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Hypotensive episodes are frequent during pregnancy, and
their functional effect on fetal brain has not been studied. We
produced systemic hypotension for 30 min during mid-gestation
in pregnant rats and examined their offspring on postnatal days 1
and 28. When compared with sham controls, the brain of the
hypotensive group contained more TUNEL-positive cells in the
hippocampal and periventricular regions on both time points.
Spatial learning assessed by water milk maze test was impaired
in 28-day-old pups of the hypotensive mothers. According to
these results, transient maternal hypotension can induce apopto-
tic cell death in fetal brain and affect learning. Similar mecha-
nisms may be considered and investigated in the pathogenesis of
human learning disorders. (Pediatr Res 53: 977–982, 2003)

Abbreviations
MBP, mean blood pressure
HR, heart rate
NC, newborn control group
NH, newborn, hypotension group
PVGZ, periventricular germinative zone
YC, young control group
YH, young, hypotension group
WMM, water milk maze test

Maternal, fetal, or placental factors that diminish uteropla-
cental and fetal circulation are associated with an increased
incidence of fetal CNS malformations (1–3). While marked
intrauterine perfusion failure might be related to major malfor-
mations, less severe or shorter hypoperfusion may take part in
the pathogenesis of minor or functional cerebral disturbances.
A frequent cause of hypoperfusion in pregnant women is
hypotension: uteroplacental blood flow is known to diminish at
blood pressures below 110/65 mm Hg. Hypotension may occur
spontaneously, but is most frequently induced by position or
drug treatment (4–6). Orthostatic hypotension in late preg-
nancy was found to be associated with low birth weight (7, 8).
Although hypotension is considered potentially harmful for the
fetus, its symptoms may be unnoticed or disregarded in preg-
nancy, and little clinical evidence exists on the effects of
moderate and transient hypotension. In our previous experi-

ments simulating hypotensive episodes encountered in preg-
nant women, we reported that transient maternal hypotension
increased apoptotic cell death in the fetal brain (9). In the
current study, we investigated the effect of intrauterine hypo-
tensive episodes on cognitive functions in addition to morpho-
logic features.

METHODS

Gestational hypotension. Ten 3-mo-old pregnant Wistar rats
were included in the study: on the 15th day of pregnancy, five
were subjected to transient hypotension by femoral artery
catheterization (hypotension group) and five underwent all
procedures except hypotension (control group) as described
before (9). According to preliminary experiments this was
associated with an average 46% reduction in uterine blood
flow. Briefly, rats were anesthetized following an overnight
fasting by intraperitoneal 30 mg/kg ketamine (Ketalar®, Ec-
zacibasi, Istanbul) and 8 mg/kg xylazine (Rompun®, Bayer,
Istanbul), the left femoral artery was catheterized, blood pres-
sure (BP) was recorded using a pressure transducer (Trans-
bridge W P I, Sarasota, FL, U.S.A.) and data were sent to
computer via MacLab 4/s data acquisition unit (AD instru-
ments, Castle Hill, Australia). Heart rate (HR) and mean BP
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were monitored online using computer software in which the
built-in module calculates the mean BP as the sum of 1/3 of
systolic and 2/3 of diastolic pressure (Chart v.3.5, Castle Hill,
Australia). After a fluctuation and stable BP was obtained,
blood was slowly drawn into a heparinized syringe until a
30–40 mm Hg reduction in BP from baseline was obtained
(approximately 0.8 mL per 100 g body weight). This syringe
was kept at 37°C. The lowered BP level was maintained for 20
min, equivalent to 6–7 h in human pregnancy. At the end of
this period, blood was slowly re-infused in 10 min and the
femoral artery was ligated. Control rats were subjected to the
whole procedure except blood withdrawal. Both groups were
left to complete the normal course of pregnancy. The study was
approved by the Hacettepe University Animal Ethics
Committee.

Histopathological examination, TUNEL method. Newborn
pups were weighed on their first day, examined for general
appearance or malformations, and numbered. Brains were ex-
amined at two time points: in the first 24 h of life (n � 5), and
on postnatal day 28 (n � 5). At each time point, one pup was
randomly chosen from each mother’s litter using the table of
random numbers and decapitated. The brain was fixed in 10%
buffered formalin, embedded in paraffin, and two consecutive
1.5 �m coronal midtemporal sections were taken (Fig. 1).

Examination with hematoxylin-eosin (H&E) was done un-
der 40� magnification for cortical architecture, ventricular
integrity, and the presence of tissue destruction and hemor-
rhage. Cellular necrotic changes, defined as cytoplasmic swell-
ing, vacuolation, eosinophilic staining, shrinkage, and lysis of
nucleus or cytoplasm, were graded as: Grade I: minimal neu-
ronal changes, Grade II: loss of one or more neurons in one
area, Grade III: neuronal loss in more than one area. Hemor-
rhage was classified as intraparenchymal/petechial, periven-
tricular/intraventricular, and leptomeningeal. The presence of
edema was noted according to its location.

DNA fragmentation was evaluated by the TUNEL method
(ApopTag Kit, Appligene Oncor, France) (10). Briefly, poly-
l-lysine coated slides were deparaffinized, hydrated in decreas-
ing concentrations of ethanol, incubated with proteinase K, and
endogenous peroxidase was blocked in 35% hydrogen perox-
ide. Nick-end labeling was carried out with digoxygenin-dUTP
and TdT followed by peroxidase-conjugated anti-digoxygenin.
Visualization was done with 0.05% diaminobenzidine and
background staining, with methyl green. TUNEL-positive cells
identified as brownish cells showing intense nuclear staining,
shrinkage, peripheral condensation, and nuclear fragmentation,
were initially screened and located in all the section under low
magnification (�100), then counted in all areas of two adjacent
coronal sections under high magnification (�400) by two
blinded examiners, and the average was recorded.

Cognitive tests: water milk maze test. The water milk maze
test (WMM), an indicator of spatial learning and working
memory functions, was used to evaluate 28-d-old rats (11).
One young rat from each mother, therefore five from the
hypotensive and five from the control group were subjected to
the test. Briefly, a cylindrical container of 1-m diameter was
filled to a final depth of 33cm with water opacified with milk.
A transparent plastic platform was fixed 2 cm. below the liquid

level. Rats were released at the opposite pole of the container
and allowed one minute to find and climb over the submerged
platform. Each rat was tested 5 times/d on three consecutive
days, therefore undergoing a total of 15 tests. All experiments
were performed at the same hour every day and were recorded
by a video camera. The following parameters were measured
and evaluated by two blinded examiners who watched the
video recording subsequently: 1) time needed to reach the
platform, 2) length of itinerary toward the platform, 3) motor
activity, strength, and symmetry in body movements.

Statistical analysis. Mann-Whitney U test was used for
comparison of cell counts. Correlation analysis between
TUNEL-positive cell counts and time to platform was assessed
by Statview software program (version 4.3, Abacus Concepts,
Berkeley, CA, U.S.A.). WMM test results were analyzed by
ANOVA.

RESULTS

Hypotension and control groups were similar in terms of
average weight, duration of gestation, and litter size (Table 1).
No stillbirths, neonatal deaths, major malformations, or low
birth weight were observed in either group.

Figure 1. Level of coronal section (inset), diagram of the area examined and
location of TUNEL-positive cells.

Table 1. Weight, duration of gestation and litter size of the rat
groups

Rat No. Weight (g)
Duration of

gestation (days) Litter size

Hypotension (n � 5)
H1 254 25 4
H2 260 23 9
H3 260 23 6
H4 286 24 8
H5 264 24 7
Average (� SD) 264.8 � 14.3 23.8 � 0.8 6.8 � 2.0

Control (n � 5)
C1 275 23 5
C2 320 25 11
C3 320 24 9
C4 240 23 8
C5 265 24 7
Average (� SD) 284 � 38 23.8 � 0.8 8 � 2.2
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Changes in hemodynamic parameters of pregnant rats during
the surgical procedure are given in Table 2. There were no
significant BP and HR changes in the control group. Blood
withdrawal produced significant hypotension accompanied by
a mild, nonsignificant decrease in HR in the hypotensive group
(p � 0.05).

Histopathology. Neonatal rat brains revealed no hemor-
rhage, inflammation, or alteration of cortical layering. Grade 1
necrosis was present in some rats from each group, but Grade
2 necrosis was seen only in the hypotension group, on day 1 or
day 28. Grade 3 necrosis was absent in both groups (Table 3).

The number of TUNEL-positive cells showing nuclear con-
densation, blebbing and fragmentation was significantly higher
in the hypotension group, both on day 1 and day 28 (Table 3).
This group also showed a concentration of TUNEL-positive
cells in the periventricular and hippocampal areas, including
parts of CA2 and CA3, compared with other cerebral regions
(p � 0.009) while control rats did not show any regional
difference (Figs. 1, 2a–d).

Water milk maze test. Animals in the two groups displayed
similar motor activity and swimming performance on the first
test day, and spent equal time to find the platform. However, on
second and third test days, the hypotensive group persisted in
longer and circular itineraries to reach the platform while the
route of the control group became progressively shorter over
15 trials. The difference between group times to platform was
significant on the second test day (p � 0.05) and more so on
the third test day (p � 0.02) (Table 4). The correlation between

cognitive performance and apoptosis was evaluated by plotting
the average time to platform of each 28-day-old rat against the
number of apoptotic cell counts obtained from its littermate.
The correlation between the decline in cognitive performance
and the increase in the number of apoptotic cells was statisti-
cally significant (p � 0.05) in hypotensive animals but not in
the control group (p � 0.05) (Fig. 3a, b).

DISCUSSION

The effects of the hypotensive episode applied in the present
study were subclinical, as no major malformations, growth
retardation, or stillbirths were observed in the fetus. Increased
apoptosis was found particularly in the hippocampal region and
correlated with a clinical observation, impairment of spatial
learning. In a study by Cai et al. rat fetuses were subjected to
deeper hypoxia-ischemia by clamping of uterine vasculature
for 30 min on gestation day 17. These animals showed dimin-
ished learning ability at 28 d of age in the Morris water maze
test. A reduction in expression of NOS mRNA and NOS
activity in the hippocampus was observed, but histopathology
or apoptosis were not investigated (12). Nitric oxide has in-
hibitory or activatory effects on different pathways of apoptosis
and necrosis, and might have played a role in the apoptosis
observed in our study as well (13, 14). Necrotic changes were
only slightly increased in our experimental group. Longer and
deeper hypotension could have resulted in more extensive
necrosis and less apoptosis because hypoxic or toxic insults

Table 2. Hemodynamic parameters during experiment

Rat No.
Baseline MBP

(mm Hg) Baseline HR
Blood drawn

(ml) Exp. MBP Exp. HR

Hypotension
H1 90 260 2 53 250
H2 100 250 2 61 290
H3 93 284 2.6 56 206
H4 82 354 2.3 53 242
H5 90 300 2 60 290
Average (� SD) 91 � 6.4 289.6 � 41 2.18 � 0.3 56.6 � 3.8 255.6 � 35.6

Control
C1 80 330 – 75 335
C2 100 275 – 100 280
C3 105 340 – 100 340
C4 90 280 – 80 270
C5 95 290 – 95 280
Average (� SD) 94 � 9.6 303 � 30 90 � 11.8 301 � 33.6

MBP, mean blood pressure; HR, heart rate; Exp., experimental.

Table 3. Number of pups having necrosis (n) and TUNEL-positive cell counts on postnatal day 1 (PD1) and day 28 (PD28)

Groups

Cellular necrosis (n)

No necrosis
(n)

TUNEL-positive cells
(mean � SD)

GRADE
1

GRADE
2

GRADE
3

Hypotension
PD1 3 2 – – 263 � 73.2*
PD28 4 – – 1 37.8 � 15.5**

Control
PD1 3 1 – 1 66.2 � 11.8
PD28 3 – – 2 8.4 � 7.1

* p � 0.05 compared to PD1 control value.
** p � 0.05 compared to PD28 control value.
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cause different types of cell death depending on a dose effect:
lower exposure is usually associated with apoptosis, and higher
doses, with necrosis (15).

Spatial learning is primarily a function of the hippocampus
and is affected by lesions of this area (16, 17). The predominant
involvement of the hippocampal region in our study may be
related to the developmental stage of the fetus on embryonic
day 15, developing structures being more sensitive to injury:
the mid-gestational period coincides with cortical and particu-
larly hippocampal development in the rat. In addition, the
hippocampus appears to have a particular susceptibility to
injury owing to its vasculature, its content of NMDA receptors,
or intracellular ATP (18–20).

A question may arise about the interval between the insult
and the observation of apoptosis, which was 1 week in our

study. Protracted or delayed apoptosis has previously been
described following trauma, ischemia, or in cultured cells
deprived of trophic factors: apoptotic cells can be detected for
days or weeks after the hypoxic-ischemic insult (21, 22). This
may be due to the fact that the observed apoptosis is secondary
to the death of other cells providing survival signals such as
substrate or growth factor support. This hypothesis will be
evaluated in further studies by following the time course of
histopathological changes on consecutive days after hypoten-
sion is applied.

Another point of discussion is the method used to detect
apoptosis. We used the TUNEL method in combination with
morphologic criteria, as done in most studies cited above. All
methods used for apoptosis have certain limitations: electron
microscopy, accepted as the gold standard for the definition of

Figure 2. Coronal section, TUNEL positive cells in the periventricular germinative zone. (a) Hypotension group, postnatal day 1, (b) Control group, postnatal
day 1, (c) Hypotension group, postnatal day 28, (d) Control group, postnatal day 28. A larger number of apoptotic cells, some with condensed nuclei, are observed
at the same location in (a) and (c) (some indicated by arrows). Areas covered by Figs. 2a–d contain 16, 7, 7, and 3 apoptotic cells, respectively. V, ventricular
cavity. (Original magnification �40, background: methyl green).

Table 4. Time to platform (s) of 28-day-old rats over three test days (each value is the mean of five tests)

Rat No. Test day 1 Test day 2* Test day 3** Tests mean � SD

Hypotension 1 18.62 18.2 6.6 14.47 � 6.81
Hypotension 2 33.42 22.43 8.42 21.42 � 12.53
Hypotension 3 29.2 16.2 8.2 17.87 � 10.60
Hypotension 4 40.8 41.6 13.2 31.87 � 16.17
Hypotension 5 12.8 15.6 9.2 12.53 � 3.21

Average � SD 26.97 � 11.28 22.81 � 10.84 9.12 � 2.46 19.63 � 2.49

Control 1 21.68 17.6 7 15.43 � 7.58
Control 2 20.2 21.2 6.2 15.87 � 8.39
Control 3 12.4 11.4 6.4 10.07 � 3.21
Control 4 10.2 8.2 5.4 7.93 � 2.41
Control 5 24.6 8.2 5.4 12.73 � 10.37

Average � SD 17.81 � 6.2 13.32 � 5.8 6.08 � 0.6 12.4 � 2.11

* p � 0.05 between averages of hypotension and control groups on test day 2.
** p � 0.001 between averages of hypotension and control groups on test day 3.
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the apoptotic cell, is not suitable for screening tissue samples,
and DNA laddering does not allow histopathological localiza-
tion of findings. A combination of staining methods and mor-
phology are recommended whenever feasible.

Our results suggest learning difficulties and attention prob-
lems occurring in the absence of cerebral malformations or
destructive lesions could be associated with more subtle his-
tologic abnormalities. The age we observed these changes,

Figure 3. Graph correlation analysis of time to reach platform and total number of apoptotic cells in the hypotension group (top) and control group (bottom).
Mean values of the number of apoptotic cells and the time to reach platform are shown in Tables 3 and 4, respectively.
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postnatal day 28, corresponds to early childhood in humans, an
age where learning problems come to attention. Learning
disorders comprise a heterogeneous group of developmental
problems involving various cognitive functions at different
degrees. They are considered of constitutional origin, and
genetic or environmental events resulting in abnormalities in
the maturation of the cerebral cortex or subtle differences in
brain anatomy have been suggested in their etiology (23). The
results of our study imply that prenatal events could produce
such findings. According to statistical data, prenatal hemor-
rhage, among many other factors, can be associated with
learning difficulty (24). Future studies on the etiology of
developmental disorders should include prospective follow-up
of pregnancies with altered blood pressure, and a detailed
assessment of the prenatal period for various, sometimes sub-
clinical events resulting in fetal hypoperfusion.
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