0031-3998/92/3102-0131$03.00/0
PEDIATRIC RESEARCH
Copyright © 1992 International Pediatric Research Foundation, Inc.

Vol. 31, No. 2, 1992
Printed in U.S.A.
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ABSTRACT. The effect of intrauterine growth retardation
(IUGR) on cerebral and adrenal monoamine metabolism
was studied in the fetuses of eight nulliparous rat dams
after unilateral uterine artery ligation on d 18 of gestation.
On d 22 (term = 23 d), four dams were subjected to
normoxia and four to hypoxia (10% O.) for 58 min while
their hemodynamics and blood gases were monitored. An
inhibitor of L-aromatic-decarboxylase (3-hydroxybensy-
lhydrazine) was infused to measure monoamine synthesis
rate. After decapitation of the dam, fetuses were delivered
by sectio, decapitated, and dissected at —5°C. The body,
liver, forebrain, brainstem, and adrenal glands were
weighed, and concentrations of monoamine precursors,
transmitters, and metabolites were assessed in the three
latter organs. The weights of liver and forebrain were
reduced in fetuses with IUGR, whereas brainstem and
adrenal weights were unaltered. Epinephrine content in
adrenals was reduced in proportion to body weight under
normoxia but failed to increase under hypoxia as it did in
appropriately grown fetuses. There were only minor
changes in monoamine metabolism in the brainstem. In the
forebrain, however, marked changes were seen, mainly in
serotonin metabolism: under normoxia, fetuses with IUGR
had decreased levels of serotonin and its metabolite 5-
hydroxyindole acetic acid. Under hypoxia, appropriately
grown fetuses reduced their concentrations of these sub-
stances, whereas fetuses with IUGR paradoxically in-
creased their synthetic activity. It is concluded that a
disturbance of central nervous serotonin metabolism pre-
vails in growth-retarded rat fetuses in late gestation and
that this disturbance depends on the degree of growth
retardation and the degree of perinatal stress. (Pediatr Res
31: 131-137, 1992)

Abbreviations

MA, monoamine

CA, catecholamine

DOPA, dihydroxyphenylalanine

DA, dopamine

DOPAC, 3,4-dihydroxyphenylacetic acid
NE, norepinephrine

E, epinephrine

5-HTP, 5-hydroxytryptophan

Received October 5, 1990; accepted August 1, 1991.

Correspondence: M. Thordstein, Div. Perinatal Physiology, Dept. Physiology,
University of Goteborg, P.O. Box 33031, S-400 33 Goteborg, Sweden.

Supported by the Swedish Medical Research Council (Grants No. 2591, 8642,
and 2855), the General Maternity Hospital Foundation, the Magnus Bergvall
Foundation, the Faculty of Medicine, University of Géteborg, the Géteborg Med-
ical Society, the “Samariten” Foundation, the Sahlgrenska Hospital Foundation,
the “Sven Jerring” Foundation, the Swedish Medical Society, and the Expressen
Prenatal Research Foundation.

5-HT, 5-hydroxytryptamine
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NSD 1015, 3-hydroxybensylhydrazine
IUGR, intrauterine growth retardation

AGA, appropriately grown for gestational age

Fetuses and neonates who are small for gestational age because
of IUGR are at increased risk to develop both minor (1, 2) and
major (3, 4) neurodevelopmental sequelae. This could be due to
an increased risk of asphyxia (5) or an increased sensitivity of
the CNS in growth-retarded individuals (6). Indications of an
altered central nervous function have been found in growth-
retarded human fetuses [motor function (7, 8) and cardiovascular
regulation (9)] and neonates [evoked potentials (10)]. In growth-
retarded compared to AGA animal fetuses, changes of cerebral
circulation (11) and evoked potentials (12) have been shown.
Moreover, modifications of evoked potentials (6) and MA me-
tabolism (13) are present in newborn growth-retarded animals
when compared with AGA animals.

Besides their role as neurotransmitters, MA have trophic ef-
fects on cerebral development (14), and manipulations of these
systems perinatally have longstanding effects on cerebral function
(15) and behavior (16, 17). These transmitters, i.e. DA, NE, and
5-HT, have also been implied in the pathophysiology of brain
damage from various kinds of stress (18-20). The growth-re-
tarded fetus often suffers from a mild hypoxia (21) and an
insufficient supply of essential amino acids (22), which could
influence the synthesis of the MA neurotransmitters (23, 24).

The aim of the present study was to investigate, in a model
with late placental insufficiency relevant to the human situation
(25), the effect of IUGR on cerebral and adrenal MA metabolism
in the rat fetus under basal (maternal normoxia) and stressful
(maternal hypoxia) conditions. This could make it possible to
judge if a disturbed MA metabolism could be part of the patho-
physiology resulting in an increased risk of neurodevelopmental
handicaps in individuals with JTUGR.

MATERIALS AND METHODS

Animal handling. Sprague-Dawley male and female rats
(ALAB, Stockholm, Sweden) were housed separately with food
(standard pellets) and water ad libitum under stable environmen-
tal conditions: 12-h light-darkness cycles (switched at 0600 and
1800 h), humidity 55%, and temperature 22°C. Mating was
allowed for 24 h (d 0). Eight nulliparous pregnant females were
kept in separate cages from d 14 of pregnancy (term = 23 d)
until d 18, when unilateral uterine artery ligation was performed.
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Fig. 1. Experimental protocol.

Table 1. MAP, HR, oxygen content (Ox-ct), partial pressure of oxygen (Pa0,), pH, and NE and E concentrations for two groups of

dams*
MAP HR O-ct Pao, NE E
(mm Hg) (bpm) {mmol/L) (kPa) pH (ng/mL) (ng/mL)
Sample 1
Normoxia 96 398 6.9 14.32 7.42 1.42 0.91
3 11 0.2 0.72 0.01 0.31 0.50
Hypoxia 100 422 6.8 12.94 7.44 1.37 0.54
5 29 0.2 0.51 0.01 0.29 0.19
Sample 2
Normoxia 95 398 6.4 14.58 7.42
2 10 0.2 0.38+ 0.01%
Hypoxia 85 428 5.4 5.13 7.56
5 26 0.3 0.12f 0.02+
Sample 3
Normoxia 90 375 6.5 12.32 7.34 1.94 10.13
4 34% 0.3} 0.84% 0.03% 0.63 0.85
Hypoxia 38 461 5.4 5.58 7.45 1.02 10.10
2 3t 0.3% 0.31¢ 0.03% 0.15 0.95

* Mean values are in the top row for each group; SEM are in the bottom row. n = 4 in both groups.
T Significant difference between groups: p < 0.001.
1 Significant difference between groups: p < 0.05.
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Fig. 2. Weights (g) of brainstem (4), forebrain (B), liver (C), and adrenals (D). 4, Normoxia: y = 0.067 + 0.001x; hypoxia: y = 0.058 + 0.005x.
B, Normoxia: y = 0.090 + 0.009x; hypoxia: y = 0.089 + 0.008x. C, Normoxia: y = —0.153 + 0.098x; hypoxia: y = —0.126 + 0.090x. D, Normoxia:
»y=0.004 + 0.0001x; hypoxia: y = 0.003 + 0.0003x. Individual values and regression lines are shown. (The regression equation was Y = a + b-fetal
weight, where Y is the measured variable). Individual values are shown as open (normoxia) or filled (hypoxia) circles. The regression lines are
indicated by broken (normoxia) or continuous (hypoxia) lines. A significant dependency of the measured variable on fetal weight is indicated by
star(s) at the end of the line: %, p < 0.05; %, p < 0.01; and *%%, p < 0.001.

With the rats under enflurane anesthesia (3% for induction, 2%  recovered within 3 min. The surgical procedures were carried
for maintenance, oxygen/nitrous oxide 1:1), a 2-cm long lower  out between 1000 and 1200 h.

midline incision was made and the uterine artery and vein were Experimental procedures. On d 22 the experiment was per-
ligated. Time under anesthesia was 10-30 min, and the dams formed between 0815 and 1300 h according to the outline in
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Fig. 3. Concentrations (ng/g) of CA precursor DOPA (A4), transmitters DA (B) and NE (C), and metabolite DOPAC (D) in brainstem. A,
Normoxia: y = 133.1 — 8.9x; hypoxia: y = 103.2 — 3.8x. B, Normoxia: y = 31.7 + 7.5x; hypoxia: y = 56.0 + 1.4x. C, Normoxia: y="179.0+ 2.3x;
hypoxia: y = 101.9 — 1.3x. D, Normoxia: y = —4.7 + 6.7x; hypoxia: y = 10.1 + 2.2x. Lines and symbols are as indicated in Figure 2.

Figure 1. A polyethylene catheter (PE 50, inner diameter 0.58
mm connected to PE 90, inner diameter 0.86 mm) was inserted
in the tail artery with the dam under enflurane anesthesia (details
as above). The dam was placed in her own cage in a separate
room behind a screen and connected to a pressure transducer (P
23 ID Statham Gould, A; Gould Inc., Hato Rey, Puerto Rico)
via a swivel that allowed her to move freely. MAP and HR
(oscillation detector) were recorded continuously on a Grass
polygraph No. 7 (Grass Instrument Co., Quincy, MA) outside
the room.

After 45 min, blood sampling was performed for determination
of arterial blood gas status (ABL 30; Radiometer, Copenhagen,
Denmark), Hb concentration, and oxygen saturation (OSM 2
Hemoximeter; Radiometer), as well as circulating CA levels. For
these measurements (sample 1), 0.4 (blood gases and Hb) and
0.6 mL (CA) of blood were taken.

Thereafter, the dam was moved to a Plexiglas box with either
room air or 10% oxygen in nitrogen (on-line detection with
Taylor Servomex OA 250; Taylor Servomex Ltd., Sussex, Eng-
land) at a flow rate of 3 L/min (sufficient to give unaltered
oxygen concentration at the outflow of the box). Temperature
in the box was kept at 22°C using a heating lamp. At [ h 15 min,
sample 2 (0.4 mL for determinations as above) was taken.
Thereafter, NSD 1015 was administered. The dose was 10 mg/
100 g body wt given as a slow infusion (0.17 mL/min, 20 mg
NSD 1015/mL) (The NSD 1015 batch used was synthesized by
H. Wikstréom at the Department of Pharmacology.) Sample 3
(0.4 and 0.6 mL) was taken at 1 h 39 min, followed by decapi-
tation of the dam (1 h 43 min) and fetuses (1 h 45 min). There
were nine to 15 fetuses per dam, totaling 46 and 43 in the
normoxic and hypoxic groups, respectively. The fetuses were
dissected on a plate cooled by dry ice (—5°C). Forebrain (detached
rostrally at the insertion of olfactorial tubercles and caudally
along the caudal end of the hemispheres), brainstem (including
cerebellum), liver, and adrenal glands were dissected out and

weighed to the nearest 0.1 mg (AND, ER 60-A; A&L Company,
Ltd., Tokyo, Japan). All organs but the liver were frozen on dry
ice within 30 min and stored at —70°C until biochemical analysis.

Samples for plasma CA determinations were kept on ice and
the whole blood was mixed with 100 uL saline solution (0.09%
NaCl with 9 mg EGTA and 6 mg glutathione), centrifuged
immediately, and then frozen at —70°C.

Analytical procedures. For MA analysis, the frozen samples
were thawed and homogenized. After acid extraction, centrifu-
gation, and filtration, the tissue levels of the precursor DOPA,
DA, NE, E, and the metabolite DOPAC as well as the precursor
5-HTP, 5-HT, and the metabolite 5-HIAA were determined by
HPLC with electrochemical detection. The HPLC-electrochem-
ical methods were adapted from procedures previously described
(26-28). Plasma CA were analyzed by HPLC as previously
described (29).

Statistical analysis. In the normoxic group, four fetuses were
excluded before statistical analysis was performed because of
technical errors in the determination of cerebral MA. This group
thus comprised 42 fetuses. Tests of significance were made using
two-tailed ¢ test. A p value < 0.05 was considered significant.
Maternal variables from the normoxic and hypoxic groups were
compared. The dependencies of organ weights and concentra-
tions of MA were analyzed using linear regression analysis with
fetal weight as the independent variable. Significance of deviation
of the slope from zero was tested. Moreover, the group values
for AGA fetuses in the normoxic and hypoxic groups were
compared. AGA fetuses were defined as having fetal weight
greater than mean — 1 SD. The limit for normal growth (4.78 g)
was determined from 79 fetuses in unligated horns in 13 other
dams not included in the study.

Ethics. The experimental protocol was approved of by the
animal ethics committee before the initiation of the study.
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Fig. 4. Concentrations (ng/g) of serotonin precursor 5-HTP (A4),
transmitter 5-HT (B), and metabolite 5-HIAA (C) in brainstem. 4,
Normoxia: y = 130.8 — 5.8x; hypoxia: y = 154.3 — 8.0x. B, Normoxia:
y = 153.1 — 1.4x; hypoxia: y = 103.2 + 7.9x. C, Normoxia: y = 144.9
+ 27.2x; hypoxia: y = 149.0 4+ 15.3x. Lines and symbols are as indicated
in Figure 2.

RESULTS

Dams. The hemodynamic values, blood gases, and plasma CA
in the dams are given in Table 1. At basal conditions, all values
were in the normal range and there were no significant differences
between the groups. At the time of the second sample, the values
of the normoxic group were largely unchanged, whereas the
hypoxic group exhibited a significantly reduced oxygen availa-
bility and a compensatory hyperventilation (Pco, data not
shown) leading to an increased pH. Two min after NSD 1015
had reached the dam, a sympathicotonic reaction appeared in
terms of increases in MAP and HR. It peaked 3 min later and
was most pronounced in the normoxic group. In this group the
sympathetic activation disappeared before or within 1 min after
the end of infusion (except in one animal), whereas in hypoxic
animals it was present 1-15 min after the end of infusion (MAP)
or never disappeared (HR). Thus, at the final sample the hypoxic
group had tachycardia, reduced oxygen availability, and in-
creased pH, as at sample 2. Plasma E increased in parallel in the
two groups.

Fetuses. The AGA fetuses from the normoxic and hypoxic
groups were similar (weight 5.16 + 0.28 versus 5.23 + 0.38 g,
mean + SD, n = 22 in both groups). Organ weights are shown

THORDSTEIN AND HEDNER

in Figure 2. Forebrain and liver weights were significantly de-
pendent on fetal weight. No such relation was seen for adrenal
or brainstem weight in the normoxic group, but could be seen
for brainstem weight in the hypoxic group. ,

The brainstem content of the endogenous transmitters (DA,
NE, and 5-HT) as well as their precursors and metabolites is
demonstrated in Figures 3 and 4. A reduced DA concentration
was seen in growth-retarded fetuses under normoxia. This could
not be demonstrated under hypoxic conditions. The content of
5-HIAA was weight-related under both normoxia and hypoxia.
Hypoxia, however, reduced 5-HIAA levels mainly in AGA fe-
tuses (285.0 = 40.8 versus 222.4 + 30.5 ng/g, mean = SD, p <
0.001).

The content of MA in the forebrain is shown in Figures 5 and
6. Under normoxia, there was an increased concentration of
DOPA and a decrease of DOPAC in fetuses with IUGR com-
pared with AGA fetuses (Fig. 5). These changes were not seen
under hypoxia, where fetuses with IUGR instead had increased
levels of NE. Under normoxia, fetuses with [IUGR had lower
concentrations of 5-HT and 5-HIAA compared with AGA fetuses
(Fig. 6). Under hypoxia, compared with normoxia, the levels of
5-HT (69.0 % 16.4 versus 100.8 + 34.2 ng/g, p < 0.001) and 5-
HIAA (80.6 + 14.5 versus 112.6 £ 39.9 ng/g, p < 0.001) were
reduced in AGA fetuses. Fetuses with IUGR, however, showed
a sharp increase of 5-HTP compared to AGA fetuses (p < 0.001
even when the extremely high value of the smallest fetus was
excluded).

CA concentrations in adrenal glands are demonstrated in
Figure 7. Under normoxia, fetuses with JUGR had reduced levels
of E. This was even more pronounced under hypoxia where also
NE levels were reduced. The increase in NE (82.5 £ 17.8 versus
57.9 + 20.2 ng/g, p < 0.001) and E (251.8 £ 31.9 versus 173.5
+ 59.6 ng/g, p < 0.001) concentrations seen in AGA fetuses
under hypoxia could not be demonstrated in fetuses with [TUGR.

DISCUSSION

" Growth-retarded rat fetuses in late pregnancy demonstrated
disturbances mainly of forebrain growth (Fig. 2) and forebrain
serotonin metabolism (Fig. 6) in this model of asymmetric
IUGR, the type that in man dominates in countries where
malnutrition is uncommon (25). Experiments were performed
the day before term in awake dams with normal hemodynamics
and blood gas status under basal conditions (Table 1). Half of
the dams were subjected to a mild hypoxia, producing a moder-
ately reduced availability of oxygen in arterial blood (Table 1).
Thus, the model illustrates the effect of [IUGR per se and that of
JUGR with a superimposed, acute hypoxia.

To estimate the effects of [UGR with or without hypoxia on
central and peripheral MA metabolism, we measured the endog-
enous transmitters, their precursors, and some of the metabolites
formed. The first and rate-limiting step (30, 31) in the synthesis
of MA is the hydroxylation of L-tyrosine and L-tryptophan to L-
DOPA and L-5-HTP by the specific enzymes tyrosine and tryp-
tophan hydroxylase, respectively. The tyrosine and tryptophan
hydroxylases are, under normal conditions in the adult, saturated
to approximately 75 and 50%, respectively, and are highly sen-
sitive to hypoxia because they use molecular oxygen as cosub-
strate (32). The next step, the decarboxylation of L-DOPA to DA
and 5-HTP to 5-HT, is catalyzed by aromatic L-amino acid
decarboxylase, which can be inhibited by NSD 1015. The activity
of the rate-limiting enzymes, i.e. the synthetic activity, can thus
be estimated by administering NSD 1015, inasmuch as L-DOPA
and 5-HTP accumulate intraneuronally and linearly for the first
30 min and are not appreciably metabolized or transported away
(33). However, the concentrations of the transmitters themselves
(DA, NE, and 5-HT) are not changed by the administration of
NSD 1015 (33) and, therefore, the NSD 1015 method represents
a relevant technique not only for estimating synthesis activity
but also for measuring endogenous transmitter levels in brain
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Fig. 5. Concentrations (ng/g) of CA precursor DOPA (4), transmitters DA (B) and NE (C), and metabolite DOPAC (D) in forebrain. A4,

Normoxia: y = 76.9 — 6.3x; hypoxia: y = 56.5 — 1.5x. B, Normoxia: y =
hypoxia: y = 103.3 — 5.2x. D, Normoxia: y = —14.2 + 6.4x; hypoxia: y =

tissue. The passage of NSD 1015 over the placenta has not been
measured. However, the substance probably readily passes the
placenta inasmuch as the blood-brain barrier is passed without
difficulty (33). Furthermore, the values of 5-HTP and DOPA
that we measured usually were much higher than levels in the
adult without administration of NSD 1015 (33) and were similar
to those seen in neonatal rats after NSD 1015 administration
(34).

In normoxic animals, NSD 1015 caused a transient increase
of both MAP and HR, whereas hypoxic dams exhibited this
pattern for MAP but had a permanently increased HR. In both
experimental groups, plasma E increased. Those were increases
compared with both basal levels and dams treated similarly but
not exposed to NSD 1015. A control series was carried out in
which three dams were exposed to normoxia and three to hy-
poxia. No NSD 1015 was infused. The hemodynamic and blood
gas values were similar to those seen in the experimental dams.
There were, however, no such increases in HR or plasma E at
sample 3 as in the NSD 1015-infused dams. These changes are
thus explained by a sympathicomimetic action of NSD 1015,
probably of central origin (Bengt Persson, personal communi-
cation). The rise in E in normoxic dams could have affected fetal
supply of oxygen and nutrients through a decreased placental
perfusion. Infusion of E in sheep, however, does not influence
fetal MAP, blood gas status, or oxygen consumption (35). In the
hypoxic group, the rise in MAP lasted longer than in the nor-
moxic group. Inasmuch as an increase in MAP probably reflects
peripheral vasoconstriction, including preplacental vessels, this
would add to the decreased supply of the fetuses of this group.

The weight of adrenal glands was not affected in growth-
retarded fetuses (Fig. 2). However, during normoxic conditions,
the E concentration was reduced in proportion to body weight
(Fig. 7). This could indicate an increased release in growth-
retarded fetuses (36), especially if synthesis rate is increased as in
the growth-retarded rat neonate (37). Under hypoxia, AGA
fetuses increased the tissue content of NE and E, probably as a
result of the rate of synthesis increasing more than that of release
(37). This response was not present in fetuses with IUGR in this
study or in the rate neonate with IUGR in which synthesis and
release were measured (37). Thus, these findings indicate a

99.4 + 6.9x; hypoxia: y = 130.6 + 1.2x. C, Normoxia: y = 93.5 — 3.6x;
3.9 + 2.0x. Lines and symbols are as indicated in Figure 2.

reduced capacity of the sympathoadrenal system in fetuses with
IUGR to respond to hypoxic stress.

Brainstem weight was not reduced in normoxic fetuses with
IUGR, whereas a reduction was seen in hypoxic ones (Fig. 2).
This difference probably reflects inexact dissection, inasmuch as
the caudal end of the brainstem specimen was not precisely
defined but was taken as the level of decapitation. Data on
brainstem weight must therefore be interpreted with caution.
The caudal end of the brainstem specimen was, however, always
below the level of the cervical flexure, i.e. below the cell bodies
of the MA neurons (38). Thus, if anything, the MA levels in
fetuses with IUGR under hypoxia could be too high because less
of the spinal cord (low concentrations) was included. MA turn-
over was only slightly changed in fetuses with IUGR, i.e. mod-
erately reduced DA concentrations under normoxia and 5-HIAA
concentrations under normoxia and hypoxia (Figs. 3 and 4).
Under hypoxic conditions, there was a reduced amount of 5-
HIAA in AGA fetuses. The hypoxia-induced changes in 5-HIAA
are probably explained by a reduced activity of monoamine
oxidase, inasmuch as this enzyme requires molecular oxygen for
the conversion of 5-HT to 5-HIAA (39).

A reduction of forebrain weight was found in fetuses with
IUGR compared to AGA fetuses (Fig. 2). Concentrations of CA
showed slight changes with dubious biologic significance. How-
ever, 5-HT turnover was influenced in fetuses with IUGR (Fig.
6). The fact that 5-HT was mostly affected might be explained
by a more mature synthetic system as compared to DA and NE
(38). Under normoxia, reduced degradation and reduced trans-
mitter concentration were seen in fetuses with IUGR. This could
be due to a reduced supply of tryptophan, signs of which have
been found in the human (40), or a decreased activity of the
highly hypoxia-sensitive, rate-limiting enzyme (tryptophan-hy-
droxylase) (23) caused by a slight hypoxia in fetuses with [UGR
(21). In AGA fetuses under hypoxia, the concentrations of 5-HT
and 5-HIAA were both reduced compared to those under nor-
moxia, whereas, surprisingly, fetuses with [TUGR demonstrated a
marked increase in synthetic activity compared to AGA fetuses.
The background to this paradoxical reaction might be related to
changes in the activity of excitatory amino acid transmitters (41,
42) or to increased levels of maternal or fetal glucocorticoids
(14). In light of the present findings of altered 5-HT turnover in
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Fig. 6. Concentrations (ng/g) of serotonin precursor 5-HTP (4),
transmitter 5-HT (B), and metabolite 5-HIAA (C) in forebrain. 4,
Normoxia: y = 8.8 + 4.3x; hypoxia: y = 200.0 — 35.7x. B, Normoxia: y
= 12.9 + 15.7x; hypoxia: y = 73.1 — 0.7x. C, Normoxia: y = 21.4 +
16.1x; hypoxia: y = 135.2 — 10.3x. Lines and symbols are as indicated
in Figure 2.

IUGR, earlier contradictory reports might be explained in terms
of different levels of stress to the fetus with IUGR. A low level
of stress IUGR of late onset) might induce a decreased 5-HT
activity (43), and aggravated stress (IUGR of early onset) could
produce increased activity (44). The latter might induce a pre-
cocious development of evoked potentials (12) due to an earlier
switch from proliferation to differentiation (14).

From this study it seems that the phenomenon of brain-sparing
in ITUGR of late onset shows a selectivity in the rat; caudal brain
regions that are developed early are spared more than rostral,
later-developing regions in terms of growth and 5-HT turnover.
The same regional difference has been shown for Na*/K*-ATP-
ase activity in the rat neonate with IUGR (45). This could be the
result of later-developing parts being more sensitive to adverse
influences or an active process favoring the most important parts
where centers for autonomic control are located. Because 5-HT
has been shown to have trophic effects on brain development
and metabolism (14, 46), the present findings of a reduced 5-HT
activity under basal conditions could, if extrapolated to the
human situation, be part of the pathophysiology of retarded
forebrain development, motor function in fetuses (7, 8, 40), and
evoked potentials in neonates (10).

An induced, excessive release of 5-HT in the adult rat damages
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Fig. 7. Concentrations (ng/g) of NE (4) and E (B) in adrenals. 4,
Normoxia: y = 41.6 + 3.6x; hypoxia: y = 22.2 + 11.4x. B, Normoxia: y
= 10.4 + 32.4x; hypoxia: y = —34.2 + 54.5x. Lines and symbols are as
indicated in Figure 2.

serotonergic neurons, probably through the formation of oxygen
free radicals via the endogenous toxin 5,6-dihydroxytryptamine
(47, 48). 5-HT,-receptor antagonists protect against cerebral
ischemia (19), and a reduced: synthesis rate in the neonate
prolongs survival under anoxia (18). Thus, an increased synthesis
(as seen here in forebrain of fetuses with IUGR under hypoxia)
could be adverse and possibly lead to brain damage.

In conclusion, we have demonstrated that rat fetuses with
JUGR in late gestation exhibit disturbances of central nervous
MA metabolism, mainly that of 5-HT in forebrain. Most striking
is a paradoxical reaction in terms of an increased 5-HT synthesis
during acute hypoxia. The magnitude of these changes is de-
pendent on the degree of growth retardation. Thus, also fetuses
and neonates with a minor degree of growth retardation may
have an abnormal central nervous MA metabolism and an
increased sensitivity to perinatal stress.
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