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Maternal treatment with NMDA receptor antagonist (MK-801)
attenuates delayed mitochondrial dysfunction after transient
intrauterine ischemia in the neonatal rat brain
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Introduction

It has been established that excitatory amino acids, no-
tably glutamate, play a crucial role in ischemic neuronal
death [1]. The N-methyl-d-aspartate (NMDA) recep-
tor, an ionotropic glutamate receptor found in the
central nervous system, has several well-characterized
regulatory and functional binding sites, including the
glutamate (recognition) site, the glycin (co-activator)
site, and a site within the receptor-associated ion chan-
nel that binds phencyclidine and the noncompetitive
antagonist dizocilpine maleate (MK-801) [2]. Several
studies have demonstrated that treatment with MK-801
after hypoxia-ischemia reduces subsequent morpho-
logic brain damage in adult [3] and neonatal rats [4].
This drug also decreases the size of areas with an in-
creased cerebral metabolic rate of glucose when given
1 to 5h after hypoxia-ischemia [5]. In newborn humans
with hypoxic-ischemic encephalopathy, regional in-
creases in the cerebral metabolic rate of glucose predict
the later appearance of neurologic deficits that corre-
spond to damage in these brain areas [6]. NMDA recep-
tor activation after hypoxia-ischemia may contribute
to the development of infarction by affecting energy
metabolism. The mechanisms for this are unknown, and
may reflect the finding that NMDA receptor activation
enhances the energy requirements of tissue or exacer-
bates mitochondrial function during reperfusion.

Maternal uterine artery ligation has frequently been
used to study the consequences of reduced uterine
blood flow on the fetus. This procedure has been shown
to produce fetal hypoxia, hypercapnia, and acidosis
[7–10], which likely affect fetal cellular metabolism.
Indeed, in our preliminary studies, we reported that
recirculation after transient maternal uterine artery oc-
clusion was associated with an initial, partial recovery
of the cellular bioenergetic state and of mitochondrial
function, with secondary deterioration occurring during
the first 2–4h of reflow, in the term fetal rat brain
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[11,12]. In addition, 30min of uterine artery occlusion in
pregnant rats at 17 days of gestation was found to cause
an asymmetric retardation of fetal growth [10]. In the
present study, we used the same experimental approach
to detect the changes in mitochondrial respiratory ac-
tivities in neonatal rat brains and to assess the effect of
MK-801 treatment. The hypothesis tested was whether
enhanced activation of NMDA receptors is implicated
in the development of neonatal neurologic deficit, seen
as delayed mitochondrial dysfunction.

Materials and methods

This study was approved by the Ethics Committee for
Animal Experimentation at our university. Animal care
complied with the “Guidelines for Care of Experimen-
tal Animals” issued by the Office of the Prime Minister
of Japan.

Drug administration and experimental protocol

MK-801, purchased from Sigma Chemical (St. Louis,
MO, USA), was diluted ten times with saline for
intravenous use. MK-801 was injected at a dose of
0.5mg·kg�1 into the maternal tail vein. Studies were
carried out in the following three groups of pregnant
rats: (a) sham-operated group (n � 6 pregnant rats), in
which procedures were identical to those in the experi-
mental groups except that uterine artery occlusion was
not induced; (b) ischemia group (n � 6 pregnant rats),
in which transient intrauterine ischemia was produced
by 30-min uterine artery occlusion and vehicle (saline)
injections were given; and (c) ischemia with MK-801
group (n � 6 pregnant rats), in which transient intrau-
terine ischemia was produced and MK-801 injections
were given. MK-801 or vehicle (saline) was adminis-
tered intravenously to pregnant rats 1h after the start of
recirculation.

Animal preparation and transient intrauterine ischemia

Ten-week-old pregnant Wistar rats (Sankyo Lab Ser-
vice, Tokyo, Japan), weighing 250–300g, were used. The
rats were housed separately at ambient temperature
with a 12-h light cycle, and were allowed free access to
water and food. At 17 days of gestation (term, 21.5
days), the animals were anesthetized with 3% halothane
in a mixture of N2O:O2 (70 :30) after overnight fasting.
They were then intubated and artificially ventilated on
1.0% to 1.5% halothane during the operation. The
maternal tail artery was cannulated to measure arterial
blood gases, arterial pH, blood glucose, and blood pres-
sure. The maternal tail vein was also cannulated for
MK-801 or saline intravenous injections. A midline

abdominal incision was performed, and the two uterine
horns were exposed and kept moist with saline. Tran-
sient uterine artery occlusion was induced according
to the technique of Ishimoto et al. [10]. Briefly, two
microvascular clips were used to occlude the uterine
vessels near the lower and upper ends of the right
uterine horn. The clips were removed after 30min of
ischemia. During the operation a core temperature of
37.0°C was regularly maintained with a heating pad. For
each experiment, the fetuses in the right uterine horn
served as the ischemia group and those in the left horn
as the non-ischemia group. At 21 days of gestation the
animals were re-anesthetized, tracheotomized, and
artificially ventilated. After the physiological param-
eters had been stabilized for at least 5min, the fetuses
were delivered by cesarean section and weighed to
determine the degree of intrauterine fetal growth re-
tardation. To keep sampling conditions stable, only one
fetus was sampled from the middle portion of each uter-
ine horn for the measurement of mitochondrial re-
spiratory function. Other live fetuses were weighed to
determine the degree of intrauterine fetal growth retar-
dation. The fetal brains and livers were also weighed.

Measurement of mitochondrial respiratory function

All pups were decapitated at 1h after delivery.
The whole brains were removed rapidly, within
60s, and transferred to an ice-cold homogenization
buffer containing sucrose, 0.32mol/l, potassium-
ethylenediaminetetraacetic acid, 1mmol/l, and tris
(hydroxymethyl) aminomethane (Trizma Base; Sigma),
10mmol/l, that had been adjusted to pH 7.4 with a pH
monitor (Inter Medical, Tokyo, Japan). The forebrain
was dissected out and washed free of blood with an ice-
cold homogenization buffer, and the surface cleared of
meninges and vessels. The brains yielded 100–150mg of
wet tissue.

Tissue samples were homogenized in homogenization
buffer using an all-glass Dounce homogenizer, accord-
ing to a technique described by Sims and Blass [13].
We used these homogenates to measure mitochondrial
respiration. This technique measures the function of the
whole population of free brain mitochondria [13–15].

Mitochondrial respiration in prepared homoge-
nates was measured polarographically with an oxygen
microelectrode (Presearch, Hertfordshire, United
Kingdom) in a closed, magnetically stirred chamber
with a capacity of 770µl, at 28°C (YSI, Hampshire,
United Kingdom). Samples (usually 80–100µl) were
added to the reaction buffer (usually 0.65–0.7ml) con-
taining potassium chloride, 100mmol/l; mannitol,
75mmol/l; sucrose, 25mmol/l; tris-phosphate, 5mmol/l;
potassium-ethylenediaminetetraacetic acid, 0.05mmol/
l; and tris (hydroxymethyl) aminomethane (Trizma
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Base), 10mmol/l (pH 7.4). Substrates consisting of 10µl
of glutamate (0.5mol/l) and malate (0.5mol/l), neutral-
ized with potassium hydroxide, were also added. Respi-
ration stimulated with adenosine diphosphate (ADP)
was initiated by the addition of ADP, 0.1mol/l (typi-
cally, 0.3µl followed by 5µl). Respiration not stimulated
with ADP was measured from tracings obtained after
depletion of the ADP that had been added to stimulate
respiration and after decline in the rate to a constant
value. Uncoupled respiration was initiated by the addi-
tion of 5µl carbonyl cyanide m-chlorophenylhydrazone,
0.9mmol/l [12–18]. The respiratory control ratio
(RCR), which reflects the coupling of respiration to
ATP synthesis, was calculated as the ratio of stimulated
to nonstimulated respiration. At the conclusion of mea-
surement, an aliquot (0.2ml) was removed and frozen
(�18°C) for subsequent measurement of protein con-
tent, carried out with a DC Protein Assay Kit (Bio-Rad,
Hercules, CA, USA) [19].

Statistical analysis

All data values were expressed as means � SDs.
One-way analysis of variance (ANOVA) followed by
Scheffé’s F-test was used to compare the values within
each experimental group. The Mann-Whitney U-test
was used to compare the values between ischemia and
non-ischemia uterine horns. Differences with a P value
of less than 0.05 were considered to be statistically
significant.

Results

The physiological parameters of maternal animals
during 30-minute uterine artery occlusion are shown in

Table 1. There were no significant differences in blood
pressure, arterial PO2, PCO2, pH, and glucose concen-
trations during operation between the experimental
groups. The rats given MK-801 showed no significant
difference from vehicle-treated rats in core temperature
during and following uterine artery occlusion.

The neonatal body weights and weights of organs and
placenta are shown in Table 2. In the non-ischemic uter-
ine horn, there were no significant differences in the
weights of neonatal body, organs, and placenta among
the three experimental groups. In the ischemic uterine
horn, the weights of neonatal body, placenta, and liver
of the vehicle-treated animals were significantly lower
than those in the non-ischemic uterine horn. In contrast
to the results obtained from the vehicle-treated animals,
there were no significant differences in the weights of
the neonatal body, organs and placenta of MK-801
treated animals between the ischemic and the non-
ischemic uterine horns.

ADP-stimulated, nonstimulated, and uncoupled O2

consumption rates were calculated from polarographic
tracings. The mitochondrial respiratory activities for all
groups are shown in Table 3. In the non-ischemic uter-
ine horn, there were no significant differences in ADP-
stimulated, non-stimulated, and uncoupled respiration
among the three experimental groups. In the ischemic
uterine horn, the ADP-stimulated respiration of the
ischemia group with vehicle treatment decreased
significantly to about 65% of that in the non-ischemic
controls, but non-stimulated respiration remained un-
changed. Therefore, RCR decreased significantly to
about 57% of that in the non-ischemic controls. Un-
coupled respiration in the ischemia group with vehicle
treatment showed changes that were similar to those in
ADP-stimulated respiration, but these differences from
non-ischemic contrals were not significant.

Table 1. Physiological parameters of the pregnant rats used in this study

Ischemia Ischemia
Sham-operated with vehicle with MK-801

(n � 6) (n � 6) (n � 6)

Blood pressure (mmHg) 110.2 � 10.1 105.7 � 12.1 108.8 � 12.5
PO2 (mmHg) 145.3 � 11.5 140.8 � 16.8 149.0 � 15.8
PCO2 (mmHg) 39.6 � 2.9 40.5 � 3.0 40.2 � 2.0
pH 7.42 � 0.03 7.39 � 0.03 7.39 � 0.05
Blood glucose (mg/dl) 79.4 � 10.1 80.8 � 12.9 75.8 � 15.1
Core temperature (°C)

0-min occlusion 36.7 � 0.4 36.5 � 0.6 36.7 � 0.3
30-min occlusion 37.1 � 0.4 36.9 � 0.4 37.0 � 0.5
1-h recirculation 37.1 � 0.5 37.0 � 0.2 37.1 � 0.3
1-day recirculation 36.9 � 0.3 36.8 � 0.3 36.9 � 0.3
3-day recirculation 36.8 � 0.4 36.8 � 0.3 36.7 � 0.4

Values are means � SDs.
There were no significant differences between the three groups for any of these physiological
parameters.
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Treatment with MK-801 in the ischemic uterine horn
group caused normalization of ADP-stimulated and
uncoupled respiration, to about 95% and 90% of the
levels in non-ischemic controls, respectively. MK-801
also significantly increased RCR, compared with that in
the ischemia group with vehicle treatment (Table 3).

Discussion

The present study demonstrated that treatment with
MK-801 ameliorated both the growth retardation and
the cerebral mitochondrial dysfunction in neonatal rats
after intrauterine ischemia produced by transient uter-
ine artery occlusion. Although there is no evidence of
neuronal necrosis or apoptosis that occur in this model,
the results suggest that enhanced activation of NMDA
receptors is implicated in the development of neonatal
neurologic deficit.

As reported recently [10,17,20], transient uterine
artery occlusion in pregnant rats causes an asymmetric
retardation of fetal growth. In agreement with these
reports, our results on the growth retardation in vehicle-
treated animals demonstrated significant differences in
the weights of the neonatal body, organs, and placenta
between the non-ischemic and ischemic uterine horns.
In contrast to the findings in the vehicle-treated ani-
mals, MK-801 exerted a protective effect on the growth
retardation.

Our preliminary studies, in which we used the same
experimental approach as we used in this study, showed
that recirculation after transient intrauterine ischemia
was associated with an initial, partial recovery of the
cellular bioenergetic state and of mitochondrial func-
tion, with secondary deterioration during the first 2–4h
of reflow in the term fetal rat brain [11,12]. The results
are, thus, similar to those obtained in mature animals
subjected to transient middle cerebral artery occlusion

Table 3. ADP-stimulated, non-stimulated, and uncoupled respiration (nmol/O2 per
min per mg protein) and RCR in homogenized brain tissue

Ischemia Ischemia
Sham-operated with vehicle with MK-801

(n � 6) (n � 6) (n � 6)

Non-ischemic uterine horn
ADP-stimulated respiration 19.4 � 4.3 21.2 � 3.3 19.6 � 4.4
Non-stimulated respiration 4.8 � 1.1 5.0 � 0.7 4.9 � 1.2
Uncoupled respiration 26.6 � 4.1 26.2 � 3.6 25.5 � 6.5
RCR 4.0 � 0.3 4.2 � 0.4 4.1 � 0.3

Ischemic uterine horn
ADP-stimulated respiration 20.1 � 4.5 12.8 � 3.2* 18.7 � 2.5**
Non-stimulated respiration 4.5 � 0.9 5.2 � 1.2 5.6 � 1.5
Uncoupled respiration 25.9 � 5.0 19.9 � 4.5 23.3 � 7.0
RCR 4.4 � 0.5 2.4 � 0.4* 3.5 � 0.5**

* Versus non-ischemic uterine horn, Mann-Whitney U-test (P � 0.05). ** Versus ischemia with
vehicle, one-factor ANOVA followed by Scheffe’s F-test (P � 0.05).
Values are means � SDs.
ADP, Adenosine diphosphate; RCR, respiratory control ratio.

Table 2. Neonatal body weight and organ weights

Ischemia Ischemia
Sham-operated with vehicle with MK-801

Non-ischemic uterine horn (n � 25) (n � 29) (n � 25)
Neonatal body weight (mg) 3179 � 311 3269 � 290 3344 � 318
Brain weight (mg) 145 � 15 158 � 18 155 � 21
Liver weight (mg) 122 � 21 120 � 14 133 � 29
Placenta weight (mg) 577 � 72 551 � 50 581 � 85

Ischemic uterine horn (n � 24) (n � 23) (n � 27)
Neonatal body weight (mg) 3301 � 321 2661 � 254* 3117 � 307**
Brain weight (mg) 151 � 12 143 � 20 146 � 18
Liver weight (mg) 130 � 26 89 � 27* 118 � 25**
Placenta weight (mg) 524 � 89 497 � 69* 513 � 81

* Versus non-ischemic uterine horn; Mann-Whitney U-test (p � 0.05); ** Versus ischemia with
vehicle, one-factor analyis of variance (ANOVA) followed by Scheffe’s F-test (P � 0.05).
Values are means � SDs.
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[14,15,21]. In the present study, the results obtained in
the vehicle-treated animals suggest that the secondary
mitochondrial dysfunction was still present 1h after
birth (4 days after recirculation). The mitochondrial
dysfunction that develops in the recirculation period
encompasses not only a decrease in ADP-stimulated
respiratory activities but also an increase in mitochon-
drial membrane permeability to large molecules. It has
now been convincingly demonstrated that a decrease
in the membrane potential, leading to a mitochondrial
permeability transition (MPT), is a trigger of apoptotic
cell death, and possibly, also of necrotic cell death
[22,23]. It is envisaged that a decrease in the membrane
potential of sufficient magnitude to elicit an MPT leads
to the production of reactive oxygen species and the
release of apoptogenic factors, such as cytochrome c.
Thus, the present results obtained in the vehicle-treated
animals suggest that the neurologic deficit apparent in
neonates may be attributed, in part, to events tradition-
ally considered as apoptotic.

MK-801, a potent noncompetitive antagonist of the
NMDA glutamatergic receptor subtype, can readily
cross the blood-brain barrier [24]. Previous studies
in adult animals have demonstrated that MK-801 re-
duced brain injury after focal ischemia [3,25], and these
authors suggested that one important component of
neuroprotection with this drug was the reduction of
glutamate efflux, leading to a decrease in excitotoxic
injury. Elevated excitotoxins can lead to an increase
in intracellular and mitochondrial free calcium [26].
Recent studies demonstrate that mitochondria are a
primary target of glutamate toxicity [27]. Glutamate-
mediated massive influx of calcium in mitochondria
triggers a decrease in the membrane potential and the
opening of an MPT pore, which may contribute to cell
death [14,15,28]. Indeed, Gilland et al. [29] demon-
strated that treatment with MK-801 improved mito-
chondrial function in the 7-day-old rat brain after
hypoxia-ischemia. However, whether a similar mecha-
nism for the protective effect of this drug plays a role in
the fetal brain remains an unresolved issue. Gordon
et al. [30] found only a variable threefold elevation of
extracellular glutamate and aspartate during hypoxia-
ischemia in the immature rat compared with the greater
than 60-fold increase generally seen in adult brain un-
dergoing ischemic stress. Cherici et al. [31] also reported
that ischemia did not induce the release of excitotoxic
amino acids from the hippocampus of the newborn rat.
However, Kristian and Siesjö [32] suggested that even
a minor increase in the release of glutamate may be a
maximal trigger of calcium influx into postsynaptic ele-
ments. Based on these results, we suggest that the pro-
tective effect of MK-801 on neonatal mitochondrial
activities may be caused, in part, by the decreased influx
of calcium in mitochondria.

Another possible explanation for the beneficial effect
is that MK-801 improved the perfusion of the whole
fetoplacental unit after 30min of ischemia. However, as
far as we know, there are no comparable studies that
have demonstrated the effect of MK-801 on fetopla-
cental perfusion during the recirculation period after
transient intrauterine ischemia.

These data are consistent with the hypothesis that
enhanced activation of NMDA receptors is implicated
in the secondary phase of mitochondrial respiratory
dysfunction, which may lead to the development of
a neonatal neurologic deficit. Maternal hypertension,
chronic renovascular disease, and several other condi-
tions that are associated with reduced uterine blood
flow during pregnancy, appear to be important patho-
physiologic events in the mechanism of injury to the
immature fetal brain [33–35]. Indeed, an increasing
number of clinical reports suggests that much of the
neurologic deficit apparent in neonates can be attrib-
uted to prenatal hypoxic-ischemic events [36,37]. We
believe that the results of this study have the potential
to provide new insights into the mechanisms of these
disorders; we suggest the need for further studies of this
field.

In conclusion, the present results indicate that tran-
sient intrauterine ischemia in the near-term rat fetus
is associated with delayed mitochondrial dysfunction
in the neonatal brain; the results suggest that ma-
ternal treatment with MK-801 attenuates the deterio-
ration, even when administered 1h after the start of
recirculation.
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