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in Rat Brain Capillary Endothelial Cells; Comparison
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Brain and retinal capillary endothelial cells (BCECs and RCECs, respectively) exhibit a barrier structure and function. Comparison of
gene expression in these cells could clarify the selective function of each barrier. The purpose of this study was to identify the genes
selectively expressed at the blood—brain barrier (BBB) and to clarify the function of the selective gene, androgen receptor (AR). Gene
expression was compared by a differential display using conditionally immortalized rat BCECs and RCECs (TR-BBB and TR-iBRB,
respectively). A total of 12 gene fragments were identified as the selective genes dominantly expressed in TR-BBB cells. The most
selective fragment in TR-BBB cells had the highest homology with the 3'-UTR of human and mouse AR. Rat AR mRNA was detected
in TR-BBB cells and the brain capillary rich fraction, but not in TR-iBRB cells. Expression of organic anion transporter 3 (OAT3)
mRNA in TR-BBB cells was induced by treatment with dihydrotestosterone (DHT), an AR ligand, and this induction was suppressed
by flutarnide. Moreover, uptake of benzylpenicillin by TR-BBB cells was also induced by DHT treatment. In contrast, OAT3 mRNA
expression in TR-iBRB cells was not affected by DHT treatment. The brain-to-blood efflux rate of benzylpenicillin was not affected
by gender. These results suggest that AR is involved in the functional regulation of OAT3 atthe BBB, but not atthe inner blood-retinal
barrier (iBRB), and this regulation is not affected by gender. The BBB function will be affected by the androgen levels in the brain and/

or plasma via AR.

J. Cell. Physiol. 204: 896-900, 2005. © 2005 Wiley-Liss, Inc.

The blood—brain barrier (BBB) is formed by brain
capillary endothelial cells (BCECs) with tight junctions.
The BBB expresses various transporters, which act to
support and protect the central nervous system (CNS)
by supplying nutrients to the brain and excreting
metabolites, toxins, and drugs from the brain to blood.
Compared with peripheral capillary endothelial cells,
BCECs express a variety of unique molecules, such as
transporters, receptors, and tight junction proteins
(Hosoya et al., 2002), however the molecular mechan-
isms that induce and maintain the BBB functions in
BCECs are still poorly understood.

Gene comparison is one of the most effective strategies
for identifying the molecules that are selectively
expressed at the BCECs and play unique roles at the
BBB. Li and co-workers have reported gene subtraction
between rat BCECs, liver and kidney (Li et al., 2002).
However, the gene expression in different tissues is too
different to allow identification of the molecules con-
trolling the unique functions of the BBB, since the cells
in these tissues are a mixture of different type of cells
with totally different functions. Therefore, gene com-
parison should be performed between endothelial cells
forming the barrier system in different tissues.

RCECs form the inner blood—retinal barrier (iBRB)
by connect with tight junctions as well as BCECs
(Cunha-Vaz, 1976). We recently established condition-
ally immortalized rat BCECs and RCECs (TR-BBB and
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TR-iBRB, respectively) from transgenicrats harboring a
temperature-sensitive SV 40 large T-antigen ‘gene
(Hosoya et al., 2000, 2001). TR-BBB and TR-iBRB cells
possess endothelial markers and express GLUT1 and P-
glycoprotein (Hosoya et al., 2000, 2001), which are
expressed at the BBB and inner BRB in vivo as shown by
immunohistochemical analysis (Tsuji et al., 1992;
Holash and Stewart, 1993; Kumagai, 1999). Thus, TR-
BBB and TR-iBRB cells maintain certain in vivo
functions, and are a suitable in vitro model for the
BBB and iBRB, respectively (Terasakt et al., 2003).
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EXPRESSION AND FUNCTION OF AR AT THE BBB

The purpose of the present study was to identify
selectively expressed genes at the BBB by mRNA
differential display analysis of TR-BBB and TR-iBRB
cells. The differential display analysis has shown that
the androgen receptor (AR) gene is predominantly exp-
ressed in TR-BBB cells, and the regulation of transport
by AR at the BBB was examined using TR-BBB cells.

MATERIALS AND METHODS
Cell culture

TR-BBB11, TR-BBB13, TR-iBRB2, and TR-iBRB9 cells
were established and characterized as described previously
(Hosoya et al., 2000, 2001). Cells were seeded onto rat tail
collagen type I-coat tissue culture dishes (Becton Dickinson,
Bedford, MA). The cells were then cultured in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine
serum (Moregate, Bulimbra, Australia) and 15 pg/l endothelial
cell growth factor (Roche Diagnostics, Mannheim, Germany)
at 33°C in a humidified atmosphere of 5% COy/air. For
treatment with DHT or flutamide, the cells were cultured at
33°C with the above medium containing 10 nM DHT (Wako
Pure Chemicals, Osaka, Japan) and 0.1% ethanol, or with
10 nM DHT, 1 uM flutamide (Sigma, St. Louis, MO), and 0.1%
ethanol.d As a control, culture medium containing 0.1% ethanol
was used.

mRNA differential display analysis

Differential display was performed using the rhodamine
version of a fluorescence differential display kit (Takara,
Shiga, Japan) as described previously (Tomi et al., 2004).
Briefly, total RNA was prepared from the culture cells using
TRIzol reagent (Invitrogen, Carlsbad, CA). After DNase I
treatment, RNA was reverse transcribed with a rhodamine
labeled arbitrary anchored oligo dT primer. The resulting
¢DNA was PCR-amplified using the rhodamine labeled
arbitrary anchored oligo dT primer and an arbitrary decamer.
PCR products were loaded on to 6% polyacrylamide gels, and
DNA bands were visualized using a fluorescent image analyzer
(FLA3000; Fujifilm, Tokyo, Japan). DNA bands differentially
displayed between TR-BBB and TR-iBRB cells were excised
from the gel. The eluted DNA was reamplified using the same
primer set and PCR conditions. Reamplified PCR products
were run on 3% agarose gel containing H.A.-Yellow (Takara)
and visualized using the fluorescent image analyzer. The DNA
was cloned into a plasmid (pBluescript II SK-+; Stratagene,
La Jolla, CA), and sequenced using a DNA sequencer
(CEQ2000X1L; Beckman Coulter, Fullerton, CA). Similarities
with other sequences in the GenBank were examined using the
BLAST program at the National Center for Biotechnology
Information (Bethesda, MD).

RT-PCR analysis

Isolation of the rat brain capillary-rich fraction was
performed as described previously (Hosoya et al., 2000).

Briefly, cerebrum excised from rats was dissected into pieces,

and homogenized in phosphate-buffered saline (PBS). Homo-
genate was added to the same volume of 32% dextran solution,
and then centrifuged (4,500g, 20 min, 4°C). The resulting
pellets were washed in PBS to obtain the enriched capillary
fraction. Total RNA was prepared from the brain capillary-rich
fraction using TRIzol reagent (Invitrogen). Reverse-transcrip-
tion was performed with oligo dT primer. The sequences of the
specific primers for AR were as follows: sense, GGTATCCT-
GGTGGAGTTGTGAACA and antisense, TCACTGTGTGTG-
GAAATAGATGGGC for rat AR (NM012502; position 2477—
3702). PCR was conducted through 35 cycles of 94°C for 30 sec,
55°C for 30 sec, and 72°C for 1 min. The RT-PCR products were
separated by electrophoresis on agarose gel. All PCR products
were subcloned and sequenced using a DNA sequencer.

Quantitative real-time PCR analysis

Quantitative real-time PCR was performed as described
previously (Tomi et al., 2004). Briefly, single-strand cDNA was
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synthesized from total RNA (1 pg) by reverse transcription
using oligo dT primer. According to the manufacturer’s
protocol, quantitative real-time PCR was performed using an
ABI PRISM 7700 sequence detector system (PE-Applied
Biosystems) with a 2x SYBR Green PCR master mix (PE-
Applied Biosystems), reverse transcribed ¢cDNA, and gene-
specific primers. To quantify the amount of target mRNA in the
samples, a standard curve was prepared for each run using the
plasmid containing the target gene. The mRNA content of
organic anion transporter 3 (OAT3) was quantitated within the
range of standards, and was standardized by the amount of
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The
primer set and amplify condition for AR were the same as that
used in RT-PCR analysis. The sequences of the specific primers
were as follows: sense, ATCTCATCAACATCTATTGGGT and
antisense, CAGAGAGAGACAGAAGGTCA for rat OAT3
(AB017446; position 748-1119); sense, 5'-TGATGACATCAA-
GAAGGTGGTGAAG-3' and antisense, 5-TCCTTGGAGGCC-
ATGTAGGCCAT-3' for GAPDH (XM217111; position 830—
1069). PCR was conducted through 40 cycles of 94°C for 30 sec,
60°C for 1 min, and 72°C for 1 min. The statistical significance
of differences among means of several groups was determined
by one-way analysis of variance (ANOVA) followed by the
modified Fisher’s least squares difference method.

- Cell uptake stady

TR-BBB13 cells (1 x 10° cells/cm®) were washed with pre-
warmed uptake buffer A (135 mM NaCl, 3 mM KC], 1.4 mM
CaCl,, 1.2 mM MgS0,, 0.4 mM K;HPO,, 10 mM p-glucose,
and 10 mM HEPES, pH 7.4, 290 & 15 mOsm/kg) at 37°C. The
uptake study was initiated at 37°C by applying 200 ul
uptake buffer A containing 4.0 uCi [*H]benzylpenicillin
(21.0 Ci/mmol, Amersham Biotech, Uppsala, Sweden) and
1.0 pCi [*Clinulin (2.64 Ci/mmol, NEN Life Science, Boston,
MA) to estimate the volume of adherent water. After a pre-
determined interval, cells were washed with ice-cold uptake
buffer A and solubilized. Radioactivity was measured in a
liquid scintillation counter (LS6500, Beckman-Coulter, Full-
erton, CA) and the protein content was determined using a kit
(DC, Bio-Rad, Hercules, CA) with bovine serum albumin as a
standard. The uptake of [°H]benzylpenicillin was expressed as
the cell-to-medium (cell/medium) ratio using the following
equation:

Cell/medium ratio = ([*H] dpm per cell protein (mg))/
(I°H] dpm/ul medium) — ([**C] dpm per cell protein (ng))/
([**C1 dpm/pl medium).

Brain efflux index (BEI) method

The BEI method was performed by the intracerebral
microinjection technique as described previously (Kakee
et al, 1996). In brief, Wistar rats were anesthetized by
intramuscular injection of ketamine-xylazine (1.22 mg xyla-
zine and 125 mg ketamine per kg). Then a freshly prepared
solution (0.50 ul), containing 320 nCi [*H]benzylpenicillin
and 16 nCi [*Clinulin in an extracellular fluid buffer
(122 M NaCl, 256 mM NaHCOj3, 3 mM KCl, 1.4 mM CaCls,,
1.2 mM MgS0,, 0.4 mM K;HPO,,, 10 mM p-glucose, and 10 mM
HEPES, pH 7.4), was administered into the Parietal Cortex
Area 2 region over a period of 1 min. At designated times (2, 20,
and 40 min), the whole brain was removed and the left
cerebrum, right cerebrum, and cerebellum were isolated.
Brain samples were solubilized and mixed with Hionic-fluor
(Packard, Meriden, CT). The radioactivity remaining in the
brain was measured in a liquid scintillation counter. The
percentage of substrate remaining in the ipsilateral cerebrum
(100-BEI) was determined from following equation:

100-BEI (%) = [(amount of test substrate in the brain)/
(amount of reference in the brain)}/[(concentration of test
substrate injected)/(concentration of reference
injected)] x 100.

The apparent brain efflux rate constant (k. across the BBB
was estimated from the slope given by fitting a semilogarithmic
plot of (100-BE), that is, the concentration remaining in the
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TABLE 1. Genes dominantly expressed in TR-BBB cells

OHTSUKI ET AL.

No. Length (bp) mRNA ratio Highest homology genes Identity
1 287 1,730 Mouse androgen receptor, 3-UTR 91/91 (100%)
2 389 16.9 Mouse clone RP23-443D3 (Chr2) 80/88 (90%)
3 95 8.08 Mouse clone RP23-47J12 (Chrll) 70/75 (93%)
4 375 6.88 Mouse clone RP23-60i12 (Chr2) 113/133 (84%)
5 92 4.52 Mouse hypothetical protein LOC217831 81/86 (94%)
6 136 3.32 Rat BAC CH230-9H16 57/61 (93%)
7 194 2.99 Rat hypothetical protein LOC309523 152/153 (99%)
8 300 2.96 Rat BAC CH230-24G20 298/298 (100%)
9 204 2.75 Mouse clone IMAGE:5354131 163/181 (90%)
10 391 2.47 Mouse clone RP23-445E3 (Chr4) 134/165 (81%)
11 284 2.43 Mouse cDNA clone:6030408G03 195/220 (88%)
12 112 2.26 Mouse clone RP24-75F14 (Chrl) 98/111 (88%)

The mRNA ratio is the ratio of the mRNA level in TR-BBB cells to that in TR-iBRB cells normalized by the mRNA level of GAPDH. Identity indicates the number of

identical nucleotide versus the number of nucleotide in the identical region.

ipsilateral cerebrum versus time, using nonlinear least-
squares regression analysis.

RESULTS
Differential display between TR-BBB
and TR-iBRB cells

The differential display analysis of TR-BBB11, TR-
BBB13, TR-iBRB2, and TR-iBRB9 cells showed a
number of DNA bands selectively expressed in TR-
BBB cells. The DNA bands of 100 ~450 bp were cloned
and sequenced. Quantitative real-time PCR using
specific primers for each clone was performed to confirm
the reproducibility. As a result of these analyses, 12
clones were identified and found to be expressed to a
greater extent in TR-BBB cells than in TR-iBRB cells
(Table 1). Clone 1 of 287 bp, which was expressed 1730-
fold more intensely in TR-BBB cells than in TR-iBRB
cells, exhibited the largest difference in mRNA expres-
sion level of the 12 clones. A portion of the sequence of
clone 1 exhibited 100% and 99 % nucleotide identity with
the 3'-UTR of the mouse and human AR (99/99 and 120/
121), respectively.

Dominant expression of AR in rat BCECs

The expression of rat AR mRNA was examined by RT-
PCR analysis amplifying the coding region of rat AR
(Fig. 1). A band was detected in TR-BBB11, TR-BBB13
cells, and brain capillary-rich fraction at the expected
size, while no band was detected in TR-iBRB2 and TR-
iBRB9 cells. The expression of AR mRNA was quantified
by means of real-time RT-PCR standardized by that of
GAPDH mRNA, and the expression of AR mRNA in TR-
BBB cells is 3,400-fold higher than that in TR-iBRB
cells. The sequence of the amplified product was
identical to that of rat AR.

Induction of OAT3 expression by AR

OATS3 is a transporter expressed at the BBB, and its
expression in males has been reported to be greater than
that in females as far as the liver and kidney are

Fig. 1.

Selective mRNA expression of rat AR in TR-BBB cells and the
brain capillary-rich fraction. An amplified band was detected at 1018
bp. (1) TR-iBRB2 cells; (2) TR-iIBRB9 cells; (3) TR-BBBL11 cells; (4) TR-
BBB13 cells; (5) rat brain capillary-rich fraction. Reactions were
performed against total RNA with (+) or without (-) reverse
transcription (RT).

concerned (Kobayashi et al., 2002; Ljubojevic et al.,
2004). Therefore, the regulation of OAT3 mRNA
expression by AR was investigated (Fig. 2). The mRNA
expression of AR was normalized by that of GAPDH, and
the expression levels of GAPDH mRNA in the cells
varied less than twofold in this experiment (data not
shown). TR-BBB13 cells were treated with dihydrotes-
tosterone (DHT), an AR ligand. At 9 and 12 h after
treatment, OAT3 mRNA expression was induced
1.65- and 1.95-fold, respectively, compared with the
untreated cells. This induction was almost completely
suppressed by flutamide, an AR inhibitor. In contrast,
no induction of OAT3 mRNA by DHT was detected in
TR-iBRB2 cells.

Induction of OAT3 function by AR

The transport function of OAT3 was evaluated by
cellular uptake using [®Hlbenzylpenicillin, a specific
substrate for OATS. [°"H]Benzylpenicillin uptake by TR-
BBB13 cells increased linearly for at least 10 min
(Fig. 3), and so the transport function of OAT3 was
evaluated at 5 min.

After DHT treatment for less than 24 h, no difference
in [*Hlbenzylpenicillin uptake was detected between
DHT-treated and control cells (Fig. 4). After treatment
for 36 and 72 h, the uptake increased by 1.56- and 1.67-
fold compared with control cells, respectively (Fig. 4).
This result suggests that the transport function of OAT3
is induced by DHT.

(OAT3/GAPDH)
PN
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Relative mRNA amount
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o

0
Treatmenttime 9 h 12h
TR-BBB13

Fig. 2. Effect of DHT and flutamide on mRNA levels of rat OAT3 in
TR-BBB13 and TR-iBRB2 cells. TR-BBB13 and TR-iBRB2 cells were
treated with culture medium containing either 10 nM DHT (M) or
10nM DHT and 1 pM flutamide (&), or control medium ([73). mRNA
levels of OAT3 were normalized by the mRNA levels of GAPDH. Each
bar represents the mean+SEM (n=23-6). *P<0.05, significant
difference.

12h
TR-IBRB2
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EXPRESSION AND FUNCTION OF AR AT THE BBB
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Fig. 3. Uptake of [*Hlbenzylpenicillin by TR-BBB13 cells. The
uptake of ["Hlbenzylpenicillin was measured at 1, 5, 10, and 30 min.
The uptake was expressed as the cell-to-medium (cell/medium) ratio.
The initial uptake, which was estimated by least-squares regression,
is indicated as a line. The initial uptake rate was calculated to be
4.21 x 1072 ul/(mg protein x min). Each point represents the mean +
SEM (n=4).
Effect of gender on OAT3-mediated efflux
transport at the BBB

To investigate the effect of gender on OAT3 function
at the in vivo BBB, the brain-to-blood efflux transport
of [*Hlbenzylpenicillin was examined by the BEI
method. The efflux rates of male and female animals
were found to be 5.57 x1072+0.52 x 10~%/min and
6.46 x 1072:£0.46 x 10"%/min (mean +SEM, n=23), re-
spectively, and there was no significant difference
between the efflux rate of males and females.

DISCUSSION

In this study, 12 gene clones were identified as highly
expressed genes in rat BCECs (TR-BBB cells) compared
with RCECs (TR-iBRB cells) by mRNA differential
display analysis (Table 1). Using these culture cells
overcame the problems posed by contamination by non-
endothelial cells and the limited size of the organs. In
addition, TR-BBB and TR-iBRB cells were established
from the same strain of male transgenic rat, harboring
temperature sensitive SV40 large T antigen gene, of the
same age by using a similar procedure, which did not
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Fig. 4. Effect of DHT on the uptake of benzylpenicillin by TR-BBB
cells. TR-BBB cells were cultured in the presence () or absence
(control, (7} of 10 nM DHT. The uptake was measured at 5 min. Each
bar represents the mean+SEM (n=4). *P<0.05, significantly
different from control.

899

involve gene transfection (Terasaki et al., 2003). There-
fore, the difference in expressed genes between these
cell lines did indeed reflect the difference between the
BBB and iBRB in vivo.

The function of the identified BBB dominant genes,
except clone 1, is unknown, since these gene fragments
have the highest homology with functionally unknown
genes (Table 1). The BBB dominant expression of these
genes might provide helpful information for further
studies of their gene function. The differential display
using TR-BBB and TR-iBRB cells could also be used to
identify the iBRB dominant gene. We have already
reported that M-cadherin, GATA-binding protein-3, and
cytosolic branched chain amino transferase are more
abundantly expressed in TR-iBRB cells than TR-BBB
cells and may be involved in unique functions at the
iBRB (Tomi et al., 2004).

ARisanuclear receptor regulating gene expression by
binding to androgens (Santos et al., 2004). The most
selective gene fragment in TR-BBB cells has a high
degree of homology with the 3-UTR of mouse and
human AR. The nucleotide sequence of rat AR ¢cDNA
including 3’-UTR has been reported (Changet al., 1988),
whereas a sequence similar to that of the identified gene
fragment was not found in the reported rat AR ¢cDNA.
Human AR has been reported to have splicing variants,
which have different lengths of 3’-UTR (Faber et al.,
1991). Therefore, the reported rat AR ¢cDNA would be a
splicing variant lacking the region of the identified
fragment. Following RT-PCR analysis of the coding
region, AR mRNA was found to be expressed in TR-BBB
cells and the brain capillary rich-fraction, but not in TR-
iBRB cells (Fig. 1). This result suggests selective mRNA
expression of AR at the BBB.

Gene and functional induction by DHT, an AR ligand,
was detected in TR-BBB13 cells, and this induction was
suppressed by flutamide (Fig. 2). Although estrogens,
which are produced from androgens by aromatase, are
able to induce gene expression by interaction with
estrogen receptors (Allolio and Arlt, 2002), the inhibi-
tion of flutamide indicates that the induction of OAT3
expression and function by DHT resulted from an
interaction between DHT and AR. In contrast, no gene
induction by DHT was detected in TR-iBRB cells (Fig. 2).
These results suggest that an AR-mediating gene
regulation exists at the BBB but not at the iBRB. In
the non-treated conditions, OAT3 expressionin TR-BBB
cells is greater than that in TR-iBRB cells (3.3-fold at
12 h treatment). This suggests that the OAT3 was
basally induced in TR-BBB cells.

Geneinduction of OAT3 was detected after 9h of DHT
treatment, while significant functional induction of
OAT3 was detected after 36 h of the treatment. The
functional delay of transporters has also been detected
in the induction of system A in TR-BBB cells under
hypertonic conditions (Takanaga et al, 2002). This
functional delay could be attributed to the transcription
from mRNA, molecular modification, and translocation
to the plasma membrane.

The present study is the first demonstration of the AR-
mediated regulation of OAT3 function at the BBB. Male
dominant expression of OAT3 has been reported in rat
liver and kidney (Kobayashiet al., 2002; Ljubojevicet al.,
2004). These reports have also shown that OATS3
expression in the liver and kidney was reduced in
castrated male rats, and this reduction was reversed by
testosterone treatment, but not by estradiol treatment.
Searching the upstream region of rat OATS3, the
sequence, which is similar to the high-affinity AR
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specific androgen response element in rat probasin
promoter (5'-GGTTCTtgcAGTACT-3') (Claessens et al.,
1996), is located 1 kbp upstream from the potent tran-
scription start site (—1126: 5'-GGTAATcctAGTACT-3':
—1112). Therefore, it is conceivable that the induction of
OAT3 gene is mediated by the interaction of AR and the
cis-response element on the OATS3 promoter.

The BCECs face the circulating blood and also the
brain parenchyma. Sex hormones exist in the brain, and
the brain level of dehydroepiandrosterone (DHEA) is
about fourfold higher than that in plasma (Corpechot
et al., 1981; Hojo et al., 2004). Therefore, it is likely that
androgen signals from the brain control the AR mediat-
ing gene regulation rather than those from the circulat-
ing blood. Indeed, no gender difference was detected in
the brain-to-blood efflux rate of benzylpenicillin, an
OATS3 selective substrate, in adult rats. The possibility
that the contribution of other regulatory mechanism(s)
also plays a role in maintaining OAT3 function at the
BBB cannot be ruled out or that the limiting process in
the efflux transport of benzylpenicillin is luminal efflux
transport and not abluminal uptake by OATS, the
dominant regulation from the brain side agrees with
the physiological function of OAT3 at the BBB. Because
OATS is the transporter responsible for the brain-to-
blood efflux of dopamine metabolites, such as homo-
vanillic acid, uremic toxins, and drugs (Ohtsuki et al.,
2002, 2004; Mori et al., 2003, 2004). If OAT3 expression
is influenced by the plasma levels of androgens, which
exhibit gender and diurnal variations, the BBB will be
unable to maintain a constant CNS milieu.

In conclusion, the present study describes a compar-
ison of gene expression between the rat BBB and iBRB,
and the identification of 12 BBB dominant genes. AR,
which is the most selective BBB gene, regulates the
expression and function of OAT3 at the BBB. These
results suggest that the comparison of gene expression is
one of the most effective strategies for identifying novel
barrier functions and regulation systems. In addition,
the further analysis of the genes regulated by AR at the
BBB will play an important role in increasing our
understanding of the physiological function of the AR at
the BBB and the effects of sex hormones on BBB func-
tions under physiological and pathological conditions.
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Impact of the Liver-Specific Expression of SHIP2
(SH2-Containing Inositol 5’-Phosphatase 2) on Insulin
Signaling and Glucose Metabolism in Mice
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Hajime Ishihara,® Masashi Kobayashi,' and Toshiyasu Sasaoka?

We investigated the role of hepatic SH2-containing
inositol 5'-phosphatase 2 (SHIP2) in glucose metabo-
lism in mice. Adenoviral vectors encoding wild-type
SHIP2 (WT-SHIP2) and a dominant-negative SHIP2
(AIP-SHIP2) were injected via the tail vein into db/+m
and db/db mice, respectively. Four days later, amounts
of hepatic SHIP2 protein were increased by fivefold.
Insulin-induced phosphorylation of Akt in liver was
jmpaired in WI-SHIP2—expressing db/+m mice, whereas
the reduced phosphorylation was restored in AIP-
SHIP2-expressing db/db mice. The abundance of mRNA
for glucose-6-phosphatase (G6Pase) and PEPCK was
increased, that for glucokinase (GK) was unchanged,
and that for sterol regulatory element-binding protein
1 (SREBP)-1 was decreased in hepatic WI-SHIP2-over-
expressing db/+m mice. The increased expression of
mRNA for G6Pase and PEPCK was partly suppressed,
that for GK was further enhanced, and that for SREBP1
was unaltered by the expression of AIP-SHIP2 in db/db
mice. The hepatic expression did not affect insulin
signaling in skeletal muscle and fat tissue in both mice.
After oral glucose intake, blood glucose levels and
plasma insulin concentrations were elevated in WT-
SHIPZ2-expressing db/+m mice, while elevated values
were decreased by the expression of AIP-SHIP2 in db/db
mice. These results indicate that hepatic SHIP2 has an
impact in vivo on the glucose metabolism in both phys-
iological and diabetic states possibly by regulating he-
patic gene expression. Diabetes 54:1958-1967, 2005
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nsulin binding to the insulin receptor in turn phos-

phorylates insulin receptor substrates (IRSs) at ty-

rosine residues (1,2). The tyrosine-phosphorylated

IRS binds to the p85 regulatory subunit of phospha-
tidylinositol (PI) 3-kinase, resulting in the activation of
the pl10 subunit (3,4). PI 3-kinase functions as a lipid
kinase to produce PI(3,4,5)P3 from PI(4,5)P, in vivo (5).
PI(3,4,6)P; is crucial as a lipid second messenger in
various metabolic effects of insulin (3,6-8). PI(3,4,5)P,
mediates insulin signals to downstream molecules includ-
ing Akt (9). Akt is the key signaling molecule in the
activation of glucose uptake in the skeletal muscle and fat
tissue and in the regulation of mRNA expression for
gluconeogenesis, glycolysis, and lipid synthesis in the liver
(10). SH2-containing inositol 5'-phosphatase 2 (SHIPZ2)
was identified as a lipid phosphatase that hydrolyzes
PI(3,4,6)P; to PI(3,4)P, (11,12). Targeted disruption of the
SHIP2 gene in mice caused an increase in insulin sensitiv-
ity without affecting other biological systems (13). In
addition, some polymorphisms of the SHIP2 gene found in
British and French populations are associated with meta-
bolic syndromes including type 2 diabetes and hyperten-
sion (14). The expression of SHIPZ could be elevated in
type 2 diabetic subjects with a 16-bp deletion in the
3’-untranslated regulatory region of the SHIP2 gene (15).
Based on these reports, SHIP2 appears to be a physiolog-
ically important negative regulator relatively specific to
insulin signaling with an impact on the state of insulin
resistance (13-17).

We have previously reported that overexpression of
SHIP2, via 5'-phosphatase activity, impaired insulin-in-
duced activation of Akt resulting in decreased glucose
uptake and glycogen synthesis in 3T3-L1 adipocytes and L6
myocytes (18,19). Although we clarified the role and
molecular mechanisms by which SHIP2 regulates insulin
signaling in the skeletal muscle and fat tissue (20-22), the
impact of SHIP2 in the liver on the metabolism of glucose
in vivo is largely unknown. Based on studies with tissue-
specific knockout of the insulin receptor in mice, the liver
was found to be the most critical target tissue of insulin
action in the control of glucose homeostasis (23,24).
Insulin regulates hepatic glucose output through suppres-
sion of hepatic gluconeogenic gene expression via the
IRS-2/PI 3-kinase pathway and augmentation of glycolytic
gene expression via the IRS-1/PI 3-kinase pathway (25-30).
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Sterol regulatory element-binding protein (SREBP)-1c is
the key factor involved in insulin resistance by controlling
lipid synthesis via the IRS-1/P1 3-kinase pathway (30). On
the basis of these results, it is possible that SHIP2 in the
liver functions as a negative regulator of the PI 3-kinase~
dependent metabolic action of insulin. Therefore, it would
be of particular importance to clarify the impact of hepatic
SHIPZ on the regulation of insulin signaling and hepatic
gene expression for the control of glucose homeostasis in
diabetic model mice as well as in nondiabetic mice.

In the present study, we investigated the impact of
liver-specific overexpression of SHIP2 in lean db/+m mice
and liver-specific inhibition of SHIP2 in diabetic db/db
mice. Adenoviral vectors encoding wild-type SHIP2 (WT-
SHIP2) and the dominant-negative mutant of SHIP2 (AIP-
SHIP2) were injected, via the tail vein, into the db/+m and
db/db mice, respectively. We studied the effect of hepatic
SHIP2 expression on insulin signaling leading to hepatic
gene expression. In addition, we examined whether the
liver-specific expression of SHIP2 affects the metabolic
actions of insulin in skeletal muscle and fat tissue. Fur-
thermore, glucose metabolism was investigated by con-
ducting glucose tolerance tests and insulin tolerance tests
in WT-SHIP2-expressing db/+m and AIP-SHIP2-express-
ing db/db mice.

RESEARCH DESIGN AND METHODS

Human regular insulin HumalinR was provided by Eli Lilly. A polyclonal
anti-IRS-1 antibody and a polyclonal anti-Thr?®® phospho-specific Akt anti-
body were purchased from Cell Signaling Technology (Beverly, MA). A
polyclonal anti-IRS-2 antibody and a polyclonal anti-Ser*”® phospho-specific
Akt antibody were obtained from Upstate Biotechnology (Lake Placid, NY). A
polyclonal anti-Akt antibody was purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). A monoclonal anti-phosphotyrosine antibody (PY99) was
purchased from Transduction Laboratories (Lexington, KY). The polyclonal
anti-SHIP2 antibody has been described previously {(12). Enhanced chemilu-
minescence reagents were obtained from Amersham Pharmacia Biotech
(Uppsala, Sweden). All other routine reagents were of analytical grade and
purchased from Sigma Chemicals (St. Louis, MO) or Wako Pure Chemical
Industries (Osaka, Japan).

Male C57BL/KsJ-db/db Jcl (BKS.Cg-+Lep“®/+ Lepr*®/Jcl) mice, their lean
heterozygote littermates (db/+m), and C57BL/6J mice were purchased from
Clea Japan (Tokyo, Japan) at 6 weeks of age. Mice were maintained under
standard light (12 h light/dark) and temperature conditions. These mice were
caged in groups of four and were provided with standard rodent diet and
water ad libitum.

Adenovirus-mediated gene transfer in the liver. Adenoviral vectors
encoding rat WI-SHIP2 and a PI 5’-phosphatase—defective AIP-SHIP2 have
been described previously (18). Eight-week-old male mice were injected with
the adenovirus via the tail vein at a concentration of 5 X 10°® pfu (plaque-
forming units)/g body wt in a suspension of 200 pl PBS. Experiments were
performed 4 days after the injection. All procedures were approved by the
Committee of Animal Experiments at Toyama Medical & Pharmaceutical
University.

Western blot analysis. Mice deprived of food for 16 h were injected with
human regular insulin (5 units’kg body wt) or saline via the tail vein. After 5
min, the mice were anesthetized and killed to isolate the liver, hindlimb
rauscle, and epididymal fat. These tissues were homogenized using a polytron
at half-maximal speed (15,000 rpm) for 1 min on ice in 500 upl of a
homogenization buffer containing 20 mmol/1 Tris, 5 mmol/l EDTA, 10 mmol/
Na,P,0,, 100 mmol1 NaF, 2 mmolA Na,VO,, 1% NP-40, 1 mmol/! phenylmeth-
ylsulfony! fluoride, 10 p.g/ml aprotinin, and 10 pg/ml leupeptin (pH 7.5). The
tissue lysates were solubilized by continuous stirring for 1 h at 4°C and
centrifuged for 30 min at 14,000g. The supernatants (200 g protein) were
immunoprecipitated with indicated antibodies for 2 h at 4°C. The precipitates
or the lysates were separated by 7.5% SDS-PAGE and transferred onto
polyvinylidene difluoride membranes using a Bio-Rad Transblot apparatus.
The membranes were blocked in a buffer containing 50 ramol/1 Tris, 150
mmol/] NaCl, 0.1% Tween 20, and 5% nonfat mitk (pH 7.5) for 2 h at 20°C. They
were then probed with antibodies for 16 h at 4°C. After the membranes had
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been washed in a buffer containing 50 mmol/ Tris, 160 mmol/1 NaCl, and 0.1%
Tween 20 (pH 7.5), blots were incubated with horseradish peroxidase-linked
second antibody and then examined by enhanced chemiluminescence (ECL)
detection using an ECL reagent according to the manufacturer’s instructions
(Amersham). In each experiment, the intensity of the band derived from
insulin-induced phosphorylation of IRS-1, IRS-2, and Akt in control db/+m
mice was assigned as a value of 1 arbitrary unit, and the intensity of all treated
groups in db/db mice was expressed as a fold value of control.

Northern blot analysis. Mice deprived of food for 16 h were anesthetized
and killed, and the liver was removed and frozen in liquid N2. Mice were not
fasted for the analysis of SREBP1 mRNA. Total RNA was extracted from 50
mg of the liver sample using the QuickPrep total RNA Extraction Kit
(Amersham). Total RNA (10 ng) for each sample was separated using a 1%
agarose gel and transferred to a Hybond-H* positively charged nylon mem-
brane (Amersham). Probes for glucokinase (GK) (31), SREBP-1 (32), PEPCK
(33), glucose-6-phosphatase (G6Pase) (34), and Glut2 (35) mRNAs were kindly
provided by T. Noguchi (Nagoya University, Nagoya, Japan), H. Shimano
(Tsukuba University, Ibaragi, Japan), D.K. Granner (Vanderbilt University
Medical Center, Nashville, TN}, H. Nakajima (Osaka Medical Center for
Cancer and Cardiovascular Disease, Osaka, Japan), and W. Ogawa (Kobe
University, Kobe, Japan), respectively. Each probe was chemiluminescently
jabeled and hybridized, and the mRNA expression was detected using the
AlkPhos Direct Labeling and Detection System with CDP-Star (Amersham
Biosciences).

Oral glucose tolerance test and insulin tolerance test. For the oral
glucose tolerance test, mice deprived of food for 16 h were loaded orally with
glucose (2 g/kg). Blood samples were collected from the orbital sinus at
various time points after the loading. For the insulin tolerance test, mice
deprived of food for 8 h were injected intraperitoneally with human regular
insulin (0.756 units/kg). Blood samples were collected from the tail vein at
various time points. Blood glucose levels were then measured with a FreeStyle
KISSEI (Kissei, Japan), and blood insulin concentrations were measured with
an enzyme-linked immunosorbent assay kit (Morinaga, Japan).

Statistical analysis. Data are presented as means * SE. P values were
determined using a paired ¢ test or Bonferroni test with ANOVA. P < 0.05 was
considered statistically significant.

RESULTS

Expression of SHIP2 in the liver of mice injected with
an adenoviral vector via the tail vein. Systemic adeno-
viral injection into mice via the tail vein is known to result
in the liver-specific expression of the exogenous gene (36).
The 5'-phosphatase~defective AIP-SHIP2 acts as a dormi-
nant-negative mutant possibly by competing with endoge-
nous SHIP2 to bind PI(3,4,5)P; (18). By inhibiting the
endogenous function of SHIP2, AIP-SHIP2 augments insu-
lin signaling mediated by the PI 3-kinase product
PI(3,4,5)P5 (18,19). Hepatic expression of both WT-SHIP2
and AIP-SHIP2 was detected 1 day after the adenoviral
injection. The abundance was maximal at 4 days, de-
creased thereafter, and returned to the basal level at 14
days after the injection (data not shown). Therefore, we
examined the expression of WT-SHIP2 and AIP-SHIP2 in
various tissues of mice 4 days after the adenoviral injec-
tion. As shown in Fig. 1, we observed fivefold greater
amounts of exogenous WT-SHIP2 and AIP-SHIP2 than
endogenous SHIP2 in the liver. The lower band seen in the
liver of mice may be a splicing variant of SHIP2. Alterna-
tively, we cannot rule out the possibility that the band
originated from the degradation of SHIP2 during the
preparation of samples. Except for the liver, expression of
either exogenous WT-SHIP2 or AIP-SHIP2 was not detect-
able in the various tissues examined. The body weight of
the mice was not changed by the liver-specific expression
of SHIP2 (data not shown). We analyzed the effect of
liver-specific expression of WT-SHIP2 in control db/+m
mice and AIP-SHIP2 in diabetic db/db mice on the meta-
bolic action of insulin.
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FIG. 1. Expression of SHIP2 in the liver of mice injected with an adenoviral vector via the tail vein. Total homogenates of the indicated tissues
obtained from db/+m and db/db mice 4 days after adenoviral injection with WT-SHIP2 (4) and AIP-SHIP2 (B), respectively, were subjected to
immunoblot analysis with anti-SHIP2 antibody. The amount of SHIP2 in the liver is shown as means *+ SE of three separate experiments ).

Effect of WI-SHIP2 expression on insulin-induced Insulin induced phosphorylation of Akt at Thr®*® in the
phosphorylation of IRS and Akt in the liver of db/+m liver of LacZ-transfected db/-+m mice. The extent of the
mice. Mice injected with the adenoviral vector encoding phosphorylation was decreased by 49.0 = 13.0% in the
WT-SHIP2 or control LacZ were deprived of food for 16 h  liver of WT-SHIP2-overexpressing db/+m mice (Fig. 2C).
and then injected intravenously with insulin (5 units/kg) or ~ Similar results were obtained in C57BL/6J mice (data not
saline (200 pl) for 5 min. Thereafter, the liver was removed shown).

and subjected to immunoblot analysis (Fig. 2). Amounts of Effect of AIP-SHIP2 expression on insulin-induced
IRS-1, IRS-2, and Akt were not altered by expression of phosphorylation of IRS and Akt in the liver of db/db
WT-SHIP2 in the liver of db/+m mice (Fig. 24-C). Insulin- mice. We next examined the ameliorative effect of the
induced tyrosine phosphorylation of IRS-1 and IRS-2 was liver-specific expression of AIP-SHIP2 on the metabolic
also comparable between WT-SHIP2- and LacZ-injected signaling of insulin in the liver of diabetic db/db mice (Fig.
db/+m mice (Figs. 24 and B). Akt is a crucial mediator of 3). In db/db mice, the amount of IRS-1 and IRS-2 was
IRS/PI 3-kinase signaling and is known to be activated by =~ decreased by 27.9 = 4.8 and 73.6 * 5.2%, respectively,
phosphorylation at Thr®® and Ser*” residues (10,37,38). compared with db/+m mice, whereas the amount of Akt
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FIG. 2. Effect of WT-SHIP2 expression on insulin (Ins.)-induced phosphorylation of IRS and Akt in the liver of db/+m mice. WT-SHIP2- and
LacZ-injected db/+m mice starved for 16 h were injected with insulin (5 units/kg) via the tail vein. After 5 min, the liver was excised and
homogenized. Tissue samples were immunoprecipitated with anti-IRS-1 antibody (4) er anti-IRS-2 antibody (B). The precipitates were subjected
to immunoblot analysis with the same antibodies or anti-phosphotyrosine antibody. The tissue samples were subjected to immunoblot analysis
with anti-Akt antibody or anti-phospho-Thr®**-specific Akt antibody (C). Results are means *+ SE of four separate experiments. *P < 0.05 vs. the

amount of Akt phosphorylated in LacZ-transfected mice. i.p., intraperitoneal.
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FIG. 3. Effect of AIP-SHIP2 expression on insulin (Ins.)-induced phosphorylation of IRS and Akt in the liver of diabetic db/db mice. AIP-SHIP2—-
and LacZ-injected db/db mice starved for 16 h were injected with insulin (5 units/kg) via the tail vein. After 5 min, the liver was excised and
homogenized. Tissue samples were immunoprecipitated with anti-IRS-1 antibody (4) or anti-IRS-2 antibody (B). The precipitates were subjected
to immunoblot analysis with the same antibodies or anti-phosphotyrosine antibody. The tissue samples were subjected to immunoblot analysis
with anti-Akt antibody or anti-phospho-Thr®*®-specific Akt antibody (C). Results are means = SE of four separate experiments. *P < 0.05 vs. the
amount of Akt phosphorylated in LacZ-transfected mice. i.p., intraperitoneal.

was not altered (data not shown). Consistent with the
results in Fig. 2, amounts of IRS-1, IRS-2, and Akt in the
liver were not changed by the expression of AIP-SHIP2 in
db/db mice compared with that in LacZ-injected db/db
mice (Fig. 34-C). Insulin-induced phosphorylation of Akt
at Thr%® was decreased in db/db mice to 19.7 + 5.0% of
that in control db/+m mice. Interestingly, the extent of
phosphorylation was restored to 45.2 * 4.5% by expres-
_sion of AIP-SHIP2 in the liver of db/db mice (Fig. 3C). In
addition, the degree of change in the phosphorylation of
Akt well paralleled the alteration of Akt activity in both
db/+m and db/db mice (data not shown). Furthermore,
similar results were seen in 5-h-fasted mice in addition to
16-h—fasted mice (data not shown). These results indicate
that SHIP2 is involved in the regulation of insulin-induced
phosphorylation of Akt in the liver of both nondiabetic and
diabetic mice.

Effect of SHIP2 expression on the hepatic gene ex-
pression in db/+m mice and db/db mice. Because the
metabolic effect of insulin in the liver is mainly regulated
by the hepatic expression of genes involved in gluconeo-
genesis, glycolysis, and fat synthesis (29), we examined
the effect of liver-specific SHIP2 expression on the insulin-
induced regulation of the hepatic gene expression (Fig.
4A-D). We performed Northern blot analysis of total RNA
isolated from the liver of db/+m mice and db/db mice. The
level of G6Pase mRNA and PEPCK mRNA in the liver was
increased by 179 * 78 and 190 * 57%, respectively, by the
liver-specific expression of WT-SHIP2 in db/+m mice. On
the other hand, the abundance of GK mRNA was not
altered, and that of SREBP1 mRNA was decreased by
45.0 * 6.5% by the expression. The levels of G6Pase,
PEPCK, GK, and SREBP1 mRNAs in the liver were in-
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creased by 872 * 59, 460 * 49, 306 * 26, and 120 * 16%,
respectively, in LacZ-transfected db/db mice compared
with control db/+m mice. The enhanced expression of
G6Pase mRNA and PEPCK mRNA was partly reduced by
23.0 = 8.0 and 36.0 = 13.0%, respectively, by the liver-
specific expression of AIP-SHIP2 in db/db mice compared
with that of LacZ-injected db/db mice. Conversely, the
extent of GK mRNA expression in the liver was further
enhanced by 31.0 * 9.0% in the AIP-SHIP2-expressing
db/db mice. Elevated expression of SREBP1 mRNA was
not changed by the expression. On the other hand, al-
though the expression of Glut2 mRNA in the liver was
increased in db/db mice compared with db/+m mice,
neither WT-SHIP2 nor AIP-SHIP2 expression affected the
level of Glut2 mRNA (Fig. 4F). In addition, the abundance
of r18S RNA was equal among the samples to ensure that
the same amount of total RNA was used (Fig. 4F).

Liver-specific expression of SHIP2 did not affect
insulin-induced phosphorylation of IRS and Akt in
the skeletal muscle and fat tissue of db/+m and db/db
mice. We further investigated whether the liver-specific
expression of SHIP2 affects insulin signaling in skeletal
muscle and fat tissue. The level of IRS-1 or Akt did not
differ in the skeletal muscle of WT-SHIP2- and LacZ-
expressing db/+m mice, and that of AIP-SHIP2- and
LacZ-expressing db/db mice. In addition, no apparent
difference was found in the amount of basal and insulin-
induced phosphorylation of IRS-1 and Akt in the skeletal
muscle of WT-SHIP2- and LacZ-expressing db/+m mice
and in that of AIP-SHIP2- and LacZ-expressing db/db mice
(Fig. b). Similarly, neither the amount nor the extent of
insulin-induced phosphorylation of IRS-1 and Akt differed
in the fat tissue of WT-SHIP2- and LacZ-expressing db/+m
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FIG. 4. Effect of SHIP2 expression on hepatic
gene expression in db/+m mice and db/db
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mice. Total RNA isolated from the liver of
WT-SHIP2- or LacZ-injected db/+m mice and
AIP-SHIP2- or LacZ-injected db/db mice was
subjected to Northern blotting with probes
for G6Pase (4), PEPCK (B), GK (O),
SREBP1 (D), and Glut2 (£) mRNAs and r18S
(F). Results are representative of four sepa-
rate experiments and shown as means = SE

dh/db
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mice and in that of AIP-SHIP2- and LacZ-expressing db/db
mice (Fig. 6).

Blood glucose and plasma insulin concentrations dur-
ing oral glucose tolerance and insulin tolerance tests
in SHIP2-expressing db/+m and db/db mice. Because
the liver-specific expression of SHIPZ affected hepatic
insulin signaling leading to the altered expression of genes
implicated in glucose homeostasis, we examined the effect
of liver-specific SHIP2 expression on glucose and insulin
tolerance in db/+m and db/db mice. The blood glucose
concentration at 30 min after oral glucose intake was
higher in WT-SHIP2-expressing db/+m mice than LacZ-
expressing db/-+m mice (Fig. 7A). Plasma insulin concen-
trations remained higher at 0, 15, and 30 min after the
glucose loading in WT-SHIP2-expressing db/+m mice
than in LacZ-expressing db/+m mice (Fig. 7B). The kinet-
ics of blood glucose concentrations after the insulin
injection was comparable between WT-SHIP2- and LacZ-
expressing db/+m mice (Fig. 84). On the other hand, the
basal glucose concentration was significantly reduced and
the plasma insulin concentration tended to be decreased
in AIP-SHIP2-expressing db/db mice compared with LacZ-
expressing db/db mice. In addition, blood glucose levels
(Fig. 7C) and plasma insulin concentrations (Fig. 7D) were
significantly lower in AIP-SHIP2-expressing db/db mice
than in LacZ-injected db/db mice at 15, 30, and 60 min after
oral glucose intake. Furthermore, blood glucose levels
were lower in AIP-SHIP2-expressing db/db mice than in
LacZ-expressing db/db mice before and after the insulin
injection (Fig. 8B).

1962

db/+m

*P < 0.05 vs. the level of expression in

db/db LacZ-transfected mice.

DISCUSSION

A previous study (13) with knockout mice demonstrated
that SHIP2 plays an important role in the negative regula-
tion of the metabolic action of insulin in vivo. SHIP2 also
appears to be implicated in type 2 diabetes with insulin
resistance (14,15). Although the functional impact of
SHIP2 on insulin signaling has been studied in cultured fat
and skeletal muscle cells in vitro (16-22), the impact in
vivo of hepatic SHIP2 on glucose metabolism in nondia-
betic and diabetic states is unknown. Thus, it would be
interesting to clarify how a hepatic excess of SHIPZ
promotes insulin resistance and how the inhibition of
hepatic SHIP2 ameliorates glucose metabolism in a state
of insulin resistance in mice. We have shown that the
systemic infusion of adenoviral vectors encoding WT-
SHIPZ and a dominant-negative mutant of SHIP2 (AIP-
SHIP2) in mice resulted in liver-specific expression of the
protein.

We utilized db/+m mice as an animal of lean nondia-
betic control. The liver-specific overexpression of WT-
SHIP2 impaired insulin-induced phosphorylation of Akt
without affecting tyrosine phosphorylation of IRS-1 and
IRS-2 in the liver. Approximately a 50% decrease in the
phosphorylation of Akt was observed even after the over-
expression of WT-SHIP2 to a level more than fivefold that
of endogenous SHIP2, as shown in Fig. 2C. As a cause of
partial inhibition of the phosphorylation, we assume that
SHIPZ2 product PI(3,4)P2 has some signaling ability to
transmit the signal for the phosphorylation of Akt, al-
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though less ability than PI(3,4,5)P3 (18,19). The overex-
pression of SHIP2 also resulted in hyperinsulinemia and
potentiated the increase in blood glucose levels after oral
glucose intake. These results indicate that the excess of
SHIP2 in the liver can cause systemic insulin resistance
through inhibition of hepatic Akt activation in vivo. Qur
results are consistent with a previous study (35) showing
the effect of the liver-specific expression of a dominant-
negative mutant of PI 3-kinase (Ap85), indicating that the
hepatic PI 3-kinase pathway plays an essential role in the
metabolic action of insulin. Thus, either inactivation of PI
3-kinase or potentiated hydrolysis of the PI 3-kinase
product in the liver appears to result in an exacerbation of
glucose metabolism in vivo.

We next studied db/db mice as an animal model of type
2 diabetes with insulin resistance. Db/db mice are obese
and show hyperglycemia and hyperinsulinemia (39,40).
The amount of protein and the extent of insulin-induced
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in LacZ-transfected mice. i.p., intraperitoneal.

phosphorylation of IRS-1 and IRS-2 were mildly and mark-
edly reduced, respectively, in the liver of db/db mice
compared with that of db/+m mice. In addition, insulin-
induced phosphorylation of Akt was markedly suppressed
in the liver of db/db mice. Interestingly, the liver-specific
expression of AIP-SHIP2 effectively restored the de-
creased phosphorylation of Akt without affecting the ty-
rosine phosphorylation of IRS-1 and IRS-2 in the liver. The
hepatic expression of AIP-SHIP2 reduced fasting blood
glucose concentrations and improved elevated glucose
levels and insulin concentrations after oral glucose intake
in db/db mice. Consistent with a recently published article
(41) showing that an absence of SHIP2 confers resistance
to diet-induced obesity and hyperglycemia in mice, our
results indicate that the inhibition of endogenous SHIP2 in
the liver can effectively ameliorate hyperglycemia and
hyperinsulinemia through an improvement of the Akt
pathway in diabetic db/db mice. In addition, these results
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are consistent with reports on the 3'-lipid phosphatase
PTEN. The PI 3-kinase product PI(3,4,5)P3 can also be
hydrolyzed by PTEN (42). Thus, inhibition of PTEN was
found to enhance insulin signaling in the liver in studies
using tissue-specific deletion and antisense approaches
(43,44).

Tissue-specific knockout of the insulin receptor re-
vealed the liver to be the most crucial organ in terms of
glucose metabolism in vivo (23,24). Insulin regulates glu-
cose metabolism in the liver by regulating hepatic gene
expression (23,24). The conversion of glucose to glucose
6-phosphate catalyzed by GK is the initial step in the
utilization of glucose (45). Conversely, the reaction cata-
lyzed by G6Pase is the final step of in the production of
glucose, and PEPCK is a rate-controlling enzyme of glu-
coneogenesis in the liver (29). In addition, the production
of triglycerides is mediated by lipogenic enzymes mainly
regulated in a SREBPlc-dependent manner in the liver,

1964

fected mice.

and the enhanced expression of SREBPIlc is associated
with insulin resistance by causing fatty liver (46). Insulin is
known to rapidly inhibit hepatic gluconeogenic gene ex-
pression and suppress hepatic glucose output via an
IRS-2-mediated PI 3-kinase-dependent pathway mainly
involved in Akt signaling (25-28). On the other hand,
insulin increases the expression of GK mRNA and
SREBP1lc mRNA via the IRS-1-PI 3-kinase pathway (30).
Based on these findings, inappropriate increases in the
mRNA expression of G6Pase, PEPCK, and SREBPIlc
and/or a reduction in the mRNA expression of GK can lead
to systemic insulin resistance (29,45-48). Along these
lines, transgenic mice with hepatic overexpression of
G6Pase or PEPCK exhibited enhanced hepatic glucose
output leading to hyperinsulinemia and hyperglycemia
(49,50).

Our results show that the hepatic expression of G6Pase
and PEPCK mRNAs was increased by the hepatic overex-
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that caused by the altered levels of G6Pase and PEPCK
mRNAs in the liver. On the other hand, the abundance of
G6Pase, PEPCK, GK, and SREBPl¢ mRNAs was signifi-
cantly increased in the liver of diabetic db/db mice. The
inappropriately enhanced expression of G6Pase and
PEPCK mRNAs was partially ameliorated, that of SREBP1
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mice. Because these alterations of G6Pase, PEPCK, and
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vs. the corresponding value in
LacZ-transfected mice.

GK mRNA expression are able to improve hepatic glucose
disposal, the effect of hepatic AIP-SHIP2 expression on the
improvement of hyperglycemia and hyperinsulinemia is
considered to be mainly attributable to these changes in
db/db mice. Notably, since hepatic glucose production is
controlled by the expression of G6Pase and PEPCK in the
liver, the improvement of glucose metabolism appears to
be mainly caused by the inhibition of hepatic SHIP2
function leading to the appropriate regulation of hepatic
glucose production. Fatty liver is possibly a result of the
enhanced expression of SREBPlc mRNA in db/db mice.
Since SREBP1 mRNA is already highly expressed in db/db
mice, the enhanced PI 3-kinase-dependent signaling
caused by the expression of AIP-SHIP2 may not have the
effect of altering the expression of SREBP1 mRNA. Con-
sistent with this interpretation, the extent of fatty liver was
apparently unchanged by the expression of hepatic AIP-
SHIPZ in db/db mice based on the histological analysis
(data not shown).

After the oral intake of glucose, blood glucose levels and
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FIG. 8. Blood glucose levels during insulin tolerance tests in SHIP2-expressed mice. WT-SHIP2- and LacZ-injected db/+m mice (4) and
AIP-SHIP2- and LacZ-injected db/db mice (B) were starved for 8 h and then injected intraperitoneally with insulin (0.75 units/kg). Blood glucose
levels were measured at the indicated times after insulin injection. Results are means + SE of four separate experiments. *P < 0.05 vs. the
corresponding value in LacZ-transfected mice.
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serum insulin concentrations were elevated by the liver-
specific expression of WT-SHIP2 in db/+m mice, but the
increases were ameliorated by the liver-specific expres-
sion of AIP-SHIPZ2 in db/db mice. In contrast, blood glucose
levels after intraperitoneal insulin injection were compa-
rable between control LacZ- and WT-SHIP2-expressing
db/-+m mice. Fasting blood glucose levels were decreased
by the hepatic expression of AIP-SHIP2 in db/db mice. The
degree of the decrease in blood glucose levels appeared
similar between LacZ- and AIP-SHIP2-expressing db/db
mice at all time points after the intraperitoneal insulin
injection. Because glucose levels after the intraperitoneal
injection of insulin are mainly attributable to the effect of
insulin on skeletal muscle and fat tissue (35), our results
indicate that the effect of liver-specific expression of
SHIP2 may be limited to the hepatic actions of insulin
without affecting actions in the skeletal muscle and fat
tissue. In this regard, insulin-induced tyrosine phosphory-
lation of IRS-1 and IRS-2 and phosphorylation of Akt at
Thr®® and Ser*” were not affected in the skeletal muscle
and fat tissue by the liver-specific expression of either
WT-SHIP2 in db/+m mice or AIP-SHIP2 in db/db mice
(Figs. 5 and 6 and data not shown). Our results partly
contrast with a previous report (35) on the effect of
liver-specific expression of Ap85. Inhibition of hepatic PI
3-kinase for 3 days affected insulin signaling in fat tissue,
but not in skeletal muscle, to some extent (35). These
possible differences may arise from the relatively minor
alterations of blood glucose levels and insulin concentra-
tions caused by the expression of WT-SHIP2 compared
with those caused by the expression of Ap85. In this
context, we cannot rule out the possibility that the skeletal
muscle and/or fat tissue are involved, at least in part, in the
alteration of glucose homeostasis caused by the liver-
specific expression of SHIP2 in mice. More studies will be
necessary to clarify this issue.

In summary, our results indicate that I) the liver-
specific expression of SHIPZ regulates insulin-induced
phosphorylation of Akt in the liver, but not in the skeletal
muscle and fat tissue, 2) elevation of SHIP2 expression in
the liver has an impact on the deterioration of glucose
metabolism in vivo, and 3) the inhibition of SHIP2 function
in the liver is an effective approach for the amelioration of
hyperglycemia with insulin resistance.
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Evidence for Creatine Biosynthesis in Muller Glia
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ABSTRACT

In high-energy metabolic tissues like the retina, creatine
may play an important role in energy storage and in trans-
mission of phosphate-bound energy substrates. To prove
this, we investigated creatine synthesis in Miiller glia.
We also characterized the localization of the creatine syn-
thetic enzyme, S-adenosyl-L-methionine:N-guanidinoacetate
methyltransferase (GAMT) in the retina. Reverse transcrip-
tion-polymerase chain reaction analysis revealed that vL-
arginine:glycine amidinotransferase and GAMT mRNAs
were expressed in the retina and the Muller cell line, TR-
MULS5. ["*C]Creatine was detected after incubation of iso-
lated rat retina or TR-MULS cells with [**Clglycine, L-argi-
nine and L-methionine, suggesting creatine synthesis in
Miller glia. Western blot analysis also revealed expression
of GAMT protein in the rat retina and TR-MUL5 cells.
Furthermore, confocal immunofluorescent microscopy of
dual-labeled rat retinal sections demonstrated co-localiza-
tion of GAMT with glutamine synthetase. Taken together,
the results of the present study indicate creatine synthesis
in Miller glia, implying an important role of creatine in
energy metabolism in the retina. ©2005 Wiley-Liss, Inc.

INTRODUCTION

The creatine/phosphocreatine system plays a pivotal role
in the maintenance of ATP homeostasis in highly energy-
demanding tissues such as the brain and skeletal muscles
(Wyss and Kaddurah-Daouk, 2000). High levels of creatine
in the chick retina (3 mM) and in the photoreceptor cells
(10-15 mM) suggest that the creatine/phosphocreatine sys-
tem may also be significant in the retina, where photore-
ceptor cells require a large amount of metabolic energy for
phototransduction maintained by ionic gradients across the
plasma membrane (Hall and Kiihn, 1986; Wallimann et al.,
1986; Sather and Detwiler, 1987). In fact, it has been shown
that the gyrate atrophy (GA) of the choroids and retina is
characterized by hyperornithinemia and hypocreatinemia,
implying that excessive ornithine leads to chorioretinal
degeneration through suspension of creatine synthesis
(Sipila et al., 1992). The high level of creatine in the retina

©2005 Wiley-Liss, Inc.

is maintained by a supply from the circulating blood
through the blood-retinal barrier (BRB) or local biosynth-
esis in the retina. We have recently shown the presence of a
creatine transporter (CRT) at the rat inner blood-retinal
barrier (inner BRB) (Nakashima et al., 2004). A deficiency
of creatine transporters in humans results in mental retar-
dation, seizures and central hypotonia (Schulze, 2003).
However, retinal dysfunction or degeneration rarely devel-
ops in these patients, suggesting that transportation of
creatine from the circulating blood does not play an impor-
tant role in sustaining the creatine/phosphocreatine system
in the retina. We now hypothesize that creatine can be
synthesized locally in the retina. Although creatine is
mainly synthesized in other organs, such as the kidney,
liver, and pancreas, creatine is also synthesized in the brain
(Defalco and Davies, 1961; Wyss and Kaddurah-Daouk,
2000). In the central nervous system, it has been shown
that S-adenosyl-L-methionine:N-guanidinoacetate methyl-
transferase (GAMT), a key enzyme for creatine synthesis,
is highly and exclusively expressed in glial cells, including
oligodendrocytes, olfactory ensheathing glia, and astro-
cytes, raising the possibility that creatine is also synthe-
sized in Miller glia, the most predominant glia in the
retina (Dringen et al., 1998; Tachikawa et al.,, 2004).
Although GAMT activities have been demonstrated in
the retina of various species including rats, there have
been no investigations of the cellular system for creatine
biosynthesis in the retina (Mardashchev, 1975). Using
high-performance liquid chromatography (HPLC), reverse
transcription-polymerase chain reaction (RT-PCR),
Western blot analysis, and confocal immunofluorescence
imaging, we report that creatine is synthesized in Miiller
glia.
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MATERIALS AND METHODS
Animals

Male Wistar rats (250-300 g), male ddY mice (25-30 g),
and female New Zealand White rabbits (3.1-3.5 kg) were
purchased from SLC (Shizuoka, Japan). The investigations
using animals described in this report conformed to the
provisions of the Animal Care Committee, Toyama Medical
and Pharmaceutical University (#2003-48), and the ARVO
Statement on the Use of Animals in Ophthalmic and
Vision Research.

Reagents

[1-**Clp-Mannitol ([**Clp-mannitol, 53.7 mCi/mmol),
and [U-"Clglycine ([(**Clglycine, 101 mCi/mmol) were
purchased from Amersham Biosciences (Buckingham-
shire, UK); 1-[2,3,4-°H] L-arginine HCl ([*H] L-arginine,
40 Ci/mmol) was from Perkin-Elmer Life Sciences (Bos-
ton, MA); [4-**Clcreatine ([*Clereatine, 55 mCi/mmol)
was from American Radiolabeled Chemicals (St. Louis,
MO). All other chemicals were of reagent grade and
available commercially.

Cell Culture

TR-MULS5 cells, which had been established and char-
acterized previously (Tomi et al., 2003), were used as an
in vitro model of Miiller glia to examine expression of
creatine biosynthetic enzymes and biosynthesis of crea-
tine. TR-MULS5 cells (passages 15-25) were cultured at
33°C in Dulbecco’s modified Eagle’s medium (Nissui
Pharmaceuticals, Tokyo, Japan) under 5% CQsy/air. The
permissive temperature for the culture of TR-MULS5
cells is 33°C, due to the expression of temperature-sensi-
tive large T-antigen (Tomi et al., 2003; Hosoya and Tomi,
2005). For the biosynthesis and uptake studies, cells
(8 X 10° cells/em?) were cultured at 33°C for 24 h on a 24-
well tissue culture plate (BD Biosciences, Bedford, MA).

An Ex Vivo Rat Retinal Preparation

Retinal isolation and ex vivo studies were performed
using a modification of the procedure described by Izumi
et al. (1995). Briefly, under deep pentobarbital anesthe-
sia (100 mg/kg body weight, i.p.), the eyes of Wistar rats
were enucleated, and retinas were dissected in ice-cold
phosphate-buffered saline (PBS). Freshly extirpated reti-
nas were placed on the insert of a Transwell'™ (12-mm
diameter, 0.4-um pore size, polycarbonate membranes)
(Corning, New York, NY) and pre-incubated in 1 ml
minimal medium (MM; 110 mM NaCl, 44 mM NaHCOsg,
1.8 mM CaCly, 5.4 mM KCIl, 0.8 mM MgSQ,, 0.92 mM
NaH,PO,, containing 10% dialyzed fetal bovine serum,
1 mM vr-methionine, and 1 mM L-arginine, pH 7.4)
(Dringen et al., 1998), which was equilibrated with 5%
CO04/95% O, at 30°C for 1 h.

Creatine Biosynthesis Study

After pre-incubation of isolated retinas, the inserts
were transferred to other wells and were incubated in
1 ml MM containing 1 pCi [**Clglycine (10 uM) at 37°C
in dark and a humidified atmosphere of 5% CQOy/air for
24 h. TR-MULS cells were washed three times with 1 ml
MM and then incubated in 1 ml MM containing 1 pCi
[*Clglycine (10 pM) at 33°C in a humidified atmosphere
of 5% COq/air for 24 h. After a 24 h-incubation, retinas
and cells were washed with ice-cold PBS and homoge-
nized in ice-cold 70% methanol. After centrifugation at
4°C and 12,000g for 5 min, an aliquot of the samples
was subjected to HPLC using a system equipped with a
4.6 X 150-mm Inertsil ODS-3 column (GL Sciences,
Tokyo, Japan). The mobile phase consisted of 99.5%
5 mM 1-octanesulfonic acid and 30 mM K,HPO,0.5%
methanol (pH 2.5) at a flow rate of 0.5 ml/min. The
eluent was collected in vials, and the radioactivity in
each fraction was determined by liquid scintillation
counting.

RT-PCR Analysis

Total cellular RNA was prepared from PBS-washed
cells using the RNeasy Mini Kit (Qiagen, Hilden,
Germany). Single-strand ¢cDNA was made from 1 ug
total RNA by reverse transcription (RT) using oligo dT
primer. The polymerase chain reaction (PCR) was per-
formed using a gene amplification system (GeneAmp
PCR system 9700; PE-Applied Biosystems, Foster City,
CA) with GAMT and v-arginine:glycine amidinotransfer-
ase (AGAT) through 40 cycles of 94°C for 30 s, 62°C for
1 min, and 72°C for 2 min. The sequences of the specific
primers were as follows: sense, 5-TCT GAC ACG CAC
CTG CAG ATC C-3'; antisense, 5-GCA TAG TAG CGG
CAG TCG GCT G-3' for rat GAMT (GenBank accession
number X08056); sense, 5-TAA CAG GAT GGG TGC
AGC GAA CT-3'; antisense, 5-GGT CAT ACA GTT CGT
CAG CCA T-3' for rat arginine/glycine aminotransferase
(AGAT) (GenBank accession number U07971). The PCR
products were separated by electrophoresis on an agar-
ose gel in the presence of ethidium bromide and visua-
lized under ultraviolet (UV) light. The molecular iden-
tity of the resultant product was confirmed by sequence
analysis using a DNA sequencer (Prism 310; PE-Applied
Biosystems).

Western Blot Analysis

Tissue and cell lysates of adult mouse brain, adult
rat brain, retina, liver, and TR-MUL5 cells were pre-
pared in sample buffer consisting of 5% sodium dodecyl
sulfate (SDS), 50 mM Tris-HCl (pH 6.8), 10% glycerol,
6% 2-mercaptoethanol, 0.01% bromophenol blue, and
0.1% protease-inhibitor cocktail (Sigma, St. Louis, MO).
To prepare total protein fractions, the lysates were cen-
trifuged at 8,000 g and 4°C for 10 min, and the super-
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natants were collected. The protein concentration was
measured using a kit (DC, Bio-Rad, Hercules, CA). The
protein was electrophoresed on a 12% SDS-polyacryl-
amide gel and electrotransferred to a polyvinylidene
difluoride (PVDF) membrane (Bio-Rad). The blotted
membranes were incubated with affinity-purified gui-
nea pig polyclonal antibody against mouse GAMT
(Tachikawa et al., 2004) at 1.5 pg/ml as the primary
antibody using blocking agent solution (Block Ace; Dai-
nihon Pharmaceutical, Osaka, Japan). There was
apparently sufficient antibody cross-reactivity between
mouse and rat GAMT (Fig. 3). The membranes were
subsequently incubated with horseradish peroxidase
conjugated donkey anti-guinea pig IgG antibody as the
secondary antibody. The bands were visualized with an
enhanced chemiluminescence kit (ECL; Amersham
Biosciences).

Immunohistochemistry

Under deep pentobarbital anesthesia, Wistar rats
were perfused transcardially with 4% paraformalde-
hyde in 0.1 M sodium phosphate buffer (pH 7.2). The
retina was embedded in paraffin wax after dehydration
using graded alcohols, and paraffin sections (5-um
thickness) were prepared with a sliding microtome
(SM2000R; Leica Microsystems, Wetzlar, Germany).
Before immunohistochemical investigation, the paraf-
fin sections were digested with pepsin (1 mg/ml in
0.2 M HCI, Dako, Carpinteria, CA) for 5 min at 37°C
to retrieve antigens. For immunofluorescence, sections
were incubated at room temperature with 10% normal
goat serum (NGS) for 30 min, guinea pig anti-GAMT
antibody 2 pg/ml singly or in combination with rabbit
anti-glutamine synthetase antibody (1 pg/ml) over-
night, and subsequently incubated with FITC- or Cy3-
conjugated secondary antibodies for 2 h (Jackson
ImmunoResearch,- West Grove, PA). Polyclonal anti-
body to glutamine synthetase (GS) was raised against
amino acid residues 344-373 of mouse GS (GenBank
accession number AY044241). The polypeptides were
synthesized and linked to maleimide-activated keyhole
limpet hemocyanin (KLH; Pierce, Rockford, IL). The
KLH-linked polypeptides (200 pg/injection) were emul-
sified by mixing with an equal volume of Freund’s
adjuvant (Difeco, Detroit, MI) and injected subcuta-
neously into female New Zealand White rabbits at
intervals of 2 weeks. Two weeks after the sixth injec-
tion, affinity-purified antibodies were prepared, first
using protein G-Sepharose (Amersham Biosciences)
and then using antigen polypeptides free of KLH
coupled to cyanogen bromide-activated Sepharose 4B
(Amersham Biosciences). Western blot analysis using
mouse brain, rat brain, and rat retina extracts showed
that rabbit anti-GS antibody strongly recognized a sin-
gle protein band at 44 kDa (data not shown), the size
of which is consistent with that of a previous report
(Shen et al., 2004). Photographs were taken with a
confocal laser scanning microscope (Fluoview, Olym-
pus, Tokyo, Japan).

Fig. 1.

Reverse transcription-polymerase chain reaction (RT-PCR)
analysis of GAMT (A) and AGAT (B) in the rat retina and TR-MULS5
cells. Lane 1, rat liver; lanes 2 and 5, rat retina; lanes 8 and 6, TR-
MULS cells; lane 4, rat brain; asterisk, in the absence of reverse tran-
scriptase for the respective left-hand lane. Rat liver and brain were
used as a positive control for GAMT and AGAT, respectively.

RESULTS
Expression of GAMT and AGAT mRNAs in
the Rat Retina and TR-MULS5 Cells

To examine the expression of creatine biosynthetic
enzymes in the retina and Miller glia, we performed
RT-PCR analysis, using total RNA isolated from the rat
retina and Miiller cell line, TR-MULS5, and specific pri-
mers for rat GAMT and AGAT (Fig. 1). Using the rat
liver (lane 1) and brain (lane 4) as positive controls,
GAMT and AGAT cDNAs were successfully amplified at
584 and 591 bp, respectively, in the retina (lanes 2 and 5)
and TR-MULS5 cells (lanes 3 and 6). These results indicate
that creatine biosynthetic enzymes are transcribed in the
rat retina and TR-MULS5 cells.

Creatine Biosynthesis in the Rat Retlna
and TR-MULS5 Cells

Creatine is synthesized from glycine and -L-arginine,
and two carbons of creatine are derived from glycine.
Thus, we used [**Clglycine to determine whether crea-
tine is biosynthesized by detecting [**Clcreatine using
HPLC. Firstly, the uptake of [**Clglycine and [*HJ-L-
arginine by TR-MULS5 cells was examined. The initial
uptake rate of [**Clglycine and [*HlL-arginine in TR-
MULS cells was 7.29 ul/(min - mg protein) and 28.3 ul/
(min - mg protein), which were 14.5-fold and 56.4-fold
greater, respectively, than that of [®*H]-pD-mannitol
(0.502 pl/(min - g protein)) (data not shown). This finding
suggests that the precursor amino acids, glycine and
L-arginine, are taken up by TR-MULS5 cells at much
greater rates than by nonspecific adsorption or passive
diffusion.

Figure 2 shows the HPLC chromatograms of [**C]gly-
cine (Fig. 24), [**Clcreatine (Fig. 2B), and samples of
isolated retina (Fig. 2C) and TR-MULS5 cells (Fig. 2D).
After 24-h incubation of isolated retinas and TR-MUL5
cells with [*Clglycine, the peaks of ['“Clereatine
appeared at the same time point both in isolated retina
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Fig. 3. Western blot analysis of rat GAMT using anti-mouse GAMT
antibody in the rat retina and TR-MULS5 cells. Lane 1, mouse brain;
lane 2, rat liver; lane 3, rat brain; lane 4, rat retina; lane 5, TR-
MULS5 cells. The single band at 27 kDa in the rat retina and TR-MULS5
cells has the same molecular weight as that in the mouse brain, rat
liver, and rat brain used as positive controls.
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Fig. 2. Typical high-performance liquid chromatography (HPLC) of
samples of isolated rat retina (C) and TR-MULS cells (D). The isolated
retinas and TR-MULS5 cells were incubated in medium containing 1 nCi
[1Clglycine (10 uM), L-arginine (1 mM), and L-methionine (1 mM) for
24 h at 37 and 33°C, respectively. The asterisk indicates [**Cl-labeled
creatine synthesized from [*Clglycine in the rat retinas and TR-MUL5
cells. A,B: Typical chromatograms of [*Clglycine and [**Clereatine,
respectively.

(Fig. 2C) and TR-MULS cells (Fig. 2D), suggesting crea-
tine biosynthesis in the rat retina and Miiller glia.

Preferential Distribution of GAMT in
Miller Glia of the Rat Retina

We then examined the distribution of GAMT in the
rat retina by confocal immunofluorescence microscopy.
Although anti-GAMT antibody was raised against amino
acids residues 1-236 of mouse GAMT (Tachikawa et al.,
2004), sufficient cross-reactivity between mouse and rat
was found by Western blot analysis (Fig. 3). Similarly to
the mouse brain (lane 1), rat liver (lane 2), and rat brain
(lane 3), a band at 27 kDa was observed in the rat
retina (lane 4) and TR-MULS cells (lane 5).

Using double immunofluorescence, intense GAMT
immunoreactivity was found to be distributed in fibrous
structures, which projected radially throughout the
retina from the inner to the outer limiting membrane
(Fig. 4A). The fibrous structures extensively overlapped
with GS, a specific marker for glial cells in the retina
(Fig. 4B-D). GAMT was also detected in GS-positive
Milier cell bodies (Fig. 4C, arrowheads), and Miller
cells and astrocytes in the ganglion cell layer (Fig. 4D).
In addition, tiny puncta with low to moderate GAMT

intensity were also detected between the fibrous struc-
tures, but they were negative for glutamine synthetase
(Figs. 4B-D). Such characteristic immunostaining was
abolished when preimmune guinea pig immunoglobulin
or primary antibody preabsorbed with GAMT antigen
peptides (100 pg/ml; data not shown) was used. These
features indicate that GAMT is exclusively expressed in
Miiller glia with additional expression in neuronal cells
or some other glial cells at low to moderate levels.

DISCUSSION

The present study demonstrates the expression of
creatine biosynthetic enzymes and creatine biosynthesis
in the rat retina and TR-MULS cells. Moreover, there is
preferential localization of GAMT in Miiller cells of the
rat retina. This is the first direct evidence of creatine
biosynthesis in Miuller cells of the retina.

Glycine and L-arginine, which are precursor amino
acids for creatine biosynthesis, are thought to be synthe-
sized de novo in the cells. However, there is no report
regarding de novo synthesis of both amino acids in
Miiller cells. In TR-MULS cells, uptake rate of glycine
and L-arginine was much faster than that of p-mannitol,
suggesting that some neutral and cationic amino acid
transporters actively transport these amino acids. This
evidence is consistent with previous reports (Pow and
Crook, 1997; Gadea et al., 1999; Reye et al., 2001). Gly-
cine transport appears to take place via Glyt-1 and/or
system A in the primary cultured Miller cells (Gadea
et al., 1999; Reye et al,, 2001). L-Arginine transport may
occur in retinal Miller glia (Pow and Crook, 1997). In
contrast, Reye et al. (2001) reported that Glyt-1 is not
expressed in Miiller glia in vivo. The lack of agreement
between the expression of glycine transporter in the cul-
tured Miiller cells and Miiller glia in vivo needs an expla-
nation. Conceivably, Glyt-1 is up-regulated in cultured
Miiller cells. Although further studies are needed to iden-
tify glycine and L-arginine transporters in Muller glia in
vivo, TR-MULS5 cells have the ability to take up glycine
and L-arginine. The expression of AGAT and GAMT
mRNA in the retina and TR-MULS5 cells suggests that
creatine biosynthesis takes place in Miiller glia (Fig. 1).
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Fig. 4. Confocal immunofluorescence microscope images of single
(A) or dual-labeled (B-D) rat retinal sections. The retinal sections were
stained with anti-GAMT antibody (red) singly (A) or in combination
with anti-glutamine synthetase antibody (green), a marker for glial
cells (B-D). Arrowheads (C) and asterisks (D) indicate Miller cell
bodies and ganglion cell bodies, respectively. ONL, outer nuclear layer;
OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexi-
form layer; GCL, ganglion cell layer. Scale bars = 10 pm.

Indeed, [**Clereatine was identified in the isolated retina
and TR-MULS5 cells after a 24 h-incubation with [**Clgly-
cine added to the culture medium (Fig. 2). Moreover, con-
focal immunofluorescence microscopy with rat retinal sec-
tions demonstrated that GAMT is preferentially localized
in GS-positive retinal cells, i.e., Miller cells and astro-
cytes (Fig. 4). Astrocytes are largely confined to the nerve
fiber layer of the retina (Pfeiffer-Guglielmi et al., 2004)
and GS-positive cells are mainly seen in profile, with
their endfeet within the nerve fiber layer and their cell
bodies in the inner nuclear layer (Fig. 4). These features
suggest that creatine biosynthesis is mainly responsible
for Miiller cells and partly for astrocytes in the rat retina.
These findings support the hypothesis that creatine is
largely biosynthesized in Miiller glia.

The role and fate of creatine synthesized in retinal
Miller cells remain unknown. We assume that synthe-
sized creatine is not only used by Miiller cells, but is
also supplied to other cells, most likely photoreceptor
cells, to maintain ATP homeostasis. Visual transduction
processes in photoreceptor cells involve many ATP-
requiring reactions, such as ATP-dependent regenera-
tion and phosphorylation of the rhodopsin photopigment
by rhodopsin kinase, ATP-dependent Na™, K*-ATPase of
the photoreceptor cell membrane, ATP-dependent phos-
photidylinositol/inositol trisphosphate-signaling path-
way, and ATP-requiring neurotransmitter synthesis
(Koenekoop, 2004). To meet this enormous requirement,
photoreceptor cells are thought to generate 34 ATP via
the tricarboxylic acid (TCA) cycle rather than from gly-
colysis using 2 molecules of lactate supplied from local
Miller glia (Poitry-Yamate et al., 1995; Magistretti
et al,, 1999). Since the rate of ATP generation by the
creatine/phosphocreatine shuttle system is 10-fold faster
than that by oxidative phosphorylation and glycolysis
(Wallimann et al., 1992), the creatine/phosphocreatine
shuttle system may play a pivotal role in energy storage
and regeneration of ATP in photoreceptor cells. In sup-
port of this notion, the creatine concentration in chicken
photoreceptor cells is as high as 10-15 mM (Wallimann
et al., 1986). Interestingly, as far as this point is con-
cerned, creatine kinases are also more concentrated in
photoreceptor cells compared with other cells in the
chicken retina (Wallimann et al., 1986). Despite the
abundance of creatine and creatine kinases, we observed
little GAMT immunoreactivity in photoreceptor cells
located in the outer nuclear layer, but, instead, intense
GAMT immunoreactivity in GS-positive Miiller cells
(Fig. 4). Therefore, it appears likely that creatine
enriched in photoreceptor cells is derived, at least in
part, from local Miller glia, like lactate and amino acids
which are assumed to be shuttled between Miiller cells
and photoreceptor cells (Poitry-Yamate et al., 1995;
Rauen and Wiessner, 2000). Bearing in mind the fact
that creatine is also supplied from the circulating blood
via CRT at the inner BRB (Nakashima et al., 2004), the
creatine concentration in photoreceptor cells may be con-
trolled by a dual system of creatine supply, i.e., supplies
from the local retinal glial cells and capillaries. As far
as this novel idea is concerned, there is no report of ret-
inal dysfunction in patients with CRT deficiency. How-
ever, it can be explained by creatine synthesis and sup-
ply by Miiller glia. In contrast, chorioretinal degenera-
tion in patients with GA can be ascribed both to a
reduced creatine supply from the circulating blood and a
disrupted supply from local Miiller glia due to inhibition
of creatine biosynthesis by hyperornithinemia in the
whole body (Sipila et al., 1980).

The creatine uptake system in photoreceptor cells has
not yet been identified. Jones (1995) reported identifica-
tion and localization of CRT in bovine retina by in situ
hybridization showing that CRT mRNA was expressed
in all cell types in the retina, whereas CRT mRNA was
absent in photoreceptor cells. Although further studies
are needed to identify the creatine transport system(s)
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