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a1,6-Fucosyltransferase-deficient Mice Exhibit Multiple
Behavioral Abnormalities Associated with a Schizophrenia-like
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Previously, we reported that al,6-fucosyltransferase (Fut8)-
deficient (Fut8~'~) mice exhibit emphysema-like changes in the
lung and severe growth retardation due to dysregulation of
TGF-B1 and EGF receptors and to abnormal integrin activation,
respectively. To study the role of a1,6-fucosylation in brain tis-
sue where Fut8 is highly expressed, we examined Fut8~'~ mice
using a combination of neurological and behavioral tests.
Fut8~'~ mice exhibited multiple behavioral abnormalities con-
sistent with a schizophrenia-like phenotype. Fut8~'~ mice dis-
played increased locomotion compared with wild-type
(Fut8*'*) and heterozygous (Fut8*'~) mice. In particular,
Fut8~ '~ mice showed strenuous hopping behavior in a novel
environment. Working memory performance was impaired in
Fut8 '~ mice as evidenced by the Y-maze tests. Furthermore,
Fut8 '~ mice showed prepulse inhibition (PPI) deficiency.
Intriguingly, although there was no significant difference
between Fut8*/* and Fut8*'~ mice in the PPI test under normal
conditions, Fut8*’/~ mice showed impaired PPI after exposure
to arestraint stress. This result suggests that reduced expression
of Fut8 is a plausible cause of schizophrenia and related disor-
ders. The levels of serotonin metabolites were significantly
decreased in both the striatum and nucleus accumbens of the
Fut8 '~ mice. Likewise, treatment with haloperidol, which is
an antipsychotic drug that antagonizes dopaminergic and
serotonergic receptors, significantly reduced hopping behav-
iors. The present study is the first to clearly demonstrate that
al,6-fucosylation plays an important role in the brain, and
that it might be related to schizophrenia-like behaviors.
Thus, the results of the present study provide new insights
into the underlying mechanisms responsible for schizophre-
nia and related disorders.
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al,6-Fucosyltransferase (Fut8)* catalyzes the transfer of a
fucose residue from GDP-fucose to position 6 of the innermost
GlcNAc residue to form al,6-fucose in hybrid and complex
N-linked oligosaccharides of glycoproteins as shown in Fig. 1
(1). a1,6-Fucosylated glycoproteins are widely distributed in
mammalian tissues, especially in the brain (2). In fact, the
majority of N-glycans present in mouse brain tissue are a1,6-
fucosylated (3). We recently investigated the physiological
functions of al,6-fucose by using FutS8-deficient (Fut8 '~)
mice (4). Fut8~'~ mice showed severe growth retardation.
They also suffered from emphysema-like changes in their lungs
that appeared to be due to a lack of a1,6-fucosylation of the
transforming growth factor-81 (TGF-f1) receptor, which con-
sequently resulted in dysregulation of TGF- 1 receptor activa-
tion and signaling (4), and down-regulation of expression of
vascular endothelial cell growth factor receptor-2 (5). In addi-
tion, deletion of the core fucose from the IgG1 molecule report-
edly enhances antibody-dependent cellular cytotoxicity activity
by 50-100-fold. This result indicates that «l1,6-fucose is an
important sugar chain in terms of antibody-dependent cellular
cytotoxicity activity (6). Moreover, the loss of a1,6-fucosylation
down-regulates both EGF receptor-mediated cell signaling
pathways (7) and integrin a3B1-mediated cell adhesion (8).
Taken together, these results suggest that a1,6-fucose plays a
key role in regulating important physiological functions via
modification of functional proteins.

Complex N-glycans are required for the development of the
embryo, and the complete lack of N-glycans in GnT-I-deficient
mice is lethal with defects in neural tube formation (9). These
observations suggest that high-mannose N-glycans are insuffi-
cient for normal ontogeny. On the other hand, restriction of
N-glycan branching to the formation of only hybrid structures
by GnT-II inactivation in mice results in a very low rate of

2 The abbreviations used are: Fut8, a1,6-fucosyltransferase; PPI, prepulse inhi-
bition; TGF-B1, transforming growth factor-B1; GnT-lll, N-acetylglucosami-
nyltransferase Ill; GnT-V, N-acetylglucosaminyltransferase V; 5-HT, 5-hy-
droxytryptamine (serotonin); CDG, congenital disorder of glycosylation;
AAL, aleuria aurantia lectin.
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survival to adulthood and a postnatal phenotype that is similar
to human “congenital disorder of glycosylation (CDG) Ila,”
which manifests as severe multisystemic defects, psychomotor
abnormalities, and mental retardation (10, 11). Furthermore,
the specific elimination of GnT-I and GnT-II genes in neuronal
cell types reveals that hybrid N-glycans are essential for neuro-
nal and postnatal viability in mice, whereas complex N-glycans
appear dispensable in this cell lineage (12). On the other hand,
the importance of fucosylation has recently been underlined by
identification of the monogenetic inherited human disease
CDG-llc, also termed “leukocyte adhesion deficiency II,” which
is caused by defective Golgi GDP-fucose transporter
(SLC35C1) activity (13, 14). CDG-llc patients show hypofuco-
sylation of glycoproteins and present clinically with mental and
growth retardation, persistent leukocytosis, and severe infec-
tions (15). These symptoms can be partially corrected by oral
fucose (16).

Schizophrenia is a common, chronic and severe brain disor-
der characterized by episodic positive symptoms such as delu-
sions, hallucinations, and thought disorders, and/or persistent
negative symptoms such as flattened affect, impaired attention,
social withdrawal, and selective cognitive deficits in attention,
learning, and memory (17). It ranks as one of the leading causes
of disability worldwide, as it afflicts 0.5 to 1% of the world’s
population (18). Schizophrenia seems to have strong genetic
component. Indeed, more than 130 genes reportedly predis-
pose to schizophrenia, but few of these results have been repli-
cated, and fewer still have biological support (17). Although
evidence has accumulated for plausible candidate genes for
schizophrenia, e.g neuregulinl (NRG1), disrupted in schizo-
phrenia 1 (DISC1), and dystrobrevin-binding protein 1
(DTNBP1), etc., substantial controversy remains regarding
both the meaning of the positive genetic findings and implica-
tions for therapeutic strategies (19). Some studies suggest that
interactions between genetics and environmental factors
increase the risk that an individual will develop schizophre-
nia. For example, a functional polymorphism in the gene
encoding catechol-O-methyltransferase, which is thought to
affect the availability of dopamine in the cortex, increases
the risk for the development of psychosis associated with
cannabis use during adolescence (20). Similarly, serious
obstetric complications might interact with variants of genes
that are regulated by hypoxia and/or genes that are involved
in vascular function to influence the risk of developing schiz-
ophrenia (21).

The unique structure of the a1,6-fucosylated hybrid, the for-
mation of which is catalyzed by Fut8, is highly expressed in both
mouse and rat brain tissues and the expression pattern of N-gly-
cans is altered during brain development (22, 23). The present
study examined the effects of a1,6-fucosylation on the central
nervous system. We characterized Fut8 '~ mice using neuro-
logical and behavioral assays that included open field and hop-
ping tests, a social interaction assessment, the Y maze test, and
the prepulse inhibition (PPI) of startle test. The Fut8 /~ mice
exhibited multiple behavioral abnormalities with a schizophre-
nia-like phenotype.
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EXPERIMENTAL PROCEDURES

Animals—All animal experiments were performed in
accordance with protocols approved by the Animal Care and
Use Committee of the Graduate School of Pharmaceutical Sci-
ences, Tohoku Pharmaceutical University. The generation of
Fut8~’~ mice by a gene-targeting technique has been described
previously (4). F1 heterozygous mice were mated with C57BL/6
mice to produce F2 generation mice. We used mice with ~87%
of C57BL/6 genetic background (F3 generation mice), because
we found that mice that have ~93% of C57BL/6 genetic back-
ground (F4 generation mice) rarely lived longer than 1 month.
In the present study, we switched to mice with an ICR genetic
background (F7 generation mice, backcrossed 7 times), and the
survival rate of these mice was about 30%. Wild-type litter-
mates and Fut8~’~ mice were obtained by intercrossing the
heterozygous animals. All experiments were conducted with
male mice 2.5-3.5 months old, except those (3.5—4.5 months
old) used for analyses of monoamine turnover (Fig. 6). Mice
were housed in a room with a 12-h light/dark cycle (lights on at
7:00 a.m.) with access to food and water. Behavioral testing was
performed between 10:00 a.m. and 5:00 p.m.

Lectin Blotting Analysis—After mice (3 months old) were
sacrificed, whole brain tissues or various brain regions, such as
the olfactory bulb, prefrontal cortex, striatum, amygdale, hip-
pocampus, thalamus, hypothalamus, midbrain, and cerebellum
were rapidly removed and then homogenized in 4 volumes of
PBS with a digital homogenizer (As One, CO., Osaka, Japan).
After centrifugation at 900 X g for 10 min, the supernatants
were collected and used for lectin blotting. Whole cell lysates
(2.5 pg/each lane) were subjected to 10% SDS-PAGE, followed
by transfer to PVDF membranes. The membranes were blocked
with 5% BSA in TBST overnight at 4 °C, and then incubated
with 0.5 ug/ml of biotinylated aleuria aurantia lectin (AAL)
(Seikagaku Corp., Japan), which preferentially recognizes the
Fucal,6-GlcNAc structure, in TBST for 1 h at room tempera-
ture. After washing with TBST four times, lectin-reactive pro-
teins were detected using a Vectastain ABC kit (Vector Labo-
ratories, Burlingame, CA) and an ECL kit.

Mass Spectrometry—The brain tissues from 3-month-old
mice were dissolved in a small amount of 50 mMm ammonium
bicarbonate. After cooling the solution to 4 °C, a 3-fold volume
of acetone was added to the solution, and the mixture was kept
in an ice bath for 2 h to precipitate proteins. After centrifuga-
tion at 12,000 X g for 10 min, the precipitate was collected. An
aliquot (200 g equivalent) of the precipitate was treated by
using glycan purification kit BlotGlyco (Sumitomo Bakelite,
Co., Tokyo, Japan) according to the manufacturer’s protocol.
Briefly, the proteins were treated by reduction and alkylation
followed by trypsinization. To the obtained mixture, peptide
N-glycosidase F (EC 3.5.1.52, Takara Bio, Otsu, Japan) was
added, and the mixture was incubated at 37 °C overnight. Then,
the released glycans were captured by BlotGlyco beads, and
sialic acids were methylesterified with 3-methyl-1-p-tolytria-
zene. Finally, the captured glycans were released in derivatized
form with a labeling reagent, aoWR (24). MS spectra were
acquired in the positive ion mode using a MALDI-TOF mass
spectrometer (Reflex IV; Bruker Daltonics, Bremen, Germany).
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Ions were generated with a pulsed 337-nm nitrogen laser and
accelerated to 20 kV. All spectra were obtained in the reflectron
mode with delayed extraction of 200 ns. MS/MS spectra were
acquired using a MALDI-Q-RT-TOF mass spectrometer
(AXIMA-QIT, Shimadzu Corp., Japan). Argon was used as the
collision gas. For sample preparation, 0.5 ul of an analyte solu-
tion was deposited on the target plate and allowed to dry. Then,
0.5 ul of a 2,5-dihydroxybenzoic acid (Wako Pure Chemical
Industries Ltd., Osaka, Japan) solution (10 mg/ml in 30% etha-
nol) was used to cover the analyte on the target plate, followed
by drying.

Measurement of Locomotor Activity—The locomotor activity
was measured by using an Animex Auto MK-110 (Muromachi
Kikai Co., Ltd., Tokyo, Japan), as described previously (25).
Briefly, each mouse was placed at top of an Animex, which is an
activity cage. As the mouse moved, it produced a signal due to
variations in inductance and capacity of the apparatus reso-
nance circuit. These signals were automatically converted into
numbers. The number of activity counts was recorded every 5
min over a 120-min period. To detect hopping, each mouse was
placed in a cylinder (8 cm in diameter, 25 cm deep) large
enough for mouse movement. Behavior was recorded for
90-min using a video camera. The hopping activities were then
scored.

Social Interaction Test In a Novel Environment—To investi-
gate the habituation response to a novel mouse, a social inter-
action test in a novel environment was performed with 10-12-
week-old male mice. Two mice of identical genotypes, which
were previously housed in different cages, were introduced in a
new environment (i.e. a box with dimensions of 40 X 40 X 30
cm?®) and allowed to explore freely during the 10-min trial.
Social behavior was monitored using a video camera attached
to the top of the box. The total duration of contact (close fol-
lowing, inspection, anogenital sniffing, and other social body
contact) was measured manually.

Y-maze Spontaneous Alternations—This task is based on
exploration of novelty and was employed to measure spatial
memory. Testing was carried out in a black Plexiglas maze com-
posed of three arms with an inter-arm angle of 120 degrees
connected to a central area. The arms were 50 cm long and 8 cm
wide. The triangular center area measured 8 X 8 X 8 cm?, The
floor of the maze was cleaned with paper soaked in 70% ethanol
after each test. Each mouse was placed at the end of one fixed
arm facing the central area and allowed to freely explore the
three arms for an 8-min testing period. An arm entry was
defined as the animal placing all four paws in that arm, having
entered the center area from a different arm. Entry from the
center area into the previously visited arm was not considered
an arm entry. The sequence of arm entries was manually
recorded. An alternation was defined as visits into all three
arms in succession. The percentages of alternations were cal-
culated as the number of alternations divided by number of
entries minus 2 and multiplied by 100.

Sensitivity to Haloperidol and Atomoxetine—The effects of a
typical antipsychotic drug, i.e. haloperidol (Sigma), and a non-
stimulant drug approved for the treatment of attention-deficit
hyperactivity disorder, i.e. atomoxetine (Sigma), on locomotor
activity were tested. The pharmacological agents were injected
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intraperitoneally 20 min before monitoring the hopping activ-
ity in the clear plastic cylinder (8 cm in diameter, 25 cm deep).
Activity was recorded for 60 min using a video camera, and
hopping activity was scored. Atomoxetine was dissolved in
saline and administered at a dose of 0.5 mg/kg of body weight,
whereas haloperidol was dissolved in a drop of 1% ascorbic acid
and administered at 0.1 mg/kg of body weight.

PPI of the Acoustic Startle Response and Restraint Stress—
Tests were conducted using a SR-LAB system (SR-LAB, San
Diego Instruments, San Diego, CA) that consisted of a Plexiglas
tube (105 mm length; 38 mm inner diameter) in a sound-atten-
uated chamber. Each animal was tested individually. The test-
ing session started with a 5-min acclimatization to the startle
chamber in the presence of 65 db background white noise,
which was provided by a small electric fan for ventilation. A
duration of 40 ms of white noise was used as the startle stimulus
for all trial types. The startle response was recorded for 160 ms
(measuring the response every 1 ms) starting with the onset of
the prepulse stimulus. A piezoelectric accelerometer affixed
to the animal enclosure frame was used to detect and transduce
the motion that resulted from the response of the animal. To
measure PP, mice were presented with a 73-, 76-, 79-, 82-, or
85-db prepulse followed by a 120-db pulse (40 ms in length) 100
ms later. In the restraint stress test, mice were subjected to a
cylindrical mouse restrainer (10.0 cm length; 2.5 cm diameter)
for 3 h, and then PPI was tested as described above. PPI was
calculated as a percentage score: PPI (%) = (1 X [(startle
response for pulse with prepulse)/(startle response for pulse
alone)]) X 100.

High-performance Liquid Chromatography (HPLC) Assess-
ment of the Brain Content of Monoamines and Metabolites—
Mice were euthanized by decapitation, after which the
striatum, nucleus accumbens, or prefrontal cortex were imme-
diately dissected and frozen in liquid nitrogen. Wet tissue sam-
ples were weighed and stored at —80 °C until subsequent anal-
ysis. The tissue was homogenized in 0.1 M HCIO, containing
100 ng/ml of 3,4-dihydroxybenzylamine as an internal stand-
ard. Homogenates were centrifuged for 10 min at 10,000 X g.
Supernatants were filtered through a 0.22-um filter. Concen-
tration of dopamine, serotonin, 3,4-dihydroxyphenylacetic
acid, homovanillic acid, and 5-hydroxyindoleacetic acid were
determined by HPLC with electrochemical detection, as
described previously (26).

Statistical Analysis—Data collected were analyzed using
GraphPad Prism and Microsoft Excel software. Data are
mean * S.E. A Student’s ¢ test was used to compare the two
groups. For comparison between groups, a two-way analysis of
variance was used.

RESULTS

al,6-Fucosylation of glycoprotein, which is widely distrib-
uted in mammalian tissues, is altered under pathological con-
ditions, such as hepatocellular carcinoma and liver cirrhosis
(27, 28). We previously reported that Fut8 plays an important
role in lung tissues. Fut8 deficiency leads to emphysema-like
changes due to dysregulation of the TGF-B1 receptor and sig-
naling (4). However, although expression of Fut8 is the highest
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product ion (m/z 797.3) was assigned as the structure in the rectangle.

in brain tissue, the function of Fut8 in the brain remains
unknown.

Loss of al,6-Fucosylation in Fut8’~ Brain Tissues—The
reaction products of Fut8, i.e. a1,6-fucosylated N-glycans (Fig.
1A), were analyzed using AAL lectin, which preferentially rec-
ognizes al,6-fucose (29). To examine whether the products of
al,6-fucosylation are widely expressed in brain tissues, we ana-
lyzed the following brain regions: olfactory bulb, prefrontal cor-
tex, striatum, amygdale, hippocampus, thalamus, hypothala-
mus, midbrain, and cerebellum. As shown in Fig. 1B, several
regions that diffuse at ~50-250 kDa were strongly stained with
AAL in all tissues from Fut8"'" mice, but the reactive staining
was lost in tissues from Fut8 '~ mice. The intensities of AAL

AV N
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lectin staining for whole brain tissue from Fut8™*'~ mice were at
the middle levels between Fut8*'" and Fut8 '~ mice (Fig. 1C).
Furthermore, N-linked glycans on proteins in brain were com-
pared between Fut8 '~ mice and the corresponding wild type.
N-Linked glycans were released from each part by peptide
N-glycosidase F (Roche Diagnostics), and derivatized by Blot-
Glyco (Sumitomo Bakelite, Co., Tokyo, Japan) according to the
manufacturer’s protocol. The derivatized glycans were ana-
lyzed by MALDI-TOF mass spectrometer. The glycan analysis
of hippocampus was shown in Fig. 2 and Table 1 as an example.
Although four signals 2, 4, 12, and 17, which correspond to
monofucosylated glycans completely disappeared, signals 1, 3,
9, and 14, which are non-fucosylated glycans, significantly
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increased in the spectrum of the Fut8 '~ tissues. Fucosylated
position of glycans 2 and 4 could be unambiguously estimated
by both the biosynthetic pathway and the glycan compositions.
To confirm the fucosylated position in glycans 12 and 17, tan-
dem MS spectra were acquired. As shown in Fig. 2B, the signal
at m/z 797 .4, which should be generated from glycans contain-
ing a core fucose was observed as the most intense signal in both
the spectra. This indicated that a fucose attached to the reduc-
ing end GlcNAc in these glycans. Similar results were obtained
from glycan analysis of other parts of the brain (data not
shown). Thus we concluded that glycans with a core fucose
disappeared and the glycans without a core fucose increased in
the brain of Fut8™'~ mice.

Novelty-induced Hyperactivity—Novelty-induced hyperac-
tivity has been viewed as a preclinical model of the positive
symptoms of schizophrenia and psychomotor agitation in par-
ticular (30-32). We used an Animex auto MK-110 (Fig. 3, A
and B) to measure hopping in a cylinder (Fig. 3C) to assess
locomotor response to a novel environment in Fut8~ '~ mice.

When mice were placed into the Animex cage, all mice showed
higher novelty-induced activity in the first 5 min (Fig. 34). The
Fut8"'* and Fut8"'~ mice calmed down within 10 min. The
decrease in activity presumably reflected habituation to the test
procedure and novel environment. However, Fut8 /™ mice still
continued to exhibit an increase in activity for 90 min. The total
duration of locomotor activity of Fut8~'~ mice during 120 min
was significantly greater than that of the Fu£8" /" mice (Fig. 3B).
Hopping movements were recorded for 90 min using a video
camera, and then the number of hopping movements was
determined. Compared with Fut8*/* and Fut8"'~ mice,
Fut8~'~ mice showed a significant increase in novelty-induced
hopping (Fig. 3C).

Impaired PP[—The PPI of startle is a cross-species measure
that measures the ability of a non-startling “pre-stimulus” to
inhibit the response to a startling stimulus. There have been
numerous reports of PPI deficits in schizophrenia patients (33—
35), as well as in several mouse models (36 —-38). Thus, the PPI
deficits associated with schizophrenia are the most thoroughly
characterized and the most widely replicated. In the test, a brief,

TABLE 1
Assignment of the signals in the MS spectra as shown in Fig. 24 low intensity acoustic stimulus (the prepulse) inhibits the star-
Signal® Observed Calculated Composition tle reflex caused by a loud stimulus. Fut8 '~ mice show
e complete deficits in PPI compared with the Fut8"'* and
1 1178.47 1178.49 Hex,HexNAc, Fut8*'~ mice (Fig. 4A). Startle amplitudes were not signifi-
2 1324.49 1324.55 Hex,HexNAc,dHex : —/= i /41
3 1320.48 1340, Hex HexNAc. cantly different between Fut8~ '~ mice arhld‘ Fut? ‘llttermait/eis
4 1486.54 1486.60 Hex;HexNAc,dHex, (Fig. 4B). These results suggest that PPI is impaired in Fut8
5 1502.53 1502.59 Hex,HexNAc, . . T
4 154355 154362 Hex.HexNAC, mice. However, we also recognized the possibility that the nov-
7 1664.58 1664.65 Hex;HexNAc, elty-induced hyperactivity described above interfered with the
8 1705.61 1705.67 Hex,HexNAc, £ PPL E . ild h
9 1746.63 1746.70 Hex.HexNAc, measurement o . Exposure to various mild stressors has
10 1826.63 1826.70 HexgHexNAc, been shown to activate dopamine-containing neuronal systems
11 1867.66 1867.73 Hex;HexNAc, Theref. e the i fE PDI
12 1892.68 1892.76 Hex,HexNAc,dHex, (39). Therefore, to examine the importance of Fut8 on PPI, we
13 1908.67 1908.75 Hex,HexNAc, focused on the PPI in Fut8"’~ mice after exposure to restraint
14 1949.69 1949.78 Hex,HexNAc, ) L . )
15 1988.66 1988.75 Hex,HexNAc, stress in a cylindrical mouse restrainer for 3 h. Of particular
16 2054.71 2054.81 Hex,HexNAc,dHex, interest, Fut8*’/~ mice showed a significant PPI deficiency
17 2095.74 2095.84 Hex,HexNAc,dHex, . .
18 2150.69 2150.81 Hex,HexNAc, when presented with a 79-db prepulse, and a decrease in PPI
19 231274 2312.86 Hex,HexNAc, following pre-pulses at all of other intensities compared with
20 2403.82 2403.95 Hex,HexNAc,dHex, Y +g pre-p omparec
« All glycans were observed as [M + HI". Fut8 littermates tested under the same conditions (Fig. 5).
A B <0.01 C
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FIGURE 3. Novelty-induced hyperactivity. A and B, locomotor activity was
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measured using an Animex Auto MK-110 as described under “Experimental

Procedures.” The time spent in motion was assessed at 5-min intervals. Data are mean *+ S.E.;n = 10 for Fut8*'", Fut8"™/~, and Fut8~’~ mice (2.5-3.5 months

old). C, hopping behavior of Fut8~/~ mice in the cylinder. Hopping movemen
Fut8™'™, Fut8"’~, and Fut8~'~ mice (2.5-3.5 months old).
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ts were observed for 60 min for each animal. Data are mean = S.E.; n = 20 for
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These results, taken together, strongly suggest that Fut8 might
play a causal role in the disorder.

Alterations in Social Interaction and Short-term Memory—
Deficits in social interaction are hallmarks of schizophrenia (40,
41). We adapted a novel environment task, such that pairs of
mice with the same genotype and same sex were allowed to
explore a novel environment for 10 min. As compared with
Fut8*'* and Fut8"'~ mice, Fut8 '~ mice spent significantly
less time engaging in active contact, such as sniffing or follow-
ing each other, during the 10-min social interaction test (Fig.
6A). To examine whether short-term memory was altered in
Fut8~ '~ mice, we performed a Y-maze task. As Fig. 6B shows,
spontaneous alterations were reduced in Fut8 '~ mice com-
pared with Fut8*'" and Fut8"'~ mice. It is worth noting that
there were no significant differences in the number of total arm
entries among these mice.

Analyses of Monoamine Turnover in Fut8 '~ Mice—Because
locomotor hyperactivity is commonly associated with
increased dopaminergic tone (42), the effect of Fut8 deficiency
on monoamine turnover was determined by HPLC. Levels of
both dopamine and dopamine metabolites were not signifi-
cantly changed in the striatum of Fut8~/~ mice compared with
Fut8*'" or Fut8"'~ mice. Similar results were obtained for
other brain tissues, including the frontal cortex and nucleus
accumbens (Fig. 7, upper and middle panels), indicating that
there were no significant differences in either dopamine syn-

MAY 27,2011+VOLUME 286-NUMBER 21

Roles of Fut8 in Brain

A B 0.001
<
p<0.001 80- p<0.
p<0.001 p<0.001
100
2 iL & 60 [T -
@, 80 —I— =
) kel
8
C -
g o 8 401
c C
° S
E 404 g
()
2 20_
20

+/+ +/- /- +/+  +/- /-

FIGURE 6. Impairment of social behavior and spontaneous alternation
behavior. A, social interaction of pairs of male mice (2.5-3.5 months old) of
the same genotype (Fut8*’*, n = 6; Fut8"’~, n = 6; Fut8’~, n = 10) was
observed for 10 min in an open arena. Bars represent total contact time.
B, spontaneous alternation behavior during Y-maze test in mice (n = 10 for
each group) was observed 8 min as described under “Experimental Proce-
dures.”

thesis or dopamine metabolites between Fut8 '~ and Fut8*'*
or Fut8"'~ mice. Intriguingly, levels of 5-hydroxytryptamine
(5-HT; serotonin) metabolites were significantly decreased in
the striatum and nucleus accumbens of the Fut8 '~ mice com-
pared with those in the Fut8"'* and Fut8*/~ mice (lower
panel). Based on these results, we hypothesize that the balance
between dopaminergic and serotonergic signaling might be dis-
rupted in the Fut8~/~ mice.

Amelioration of Hopping Hyperactivity and Monoamine
Turnovers by Treatment with Haloperidol—The typical antip-
sychotic drug haloperidol, which is a dopamine D2 receptor
antagonist (43), was tested for its ability to attenuate the hyper-
active behavior of Fut8 '~ mice. Haloperidol (0.1 mg/kg) effec-
tively reduced the hyperactivity of Fut8 '~ mice to the level
observed in wild-type mice (Fig. 8). This dose did not impair
locomotor activity in Fut8*/* mice, and Fut8 '~ mice did not
show spontaneous catalepsy. On the other hand, treatment
with atomoxetine, which is a non-stimulant approved for the
treatment of attention deficit hyperactivity disorder (44), did
not significantly inhibit the hyperactivity of Fut8~'~ mice, also
suggesting that Fut8 might play a role in schizophrenia-like
disorders.

Furthermore, haloperidol might normalize the balance
between the dopamine and serotonin systems in the Fut8 /'~
mice as shown in Fig. 9. It is known that dopamine metabolism
is evaluated in several regions such as striatum and nucleus
accumbens by treatment with haloperidol, whereas the admin-
istration usually does not affect serotonin metabolism (45—47).
However, the present study showed that haloperidol signifi-
cantly increased not only dopamine metabolism but also the
serotonin metabolism (Fig. 9). In fact, haloperidol has also been
found to have a lower affinity with 5-HA2A, a serotonin recep-
tor (48). Thus, the discrepancy could explain why loss of «1,6-
fucosylation on 5-HA2A may result in its conformation change,
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FIGURE 8. Effects of haloperidol and atomoxetine on hopping behavior of
Fut8~'~ mice. The mice (2.5-3.5 months old) were injected intraperitoneally
with haloperidol ata dose of 0.1 mg/kg, atomoxetine at 0.5 mg/kg, or with the
same volume of 1% ascorbic acid as a control. Twenty min following injection,
the mice were placed in the cylinder for measurement of hopping move-
ments during a 60-min test period. Data are mean = S.E.; n = 20.

which in turn enhances its binding with haloperidol. In fact,
deletion of the a1,6-fucose from the IgG1 molecule reportedly
enhances binding of the IgG Fc domain to an Fc receptor
(FcgRIIIa) on natural killer cells, and then increases antibody-
dependent cellular cytotoxicity activity (6, 49). Taken together,
the altered balance between dopamine and serotonin systems
could be causally related to the abnormal behavior of the
Fut8 '™ mice.

18440 JOURNAL OF BIOLOGICAL CHEMISTRY

DISCUSSION

We performed a comprehensive behavioral analysis of Fut8-
deficient mice. These mice exhibited increased locomotor
activity, decreased social interaction, and impaired alertness, as
assessed by the PPI test. Furthermore, the enhanced locomotor
activity of Fut8 '~ mice was significantly reduced to normal
levels of Fut8"/* mice by treatment with the typical antipsy-
chotic drug haloperidol, which is a dopamine D2 receptor
antagonist. These results suggest that al,6-fucosylation plays
an important role in brain function, and regulates psychotic
conditions.

The biological basis for the psychotic signs and symptoms
associated with schizophrenia is not known. Although hyper-
locomotion and stereotypy are commonly considered behav-
iors of increased dopaminergic tone (42, 50), studies of dopa-
mine release and metabolism have generated conflicting
results, and several groups have not observed alterations in
dopamine transmission (51-53). In Fut8 /~ mice, dopamine
turnover was unchanged, whereas 5-HT turnover was
decreased. In fact, the importance of 5-HT in controlling loco-
motor activity has been demonstrated in a study with 5-HT -
receptor knock-out mice, which show hyperlocomotor activity
and aggressive behavior (54). A similar phenomenon has also
been observed in PACAP knock-out mice, which show slightly
decreased 5-HIAA levels in the cortex and striatum with abnor-
mal jumping behavior and other psychomotor behavioral
abnormalities (30). Recently, it has been reported that
5-HT(2A) and 5-HT(2C) receptors exert opposing effects on
the locomotor activity induced by the hallucinogen 1-(2,5-di-
methoxy-4-iodophenyl)-2-aminopropane (55). Thus, the bal-
ance between the dopamine and 5-HT systems seems to be
important for normal motor activity, and alterations in any of
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the parameters that control this delicate homeostasis might
underlie hyperactive states. This may explain, at least in part,
the locomotor hyperactivity of Fut8~/~ mice. On the other
hand, it also has been postulated that glutamatergic and dop-
aminergic neurons share common postsynaptic targets in the
striatum with opposing effects, i.e. glutamate exerts an excit-
atory influence on these target neurons, whereas dopamine
exerts an inhibitory influence (56). This hypothesis has been
confirmed in N-methyl-p-aspartate receptor knock-out mice,
which show hyperlocomotor activity, which is attenuated by
both typical and atypical antipsychotics (52). In fact, the gluta-
mate receptor agonist LY404039 has demonstrated clinical effi-
cacy for the treatment of schizophrenia, suggesting a hypoglu-
tamate state during the illness (57).

Previously, we reported that a1,6-fucosylation affects many
target proteins, such as a31 integrin, EGF, and TGF-f1 recep-
tors (7, 8). a1,6-Fucosylation is required for a331 integrin-me-
diated cell adhesion and cell signaling. In brain tissue, reelin
may arrest neuronal migration and promote normal cortical
lamination by binding a381 integrin and modulating integrin-
mediated cellular adhesion (58). On the other hand, in mouse
brain tissues, most complex type N-glycans contain «1,6-fu-
cose, as shown in the present study (Fig. 2) as well as in the
glycan profiling data base from the Consortium for Functional
Glycomics (CFQ). It is well accepted that multiple genes of each
with a small effect, rather than a single causative gene, act in
concert with nongenetic factors to increase the risk of mental
disorders (59). Therefore we believe that there may be many
other functional molecules, such as dopamine and serotonin
transporters or receptors, which also depend on the a1,6-fuco-
sylation for their biological functions. Thus, the lack of «1,6-
fucosylation of each target molecule has a small effect, but col-
lectively, the absence of «l,6-fucosylation has a significant
effect on behavior. A detailed characterization of the functions
of al,6-fucosylation on those receptors is required in further
studies. In fact, the modification of sialic acid residues facili-

MAY 27,2011+VOLUME 286+-NUMBER 21

tates homo- and hetero-oligomerization of the serotonin trans-
porter to regulate the serotonergic system through uptake and
clearance of serotonin released from the nerve terminal (60).
y-Aminobutyric acid transporters also require N-glycosylation
for correct folding, protein stability, and intracellular traffick-
ing (61). Moreover, knock-out of GnT-V, which forms
B1,6-GIcNAc branching in N-glycans, altered social interac-
tions and increased depression-like behavior in the mouse
model (62). On the other hand, in humans, reduced fucosyla-
tion of glycoproteins in CDG-llc patients, due to a defective
Golgi GDP-fucose transporter, results in growth and mental
retardation, which is similar to the results for Fut8 '~ mice in
the present study. Importantly, some CDG-llc patients experi-
ence partial alleviation of symptoms following oral fucose ther-
apy (16, 63). It should be noted that, in the present study,
Fut8"'~ mice exposed to restraint stress showed a PPI defi-
ciency, whereas Fut8"/" littermates did not. It was unclear why
only the 79-db prepulse intensity (not higher or lower values)
induced a significantly different response. Perhaps a prepulse at
lower values is not enough to get full PPI, whereas a prepulse at
higher values may get signals that are too strong for PPI to
distinguish between wild-type mice and Fut8-deficient mice.
Thus, the prepulse intensity at 79-db in the present study could
be an appropriate stimulus. In fact, the phenomenon was also
observed in a dominant-negative DISC1 transgenic mouse, for
which the decreased PPI only occurred at 74-db, one of four
prepulse intensities (64). Taken together, these results strongly
suggest that alterations in «l1,6-fucosylation might underlie
certain cases of human schizophrenia.

In summary, the Fut8-deficient mice described here support
a model in which decreased Fut8 expression leads to extensive
behavioral changes that are characteristics of schizophrenia.
Continued studies of these mice will undoubtedly lead to a bet-
ter understanding of the role of al,6-fucosylation of many
receptors related to this disease. Thus, the results of the present
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study provide new insight into the underlying mechanism
responsible for schizophrenia and related disorders.
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