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Table 1

Primers used for quantification of mRNA levels

Accession no. Definition Forward primer Reverse primer
48247 Enigma tiegtetecaccaaacactg tecctetgetageteetgag
Z46614 Caveolin! geatectctetticetgeac tzgaatagacacggctgatg
U44948 ‘ SmlIM taatgtagatggccttaceg goatggacaggagagtatag
AF000942 Id3a cctegaccticaagtggtic acgttcagatgagectggste
M17701 Glyceraldehyde-3-phosphate-dehydrogenase cticegtgticetacee acctggicctcagigtagee
M83107 SM22 tgagcaagtiggtaaacagse attgagccacctgttccate
X06801 aSMactin getetgptptatoacaateg aaccatcactccciggigtc
Us0044 - von Willebrand factor agcggptganatacctagee geagteagttggectetace

5% C02. VSMC at 6—10 passages were used in the experiments. Cells were seeded in 10-cm-culture
dishes to grow to confluence. Then, the medium was replaced with phenol red-free RPMI1640 (Sigma)
containing 100 sM E2 (Sigma) or vehicle (0.1% ethanol). Twenty-four hours later, cells were washed
with phosphate-buffered saline twice and homogenized immediately in Isogen reagent (Nippon Gene,
Osaka, Japan).

Northern blot analysis

Twenty micrograms of total RNA from cultured VSMC were fractionated on 1.3% formaldehyde-
agarose gel and transferred to nylon filters (Hybond-N, Amersham Life Science Inc.). The filters were
hybridized with random-primed *?P-labeled rat cDNA probes and autoradiographed. To synthesize
cDNA probes, reverse transcription-PCR was performed using RNA prepared from VEMC with primers
specific for each gene, The primers were synthesized according to the published rat cDNA sequences as
follows: (forward/reverse)

Enigma: 5'-gecttetcageagteagett-3//5'-ticttctggatgecaggact-3/

Caveolin-1: 5'-cgtagactccgaggpacate-3'/5'-getcttgatgcacggtacaa-3'

Smooth muscle LIM protein (SmLIM): 5'-gaagaggtgcagtatgatgg-3'/5'-tctggageactictcageac-3’
Inhibitor of DNA binding 3a (Id3a): 5-ggaacgtagcctagecattg-3'/5-tteagatgagectggtetage-3'.

Amplified PCR products were subcloned into a plasmid vector, pCR2.1 vector, and
sequenced. An oligonucleotide probe complementary to 18S rRNA was used to confirm the
equal loading of RNA. (Watanabe et al., 2001) The filters were antoradiographed, and the bands
were scanned and the density was determined with Scion software (Scion image ver 3.0, Scion

Corp.).
Statistical analysis

The mRNA levels calculated in real-time PCR were analyzed using one-way ANOVA. When a
statistically significant effect was found, Newman-Keul’s test was performed to isolate the difference
between the groups. A value of P < 0.05 was considered significant. All data in the text and figures are
expressed as mean + SE.
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Results

Screening for genes expressed differently between OVX + V and OVX + E by high-density
oligonucleotide array

We first performed a global expression analysis of approximately 7000 genes using a high-
density oligonucleotide microarray to identify estrogen-regulated genes in the rat aorta. Around
2000 genes were considered to be present in the aorta according to our criteria. As shown in
Table 2, the expression of control GAPDH was comparable among the groups, suggesting that
the microarray assay worked well. The expression of SM22 was high, whereas that of von
Willebrand factor and endothelial nitric oxide synthase was below the detection level. These
. findings indicate that the samples were mainly derived from the medial layer of the aorta. In this
screening, we identified approximately 200 genes, the expression levels of which were different
between the OVX + E group and OVX + V group. We, first, checked the genes reported to be
regulated by estrogen in the aorta, such as angiotensin II type 1 receptor (Nickenig et al., 1998},
angiotensin converting enzyme (Gallagher et al., 1999), and c-fos (Akishita et al, 1996), and in
reproductive tissues, such as progesterone receptor (May et al,, 1989), c-myc (Weisz and
Bresciani, 1988), and glucose-6-phosphate dehydrogenase (Korach et al., 1985). Consistent with
the previous data, the intensity of angiotensin converting enzyme in OVX + E was down-
regulated to nearly 50% compared to that in OVX + V. However, AT1 receptor, c-myc and
progesterone receptor were not detected in aorta by high-density oligonucleotide microarray
analysis probably because of the low sensitivity to these genes. Also, in sham-operated rats,
the intensity of c-fos gene was at much higher level compared to that in OVX + V. The reason
for a tremendous increase of c-fos expression might result from unknown stresses, because the
intensity of several immediate-early genes was also increased in sham-operated rats (data not
shown). The explanations for these results were that the sensitivity of probes for several genes
was under the threshold, and/or that the reproducibility was not high due to small number of
samples in each group (n = 2). Then, among the 200 genes, we focused on up to 20 candidate
genes, which were reported to be expressed in the vasculature.

Table 2
Expression of marker genes and previously reported estrogen-regulated genes in aorta
Accession No. Definition Sham OVE+V OVX+E
(Intensity) (Intensity} (Intensity)
M17701 Glyceraldehyde-3-phosphate-dehydrogenase 1278.5 1232.6 1246.0
M83107 sMz22 4350.8 4487.8 4631.9
Us0044 von Willebrand factor 8.7 -54.83 -19.8
AF110508 endothelia] nitric oxide synthase 484 48.1 453
M90065 angiotensin II receptor Y 5.1 42
U03734 angiotensin converting enzyme 216.6 239.9 148.3
X06769 c-fos 1800.1 307.7 2318
S64044 progesterone receptor 613 31.7 398
X07467 glucose-6-phosphate dechydrogenase 474.0 3321 4542

Y00396 c-myc 444 363 333
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Table 3
Genes with altered expression level in aorta aceording to DNA mieroarray technique

Accession no. Definition Sham (intensity) OVX +V (intensity) OVX+E (intensity) OVX+E/OVX+V

U48247 Enigma 288.3 128.6 455.5 35
746614 Caveolin-1 674.3 3291 694 .4 21
44948 SmLIM 1266.9 1260.7 20549 1.6
AF000942 Id3a 201.7 224.6 3183 14

Confirmation of estrogen-regulated genes in aorta by real-time PCR

Next, we performed real-time PCR to examine the expression of the candidate genes obtained from
the microarray. In real-time PCR, we used primers that amplified sequences different from the
microarray. Subsequently, four genes, caveolinl, enigma, SmLIM and Id3a, were identified as being
upregulated in the OVX + E group (Table 3 and Fig. 1). On the other hand, we could not identify any
genes down-regulated in the OVX + E group in this study, so far. To exclude the possibility of the
contamination with other cell types in total RNA samples we used, we compared the intensity of these
four genes and markers for endothelium or VSMC in the samples between with or without endothelium
obtained from intact 8-week-old male rats (n = 12) (Fig. 2). Semi-quantitative analysis by real-time PCR
showed that these four genes and markers of VSMC were expressed comparably between samples with
or without endothelium. In contrast, the expression of an endothelial marker, von Willebrand factor, was
scanty in endothelium-denuded samples. Specific markers for adventitial fibroblasts have not been
identified (Sartore et al, 2001). Therefore, we cannot exclude the contamination with adventitial
fibroblasts, although the adventitial layer is very small in amount compared with smooth muscle layers.
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Fig. 1. Real-time PCR comparing expression of enigma, caveolin-1, SmlIM and Id3a in aortic tissue. Total RNA was obtained
from the aorta of OVX + V (lane 1, n = 5), OVX + E (lane 2, n = 5), and Sham (lane 3, n = 4) groups, and reverse-transcribed
into ¢cDNA. Then, 50 ng cDNA was amplified using primers specific for each gene sequence using real-time PCR method. The
starting quantities were calenlated and expressed as the ratio of each gene to GAPDH. Values are shown as mean + SE.
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Fig. 2. The expression levels in the identified genes and maker genes in the samples with or without endothelium (EC). The
aortic tissues were obtained from intact 8-week male rats, and were divided into two groups; with EC (n=6) and without EC
(n=56). Real-time PCR was performed as described above, and the starting quantitics were calculated and expressed as the ratio
of each gene to GAPDH. Values are shown as the ratio of the samples with EC to that without EC and as mean + SE. *,
p<0.01 vs + EC. EC; endothelium, vWF; von Willebrand factor.

E2-induced expression of genes in cultured VSMC

In order to investigate whether E2 could directly regulate the expression of these four genes, we
examined their mRNA levels in cultured VSMC by Northern blot analysis. As shown in Fig. 3,

treatment with E2 for 24 hours increased the mRNA levels of caveolinl, enigma, SmLIM and Id3a
mRINA.
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Fig. 3. Northern blot analysis of enigma, caveolin-1, SmLIM] and Id3a in cultured VSMC, VSMC were treated with vehicle
(lane 1) or 100 omol/L E2 (lane 2) for 24 hours. Total RNA was extracted from VSMC, and 20 pg total RNA per lane was used
for Northern blot apalysis. The membrane was hybridized to a 32P-labeled cDNA probe specific for each gepe and to an 185
probe to assess loading differences. In different sets of experiments, mRNA levels of indicated genes were measured by
densitometry and expressed as the ratio of genes to 185. Similar results were obtained in three independent experiments,
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Discussien

In the present study, we screened for genes that responded to estrogen stimulation in VSMC. We
newly identified genes upregulated by estrogen; enigma, SmLIM, caveolin and Id3a, in VSMC.

Caveolin-1 is one subtype of caveolins, which are principal coat proteins of caveolae (Severs, 1988).
Caveolae, the flask-shaped vesicular invaginations of the plasma membrane, are present in many cell
types including VSMC (Drab et al., 2001). Caveolae function in signal transduction (Okamoto et al,,
1998) as well as in endocytosis and transcytosis in vesicular transport (Schnitzer et al., 1995). Mice
lacking the caveolin-1 gene show impaired endothelinm-dependent relaxation, contractility and
maintenance of myogenic tone of the aorta through nitric oxide and Ca’™ signaling (Drab et al.,
2001). Several studies have reported the role of caveolin-1 in estrogen-mediated signaling in vascular
cells. In vascular endothelium, nitric oxide synthase is activated rapidly by estrogen following binding
with ERa in caveolae (Chambliss et al., 2000), In VSMC, estrogen stimulated the binding of ERa with
caveolin-1 and augmented the production of caveolin-1 through a transcriptional mechanism (Razandi et
al., 2002). Consistent with this report, we showed that estrogen upregulated mRNA expression of
caveolin-1 in the aorta, as well as in cultured VSMC. Taken together, estrogen-mediated upregulation of
cavelin-1 might be related to the improvement of vascular function.

Two LIM protein genes and one member of the Id gene family were also identified as estrogen-
regulated genes in the aorta in the present study. LIM proteins are a protein family containing the LIM
motif, a double-zine-finger structure. The LIM motif has been proposed to participate in profein-protein
interactions (Dawid et al., 1995; Sanchez-Garcia and Rabbitts, 1994), and to be critical in cellular
determination and differentiation (Arber and Caroni, 1996; Schmeichel and Beckerle, 1994). SmLIM,
one of the LIM proteins, is expressed principally in VSMC of adult animals and is induced in VSMC
during development, preceding the appearance of the smooth muscle myosin heavy chain, a sensitive
indicator of VSMC differentiation (Jain et al., 1998). Moreover, SmLIM localizes in the nucleus and in
actin-based filaments in the cytosol. Therefore, SmLIM is thought to coordinate cytoskeletal function
and subsequently regulate cellular proliferation and differentiation (Jain et al, 1998). Another LIM
protein, enigma, belongs to the PDZ-LEM protein, and is expressed abundantly in skeletal muscle as well
as in non-muscle cells (Durick et al., 1998; Guy et al., 1999). The PDZ domain of enigma binds fo a
skeletal muscle target, the actin-binding protein, tropomyosin, suggesting that enigma is an adapter
protein that directs the LIM-binding protein to actin filaments of muscle cells (Guy et al., 1999). The
inhibitor of DNA binding (Id), a class of helix-loop-helix transcription factors, is known to regulate
growth in many cells including VSMC (Matsumura et al., 2001; Norton et al., 1998; Olson, 1390). There
are four known Id genes, Id1 to Id4. Id3a is produced by alternative splicing of the Id3 gene, resulting in
inclusion of a 115-bp “coding intron”, which encodes a unique 29-amino-acid carboxyl terminus of the
Id3a protein (Matsumura et al.,, 2001). It is reported that Id3a is associated with apoptotic activity in
VSMC (Matsumura et al., 2001). In contrast, another group showed that Id3 mediated angiotensin II-
induced cell growth (Mueller et al., 2002); therefore, the precise role of 1d3 and its splice variant, Id3a, in
the vasculature, has not been determined.

There are no reports with respect to the regulation of these three genes by estrogen, not only in the
vasculature but also in other organs, so our findings might imply a new understanding of mechanisms of
the effects of estrogen in the vascular wall. Because SmLIM and Id3a may be associated with cell
growth and differentiation, these genes might mediate the effects of estrogen on VSMC growth and
differentiation. Enigma is considered to be an adaptor protein, which can connect some kinases or
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phosphatases with the membrane (Cuppen et al., 1998; Kuroda et al., 1996). Therefore, it can be
hypothesized that enigma would mediate the effects of estrogen such as growth inhibition in VSMC
through the binding with some phosphatases such as SHP-1 or MKP-1 which could be induced by
estrogen (Takeda-Matsubara et al., 2002).

Downstream of the estrogen-ER signaling pathway has not been clarified in the vasculature as much
as in reproductive organs. Estrogen augmented the promoter activity of caveolin-1, which did not
contain any palindrome estrogen responsive elements in the 3 kb promoter region (Razandi et al., 2002).
The sequences of the promoter region of SmLIM, enigma, and Id3 genes have not been reported.
Analysis of the promoter of these genes may provide some hints to understand the downstream signals of
ER in the vasculature. Also, in this study, we could not check all of the genes expressed differentially
between the OVX + E group and OVX + V group obtained from the high-oligonucleotide microarray
analysis. Thus, further study should be done to identify other estrogen-regulated genes that might play
more important roles in the vasculature.
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CORRELATION BETWEEN PULSE WAVE VELOCITY
AND COGNITIVE FUNCTION IN NONVASCULAR
DEMENTIA

To The Editor: We read with interest the paper by Shimoeda
et al.! showing that pulse wave velocity (PWV), an indicator
of arterial stiffniess, was higher in patients with vascular
dementia than in patients with Alzheimer’s disease and
nondemented control subjects. Vascular factors such as
smoking, hypertension, diabetes mellitus, and apolipopro-
tein E &4 allele have also been implicated in the develop-
ment of nonvascular dementia, including Alzheimer’s
disease,? but there has been no quantitative study of the
relationship between the stage of arteriosclerosis and the
severity of nonvascular dementia. In this stdy, PWV was
measured in patients with mild to moderate nonvascular
dementia, and greater arterial stiffness was associated with
cognitive impairment.

Patients who were referred to the Memory Clinic of our
department were entolled. Patients with definite vascular
dementia such as poststroke patients and patients with
mulriple cerebral infarcts were excluded. Twenty-seven
subjects (12 men and 15 women, mean age + standard
deviation = 76 % 7) were analyzed, including 14 parients
with Alzheimer’s disease diagnosed using the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition, and
others with mild cognitive impairment, PWV was measured
using the automated device Form PWV/ABI (Colin Co. Ltd,
Komaki, Japan), and two measnrements, heart-brachial (hb)
PWV and brachial-ankle (ba}) PWV, were analyzed.?
Cognitive function was assessed using the Hasegawa
Dementia Scale Revised (HDSR; 20 + 7 points out of 30).
Basic activities of daily living (ADLs), instrumental ADLs,
mood, and volition were also measured using the Barthel
index, Lawton-Brody instrumental ADLs, Geriatric Depres-
sion Scale, and Vitality Index,* respectively.

In the analysis including all the subjects, HDSR
correlated with hbPWV (r= —0.450, P<.05) (Figure 1)
and baPWV (r = —0.433, P <.05), whereas other indices of
the comprehensive geriatric assessment did not correlate
with hbPWV or baPWV. Multiple regression analysis using
HDSR as a dependent variable and hbPWV, age, sex, mean
blood pressure, and use of antihypertensive agents as
independent variables showed that hbPWV (B= — 0.535,
P<.05} was a significant determinant of HDSR. Analysis
using systolic blood pressure instead of mean blood pressure

showed a comparable result, but analysis using baPWV
instead of hbPWV did not reach statistical significance.
Subjects were excluded because they had obvious
vascular factors (n = 9), extensive white-matter lesions on
brain magnetic resonance imaging scans (n = 5), or a history
of hypertension {n = 8) as determined by the use of anti-
hypertensive agents or blood pressure of 140/90 mmHg or
higher. These subjects showed higher hbPYWV than the other
18 subjects (665 £ 139 vs 561+ 98 cmfs, P<.05) and
lower HDSR score (15.6 £5.4 vs 21.94+6.7, P<.035),
whereas age was not significantly different (79 £9 vs
76 &£ 7, P=.29). Then, the correlation between PWV and

. cognitive function was analyzed in the 18 subjects without

vascular factors. In simple regression analysis, HDSR
correlated with hbBPWV (r= —0.615, P<.01) (Figure 1)
and baPWV (r= -0.618, P<.01). Multiple regression
analysis using HDSR as a dependent variable and hbPWV,
age, sex, and mean blood pressure as independent variables
revealed that hbPWV (B = — 0.700, P<.05) was indepen-
dently related to HDSR.

The present study demonstrated thar subjects with
extensive white-matter lesions or a history of hypertension
had higher PWV than others, consistent with a previous
report,! even though subjects with typical vascular demen-
tia were excluded. Multivariate analysis and analysis using
the snbjects without obvious vascular factors showed that
arterial stiffness as measured using PWV was independently
related to cognitive function. These results suggest that
arteriosclerosis, even in a subclinical state, plays a role in
cognitive impairment and that PWV serves as a useful tool
to assess the vascular contribution in subjects with mild to
moderate nonvascular dementia. Recent papers have shown
that PWV can predict the fumre occurrence of cardiovas-
cular disease.* Furthermore, a new paradigm—vascular
cognitive impairment—in which vascular factors play a
variety of roles in the pathogenesis of dementia has been
proposed.? It is necessary to perform a large-scale study
to confirm our preliminary results and a prospective
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Figure 1. Correlation between heart-brachial pulse wave veloe-
ity (hbPYWV) and Hasegawa Dementia Scale Revised (HDSR) in
subjects with (open circles, n=9) and without (clesed circles,
n = 18) vascular factors such as extensive white-matter lesions
and history of hypertension. Dotted line and solid line indicate
regression lines in all the subjects and the subjects without
vascular factors, respectively.
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longitudinal study to examine whether high PWV could be
a risk factor for cognitive impairment.
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GERIATRIC TRAINING IN PROBLEM-BASED
LEARNING: AN ASIAN PERSPECTIVE

To the Editor: Problem-based learning (PBL) is gradually
becoming popular in medical schools in Asian countries.” It
is an integrated, student-centered educational approach,
which uses problems (triggers) as the key units for
stimulating and structuring relevant student learning. Such
learning is largely dependent on the quality of the
problems? and the areas tested in PBL.? Aligning PBL
activities with subsequent student assessment often proves
to be difficult, because it is different from the assessment
conducted in the traditional curriculum. A study was
conducted to analyze the PBL problems and examination
questions used in the School of Medical Sciences, Universiti
Sains Malaysia (USM)} to examine the demographic
characteristics of the people featured and the level of acuity
of case scenarios presented.

All PBL problems (n = 51) used in Phase II (Years 2 and
3) of USM PBL curriculum, 95 modified essay questions
{MEQ)}, and 169 objective-structured clinical examination
(OSCE) questions (in which age and presenting illness were
mentioned) of five academic sessions (1998-2003) were
analyzed. The findings revealed that problems and exam-
ination questions mostly included acute and rapidly
resolving illnesses in young people and underemphasized
elderly people (aged >60) with chronic, irreversible dis-
eases. Only nine {17%) problems and 34 examination
questions {MEQ 19%, OSCE 10%) featured older people.
Moreover, those problems and questions mainly involved
the early elderly (aged 60-74). Only one problem and one
. MEQ featured advanced elderly (aged >70). In the prob-
lems and questions, where the presenting illness was
mentioned, it was of one month’s duration in 78% of

problems, 69% of MEQs, and 41% of OSCEs. Conversely,
only in 4% of problems, 8% of MEQs, and 22% of OSCEs,
was the presenting complaint of more than 1 year’s
duration. In 41 PBL problems, the outcome was mentioned;
this occurred within 1 year in 11%, within 1 month in 28%,
and within 1 week in 61%.

Adequate exposure to geriatric-related issues is pro-
vided to the students in the different phases of the USM
curricnlum. As the PBL is the main teaching-learning
strategy in Phase 2 that facilitates the integration of basic
and clinical sciences, such emphasis may contribute to the
development of negative attitudes among the students
toward elderly patients and people with chronic diseases,
as mentioned in other studies.*S Studies also showed that
this type of emphasis might also deter students from careers
that focus on the elderly® and chronically sick.” This has
wider implications when there is a clear demographic trend
toward a rapid increase of the elderly population in
Malaysia and worldwide.® According to United Nations
estimates, the population of elderly in the world will reach
1.2 billion by 2025, the majority of whom will be in
developing countries.” This is also important because health
care is shifting away from the diagnosis and management of
acute diseases toward caring for increasingly elderly people
with chronic illnesses.®

As a subject, geriatric medicine is not well established in
the schools of Asian countries. The World Health Organiza-
tion® strongly advocated including relevant aging- and
geriatric-related issues in the medical curriculum. Medical
schools should provide opportunities for their students to be
exposed to older patients with adequate positive experiences
in hospital, community, and long-term care settings. Some
problems of the PBL segment and examination questions
could be designed to focus exclusively on the elderly with
chronic diseases.!® Curriculum planners should regularly
analyze the demographic and pedagogical characteristics of
problems and examination questions to determine whether
aging- and geriatric-related content is adequately covered in
PBL curriculum. Emphasis given to such content significantly
improves attitudes and knowledge of students toward the
elderly.* Reorientation of medical education is necessary to
promote more concern among physicians about the needs of
the elderly and people who are chronically ill.
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Imaging of Fine Structure of Bone Sample with High Coherent X-ray Beam
and High Spatial Resolution Detector

Masatsugu Hirano,' Katsuhito Yamasaki,? Riko Kitazawa,® Sohei Kitazaw;x,'-*
Hiroshi Okada,* Tetsuro Katafuchi,” Takashi Sakurai,’ Takeshi Kondoh,*
Chiho Ohbayashi,? Sakan Maeda,® Kazuro Sugimura,” and Shinichi Tamura'

In this study, we observed bone specimens of the mouse using a very high coherence beam
and high spatial resolution detector (zooming tube: approximately 0.7 micron resolution) and
successfully obtained images of the Haversian canal, osteocytes, and osteoclasts.

Key words: X-ray imaging, synchrotron radiation, high spatial resolution, Haversian canal,

osteocyte, osteoclast

INTRODUCTION

A LTHOUGH THE TECHNOLOGY of X-ray diagnostic
equipment has improved markedly, conventional
absorption imaging is limited in that its application to
the observation of objects with small absorption rates is
difficult. Expectations are mounting for the development
and realization of a next-generation coherent X-ray
source similar to that of the laser. Refraction contrast
by X-rays (synchrotron radiation) of such high coherence
would enable higher contrast imaging, which would
reflect object density differently than the absorption
imaging method.! Radiation dose can be reduced and
spatial resolution can be improved using synchrotron
radiation X-rays.?? Thus, there is potential for clinical
application to detect breast cancer.? Refraction contrast
imaging by generating bright and dark lines on the object
interface® has the effect of improving visibility.>S
Further, phase contrast CT has been developed by
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Momose et al.” It has been impossible to obtain such
images with conventional radiation sources owing to
their low degree of coherence. However, third-
generation radiation sources have provided highly
coherent imaging. Contrast imaging can be applied to
the fields of orthopedics, breast cancer, and respiratory
systems, among others. This success is due to the high
spatial resolution detector and well-collimated X-ray
beam.

MATERIALS AND METHODS

This experiment was performed with a RIKEN
Coherent X-ray Optics beam line (BL29XU at SPring-
8). The schema of the set-up is shown in Fig. 1. The X-
ray detector was zooming tube C5333 (Hamamatsu
Photonics K.K., Shizuoka, Japan). The measured spatial
resolution of the detector was 0.7 um at 8 keV.® The X-
ray energy was set at 12.4 keV by a monochromator in
this experiment. The sample was placed at a distance of
about 990 m downstream of the slit and 1.6 m upstream
of the detector. The coherence length was approximately
200 pm. For example, the spatial coherence length of
Photon Factory (PF BL-14C), a second-generation
facility of synchrotron radiation, is 11 um.?

Resected fibula of mouse (diameter, 300 pm) was
used as a specimen to avoid overlapping of bone tissue
and provide clear observation. '

X-ray flux in front of the sample was measured at
about 1.5x10" photon/sec by ion-chamber, and beam
exposure time was 20 sec. Therefore the radiation dose
was estimated at about 18 Gy.

RADIATION MEDICINE
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Fig. 1. Schema of set-up.
RESULTS

The reference image of the sample placed about 1 m
downstream of the slit and about 2 m upstream of the 6
um pixel size detector at the SPring-8 bending-magnet
beamline is shown in Fig. 2. The same sample was
imaged with high resolution at BL29XU (Fig. 3). Tube
structure was observed in the center of the tissue.
Measured diameter was 30-40 wm. This was assumed
to be the Haversian canal. The cecal tube was connected
to the Haversian canal. A cell-like structure with a
multiangular margin observed at the end of the cecal
tube was assumed to be an osteoclast. A fine tubular
structure observed parallel to the Haversian canal was
assumed to be a small blood vessel or canaliculus. The
diameter of the fine tube was about 3 wim, and a spindle
structure observed around it was assumed to be an
osteocyte. These were 20-40 wm in size. The measured
sizes of structures are compared with those of
referencel0 in Table 1. Sizes are smaller than those of
the adult human because the sample was from a mouse
fetus. These are the world’s first radiographic images of
fine structures of bone obtained using a high coherence
X-ray beam with high spatial resolution.

DiscussioN

Using beamline BL20B2 at SPring-8, Mori et al.
investigated bone samples with mammography film
whose spatial resolution was a few microns.® Our
imaging was done with a detector whose spatial
resolution was 0.7 microns. The measured size of
osteocytes and osteoclasts was more than 10 wm, and
imaging was performed adequately.

This beam can be regarded as a parallel beam. The
size of the field view in Fig. 3a is about 300 pm, almost
equivalent to the coherence length. This means that the
field view has very high coherence, and the coherence
improves the contrast and produces high visibility owing

" to the refraction effect of X-rays at the object’s boundary.
A bright line was observed inside the Haversian canal
and a dark line outside it. Such pairs of lines originated
from the refraction of X-rays. Refraction occurred at
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TECHNICAL NOTE

1 mm

' .
N
o
. . I . /
T m— ’

Tig. 2. Overview image of bone sample obtained with the bending
magnet beamline.

the wall of the Haversian canal. The ray-tracing method
simulated this refraction. The diameter of tube was 30
pm, and the densities in and outside the tube were
assumed to be 1.0 and 1.7, respectively. Experimental
and simulated images of the Haversian canal are shown
in Fig. 5a and 5b, respectively. Profile curves of X-ray
intensity are shown in Fig. 5¢. The slope of the outside
of the Haversian canal was smaller than the simulated
slope. This means that density transition is low at the
wall of the Haversian canal. Figure 6a shows a
canaliculus, small blood vessel, osteocyte, and trabecula.
These structures are periodic and parallel to the
Haversian canal. Figure 6b shows a profile curve along
the line in Fig. 6a. This curve shows periodic structure.
Figure 6c shows the auto-correlation function of this
profile curve. The auto-correlation function revealed the
periodic pattern of these structures. Although speckles
are sometimes observed using coherent X-ray imaging,
our measurement showed no random speckles. However,
it is possible that non-random pattern speckles are able
to exist. There is no physical method to distinguish non-
random speckles and the radiographic pattern of
anatomical fine structure. The only method of
distinguishing them is diagnostic observation by a
radiologist.

CONCLUSION

In this study, fine structure of bone was successfully
observed using high coherence X-rays. Contrast was
improved incredibly using high coherence X-rays. Bone
imaging can be performed using a light microscope or
electron microscope, but many structures are destroyed
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Fig, 3. a: Magnified image of Fig. 2
{circle) with coherent X-ray optics
beam line.

b: Schema of Fig. 3a. Haversian
canal {HC), osteocyte (OC),
osteoclast (OL), and tunnel in bone
tissue (I}D) are shown.

Table 1. Diameters of the Haversian canal, osteocytes, and osteoclast measured in this experiment

compared with those of adult human in reference 10

Diameter of Haversian canal (gem)

Osteocytes (pm) _Osteoc!asts {pum)

Experimental data 30-40 20-40 10-20
Data from reference ca. 70 10-50 30-80
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Fig. 4. a: Magnified image of Fig. 3
(rectangle). Trabecula is easily
observed.

b: Schemas of Fig. 4a. Osteocyte
(OC) and trabecula (TB) are
shown.

AN

Fig, 5. a: Experimental image of Haversian capal.

b: Simulated image.

c: Profile curves of experimental and simulated images.
- L 0 . o, =~ T,
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Canaliculus or small vessels

ﬁﬂ Tig. 6. a: Magnified images of canaliculus, small blood vessel,
;@ osteocytes, and trabecula.
b: Profile curve along line in Fig. 6a.

% ¢ Auto-correlation function of profile curve in Fig, 6b,
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by preparing samples. There is minimal sample
destruction in X-ray microscopic imaging, and the
potential exists to observe the fine structure of thin living
bone tissue using high coherence X-rays.
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Abstract

Lactate is considered an alternative substrate that is capable of replacing glucose in maintaining synaptic function in adult neurons. But, we
found recently that lactate could be utilized for maintenance of synaptic potentials only after the activation of NMDA and voltage-dependent-
calcium channel during glucose deprivation. To clarify more on the relationship between glycolysis and induction of lactate utilization, we
tested lower concentration of glucose with hypoxia to induce a relative shortage of anaerobic energy production. Population spikes are not
maintained with lactate following hypoxia in 10 mM glucose medium, but are maintained at their original Ievels with lactate after exposure to
hypoxia in lower concentration (5 mM) of glucose. Hypothermia during low glucose-hypoxia, bath application of the NMDA channel blocker
and the voltage-sensitive calcium channel blocker, as well as the omission of extracellular calcium prevented the induction of the lactate-
supported population spikes. ATP levels in the tissue slices are relatively preserved in the conditions that block the induction of lactate-
supported population spikes. From these observations, we propose that the energy source for maintenance of synaptic function in adult nevron

changes from adult form (glucose alone) to immature one (glucose and/or lactate) after short of glucose supply.
@© 2004 Published by Elsevier Ireland Ltd and the Japan Neuroscience Society.

Keywords: Glycolysis; Lactate; Field potential; NMDA receptor; Voltage-sensitive calcium channel; Adenosine triphosphate; Glutamate release

1. Introduction

It is well known that lactate can be utilized as an energy
substrate instead of glucose in the immature brain (Wada et
al., 1997) and that it can also be used to maintain the energy
Jevel of the mature brain (Saitoh et al., 1994; Kanatani et al.,
1995; Wada et al., 1998). Under ordinary conditions, glucose
is the primary substrate in the brain for the maintenance of
basic synaptic activity (Cox and Bachelard, 1988; Takata
and Okada, 1995; Dienel and Hertz, 2001} and for providing
energy to maintain the activated state (Fox et al., 1988;
Roberts, 1993; Chih et al,, 2001a,b). However, the role of
lactate in the maintenance of synaptic function in the adult
brain is controversial (Schurr, 1988; Fowler, 1993; Takata
and Okada, 1995; Tzumi et al., 1997; Takata et al., 2001;
Dienel and Hertz, 2001). In rapidly prepared hippocampal

* Corresponding author. ‘Tel.: +81 78 382 5901; fax: +81 78 382 5919,
E-mail address: takata-tky@umin.ac.jp (T. Takata).

slices (which are supposed to yield less damaged neurons;
Yamane et al, 2000), synaptic potentials cannot be
preserved in circulating medium containing lactate instead
of glucose (Saitoh et al., 1994; Takata and Okada, 1995;
Yamane et al., 2000; Takata et al., 2001). Synaptic potentials
can, however, be well-maintained in lactate medium after
the slices have undergone glucose deprivation or if the
hippocampus slices are prepared slowly under condition
thought to mimic ischemia (Sakurai et al., 2000; Yamane et
al.,, 2000). In addition, synaptic potentials recorded at
reduced temperature (e.g., 30 °C; Izumi et al., 1997, 29 °C;
Takata et al., 1997) show dramatic resistance to glucose
deprivation, suggesting that mild hypothermia itself covers
the significant role of anaerobic glycolysis for maintenance
of the synaptic potential at higher physiclogical temperature
(Takata et al, 1997). Therefore, the results of the
experiments conducted at reduced temperature require
careful interpretation, especially when they are related to
metabolic processes such as glycolysis. These results

0168-0102/§ — see front matter © 2004 Published by Elsevier Ireland Ltd and the Japan Neuroscience Society.
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suggest that lactate can support synaptic potentials under
conditions similar to post-insult states or in a protective
environment such as hypothermia.

We have demonstrated that the population SplkCS (PS)in
the dentate gyrus (DG) of the hippocampus spontaneously
recover after transient suppression during lactate replace-
ment for glucose (Saitoh et al., 1994; Takata et al., 2001).
This phenomenon is dependent upon activation of N-methyl-
p-aspartate (NMDA) receptors and voltage-sensitive cal-
cium channels (VSCCs; Takata et ab, 2001). We have
proposed that lactate will only be efficiently utilized for the
maintenance of synaptic potentials after a trigger event that
induces Ca®* influx, such as hypoglycemia or other
cytotoxic insults (Takata et al, 2001). With regard to
encrgy metabolism in the neuron, we hypothesize that
synaptic function is maintained by both anaerobic glycolysis
and mitochondrial oxidation, and that anaerobic glycolysis
plays an essential role in the maintenance of synaptic
potentials in spite of its minor contribution towards energy
production (Takata and Okada, 1995; Yamane et al., 2000;
Takata et al., 2001). Furthermore, energy utilization for
synaptic function may be regulated via a mechanism which
involves switching from anaerobic to acrobic glycolysis in
response to Ca®* influx. To better understand the switching
mechanism enabling the use of lactate for maintaining
synaptic potentials, we analyzed the effect of hypoxia on
lactate utilization for maintenance of PS under conditions of
varying glucose concentrations. Under these conditions,
enhanced glycolysis (a Pasteur effect) induced by hypoxia
highlights the role of anaerobic glycolysis for the induction
of lactate utilization to maintain synaptic potentials. The
introduction of hypothermia during hypoxia was employed
to examine the utilization of lactate for synaptic potential
maintenance under conditions in which glucose consump-
tion is relatively spared. In conjunction with the electro-
physiological study, we also examined the levels of ATP and
extracellular glutamate in the hippocampal slices during
hypoxia under varying glucose conditions.

2. Materials and methods
2.1. Preparation of hippocampal slices

Adult guinea pigs (Hartley, SLC, Japan), weighing 200-
300 g, were sacrificed according to the guidelines for animal
experimentation at the Kobe University School of Medicine.
Hippocampus slices (300400 um) were prepared by
cutting transversely along the long axis of the hippocampus
as described (Okada, 1988). Each slice was preincubated for
20 min in the standard medium (in mM: NaCl 125, KCl 4,
KH,PO, 1.24, MgSO, 1.3, CaCl, 2, NaHCO; 26, glucose
10) bubbled with 95% O, and 5% CO; at 35 °C and was kept
at room temperature until usage. For the experiment of
reduced level of glucose during hypoxia, we chose 5 mM

because it is the critical level that the population spikes can
be recorded stably from hippocampal slice (Li et al., 2000).

2.2. Electrical activity recording

After preincubation, each slice was transferred to an
observation chamber equipped with a stereoscope. The
chamber was perfused continuously with the standard
medium at a flow rate of 4 ml/min. With this perfusion
speed, the medium in recording chamber is replaced in
3 min. The temperature was maintained at 35 °C throughout
the experiment with an incubator and temperature controller
(PDMI-2, Medical Systems Corp., NY). The temperature of
the incubator was continuously monitored and with this
system, hypothermia from 35 to 30 °C can be achieved
within 3 min. As an index of neural activity, the perforant
path was stimulated at 0.1 Hz with constant current pulses
(0.1 ms) and population spikes (PS) were recorded from the
granule cell layer of the dentate gyrus (DG) with glass
microelectrodes filled with 2M NaCl. The stimulation
intensity was adjusted to obtain PS amplitudes at 60-70% of
the maximum elicited by supramaximal stimulation. After
recording steady potentials for at least 20 min, the slices
were perfused with conditioned medium. Hypoxia was
introduced by switching to the perfusion medium bubbled
with 95% N,/5% CO,. To test the effects of lactate during
deprivation of glucose, glucose in the medium was replaced
with 10 mM sodium lactate (lactate medium). Adding
sodium lactate did not influence the pH of the medium.

2.3. ATP determination

DG regions were dissected from hippocampal slices
under a stereoscope. After preincubation for 20 min in
oxygenated standard medium at 35 °C, the dissected slices
were incubated for 10min in either standard medivm
(10 mM glucose), SmM glucose medium or hypoxic
glucose-free medium bubbled with 95% No/5% COa. At
the end of the incubation, the DG regions of four slices were
immediately homogenized in 0.5 N perchloric acid with
1 mM ethylenediaminetetraacetic acid (EDTA) and cen-
trifuged for 15Smin at 2000 rpm. The supernatant was
neutralized with 2 M KHCO3, recentrifuged and stored at
—30 °C until assay of ATP. ATP was quantitated enzyma-
tically and fluorometrically by measuring the production of
nicotinamide adenine dinucleotide phosphate hydride
(NADPH; Okada, 1974). Protein content of the slices was
determined by the method of Lowry and Passonneau (1931).

2.4. Determination of glutamate release

After preincubation (see above}, 4-5 DG slices wers
incubated for another 20 min in 300 pl of standard medium
bubbled with 95% O,/5% CO; at 35 °C and the basal level of
glutamate in the medium was determined. Hypoxia
experiments were performed using medium bubbled with
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95% N./5% CO,. The concentration of glucose in the
medium was either 0, 5, or 10 mM. After incubation in each
medium, the quantity of glutamate released from the slices
was determined by high performance liquid chromatography
(HPLC). Prior to chromatography, the medium was filtered
through 0.22 pm Millipore filters. Aliquoted medium (6 )
was injected into vials and placed in a refrigerated
automicrosampler (CMA/200, CMA, Stockholm). Samples
were mixed with reagents, applied to a reverse-phase
column (BAS, Tokyo), and the column eluate was monitored
with a fluorescence detector (CMA/280, CMA, Stockholm).
Analyzed data were printed out with a chromatographic
recorder (D-2500, Hitachi, Tokyo). Sample concentrations
were calculated using chromatograms generated with known
concentrations of amino acid standards.

2.5. Materials

ATP, protein assay reagents, nimodipine and b-(-)-2-
amino-5-phosphonovaleric acid (APV) were purchased
from Nacalai Co., Japan. Hexokinase, glucose-6-phospha-
tedehydrogenase (G6PDH) and all other enzymes were
obtained from Boehringer Mannheim, Germany. Sodium
lactate was obtained from Sigma, U.S.A.

2.6, Statistical analysis

Vatues are shown as mean £ S.EM. Statistical analysis
was performed by ANOVA and Bonferroni post hoc test and
paired t-test. Treatment differences were considered
significant at P < 0.05.

3. Results

3.1. The induction of lactate-supported PS is dependent on
glucose and the activation of NMDA/VSCC

The time course of PS during hypoxia for 10 min and
subsequent replacement of glucose with lactate is shown in
Fig. 1. The amplitude of PS rapidly declines in a similar
manner during hypoxia in medium containing 5 or 10 mM
glucose. Surprisingly, the PS amplitude is maintained after
replacement of lactate for glucose when the glucose content
during hypoxia exposure is 5 mM while it is transiently
reduced and subsequently recovers in the 10 mM glucose
medivm (Fig. 1).

We previously demonstrated that the transient block and
subsequent recovery of synaptic potentials in the DG of the
hippocampus after replacement of lactate for glucose is
dependent on the activation of NMDA receptors and VSCCs
(Takata et al., 2001). Thus, we next studied the effect of the
NMDA receptor antagonist, APV, and the VSCC antagonist,
nimodipine, on the induction of lactate-supported PS after
exposure to low glucose and hypoxia. During hypoxia with
5 mM glucose medium, 50 uM both APV and nimodipine
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Fig. 1. Time course of the change in the amplitude of population spikes after
exposure to hypoxia using 5mM (open circles) or 10 mM glucose (filled
circles) in the perfusion medium. Hypoxia was introduced for 10 min and
glucose was replaced with 10 mM lactate in the perfusion medium after
recovery from hypoxia exposure as indicated by the open horizontal bars. The
ordinate is the percent of the initial amplimde of population spikes recorded
from the granule cell layer of hippocampal dentate gyrus. Each plot indicates
the mean value = S.E.M. of five slices. Asterisks indicate a significant
difference in amplitude between 5 and 10 mM glucose conditions.

were applied to the perfusion medium. Under these
conditions, the PS amplitude is not maintained following
lactate substitution and shows a transient block with
subsequent recovery similar to that observed with the
medium containing 10 mM glucose in the original experi-
ment (Fig. 2). This result suggests that the induction of
lactate-supported PS after hypoxia with the lower glucose
level is also dependent on the activation of NMDA receptors
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Fig. 2. Effect of APV and nimodipine on the change in amplitude of
population spikes during subsequent replacernent of glucose with lactate,
The NMDA receptor antagonist, APV, and voltage-sensitive caleium chan-
ne] antagonist, nimodipine, were included in the perfusion mediom contain-
ing 5 mM glucose during hypoxia as indicated by the horizontal bars. The
ordinate is the same as in Fig. 1. Each plot indicates the mean value +
S.EM. of five slices.



470 T. Takata et al./ Neuroscience Research 50 (2004) 467474

160 7
140 - Hypoxia
/= Lactate 10mM
R | — | I ]
120 [Ca¥*},free

100 ©—0—0Q

% of the nitial PS amplitude

0

——1 8 i H
20 -10 O 10 20 30 40 S50 60 70 8D %0 100 110
min

Fig. 3. Effect of the omission of extracellular calcium daring hypoxia on the
amplitude of population spikes during subsequent replacement of glucose
with lactate. Calcium was omitted frorn the perfusion medium containing
5 mM glucose and 200 pM EGTA was added (to remove any free Ca®")
5 min before start of hypoxia as indicated by open horizontal bars. Zero
minute on the horizontal axis indicates the start time of hypoxia. After
recovery of PS amplitude, the perfusion medium was replaced with glucoss-
free medium containing 10 mM lactate as shown. The ordinate is the same
as in Fig. 1. Each plot indicates the mean value £S.EM. of five slices.

and VSCCs. We did not observe the same phenomenon
after ischemia-like conditions (hypoxia and glucose-free
medium); recovery from such a severe challenge is rare (data
not shown).

To further elucidate the role of Ca* influx through the
NMDA receptor and VSCCs, slices were subjected to
hypoxia with 5 mM glucose, but no Ca®* in the perfusion
medium (Fig. 3). The time course of the PS amplitude
exhibits a transient block of PS with recovery during lactate
replacement for glucose, indicating that the effect of the low
glucose level seen in Fig. 1 is negated without extracellular
calcium. The level of 5 mM glucose itself is sufficient for
maintenance of PS in the dentate gyrus of hippocampus
(Kanatani et al, 1995; Li et al., 2000). These results
demonstrate that the induction of lactate-supported PS is
dependent on Ca®* influx through the NMDA receptor and
the VSCC, and that the small reduction of glucose levels
(from 10 to 5 mM), which does not influence the basic Ps
amplitude, triggers the activation of these channels during
hypoxia.

3.2. Hypothermia can prevent the induction of lactate
utilization for P§

Mild hypothermia (33-29 °C) drastically reduces Ca**
accumulation in the cell and improves the recovery of PS
after oxygen and/or glucose deprivation (Takata et al., 1997).
Furthermore, we previously reported that hypothermia
prevented the decline of PS and ATP levels in the slices,
particularly during glucose deprivation. These results

suggest that a component of the mechanism used to sustain
PS and ATP levels by anaerobic glycolysis is highly
temperature sensitive (Takata et al., 1997). Based on these
observations, we proposed that hypothermia will prevent the
reduction of ATP levels that may trigger the activation of the
NMDA receptor and the VSCC. First, we tested the effect of
hypothermia on PS amplitude in lactate medium at 30 °C.
Upon lowering the temperature to 30°C with 10 mM
glucose, an initial mild transient depression (80% of the
initial amplitude) of PS is observed, after which the
amplitude rises to 120% (Fig. 4A). The temperature of 30 °C
was chosen because a previous report by Aihara et al. (2001)
showed that, within the range of 17-36 °C, 30 °C resulted in
PS with the highest amplitude. Indeed, the degree of increase
of PS in our experiments is almost identical with their
results. By selecting the temperature at which the amplitude
of PS is maximized, we can see easily the response in PS
when there is a depressive effect from energy deprivation.
Next, lactate was introduced and the amplitude of PS
initially increased to 140% and subsequently stabilized at
120-130% (Fig. 4A). This result confirms that lactate can
maintain synaptic potentials at 30 °C for at least 60 min as in
the case of glucose deprivation with hypothermia. When
hypothermia is introduced during hypoxia with 5mM
glucose in the perfusion medium, the PS amplitude is
reduced to 60% and recovers fully after recirculation of
standard oxygenated medium at 35 °C. After replacement of
glucose with lactate, a transient blockade and subsequent
spontaneous recovery of PS results (Fig. 4B). This suggests
that hypothermia prevents the exhaustion of energy
originating from anaerobic glycolysis and maintains the
essential energy levels that prohibit the induction of lactate-
supported synaptic potentials.

3.3. ATP levels in the DG region

Lowering the glucose levels in the medium during
hypoxia enables PS to be maintained at the ori ginal levels in
the lactate medium, however, hypothermia prevents this
maintenance effect. We next determined the energy (ie.,
ATP) levels in the slices under both conditions. The DG
region of each slice was selectively dissected and incubated
for 10 min in standard medium (containing 10 mM glucose),
glucose-frec medium (ischemia-like conditions), or S mM
glucose medium bubbled with 95% No/5% CO, (hypoxic
conditions). The ATP concentration of each sample was
determined by a sensitive microassay method (Okada,
1974). ATP levels in the slices are 13.6 £ 0.55 mmol/’kg
protein under the control conditions (10mM glucose
bubbled with 95% 0,/5% CO,). ATP levels were reduced
in each experimental case relative to the control. The ATP
level was 12.8% of the control level under ischemia-like
conditions, 36% of the control in 5 mM glucose medium
with hypoxia, and 66.6% of the control in 10 mM glucose
medium with hypoxia (Fig. 5). When hypothermia is
introduced with the 5 mM glucose-containing medium, the



T Takata et al./Neuroscience Research 50 (2004) 467474 471

(4) - Lactate 10mM .
l 0
1607
1407 .5{)2,
$esaass:

B

100000

% of the initial amplitude of PS
3

0 T T T T T T 2 T T T 1

210 0 10 20 30 40 50 60 70 80 90 100

min

B) Hypoxia{glucose SmM)

Lactate 10mM
1801 '_:'%mpc
w 160
m -
= 140 l
g o
T L l
E‘“’" hao I
[}
= 807 l l{
E g0
-+
=
o W
-
& 207

0 T T T T T T T T T T T T T 1
.10 0 10 20 30 40 50 60 70 80 90 100110120130
min

Fig. 4. (A) Effect of hypothermia on the amplitude of population spikes over time. Hypothermia at 30 °C was introduced and 10 mM glucose in the perfusion
medium was replaced with lactate as indicated by the open horizontal bars. (B) Effect of hypoxia with 5 mM plucose combined with hypothermia on the
amplitude of population spikes afier replacement of glucose with lactate. Hypothermia at 30 °C was introduced prior to hypoxia with 5 mM glucose. After
recovery from hypoxia, glucose was reptaced with lactate as indicated by the open borizontal bars. The ordinate is the same as in Fig. 1. The last half of control
data (10 min out of 20 min observation) is shown in both (A) and (B). Each plot indicates the mean value % S.E.M. of five slices.

ATP levels are significantly preserved at 64.9% of the
control levels (P < 0.001; Fig. 5). These results indicate that
hypothermia preserves the energy levels in the slices during
hypoxia and that the energy levels measured in the slices
during hypoxia correlate with the subsequent induction of
lactate-supported synaptic potentials.

3.4. Glutamate release from the DG region

Energy deprivation, such as hypoxia or hypoglycemia,
induces extracellular glutamate accumulation (Choi, 1988;
Katayama et al., 1991; Takata et al., 1993). We previously
demonstrated that extracellular glutamate levels increased
when lactate was substituted for glucose (Takata et al.,
2001). To investigate the correlation between extracellular
glutamate levels and the induction of lactate utilization after
hypoxia with low glucose in the medium, the glutamate
levels in the medium under different conditions were
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Fig. 5. Concentration of ATP from dentate gyrus of hippocampus during
hypoxia with 5 mM glucose (G5mM), 10 mM glucose {G10mM), G5 mM +
hypothermia, and ischemia-like conditions (hypoxia + glucose-free). The
ordinate is the average ATP concentration (in mmol ATP/kg protein) &
SEM. from four dissected parts of dentate gyri from hippocampus.
*Significantly different when cornpared with the control. #Significant differ-
ence between the 5 mM glucose and 5 mM glucose + hypothermia groups.

determined using HPLC. The basal level of glutamate
released in the medium is 1.17 £ 0.075 pM/mg protein.
After 10 min of incubation under ischemia-like conditions,
the released levels of glutamate modestly increase and
prominently increase after 30 min. The glutamate levels in
the medium with 5 mM glucose do not increase even after
30 min exposure to hypoxia (data not shown).

4. Discussion

Saitoh et al. (1994) found that the PS amplitude measured
from the granule cell of dentate gyrus from the guinea pig
hippocampus spontaneously recovered after a transient
blockade when glucose in the perfusion medium was
substituted with lactate. Kanatani et al. (1995) confirmed
that glucose metabolites such as fructose, pyruvate and
lactate preserved ATP and creatine phosphate levels in the
slices although the PS amplitude was not maintained. We
investigated further using intracellular recording techniques
and reported that the spontancous recovery of synaptic
potentials following lactate substitution for glucose was not
observed in CA?3 pyramidal neurons and that lactate could
not support synaptic potentials (Takata and Okada, 1995).
Early studies proposed that the decline of ATP levels is
responsible for the suppression of the synaptic potentials
during energy deprivation (Lipton and Whittingham, 1982;
Martin et al., '1994). However, the fact that synaptic
potentials cannot be supported despite the maintenance of
energy levels suggests that reduced ATP is not the only
explanation for the loss of synaptic potentials. We proposed
that there are distinct roles for anaerobic and aerobic
glycolysis and reported that there is a difference in the
mechanism by which synaptic potentials are suppressed
when the cells are deprived of glucose versus oxygen that
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cannot be explained solely by energy metabolism (Takata
and Okada, 1995). Furthermore, a switching mechanism
between anaerobic and aerobic glycolysis that is dependent
on the NMDA receptor and VSCCs (Takata et al., 2001) is
suggested since lactate can support synaptic potentials after
exposure to glucose deprivation (Sakurai et al., 2000; Takata
et al, 2001). Yamane et al. (2000) demonstrated that
damaged hippocampal slices containing low levels of ATP
could use lactate for maintenance of PS. Summarizing
these observations, the induction of lactate utilization for
maintenance of synaptic potentials is triggered by conditions
of limited glucose such that the energy source dependency
may change from glucose alone {adult form) to utilization of
glucose and/or lactate that may be called, immature form.

4.1. Effect of lowering glucose levels during hypoxia on
induction of lactate-supported PS

When lowering glucose levels to 5 mM in the perfusion
medium, exposure of the hippocampal slice to hypoxia
induces the utilization of lactate for the maintenance of PS.
This is in contrast with the result from the medium
containing 10 mM glucose, in which lactate cannot support
the PS amplitude (Fig. 1). The effect of lower glucose levels
is abolished by applying antagonists of the NMDA receptor
and the VSCC (Fig. 2) in the perfusion medium, omission of
Ca?* from the perfusion medium (Fig. 3), or introduction of
hypothermia during hypoxia (Fig. 4B). Because the
antagonists of the NMDA receptor and the VSCC block
the induction of lactate-supported potentials following
hypoxia, we propose that the activation of these channels
is necessary for the induction of lactate usage for
maintenance of PS as in the case of glucose deprivation
(Takata et al., 2001). Furthermore, the failure of lactate to
maintain PS after hypoxia exposure in calcium-free medium
supports the involvement of these channels.

4.2. Hypothermia also blocks the induction of lactate
usage for PS maintenance

We further examined the effect of hypothermia on the
induction of lactate utilization to support potentials.
Hypothermia reduces ischemic brain damage (Busto
et al, 1987), and a small reduction in the temperature
significantly improves the recovery of field potentials and
retains the energy levels of hippocampal slices during
oxygen and/or glucose deprivation (Takata et al., 1997).
Furthermore, reducing the temperature from 35 to 30 °C
reduces the rate of energy usage in these slices by about
30% (Okada, 1988). To simulate the conditions of energy
conservation during hypoxia, the temperature of the
incubator containing 5 mM glucose medinm was reduced
to 30 °C (Fig. 4B). Hypoxia increases the basal level of the
PS amplitude (Aihara et al., 2001), reduces the PS decline
during hypoxia and prevents the induction of lactate nsage
for PS maintenance (Fig. 4B). This indicates that the

mechanism used to preserve energy prevents the induction
of lactate usage for PS maintenance.

4.3. ATP levels in the dentate gyrus during hypoxia
with low glucose

Hypoxia induces an accelerated rate of glycolysis to
compensate for the lack of energy production from the TCA
cycle (a Pasteur effect). Although it also results the decline
of ATP levels of hippocampal slices (Fig. 3), the PS
amplitude shows full recovery after reintroduction of the
standard medium. Under ischemia-like conditions when the
ATP level falls to approximately 2 mmol/kg protein (Fig. 5),
the PS cannot be evoked again following recirculation of
normal oxygenated medium after up to 60 min (data not
shown). There may be a critical ATP level in the range of
25 mmol/kg protein in our experimental setting after which
the PS does not recover. Wang et al. (2000) reported that an
ATP level of approximately 1 nmol/mg dry weight protein

_(note: wet weight protein is used in our report) determines

the reversibility of synaptic potentials in the CA1 pyramidal
neurons. In.comparing the original ATP levels reported by
Wang et al. (2000) (6.1 nmol/mg protein) to our original
ATP levels (13.6 mmol/kg protein) the levels that determine
synaptic potential irreversibility may be similar (16% versus
15% of the original levels). We have found that the ATP level
is significant not only for determining whether synaptic
fanction can be recovered, but it is also correlated with the
energy source dependency (adult or immature form)
at higher levels (5 mmol ATP/kg protein or 37% of the
initial levels) under these experimental conditions. The
ATP levels are identical in experiments using 5 mM glucose
+ hypothermia to those using medivm containing 10 mM
glucose under hypoxia (Fig. 5). This also explains the
inverse correlation of ATP levels and the induction of
lactate-supported PS.

4.4. Extracellular glutamate concentration
during hypoxia

We reported previously that a blockade of synaptic
potential during hypoxia alone was not accompanied with a
robust increase of intracellular calcium (ICa**]), as in the
case of glucose deprivation or combined oxygen + glucose
deprivation (Takata and Okada, 1995). Compared with
combined oxygen + glucose deprivation, a hippocampal
slice exposed to hypoxia alone has the potential to recover
synaptic potentials in the presence of a sufficient supply of
glucose (Tian and Baker, 2000). The moderate decrease in
ATP levels compared with that seen under ischemia-like
conditions (Fig. 5) prevents the reverse action of the
glutamate transporter or blocks the glial glutamate
transporter (Erecinska and Dagani, 1990). It is surprising
that NMDA. and VSCC antagonists prevent the induction of
lactate-supported PS in the apparent absence of extracellular
glutamate release during hypoxia under the conditions of



