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residues responsible for the enzyme activity. The amino acid
substitution is supposed to affect Hex A activity directly and
to increase the apparent Km value for a substrate. The appar-
ent Km value of this mutant was estimated to be 30 times
higher than that in controls [24]. The R178H mutation has
been identified in patients with Bl-Variant GM2 gangliosi-
dosis [25-29]. This variant form is known to be an unusual
biochemical phenotype, and B1-Variant patients exhibit both
Hex A and Hex B activities, as determined with 4-methylu-
mbelliferyl N-acetyl-B-D-gluco-saminide (4-MUG), but the
mutant Hex A cannot hydrolyze an artificial substrate, 4-
methylumbelliferyl 6-sulfo-N-acetyl-B-D-glucosaminide (4-
MUGS) [19,20]. Brown et al. [30] expressed a mutant Hex B
with this mutation in COS cells, and confirmed that the mu-
tant enzyme was catalytically inactive, although processing
and stability were not affected. These data suggest that the
R178H mutation causes a small conformational change in-
side the active site pocket.

The R504C/H mutations result in disruption of the inter-
action between the o~ and B-subunits in Hex A as an of3 het-
erodimer. The R504 residue is located in the extrahelix in
domain II. This amino acid residue points outside of the ex-
trahelix and is exposed in the monomer. R504 in the o-
subunit is thought to bind directly with the D494 residue in
the B-subunit at the dimer interface in the aff heterodimer. In
the BB homodimer, R501, which corresponds to R504 in the
o-subunit, binds directly with D494 at the dimer interface.
Substitution of R504 to C or H is deduced to cause disrup-
tion of the essential binding for dimerization. Paw et al. re-
ported that cultured fibroblasts from a patient with R504H
synthesized an o-subunit precursor but that the mutant -
subunit failed to associate with the B-subunit to form an ac-
tive aff heterodimer [31]. They also reported that R504C
gave rise to a mutant o-subunit with the same biochemical
defects as those in the case of R504H [32]. The expressed
products were each secreted as an o-subunit monomer rather
than a dimer of o-subunits. These biochemical results are
consistent with the deduced structural information.

Mutations including R170W, W420C, C458Y, L484P
and R499C/H were deduced to affect structural stability. The
R170 and L.484 residues are located in the region of domain
II facing domain I, and they are adjacent to each other in the
three-dimensional structure. The R170 residue forms hydro-
gen bonds with E141 in domain 1. These hydrogen bonds are
thought to contribute to stabilization of domains I and IL
R170W is deduced to have a significant destabilizing effect
on the domain interface, For the L484P mutation, introduc-
tion of P into the o-helix adjacent to domain I may destabi-
lize it.

The W420 and C458 residues are located on the barrel
structure enclosing the active site pocket. In contrast with
R178H, the structural change caused by W420C and C458Y
is large and they might destabilize the core barrel structure of
domain II as well as the active site pocket. An expression
study showed that the W420C mutation failed to give any
catalytic activity with either a sulfated or nonsulfated sub-
strate.

The R499 residue is present on the same extrahelix as
R504. But R499 points inside the molecule between domain
I and the barrel structure, and is thought to form hydrogen
bonds with residues in domain I and the barrel structure. The
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R499 residue must be one of the important residues stabiliz-
ing the two domains. The R499C/H mutations are deduced to
cause a loss of stability in this region, although the structural
defects are moderate, and not to affect the active site. In cells
from patients with R499C/H, residual Hex A activity was
detected, and they clinically exhibited the late-onset moder-
ate form of the disease.

3. Structural Defect in Sandhoff Discase

The positions of missense mutations causing Sandhoff
disease (R505Q and C534Y) have been mapped in the wild-
type structure of Hex B (B homodimer), as shown in Fig. 2.

Among the mutations, C534Y has been identified in a
patient with the early-onset severe form of the disease [33],
and R505Q in a patient with the late-onset moderate one
[34]. The C534 residue is located in the extrahelix between
domain I and the barrel structure, and forms a disulfide bond
with C551. Substitution of C534 to Y can cause disruption of
the disulfide bond, which results in a large conformational
change of the extrahelix stabilizing domains I and 1I. Fur-
thermore, it may affect the dimerization, because the C551
residue is located at the dimer interface [35]. Western blot
analysis showed a deficiency of the mature B-subunit and a
reduction of the amount of the mature o-subunit [35]. These
data suggest that C534Y causes a structurally unstable
change in the B-subunit and secondary degradation of the a-
subunit resulting from a failure to associate with the (-
subunit.

R505Q results in a conformational change of the surface
region, although it does not affect the active site. The con-
formational change caused by R505Q is smaller than that by
C534Y. The expressed B-subunit with R505Q is partly proc-
essed to the mature form, and shows residual enzyme activ-

ity [35].

The structural defects well reflect biochemical and phe-
notypic abnormalities in the disease. Thus, dysfunctional and
destabilizing defects in Hex o- and B-subunits result in Tay-
Sachs disease and Sandhoff disease, respectively, and it is
thought that enzyme replacement therapies for these diseases
will be effective for improvement of the disorders, if the
enzyme can be incorporated into neuronal cells.

PRODUCTION OF ENZYMES FOR ENZYME
REPLACEMENT THERAPY

As described above, patients with lysosomal diseases
accumulate substances to be degraded due to the absence of
the enzymes responsible for their hydrolysis in lysosomes.
Enzyme replacement therapy, which means administration of
the responsible enzyme to the patients, was proposed by de
Duve in 1964 [36]. However, large amounts of enzyme pro-
teins are required for enzyme replacement. Enzyme replace-
ment therapy for lysosomal diseases became a reality in early
1990s, when purified glucocerebrosidase derived from hu-
man placenta could be targeted to reticuloendothelial tissues,
and its safety and effectiveness were demonstrated in Gau-
cher disease [37]. Now, some recombinant enzymes for
lysosomal diseases, such as Gaucher disease [8,9], Fabry
disease [10-13], MPS 1 [14], Pompe disease [15,16], and
MPS VI [17], are available, and clinical trials with recombi-
nant enzymes are ongoing for many lysosomal diseases (Ta-
ble 2). These recombinant enzymes have been produced in
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Fig. (2). Three-dimensional structure of human Hex B and residues involved in amino acid substitutions in the B-subunit.

The structure of Hex B (BB homodimer) is shown. Residues involved in the catalytic triad (D240, H294 and E355) are presented as ball-and-
sticks models. Residues involved in amino acid substitutions in the B-subunit (R505 and C534) are presented as space-filling models.

mammalian cells. Many lysosomal enzymes are glycopro-
teins, and mannose 6-phosphate (M6P) residues at the non-
reducing ends of the sugar chains are required for efficient
incorporation of the lysosomal enzymes into cells, although
mannose residues are essential for incorporation of glu-
cocerebrosidase into reticuloendothelial cells, which are the
target cells in Gaucher disease. Lysosomal matrix enzymes
are synthesized in rough endoplasmic reticulum and are
modified by the addition of high-mannose oligosaccharides.
These oligosaccharides are then subjected to the trimming
reactions, and the nascent glycoproteins are transferred to the
Golgi apparatus, where further modification including addi-
tion of MGP recognition maker and binding to M6P receptor
occur, and subsequently are transported to endosomes/lyso-
somes. In some type of cells including fibroblasts, lysosomal
enzymes may be transported from the extracellular milieu to
lysosomes through M6P receptor-mediated endocytosis [38].

For example, for Fabry disease, two different human o-
galactosidases are available: one from human fibroblasts
(agalsidase alpha) [10,11] and one from CHO cells (agalsi-
dase beta) [12,13]. Lee ef al. reported biological and phar-
macological comparison of these enzyme preparations [39].
Although the specific activity, ¥max and Km toward two
different artificial substrates were almost the same for the
two enzymes, agalsidase beta showed faster mobility on
isoelectric focusing due to the modification of sialic acids on

the sugar chains. They exhibited the same N-terminal amino
acid sequences and C-terminal heterogeneity with truncated
species lacking either one or two C-terminal amino acid
residues. However, the predominant molecular species of
agalsidase alpha lacked the C-terminal leucine, whereas the
predominant species of agalsidase beta had the full-length
sequence. The most significant difference between them was
the pattern of modification of the sugar chains. Monosaccha-
ride analysis indicated that the sialic acid/galactose ratio of
agalsidase alpha (0.56) was lower than that of agalsidase
beta (0.88), suggesting that the former had more asialo-
complex type sugar chains than the latter. This may be due to
the differences in host cells and cell culture conditions, and
the characteristics of sugar chains should influence the clear-
ance and biodistribution of the enzymes in the whole body.
An additional difference in glycosylation between the two
enzymes was the amount of M6P residues present on oligo-
mannose side chains. Agalsidase beta had a significantly
higher level of M6P (3.1 mol/dimer protein) on a molar basis
than agalsidase alpha (1.8 mol/dimer protein). Human o-
galactosidase contains three potential N-linked glycosylation
sites per monomer. The M6P residues are responsible for the
incorporation of the enzyme into lysosomes in the cell, be-
cause MO6P receptors are located on the plasma membrane
and play a role in endocytotic trafficking to the endosomes/
lysosomes. Phosphorylated oligomannose type sugar chains
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were attached to N192 and N215 in both enzymes. However,
the amounts of phosphorylated sugar chains of agalsidase
beta (72% and 91%) were much higher than those of agalsi-
dase alpha (33% and 61%) for N192 and N215, respectively.
These results well correlated with the ability of enzyme
binding to the receptors and with that of cellular uptake.
When the receptor binding was evaluated by means of sur-
face plasmon resonance analysis to examine the interaction
of o-galactosidase with immobilized MG6P receptors, agalsi-
dase beta bound to the receptors more than agalsidase alpha
did. Cell uptake studies also indicated that the improved
binding to the M6P receptors was correlated with the en-
hanced uptake of agalsidase beta into Fabry fibroblasts. The
biodistribution data suggested that the majority of the in-
jected dose was recovered in the liver, however, approxi-
mately twice as much agalsidase beta was detected in the
kidneys, heart and spleen, compared to agalsidase alpha.
These results indicated that the sugar moieties, including the
monosaccharide composition, attachment sites and structures
of the sugar chains, of the enzymes can influence the effect
of enzyme replacement therapy for lysosomal diseases.

Since these recombinant enzymes are produced in mam-
malian cells, the production of recombinant enzymes is very
expensive and careful monitoring for viral infection is essen-
tial. Therefore, alternative host cells are required to express
an active enzyme at low cost in the near future. Escherichia
coli [40] and insect cells [41] were used as alternative hosts
for producing a recombinant o-galactosidase in early re-
search attempts. However, the recombinant enzyme from
Escherichia coli was not active and contained no sugar
chains. More recently, methylotrophic yeast Pichia pastoris
was used as a host to produce the c-galactosidase [42]. The
expression level of o-galactosidase in this host was consid-
erable (~ 30 mg/L) and the uptake by Fabry fibroblasts was
almost the same as that by insect cells; however, the N-
linked sugar chains of this glycoprotein have not been ana-
lyzed carefully and may not have MGP residues at the non-
reducing ends. Moreover, it has been reported that Pichia
pastoris produces a B-mannoside linkage in the associated
mannan, which is antigenic for humans [43].

Chiba ef al. have produced a recombinant o-galactosi-
dase from yeast Saccharomyces cerevisiae cells [44]. In or-
der to produce therapeutically effective glycoproteins for
lysosomal diseases, the host strain should attach non-
antigenic and highly phosphorylated sugar chains to enzyme
proteins. Since Saccharomyces cerevisiae sometimes pro-
duces antigenic hypermannosylated sugar chains, Jigami and
co-workers earlier developed a Saccharomyces cerevisiae
YS132-8B strain that lacked three genes (OCH!, MNNI, and
MNN4) responsible for the biosynthesis of the outer chains
of yeast mannan [45,46]. However, since this strain lacked
the ability of mannosylphosphorylation, Chiba et al. con-
structed a new disruptant, the HPY21G strain, with KK4
background to delete both OCH/, which encodes the initial
o-1,6-mannosyltransferase, and MNN/, which encodes the
terminal o-1,3-mannosyltransferase [44]. It has been re-
ported that the MNN4 gene encodes a positive regulator of
the Mnn6 protein, which transfers mannose phosphate resi-
dues to N- and O-linked sugar chains [46]. The KK4 strain
exhibited a higher level of mannosylphosphorylated cell sur-
face than the other strains tested did. As the promoter region
of the MNN4 gene of the Saccharomyces cerevisiae KK4
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strain had a mutation, the Mnn4 protein was produced con-
stitutively by the KK4 strain. The recombinant ci-galactosi-
dase from the Saccharomyces cerevisicze HPY21G strain
exhibited similar specific activity to that from insect cells,
and its apparent molecular mass was a little bit smaller than
that of o-galactosidase from mammalian cells. The o-
galactosidase contained not only neutral-type sugar chains
but also mono- and bis-phosphorylated acidic-type ones. The
ratio of non-phosphorylated and phosphorylated sugars of
the o-galactosidase was almost 1:2, suggesting that the con-
stitutive expression of MNN4 in the HPY21G strain may
contribute to the increase in the level of phosphorylation of
sugar chains of the recombinant o-galactosidase. Monosac-
charide composition analysis also showed that the yeast-
derived o-galactosidase contained a higher level of M6P (3.8
mol/dimer protein) on a molar basis [44].

Tong et al. showed that an uncovered MGP residue was
important for the o-galactosidase to exhibit high affinity to
the MGP receptor, because with a covered phosphate residue
there was no effective binding with the receptor [47]. Since
mannose residues covered the MGP residues in Saccharomy-
ces cerevisiae, the terminal mannose residues attached
through phosphodiester linkages should be removed. Chiba
et al. have found, on screening, a new bacterium that pro-
duces an effective o-mannosidase that digests ‘covered’
mannose residues on the glycoprotein [44]. The bacterium
was determined to be a Cellulomonas species. Treatment of
the recombinant o-galactosidase with the Cellulomonas spe-
cies o-mannosidase caused exposure of the MOP residues,
which was confirmed by structural analysis of the sugar
chains by high performance liquid chromatography and M6P
receptor binding assaying. Uptake of the recombinant o-
galactosidase by cultured Fabry fibroblasts was investigated.
The enzyme activity in Fabry cells increased in response to
the addition of the treated o-galactosidase and reached a
normal level with a concentration of only 0.5 pg/ml in the
culture medium. The uptake of the treated o-galactosidase
was apparently inhibited by the addition of 5 mM MGP, sug-
gesting that the uptake of the treated o-galactosidase largely
depended on the MG6P receptor. The effect of the incorpo-
rated o-galactosidase on the degradation of ceramide tri-
hexoside accumulated in Fabry fibroblasts was also investi-
gated. After cells had been treated with o-galactosidase for
18 hours, it was likely that the incorporated o.-galactosidase
was co-localized with ceramide trihexoside and the incorpo-
rated o-galactosidase degraded ceramide trihexoside accu-
mulated in the Fabry cells [44].

Such production technology involving a yeast will be
useful for producing lysosomal enzymes more economically
than with the currently used technology. Efforts are being
focused on developing a M6P type glycoprotein production
system with a methylotrophic yeast Ogataea minuta and on
trying to express other lysosomal enzymes including Hex A.
The Hex A produced in Ogataea minuta exhibits catalytic
activities toward synthetic substrates and native substrates
under the conditions with a detergent [48].

BRAIN-SPECIFIC DELIVERY OF MEDICINES

To develop effective therapies for lysosomal diseases
associated with neurological disorders, a brain-specific de-
livery system for lysosomal enzymes or their genes is re-
quired.
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Microglia, macrophage-like cells in the brain, are multi-
functional cells; they play important roles in the develop-
ment, differentiation and maintenance of neuronal cells via
their phagocytic activity and production of enzymes, cytoki-
nes and trophic factors [49]. Although activated microglia
show similar phenotypes to macrophages in isolated condi-
tions, they appear to exhibit different phenotypes from those
of macrophages in vivo and in vitro [50-58]. Sawada ef al.
found that when intra-arterially injected into rats, isolated
microglia exhibited higher affinity for and migrating activity
toward the brain than macrophages did. Since intra-arterially
injected microglia, which were labeled with fluorescent dye
microparticles through their phagocytic activity, migrated
specifically into the brain but were rarely found in the liver,
this system could be used as a brain-specific delivery system
for medicines or other bioactive materials, such as proteins
or genes.

To investigate the possibility that microglia can deliver a
gene of interest to the brain without any effect on other or-
gans, a P-galactosidase gene expression vector was trans-
fected into purified microglia from primary mixed brain cul-
tures or Ra2 cells, immortalized microglial clone cells, the
microglia then being injected into a vertebral artery in rats.
For identification of these exogenous cells within the brain,
the cells were tagged with a fluorescent dye specific for
phagocytic cells, PKH26 [59,60]. PKH26 stained microglia
efficiently; the purified microglia were stained an intensity
of at least two-orders higher than the purified astrocytes.
Forty-eight hours after the purified microglia had been in-
jected intra-arterially, many fluorescent cells were observed
in a brain section from a rat. A small portion of the fluores-
cent cells was observed in the brain capillaries, attached to
the capillary walls. Two hours after the injection, migration
of microglia into the brain parenchyma was observed. Ex-
ogenous fluorescently labeled microglia were observed to
have adhered to a vessel in the medulla of the brain. Some
microglia crossed the vessel wall and entered the paren-
chyma. Similar results were obtained with Ra2 cells. When a
frozen brain section was stained with X gal as a substrate for
exogenously introduced B-galactosidase, many lacZ-positive
cells were observed in the brains of rats at 48 hours after Ra2
cells, which had been transfected with a lacZ-gene expres-
sion vector, had been injected intra-arterially. Similar results
were obtained with purified microglia. Therefore, intra-
arterially injected microglia and Ra2 cells can migrate to the
brain, and can express the genes transfected in vitro and
translate them into biologically active proteins in the brain.

The specificity of Ra2 cell migration was determined by
measuring B-galactosidase activity in the brain and other
tissued. Using a highly sensitive detection method for [~
galactosidase activity involving a chemiluminescent sub-
strate, Sawada ef al. could detect B-galactosidase activity in
frozen sections of the brain and other tissues. B-Galactosi-
dase activity in tissues at 48 hours following the intra-arterial
injection of Ra2 cells was highest in the brain, i.e., over 30-
fold that in the [iver and spleen, and was not detected in lung
sections. The results indicated that most of the injected Ra2
cells migrated to the brain. On the other hand, purified
macrophages migrated to the liver but were not found in the
brain of normal rats [61]. The data indicate that microglia
have characteristics differing from those of macrophages; the
former exhibit specific affinity for and migrating activity
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toward the brain. The stability of gene expression in the
brain was determined by measuring [-galactosidase activity
in brain sections at 2, 9, 16 and 23 days after intra-arterial
Ra2 cell injection. B-Galactosidase activity in brain sections
was highest on the 2nd day and later gradually decreased. On
the 23rd day the B-galactosidase activity was about half that
on the 2nd day; the product of the transferred gene was still
active. Twenty-three days after the injection, fluorescent Ra2
cells were still present in brain sections in similar numbers to
as on day 2, although the fluorescence intensity of Ra2 cells
was much weaker than that in the day 2 brain sections.
Therefore, the decrease in -galactosidase activity seemed to
be due to a decrease in expression of the lacZ gene in Ra2
cells because it was transiently transfected. This means that
if Ra2 cells that express the gene permanently are injected,
genes of interest can be expressed in the brain for more than
20 days.

Many types of methods and techniques for in vivo gene
transfer have been developed, some of which have already
been applied in clinical trials. The retroviral system, the most
widely accepted gene transfer method to date, allows highly
efficient integration, providing the potential for permanent
gene expression. However, the system has some major dis-
advantages, such as the typically low titer, instability of the
viral vector obtained, and requirement for target cell division
for integration and expression [62]. The adenoviral system
allows more efficient gene transfer and greater stability of
the virus, however, the difficulties in the control of target
cells and re-administration necessitated by the strong anti-
genicity of the virus are serious problems [63]. /n vivo elec-
troporation has been demonstrated to allow highly efficient
gene transfer into the brain [64]. But all of these methods
require a major surgical procedure to transfer cells carrying
genes, or the insertion of a stainless steel electrode.

A brain-targeting delivery system involving microglial
cell line or related signal peptides which deliver enzyme
proteins to the brain will facilitate the development of gene
therapies and enzyme replacement therapies for lysosomal
diseases including Tay-Sachs disease and Sandhoff disease.

INCORPORATION OF LYSOSOMAL ENZYMES IN
TO CELLS

Itoh er al. established Chinese hamster ovary cell lines
that simultaneously express the human HEXA and HEXB
genes as well as the corresponding murine genes, Hexa and
Hexb, respectively. Mice have the same gene organization as
man, i.e., Hexa encoding the o-subunit on chromosome 9
and Hexb encoding the B-subunit on chromosome 13, and
have the same Hex isozyme system [19,65,66]. The amino
acid sequences deduced from Hexa and Hexb cDNAs are
55% identical, and each exhibits homology to the human
counterpart, 84% and 75%, respectively [65]. Itoh ef al. re-
vealed the therapeutic effects of recombinant Hex A
isozymes on the degradation of natural substrates including
GM2 ganglioside and GlcNAc-oligosaccharides accumulated
in cultured cells in Tay-Sachs disease and Sandhoff disease.

CHO cell lines CHO-HEXA/HEXB and CHO-Hexa/
Hexbs were established by co-introduction of the human
HEXA and HEXB as well as the murine Hexa and Hexb
genes, and drug resistance to hygromycin and neomycin de-
rivatives (Itakura submitted). Other CHO cell lines, CHO-
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HEXA, CHO-HEXB and CHO-Hexb, independently express-
ing the HEXA, HEXB and Hexb genes were also isolated as
controls, respectively. As shown in Fig. 3A,B, the intracellu-
lar total Hex activities toward the neutral substrate, 4-MUG
for CHO-HEXA/HEXB and CHO-Hexa/Hexb were similar to
those for CHO-HEXB and CHO-Hexb, and 7~12-fold higher
than those for the parent CHO and CHO-HEXA, while the
Hex activity toward the anionic substrate 4-MUGS was sig-
nificantly increased by 7- and 5.5-fold, respectively, com-
pared to the levels for the control cell lines. As shown in Fig.
3C,D the CHO-HEXA/HEXB and CHO-Hexa/Hexb cell lines
were also revealed to produce significant levels of Hex ac-
tivities toward both 4-MUG and 4-MUGS in the conditioned
media, although the levels varied among the cell lines.

Fig. 4 presents the results obtained on immunoblotting
with anti-human placental Hex A serum. The CHO-HEXA
and CHO-HEXB cell lines produced and secreted the precur-
sor and mature forms of the corresponding o~ (lanes hoy) and
B- (lanes hP) subunits, respectively, although these bands
were not observed for the parental CHO cells (lanes CHO).
The CHO-HEXA/HEXB cells also expressed and secreted
both the precursor and mature forms of the - and 3-subunits
(lanes hathf). The molecular masses of the mature subunits
were calculated to be 53 kDa for the o,- and 25 kDa for the
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Bm-subunit, which were smaller than those of the human pla-
cental mature subunits (ou,: 55 kDa and B,,: 28 kDa) as stan-
dards. At present, it is unknown whether the difference in
subunit size is involved in glycosylation, or it is connected
with the difference in protein processing between human
placenta and CHO cells.

To examine the corrective effects of the conditioned me-
dia containing the recombinant Hex isozymes secreted by the
CHO-HEXA/HEXB and CHO-Hexa/Hexb cell lines, they
were administered to skin fibroblasts derived from a Sand-
hoff patient (SD572) and a Tay-Sachs patient (TS218). As
shown in Fig. 5A, the intracellular 4-MUG-degrading activi-
ties in the SD572 cells were restored to 80% and 116% of
the control value in normal subjects, respectively. The 4-
MUGS-degrading activities in the SD572 cells were also
significantly increased by 35% and 67%, respectively, as
shown in Fig. 3B. However, the conditioned media from the
CHO-HEXB and CHO-Hexb cell lines did not cause an in-
crease in 4-MUGS-degrading activity, suggesting that the
conditioned media from the CHO-HEXA/HEXB and CHO-
Hexa/Hexb cell lines contained not only the Hex B isozyme
but also Hex A and/or Hex S, composed of allo-type Hex
subunits. Incorporation of the recombinant Hex isozymes
was inhibited in the presence of 5 mM MGP in the culture
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Fig. (3). Expression of Hex subunit genes in stably transformed CHO cell lines,
The intracellular (A and B) and secreted (C and D) Hex activities toward synthetic fluorogenic substrates 4-MUG (A and C) and 4-MUGS
(B and D), respectively, were measured. In panels: CHO, parent CHO: ho, CHO-HEXA: hB. CHO-HEXB; hohB, CHO-HEXA/HEXE: mf.

CHO-Hexb; mamB, CHO-Hexa/Hexb.
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Fig. (4). Immunoblotting of Hex isozymes derived from transformed CHO cell lines stably expressing human Hex a- and B-subunit ¢cDNAs,
The isolated clones and conditioned media were harvested, and then aliquots of the cell extracts and conditioned media treated under reduc-
ing conditions were subjected to immunoblotting with rabbit anti-human placental Hex A serum. a biotinylated anti-rabbit 1gG (Vector,
Burlingame, CA). horseradish peroxidase-conjugated egg white avidin (ICN Pharmaceuticals. Inc.. Aurora, OH), and chromogenic substrates
(NBT and BCIP: GIBCO/LifeTech). In panels: hP, human placental Hex: Mock. parent CHO: ho, CHO-HEXA; hf, CHO-HEXB: hohf,
CHO-HEXA/HEXB. The molecular masses (kDa) of biotinylated standards (Cell Signaling Technology. Inc.. Beverly, MA) are indicated.
Arrows indicate the Hex o-subunit precursor (ay,). B-subunit precursor (Bp). mature oi-subunit (0,). and mature B-subunit (B,,).

medium (open columns), indicating that these Hex isozymes
were taken up via M6P receptor on the surface of skin fibro-
blasts.

The enzyme replacement effect on the intracellular deg-
radation of natural substrates accumulated in Sandhoff dis-
ease fibroblasts was also analyzed after continuous admini-
stration of the conditioned media containing the enzyme ac-
tivity at 24-hour intervals for 3 days. As shown in Fig. 5C,
granular immunofluorescence due to GM2 ganglioside was
observed in the SD572 cells (panel SD572). The accumu-
lated fluorescence due to GM2 ganglioside disappeared after
administration of the conditioned media from the CHO-
HEXA/HEXB and CHO-Hexa/Hexb cell lines (panels hahf
and moumf) but not of the conditioned media from the parent
CHO cells (panel Mock). The fluorescence due to GlcNAc-
oligosaccharides also decreased after the addition of the con-
ditioned media from the CHO-HEXA/HEXB, and CHO-
Hexa/Hexb cell lines, and even the mock one, suggesting
that the accumulated GlcNAc-oligosaccharides were easily
degraded by the incorporated Hex B derived from man,
mouse and hamster (data not shown).

Next, the conditioned media from the CHO-HEXA/HEXB
and CHO-Hexa/Hexb cell lines were administered to Tay-
Sachs fibroblasts (TS218). As shown in Fig. 6A, the 4-
MUGS-degrading activities were also restored to 19% and
35% of the control value in normal subjects, which were
higher than that (11%) when the conditioned medium from
the CHO-HEXA cells was added to TS218 cells. The restora-
tion of the intracellular 4-MUGS-degrading activities was
also inhibited in the presence of M6P (data not shown).

Fig. 6B shows the corrective effects of the conditioned
media on the natural substrates accumulated in the TS218
cells. The granular immunofluorescence of GM2 ganglioside
was also observed in the TS218 cells (panel TS218), while
immunofluorescence of GlcNAc-oligosaccharides was ab-
sent (data not shown) because of the presence of endogenous
Hex B. In contrast, the GM2 ganglioside immunofluores-
cence decreased after administration of the conditioned me-
dia from the CHO-HEXA/HEXB and CHO-Hexa/Hexb cell
lines (panels haohP and mamp), although the mock condi-
tioned medium could hardly cause a decrease (panel Mock).

These results suggest that the secreted human and murine
Hex A derived from the CHO-HEXA/HEXB and CHO-
Hexa/Hexb cell lines were also incorporated via MOP recep-
tors to degrade the accumulated GM2 ganglioside in co-
operation with GM2 activator protein in fibroblasts in Sand-
hoff disease and Tay-Sachs disease. Interestingly, the murine
Hex A was clearly demonstrated to bind to the human GM2
activator protein to degrade the accumulated GM2 gangli-
oside in fibroblasts in GM2 gangliosidoses.

There has been recent progress in the development of
enzyme replacement therapies for lysosomal diseases via cell
surface receptors for recombinant lysosomal enzymes with
oligosaccharide chains carrying MGP residues, as described
above. The application of enzyme replacement therapies
with recombinant human Hex isozymes produced by mam-
malian cells to GM2 gangliosidoses with neurological mani-
festations is also expected because they have oligosaccha-
rides carrying MGP residues, although the disadvantage of
the blood-brain barrier for enzyme replacement therapy stilt
remains. Martino et al. reported the difficulty in cross-
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Fig. (5). Corrective effect of the recombinant Hex A on the accumulated natural substrates in Sandhoft fibroblasts.

(A and B) Concentrated conditioned media containing a definite level of 4-MUG-degrading activity (up to 1| mmol/h) were added repeatedly
to the culture medium of SandhofT fibroblasts (SD572; 1-2 x 10° cells/60-mm dish). After 3 days culture. fibroblasts were harvested. and
then Hex activities toward synthetic 4-MUG (A) and 4-MUGS (B) in the cell extracts were measured. Each bar represents the mean for two
independent experiments. Some experiments were performed in the presence of 5 mM M6P (open columns). (C) Degradation of intracellular
GM2 ganglioside accumulated in Sandhoff fibroblasts (SD572) was evaluated by means of immunofluorescence with anti-GM2 ganglioside
serum, and then a fluorescein-conjugated second antibody. Magnification, X 630. In panels: NF, normal fibroblasts; SD572. S1)572 without
the addition of conditioned medium; Mock, SD372 with the addition of conditioned medium from mock-transformed CHO: hf. conditioned
medium from CHO-HEXB; mp, conditioned medium from CHO-Hexb: hohf. conditioned medium from CHO-HEXA/HEXB: momp. condi-

tioned medium from CHO-Hexa/Hexb.

correction in Tay-Sachs cells because recombinant Hex A
incorporated into the cells could not efficiently degrade the
intralysosomal GM2 ganglioside [67]. However, Itoh et al.
demonstrated that administration of conditioned media de-
rived from the CHO-HEXA/HEXB and CHO-Hexa/Hexb cell
lines, each containing recombinant human and murine Hex
A, respectively, to skin fibroblasts from Tay-Sachs and
Sandhoff patients partly restored the intracellular 4-MUGS-
degrading activities, and significantly decreased the accumu-
lated GM2 ganglioside and GlcNAc-oligosaccharides. As the
glycosylated recombinant Hex A containing M6P residues
secreted by the CHO cell lines was revealed to be taken up
via the cell surface MGP receptor, this specific receptor could
be the target molecule for enzyme replacement therapies for
Tay-Sachs disease and Sandhoff disease patients.

CONCLUSION

We have described the molecular pathologies of Tay-
Sachs disease and Sandhoff disease as models of lysosomal
diseases from the protein structural aspect, and have dis-
cussed enzyme production, targeting to the brain and incor-
poration into cells. Improvement of these methods and their

combination will facilitate the development of efficient en-
zyme replacement therapies for lysosomal diseases.
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ABBREVIATIONS

CHO = Chinese hamster ovary
MPS = Mucopolysaccharidosis
Hex = [B-Hexosaminidase

GleNAc = N-Acetylglucosamine
GalNAc = N-Acetylgalactosamine

M6P = Mannose 6-phosphate
4-MUG = 4-Methylumbelliferyl N-acetyl-B-D-glucosam-
inide
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with the addition of conditioned medium from mock-transformed CHO; ho., conditioned medium from CHO-HEXA: hohp. conditioned me-
dium from CHO-HEXA/HEXB; mamp, conditioned medium from CHO-Hexa/Hexb.
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THE INTRA-ARTERIAL INJECTION OF MICROGLIA PROTECTS
HIPPOCAMPAL CA1 NEURONS AGAINST GLOBAL
ISCHEMIA-INDUCED FUNCTIONAL DEFICITS IN RATS
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Abstract—iIn the present study, we have attempted to eluci-
date the effects of the intra-arterial injection of microglia on
the global ischemia-induced functional and morphological
deficits of hippocampal CA1 neurons. When PKH26-labeled
immortalized microglial cells, GMIR1, were injected into the
subclavian artery, these exogenous microglia were found to
accumulate in the hippocampus at 24 h after ischemia. In
hippocampal slices prepared from medium-injected rats sub-
jected to ischemia 48 h earlier, synaptic dysfunctions includ-
ing a significant reduction of synaptic responses and a
marked reduction of long-term potentiation (LTP) of the CA3-
CA1 Schaffer collateral synapses were observed. At this
stage, however, neither significant neuronal degeneration
nor gliosis was observed in the hippocampus. At 96 h after
ischemia, there was a total loss of the synaptic activity and a
marked neuronal death in the CA1 subfieid. In contrast, the
basal synaptic transmission and LTP of the CA3-CA1 syn-
apses were well preserved after ischemia in the slices pre-
pared from the microglia-injected animals. We also found the
microglial-conditioned medium (MCM) to significantly in-
crease the frequency of the spontaneous postsynaptic cur-
rents of CA1 neurons without affecting the amplitude, thus
indicating that MCM increased the provability of the neuro-
transmitter release. The protective effect of the intra-arterial
injected microglia against the ischemia-induced neuronal de-
generation in the hippocampus was substantiated by immu-
nohistochemical and immunoblot analyses. Furthermore, the
arterial-injected microglia prevented the ischemia-induced
decline of the brain-derived neurotrophic factor (BDNF) lev-
els in CA1 neurons. These observations strongly suggest
that the arterial-injection of microglia protected CA1 neurons

*Corresponding author. Tel: +81-92-642-6413; fax: +81-92-642-6415.
E-mail address: nakan@dent.kyushu-u.ac.jp (H. Nakanishi).
Abbreviations: BDNF, brain-derived neurotrophic factor; CD, cathep-
sin D; CLSM, confocal laser-scanning microscope; FCS, fetal calf
serum; GFAP, glial fibriliary acidic protein; Iba1, ionized caicium bind-
ing adaptor molecule 1; 1-O, input—output; LTP, long-term potentia-
tion; MAP2, microtubule-associated protein-2; MCAQ, middie cerebral
artery occlusion; MCM, microglial-conditioned medium; MEM, minimal
essential medium; NeuN, neuronal nuclei; NMDA, N-methyl-p-aspartic
acid; PBS, phosphate-buffered saline; pEPSP, population excitatory
postsynaptic potential; PI, propidium iodide; rCBF, regionai cerebral
blood flow; SDS, sodium dodecyl! sulfate.

against the ischemia-induced neuronal degeneration. The
restoration of the ischemia-induced synaptic deficits and the
resultant reduction of the BDNF levels in CA1 neurons, pos-
sibly by the release of diffusible factor(s), might thus contrib-
ute to the protective effect of the arterial-injection of micro-
glia against ischemia-induced neuronal degeneration. © 2006
IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: microglia, intra-arterial injection, global ischemia,
hippocampal CA1 neurons, brain-derived neurotrophic fac-
tor, electrophysiology.

In response to pathological conditions including cerebral
ischemia, ramified microglia rapidly transform into acti-
vated states and accumulate in pathological sites. When
neurons are severely injured, the microglia further trans-
form into phagocytic cells. It remains controversial whether
the microglia which accumulate at pathological sites are
harmful or beneficial. There is growing evidence that the
activated microglia are harmful for the injured neurons
associated with ischemia, while the inhibition of microglial
activation could reduce ischemic brain injury (Lees, 1993).
Lipid-soluble tetracyclines, doxycycline and minocycline,
have been reported to inhibit microglial activation, while
they also have a neuroprotective effect against global brain
ischemia (Yrjanheikki et al., 1998). On the other hand,
some studies have suggested that microglia might have a
beneficial effect on ischemic injured neurons. The prolifer-
ation of microglia after ischemia has also been suggested
to contribute to the ischemic tolerance (Liu et al., 2001).
The intra-cerebral introduction of microglia is one of the
direct approaches to elucidate the role of microglia in the
ischemic brain. Recently, Kitamura et al. (2004, 2005)
examined the effects of i.c.v.-injected microglia on neuro-
degeneration induced by the middle cerebral artery occlu-
sion (MCAQ) and reperfusion. After MCAQ, i.c.v.-injected
microglia were found to accumulate in the infracted core in
rat brain parenchyma. They performed histological and
functional analyses to show a neuroprotective effect of
exogenous microglia on neuronal injury induced by MCAO.
Unfortunately, i.c.v.-injected microglia may induce several
undesirable events such as the entry of blood cells to the
ischemic lesions and immunologic responses, which com-
plicate the analysis of the role of microglia. We have pre-
viously reported that microglial cell lines as well as primary
cultured microglia retain the ability to enter the normal
brain from the circulation (Imai et al., 1997; Sawada et al.,
1998; Imai et al., 1999). Furthermore, intra-arterial-injected
microglia migraded to the ischemic hippocampal CA1 sub-

0306-4522/06$30.00-+0.00 © 2006 1BRO. Published by Elsevier Ltd. All rights reserved.
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field, one of the most vulnerable neuronal populations
against global forebrain ischemia (Imai et al., 1997, 1999).
Therefore, the intra-arterial injection of microglia can be a
suitable approach to address the question of whether mi-
croglia are harmful or beneficial to the ischemic neuronal
injury.

In the present study, we have thus utilized this intra-
arterial injection system and found that the arterial-injected
microglia protected CA1 neurons against the ischemia-
induced neuronal degeneration by a combination of elec-
trophysiological and morphological analyses. The arterial-
injected microglia ameliorated the ischemia-induced syn-
aptic deficits and the resultant reduction of brain-derived
neurotrophic factor (BDNF) levels in CA1 neurons possibly
by releasing diffusible factor(s). These effects might con-
tribute to the protective effect of the arterial-injection of
microglia against the ischemia-induced neuronal degener-
ation.

EXPERIMENTAL PROCEDURES
Animals

This study was approved by the Animal Research Committee of
the Kyushu University Faculty of Dental Sciences. The study was
carried out using male Wistar rats weighing 180—~210 g. The rats
were housed in group cages under 12-h light/dark conditions and
then were given free access to food and water. The experimental
procedure was approved by the Animal Research Committee of
the Kyushu University Faculty of Dental Sciences, and was con-
ducted in accordance with the guidelines of the U.S. National
Institutes of Health on the Care and Use of Laboratory Animals.
Every effort was made to minimize the number of animals used
and their suffering.

Cell culture

GMIR1, an immortalized microglial clone, was established from a
rat primary microglial culture which has been described previously
(Morihata et al., 2000; Salimi et al., 2002). GMIR1 cells displayed
strong wheat germ agglutinin and IB4-lectin binding and immuno-
reactivity for antibodies recognizing OX-42 and ED1, indicating
that this clone had microglial properties (Salimi et al., 2002).
GMIR1 cells were cultured in Petri dishes in Eagle's minimal
essential medium (MEM) containing 10% fetal calf serum (FCS),
0.2% glucose, 5 mg/l bovine insulin, pH 7.3 and supplemented
with 1 ng/ml granulocyte-macrophage colony stimulating factor
(Genzyme, Cambridge, MA, USA) at 37 °C in 5% CO,. Before
injection, the cells were tagged with a lipid-soluble fluorescent dye
PKH-26 (Zynaxis, Malvern, PA, USA). PKH26-stained cells were
harvested using a rubber policeman in 2 mi of ice-cold phosphate-
buffered saline (PBS) which was centrifuged three times.

Preparation of peritoneal macrophages

Macrophages were collected by injecting 20 ml of cold (4 °C) PBS
into the peritoneal cavities of male Wistar rats. Peritoneal fluid was
withdrawn three times with a 21-gauge needle and a plastic sy-
ringe. The cells were kept at 4 °C, centrifuged at 1000xg for 5
min, and seeded onto plastic dishes containing MEM with 10%
FCS. The non-adherent cells were removed after 2 h and the
adherent macrophages were cultured for 24 h in MEM containing
10% FCS, where they were allowed for 1 h at 37 °C in 5% CO,.

Microglial injection and forebrain ischemia

Male Wistar rats were anesthetized with halothane and the tagged
microglial cells (2% 108 cells in 500 wl of medium) were injected as
a bolus over 30 s into the recipient's subclavian artery. In some
experiments, microglia fixed with 4% paraformaldehyde or periph-
eral macrophages (2x10° cells in 500 w! of medium) were injected
into the recipient’s subclavian artery. Four to 7 days after injection,
rats were subjected to transient forebrain ischemia by clamping
the carotid arteries bilaterally according to the method of Pulsinelli
and Brierley (1979). Briefly, the animals were anesthetized with
the mixture of ketamine (50 mg/kg) and xylazine (10 mg/kg) and
bilateral vertebral arteries were electrocauterized at the level of
the first vertebra. On the following day, the common carotid arter-
ies were gently exposed and both arteries were occluded with a
vascular clamp for 10 min. The rectal temperature was maintained
at 36.5-37.5 °C. The rats that had lost their righting reflexes during
the period of ischemia were used as the postischemic group. This
procedure induced a total loss of neurons in the hippocampal CA1
subfield of medium-injected rats assessed by Nissl staining and
microtubule-associated protein-2 (MAP2)-immunohistochemistry.
In a parallel set of experiments, the changes in the regional
cerebral blood flow (rCBF) (1 mm posterior and 2—4 mm lateral to
the bregma) were continuously monitored with a laser-Doppler
flowmeter (ALF 21D, Advance Co. Ltd., Tokyo, Japan). The
changes in the rCBF were expressed as a percentage of the
average of two to three baseline values. After bilateral carotid
occlusion, the rCBF decreased to 19.9% (range: 12.0-25.0%,
number of animals=3) and 14.7% (range: 9.1-21.4%, number of
animals=4) of the control values in the medium- and microglia-
injected animals, respectively. The extents of rCBF reduction after
carotid occlusion did not differ between the two groups.

Quantitative analysis of infiltrated cells

PKH26-labeled microglia-injected sham and animals subjected to
10-min of four-vessel occlusion 24 h and 48 h earlier (number of
animals=3, each) were anesthetized with sodium pentobarbital
(40 mg/kg, i.p.) and killed by intracardiac perfusion with isotonic
saline followed by a chilled fixative consisting of 4% paraformal-
dehyde in 0.2 M PBS (pH 7.4). After perfusion, the brain was
removed and further fixed by immersion in the same fixative
overnight at 4 °C, and then immersed in 20% sucrose (pH 7.4) for
24 h at 4 °C. Serial parasagittal sections (10 um thick) of the whole
hippocampus were prepared by a cryostat. Three sections were
randomly selected from each group. Images of PKH26-positive
cells infiltrated in each section were taken as a stack at 1-um step
size along z-direction with a 20X objective by a confocal laser-
scanning microscope (CLSM) (LSM510MET, Carl Zeiss, Jena,
Germany) (Shimizu et al., 2005).

Electrophysiology

For electrophysiological analyses, postischemic slices were taken
from either group subjected to 10-min of four-vessel occlusion
48 h (number of animals=5, each group), 96 h (number of ani-
mals=5, each group) and 1 week (number of animals=3) earlier.
Sham slices were taken from medium- and microglia-injected
animals subjected to identical surgical exposure without vessel
occlusion 96 h (number of animals=3, each group) earlier. Ani-
mals of both the ischemic and sham groups were decapitated
under light ether anesthesia and then were rapidly removed and
placed in ice-cold Krebs Ringer solution of the following compo-
sition (in mM): NaCl 124.0, KCI 2.5, KH,PO, 1.24, NaHCO, 26.0,
CaCl, 2.4, MgSO, 1.3 and glucose 10.0. Transverse hippocampal
slices (thickness of 400 pm) ranging from 2.0-3.5 mm lateral to
the midline were cut with a vibrating microtome (VT 10008, Leica,
Heidelberg, Germany) were used for electrophysiological studies.
A single hippocampal slice was placed in an interface-type record-
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ing chamber at a constant bath temperature of 32+0.1 °C. Elec-
trical stimutation (intensity 0—-40 V, duration 20 us, frequency
0.3 Hz) was applied to Schaffer collateral afferents through a
bipolar stainless steel electrode. The extracellular field potentials
were recorded with a glass electrode filled with perfusate and
placed on the stratum pyramidal or stratum radiatum of the CA1
subfield. Stimulus-response curves were constructed by using
stimulus intensities from 0 to 40 V in increments of 5 V. The
responses were subsequently set to a level that gave a slope
value 20% of the maximum obtained. Baseline responses were
obtained every 30 s. Paired-pulse facilitation was assessed using
a succession of paired pulses separated by intervals of 25, 50,
100, 200, and 300 ms. An additional 30 min baseline period was
obtained before attempting to induce long-term potentiation (LTP).
LTP experiments were performed on transverse hippocampal
slices as described previously (Tomimatsu et al., 2002). LTP was
induced by tetanus stimulation, consisting of a train of pulses of
1 s duration with a tetanus at 100 Hz, given at the test stimulus
intensity.

For whole cell recordings, transverse hippocampal slice (thick-
ness of 400 um) from male Wistar rats weighing 100-120 g were
cut with a vibrating microtome (VT 10008, Leica) in ice-cold Krebs
Ringer solution. The slices were placed in an interface-type
chamber at a constant bath temperature of 32+0.1 °C. Whole-
cell recordings were obtained from CA1 pyramidal cells using
blind patch clamp technique in the whole cell voltage clamp mode
(EPC-9, HEKA, Lambrecht, Germany). Patch electrode of 4-7
MQ from glass (outer diameter 1.5 mm, inner diameter 0.9 mm,
WPI) were fabricated on a puller (Model P-97, Sutter Instruments,
Novato, CA, USA). For recording spontaneous miniature currents,
internal solution was composed of (in mM): CsMeSO,H 130,
TEA-CI 5, CsCl 5, EGTA 2, Hepes 10, MgCl, 1, ATP-Mg 4, and pH
was adjusted to 7.4 with Tris-base. Series resistance was contin-
uously monitored during recordings. All experiments were filtered
at 2 kHz, digitized at 4 kHz and stored on a computer equipped
with A/D converter (Power Laboratory). Spontaneous miniature
currents were counted and analyzed using the MiniAnalysis pro-
gram {Synaptosoft, Decatur, GA, USA). Spontaneous events were
screened automatically using an amplitude threshold of 15 pA and
then visually accepted or rejected based on the rise and decay
times. The average values of frequency and amplitude of sponta-
neous miniature currents during the control period were calcu-
lated, and the frequency and amplitude of all the events during
MCM application were normalized to these values.

Immunohistochemistry

For immunohistochemistry, animals subjected to 10-min of four-
vessel occlusion 48 h (number of animals=3, each group), and
96 h (number of animals=3, each group) earlier were deeply
anesthetized with sodium pentobarbital (100 mg/kg, i.p.) and then
transcardially perfused with isotonic saline, followed by a chilled
fixative consisting of 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The brain was left in situ for 2 h at room temper-
ature and then it was removed from the skull. Small blocks con-
taining the hippocampus separated from the brain were further
fixed by immersion in the same fixative overnight, cryoprotected
overnight in 30% sucrose in PBS, and were then embedded in an
optimal cutting temperature compound (Sakura Finetechnical Co.,
Ltd., Tokyo, Japan). Floating parasaggital sections (40 um thick)
of the hippocampus were prepared by a cryostat and stained with
anti-MAP2 (1:1000) (Chemicon International, Temecula, CA, USA),
anti-cathepsin D (CD, 5 ug/mi), anti-CD11b (1:200) (OX42, Sero-
tec, Bichester, UK), anti-glial fibrillary acidic protein (1:1000)
(GFAP, Chemicon International) or anti-ionized calcium binding
adaptor molecule 1 (1:500) (Iba1, Wako Pure Chemical Industries,
Inc., Osaka, Japan) antibodies for 3 days at 4 °C. Antisera to
purified rat spleen CD was raised in rabbits and purified by affinity
chromatography. After washing with PBS, the sections were incu-

bated with biotinylated anti-goat or anti-horse I1gG for 2 h at room
temperature. After washing with PBS, the sections were incubated
with streptavidin-Alexa 488 (Molecular Probes Inc., Eugene, OR,
USA) for 2 h at room temperature. After washing with PBS, the
sections were further stained with propidium iodide (Pl, 5 uM/ml)
(Sigma Chemical Company, St. Louis, MO, USA) for 5 min at
room temperature. For double staining, floating sections were
incubated with anti-BDNF (1:50) (Santa Cruz Biotechnology,
Santa Cruz, CA, USA) and anti-neuronal nuclei (1:200) (NeuN,
Chemicon International) antibodies for 3 days at 4 °C. After wash-
ing with PBS, the sections were incubated with a mixture of
fluorescein isothiocyanate-conjugated donkey anti-rabbit IgG and
rhodamine-conjugated donkey anti-mouse IgG for 1 h at room
temperature. After several washes with PBS, the sections were
mounted in the anti-fading medium Vectashield (Vector Laborato-
ries, Burlingame, CA, USA) and then were examined with the
CLSM (LSM510MET, Carl Zeiss). For the quantitative assess-
ment of the immunofluorescence of BDNF, the immunofluores-
cence intensity was determined as the average pixel intensity in
the CA1 subfield of the hippocampus.

Immunoblotting

For immunohistochemical analyses, the dorsal hippocampus was
taken from either group subjected to 10-min of four-vessel occlu-
sion 48 h (number of animals=3, each group), and 96 h (number
of animals=3, each group) earlier. As the sham sample, the dorsal
hippocampus was also taken from the medium- and microglia-
injected animals subjected to identical surgical exposure without
vessel occlusion 96 h (number of animals=3, each group) earlier.
The animals were anesthetized by sodium pentobarbital anesthe-
sia (40 mg/ml, i.p.) and killed by intracardiac perfusion with iso-
tonic saline. The soluble fractions obtained from the hippocampus
homogenates by differential centrifugation, as described below,
were electrophoresed using sodium dodecyl sulfate (SDS)—poly-
acrylamide gels. Proteins on SDS gels were transferred electro-
phoretically at 100 V for 12-15 h from the gel to nitrocellulose
membranes and then incubated at 4 °C overnight under gentle
agitation with primary antibody against CD or MAP2. After wash-
ing, the membranes were incubated with 0.5% horseradish per-
oxidase—labeled donkey anti-rabbit IgG (Amersham, Buckingham-
shire, UK). Subsequently, membrane-bound, HRP-labeled anti-
bodies were detected by an enhanced chemiluminescence
detection system kit (Amersham). As a control, the primary anti-
body was replaced by nonimmune rabbit IgG. The protein bands
were scanned and analyzed densitometrically.

Preparation of microglial-conditioned medium (MCM)

Mixed glial cells were prepared from the cerebral cortex of 3-day-
old Wistar rats and cultured in Eagle’s MEM (Nissui Pharmaceu-
tical Co., Tokyo, Japan) containing 10% fetal bovine serum (Hy-
Clone, Logan, UT, USA), 0.2% NaHCO,, 2 mM glutamine, 0.2%
glucose, 25 pug/mi insulin, 5000 U/mi penicillin and 5 mg/mi strep-
tomycin according to the methods described previously (Moriguchi
et al., 2003). After isolation, microglia were replaced in six-well
plates (2x10%/ml) and maintained in serum-free MEM containing
0.2% NaHCOg, 2 mM giutamine, 0.2% glucose, 25 pg/ml insulin,
5000 U/ml penicillin and 5 mg/ml streptomycin. After 2 days in
culture, supermnatants were retrieved and filtered by 0.22-um filter
(Millex-GS, Millipore, Billerica, MA, USA) and stored at —80 °C.

Statistical analysis

The experimental values are shown as the mean:=S.E. Statistical
analyses of the results were evaluated using the Student's t-test.
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Fig. 1. Infiltration of arterial-injected PKH26-labeled microglia in the hippocampus at 24 after ischemia. (A~C) PKH26-labeled cells distributed
in the CA1 subfield (A), the CA3 subfield (B), and the dentate hilus (C). (D, E) Immunofluorescent CLSM images for PKH26 (red) and lba1
(green) in the CA3 subfield of the hippocampus. The hippocampal sections containing PKH-labeled cells were subjected to an indirect
immunofluorescence analysis with anti-lbat antibody. Most PKH26-labeled cells were thus found to be positive for Iba1. Scale bars=50 um

(A-D), 80 um (E).

RESULTS

Infiltration of intra-arterial injected microglia
in the post-ischemic brain

In sham animals, PKH26-labeled cells were detected only
in the vessels of the various brain regions but not in the
brain parenchyma including the hippocampus. In the sec-
tions prepared from the animals subjected to the transient
ischemia 24 h earlier, round- or oval-shaped PKH26-la-
beled cells were distributed throughout the hippocampus.
In the CA1 subfield, PKH26-labeled cells were mainly de-
tected in the pyramidal cell layer (Fig. 1A). On the other
hand, in the CA3 subfield, PKH26-labeled cells were
mainly distributed in the dendritic fields (Fig. 1B). PKH26-
labeled cells were also scattered in the dentate hilus (Fig.
1C). The mean cell number of PKH26-labeled cells/section
(10 pm thickness) in the CA1 and CA3 regions was
15.721.0 and 19.3=1.3 (number of sections=14), respec-
tively. The total cell number of PKH26-labeled cells mi-
grated in the hippocampus at 24 h after forebrain ischemia
ranged from 1400-1800. When hippocampal sections
were immunostained for |ba1, which is specifically ex-
pressed in cells of the monocytic lineage including micro-
glia (Imai et al., 1996), PKH26-labeled cells adhered to the
blood vessels were observed to be immunostained for Iba1
(Fig. 1D). Some cells resided in the parenchyma close to
the blood vessels. As shown in Fig. 1E, most PKH26-
labeled cells observed in the parenchyma were also pos-

itive for Ibal. In the sections prepared from the animals
subjected to ischemia 48 h and 96 h earlier, however,
PKH26-labeled cells were rarely detectable in the CA1
subfield.

Protective effects of intra-arterial microglial injection
against the ischemia-induced changes in the evoked
synaptic responses in the hippocampal CA1
pyramidal cells

Next, we examined the effects of the intra-arterial injection
of microglia on the ischemia-induced changes in synaptic
responses in hippocampal slices. The field potentials
elicited by the stimulation of the CA3-CA1 Schaffer
collateral pathway were simultaneously recorded from
the somatic (upper traces) and dendritic (lower traces)
areas of the hippocampal CA1 subfield prepared from
the medium- and microglia-injected animals subjected to
the transient ischemia.

In the sham slices of both groups, an upward waveform
followed by a single population spike was recorded from the
CA1 somatic area of sham slices. When recorded from the
dendritic area of the CA1 subfield, the population excita-
tory postsynaptic potentials (pEPSPs) consisting of a
downward waveform with a single positive reflection was
observed. No significant difference in the synaptic re-
sponses was observed between these two groups (Fig.
2A, D). In the slices prepared from the medium-injected
animals subjected to ischemia 48 h earlier, the mean max-
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Fig. 2. Effects of the intra-arterial injection of microglia on the ischemia-induced changes of the synaptic field potentials in the hippocampal CA1
subfield. (A-C) Somatic (upper traces) and dendritic responses (lower traces) recorded simultaneously at various times after ischemia in the
hippocampus prepared from medium (Med) -injected rats. (D~F) Somatic (upper traces) and dendritic responses (lower traces) recorded simulta-
neously at various times after ischemia in the hippocampus prepared from microglia (Mic) -injected rats. (A, D) Sham, (B, E) 48 h after ischemia, (C,
F) 96 h after ischemia. These responses were evoked by the supra-maximal stimulation of Schaffer collateral afferents. The arrowheads indicate the
onset of stimulation of the Schaffer collateral pathway. (G) The mean pEPSP amplitude in the CA1 subfield of hippocampal slices prepared from the
Med-, Mic-, fixed-microglia- (f-Mic), or macrophage (M¢) -injected rats subjected to ischemia. Each column and vertical bar represents the mean and
S.E. of 30 slices from five animals (Sam), 30 slices from five animals (48 h), 32 slices from five animals (96 h), 12 slices from three animals (1 w),
11 slices from three animals (f-Mic), 32 slices from five animals (M¢). Asterisks indicate a significant difference between the values (* P<0.05,

** P<0.01).

imal amplitude of pEPSP was significantly diminished
compared with sham-operated control (Fig. 2B, G). In con-
trast, a pronounced hyperexcitability was observed in the
hippocampal slices prepared from the microglia-injected
animals at this stage. As shown in Fig. 2E, the synaptic
field responses were characterized by multiple peaks. Fur-
thermore, there was no significant change in the mean
maximal amplitude of pEPSP recorded from the hippocam-
pal slices subjected ischemia 48 h earlier as compared
with sham-operated control (Fig. 2G). At 96 h after ische-
mia, no synaptic field potential was observed in the CA1
subfield of slices prepared from the medium-injected ani-
mals, while a presynaptic fiber volley was present (Fig.
2C). In the CA1 subfield of hippocampal slices prepared
from the microglia-injected animals, rather normal re-
sponses were observed (Fig. 2F). In the microglia-injected
animals, the synaptic field potentials of CA3—CA1 syn-
apses were well preserved for up to 1 week (Fig. 2G).
When the microglia fixed with 4% paraformaldehyde were
injected intra-arterially, the pEPSP amplitude significantly
decreased after ischemia (Fig. 2G). Intra-arterial injection
of peripheral macrophages also showed a neuroprotective
effect, while the mean restored amplitude of pEPSP of
CA3-CA1 synapses by intra-arterial injection of microglia

was on average 1.9-fold larger than that of intra-arterial
injection of macrophage (Fig. 2G).

Protective effects of intra-arterial microglial injection
against the ischemia-induced impairment of the
efficacy of synaptic transmission

We have further examined the basal synaptic transmission
and plasticity in the CA3—CA1 Schaffer collateral pathway
of the medium- and microglia-injected animals subjected to
ischemia 48 h earlier. We first constructed the input-output
(I-O) relationships by plotting the mean pEPSP slope
against the stimulus intensity. As shown in Fig. 3A, the
mean pEPSP slope of the medium-injected animals stayed
at a low level and it did not increase even after stronger
stimulus intensities. On the other hand, no significant def-
icit in the 1-O relationships was observed in the CA3-CA1
synapses of the microglia-injected animals (Fig. 3A). The
mean maximal pEPSP slope of the microglia-injected an-
imals was significantly larger than that of the medium-
injected animals. Next, the |-O relationships were con-
structed by plotting the mean amplitude of the presynaptic
fiber volley against the stimulus intensity. As shown in Fig.
3D, there was no significant difference between -0 curves
of these two groups, thus indicating that the excitability of
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Fig. 3. (A-D) The effects of the intra-arterial injection of microglia on synaptic efficacy and LTP in the post-ischemic hippocampal CA1 subfield. (A-C)
I=0 relationships in the Schaffer collateral-CA1 synapses from the medium- (open circles) and microglia-injected animals (filled circles) subjected to
ischemia 48 h earlier. (A) The mean pEPSP slope plotted against the stimulus intensity, (B) the mean amplitude of fiber voiley plotted against the
stimulus intensity, (C) the mean pEPSP slope plotted against the mean amplitude of fiber volley. (D) Relative pEPSP slope before and after tetanic
stimulation (100 Hz, 1 s) in the CA3—CA1 synapses from the medium- and microglia-injected animals subjected to ischemia 48 h earlier. Each circle
and bar represents mean and S.E. of three to five slices from three animals. (E) Effect of 10% MCM on spontaneous postsynaptic currents at a holding

potential of —~60 mV.

presynaptic fibers was not significantly affected by ischemia.
When the |-O relationships were constructed by plotting
the mean pEPSP slope against the mean amplitude of the
presynaptic fiber volley, the mean siope of I-O curve of the
microglia-injected rats (3.12x0.83 V/s, three slices from
three animals) was significantly larger than that of the
medium-injected rats (1.62x:0.19 V/s, five slices from three
animals) (P<0.05). Next, we also examined the forma-
tion of short-term synaptic plasticity and LTP in these
two groups subjected to ischemia 48 h earlier. In both
groups, there was no difference in paired-pulse facilita-
tion between the medium- and microglia-injected ani-
mals (data not shown). As shown in Fig. 3D, the mean
magnitude of LTP in the hippocampal slices prepared
from the microglia-injected animals (159.4=7.7%, three
slices from three animals) was larger than that from the
medium-injected animals (136.4*=13.5%, four slices

from three animals). However, the difference did not
reach statistical significance. These observations indi-
cated that the ischemia-induced deficit in basal synaptic
transmission and LTP in the CA3-CA1 synapses was
markedly ameliorated by the arterial-injection of micro-
glia.

To evaluate the possible effect of microglial diffusible
factor(s) on presynaptic events, we further examined ef-
fects of MCM on spontaneous postsynaptic currents of
CA1 neurons in hippocampal slices. As shown in Fig. 3E,
the frequency of miniature response was significantly in-
creased by 10% MCM. As shown in Fig. 3E, 10% MCM
significantly increased the frequency of spontaneous
postsynaptic currents by 130.5:15.4% of the control fre-
quency (P<0.05, number of slices=4) without affecting the
mean amplitude of the miniature responses. On the other
hand, the 10% culture medium had no significant effect
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Fig. 4. Inhibition of ischemia-induced neurodegeneration and gliosis in the hippocampal CA1 subfield by the intra-arterial injection of microglia. (A—H)
Immunofluorescent CLSM images (green) for MAP2 (A, E), CD (B, F), OX42 (C, G) and GFAP (D, H). (A-D) The hippocampus prepared from the
medium (Med) -injected rats subjected to ischemia 96 h earlier. (E-H) The hippocampus prepared from the microglia (Mic) -injected rats subjected
to ischemia 96 h earlier. The nuclei were stained by Pl (red). Scale bar=100 pum. {I-K) Immunofiuorescent double-labeled CLSM images for BDNF
(green) and NeuN (red) in the hippocampal CA1 subfield. Sham: sham-operated rats, 48h (Med): Med-injected rat subjected to ischemia 48 h earlier,
48 h (Mic): Mic-injected rat subjected to ischemia 48 h earlier. Scale bar=50 um. (L, M) Immunoblot analyses of the extracts of the hippocampus
prepared from the Mic- and Med-injected rats subjected to ischemia by anti-MAP2 (L) or anti-CD antibody (M). Mic: hippocampal extracts prepared
from the Mic-injected rats, Med: hippocampal extracts prepared from the Med-injected rats. Sham: sham-operated rats, 48 h: rat subjected to ischemia
48 h before, 96 h: rat subjected to ischemia 96 h before. Asterisks indicate a significant difference from the value obtained in the Sham rats (* P<0.05,

* P<0.01).

(97.34.2% of the control frequency, number of slices=4)
(data not shown).

Effects of the intra-arterial microglial injection
on the ischemia-induced neuronal death and
gliosis in the hippocampal CA1 subfield

In the hippocampal sections prepared from the medium-
injected animals subjected to ischemia 96 h earlier,
marked neuronal degeneration and gliosis were obvious in
the CA1 subfield as evidenced by condensed Pl-stained
nuclei of CA1 neurons and marked decrease in the immu-
noreactivity for MAP2 (Fig. 4A). It was also noted that the
reduction of MAP2-immunorectivity was restricted in the
CA1 subfield. Furthermore, GFAP and OX42-positive cells,
which had thick processes, were frequently found in the
CA1 subfield, indicating the formation of gliosis (Fig. 4C,
D). The immunoreactivity for CD also markedly increased
in the CA1 subfield (Fig. 4B). The increased immunoreac-
tivity for CD is considered to mainly reflect gliosis due to
neurodegeneration as previously reported (Nakanishi et

al., 1993, 1994). Therefore, it is likely that the total loss of
postsynaptic field potentials at this stage is due to an
irreversible state of impairment. In contrast, we could not
detect any significant loss of MAP2 immunoreactivity or a
significant increase in CD immunoreactivity in the CA1
subfield of the hippocampal sections prepared from the
microglia-injected animals subjected ischemia 96 h earlier
(Fig. 4E, F). Furthermore, the signs for cellular activation of
glial cells including morphological transformation and cell
proliferation were barely detected in the CA1 subfield of
these animals (Fig. 4G, H).

Immunohistological observations were further substan-
tiated by immunoblot analyses. In the hippocampal ex-
tracts prepared from the medium-injected animals sub-
jected to ischemia 96 h earlier, MAP2 level was signifi-
cantly decreased (Fig. 4L). The mean amount of MAP2
was approximately 15% of that obtained from sham ani-
mals. In the hippocampal extracts prepared from the mi-
croglia-injected animals subjected to ischemia 96 h earlier,
the level of MAP2 was markedly restored. The mean
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amount of MAP2 was approximately 70% of that obtained
from sham animals. On the other hand, the mean amount
of CD significantly increased in the hippocampal extracts
prepared from the medium-injected animals subjected to
ischemia 96 h earlier (Fig. 4M). The increased immunore-
activity for CD is considered to mainly reflect gliosis due to
neurodegeneration as reported previously (Nakanishi et
al,, 1993, 1994). In contrast, there was no significant
change in the mean amount of CD in the postischemic
hippocampus taken from the microglia-injected animals.

Finally, we examined the levels of BDNF immunoreac-
tivity in the postischemic hippocampus taken from the
medium- and microglia-injected animals subjected to ische-
mia, because the exogenously migrated microglia en-
hanced the BDNF level in neighboring neurons (Suzuki et
al., 2001). In the sham animals, the intense immunoreac-
tivittes of BDNF were mainly found in the somata and
dendrites of CA1 neurons (Fig. 41). At 48 h after ischemia,
the immunoreactivity of the BDNF in CA1 neurons of the
medium-injected rats was markedly decreased (Fig. 4J).
On the other hand, the immunoreactivity of BDNF in CA1
neuron of the microglia-injected animals remained well
preserved (Fig. 4K). The mean level of intensity of BDNF
immunofluorescence in the CA1 subfield of the ischemic
hippocampus prepared from microglia-injected animals
was on average 3.1-fold higher than from medium-injected
animals (number of animals=3, P<0.01).

DISCUSSION

The major finding of the present study is that the intra-
arterial injection of immortalized microglial cells, GMIR1,
significantly ameliorated the ischemia-induced functional
and morphological changes of hippocampal CA1 neurons
in rats. In the hippocampal slices prepared from the medium-
injected rats subjected to ischemia 48 h earlier, the evoked
synaptic responses in the CA1 subfield became dimin-
ished without significant changes in levels of either MAP2
or CD. Our obhservations here are consistent with previous
reports that the synaptic activity and plasticity both signif-
icantly decreased after ischemia (Urban et al., 1989; Hori
and Carpenter, 1994; Kirino et al., 1992; Xu and Pulsinelli,
1994, 1996; Shinno et al., 1997). At 96 h after ischemia,
the evoked synaptic responses in the CA1 subfield totally
disappeared. At this stage, we found a significant decrease
in the MAP2 level and a significant increase in the CD level
in the hippocampus. Therefore, the decreased amplitude
of evoked synaptic responses at 48 h after ischemia is
most likely due to a dysfunction in the transmission rather
than an irreversible state of impairment (Shinno et al,,
1997; Zhang et al., 1999). On the other hand, the total loss
of the postsynaptic field potentials at 96 h after ischemia is
considered to reflect an irreversible state of impairment
(Urban et al., 1989). In the present study, we found that the
intra-arterial injection of microglia significantly protected the
CA1 neurons against the ischemia-induced deficit in basal
synaptic transmission and LTP in the CA3-CA1 glutama-
tergic synapses. The intra-arterial injection of microglia
also inhibited the ischemia-induced neuronal degeneration

and resultant gliosis in the CA1 subfield. The neuroprotec-
tive effect of intra-arterial-injected microglia was not ob-
served by the fixation of microglia before injection. There-
fore, the protective effect of intra-arterial-injected microglia
on CA1 neurons against ischemic neuronal damage is
considered to be due to the direct effect of infiltrated mi-
croglia rather than by indirect effects such as an incom-
plete reduction of the rCBF or hypothermia caused by the
injection of microglia during occlusion. In the present
study, approximately 2000 cells of exogenous microglia
were found to migrate to the hippocampus after intra-
arterial injection of 2x10° cells. This is consistent with the
observations reported by Kitamura et al. (2004) that neu-
roprotective effect of i.c.v.-injected 4000 cells of microglia
was equal to or may be higher than that of the 40,000 cells
of microglia. Therefore, it is reasonable to consider that
approximately 2000 of the microglial cells at the patholog-
ical site were sufficient to exert neuroprotection against
ischemic neuronal damage.

Transient forebrain ischemia causes a complex cellular
response that leads to the delayed neuronal death of spe-
cific neuronal populations in both humans and animal mod-
els (Pulsinelli et al., 1982; Kirino, 1982; Zola-Morgan et al.,
1986, 1992). Even though extensive studies have been
performed, the delayed nature of neuronal death of hip-
pocampal CA1 neurons is still not fully understood. Shinno
et al. (1997) have demonstrated that the reduction of the
synaptic transmission in CA1 neurons in the early phase of
ischemic insult may cause disruption of neurotrophic sup-
ply, thus leading to the apoptotic process. There is accu-
mulating evidence that the ischemia-induced synaptic dys-
function may result from a low probability of transmitter
release. Zhang et al. (1999) have reported that the ampli-
tude of population spikes evoked in the CA1 subfield of
hippocampal slices prepared from the post-ischemic rats
was significantly restored by 4-aminopyridine, which is
known to enhance transmitter release probability. More
recently, it has been reported that ischemia-like condition
(anoxia and aglycemia) significantly reduced the mean
frequency of miniature excitatory postsynaptic currents re-
corded from CA1 neurons without affecting the amplitude
(Tanaka et al., 2001). It has been recognized that the
neuronal activity and neurotrophic factors interact recipro-
cally. The blockade of synaptic activities with TTX inhibits
production and release of BDNF (Castrén et al., 1992),
whereas glutamate stimulates BDNF production and re-
lease (Zafra et al., 1991). Furthermore, both mRNA and
protein levels of BDNF were significantly decreased in the
hippocampus after ischemia (Kokaia et al., 1996; Lee et
al., 2002). Our observations herein showed that the intra-
arterial injection of microglia prevented the ischemia-in-
duced reduction of the BDNF levels in CA1 neurons. In the
present study, we also found that MCM significantly in-
creased the frequency of spontaneous postsynaptic cur-
rents of CA1 neurons without affecting the amplitude, thus
indicating that MCM increased the provability of the neu-
rotransmitter release. Therefore, it is tempting to speculate
that the exogenously migrated microglia in the hippocam-
pus ameliorated the ischemia-induced synaptic hypoactiv-
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ity by the release of diffusible factor(s) that may increase
the release of glutamate. The intra-arterial injection of
microglia then preserved the BDNF levels, thus protecting
CA1 neurons against the ischemia-induced neuronal de-
generation. Furthermore, we recently reported that micro-
glia secrete soluble factors that facilitate N-methyl-p-as-
partic acid (NMDA) receptor-mediated glutamatergic neu-
rotransmission (Moriguchi et al., 2003; Hayashi et al,
2006). These diffusible factors released by the exog-
enously migrated microglia may also contribute to the in-
creased expression of BDNF because the activation of
synaptic NMDA receptors has been shown to increase the
expression level of BDNF (Hardingham et al., 2002). Ad-
ditional experiments are necessary to identify the micro-
glial diffusible factor(s) that could ameliorate the ischemia-
induced synaptic deficits.

CONCLUSION

In conclusion, the arterial-injection of microglia protected
against the ischemia-induced neuronal degeneration in the
hippocampus possibly through the restoration of basal
glutamatergic transmission and BDNF levels. Therefore,
the arterial-injection of microglia might thus be a potentially
effective therapeutic modality for the treatment of acute
brain injury including cerebral ischemia.

Acknowledgments—This study was supported by Grants-in-Aid
for the Creation of innovations through Business-Academic-Public
Sector Cooperation of Japan, and Grants-in-Aid for Scientific Re-
search on Priority Area (No.15082204) from the Ministry of Edu-
cation, Science and Culture, Japan.

REFERENCES

Castrén E, Zafra F, Thoenen H, Lindholm D (1992) Light regulates
expression of brain-derived neurotrophic factor mRNA in rat visual
cortex. Proc Natl Acad Sci U S A 89:9444-9448.

Hardingham GE, Fukunaga Y, Bading H (2002) Extrasynaptic
NMDARs oppose synaptic NMDARs by triggering CREB shut-off
and cell death pathways. Nat Neurosci 5:405—-414.

Hayashi Y, Ishibashi H, Hashimoto K, Nakanishi H (2006) Potentiation
of the NMDA receptor-mediated responses through the activation
of the glycine site by microglia secreting soluble factors. Glia
53:660--668.

Hori N, Carpenter DO (1994) Functional and morphological changes
induced by transient in vivo ischemia. Exp Neurol 129:279-289.

Imai F, Sawada M, Suzuki H, Kiya N, Hayakawa M, Nagatsu T,
Marunouchi T, Kanno T (1997) Migration activity of microglia and
macrophages into rat brain. Neurosci Lett 237:49-52.

Imai F, Sawada M, Suzuki H, Zlokovic BV, Kojima J, Kuno S, Nagatsu
T, Nitatori T, Uchiyama Y, Kanno T (1999) Exogenous microglia
enter the brain and migrate into ischaemic hippocampal lesions.
Neurosci Lett 272:127-130.

Imai Y, Ibata I, Ito D, Ohsawa K, Kohsaka S (1996) A novel gene ibat
in the major histocompatibility complex class Il region encoding an
EF hand protein expressed in a monocytic lineage. Biophys Bio-
chem Res Commun 224:855-862.

Kirino T (1982) Delayed neuronal death in the gerbil hippocampus
following ischemia. Brain Res 239:57-69.

Kirino T, Robinson HPC, Miwa A, Tamura A, Kawai N (1992) Distur-
bance of membrane function preceding ischemic delayed neuronal
death in the gerbil hippocampus. J Cereb Blood Flow Metab
12:408-417.

Kitamura Y, Takata K, Inden M, Tsuchiya D, Yanagisawa D, Nakata J,
Taniguchi T (2004) Intraventricular injection of microglia protects
against focal brain ischemia. J Pharmacol Sci 94:203—-206.

Kitamura Y, Yanagisawa D, Inden M, Takata K, Tsuchiya D, Kawasaki
T, Taniguchi T, Shimohama S (2005) Recovery of focal brain
ischemia-induced behavioral dysfunction by intracerebroventricu-
lar injection of microglia. J Pharmacol Sci 97:289-293.

Kokaia Z, Nawa H, Uchino H, Elmér E, Kokaia M, Carnahan J, Smith
ML, Siesjo BK, Lindvall O (1996) Regional brain-derived neurotro-
phic factor mRNA and protein levels following transient forebrain
ischemia in the rat. Mol Brain Res 38:139~144.

Lee TH, Kato H, Chen ST, Kogre K, ltoyama Y (2002) Expression
disparity of brain-derived neurotrophic factor immunoreactivity
and MRNA in ischemic hippocampal neurons. Neuroreport 13:
2271-2275.

Lees GJ (1993) The possible contribution of microglia and macro-
phages to delayed neuronal death after ischemia. J Neurol Sci
114:119-122.

Liu J, Bartels M, Lu A, Sharp FR (2001) Microglia/macrophages pro-
liferate in striatum and neocortex but not in hippocampus after brief
global ischemia that produces ischemic tolerance in gerbil brain.
J Cereb Blood Flow Metab 21:361-373.

Moriguchi S, Mizoguchi Y, Tomimatsu Y, Hayashi Y, Kadowaki T,
Kagamiishi Y, Katsube N, Yamamoto K, !noue K, Watanabe S,
Nabekura J, Nakanishi H (2003) Potentiation of NMDA receptor-
mediated synaptic responses by microglia. Mol Brain Res 119:
160-169.

Morihata H, Kawasaki J, Sakai H, Sawada M, Tsutada T, Kuno M
(2000) Temporal fluctuations of voltage-gated proton currents in
rat spinal microglia via pH- dependent and -independent mecha-
nisms. Neurosci Res 38:265-271.

Nakanishi H, Tsukuba T, Kondou T, Tanaka T, Yamamoto K (1993)
Transient forebrain ischemia induces expression and specific lo-
calization of cathepsins E and D in rat hippocampus and neostri-
atum. Exp Neurol 121:215-223.

Nakanishi H, Tominaga K, Amano T, Yamamoto K (1994) Age-related
changes in activities and localizations of cathepsins D, E, B and L
in the rat brain tissues. Exp Neurol 126:119-128.

Pulsinelli WA, Brierley JB (1979) A new model of bilateral hemispheric
ischemia in the unanesthetized rat. Stroke 10:267--272.

Pulsinelli WA, Brierley JB, Plum F (1982) Temporal profile of neuronal
damage in a model of transient forebrain ischemia. Ann Neurol
11:491-498.

Salimi K, Moser K, Zassler B, Reindl M, Embacher N, Schermer C,
Wes C, Marksteiner J, Sawada M, Humpel C (2002) Glial cell
line-derived neurotrophic factor enhances survival of GM-CSF de-
pendent rat GMIR1-microglial cells. Neurosci Res 43:221-229.

Sawada M, Imai F, Suzuki H, Hayakawa M, Kanno T, Nagatsu T
(1998) Brain-specific gene expression by immortalized microglial
cell-mediated gene transfer in the mammalian brain. FEBS Lett
433:37-40.

Shimizu T, Hayashi Y, Yamasaki R, Yamada J, Zhang J, Ukai K, Koike
M, Mine K, von Figura K, Peters C, Saftig P, Fukuda T, Uchiyama
Y, Nakanishi H (2005) Proteolytic degradation of glutamate decar-
boxylase mediates disinhibition of hippocampal CA3 pyramidal
cells in cathepsin D-deficient mice. J Neurochem 94:680—-690.

Shinno K, Zhang L, Eubanka JH, Carlen PL, Wallance MC (1997)
Transient ischemia induces an early decrease of synaptic trans-
mission in CA1 neurons of rat hippocampus: electrophysiologic
study in brain slices. J Cereb Blood Flow Metab 17:955-966.

Suzuki H, Imai F, Kanno T, Sawada M (2001) Preservation of neuro-
trophin expression in microglia that migrate into the gerbil's brain
across the blood-brain barrier. Neurosci Lett 312:95-98.

Tanaka E, Yasumoto S, Hatltori G, Niyama S, Matsuyama S, Higashi
H (2001) Mechanism underlying the depression of evoked fast
EPSCs following in vitro ischemia in rat hippocampal CA1 neurons.
J Neurophysiol 86:1095-1103.



96 Y. Hayashi et al. / Neuroscience 142 (2006) 87-96

Tomimatsu Y, Idemoto K, Moriguchi S, Watanabe S, Nakanishi H (2002)
Proteases involved in long-term potentiation. Life Sci 72:355-361.

Urban L, Neill KH, Crain BJ, Nadler JV, Somjen GG (1989) Postischemic
synaptic physiology in area CA1 of the gerbil hippocampus studied
in vitro. J Neurosci 9:3966-3975.

Xu ZC, Pulsinelli WA (1994) Responses of CA1 pyramidal neurons in
rat hippocampus to transient forebrain ischemia: an in vivo intra-
cellular recording study. Neurosci Lett 171:187—191.

Xu ZC, Pulsinelli WA (1996) Electrophysiological changes of CA1
pyramidal neurons following transient forebrain ischemia: an in
vivo intracellular recording and staining study. J Neurophysiol 76:
1689-1697.

Yrjanheikki J, Keindnen R, Pellikka M, Hokfelt T, Koistinaho J
(1998) Tetracyclines inhibit microglial activation and are neuro-
protective in global brain ischemia. Proc Natl Acad Sci U S A
95:15769-15774.

Zafra F, Castrén E, Thoenen H, Lindholm D (1991) Interplay between
glutamate and y-aminobutyric acid transmitter systems in the phys-
iological regulation of brain-derived neurotrophic factor and nerve
growth factor synthesis in hippocampal neurons. Proc Natl Acad
Sci U S A 88:10037-10041.

Zhang L, Shang Y, Tian GF, Wallance MC, Eubanks JH (1999) Re-
versible attenuation of glutamatergic transmission in hippocampal
CA1 neurons of rat brain slices following transient cerebral
ischemia. Brain Res 832:31-39.

Zola-Morgan S, Squire LR, Amaral DG (1986) Human amnesia and
the media temporal region: enduring memory impairment following
a bilateral lesion limited to field of the hippocampus. J Neurosci
6:1967-2950.

Zola-Morgan S, Squire LR, Rempel NL, Clower PR, Amaral DG (1992)
Enduring memory impairment in monkeys after ischemic damage
to the hippocampus. J Neurosci 12:2582-2596.

(Accepted 2 June 2006)
(Available online 14 July 2006)



Available online at www.sciencedirect.com
et 4

“=2¢ ScienceDirect

BBRC

www elsevier.com/locate/ybbrc

Biochemical and Biophysical Research Communications 349 (2006) 913-919

Cell cycle-dependent regulation of kainate-induced inward currents
in microglia

a b . . - 1va,
Jun Yamada “, Makoto Sawada °, Hiroshi Nakanishi **
* Laboratory of Oral Aging Science, Faculty of Dental Sciences, Kyushu University, Fukuoka 812-8582, Jupan
® Department of Brain Life Science, Research Institute of Environmental Medicine, Nagoya University, Nagoya 464-8601, Japan

Received 8 August 2006
Available online 31 August 2006

Abstract

Microglia are reported to have a-amino-hydroxy-5-methyl-isoxazole-4-propionate/kainate (KA) types. However, only small popula-
tion of primary cultured rat microglia (approximately 20%) responded to KA. In the present study, we have attempted to elucidate the
regulatory mechanism of responsiveness to KA in GMIR1 rat microglial cell line. When the GMIR1 cells were plated at a low density in
the presence of granulocyte macrophage colony-stimulating factor, the proliferation rate increased and reached the peak after 2 days in
culture and then gradually decreased because of density-dependent inhibition. At cell proliferation stage, approximately 80% of the
GMIRT1 cells exhibited glutamate (Glu)- and KA-induced inward currents at cell proliferation stage, whereas only 22.5% of the cells
showed responsiveness to Glu and KA at cell quiescent stage. Furthermore, the mean amplitudes of inward currents induced by Glu
and KA at cell proliferation stage (13.8 £ 3.0 and 8.4 + 0.6 pA) were significantly larger than those obtained at cell quiescent stage
(474 0.8 and 6.2 4 1.2 pA). In the GMIRI1 cells, KA-induced inward currents were markedly inhibited by (RS)-3-(2-carboxybenzyl)
willardiine (UBP296), a selective antagonist for KA receptors. The KA-responsive cells also responded to (RS)-2-amino-3-(3-hy-
droxy-5-tert-butylisoxazol-4-yl) propanoic acid (ATPA), a selective agonist for GluRS5, in both GMIR1 cells and primary cultured
rat microglia. Furthermore, mRNA levels of the KA receptor subunits, GluRS and GluR6, at the cell proliferation stage were signifi-
cantly higher than those at the cell quiescent stage. Furthermore, the immunoreactivity for GluR6/7 was found to increase in activated
microglhia in the post-ischemic hippocampus. These results strongly suggest that microglia have functional KA receptors mainly consist-
ing of GluRS5 and GluR6, and the expression levels of these subunits are closely regulated by the cell cycle mechanism.
© 2006 Elsevier Inc. All rights reserved.
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There is increasing evidence that glutamate (Glu) is one
of the important molecules mediating the neuron-to-mi-
croglia communication in both physiological and patholog-
ical states [1-5]. We have previously reported that
microglia express functional ionotropic Glu receptors,
mainly o-amino-hydroxy-5-methyl-isoxazole-4-propionate
(AMPA)/kainate (KA) types. Although the activation of
these receptors enhanced the release of proinflammatory
cytokines including tumor necrosis factor-o, only 20% of
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the primary cultured rat microglia could elicit inward cur-
rents after the application of KA [5]. However, the reason
why the KA-responsive population of the microglia is so
small. Gottlieb and Matute [6] have reported that the levels
of Glu receptor subunits expressed in the microglia peaked
between 3 and 7 days after transient forebrain ischemia, a
time when strong microglial activation and proliferation
were observed in the CAl subfield of the hippocampus
[7]. Furthermore, it is also known that a marked expression
of cyclin DI, a key regulator of cell cycle progression,
was followed by microglial proliferation [7,8). This may
suggest that the expression of Glu receptors in the microg-
lia is closely linked with the cell cycle. To investigate this





