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We have previously detected two brain-specific and development-dependent N-gly-
cans [H. Shimizu, K. Ochiai, K. Ikenaka, K. Mikoshiba, and S. Hase (1993) J. Biochem.
114, 334–338]. In the present study we attempted to analyze specific N-glycans
detected in neurological mutant mice. N-glycans in cerebrum and cerebellum
obtained from 3-week-old neurological mutant mice (jimpy, staggerer, and shiverer)
were compared with those obtained from normal mice. N-glycans liberated from the
cerebrum and cerebellum by hydrazinolysis-N-acetylation were pyridylaminated,
and pyridylamino derivatives of N-glycans thus obtained were separated into neutral
and five acidic fractions by anion exchange chromatography. PA-N-glycans in each
fraction were compared with those obtained from normal mice by reversed-phase
HPLC, and the following results were obtained. The ratio of the two brain-type N-
glycans, Manα1-3(GlcNAcβ1-2Manα1-6)(GlcNAcβ1-4)Manβ1-4GlcNAcβ1-4(Fucα1-6)Glc-
NAc (BA-1) to GlcNAcβManα1-3(GlcNAcβ1-2Manα1-6)(GlcNAcβ1-4)Manβ1-4GlcNAcβ1-
4(Fuca1-6)GlcNAc (BA-2), was higher in staggerer mice than other mutant mice and
normal mice. Sia-Gal-BA-2, triantennary N-glycans, and bisected biantennary N-gly-
cans were found in the cerebellum of shiverer and staggerer mice but not in normal or
jimpy mice. High-mannose type N-glycans were not altered in mutant mice brains.
The amounts of disialylbiantennary N-glycans and disialylfucosylbiantennary N-gly-
cans were lower in jimpy mouse cerebellum than in normal mouse cerebellum, but
were higher in shiverer mouse. Some alterations of N-glycans specific to mutations
were successfully identified, suggesting that expression of component(s) of the N-gly-
can biosynthetic pathway was specifically affected in neurological mutations.

Key words: central nervous system, mutant mice, N-glycan, pyridylamination.

Abbreviations: ER, endoplasmic reticulum; Fuc, L-fucose; Gal, D-galactose; GlcNAc, N-acetyl-D-glucosamine;
NCAM, neural cell adhesion molecule; Man, D-mannose; Mn, MannGlcNAc2-PA; PA-, pyridylamino; Sia, N-acetyl-
neuraminic acid. For abbreviations of N-glycans, see Fig. 3.

Neurological mutations affect processes associated with
neural development and subsequently manifest as aber-
rant behavior. The study of neurological mutant mice
provides new insights into both specific murine disease
processes and mechanisms involved in the normal devel-
opment of the mammalian central nervous system (1–4).
For example, the cerebellum of staggerer, shiverer, jimpy
mutant mice is dramatically affected and greatly reduced
in size due to reduced numbers of various cell types. The
most notable problem associated with the staggerer
mutation is that purkinje cells fail to develop their
mature dendritic trees (5). The shiverer mutation is
associated with defects in the myelin of the central
nervous system (6). The jimpy mutation is associated
with death of oligodendrocyte cells and defective myelin
in the central nervous system (7). We previously reported

4)Manβ1-4GlcNAcβ1-4(Fucα1-6)GlcNAc (BA-1) to GlcNAcβ-
Manα1-3(GlcNAcβ1-2Manα1-6)(GlcNAcβ1-4)Manβ1-4Glc-
NAcβ1-4(Fucα1-6)GlcNAc (BA-2), which are specifically
expressed in mouse brain in a development-dependent
manner (8, 9). They are expressed in large amounts and
account for 5–7% of the total N-glycans in this tissue (8).
BA-2 was subsequently found to be one of the major com-
ponents in human β-trace protein and asialotransferrin
from cerebrospinal fluid (10, 11). The presence of brain-
specific N-glycans is due to the specificity of a β1-
4galactosyltransferase expressed in adult mouse brain
(12). To investigate the functions of these N-glycans and
to find other N-glycans specific to these mutations, we
analyzed the expression of N-glycans in brain tissue from
neurological mutant mice. In this paper we report the
detection of alterations in N-glycans, mainly in relation
to BA-1 and BA-2, in the cerebrum and cerebellum of
staggerer, shiverer, and jimpy mutants, by using differen-
tial display of glycans. Though the present method did
not directly identify the functional significance of N-
glycans, it serves as a significant step towards the fur-
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ther understanding of the precise functions of N-glycans
in the central nervous system. Of particular interest is
the finding that some N-glycans were specifically
expressed in mutant mouse brain.

MATERIALS AND METHODS

Materials—The mutant mice were of B6/C3 hybrid
background. Normal mice were of the ICR strain. TSK-
gel HW-40F and TSK-gel Amide-80 were purchased from
Tosoh (Tokyo), YMC-Gel Sil S-5 was obtained from Yama-
mura Kagaku (Kyoto), Shodex Asahipak NH2P-50 was
obtained from Showa Denko (Tokyo), and a Mono Q 5/5
HR column was obtained from Pharmacia (Uppsala,
Sweden). Further materials included Cosmosil 5C18-P
from Nacalai Tesque (Kyoto), anhydrous hydrazine from
Tokyo Chemical Industry (Tokyo), 2-aminopyridyne and
dimethylamine-borane complex from Wako (Osaka), sial-
idase (Arthrobacter ureafaciens) from Nacalai Tesque,

and β-galactosidase (Streptomyces 6644k) from Seika-
gaku Kogyo (Tokyo). A mixture of PA-sialo N-glycans was
prepared as reported previously from α1-acid glycopro-
tein obtained from Sigma (13).

Preparation of PA-N-Glycans—PA-N-Glycans were pre-
pared from cerebrum and cerebellum of 3-week-old nor-
mal and mutant mice as described previously (8, 14).
Cerebrums and cerebellums were extirpated from three
male mice and thoroughly homogenized and lyophilized.
A part of each lyophilized sample (2 mg) was hydrazi-
nolyzed at 100°C for 10 h, then N-acetylated. The reduc-
ing ends of the liberated N-glycans were pyridylaminated
using a Palstation model 1000 (Takara Biomedicals,
Kyoto) under the conditions reported previously (9).
Excess reagents were removed by gel filtration on a TSK-
gel HW-40F column (1.5 × 20 cm) equilibrated with 10
mM ammonium acetate, pH 6.0 (15).

Exoglycosidase Treatment—PA-N-glycans prepared from
2 mg of lyophilized cerebrum or cerebellum were treated

Fig. 1. HPLC elution profiles of Fractions N3–N10 from cere-
brum. Fractions N3–N10 were obtained by size-fractionation HPLC
and separated by reversed-phase HPLC. a, Fraction N3; b, Fraction
N4, c, Fraction N5; d, Fraction N6, e, Fraction N7; f, Fraction N8, g,
Fraction N9; h, Fraction N10. 1, HPLC profile of normal mice; 2,

HPLC profile of jimpy mice; 3, HPLC profile of staggerer mice; 4,
HPLC profile of shiverer mice. Arrowhead A indicates the elution
position of BA-1-PA; B, M5A-PA; C, BA-2-PA; D, BI-PA (42 min); E,
BIBS-PA (60 min); F, BIF-PA(55 min); G, BIBSF-PA(73 min). Aster-
isks indicate high-mannose type N-glycan.
J. Biochem.
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with 5 milliunits of Arthrobacter sialidase in 50 µl of 50
mM ammonium acetate buffer, pH 5.0, at 37°C for 16 h. A
PA-N-glycan (0.2 pmol) was incubated with 5 milliunits
of galactosidase in 50 mM citrate-phosphate buffer, pH
3.5, in a total volume of 30 µl at 37°C for 17 h. The enzym-
atic reaction was terminated by heating the digests at
100°C for 2 min.

High Performance Liquid Chromatography—A Shiseido
Nanospace SI-1 liquid chromatograph was used during
this study. Reversed-phase HPLC was performed on a
Cosmosil 5C18-P column (0.15 × 25 cm) with two eluents,
A and B. Eluent A was 20 mM ammonium acetate buffer,
pH 4.0, and Eluent B 20 mM ammonium acetate buffer,
pH 4.0, containing 0.5% 1-butanol. The column was
equilibrated with 15% Eluent B. After injection of a sam-
ple, the proportion of Eluent B was increased in a linear
manner from 15 to 85% during a period of 90 min at a
flow rate of 0.15 ml/min at 25°C. Size-fractionation HPLC
was carried out on a TSK-gel Amide-80 column (0.46 ×
7.5 cm) with a guard column of YMC-Gel Sil-5 (0.75 × 7.5
cm) to prevent damage to the Amide 80 column. Size-

fractionation HPLC was performed on an Amide 80 col-
umn at a flow rate of 1.0 ml/min. Two eluents, C and D,
were used during the size fractionation. Eluent C was
acetonitrile:water:acetic acid (85:15:3, v/v/v) titrated to
pH 7.3 with triethylamine, and Eluent D was water:ace-
tic acid (100:3, v/v) titrated to pH 7.3 with triethylamine.
The column was equilibrated with Eluent C. After inject-
ing a sample, the proportion of Eluent D was increased in
a linear manner to 10% over a period of 2 min, and then
to 40% over a period of 22 min (9). Size-fractionation
HPLC using a Shodex Asahipak NH2P-50 column (0.2 ×
15 cm) was performed at a flow rate of 0.075 ml/min. Two
eluents, E and F, were used. Eluent E was acetonitrile:
water:acetic acid (950:50:3, v/v/v) titrated to pH 7.0 with
7 M aqueous ammonia; Eluent F was acetonitrile:water:
acetic acid (200:800:3, v/v/v) titrated to pH 7.0 with 7 M
aqueous ammonia. The column was equilibrated with 5%
Eluent F. After injecting a sample, Eluent F was increased
in a linear manner to 14% over a period of 3 min, to 25%
over a period of 17 min, to 50% over a period of 60 min,
and then finally to 75% over a 5-min period (12).

Fig. 2. HPLC elution profiles of Fractions N3–N10 from cere-
bellum. Fractions were obtained by size-fractionation and were sep-

arated by reversed-phase HPLC. Arrowheads, asterisks, letters and
numerals are given in the legend to Fig. 1.
Vol. 138, No. 3, 2005
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Separation of PA-N-glycans on an anion-exchange col-
umn was done on a Mono-Q column at the flow rate of 1.0
ml/min using two eluents, Eluent G and Eluent H. Elu-
ent G was water titrated to pH 9.0 with 1 M aqueous
ammonia and Eluent H 0.5 M titrated with ammonium
acetate solution, pH 9.0. The column was equilibrated
with Eluent G. After injecting a sample, Eluent H was
increased in a linear manner to 10% during a period of 3
min, 40% during a period of 14 min, and 100% during a
further 5 min period (16). PA-N-glycans were quantified
with HPLC by using standard PA-GlcNAc.

Two-Dimensional Sugar Mapping—The structures of
the PA-N-glycans were assessed by two-dimensional

sugar mapping. The elution positions of more than 100
standard PA-N-glycans have already been reported, and
the introduction of a reversed-phase scale made it possi-
ble to predict the elution positions even if standard PA-N-
glycans were not available (17). PA-N-glycans were sepa-
rated by reversed-phase HPLC and size-fractionation
HPLC, and the elution position of each N-glycan was
compared with those of standard PA-N-glycans on the
two-dimensional sugar map. Then, each PA-N-glycan
was digested with exoglycosidases, and the structures of
the products were analyzed on a two-dimensional sugar
map as reported previously (18).

RESULTS AND DISCUSSION

Quantitative Analysis of BA-1 and BA-2 in Cerebellum
and Cerebrum from Mutant Mice—N-Glycans liberated
from lyophilized cerebrum and cerebellum obtained from
mutant and normal mice were pyridylaminated. In the
present study, ICR mice were used as normal mice, based
on earlier findings that the expression patterns of PA-N-
glycans obtained from ICR, BALB/C, and B6 mice were
the same in several independent experiments (data not
shown). The PA-N-glycans were then separated by Mono
Q chromatography into a neutral fraction (N) and mono-
to penta-sialylated N-glycan-containing fractions (A1–
A5, respectively) according to the elution positions of
standard sialylated PA-N-glycans. The neutral fraction
(N), which contained BA-1-PA and BA-2-PA, was next
separated by size-fractionation HPLC. Fractions N3-N10
were collected according to the elution positions of stand-
ard Man3GlcNAc2–PA-Man9GlcNAc2-PA and each frac-
tion was further separated by reversed-phase HPLC
(Figs. 1 and 2). Reproducibility of the experiments was
confirmed by obtaining the same expression patterns
using the same procedures. Peaks A and C were identi-
fied as BA-1-PA and BA-2-PA respectively, by comparing
their elution positions with those of standard samples.
Peak A was eluted in both Fraction N4 and N5 by size
fractionation HPLC. The ratio of BA-1-PA to BA-2-PA
obtained from the cerebrum of the staggerer mutant (1.5)
was larger than that of shiverer mutant mice (0.4), jimpy
mutant mice (0.9), and normal mice (0.7). BA-1 lacks the
GlcNAc residue on the Manα1-3 branch of BA-2 (Fig. 3),
and the hydrolysis of this residue is considered to be
caused by β-N-acetylhexosaminidase B, based on the
finding that no BA-1 peak was obtained from knockout
mice of β-N-acetylhexosaminidase (19). These results
indicate that the activity of β-N-acetylhexosaminidase B
in the cerebrum of shiverer mutant mice was lower, and
that of staggerer mutant mice was higher, than that of
normal mice. In cerebellum, the ratio of BA-1-PA to BA-2-
PA in staggerer (0.9) was larger than that of shiverer mice
(0.3), jimpy mice (0.2), and normal mice (0.2) (Fig. 2, b
and c). These results suggest that β-N-acetylhexosamini-
dase B activity in the brain of staggerer mice was higher
than in other mice tested, including normal mice. These
results are compatible with the previous report indicat-
ing that the activity of β-N-acetylhexosaminidase in cere-
bellum of staggerer mouse was higher than that of a nor-
mal mouse (20). As the specific increase in the amount of
BA-2 occurred during developmental phases associated
with myelination and maturation of the dendritic tree in

Fig. 3. Structures and abbreviations of N-glycans used.
J. Biochem.
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Fig. 4. HPLC elution profiles of Fractions
A1N–A5N from cerebrum. Fractions were
obtained by Mono Q HPLC, digested with siali-
dase, and the products were separated by
reversed-phase HPLC. a, A1N; b, A2N; c, A3N; d,
A4N; e, A5N. Arrowhead A indicates the elution
position of BI-PA; B, BIF-PA. Numerals are given
in the legend to Fig. 1.

Fig. 5. HPLC elution profiles of Fractions
A1N–A5N from cerebellum. Fractions were
obtained by Mono Q HPLC and were separated
by reversed-phase HPLC. Numerals and letters
are shown in the legend to Fig. 4. Arrowhead A
indicates the elution position of 226-T-PA; B, BI-
PA; C, BIF-PA; D, BIBS-PA; E, BIBSF-PA with-
out a Gal residue. Peak E was collected as indi-
cated by the bar.
Vol. 138, No. 3, 2005
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these mutant mice, and as BA-1 and BA-2 are specifically
expressed in the cell membrane of mouse brain (8, 9), BA-
1 and BA-2 may have some roles in the development of
neural cells.

Detection of Other N-Glycans Specifically Expressed in
Mutant Mouse Cerebrum and Cerebellum—Other N-gly-
cans that are specifically expressed in mutant mice were
next analyzed by comparing elution profiles of PA-N-gly-
cans from normal and mutant mouse brain. The struc-
ture of each peak was assessed by comparing its elution
position with those of standard PA-N-glycans. Most
peaks appearing between 15 and 30 min in Fractions N5–
N9 were high-mannose N-glycans (Figs. 1 and 2). Analy-
sis by 2-dimensional mapping of high-mannose-type N-
glycans indicated that they were M9A, M8A, M8B, M7A,
M7B, M6B, and M5A; 2-dimensional maps suggested
that the expression pattern of high-mannose-type N-gly-
can in the normal mouse were rather similar to those
seen in mutant mice (data not shown). The substrate
specificities of α-mannosidases that participate in the
processing of high-mannose N-glycans in ER and Golgi
have been reported previously (21–23). Based upon these
data, the participation of α-mannosidases can be
assessed by analyzing the isomeric structures of 12 oligo-
mannose N-glycans (from Man9GlcNAc2-Man5GlcNAc2)
that can be biosynthesized from glycoproteins, as all
these high-mannose N-glycans can be separated by 2-
dimensional sugar mapping (24). In these mice, sugar
structures of glycoproteins were probably derived from
M9A by digestion with ER-mannosidase I followed by
Golgi α-mannosidase IA and IB, but with no contribution
of Golgi α-mannosidase IC (25). These results suggested
that the biosynthesis of high-mannose type N-glycans
was not affected in mutant mice brain.

The asialo fractions (A1N–A5N), obtained by digesting
the acidic fractions (A1–A5, respectively) with the siali-
dase, were analyzed by reversed-phase HPLC. The elu-
tion profiles of Fractions A3N, A4N, and A5N from nor-
mal and mutant mice cerebrum (Fig. 4) showed some
small differences, but these peaks were not investigated
further in the present study. Sialylated BI and BIF (Peak
A and B, respectively) were larger in shiverer mice. Three

peaks, A, D, and E, remarkably appeared in shiverer and
staggerer mouse cerebellum (Fig. 5). Peak A was identi-
fied as 226-T, Peak D as BIBS by 2-dimensional sugar
mapping, and Peak E was eluted at the position of
monogalactosylated BA-2-PA. As galactosylated BA-2
has not been detected in brain, Peak E from shiverer mice
was further analyzed as follows. Peak E was digested
with β-galactosidase, and the product was identified as
BA-2 by 2-dimensional HPLC mapping, confirming that
Peak E was Gal-BA-2 (Fig. 6). As galactosylated BA-2
was not detected in normal mice, this result implies that
shiverer and staggerer mouse cerebellums exhibit disor-
ders associated with the biosynthesis of N-glycans. N-
Glycans having anionic residues like sialyl-galactosyl-
BA-2 seemed to be expressed instead of the HNK-1
epitope, as HNK-1 antigen is lost in staggerer mouse cer-
ebellum (26). N-Glycans with the HNK-1 epitope seemed
to be eluted in Fraction A5, but these N-glycans were not
studied further, as the alterations of N-glycans analyzed
in the present paper related mainly to BA-1 and BA-2.
The ratio of BIF to BI in staggerer mouse (0.4) was
smaller than all other mice tested (0.8–1.2).

By comparing the HPLC profiles of PA-N-glycans
obtained from mutant and normal mice, it became appar-
ent that mutant-specific alterations of sugar structures
were observed. These mutations were caused by the inac-
tivation of genes which might affect the biosynthesis or
the action of enzymes that synthesize and process N-gly-
cans, resulting in the alterations of N-glycans detected in
mutant mouse brain. However, it is unclear whether
these differences derive from the alteration of proteins.
As these observed alterations were specific to mutations,
alteration of N-glycans might be related to the symptoms
associated with these mutant mice.

This work was supported in part by the 21st Century COE
(Creation of Integrated EcoChemistry), Protein 3000 pro-
grams, and the Japan Health Science Foundation.
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