presence of GM2 ganglioside specifically in
MHC-II+ cells (Figure 2); conversely, we did not find
GM2 in astrocytes. Moreover, we confirmed the identity
of cells expressing human HEXB in the Thy1-HEXB;
HexB−/− mice to be selectively neurons. Taken together,
these data suggest that GM2 is likely phagocytosed by
microglia/macrophages, underlying the increased num-
ber of MHC-II+ cells in the brain of the Thy1-HEXB;
HexB−/− mice (Figure 4). The presence of GM2 in micro-
glia/macrophages is surprising, as it was anticipated that
human HEXB would be secreted by neurons in the
extracellular milieu and from there taken up by neigh-
boring cells, a key characteristic of lysosomal enzymes
[14]. The presence of GM2 along with lack of human
HEXB in microglia/macrophages suggests that HEXB
crosscorrection between different cell types in the Thy1-
HEXB;HexB−/− model is not efficient. The number of
GFAP+ astrocytes was also increased in the HexB−/− and
Thy1-HEXB;HexB−/− mice compared to littermate con-
trols. Moreover, we did not observe the colocalization of
GFAP with HEXB or GM2, implying that astrocyte acti-
vation is presumably secondary to microglia/macrophage
activation. Taken together, our data suggest that in the
Thy1-HEXB;HexB−/− mouse model, HEXB is expressed
selectively in neurons under the Thy1 promoter, leading
to GM2 clearance in neurons. Microglia and infiltrating
macrophages also participate in GM2 clearance, but
unlike neurons, they are unable to catabolize GM2,
which accumulates over time in their cytoplasm and
activates them. Astrocytes do not express HEXB nor
phagocytose GM2, but appear to become activated pre-
sumably from cell-cell interactions (for example micro-
glia-astrocyte). Previous studies in our laboratory have
also associated TNFα upregulation with microglia
activation and monocyte/macrophage infiltration in
the HexB−/− brain [12]. To this end, we have pre-
viously demonstrated how activated microglia are cap-
able of activating in turn astrocytes via IL-1β and TNFα
[15], cytokines which were found elevated in the Thy1-
HEXB;HexB−/− mouse brains. Despite the presence of
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neuroinflammation, Thy1-HEXB;HexB−/− mice exhibit
no signs of neurodegeneration, both clinical and neu-
ropathological (expression of the proapoptotic gene
caspase-3 was ameliorated). Our results suggest that the
attendant neuroinflammation is not sufficient to elicit
neurodegeneration or to affect normal mouse behavior.
This finding agrees with previous report by other investi-
gators that have shown neuroinflammation to play a
contributory, but not pathognomonic, role in GM2 gang-
liosidosis [4,5,8] and other neurodegenerative diseases
[10,11,16].
In conclusion, the present study demonstrated that

restoration of neuronal function is paramount for the
treatment of neurodegeneration in the Sandhoff disease
mouse model, notwithstanding the contributory role of
neuroinflammation to neurodegeneration. Moreover, our
study demonstrated that the level of attendant neuroin-
flammation in the Thy1-HEXB;HexB−/− model is insuffi-
cient to elicit neurodegenerative or behavioral changes
in mice.

Competing interests
The authors state that there are no conflicts, financial or other, in regards to
the generation of this manuscript.

Authors’ contributions
SK: organized research program, analyzed data and wrote paper. SMB:
contributed to data generation. RHT: contributed to data generation. JHM:
contributed to data generation. JAO: contributed to data generation. MKO’B:
contributed to the composition of the manuscript and data analysis. All
authors read and approved the final manuscript.

Acknowledgements
We would like to thank Dr Carl Pinkert for his role as Director of the
Transgenic Facility in the generation of the Thy1-HEXB transgenic mouse, as
well as Dr Fayrouz Bazina for her assistance in the double
immunofluorescence experiments. This work was funded in part by grant
NS048339 from the National Institutes of Health.

Author details
1Department of Children’s Dentistry, Stony Brook University, Stony Brook, NY
11894-8701, USA. 2Health Science Center, Stony Brook University, Stony
Brook, NY 11794-8701, USA. 3Department of Dentistry, University of
Rochester School of Medicine & Dentistry, Rochester, NY 14642, USA.
4Neurobiology & Anatomy, University of Rochester School of Medicine &
Dentistry, Rochester, NY 14642, USA.

Received: 20 February 2012 Accepted: 17 July 2012
Published: 4 August 2012

References
1. Sango K, Yamanaka S, Hoffman A, Okuda Y, Grinberg A, Westphal H,

McDonald MP, Crawley JN, Sandhoff K, Suzuki K, Proia RL: Mouse models of
Tay-Sachs and Sandhoff diseases differ in neurologic phenotype and
ganglioside metabolism. Nat Genet 1995, 11:170–176.

2. Phaneuf D, Wakamatsu N, Huang J-Q, Borowski A, Peterson AC, Fortunato SR,
Ritter G, Igdoura SA, Morales CR, Benoit G, Akerman BR, Leclerc D, Hanai N,
Marth JD, Trasler JM, Gravel RA: Dramatically different phenotypes in mouse
models of human Tay-Sachs and Sandhoff diseases. Hum Mol Genet 1996,
5:1–14.

3. Huang JQ, Trasler JM, Igdoura S, Michaud J, Hanal N, Gravel RA: Apoptotic
cell death in mouse models of GM2 gangliosidosis and observations
on human Tay-Sachs and Sandhoff diseases. Hum Mol Genet 1997,
6:1879–1885.
4. Myerowitz R, Lawson D, Mizukami H, Mi Y, Tifft CJ, Proia RL: Molecular
pathophysiology in Tay-Sachs and Sandhoff diseases as revealed by
gene expression profiling. Hum Mol Genet 2002, 11:1343–1350.

5. Wada R, Tifft CJ, Proia RL: Microglial activation precedes acute
neurodegeneration in Sandhoff disease and is suppressed by bone
marrow transplantation. Proc Natl Acad Sci USA 2000, 97:10954–10959.

6. Kyrkanides S, Miller JH, Brouxhon SM, Olschowka JA, Federoff HJ:
β-hexosaminidase lentiviral vectors: transfer into the CNS via systemic
administration. Mol Brain Res 2005, 133:286–298.

7. Kyrkanides S, Miller JH, Tallents RH, Brouxhon SM, Centola G, Olschowka JA:
Intraperitoneal inoculation of Sandhoff mouse neonates with an HIV-1
based lentiviral vector exacerbates the attendant neuroinflammation
and disease phenotype. J Neuroinflamm 2007, 188:39–47.

8. Wu YP, Proia RL: Deletion of macrophage-inflammatory protein 1 alpha
retards neurodegeneration in Sandhoff disease mice. Proc Natl Acad Sci
USA 2004, 101:8425–8430.

9. Norflus F, Tifft CJ, McDonald MP, Goldstein G, Crawley JN, Hoffmann A,
Sandhoff K, Suzuki K, Proia RL: Bone marrow transplantation prolongs life
span and ameliorates neurologic manifestations in Sandhoff disease
mice. J Clin Invest 1998, 101:1881–1888.

10. Ohmi K, Greenberg DS, Rajavel KS, Li HH, Neufeld EF: Activated microglia in
cortex of mouse models of mucopolysaccharidoses I and IIIB. Proc Natl
Acad Sci USA 2003, 18:1902–1907.

11. Jeyakumar M, Dwek RA, Butters TD, Platt FM: Storage solutions: treating
lysosomal disorders of the brain. Nat Rev Neurosci 2005, 6:713–725.

12. Kyrkanides S, Miller AW, Miller JH, Tallents JH, Brouxhon SM, Olschowka ME,
O’Banion MK, Olschowka JA: Peripheral blood mononuclear cell
infiltration and neuroinflammation in the HexB−/− mouse model of
neurodegeneration. J Neuroimmunol 2008, 203:50–57.

13. Luthi A, Van der Putten H, Botteri FM, Mansuy IM, Meins M, Frey U,
Sansig G, Portet C, Schmutz M, Schroder M, Nitsch C, Laurent JP, Monard D:
Endogenous serine protease inhibitor modulates epileptic activity and
hippocampal long-term potentiation. J Neurosci 1997, 17:4688–4699.

14. Neufeld EF, Sando GN, Garvin AJ, Rome LH: The transport of lysosomal
enzymes. J Supramolecul Struct 1977, 6:95–101.

15. Kyrkanides S, Olschowka JA, Williams JP, Hansen JT, O’Banion MK: TNFα and
IL-1β mediate ICAM-1 induction via microglia-astrocyte interaction in
CNS radiation injury. J Neuroimmunol 1999, 95:95–106.

16. Ausseil J, Desmaris N, Bigou S, Attali R, Corbineau S, Vitry S, Parent M,
Cheillan D, Fuller M, Maire I, Vanier MT, Heard JM: Early neurodegeneration
progresses independently of microglial activation by heparan sulfate in
the brain of mucopolysaccharidosis IIIB mice. PLoS One 2008, 3:e2296.

doi:10.1186/1742-2094-9-186
Cite this article as: Kyrkanides et al.: Conditional expression of human
β-hexosaminidase in the neurons of Sandhoff disease rescues mice
from neurodegeneration but not neuroinflammation. Journal of
Neuroinflammation 2012 9:186.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Introduction
	Materials and methods
	Cloning
	Animals and behavioral analyses
	RNA isolation and cDNA synthesis
	Quantification of mRNA abundance by &b_k;real-&e_k;&b_k;time&e_k; reverse transcription polymerase chain reaction (RT-PCR)


	link_Fig1
	Histology

	link_Fig2
	Results
	Conditional restoration of &b_k;&beta;-&e_k;&b_k;hexosaminidase&e_k; in neurons rescued HexB&minus;/&minus; mice from GM2 ganglioside storage
	&beta;-Hexosaminidase restitution in the brain of HexB&minus;/&minus; mice did not abolish brain inflammation

	link_Fig3
	Restoration of neuronal function rescues HexB&minus;/&minus; mice from neurodegeneration

	link_Fig4
	Discussion
	link_Fig5
	Competing interests
	Authors´ contributions
	Acknowledgements
	Author details
	References
	link_CR1
	link_CR2
	link_CR3
	link_CR4
	link_CR5
	link_CR6
	link_CR7
	link_CR8
	link_CR9
	link_CR10
	link_CR11
	link_CR12
	link_CR13
	link_CR14
	link_CR15
	link_CR16


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


