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There is evidence that intrauterine growth restriction (IUGR)
is associated with altered dopaminergic function in the immature
brain. However, the relevant enzyme activities have not been
measured in the living neonatal brain together with brain oxida-
tive metabolism. Therefore, fluorine-18-labeled 6-fluoro-L-3,4-
dihydroxyphenylalanine (FDOPA) was used together with
positron emission tomography to estimate the activity of the
aromatic amino acid decarboxylase in the brain of 10 newborn
IUGR piglets (2 to 5 d old; body weight, 908 6 109 g) and in 10
normal-weight (3 to 5 d old; body weight, 2142 6 373 g)
newborn piglets. The regional transport of FDOPA to the brain
and the clearance rate of labeled metabolites from brain tissue
were broadly similar in the two groups. However, the regional
rate constant for back flux from the brain was markedly increased
in IUGR piglets for striatum (72%) and frontal cortex (83%) (p
, 0.05). Furthermore, the rate constant for conversion of
FDOPA to fluorodopamine was markedly increased (between
48% in cerebellum and 91% in mesencephalon, p , 0.05) in all
brain regions of IUGR piglets studied. Thus, it is suggested that
IUGR induces an up-regulation of aromatic amino acid decar-

boxylase activity that is not related to alterations in brain oxida-
tive metabolism. (Pediatr Res 49: 474–480, 2001)

Abbreviations
IUGR, intrauterine growth restriction
18F, fluorine-18
FDOPA, 18F-labeled 6-fluoro-L-3,4-dihydroxyphenylalanine
PET, positron emission tomography
AADC, aromatic amino acid decarboxylase (EC 4.1.1.28)
NW, normal weight
K1

FDOPA, unidirectional clearance of FDOPA
k2

FDOPA, regional rate constant for FDOPA back flux from the
brain
k3

FDOPA, apparent AADC activity
kcl

FDA1acids, clearance rate constant for FDOPA metabolites
CBF, cerebral blood flow
CMRO2, cerebral metabolic rate of oxygen
FDA, fluorodopamine
PSFDOPA, permeability surface area product of FDOPA
ADHD, attention-deficit hyperactivity disorder

An inadequate nutritional supply due to uteroplacental in-
sufficiency or restricted maternal protein intake late in gesta-
tion is largely responsible for asymmetrical IUGR (1). Re-
duced fetal growth can be viewed as a compensation for the
reduced supply as long as fetal demand is not critically re-
stricted, leading to decompensation with asphyxia and even
death (2). The compromised nutritional state has adverse ef-
fects on fetal physiology and metabolism including changes of

hormonal homeostasis (3), which are thought to be associated
with postnatal growth failure and a greater propensity to
develop cardiovascular metabolic disease or behavioral abnor-
malities later in life (4). Therefore, the period of fetal adapta-
tion, characterized by reduced growth due to restricted glucose
and amino acid availability but largely compensated placental
respiratory function (5), reflects a functional state that may lead
to both acceleration or delay in organ maturation (6, 7).

The importance of the intrauterine environment for fetal
brain development has been stressed by studies showing per-
sistent behavioral abnormalities in prenatally stressed animals
(8). Rats exposed to noise and light stress during the last
trimester of pregnancy produce offspring with altered locomo-
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tor or exploratory activity. Prenatal stress also appears to
modify the levels of the monoamines in various brain regions,
indicating that the observed behavioral abnormalities are asso-
ciated with alterations in central dopaminergic activity. This is
thought to contribute to the etiology of ADHD, a common
neurodevelopmental disorder with prefrontal (9) and striatoni-
gral (10, 11) dysfunction.

However, the effects of IUGR on regional brain dopamine
metabolism in vivo have not yet been determined. Therefore,
we estimated the activity of AADC, the ultimate enzyme in
dopamine synthesis, together with regional CBF, brain tissue
PO2, and CMRO2 in newborn NW and IUGR piglets. We used
a morphometrically well-characterized state of asymmetrical
IUGR in newborn piglets (12) and included animals with
optimal vital conditions early after birth. We postulate that
IUGR activates brain dopamine turnover.

METHODS

Animals. All surgical and experimental procedures were
approved by the Committee of the Saxon State Government on
Animal Research. Animals were obtained from a breeding
farm. Delivery was observed and the viability of neonatal
piglets assessed immediately after birth, so that only animals
with a viability score $7 (13) were included in the study.
Immediately before the onset of the experiments, animals were
carried to the laboratory in a climatized transport incubator
(environmental temperature, 33–34°C; time for transportation,
30 to 60 min). Animals were divided into NW piglets (n 5 10;
aged 3 to 5 d old; body weight, 2142 6 373 g) and IUGR
piglets (n 5 10; aged 2 to 5 d old; body weight, 908 6 109 g)
according to their birth weight. The birth weight distribution of
the breed of piglets used here (German Landrace) has been
described previously (12).

Anesthesia and surgical preparation. The piglets were ini-
tially anesthetized with 1.5% isoflurane in 70% nitrous oxide
and 30% oxygen by mask. The anesthesia was maintained
throughout the surgical procedure with 0.8% isoflurane. A
central venous catheter was introduced through the left external
jugular vein and was used for the administration of drugs and
for volume substitution (lactated Ringer’s solution, 5 mL/h).
An endotracheal tube was inserted through a tracheotomy.
After immobilization with pancuronium bromide (0.2 mg/kg
body weight/h, i.v.), the piglets were artificially ventilated
(Servo Ventilator 900C, Siemens-Elema, Sweden). The artifi-
cial ventilation was adjusted to maintain normoxic and normo-
capnic blood gas values. Polyurethane catheters (inner diame-
ter, 0.5 mm) were advanced through both umbilical arteries
into the abdominal aorta to record the arterial blood pressure
and to withdraw reference samples for the colored microsphere
technique. A further polyurethane catheter (inner diameter, 0.3
mm) was inserted into the superior sagittal sinus through a
midline burr hole (3 mm in diameter and located 4 mm caudal
to the bregma) and advanced to the confluence sinuum to
obtain brain venous blood samples. The left ventricle was
cannulated retrogradely via the right common carotid artery
with a polyurethane catheter (inner diameter, 0.5 mm). The
arterial, left ventricular, and central venous catheters were

connected with pressure transducers (P23Db, Statham Instru-
ments Inc., Hato Rey, Puerto Rico). Correct positioning of the
catheter tips was checked by continuous pressure trace record-
ings and by autopsy at the end of the experiment. Body
temperature was monitored by a rectal temperature probe and
was maintained throughout the general instrumentation at 38 6
0.3°C by use of a warmed pad and a feedback-controlled
heating lamp. A hole was drilled into the left frontal bone (2
mm in diameter) to implant a Clark-type PO2 electrode 3–5 mm
into the brain cortex together with a thermocouple catheter to
serve as a temperature probe (LICOX PO2 monitor, GMS mbH,
Kiel-Mielkendorf, Germany). Physiologic parameters were re-
corded on a multichannel polygraph (Gould, U.S.A). The
arterial blood pressure was monitored continuously, and arte-
rial blood samples were withdrawn and analyzed at regular
intervals to monitor blood gases and whole blood acid-base
parameters.

Experimental protocol. After the surgical preparation had
been completed, the anesthesia was reduced to 0.25% isoflu-
rane in 70% nitrous oxide and 30% oxygen, and the piglets
were allowed to stabilize for 1 h. The piglets were studied lying
prone in the PET scanner with the head in a custom-made
head-holder. The position of the head was checked throughout
the experiment with laser markers. Baseline measurements of
physiologic parameters including CBF and brain oxidative
metabolism were performed immediately before FDOPA infu-
sion. Emission scanning began simultaneously with the start of
the FDOPA infusion (for details, see “PET studies”). A second
series of physiologic parameter measurements was performed
1 h after the radiotracer injection (PET). Blood volume re-
placement was given after each blood withdrawal by using
stored heparinized blood obtained from a donor sibling piglet.

Measurements. The regional CBF was measured by means
of the reference sample color-labeled microsphere (Dye-Trak,
Triton Technology, San Diego, CA, U.S.A.) technique, which
represents a valid alternative to the radionuclide-labeled mi-
crosphere method for organ blood flow measurement in new-
born piglets without the disadvantages arising from radioactive
labeling (14). Application of this technique in piglets and
methodologic considerations have been presented and dis-
cussed in detail elsewhere (14, 15). Briefly, in random color
sequence, a known amount of colored polystyrene micro-
spheres was injected into the left ventricle. A blood sample was
withdrawn from the thoracic aorta as the reference sample. At
the end of each experiment, the piglet brains were obtained. To
retrieve the microspheres, each tissue sample was digested and
then filtered under vacuum suction through an 8-mm-pore
polyester-membrane filter. Colored microspheres were quanti-
fied by their dye content. The dye was recovered from the
microspheres by adding dimethylformamide. The photometric
absorption of each dye solution was measured by a diode-array
UV/visible spectrophotometer (model 7500, Beckman Instru-
ments, Fullerton, CA, U.S.A.). Calculations were performed
using MISS software (Triton Technology, San Diego, CA,
U.S.A.). The number of microspheres was calculated using the
specific absorbance value of the different dyes. All reference
and tissue samples contained .400 microspheres.
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The heart rate, arterial blood pressure, arterial and brain
venous pH, PCO2, PO2, oxygen saturation, and Hb values were
measured immediately before the microsphere injection. Blood
pH, PCO2, and PO2 were measured with a blood gas analyzer
(model ABL50, Radiometer, Copenhagen, Denmark), and
blood Hb and oxygen saturation were measured using a he-
moximeter (model OSM2, Radiometer, Copenhagen, Den-
mark) and corrected to the body temperature of the animal at
the time of sampling.

The absolute flows to the tissues measured by the colored
microspheres were calculated by the following formula:
flowtissue 5 number of microspherestissue · (flowreference/number
of microspheresreference). Flows are expressed in milliliters per
minute per 100 g tissue by normalizing for tissue weight.
Blood O2 content (cO2) was calculated using the equation

cO2[mLzdL21] 5

cHb[gzdL21] 3 sO2[mmolzmmol21]

3 1.39@mLzg21]1(Po2[mm Hg]

3 aO2[mLzdL21; mm Hg21]) (1)

to obtain the sum of oxygen that is physically dissolved and
chemically bound to Hb [cHb indicates Hb concentration; sO2,
O2 saturation; 1.39 (mL/g), theoretical oxygen capacity of Hb;
aO2, solubility of O2 in blood 5 cHb 3 0.000054 (Hb-
dependent O2 solubility) 1 0.0029 (solubility of O2 in plas-
ma)]. Because the sagittal sinus drains the cerebral cortex, the
cerebral white matter, and some deep gray structures (basal
ganglia, thalamus, and hippocampus) (16), the blood flow
measured to the forebrain included these structures. The
CMRO2 was obtained by multiplying the blood flow to the
forebrain by the cerebral arteriovenous cO2 difference.

PET studies. FDOPA was produced according to the des-
tannylation method by direct fluorination of the tin precursor
with [18F]F2 (17), simplifying the procedure (18). The piglets
were studied lying prone in the scanner (CTI/Siemens ECAT
EXACT HR1; dynamic scans, 35 frames between 30 and
600 s each; total length, 120 min). In each case, 50 to 150 MBq
FDOPA was infused within 60 s into the upper caval vein,
followed immediately by heparinized isotonic saline (1 IU
heparin/mL) to flush the catheter. Fifty-two arterial blood
samples were obtained at intervals between 15 s and 30 min,
stored on ice, and centrifuged for plasma sampling. Plasma
activity (100 mL) was measured in a well counter (COBRA II)
cross-calibrated with the tomograph. Additionally, nine blood
samples (at 2, 4, 8, 12, 16, 25, 50, 90, 120 min) were with-
drawn for HPLC analysis to correct the plasma input function
for the presence of FDOPA metabolites (19).

PET image data were reconstructed using a Hanning filter
with a cutoff frequency of 0.5. The spatial resolution was 4–5
mm. Transmission scans were performed using three rotating
germanium (68Ge) sources to correct for attenuation. Regions
of interest were set by hand according to piglet brain stereo-
taxic coordinates (20, 21).

PET data analysis was performed using a compartmental
model of transport and metabolism of FDOPA in the brain,

which was described previously (18). A correction was in-
cluded for the transport of the metabolite 3-O-methyl-FDOPA
across the blood-brain barrier. The fate of FDOPA transported
into the brain is described by the following processes. K1

FDOPA

and k2
FDOPA characterize the reversible transfer of FDOPA

across the blood-brain barrier. Within the brain, FDOPA is
decarboxylated to FDA by AADC with the rate constant
k3

FDOPA. FDA is stored in vesicles or further metabolized by
the enzymes monoamine oxidase and catechol-O-methyltrans-
ferase to acidic metabolites that are transported back to the
blood (kcl

FDA1acids). The rate constants for blood-brain and
brain-blood transfer (K1

FDOPA and k2
FDOPA), the apparent

AADC activity (k3
FDOPA), and the clearance rate constant

(kcl
FDA1acids) were estimated from a double integral form of

the compartmental model [analogous to (22)].
Statistical analysis. Data are reported as mean 6 SD. Com-

parisons between groups were made with unpaired t tests.
Comparisons between baseline and PET measurements within
the groups were made with paired t tests. One-way ANOVA
with repeated measures was used to compare CBF values and
PET data of different brain regions. Post hoc comparisons were
made with Tukey’s test for all pairwise multiple comparisons.
Differences were considered significant when p , 0.05.

RESULTS

In IUGR piglets, body weight was greatly reduced (42% of
NW group, Table 1). Naturally occurring growth restriction in
swine is asymmetrical with an increase in the mean ratio of
brain weight to liver weight from 0.61 6 0.16 to 1.42 6 0.24
(p , 0.01). The reduction in brain weight was quite small (83%
of NW group). In contrast, the decrease in liver weight (35% of
NW group) was similar to that in body weight (42% of NW
group). All differences in organ weight were significant (p ,
0.01).

Table 2 summarizes physiologic values for newborn NW
and IUGR piglets, which were consistent with other data
obtained from slightly anesthetized and artificially ventilated
newborn piglets (23, 24). The arterial blood pressure, heart
rate, and arterial glucose content were mildly but significantly
lower in IUGR piglets (p , 0.05). Other physiologic values
such as CMRO2, brain tissue PO2, and regional CBF were
similar in NW and IUGR piglets (Table 2). However, the
regional CBF distribution showed marked differences. In NW
piglets, the mesencephalic and cerebellar blood flows were
increased compared with the blood flows of frontal cortex and
striatum. In addition, during baseline, striatal blood flow was
distinctly higher than the blood flow of the frontal cortex (p ,

Table 1. Organ weights of newborn piglets after normal growth
or IUGR

NW piglets IUGR piglets

n 5 10 n 5 10
Body weight (g) 2142 6 373 908 6 109**
Brain weight (g) 36 6 2 30 6 1**
Liver weight (g) 63 6 15 22 6 5**
Brain/liver ratio 0.61 6 0.16 1.42 6 0.24**

Values are presented as mean 6 SD; ** p , 0.01, comparison between NW
newborn piglets and IUGR ones.
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0.05). In IUGR piglets, the mesencephalic and cerebellar blood
flows were increased compared with the blood flow of frontal
cortex (p , 0.05).

Figure 1 shows the time course of 18F activity accumulated

in the striatum as measured by PET. The data are normalized
to the injected activity and corrected for differences in body
weight. There was a distinctly greater amount of 18F activity
accumulated in the striatum of IUGR piglets (p , 0.05). The
regional transport of FDOPA to the brain indicated by K1

FDOPA

and PSFDOPA and the clearance rate of labeled metabolites
from brain tissue (kcl

FDA1acids) were similar in both groups
(Table 3). However, the regional rate constant for back flux
from the brain (k2

FDOPA) was markedly increased in IUGR
piglets in the striatum (72%) and frontal cortex (83%) (p ,
0.05). Furthermore, the rate constant for FDA production
(k3

FDOPA) was markedly increased in all brain regions of IUGR
piglets studied by between 48 (cerebellum) and 91% (mesen-
cephalon) (Fig. 2, p , 0.05), indicating a distinct up-regulation
of AADC activity. Cerebellar k3

FDOPA was significantly lower
compared with the mesencephalic and striatal k3

FDOPA in the
IUGR piglets.

DISCUSSION

The main new finding in this study is that IUGR induces a
marked increase in dopamine production within the mesen-
cephalon (91%) and in two major projection areas of the
mesotelencephalic dopaminergic system, indicated by an in-
creased AADC activity of 85% in the striatum and 93% in the
frontal cortex (p , 0.05). These changes in AADC activity are
not linked to brain oxygen delivery or brain tissue PO2. This is
noteworthy because the immature cerebral dopaminergic sys-
tem is sensitive to altered brain oxidative metabolism. There is
no oxygen reserve to protect dopamine release and metabolism
from a decrease in oxygen pressure because in newborn piglet
brain, a reduction of brain tissue PO2 causes a significant
increase in striatal extracellular dopamine content in a dose-
dependent fashion (25). We have recently found that the
synthesis rate of FDA from FDOPA is also increased under
those circumstances (26).

The up-regulation of AADC activity found in this study may
indicate an accelerated maturation of the dopaminergic system.
The AADC is mainly localized in the presynaptic dopaminer-
gic neurons. An increased expression of both the D1 and D2

dopamine receptors occurs during postnatal development (27,
28). The cause of AADC up-regulation in the dopaminergic
system in IUGR cannot be determined from this study. How-
ever, evidence is available that an altered glucocorticoid me-
tabolism in IUGR fetuses due to disturbed placental clearance
of maternal glucocorticoids may influence brain dopaminergic
activity in IUGR offspring. Because the concentration of cir-
culating corticosteroid is several-fold higher in the sow than in
the fetus (29), fetal protection against maternal corticosteroid
intoxication is normally effected by an appropriate placental
11b-hydroxysteroid dehydrogenase activity, which rapidly
converts physiologic glucocorticoids to inactive products (30–
32). This may be altered during IUGR pregnancies. Placental
11b-hydroxysteroid dehydrogenase activity was markedly re-
duced in the late gestational period of maternal protein mal-
nutrition sufficient to cause IUGR in rats (33). Recently, a
significant association was found in pigs between fetal or
placental size and placental 11b-hydroxysteroid net dehydro-

Table 2. Physiologic values for newborn NW and IUGR piglets

NW
piglets

IUGR
piglets

Mean arterial blood pressure (mm Hg)
BL 75 6 12 65 6 6*
PET 79 6 13 66 6 12*

Heart rate (min21)
BL 232 6 34 194 6 36*
PET 234 6 47 183 6 40*

Arterial PCO2 (mm Hg)
BL 39 6 2 40 6 3
PET 38 6 1 39 6 2

Arterial pH
BL 7.45 6 0.04 7.47 6 0.06
PET 7.47 6 0.03 7.48 6 0.06

Arterial PO2 (mm Hg)
BL 126 6 23 125 6 21
PET 130 6 28 119 6 30

Arterial O2 content (mL z dL21)
BL 7.9 6 1.4 9.1 6 1.8
PET 7.8 6 1.5 8.2 6 1.9

Arterial glucose content (mmol z L21)
BL 7.0 6 0.9 5.1 6 2.3*
PET 7.3 6 1.1 5.3 6 2.2*

Cerebral blood flow (mL z 100 g21 z min21)
BL 59 6 14 48 6 13
PET 60 6 14 50 6 17

Cerebral metabolic rate of oxygen
(mL z 100 g21 z min21)

BL 2.2 6 0.5 2.1 6 0.5
PET 2.1 6 0.5 1.9 6 0.7

Brain tissue PO2 (mm Hg)
BL 22 6 5 24 6 11
PET 19 6 5 23 6 10

Values are presented as mean 6 SD; BL indicates baseline; PET, measure-
ment at 1 h of PET scanning. * Indicates significant differences between both
groups, p , 0.05.

Figure 1. Measured 18F activity (mean 6 SD) in the striatum of NW (n 5 10,
open squares) and IUGR piglets (n 5 10, filled circles). The coincidence
counts detected by PET were divided by the injected activity and corrected for
differences in body weight. Note the higher amount of 18F activity accumulated
in striatum of IUGR piglets (*p , 0.05, significant difference of 18F activity in
striatum between NW and IUGR on end of acquisition).
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genase activity (34). In addition, IUGR rats exhibited elevated
liver and brain activities of specific glucocorticoid-inducible
marker enzymes (35), suggesting an increased glucocorticoid
action in brain and liver. Furthermore, Diaz et al. (36, 37) have
shown that prenatal glucocorticoid administration induces a
disturbed dopamine metabolism in juvenile rats with concom-
itant short-term and long-term neurobehavioral alterations. In-
deed, ADHD is obviously associated with abnormalities in the
dopaminergic system. This is suggested by the main symptoms
characterizing this highly prevalent and disabling psychiatric
disorder, i.e. hyperactivity, impulsivity, and impaired attention,

as well as the therapeutic efficacy of stimulants. Direct evi-
dence for the major involvement of the dopamine network
came from [18F]FDOPA-PET studies on children and adults
with ADHD. Ernst et al. (11) found recently an abnormally
high accumulation of [18F]FDOPA in the right midbrain, cau-
date, and putamen of children with ADHD, indicating a uni-
lateral increase in AADC activity of these brain regions. These
findings suggest that cerebral regions functionally dependent
on midbrain dopamine input (striatum, prefrontal cortex, lim-
bic structures) may be affected during their development. In
contrast, adults with ADHD showed a reduced prefrontal

Table 3. Transfer coefficients and PS product of FDOPA of different brain regions calculated from the measured tracer activities in
arterial blood and brain of NW and IUGR piglets

K1
FDOPA (mL z g21 z min21) k2

FDOPA (min21)

NW IUGR NW IUGR

Mesencephalon 0.070 6 0.020 0.068 6 0.029 0.087 6 0.045 0.100 6 0.068
Cerebellum 0.086 6 0.028 0.076 6 0.029†§ 0.096 6 0.025 0.104 6 0.075
Frontal cortex 0.062 6 0.018†‡ 0.056 6 0.018 0.057 6 0.026‡ 0.104 6 0.058*
Striatum 0.072 6 0.016 0.064 6 0.022 0.072 6 0.020 0.124 6 0.076*

kcl
FDA1acid (min21) PSFDOPA (mL z g21 z min21)

NW IUGR NW IUGR

Mesencephalon 0.009 6 0.014 0.012 6 0.007 0.074 6 0.022 0.073 6 0.033
Cerebellum 0.012 6 0.006 0.014 6 0.007 0.093 6 0.031†§ 0.081 6 0.033
Frontal cortex 0.006 6 0.014 0.013 6 0.008 0.066 6 0.020 0.060 6 0.020†‡\

Striatum 0.011 6 0.012 0.011 6 0.007 0.079 6 0.019 0.068 6 0.025

Values are mean 6 SD; *†‡§\ p , 0.05; * indicates significant differences between NW and IUGR piglets; †‡§\ indicate significant differences within the NW
and the IUGR piglet group to mesencephalon†, cerebellum‡, frontal cortex§, striatum\, respectively.

Figure 2. Marked increase of rate constants for FDA production (k3
FDOPA) in different brain regions of IUGR piglets (n 5 10) compared with those of NW

piglets (n 5 10). Values are mean 6 SD.
*†p , 0.05.
*Indicates significant differences between NW and IUGR piglets.
†Indicates differences within rhe IUGR piglet group to cerebellum.
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AADC activity, whereas dopaminergic midbrain structures
exhibited normal findings (38). This is in line with a change in
characteristic symptoms of adult ADHD, with less hyperactiv-
ity but unchanged impairment in attention, and could be the
result of an adaptive response of down-regulation of AADC
activity owing to long-term midbrain hyperactivity (39).

The physiologic importance of an increase of AADC activity
is unclear considering that tyrosine hydroxylase is postulated to
be rate limiting for catecholamine synthesis. It has been hy-
pothesized that it may be related to the rate-limiting step in the
synthesis of trace amines (40). For example, 2-phenylethyl-
amine, a putative modulator of dopamine transmission (41), is
synthesized from phenylalanine with AADC as the rate-
limiting enzyme (42). Furthermore, because a substantial frac-
tion of DOPA formed within the living brain is not used as a
precursor for catecholamine synthesis but is exported from the
brain, the activity of AADC in vivo determines the several
pathways of DOPA. Considering this, it appears reasonable to
assume that the rate of dopamine synthesis is modulated by
AADC activity (43).

In a previous study, we have shown that AADC activity is
up-regulated during moderate asphyxia despite an unchanged
cerebral oxidative metabolism in newborn NW piglets (26).
Because, under similar conditions, a strong increase of extra-
cellular dopamine content occurred in the newborn brain (44),
it can be assumed that IUGR piglets are at risk of developing
an increased extracellular dopamine content. This is likely to
be harmful because an increase in extracellular dopamine
content is thought to play an important role in the pathogenesis
of neuronal injury in newborn brain. Direct neurotoxic effects
of dopamine on cell cultures have been shown (45). Another
proposed mechanism for the neurotoxic effect of dopamine is
through an increase in the production of free radicals. There are
several pathways for free radical generation in the brain in
which dopamine may contribute. The excess dopamine re-
leased during ischemia is oxidized by molecular oxygen during
reperfusion, resulting in the formation of superoxide anion
radicals, which may further oxidize dopamine and form cova-
lent bonds with sulfhydryl-containing cellular components
(46). Dopamine can react with hydroxyl radicals to form the
dopaminergic neurotoxin 6-hydroxydopamine, which gener-
ates free radicals during its spontaneous rapid autooxidation
(47). Furthermore, the enzymatic oxidation of dopamine by
monoamine oxidase results in the formation of hydrogen per-
oxide, a hydroxyl radical precursor (48).

Although a marked up-regulation of AADC activity oc-
curred in the mesencephalon and in two major projection areas
of the mesotelencephalic dopaminergic system of IUGR pig-
lets, regional transport of FDOPA to the brain indicated by
K1

FDOPA and PSFDOPA and the clearance rate of dopamine
metabolites (kcl

FDA1acids) were unchanged. Therefore, these
transport processes across the blood-brain barrier appear to be
flow independent because the mesencephalic blood flow was
significantly higher compared with that of forebrain structures
(p , 0.05). We did not find differences in regional CBF or
cerebral O2 delivery between NW and IUGR piglets.

Apparently, a high nonspecific AADC activity indicated by
cerebellar AADC activity is present in the developing newborn

brain that may not be related to dopaminergic neurons (49).
The biologic significance of this enzyme activity remains
unclear. It may reflect the synthesis of trace amines that serve
as neurotransmitters. DOPA itself has also been suggested to
be a neurotransmitter (50). The PET results with regard to
DOPA metabolism outside the regions containing dopaminer-
gic neurons were previously confirmed by studies of metabolite
turnover in the newborn piglet brain (18). The up-regulation of
AADC activity due to IUGR occurred preferentially in the
mesencephalon and in two major projection areas of the me-
sotelencephalic dopaminergic system, i.e. striatum and frontal
cortex, which are fully developed at birth, and this suggests a
functional role for dopamine already in the early postnatal
period (51). However, cerebellar AADC activity was also
moderately increased in IUGR piglets, suggesting that nonspe-
cific AADC activity seems to be sensitive to changes occurring
with IUGR.

In summary, this study shows that IUGR is associated with
a marked increase of AADC activity in the mesostriatal and
telencephalic dopaminergic system of immature piglet brain.
However, brain oxidative metabolism remains unchanged.

Acknowledgments. The authors thank Drs. E. Will and H.
Linemann for their help during the PET studies, U. Jäger, I.
Witte, R. Scholz, R. Herrlich, and L. Wunder for skillful
technical assistance, and Dr. A.M. Carter (Odense, Denmark)
for his collegial review of the manuscript.

REFERENCES

1. Neerhof MG 1995 Causes of intrauterine growth restriction. Clin Perinatol 22:375–
385

2. Warshaw JB 1985 Intrauterine growth retardation: adaptation or pathology? Pediat-
rics 76:998–999

3. Gluckman PD, Harding JE 1997 Fetal growth retardation: underlying endocrine
mechanisms and postnatal consequences. Acta Paediatr 422(suppl):69–72

4. Barker DJP 1998 In utero programming of chronic disease. Clin Sci (Colch)
95:115–128

5. Pardi G, Cetin I, Marconi AM, Lanfranchi A, Bozzetti P, Ferrazzi E, Buscaglia M,
Battaglia FC 1993 Diagnostic value of blood sampling in fetuses with growth
retardation. N Engl J Med 328:692–696

6. Wank V, Bauer R, Walter B, Kluge H, Fischer MS, Blickhan R, Zwiener U 2000
Accelerated contractile function and improved fatigue resistance of calf muscles in
newborn piglets with IUGR. Am J Physiol 278:R304–R310

7. Bauer R, Walter B, Ihring W, Kluge H, Lampe V, Zwiener U 2000 Altered renal
function in growth-restricted newborn piglets. Pediatr Nephrol 14:735–739

8. Weinstock M, Fride E, Hertzberg R 1988 Prenatal stress effects on functional
development of the offspring. Prog Brain Res 73:319–331

9. Heilman KM, Voeller KK, Nadeau SE 1991 A possible pathophysiologic substrate of
attention deficit hyperactivity disorder. J Child Neurol 6(suppl):S76–S81

10. Lou HC, Henriksen L, Bruhn P, Borner H, Nielsen JB 1989 Striatal dysfunction in
attention deficit and hyperkinetic disorder. Arch Neurol 46:48–52

11. Ernst M, Zametkin AJ, Matochik JA, Pascualvaca D, Jons PH, Cohen RM 1999 High
midbrain [18F]DOPA accumulation in children with attention deficit hyperactivity
disorder. Am J Psychiatry 156:1209–1215

12. Bauer R, Walter B, Hoppe A, Gaser E, Lampe V, Kauf E, Zwiener U 1998 Body
weight distribution and organ size in newborn swine (Sus scrofa domestica)—a study
describing an animal model for asymmetrical intrauterine growth retardation. Exp
Toxicol Pathol 50:59–65

13. De Roth L, Downie HG 1976 Evaluation of viability of neonatal swine. Can Vet J
17:275–279

14. Walter B, Bauer R, Gaser E, Zwiener U 1997 Validation of the multiple colored
microsphere technique for regional blood flow measurements in newborn piglets.
Basic Res Cardiol 92:191–200

15. Bauer R, Walter B, Würker E, Kluge H, Zwiener U 1996 Colored microsphere
technique as a new method for quantitative-multiple estimation of regional hepatic
and portal blood flow. Exp Toxicol Pathol 48:415–420

16. Coyle MG, Oh W, Stonestreet BS 1993 Effects of indomethacin on brain blood flow
and cerebral metabolism in hypoxic newborn piglets. Am J Physiol 264:H141–H149

17. Namavari M, Bishop A, Satyamurthy N, Bida G, Barrio JR 1992 Regioselective
radiofluorodestannylation with [18F]F2 and [18F]CH3COOF: a high-yield synthesis
of 6-[18F]fluoro-L-dopa. Int J Rad Appl Instrum A 43:989–996

479UP-REGULATION OF DOPAMINE SYNTHESIS IN IUGR



18. Brust P, Bauer R, Walter B, Bergmann R, Fuchtner F, Vorwieger G, Steinbach J,
Johannsen B, Zwiener U 1998 Simultaneous measurement of [F-18]FDOPA metab-
olism and cerebral blood flow in newborn piglets. Int J Dev Neurosci 16:353–364

19. Vorwieger G, Brust P, Bergmann R, Bauer R, Walter B, Fuchtner F, Steinbach J,
Johannsen B 1998 HPLC analysis of the metabolism of 6-[F-18]fluoro-L-DOPA in the
brain of neonatal pigs. In: Carson RE, Daube Witherspoon ME, Herscovitch P (eds)
Quantitative Functional Brain Imaging with Positron Emission Tomography. Aca-
demic Press, New York, pp 285–292

20. Hopkins DA, Gootman PM, Gootman N, Di Russo SM, Zeballos ME 1984 Brainstem
cells of origin of the cervical vagus and cardiopulmonary nerves in the neonatal pig
(Sus scrofa). Brain Res 306:63–72

21. Salinas-Zeballos ME, Zeballos GA, Gootman PM 1986 A stereotaxic atlas of the
developing swine (Sus scrofa) forebrain. In: Tumbleson Me (ed) Swine in Biomedical
Research. Plenum Press, New York, pp 887–906

22. Blomqvist G 1984 On the construction of functional maps in positron emission
tomography. J Cereb Blood Flow Metab 4:629–632

23. Lerman J, Oyston JP, Gallagher TM, Miyasaka K, Volgyesi GA, Burrows FA 1990
The minimum alveolar concentration (MAC) and hemodynamic effects of halothane,
isoflurane, and sevoflurane in newborn swine. Anesthesiology 73:717–721

24. Eisenhauer CL, Matsuda LS, Uyehara CF 1994 Normal physiologic values of
neonatal pigs and the effects of isoflurane and pentobarbital anesthesia. Lab Anim Sci
44:245–252

25. Huang CC, Lajevardi NS, Tammela O, Pastuszko A, Delivoria Papadopoulos M,
Wilson DF 1994 Relationship of extracellular dopamine in striatum of newborn
piglets to cortical oxygen pressure. Neurochem Res 19:649–655

26. Brust P, Bauer R, Vorwieger G, Walter B, Bergmann R, Fuchtner F, Steinbach J,
Zwiener U, Johannsen B 1999 Upregulation of the aromatic amino acid decarboxyl-
ase under neonatal asphyxia. Neurobiol Dis 6:131–139

27. Schambra UB, Duncan GE, Breese GR, Fornaretto MG, Caron MG, Fremeau Jr RT
1994 Ontogeny of D1A and D2 dopamine receptor subtypes in rat brain using in situ
hybridization and receptor binding. Neuroscience 62:65–85

28. Guennoun R, Bloch B 1992 Ontogeny of D1 and DARPP-32 gene expression in the
rat striatum: an in situ hybridization study. Brain Res Mol Brain Res 12:131–139

29. Klemcke HG 1995 Placental metabolism of cortisol at mid- and late gestation in
swine. Biol Reprod 53:1293–1301

30. Brown RW, Chapman KE, Edwards CR, Seckl JR 1993 Human placental 11
beta-hydroxysteroid dehydrogenase: evidence for and partial purification of a distinct
NAD-dependent isoform. Endocrinology 132:2614–2621

31. Murphy BE 1981 Ontogeny of cortisol-cortisone interconversion in human tissues: a
role for cortisone in human fetal development. J Steroid Biochem 14:811–817

32. Klemcke HG, Christenson RK 1996 Porcine placental 11 beta-hydroxysteroid dehy-
drogenase activity. Biol Reprod 55:217–223

33. Langley Evans SC, Phillips GJ, Benediktsson R, Gardner DS, Edwards CR, Jackson
AA, Seckl JR 1996 Protein intake in pregnancy, placental glucocorticoid metabolism,
and the programming of hypertension in the rat. Placenta 17:169–172

34. Klemcke HG 2000 Dehydrogenase and oxoreductase activities of porcine placental
11beta-hydroxysteroid dehydrogenase. Life Sci 66:1045–1052

35. Langley Evans SC, Gardner DS, Jackson AA 1996 Maternal protein restriction
influences the programming of the rat hypothalamic-pituitary-adrenal axis. J Nutr
126:1578–1585

36. Diaz R, Ogren SO, Blum M, Fuxe K 1995 Prenatal corticosterone increases sponta-
neous and d-amphetamine induced locomotor activity and brain dopamine metabo-
lism in prepubertal male and female rats. Neuroscience 66:467–473

37. Diaz R, Fuxe K, Ogren SO 1997 Prenatal corticosterone treatment induces long-term
changes in spontaneous and apomorphine-mediated motor activity in male and female
rats. Neuroscience 81:129–140

38. Ernst M, Zametkin AJ, Matochik JA, Jons PH, Cohen RM 1998 DOPA
decarboxylase activity in attention deficit hyperactivity disorder adults. A [fluorine-
18]fluorodopa positron emission tomographic study. J Neurosci 18:5901–5907

39. Zhu MY, Juorio AV, Paterson IA, Boulton AA 1993 Regulation of striatal aromatic
L-amino acid decarboxylase: effects of blockade or activation of dopamine receptors.
Eur J Pharmacol 238:157–164

40. Young EA, Neff NH, Haddjiconstantinou M 1993 Evidence for cyclic AMP-mediated
increase of aromatic L-amino acid decarboxylase activity in the striatum and midbrain.
J Neurochem 60:2331–2333

41. Paterson IA, Juorio AV, Boulton AA 1990 2-Phenylethylamine: a modulator of
catecholamine transmission in the mammalian central nervous system? J Neurochem
55:1827–1837

42. Saavedra JM 1974 Enzymatic isotopic assay for and presence of beta-
phenylethylamine in brain. J Neurochem 22:211–216

43. Cumming P, Ase A, Kuwabara H, Gjedde A 1998 [3H]DOPA formed from [3H]ty-
rosine in living rat brain is not committed to dopamine synthesis. J Cereb Blood Flow
Metab 18:491–499

44. Huang CC, Yonetani M, Lajevardi N, Belivoria-Papadopoulos M, Wilson DF,
Pastuszko A 1995 Comparison of postasphyxial resuscitation with 100% and 21%
oxygen on cortical oxygen pressure and striatal dopamine metabolism in newborn
piglets. J Neurochem 64:292–298

45. Rosenberg PA 1988 Catecholamine toxicity in cerebral cortex in dissociated cell
culture. J Neurosci 8:2887–2894

46. Graham DG, Tiffany SM, Bell Jr WR, Gutknecht WF 1978 Autoxidation versus
covalent binding of quinones as the mechanism of toxicity of dopamine, 6-hydroxy-
dopamine, and related compounds toward C1300 neuroblastoma cells in vitro. Mol
Pharmacol 14:644–653

47. Slivka A, Cohen G 1985 Hydroxyl radical attack on dopamine. J Biol Chem
260:15466–15472

48. Maker HS, Weiss C, Silides DJ, Cohen G 1981 Coupling of dopamine oxidation
(monoamine oxidase activity) to glutathione oxidation via the generation of hydrogen
peroxide in rat brain homogenates. J Neurochem 36:589–593

49. Commissiong JW 1985 Monoamine metabolites: their relationship and lack of relation-
ship to monoaminergic neuronal activity. Biochem Pharmacol 34:1127–1131

50. Misu Y, Yue JL, Goshima Y 1995 L-DOPA systems for blood pressure regulation in
the lower brainstem. Neurosci Res 23:147–158

51. Schmidt RH, Bjorklund A, Lindvall O, Loren I 1982 Prefrontal cortex: dense
dopaminergic input in the newborn rat. Brain Res 281:222–228

480 BAUER ET AL.


	Intrauterine Growth Restriction Induces Up-Regulation of Cerebral Aromatic Amino Acid Decarboxylase Activity in Newborn Piglets: [18F]Fluorodopa Positron Emission Tomographic Study
	METHODS
	Animals.
	Anesthesia and surgical preparation.
	Experimental protocol.
	Measurements.
	PET studies.
	Statistical analysis.

	RESULTS
	DISCUSSION
	Acknowledgements
	Note
	References


