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The N-myc downstream-regulated gene (NDRG) family con-
sists of four related proteins, NDRG1-NDRG4, in mammals. We
previously generated NDRG1-deficient mice that were unable to
maintain myelin sheaths in peripheral nerves. This condition
was consistent with human hereditary motor and sensory neu-
ropathy, Charcot-Marie-Tooth disease type 4D, caused by a
nonsense mutation of NDRGL1. In contrast, the effects of genetic
defects of the other NDRG members remain unknown. In this
study, we focused on NDRG4, which is specifically expressed in
the brain and heart. In situ mRNA hybridization on the brain
revealed that NDRG4 was expressed in neurons of various areas.
We generated NDRG4-deficient mice that were born normally
with the expected Mendelian frequency. Immunochemical anal-
ysis demonstrated that the cortex of the NDRG4-deficient mice
contained decreased levels of brain-derived neurotrophic factor
(BDNF) and normal levels of glial cell line-derived neurotrophic
factor, NGF, neurotrophin-3, and TGF-B1. Consistent with
BDNF reduction, NDRG4-deficient mice had impaired spatial
learning and memory but normal motor function in the Morris
water maze test. When temporary focal ischemia of the brain
was induced, the sizes of the infarct lesions were larger, and the
neurological deficits were more severe in NDRG4-deficient
mice compared with the control mice. These findings indicate
that NDRG4 contributes to the maintenance of intracerebral
BDNF levels within the normal range, which is necessary for the
preservation of spatial learning and the resistance to neuronal
cell death caused by ischemic stress.

N-myc downstream-regulated gene (NDRG)®> family mem-
bers NDRG1-NDRG4 are intracellular proteins, consist of
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340-394 amino acid residues, and share 53-65% sequence
identity with each other. Furthermore, accumulating evidence
implicates their roles in development, cancer metastasis, and
the immune system (1-5).

We originally identified RTP (NDRG1) as a homocysteine-
responsive gene in human umbilical vein endothelial cells (6),
which is also called DRG1, Cap43, Rit42, Ndr1, and PROXY-1.
NDRG1 expression is induced by a number of conditions, such
as DNA damage, hypoxia, and intracellular calcium ion eleva-
tion (4). Overexpression of NDRG1 suppresses the metastatic
potency of some types of cancer cells (4) and enhances the
degranulation of mast cells in response to various stimuli (7). A
nonsense mutation of NDRGI causes hereditary motor and
sensory neuropathy, Charcot-Marie-Tooth disease type 4D,
which presents as distal muscle wasting and atrophy, foot and
hand deformities, tendon areflexia, sensory loss, and deafness
in afflicted individuals (8). We previously generated NDRG1-
deficient mice and revealed the essential role of NDRG1 in the
cytoplasm of Schwann cells for the maintenance of myelin
sheaths in peripheral nerves (9). A frame shift deletion of Ndrgl
in Greyhounds also causes polyneuropathy (10).

Similar to NDRGI, the expression of NDRG2 is induced by
stress conditions such as hypoxia (1). NDRG2 expression is up-
regulated in cortical pyramidal neurons, senile plaques, and the
cellular process of dystrophic neurons in the Alzheimer’s brain,
whereas expression is decreased in the rat frontal cortex after
antidepressant treatment and electroconvulsive therapy (11).
NDRG?2 also plays a role in aldosterone-mediated epithelial
sodium channel function (12), dendritic cell differentiation
(13), and insulin action (14). NDRGS3, on the other hand, may
play a role in spermatogenesis because it is found in the outer
layers of the seminiferous epithelium (3). Overexpression of
NDRGS3 contributes to the angiogenesis of tumors via up-reg-
ulation of chemokines (3).

In contrast to other NDRG members, NDRG4 expression is
detected specifically in the brain and heart (15). In the embry-
onic mouse heart, NDRG4 expression is down-regulated under
severe ventricular hypoplasia caused by Tbx2 misexpression,
implying that NDRG4 is involved in cell growth and prolifera-
tion (16). However, information on the physiological function
of NDRG4 is lacking. In the mouse brain, NDRG4 is identified
in the neuronal cytoplasm of the cerebrum and cerebellum (17).
Down-regulation of NDRG4 in PC12 cells results in extending
shorter neurites in response to NGF (18). Considering that
NDRG#4 expression is induced by treatment with homocysteine
in rat aortic smooth muscle cells (19), we speculated that
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NDRGH4 is stress-related and has a cell-protective role in neu-
rological disorders and cerebrovascular disease. This was sup-
ported by our finding that NDRG4 mRNA expression is
decreased in the brain of patients with Alzheimer’s disease (15).

Neurotrophins such as brain-derived neurotrophic factor
(BDNE), glial cell line-derived neurotrophic factor (GDNF),
NGEF, neurotrophin-3 (NT-3), and TGF-1 are essential for the
survival and homeostatic maintenance of central neurons (20).
BDNEF, especially, is a potent modulator of synaptic connectiv-
ity in the central nervous system, influencing synaptic structure
and function. The reduced levels of BDNF in the entorhinal
cortex or forebrain are associated with poor memory (21, 22).
BDNF also has neuroprotective action in models of ischemia.
Increased BDNF levels in the brain for an appropriate period
prior to the ischemic insult increases the resistance of the brain
against lethal stresses caused by severe ischemia (23, 24). In
contrast, a deficiency in endogenous BDNF renders the brain
more susceptible to ischemic injury (25) and more suppressive
to infarct tolerance by the preconditioning of spreading depres-
sion (26).

In this study, we generated NDRG4-deficient mice to reveal
the roles of NDRG4 in the brain. As a result, we found that
under the condition of NDRG4 deficiency, mice showed
impaired phenotypes in spatial learning and neuroprotection
with decreased levels of BDNF.

EXPERIMENTAL PROCEDURES

Antibodies—Anti-NDRG1 rabbit antiserum was raised
against recombinant glutathione S-transferase-fusion protein
of human NDRG1 (27). Anti-NDRG2, anti-NDRG3, and anti-
NDRG#4 rabbit antisera were raised against the synthetic pep-
tides Q3**'SSESGTLPSGPPGH?®®> for mouse NDRG2 (17),
F**3SRSVTSNQSDGTQE?*? for mouse NDRG3 (17), and
C-N?"RPGTVPNAKTLR***-CONH, for mouse NDRG4,
respectively, which were conjugated with keyhole limpet hemo-
cyanin. Polyclonal antibodies in the antisera were purified by
antigen-immobilized affinity column chromatography. Anti-
NeuN and anti-glial fibrillary acidic protein (GFAP) were pur-
chased from Millipore and Dako, respectively.

Construction of the Targeting Vector—W e previously isolated
and characterized genomic clones carrying NDRG4 (15). The
NDRG4-B and NDRG4-B"*" isoforms are the alternative splic-
ing products, whereas the NDRG4-H isoform is produced by
the alternative promoter usage. The initiating Met codons for
NDRG4-B/BY*" and NDRG4-H exist in exons 5 and 3, respec-
tively. Exon 6 is common to all isoforms. The loxP-flanked pST-
neoB cassette (28) was inserted within exon 6. The ~11-kb
sequence was inserted into the diphtheria toxin A fragment
cassette vector (29), and the DNA was linearized by Sall diges-
tion for electroporation.

Generation of NDRG4-deficient Mice—R1 mouse embryonic
stem cells (30) were electroporated with the targeting vector
and selected in medium containing G418. Targeted clones were
identified by Southern blotting using the Gene Images Ran-
dom-prime system (GE Healthcare) with 5'- and 3'-external
probes. These cells were injected into blastocysts to obtain chi-
meras, which were crossed with wild-type C57BL/6 mice (Japan
SLC) for germ line transmission of the disrupted Ndrg4 allele.
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The genotypes of the offspring were examined by PCR
analysis of DNA isolated from ear biopsy using three primers;
P1 (CATCTCTCCAAGAGCCAGAGTGT), P2 (AAGATGC-
AGCCACACTTACGATT), and P3 (AACAGTAACAGCTT-
CCCACATC). Heterozygous mice with the disrupted Ndrg4
allele were backcrossed with wild-type C57BL/6 mice. The
mouse experiments were approved by the Animal Care and Use
Committee of the National Cerebral and Cardiovascular Cen-
ter in Japan, and were performed in accordance with the insti-
tutional and national guidelines and regulations.

Western Blotting Analysis—Protein expression was analyzed
by Western blotting as described previously (31). Briefly, organs
perfused with PBS (10 mm sodium phosphate, 150 mm NaCl
(pH 7.4)) were homogenized in SDS sample buffer (10 mm Tris-
HCI, 2% SDS, 50 mm DTT, 2 mm EDTA, 0.02% bromphenol
blue, 6% glycerol (pH 6.8)), boiled for 7 min, and subjected to
SDS-PAGE. Proteins in the gels were transferred to an immu-
noblot PVDF membrane (Bio-Rad). Following a blocking step
with 5% skim milk, the membrane was incubated with anti-
NDRG4, anti-NDRG1, anti-NDRG2, or anti-NDRG3 and
probed with HRP-labeled goat anti-rabbit IgG (Kirkegaard and
Perry Laboratories). The membrane was developed using
Immobilon Western chemiluminescent HRP substrate (Milli-
pore), and chemiluminescence was detected by a LAS-3000
image analyzer (GE Healthcare).

In Situ mRNA Hybridization—Digoxigenin-labeled ribo-
probes were prepared for nucleotide positions 1269-1777
(NDRG4-a) and 1811-2343 (NDRG4-b) of mouse NDRG4
(NM_145602). The paraffin-embedded brain sections (6 um
thick) were dewaxed, rehydrated, and treated with proteinase K
(8 pg/ml) for 30 min at 37 °C. The sections were acetylated by
0.25% acetic anhydride and hybridized with the riboprobes (300
ng/ml) for 16 h at 60 °C. Following treatment with RNase A (50
pg/ml) for 30 min at 37 °C and 0.5% blocking reagent (Roche),
the sections were incubated with anti-DIG alkaline phosphate
conjugate (Roche). Colorimetric reactions were performed
with nitro blue tetrazolium chloride/5-bromo-4-chloro-3-in-
dolyl phosphate solution (Sigma), and then the sections were
counterstained with Kernechtrot stain solution (Mutoh).
Because NDRG4-a and NDRG4-b riboprobes exhibited quite
similar performance, only the data from NDRG4-a riboprobes
are shown.

Immunohistochemistry—Serial sections for in situ mRNA
hybridization were deparaffinized, rehydrated, and boiled by
microwave irradiation in 10 mm citrate buffer (pH 6.0). After
incubation with 0.3% hydrogen peroxide, the sections were
blocked, incubated with anti-NeuN, and stained using
Histofine MOUSESTAIN Kit (Nichirei) and diaminobenzidine
according to the manufacturer’s instructions. Alternate sec-
tions were blocked with Protein Block Serum-Free (Dako) and
the Avidin/Biotin blocking kit (Vector Laboratories), and then
incubated with anti-GFAP. Following incubation with biotin-
conjugated goat anti-rabbit Ig (Dako), the sections were treated
with HRP-conjugated streptavidin (Nichirei) and stained with
diaminobenzidine. The sections were counterstained with
Mayer’s hematoxylin (Mutoh).

Measurement of Neurotrophin Levels—Protein levels of
BDNF, GDNF, NGF, NT-3, and TGF-1 were measured as
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described (32). The PBS-perfused cerebral cortex described
above was excised from each mouse (7-18 weeks old) and
homogenized. The protein levels were measured using a two-
site sandwich ELISA, Emax Immunoassay System (Promega).
The protein concentration in each sample was measured using
a BCA protein assay kit (Thermo Scientific).

Morris Water Maze (MWM) Test—We conducted the
MWM test (33) using modifications as described previously
(32). In a 64 X 91 cm-sized pool of opaque water (from a non-
toxic agent), a 10 X 10 cm-square-shaped platform was hidden
at a fixed position 2 cm under the surface of the water. The
temperature of the water was kept at 24 —25 °C during the pro-
cedure. Each mouse (6 —8 weeks old) performed four trials per
day, over five consecutive days, without any prior or subsequent
training. We defined a successful escape, i.e. standing on the
platform, as a stop for more than 1 s with all limbs on the
platform. The cut-off time in a trial was set at 300 s. Mice that
failed to reach the platform in 300 s were removed from the
water, and the time needed to escape to the platform (escape
latency) became 300 s. In each trial, the escape latency, the total
path length needed to navigate to the platform, and the maxi-
mum swimming speed were analyzed using a video-tracking
system, Smart (Panlab).

Middle Cerebral Artery Occlusion (MCAQO) Model—Tempo-
rary focal ischemia was induced using the three-vessel occlu-
sion technique as described previously (34). Briefly, under hal-
othane-inhalation anesthesia, the left middle cerebral artery of
each mouse (8 —19 weeks old) was cauterized at the lateral bor-
der of the olfactory tract, and bilateral common carotid arteries
were clip-occluded for 15 min followed by reperfusion. After
opening the skull and subsequent cauterization of the MCA,
the wound for the surgical MCA obstruction was closed within
3 min to avoid hypothermic neuroprotection against reperfu-
sion injury (35). The rectal temperature was regulated so that it
stayed within the physiological range (36.5-37.5 °C) using a
temperature controller (NS-TC10, Neuroscience) during the
operation. The heart rate and mean blood pressure were mon-
itored via the tail artery using indirect blood pressure meter
BP-98AW (Softron).

Regional Cerebral Blood Flow (rCBF) in the Penumbra-like
Peripheral Area—The rCBF was monitored using the laser-
Doppler blood flowmetry meter TBF-LN1 (Unique Medical)
(34). The measurement area was set in the penumbra-like
peripheral area of the ischemic region at 2 mm caudal and 1 mm
dorsal to the crossover point of the left middle cerebral artery
and the lateral surface of the olfactory tract. The rCBF was
measured just before (control), during, and after MCAO.

Cerebral Function—Twenty-four hours or 7 days after
MCAO, neurological deficits were examined according to a
published scoring scale, with some modifications (35). Balance
in the body trunk while being lifted by the tail was graded
according to the following criteria: 0, no deficit (no twisting of
the body); 1, mild deficit (asymmetric twisting tendency of the
body); and 2, severe deficit (repeated asymmetric twisting of the
body). Motor function of the extremities while being lifted by
the tail was graded as follows: 0, no deficit (symmetrical move-
ment of the forelimbs); 1, mild deficit (intermittent asymmet-
rical flexion of the forelimbs); and 2, severe deficit (continuous
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asymmetrical flexion of the forelimbs). The neurological deficit
score (from O to 4) comprises the sum of the grades of the
balance in body trunk and motor function of extremities.

Measurement of Infarcted Volume—Mice were perfused
transcardially with heparinized PBS at 24 h or 7 days after
MCAO to wash out any blood components from the brain tis-
sue, which visualizes intraluminal blood coagulation or throm-
bosis formation, if any. The brain was removed and cut from the
frontal tip into 1-mm-thick slices. Viable tissue was stained red
with 2% 2,3,5-triphenyltetrazolium chloride followed by fixa-
tion with 4% paraformaldehyde in PBS. The infarct and total
hemispheric areas of each slice were measured by tracing the
borders in a computer-assisted image-analysis system, Win-
ROOF (Mitani). To assess the total infarct volume after MCAO,
an edema index was calculated by dividing the total volume of
the hemisphere ipsilateral to the MCAO by the volume of the
contralateral hemisphere. The infarcted volume was adjusted
by dividing the volume by the edema index. The value of edema
index at 7 days after MCAO could be considered 1.00, as found
in our previous study (35).

Statistical Analysis—Data are presented as the means = S.D.
We used unpaired Student’s ¢ tests for comparisons within each
parameter. Probability values of < 0.05 were considered statis-
tically significant.

RESULTS

Localization of NDRG4 in Mouse Brain—We performed in
situ mRNA hybridization to investigate the cellular localization
of NDRG#4 in the adult mouse brain. NDRG4 mRNA was widely
distributed in various parts of brain (Fig. 1, A and B), including
the olfactory bulb, olfactory tuberculum, cerebral cortex, stria-
tum, hippocampus, dentate gyrus, thalamus, hypothalamus,
mesencephalon, cerebellum, pons, and medulla oblongata
(supplemental Fig. S1). To identify the cell types that were pos-
itive for the NDRG4 riboprobe, we analyzed serial sections by in
situ mRNA hybridization for NDRG4 (Fig. 1, C and D) in com-
bination with immunostaining for NeuN, a marker of neurons
(E and F) or GFAP, a marker of astrocytes (G and H). NDRG4
expression was mainly observed in NeuN-positive cells but not
in GFAP-positive cells, indicating that NDRG4 was specifically
expressed in neurons. This was consistent with our previous
finding that NDRG4 protein was expressed in neurons of the
cerebral cortex and Purkinje cells of the cerebellum (17).

Generation of NDRG4-deficient Mice—To elucidate the
effects of NDRG4 deficiency in neuronal cells, we generated
NDRG#4 knockout mice using gene targeting strategies (Fig.
2A). The Ndrg4 gene covers all NDRG4 protein isoforms,
NDRG4-B, NDRG4-B**", and NDRG4-H (15). The genomic
DNA fragment encompassing exon 6, which is the most
upstream common coding region of NDRG4 isoforms, was
used to construct the targeting vector. The genotype was con-
firmed by genomic PCR analysis (Fig. 2B). The F1 mice with one
Ndrg4-disrupted allele (Ndrg4"™'~) were backcrossed with
wild-type C57BL/6 mice (Ndrg4"'*). Ndrg4"'~ mice were then
crossed to generate the NDRG4-deficient mice (Ndrgd '").
Ndrg4~'~ mice were born normally with the expected Mende-
lian distribution. The numbers of Ndrg4*'", Ndrg4™'~, and
Ndrg4~'~ live births were 56, 115, and 51, respectively (p =
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FIGURE 1. Localization of NDRG4 in the mouse brain. Sagittal sections were prepared from 8-week-old wild-type mice and subjected to in situ mRNA
hybridization of NDRG4 (A and B). Digoxigenin-labeled antisense riboprobes for NDRG4 (A) but not sense riboprobes (B, negative control) produced positive
signals (blue). The nuclei were counterstained in red. C-H, serial coronal sections of wild-type mouse brain were subjected to in situ mRNA hybridization of
NDRG4 (Cand D, blue signals) and immunostaining of NeuN (E and F, brown signals) or GFAP (G and H, brown signals). The nuclei were counterstained in red (C
and D) and blue (E-H). D, F, and H are higher-magnification images of C, E, and G, respectively. Scale bars = 100 um.
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FIGURE 2. Generation of NDRG4-deficient mice and expression pattern of NDRG family proteins in mouse organs. A, targeting strategy for the Ndrg4
gene knockout. Solid boxes represent open reading frames of Ndrg4. The loxP-flanked (open triangles) pSTneoB cassette with a polyadenylation signal (STPro
Neo pA) was inserted into exon 6, and the diphtheria toxin A fragment cassette (DT-A) was included at the 3" end of the vector. The 5’- and 3’-external probes
used for Southern blotting selection of ES clones are shown by bars. The PCR primers (P1, P2, and P3) for genotyping are shown by arrows. S, Sall; H, Hindlll; E,
EcoRl; V, EcoRV. B, genotyping of wild-type (Ndrg4™/*), heterozygous NDRG4-deficient (Ndrg4™/~), and homozygous NDRG4-deficient (Ndrg4~’~) mice. PCR
amplification of the Ndrg4™* and Ndrg4 '~ alleles resulted in products of 171 and 246 bp, respectively. C, expression patterns of NDRG family proteins in
mouse organs. Equal protein amount of organ homogenates from 17-week-old Ndrg4~’~ and Ndrg4™*’* mice were subjected to Western blotting analysis
using each antibody. Anti-NDRG4 detected NDRG4-B (38 kDa), NDRG4-B"?" (39 kDa), and NDRG4-H (41 kDa) in the Ndrg4*’™ brain but not in the Ndrg4~/~ brain.
The expression of NDRG1, NDRG2, and NDRG3 was not affected by the lack of NDRG4 in the brain.

0.77, chi-square test). Both male and female Ndrg4 '~ mice Ndrg4 '~ mice, we performed a Western blotting analysis of
were fertile. their organs as adults. NDRG4 was specifically expressed in the

NDRGs Expression in Mouse Organs—To examine the brain, and little or no signal was detected in other tissues (Fig.
expression patterns of NDRG family proteins in Ndrg4"'* and  2C). The three isoforms, NDRG4-B (38 kDa), NDRG4-B**" (39
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FIGURE 3. Neurotrophins in the mouse cortex. The protein levels of BDNF,
GDNF, NGF, NT-3, and TGF-B1 in the cortex isolated from the Ndrg4™/* and
Ndrg4~—'~ mice were measured by ELISA. Data are expressed as the mean +
S.D.(n = 9).NS, p > 0.05.

kDa), and NDRG4-H (41 kDa), were detectable in the brain of
Ndrg4™'* mice, whereas they were absent in the Ndrg4 '~
brain. As described previously (15), NDRG1 was ubiquitously
expressed in all tested organs. NDRG2 was mainly expressed in
the brain, heart, and liver, with weaker expression in the kidney
and colon. NDRG3 was observed in the brain, kidney, and small
intestine. The expression levels of NDRG1, NDRG2, and
NDRGS3 in the brain were not affected by a lack of NDRG4,
suggesting that there were no compensatory up-regulation
mechanisms of gene expression.

Neurotrophin Levels—To investigate whether NDRG4 defi-
ciency impacts brain function, we measured the protein levels
of major neurotrophins in the brain (Fig. 3). The quantification
of BDNF in the cortex homogenates revealed a significant
decrease of BDNF in Ndrg4 '~ (49.4 = 18.8 pg/mg protein, n =
9) compared with Ndrg4 /" (71.1 = 19.5 pg/mg protein, n = 9)
mice. In contrast, the levels of GDNF, NGF, NT-3, and TGF-1
in the cortex were not significantly different between the
Ndrgd™'" and Ndrg4~'~ mice (GDNF, 28.0 *+ 3.0 versus 26.0 +
3.0 pg/mg protein; NGF, 10.9 = 1.4 versus 10.6 = 1.7 pg/mg
protein; NT-3, 7.6 £ 2.3 versus 7.7 = 2.0 pg/mg protein; TGF-
B1, 3.8 = 1.8 versus 4.5 * 1.7 pg/mg protein; n = 9). Therefore,
we expected that abnormal regulation of BDNF protein levels
may be involved in the development of the phenotypes of
Ndrg4~'~ mice.

Spatial Learning Ability—To confirm whether the lack of
NDRG#4 affects the ability of spatial learning and memory, we
analyzed the performance of the mice in the MWM task. We
found that escape latency to the hidden platform was signifi-
cantly longer after the first trial for Ndrg4 '~ mice compared
with Ndrg4"'* mice (Fig. 4A). The total path length needed to
navigate to the platform was also significantly longer in
Ndrg4~'~ thanin Ndrg4*'" mice after the first trial (Fig. 4B). In
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FIGURE 4. MWM test. Spatial learning and memory function of the Ndrg4™/*
and Ndrg4~/~ mice were tested in the MWM task. The escape latency (A), total
path length (B), and maximum swimming speed (C) to the hidden platform on
trials over five consecutive days are shown. The Ndrg4~’~ mice exhibited
inferior performance in escape latency and total path length in the MWM task
as compared with Ndrg4™’* mice. However, the maximum swimming speed
was equivalent between groups. Data are mean with error bars of S.D. (n = 20
in each experimental group). *, p < 0.05; **, p < 0.01; ***, p < 0.001; NS,
p > 0.05.

contrast, there were no significant differences in the maximum
swimming speed between Ndrg4'’'* (35.5 + 2.7 cm/s) and
Ndrgd~'~ (35.2 = 3.0 cm/s) mice, indicating that Ndrg4 '~
mice have normal sensorimotor function (Fig. 4C). These
results indicated that poor performance of Ndrg4 '~ mice in
the MWM test was caused by the attenuation of spatial learning
ability accompanied with BDNF reduction.

Neuronal Damage after Focal Ischemia—To elucidate
whether NDRG4 is involved in the neuroprotective actions of
BDNF, we explored the effect of NDRG4 deficiency on the
development of neuronal damage after MCAO. We first per-
formed transcardiac perfusion of PBS 24 h or 7 days after ische-
mia and confirmed that there was no thrombus formation
except for the coagulated point in the proximal part of the mid-
dle cerebral artery in both Ndrg4"'* and Ndrg4~'~ mice by
visual inspection. A 2,3,5-triphenyltetrazolium chloride stain-
ing assay for viable cells at 24 h after a 15 min of MCAO dem-
onstrated larger infarct lesion sizes in Ndrg4 '~ mice com-
pared with in Ndrg4"'* mice (Fig. 5, A and B). There were no
differences in the edema index between the groups (1.07 = 0.04
in Ndrg4™’" and 1.06 *+ 0.03 in Ndrg4~'~, n = 10). Corrobo-
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FIGURE 5. Induction of temporary focal ischemia. A, representative images
of six corresponding coronal sections from Ndrg4™/* and Ndrg4 '~ mouse
brains at 24 h after MCAO. The 1-mm-thick slices were stained with 2,3,5-
triphenyltetrazolium chloride. The sizes of infarcted region (white area) were
larger in the brain slices of Ndrg4 '~ mice compared with Ndrg4*’* mice.
B, quantification of infarct volumes (mm?) at 24 h and 7 days after MCAO.
Ndrg4~'~ mice (®) had larger infarct volumes than Ndrg4 ™" mice (O). Data
aremean = S.D. (n = 10). C, neurological deficit scored at 24 h and 7 days after
MCAO. Ndrg4~'~ mice had a severe neurological deficit score compared with
Ndrg4™’* mice. Data are mean *+ S.D. (n = 10). D, rCBF in the penumbra-like
peripheral area of the ischemic legion. The rCBF was measured by laser-Dop-
pler blood flowmetry system. The rCBFs were expressed as percentages of
their preischemic normal values. During MCAO, rCBF was reduced to an
equivalent level, and reperfusion was achieved in both groups, although the
rCBF values of Ndrg4~'~ mice were lower compared with Ndrg4™/* mice.
Data are mean with error bars of S.D. in Ndrg4*’* (O, n = 7) and Ndrg4 '~
mice (@, n = 5). The differences in rCBF between Ndrg4™’* and Ndrg4 /'~
mice at each point were not significant.

rating the histological results, MCAO-treated Ndrg4 '~ mice
showed more severe neurological deficits compared with
Ndrg4™'" mice in the cerebral function scoring test (Fig. 5C).
At 7 days after the 15-min MCAO, the infarction volumes were
significantly larger in Ndrg4 ™'~ mice compared with Ndrg4"'*
mice, as seen in the acute phase study (Fig. 5B). However, dif-
ferences in neurological deficit scores between Ndrg4™*’" and
Ndrg4~'~ mice decreased at the end of the observation period
(Fig. 50).

Physiological measures of Ndrg4"'* and Ndrgd '~ mice,
heart rate (24 h, 477 = 100 versus 464 = 95 beat/min, n = 10; 7
days, 497 * 57 versus 483 = 131 beat/min, n = 7 and 5, respec-
tively) and mean blood pressure (24 h, 46 = 8 versus 55 * 13
mm Hg, n = 10; 7 days, 68 = 10 versus 63 = 25 mm Hg, n = 7
and 5, respectively) were not significantly different during
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ischemic treatment. These results indicate that NDRG4 is
essential for the acquisition of normal resistance to the acute
and chronic phase of cerebral ischemia through the retention of
BDNEF levels.

rCBF—We monitored the rCBF in the penumbra-like
peripheral area of the ischemic legion to exclude the possibility
that the larger infarct in the Ndrg4 '~ brain was due to a
decrease of rCBF during MCAO. Using laser-Doppler blood
flowmetry, we found that rCBF values during the 15-min
MCAO were equivalently reduced in Ndrg4"'" (8.4 + 3.2%)
and Ndrg4~'~ (7.1 = 2.0%) mice (Fig. 5D). After MCAO, per-
fusion was observed in both groups as expected, but the rCBF
values were relatively lower in Ndrg4 '~ than in Ndrg4"™'*
mice, which indicates that the sensitivity to ischemic stress is
increased under a deficiency of NDRG4.

DISCUSSION

In this study, we revealed that NDRG4 was involved in the
retaining of BDNF levels in the cortex. We also revealed that
NDRG4-deficient mice showed cognitive deficits and impaired
cerebral infarction tolerance. Although these phenomena in
the brain seem to be physiologically distinct from each other,
the abilities in learning/memory and neuroprotection are both
appropriate indicators of biological activities involving BDNF
(20).

BDNF participates in synaptic plasticity and memory pro-
cessing in the adult brain (22). Indeed, mice that lack BDNF in
their forebrain fail to learn the MWM task (21), whereas an
increase in BDNF levels in the brain improves spatial learning
and memory (22, 26). These observations are consistent with
our findings that Ndrg4~'~ mice have lower amounts of cortex
BDNF than Ndrg4*'" and impaired spatial learning and mem-
ory function. Because BDNF also increases the survivability of
neurons against ischemia, decreased levels of BDNF in the
Ndrgd~'~ cortex can explain the enlarged lesion sizes that
appeared after the stress induced by temporary focal ischemia
(23-26). BDNF-mediated production of prostacyclin (36) may
be associated with the neuronal vulnerabilities of the Ndrg4~'~
mice because prostacyclin has a potent neuroprotective effect
against focal cerebral ischemia (37). Despite the decreased lev-
els of BDNF in the cortex of Ndrg4~ '~ mice, the neurological
deficits were recovered at 7 days after ischemia. It needs further
investigations to clarify the mechanisms of neurologic recovery
in Ndrg4~'~ mice. Some signaling pathways mediated by
BDNF receptors such as tropomyosin-related kinase B might be
up-regulated by a sustained decrease of BDNF in Ndrgd '~
mice.

The expression of NDRG4 is decreased in the brains of
patients with Alzheimer’s disease (15), and BDNF expression is
also decreased in the cortex of Alzheimer’s patients (22), obser-
vations consistent with our current finding of decreased levels
of BDNF in the Ndrg4 '~ mouse brain. Therefore, it is likely
that NDRG4 exists upstream of the BDNF production. A
decrease of NDRG4 may cause neuronal vulnerability via an
associated reduction of BDNF levels and thus may be a poten-
tial contributor or a risk factor in the pathogenesis of Alzhei-
mer’s disease.
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Although the molecular mechanisms by which NDRG4
influences cerebral BDNF levels are unknown, NDRG4-medi-
ated signaling pathways may play an essential role in BDNF
synthesis and secretion. BDNF secretion is dependent on the
activation of voltage-gated Na* channels and the subsequent of
Ca?" influx through voltage-gated N-type Ca*>* channels (38).
In addition, BDNF release is involved in caffeine/ryanodine-
sensitive Ca>" release from intracellular stores. These findings
support the idea that NDRG4 might regulate BDNF secretion
via Ca>" mobilization.

In contrast to the dysfunctional effects of NDRG4 deficiency
on the central nervous system, NDRG1 deficiency results in
peripheral nervous system defects. Although a brain magnetic
resonance imaging study demonstrated subcortical white mat-
ter abnormalities in sibling patients with Charcot-Marie-Tooth
disease type 4D (39), the lack of NDRG1 exhibited no adverse
effects on higher brain functions (9) and on brain anatomy (17),
suggesting that other NDRG members may compensate for the
NDRG]1 deficiency in the central nervous system. Similarly, the
mild phenotypes of the Ndrg4~ '~ mice may be due to the com-
pensatory action of the other NDRG members. Further analysis
using double-knockout mice such as Ndrgl '/~ Ndrg4~'~ may
reveal the overlapping roles of the NDRG members.

Although the NDRG4 mRNA is abundantly expressed in the
human brain and heart (15, 16), Western blotting analysis in the
present study could only detect the NDRG4 protein isoforms in
the brain but not in the heart of the wild-type mice. This was
probably due to the extremely low levels of NDRG#4 protein in
the heart. This unexpected finding may be caused by the low
translational efficiency or the instability of NDRG4 mRNA in
the heart. However, recent reports implicate biological roles of
NDRG4 in the heart. The knockdown of NDRG4 during embry-
onic development in zebrafish results in phenotypes such as a
hypoplastic heart with pericardial edema, a dilated atrium,
looping defects, reduced circulation, and a slower heart rate
with weaker contraction (40). Severe ventricular hypoplasia
down-regulates NDRG4 expression in the mouse embryonic
heart (16). These reports indicate that NDRG4 is necessary for
the normal regulation of myocardial proliferation and cardiac
growth during early cardiogenesis. In addition, human chro-
mosome 16q21 near NDRG#4 was identified as the locus that
influences QT interval duration (41, 42). Although we currently
do not find any histological and functional abnormalities for the
Ndrg4~'~ heart, more detailed studies may reveal the roles of
NDRG#4 on cardiac function.

In conclusion, we found that NDRG4 has an essential role in
retaining normal spatial learning and memory, in protecting
cerebral neurons against severe ischemic stress, and in main-
taining BDNF levels in the brain within the normal range.
Although the mechanisms by which NDRG4 influences intrac-
erebral BDNF levels are yet unidentified, the decreased level of
cortical BDNF may induce impairments in the central nervous
system of Ndrg4 '~ mice. Further investigation of Ndrgd '~
mice, including brain vasculature characterization and neuro-
genesis, may provide insight into effective therapies for some
central nervous system diseases, including Alzheimer’s disease
and ischemic stroke.
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