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Abstract

myo-Inositol plays a role in many important aspects of cellular regulation including membrane structure, signal transduction and
osmoregulation. It is taken up into the cells by the Na*/myo-inositol cotransporter (SMIT). We investigated developmental changes in
the expression of SMIT mRNA and protein in the rat. In the fetal rat brain, SMIT mRNA was abundantly and diffusely expressed
throughout the whole brain and the spinal cord. Positive signals were expressed in neuronal and non-neuronal cells in these regions. SMIT
is gradually down-regulated nearer birth, but intense signals were still detected in the brain at postnatal day one. In the adult rat brain,
very weak hybridization signals were detected throughout whole brain except for the choroid plexus where SMIT mRNA expression
remained high. In contrast, the pattern of developmental regulation of SMIT gene expression in the kidney was opposite to that seen in
the brain. Signals in the kidney were very weak during embryonic stages, whereas SMIT expression increased significantly after birth.
These results suggest that myo-inositol and its transporter play an important role in the CNS developmental stage. © 1997 Elsevier
Science B.V.

Keywords: Osmolyte; Blood-brain barrier; Na™ /myo-inositol cotransporter

1.1  duction myo-inositol in adult cerebrospinal fluid (CSF) is 100-500

myo-Inositol and its various biochemical derivatives are
widely distributed in mammalian tissues and cells [10].
The levels of myo-inositol in most mammalian cells or
tissues are much higher than those in plasma and intersti-
tial fluids [5,13). Plasma concentrations in adult mammals
have been reported to be 10-200 uM [10], whereas tissue
myo-inositol levels are usually greater than 1 mM.
Sodium-dependent myo-inositol transporter (SMIT) ap-
pears to be responsible for the maintenance of these con-
centration gradients. Interestingly, myo-inositol concentra-
tions in fetal mammalian serum may be elevated with
levels which are sometimes greater than 1 mM, depending
on the time of gestation [4,9]. Similarly, while the range of

" Corresponding author. Fax: +81 (6) 879-3229.
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uM [20,22], the concentration in fetal CSF may reach 3
mM [1].

The reasons for the elevated myo-inositol levels in
fetuses are unknown. Fruen and Lester have shown more
recently that sodium-dependent myo-inositol uptake in fe-
tal brain cells in vitro is also increased when compared to
adult cells [6]. They postulated that disruption of myo-in-
ositol homeostasis in Down syndrome (trisomy 21) may
affect the developing brain and thus contribute to the
pathogeaesis of mental retardation, the most consistent and
debilitating feature of the syndrome. There is some sup-
portive evidence for their hypothesis. When polyol species
were examined in CSF, a significant increase in the level
of myo-inositol alone was observed in Down syndrome
compared with controls [21]. Furthermore, recent mapping
of a human SMIT gene onto the long arm of chromosome
21 [3] suggested that the altered myo-inositol homeostasis
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involving the CSF may result from increased transport.
- Despite these studies, no information is available about
expression of SMIT during fetal development.

To gain insight into the expression of SMIT during time
of gestation, we determined regional distributions of SMIT
mRNA in rat fetuses using in situ hybridization. The
results obtained demonstrated that SMIT is highly ex-
pressed in the fetal brain and spinal cord, whereas there
were only weak signals in the kidney. The significance of
SMIT in development of the CNS will be discussed.

2. Materials and methods

2.1. In situ hybridization

Pregnant Wistar rats were anesthetized with pento-
barbital (65 mg/kg intraperitoneally) and fetuses were
removed at embryonic day (E) 14, E16, and E18. Animals
were also examined at postnatal day (P) 1 (n =5 for each
age). Fetuses and P1 rats were sacrificed by decapitation
and their whole bodies were immediately frozen at — 80°C.
Adult rats (postnatal week 3, n=75) were treated in the
same manner and their brains and kidneys were removed.
Serial coronal sections (5 um thick) were obtained from
the frozen tissues and the whole bodies with a cryostat and
stored in a tightly closed case at —80°C. The antisense
probe for SMIT was synthesized from a 490 bp rat SMIT
¢DNA (bases 808-1297) insert cloned into the Novagen
T-vector. The sense probe for SMIT was synthesized from
a 490 bp rat SMIT cDNA insert cloned in the vector
pSPORT 1. To synthesize hybridization riboprobes by in
vitro transcription, this sequence was first linearized by
digestion with restriction endonucleases of EcoRI for both
antisense and sense RNNA synthesis. The linearized cDNA
was then incubated at 37°C for 60 min with a mixture of
reagents. This mixture consisted of 2 ul of transcription
buffer (X 5), 0.5 wnl of 100 mM dithiothreitol, 0.5 wul of
RNase inhibitor, 0.5 ul of 10 mM ATP, CTP and GTP, 5
ul of [*S]JUTP (NEG-039H, New England Nuclear), 0.5
ul of DNA template (1 mg/ml) with 1 ul of appropriate
RNA polymerase (T7 RNA polymerase for antisense; SP6
RNA polymerase for sense probe). DNA was digested by
addition of 2 ul of DNase (1 U/ul) and incubation at
37°C for 10 min. Efficacy of labeling was estimated by
counting radioactivity of the synthesized probes.

In situ hybridization techniques for SMIT mRNA (RNA
probe) were based on those of Wilkinson et al. [23] with
some modifications. Briefly, sections were fixed in 4%
paraformaldehyde in 0.1 M phosphate buffer (PB) for 20
min. After washing with PBS, the sections were treated
with 10 mg/ml of proteinase K in 50 mM Tris—HCl and 5
mM EDTA (pH 8.0) for 5 min at room temperature. They
were fixed again in the same fixative, then acetylated with
acetic anhydride in 0.1 M triethanolamine, rinsed with

PBS, dehydrated and air-dried. The *°S-labeled RNA
probes (sense and antisense) were diluted in hybridization
buffer, applied to the sections and covered with siliconized
coverslips. ‘Hybridization was performed overnight in a
humid chamber at 55°C. The hybridization buffer consisted
of 50% deionized formamide, 0.3 M NaCl, 20 mM Tris—
HCl, 5 mM EDTA, 10 mM PB, 10% dextran suifate,
1 X Denhardt’s solution, 0.2% sarcosyl, 500 mg/ml yeast
tRNA, and 200 mg/ml herring sperm DNA (pH 8.0). The
probe concentration was 5 X 10° cpm/150 ul per slide.
After hybridization, the slides were soaked in 5 X SSC at
55°C, and the coverslips were allowed to slough off. The
sections were then incubated at 65°C in 50% deionized
formamide with 2 X SSC for 30 min. After rinsing with
RNase buffer (0.5 M NaCl, 10 mM Tris-HCl, 5 mM
EDTA (pH 8.0)) four times for 10 min each time at 37°C,
the sections were treated with 1 mg/ml of RNase A in
RNase buffer for 30 min at 37°C. After an additional
washing in RNase buffer, the slides were incubated in 50%
formamide with 2 X SSC for 30 min at 65°C, rinsed with
2 X SSC and 0.1 X SSC for 10 min each at room tempera-
ture, dehydrated through an ascending alcohol series and
air-dried.

X-ray film was placed on uncoated sections for 3 days.
The slides were then coated with IIford K-5 emulsion
diluted in distilled water containing 2% glycerine (1:1).
The slides were exposed for 3 weeks in a tightly sealed
dark box at 4°C, developed in Kodak D-19, fixed with
photographic fixer, stained with thionine and coverslipped.
The tissue sections were examined under a light micro-
scope. For quantitative assessment of SMIT mRNA ex-
pression on the macroautoradiograms, an optical density of
a target region was measured, and optical density ratio
(ODR) was calculated in comparison with the film back-
ground density. Statistical analysis was performed using
non-parametric analysis of the Mann—Whitney U-test with
two-tailed probability.

2.2. Western blotting

Anti-SMIT antibody was raised against a synthetic pep-
tide, CTPPPTKEQ, corresponding to amino acids 533-540
of SMIT [12]. The peptide was coupled with KLH and
used to immunize rabbits.

Extracts were prepared from E16, E18 and P1 and P21
rat brain. Aliquots of 20 mg of protein were elec-
trophoresed in 10% SDS-polyacrylamide gels. Proteins
were transferred from the gels onto nitrocellulose mem-
branes in a modified Towbin transfer buffer (25 mM Tris,
192 mM glycine, pH 8.4, containing 0.05% 2-mercapto-
ethanol). The nitrocellulose was blocked with blot buffer
(20 mM Tris (pH 7.6), 150 mM NaCl, 0.05% Tween-20,
0.05% NaN,) containing 3% BSA for 1 day at 4°C. The
filters were probed at room temperature for 2 h with
anti-SMIT rabbit antiserum diluted in blot buffer, washed
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with blot buffer, and then incubated for 2 h with anti-rabbit
IgG HRP antibody diluted 1:500 in blot buffer containing
1% BSA. After washing with blot buffer, immunoreactiv-
ity was visualized using the ECL system (Amersham,
Braunschweig, Germany).

3. Results

Throughout the present study, adjacent sections were
hybridized with both sense and antisense probes to confirm
the specificity of SMIT mRNA hybndization signals. Sig-
nals were observed only in sections hybridized with the
antisense probes. Fig. 1 and Fig. 2 show developmental
changes in the expression of SMIT mRNA; since signifi-

cant expression was observed in the fetal brain and the
kidney after birth, we focused on these two organs.

3.1. SMIT mRNA expression in the brain

The most intense SMIT mRNA hybridization signals
were constantly found in the choroid plexus of the lateral
veniricle and fourth ventricle constantly from E14 to P21.
In contrast, other regions of the brain showed intense
hybridization signals until P1, while these hybridization
signals were markedly decreased and reached low levels at
P21

Detailed observations revealed low to moderate levels
of SMIT mRNA in the neocortical neuroepithelium, sep-
tam, rhinencephalon, pallidal subventricular zone, pal-

sense

E18

Fig. 1. SMIT mRNA hybridization signals were widely distributed throughout the fetal brain (E14, E16, E18) with the most intense signals in the choroid
plexus. In contrast, SMIT mRNA levels were low in the fetal kidney. No specific hybridization signals were found using a sense SMIT probe. Scale

bar =2 mm.



94 W. Guo et al. / Molecular Brain Research 51 (1997) 91-96

lidum and thalamus at El4, while intense hybridization
signals were seen in the hypothalamus, pretectum, tegmen-
tum, anterior pons, posterior pons, medulla and spinal
cord. At E16, intense hybridization signals were observed
in the cortical plate and neocortical neuroepithelium,
whereas weak signals were detected in the intermediate
zone in the cerebral cortex. Most of the other areas in the
brain showed moderate to intense hybridization signals
with less intense signals in the pallidal subventricular zone.
Moderate to intense hybridization signals were also seen in
the neural layer of the retina at E16. At E18, almost all the
regions in the brain and neural layer of the retina showed
moderate to intense SMIT mRNA signals with less intense
signals in the intermediate zone in the cerebral cortex,
striatal subventricular zone and pallidal subventricular
zone. At P1, moderate to intense hybridization signals
were found throughout whole brain. Particularly high ex-
pression of SMIT mRNA was detected in the subiculum,

CA1-3 fields in the hippocampus, hypothalamus and

amygdaloid complex. At P21, very low signals were widely
distributed throughout the whole brain with slightly higher

intensity in the olfactory bulb, hippocampus and cerebe
lum. No signals were found with the sense probe.

3.2. SMIT mRNA expression in the kidney

In contrast, SMIT mRNA levels were low in the kidne
during fetal stages, whereas the hybridization signals we
markedly increased after birth.

Detailed observation revealed weak SMIT mRNA sig
nals in the nephrogenic zone, and low-level signals wer
scattered in the medulla at E16. Moderate hybridizatio
signals were sporadically spread over cortical an
medullary regions with higher levels in the nephrogeni
zone at E18. At Pl, intense hybridization signals wer
concentrated in the medulla, whereas weak signals wer
scattered in the cortex. At P21, SMIT mRNA was in
tensely expressed in the outer medulla. SMIT mRN:
signals showed a gradient of concentration along the corti
comedullary axis from the inner medulla to the papillar
tip, with the most abundant transcript levels in the papil
lary tip. These signals in the papillary tip were as intens

Fig. 2. Postnatal day 1 (P1) rat, and the brain and kidney of postnatal day 21 (P21) adult rat. The brain showed intense hybridization signals at P1, while
these hybridization signals were markedly decreased and reached low levels at P21. In contrast, the hybridization signals in the kidney were markedly
increased after birth, especially in the medulla.
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E16 E18 P1 P21

Fig. 3. On Western blotting analysis, polyclonal antiserum against SMIT
recognized a single protein with M, of 80000. The levels of SMIT
protein in the brain were decreased from embryonic day 16 (E16) to
postnatal day 21 (P21). Arrowhead indicates 83 kDa marker.

as those in the outer medulla. Moderate hybridization
signals were scattered in the cortex.

3.3. Western blotting analysis

We also analyzed levels of SMIT protein in the rat
brain at E16, E18, P1 and P21 by immunoblotting. As
] 1 in Fig. 3, SMIT was expressed as a single compo-
n  with an M, of 80000. The protein levels of SMIT
throughout developmental stages showed a pattern similar
to that observed for SMIT mRNA. The brain SMIT protein
levels were high during embryonic stages and decreased
with development.

4. Discussion

Our results indicated that SMIT mRNA and SMIT
protein are highly expressed in the fetal CNS and decrease
with development. This result is consistent with in vitro
study using cultured brain cells from fetal mice [6] in
which Na*-dependent myo-inositol uptake in fetal brain
cells was significantly higher than that in adult brain cells.
Their results together with our observations suggest that
the development of the brain from the fetal to the adult
stage is associated with a significant decrease in SMIT
a 'ty as well as in its mRNA and protein levels. A
s_...ar decrease in SMIT activity accompanies differentia-
tion of neuroblastoma cells in culture [19]. Changes in
brain SMIT with development may be related to the high
ambient concentration of myo-inositol. Considering the
marked elevation of its concentration in fetal plasma [4,9]
and CSF [1], one would expect that intracellular concentra-
tion would be extremely high. Since myo-inositol levels in
most mammalian tissues are 10—100-fold higher than those
in plasma [5,13], its concentration in the fetal CNS might
be more than 10 mM. This raises the question why the
fetal CNS need such a large amount of myo-inositol. The
rate of synthesis of phosphatidylinositol would not be
markedly affected because it is already saturated at much
lower concentrations [2]. Low levels of ambient myo-in-
ositol seem to be adequate to maintain normal cellular
phosphatidylinositol production. Thus, it is possible that
myo-inositol plays another role in the fetal brain that is

distinct from that of a simple substrate for phospholipid
biosynthesis.

In addition to its role in membrane structure and signal
transduction, myo-inositol functions as an osmolyte in the
kidney and the brain [7,8]. It is accumulated under hyper-
tonic conditions by increasing SMIT activity [17]. The
abundance of SMIT mRNA and the transcription rate of
the SMIT gene increased when the cultured kidney cells
were cultured in hypertonic medium, suggesting that tran-
scription is the primary step in regulation of myo-inositol
transport by hypertonicity [12,25]. Similar results were
obtained from brain glial cells [18] and lens epithelial cells
[26]. We have recently reported the localization and regula-
tion of SMIT mRNA in kidney [24], brain [11,14], eye [16]
and ear [15]. These results strongly suggest an important
role of SMIT in the CNS regarding cell volume regulation.
Although we found intense expression of SMIT in the fetal
CNS, it is unknown whether the transporter is also under
osmoregulatory control. Berry et al. [2] suggested that
myo-inositol may be an osmolyte in fetal endothelial cells
since they have a high-affinity transport system for myo-
inositol and accumulate more myo-inositol with fetal
bovine serum than with adult bovine serum. It is possible
that myo-inositol functions as an osmolyte in the fetal
CNS. We speculate that the intense expression of SMIT
might be related to the immature blood—brain barrier in the
fetus, which is much more permeable to a variety of
solutes than that in adults.

Our results thus suggest that SMIT plays an important
role in the fetal CNS but not in the kidney. The hypothesis
proposed by Fruen et al. [6] regarding the relationship
between Down syndrome and SMIT gene is consistent
with our results. In patients with Down syndrome, mental
retardation and neurological abnormalities are always pre-
sent but the kidney is usually normal. Further studies are
necessary to clarify the significance of myo-inositol and its
transporter in this syndrome.
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