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There is evidence that intrauterine growth restriction (IUGR) is
associated with altered dopaminergic function in the immature
brain. Compelling evidence exists that in the newborn brain, specific
structures are especially vulnerable to O2 deprivation. The dopami-
nergic system is shown to be sensitive to O2 deprivation in the
immature brain. However, the respective enzyme activities have not
been measured in the living neonatal brain after IUGR under
hypercapnic hypoxia (H/H). Therefore, 18F-labeled 6-fluoro-L-3,4-
dihydroxyphenylalanine (FDOPA) together with positron emission
tomography was used to estimate the aromatic amino acid decar-
boxylase activity of the brain of seven normal weight (body weight
2078 � 434 g) and seven IUGR newborn piglets (body weight 893
� 109 g). Two positron emission tomography scans were per-
formed in each piglet. All animals underwent a period of normoxia
and moderate H/H. Simultaneously, cerebral blood flow was mea-
sured with colored microspheres and cerebral metabolic rate of O2

was determined. In newborn normal-weight piglets, the rate con-
stant for FDOPA decarboxylation was markedly increased in me-
sostriatal regions during H/H, whereas brain oxidative metabolism
remained unaltered. In contrast, moderate H/H induced in IUGR
piglets a marked reduction of clearance rates for FDOPA metabo-
lites (p � 0.05), which was accompanied by a tendency of lowering
the rate constant for FDOPA conversion. Furthermore, IUGR pig-
lets maintained cerebral O2 uptake in the early period of H/H, but
during the late period of H/H, a significantly reduced cerebral

metabolic rate of O2 occurred (p � 0.05). Thus, IUGR is accom-
panied by a missing activation of dopaminergic activity and atten-
uated brain oxidative metabolism during moderate H/H. This may
indicate endogenous brain protection against O2 deprivation.
(Pediatr Res 57: 363–370, 2005)
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Intrauterine growth restriction (IUGR) is still an unresolved
problem in perinatal medicine. Perinatal mortality is increased

after IUGR (1,2), as well as the incidence of perinatal as-
phyxia, because placental insufficiency is the main cause of
IUGR (3) in developed countries.

The consequences of severe hypercapnic hypoxia (H/H)
combined with brain ischemia, mostly as a result of secondary
hypotension (4), are well documented to be associated with
neuronal damage as a frequent cause of the chronic handicap-
ping conditions of cerebral palsy, mental retardation, and
epilepsy (5). Compelling evidence exists that in the newborn
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brain, specific structures and/or tissues are especially vulnerable to
injury, creating syndromes of functional disabilities. In term new-
borns, a specific pattern of symmetric basal ganglia and adjacent
cortex injury has been revealed as the structural substrate for
extrapyramidal cerebral palsy (6–8). It has been proposed that
neurons that are connected in already established neuronal circuits
seem to be especially vulnerable to excitotoxic damage based on
a hyperactivity of the major excitatory glutamatergic input (9).
However, the dopaminergic system is also sensitive to O2 depri-
vation in the immature brain (10–12). Obviously, there is no
“oxygen reserve” that protects dopamine (DA) release and me-
tabolism from decrease in O2 pressure, because in the newborn
piglet brain, even a small reduction of the brain tissue PO2 causes
a significant increase in the striatal extracellular DA concentration
in a dose-dependent relationship (13). We showed previously that
H/H induces an increase of aromatic amino acid decarboxylase
(AADC) activity, indicating an increase of mesostriatal dopami-
nergic activity in newborn piglets (14), which is known to be
associated with pronounced neuronal injury as a result of hypoxic-
ischemic brain (15,16).

It is interesting that IUGR is also associated with an up-
regulation in metabolic activity of the mesostriatal and telence-
phalic dopaminergic system that was not related to alterations in
brain oxidative metabolism (17). However, until now, the effect of
O2 deprivation on brain DA metabolism was not determined.
Therefore, we estimated the activity of AADC, the ultimate
enzyme in DA synthesis, in the brain regions of the mesostriatal
and telencephalic dopaminergic system together with measure-
ments of cerebral blood flow (CBF) and cerebral metabolic rate of
O2 (CMRO2) under normoxic conditions and during moderate
H/H in normal-weight and IUGR newborn piglets. We asked
whether moderate H/H induces a reinforcement of the already
elevated dopaminergic activity in IUGR newborn piglets. We
used a morphometrically well-characterized state of asymmetric
IUGR in newborn piglets (18) and included animals with optimal
vital conditions early after birth.

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 was assessed immediately after birth so that only animals with
a viability score �7 (19) 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 transporta-
tion 30–60 min). Animals were divided into normal-weight piglets (n � 7;
aged 3–5 d; body weight 2078 � 434 g) and IUGR piglets (n � 7; aged 2–5
d; body weight 893 � 109 g) according to their birth weight. The birth weight
distribution of the breed of piglets used here (German Landrace) has been
described previously (18).

Anesthesia and surgical preparation. The piglets were initially anesthe-
tized with 2.5% isoflurane in 70% nitrous oxide and 30% O2 by mask. The
anesthesia was maintained throughout the surgical procedure with 0.8% isoflu-
rane. 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�1 · h�1, i.v.), the piglets were artificially ventilated
(Servo Ventilator 900C; Siemens-Elema, Solna, Sweden). The artificial ven-
tilation was adjusted to maintain normoxic and normocapnic blood gas values.
Polyurethane catheters (inner diameter 0.8 mm) were advanced through both
umbilical arteries into the abdominal aorta to record the MAP and to withdraw
reference samples for the colored microsphere technique. An additional poly-

urethane 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). An arterial, the left ventricular, and the central venous catheters were
connected with pressure transducers (P23Db; Statham Instruments, Hato Rey,
Puerto Rico). Correct positioning of the catheter tips was checked by contin-
uous pressure trace recordings 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 � 0.3°C using a
warmed pad and a feedback-controlled heating lamp. Physiologic parameters
were recorded on a multichannel polygraph (Gould Nicolet Messtechnik
GmbH, Erlensee, Germany). MAP was monitored continuously, and arterial
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% isoflurane in 65% nitrous oxide and 35% O2

and the piglets were allowed to stabilize for 1 h. The piglets were studied lying
prone in a positron emission tomography (PET) scanner with the head in a
custom-made head holder. The position of the head was checked throughout the
experiment with laser markers.

Two PET studies were performed in each animal. The first PET study was done
under normoxic/normocapnic conditions in both groups; 8 h later, a second PET
study was performed under conditions of moderate H/H. Therefore, animals
underwent in the second part of the experiment a change in their inspired gas
composition (fraction of inspired O2 was lowered from 0.35 to 0.09 in exchange
for nitrogen, and CO2 was added resulting in an arterial PCO2 between 72 and 76
mm Hg). The second PET study was started 20 min after H/H was introduced.
Blood volume replacement was given after each blood withdrawal using stored
heparinized blood obtained from donor sibling piglets.

Measurements. The regional CBF was measured by means of the reference
sample color-labeled microsphere (Dye-Trak; Triton Technology, San Diego,
CA) technique, which represents a valid alternative to the radionuclide-labeled
microsphere method for organ blood flow measurement in newborn piglets
without the disadvantages arising from radioactive labeling with long-lived
isotopes (20). Application of this technique in piglets and methodical consid-
erations have been presented and discussed in detail elsewhere (20,21). Briefly,
in random sequence between 900,000 and 1.2 million colored polystyrene
microspheres were injected into the left ventricle. A blood sample was
withdrawn from the thoracic aorta as the reference sample. The injection line
then was flushed with 2 mL of saline. A blood sample was withdrawn from the
abdominal aorta as the reference sample (22), beginning 15 s before the
microsphere injection and continuing for 2 min at a rate of 1.50 mL/min
(syringe pump SP210iw; World Precision Instruments, Sarasota, FL). At the
end of each experiment, the brains were removed and sectioned in the desired
brain regions. For digestion, reference blood samples and tissue samples
between 0.5 and 2.5 g were covered with an appropriate volume (~3 mL/g) of
digestive solution (4 N of KOH with 4% Tween 80 in deionized water). All
tissue and blood samples were digested for a minimum of 4 h at 60°C. For
isolating the microspheres, each tissue sample was digested and then filtered
under vacuum suction through an 8-�m pore polyester-membrane filter.
Colored microspheres were quantified by their dye content. The dye was
recovered from the microspheres by adding dimethylformamide. The photo-
metric absorption of each dye solution was measured by a diode-array UV/
visible spectrophotometer (Model 7500; Beckman Instruments, Fullerton,
CA). Calculations were performed using the MISS software (Triton Technol-
ogy). The number of microspheres was calculated using the specific absor-
bance value of the different dyes. All reference and tissue samples contained
�400 microspheres.

The heart rate, arterial blood pressure, arterial and brain venous pH, PCO2,
PO2, O2 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 O2 saturation were measured using a hemoximeter (model OSM2;
Radiometer) 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 formula flowtissue � number of microspherestissue �
(flowreference/number of microspheresreference). Flows are expressed in millili-
ters per minute per 100 g of tissue by normalizing for tissue weight. Blood O2

content (cO2) was calculated using the equation cO2 [mL/dL] � cHb [g/dL] �
sO2 [mmol/mmol] � 1.39 [mL/g] � (PO2 [mm Hg] � � O2 [mL · dL�1 · mm
Hg�1]) to obtain the sum of O2 that is physically dissolved and chemically
bound to Hb, where cHb is Hb concentration, sO2 is O2 saturation, 1.39 (mL/g)
is the theoretical O2 capacity of Hb, and �O2 is the solubility of O2 in blood
[cHb � 0.000054 (Hb-dependent O2 solubility) � 0.0029 (solubility of O2 in
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plasma)]. Because the sagittal sinus drains the cerebral cortex, the cerebral
white matter, and some deep gray structures (basal ganglia, thalamus, and
hippocampus) (23), 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 O2 content difference. Cerebrovascular
resistance (CVR) was calculated by division of MAP by CBF.

PET studies. 18F-labeled 6-fluoro-L-3,4-dihydroxyphenylalanine (FDOPA)
was produced according to the destannylation method by direct fluorination of
the tin-precursor with [18F]F2 (24) simplifying the procedure [see (25)]. The
piglets were studied lying prone in the scanner (CTI/Siemens ECAT EXACT
HR�; dynamic scans: 35 frames between 30 and 600 s each, total length 120
min). In each case, 50–150 MBq of FDOPA was infused within 60 s into the
upper caval vein, followed immediately by heparinized isotonic saline (1 IU of
heparin/mL) to flush the catheter. Fifty-two arterial blood samples were
obtained in intervals between 15 s and 30 min, stored on ice, and centrifuged
for plasma sampling. Plasma activity (100 �L) was measured in a well counter
(COBRA II) cross-calibrated with the tomograph. In addition, nine blood
samples (at 2, 4, 8, 12, 16, 25, 50, 90, and 120 min) were withdrawn for HPLC
analysis to correct the plasma input function for the presence of FDOPA
metabolites (26). PET imaging was performed with an ECAT EXACT HR�
(CTI/Siemens) scanner at a spatial resolution (transaxial) of 4–5 mm (27).
Reconstruction of both PET scans was done using filtered back projection with
a Hanning filter (cutoff frequency of 0.5). For attenuation and scatter correc-
tion, a transmission scan using three rotating 68Ge rod sources was performed
before the emission scan. Radioactivity data of selected volumes of interest
were obtained using a standardized procedure that was recently described in
detail (28). Briefly, volumes of interest defined on magnetic resonance images
were aligned to the added PET radioactivity images interactively using an “in
house” data analysis tool.

The PET data analysis was performed using compartment modeling based
on FDOPA models described in humans (29) and described in detail previously
(14). Briefly, FDOPA is reversibly transferred across the blood-brain barrier
via the transport system for large neutral amino acids LAT1, a process
described by the rate constants unidirectional clearance of FDOPA (K1

FDOPA)
and regional rate constant for FDOPA backflux from the brain (k2

FDOPA) (28).
From K1

FDOPA, we estimated the regional permeability-surface area products
(PSFDOPA) of the cerebrovascular endothelium.

In the brain, FDOPA is decarboxylated to fluorodopamine (FDA) by AADC
at the rate constant apparent AADC activity (k3

FDOPA). FDA is stored in
vesicles or further metabolized by the enzymes MAO and COMT, yielding the
acidic substances fluoro-dihydroxyphenylacetic acid and fluoro-homovanillic
acid. These processes are combined into a single compartment with the
clearance rate constant for FDOPA metabolites (kcl

FDA�acids), which accounts
for the clearance of labeled metabolites from tissue. The rate of the conver-
sion from FDA to fluoro-3-methoxytyramine by the enzyme catechol-
O-methyltransferase has not to be considered, because only trace amounts
of fluoro-3-methoxytyramine are formed in the striatum (30).

The relevant differential equations that describe the changes of radioactivity
contents in these compartments are as follows:

dMf
FDOPA/dt � K1

FDOPACa
FDOPA�t	 � k2

FDOPAMf
FDOPA�t	 � k3

FDOPAMf
FDOPA�t	 (1)

dMmFDOPA/dt � k3
FDOPAMf

FDOPA�t	 � kcl
FDA�acidsMm

FDOPA�t	 (2)

where Mf
FDOPA(t) is the amount of free FDOPA in the brain and Mm

FDOPA(t)
is the regional content of FDOPA metabolites.

The rate constants for blood-brain and brain-blood transfer (K1 and k2), the
apparent AADC activity (k3

FDOPA), and the clearance rate constant
(kcl

FDA�acids) were estimated by solving these differential equations for the
measurable variables. As stated by Cumming and Gjedde (30), k3

FDOPA is the
fractional rate constant for decarboxylation, defined relative to the enzyme’s
Michaelis constants (Vmax/Km � [C]), where [C] is the concentration of
L-DOPA, the endogenous substrate, which is much less than Km (30). The PS
product was calculated from K1 and CBF (F):

PS � � F * ln(1 � K1/F)

Statistical analysis. Data are reported as means � SD. Comparisons
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. A Bonferroni adjustment was
performed to evaluate significant differences. Differences were considered
significant at p � 0.05.

RESULTS

In piglets with IUGR, the body weight was greatly reduced
(43% of normal-weight 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 0.64 � 0.18
to 1.44 � 0.19 (p � 0.01). The reduction in brain weight was
small (84% of normal-weight group). In contrast, the decrease
in liver weight (36% of normal-weight group) was similar to
that in body weight (42% of normal-weight group). All differ-
ences in organ weight were significant (p � 0.01).

Table 2 summarizes the values for MAP, heart rate, arterial
blood gases, acid-base balance, and energy fuels, which were
obtained during the blood flow measurements under normoxia
and H/H. They cover a time schedule of �8 h. The values
measured under normoxic conditions before (control 1; time:
0) and during the first PET study (normoxia; time: �60 min)
and before onset of H/H (control 2; time: �8 h) were within the
physiologic range in both groups studied and consistent with
other data obtained from mildly anesthetized and artificially
ventilated newborn piglets (31). Widely unchanged values
during the first PET scan measurement and the resting period
of ~8 h were also measured for the cerebral hemodynamics and
the cerebral O2 uptake (Fig. 1).

The regional transport of FDOPA to the brain indicated by
K1

FDOPA and PSFDOPA and the clearance rate of labeled me-
tabolites from brain tissue (kcl

FDA�acids) were similar in both
groups (Table 3). However, the regional rate constant for
backflux (k2

FDOPA) from frontal cortex was markedly increased
in piglets with IUGR (p � 0.05). Furthermore, the rate constant
for FDA production (k3

FDOPA) was markedly increased in all
brain regions of piglets with IUGR studied (p � 0.05; Fig. 2),
indicating a distinct up-regulation of AADC activity. Mesen-
cephalic k2

FDOPA and the frontal cortex k3
FDOPA values were

significantly lower compared with the corresponding striatal
transfer coefficients in the piglets with IUGR.

The supposed degree of moderate H/H, i.e. a reduction of
PAO2 of approximately one third of baseline value in addition to
nearly doubling arterial partial pressure of CO2, led to a
significant increase of heart rate (p � 0.05) at widely main-
tained MAP together with combined respiratory and metabolic
acidosis and progressively increased plasma lactate content in
both animal groups (p � 0.05). In addition, a corresponding
decrease in arterial O2 content to approximately one third
occurred, resulting in reduced cerebral arteriovenous difference
of O2 (p � 0.05; Table 2). Furthermore, during the late period
of moderate H/H, an increased cerebral arteriovenous differ-
ence of lactate was found in piglets with IUGR (p � 0.05).

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

NW piglets (n � 7) IUGR piglets (n � 7)

Body weight (g) 2078 � 434 893 � 109*
Brain weight (g) 36 � 3 30 � 1*
Liver weight (g) 60 � 17 21 � 3*
Brain/liver ratio 0.64 � 0.18 1.44 � 0.19*

Values are means � SD.
* p � 0.01, comparison between normal weight (NW) newborn piglets and

piglets with IUGR.
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In newborn normal-weight piglets, brain oxidative metabo-
lism obviously has not been compromised throughout the
whole period of H/H. A pronounced CBF increase (p � 0.05)
and a considerable CVR reduction (p � 0.05) resulted in an
unchanged CMRO2 (Fig. 1). In contrast, piglets with IUGR
maintained cerebral O2 uptake in the early period of H/H
together with an appropriate CVR decrease and corresponding
CBF elevation (p � 0.05). However, during the late period of
H/H, a significantly reduced CMRO2 occurred, accompanied
by a markedly blunted CBF increase (p � 0.05; Fig. 1)

During moderate H/H, K1
FDOPA k2

FDOPA and also the clear-
ance rate constant kcl

FDA�acids tended to increase in all brain
regions of normal-weight piglets and was significant for
k2

FDOPA in frontal cortex (p � 0.05; Table 3). The PSFDOPA

was unchanged. Furthermore, the rate constant for FDOPA
decarboxylation (k3

FDOPA) was markedly increased in mesen-
cephalon (84%) and striatum (42%) during H/H (p � 0.05; Fig.
2). In contrast, moderate H/H induced in piglets with IUGR a
marked reduction of the clearance rate constant kcl

FDA�acids (p
� 0.05; Table 3), which was accompanied by a tendency of
lowering k3

FDOPA.

DISCUSSION

The main new finding in this study is that moderate H/H
does not induce a further increase in DA production within the
mesostriatal and telencephalic dopaminergic system of new-

born piglets with IUGR. This finding was in contrast to the
response of H/H in normal-weight piglets, in which an increase
of the AADC activity within the mesencephalon and striatum
has been shown (p � 0.05; Fig. 2), which confirms previous
data (14). The markedly reduced clearance rates for FDOPA
metabolites give further evidence for a compromised DA
turnover during H/H in piglets with IUGR (p � 0.05; Table 3).

Methodologically, it has been considered that PET study
with FDOPA reflects several elements of the dopaminergic
neurotransmission, including functional aspects such as enzy-
matic activities, uptake through the membrane transporter, and
vesicular storage as well as anatomic aspects such as the
density of dopaminergic nerve endings. Nevertheless, the es-
timation of AADC activity by compartmental analysis of trans-
port and metabolism of FDOPA in newborn piglets was con-
firmed previously (14,25). Furthermore, the amount of
combined respiratory and metabolic acidosis as well as the
estimated cardiovascular effects owing to prolonged H/H were
widely similar in newborn normal-weight and IUGR piglets.
Therefore, there is no evidence that a comparable amount of
systemic load with moderate H/H led to marked differences in
the systemic response between normal-weight and IUGR new-
borns, which may be responsible for the documented differ-
ences of cerebral dopaminergic and oxidative metabolism.

The cause for the reported blunted H/H-induced response of
AADC activity in newborn piglets with IUGR cannot be found

Table 2. Physiologic values for newborn normal-weight piglets (n � 7) and piglets with IUGR (n � 7) during normoxia (1st PET) and
H/H (2nd PET)

Control 1 1st PET Control 2 2nd PET 1 2nd PET 2

MAP (mm Hg)
NW 75 � 13 79 � 14 69 � 11 77 � 10 74 � 13
IUGR 69 � 11 68 � 14 65 � 7 71 � 9 54 � 22

Heart rate (min)
NW 231 � 41 221 � 50 232 � 43 253 � 36 267 � 16†
IUGR 201 � 41 184 � 46 207 � 49 235 � 15† 223 � 24*

Arterial PCO2 (mm Hg)
NW 39 � 2 38 � 1 37 � 2 76 � 4† 75 � 5†
IUGR 40 � 3 40 � 3 39 � 4 72 � 4† 72 � 4†

Arterial pH
NW 7.44 � 0.03 7.47 � 0.03 7.48 � 0.04 7.15 � 0.04† 6.99 � 0.11†
IUGR 7.47 � 0.03 7.47 � 0.03 7.48 � 0.06 7.20 � 0.04† 7.03 � 0.14†

Arterial base excess (mmol/L)
NW 3 � 2 4 � 2 5 � 3 �2 � 2† �13 � 5†
IUGR 5 � 2 6 � 2 6 � 3 �3 � 3† �14 � 9†

Arterial PO2 (mm Hg)
NW 128 � 26 134 � 32 124 � 23 34 � 5† 40 � 8†
IUGR 120 � 19 111 � 30 120 � 27 35 � 4† 41 � 7†

Arterial oxygen content (mmol/L)
NW 4.9 � 1.0 4.9 � 1.1 4.8 � 1.1 1.6 � 0.2† 1.5 � 0.3†
IUGR 5.8 � 1.1 5.3 � 1.1 5.4 � 1.1 1.8 � 0.4† 1.7 � 0.5†

Arterial lactate content (mmol/L)
NW 2.3 � 0.8 2.1 � 0.6 2.1 � 0.6 5.1 � 1.7† 13.1 � 5.5†
IUGR 1.6 � 0.5 1.9 � 0.4 2.2 � 1.2 4.9 � 2.2† 13.7 � 6.8†

Cerebral avDO2 (mmol/L)
NW 2.37 � 0.67 2.83 � 0.86 2.75 � 0.81 0.86 � 0.27† 1.09 � 0.35†
IUGR 2.84 � 0.83 2.73 � 0.71 2.71 � 0.62 0.98 � 0.36† 1.20 � 0.54†

Cerebral avD lactate (mmol/L)
NW �0.16 � 0.46 �0.04 � 0.29 �0.09 � 0.25 �0.4 � 1.19 0.10 � 0.85
IUGR 0.04 � 0.10 0.01 � 0.11 0.03 � 0.17 0.36 � 0.50 0.77 � 0.64†

Values are means � SD. NW, normal-weight; avD, arterial-brain venous difference.
* p � 0.05. * Significant differences between NW and IUGR animals, † significant differences within the related group compared with control 1.
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in the recent study. Nevertheless, the combined respiratory and
metabolic acidosis induced by moderate H/H seems not to be
responsible for any alterations of blood-brain transport of
[18F]FDOPA. Whereas influx data from normal-weight piglets
showed no differences between normal conditions and H/H,
there was a tendency of improved tracer exchange during H/H
in animals with IUGR (p � 0.05; Table 3). Furthermore, the
PSFDOPA in striatum and mesencephalon was increased in
animals with IUGR during H/H. Hence, the absence of AADC
increase in piglets with IUGR is obviously not induced by
insufficient substrate influx during H/H.

The functional relevance of altered AADC during H/H in
piglets with IUGR remains speculative. It is now established
that AADC represents an additional important regulated step in
the synthesis of DA (32). Accumulated evidence suggests that
the AADC activity in the adult brain is modulated by short- and
long-term mechanisms that seem to involve enzyme activation
and induction. DA itself is able to modulate AADC activity
(33–35). However, because AADC seems to be present in a

large excess for neurotransmitter synthesis in dopaminergic
neurons, effects of AADC regulation are suggested not to be
predominantly relevant for the control of the overall flux in this
pathway. The reduced clearance rates for FDOPA metabolites
suggest a reduced DA turnover during H/H in piglets with
IUGR. Tyrosine hydroxylase is proposed to catalyze the rate-
limiting step of DA synthesis in the brain. A previous study
showed a dose-dependent response of O2 deprivation on ty-
rosine hydroxylase activity in the newborn piglet striatum.
Indeed, an increased activity was reported during mild reduc-
tion of brain tissue PO2 but a proportional decrease of the
enzyme activity during moderate H/H (36). The latter finding
confirms reports obtained from rats that the first rate-limiting
step in the synthesis of the monoamine neurotransmitters DA,
noradrenaline, and 5-hydroxy-tryptophan is affected during
moderate as well as severe hypoxia at all stages of develop-
ment (37). Furthermore, the reduced catabolism of DA by
monoamine oxidase could be responsible for reduced clearance
rates for FDOPA metabolites in piglets with IUGR during
moderate H/H. Hypoxia caused a substantial decrease in the
levels of 3,4-dihydroxyphenylacetic acid and homovanillic
acid, two key metabolites of DA degradation in newborn piglet
brain during severe hypoxic hypoxia (38).

Even if the causal relationship between IUGR and altered
dopaminergic activity remains unsolved, their consequences on
vulnerability of dopaminergic brain structures as a result of O2

deprivation are relevant to be discussed. In newborn piglets, it
has been shown that O2 deprivation responds with gradual
increase of [DA]e as a result of reduced brain tissue PO2 in a
dose-dependent manner (13). The hypothesis that an increase
of [DA]e during a hypoxic insult plays an important role in the
pathogenesis of neuronal injury in newborn brain is supported
by numerous findings from different injury models. DA obvi-
ously plays an important role in ischemia-reperfusion injury,
because it has been suggested that an increase in extracellular
DA can result in alterations in the sensitivity of neurons to
excitatory amino acids (39). Therefore, the reduced DA turn-
over, indicated by slightly diminished AADC activity and
reduced clearance rates for FDOPA metabolites in piglets with
IUGR during moderate H/H, is suggested to reduce the risk for
hypoxia-induced brain injury of dopaminergic brain structures.

There is compelling evidence that the vulnerable mesotelen-
cephalic DA pathways to perinatal mild to moderate O2 depri-
vation are associated with long-term impairment of DA sig-
naling and executive functioning (40,41). Recent studies
demonstrate that perinatal intermittent hypoxia is sufficient to
induce sustained alterations in sleep-wake architecture, loco-
motor hyperactivity, executive dysfunction, and striatal DA 1
receptor and vesicular monoamine transporter protein immu-
noreactivity (42). Furthermore, attention-deficit/hyperactivity
disorder (ADHD), although largely thought to be a genetic
disorder, has environmental factors that seem to contribute
significantly to the etiopathogenesis of the disorder. Indeed, in
adolescents who have ADHD, high DA receptor availability
was predicted by low neonatal CBF, supporting the hypothesis
of cerebral ischemia as a contributing factor in infants who are
susceptible to ADHD (43).

Figure 1. CBF, CVR, and CMRO2 in newborn normal-weight piglets (n � 7;
�) and piglets with IUGR (n � 7; �) under normoxic conditions [before
(control 1) and during first PET scan procedure (60 min after FDOPA
injection)] and just before (control 2) and during moderate hypercapnic
hypoxia [during the second PET scan procedure (2nd PET 1 indicates 10 min
before; 2nd PET 2 indicates 60 min after FDOPA injection)]. *§p � 0.05;
*significant differences between normal-weight piglets and piglets with IUGR;
§significant differences within the related group compared with control 1.
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The quantitative differences in CBF response during H/H
between newborn normal-weight piglets and piglets with
IUGR suggest an altered cerebrovascular reactivity as a con-

sequence of compromised intrauterine development. Further-
more, the restricted CBF increase of newborn piglets with
IUGR seems to involve time-dependently different conse-
quences of cerebral O2 supply. During the early period of H/H,
the restricted CBF increase was sufficient to maintain brain O2

uptake. Hence, IUGR-associated altered cerebrovascular reac-
tivity seems to improve efficiency of cerebral O2 uptake.
However, during late H/H, a further CBF decrease compared
with a mild CVR increase resulted in a marked CMRO2

reduction despite slightly increased cerebral arteriovenous O2

difference. Underlying mechanisms of altered cerebrovascular
reactivity as a result of compromised intrauterine development
remain to be elucidated. Only a few data about the effects of
IUGR on CBF regulation in neonates are available so far. We
showed recently that IUGR resulted in an improved ability of
growth-restricted newborn piglets to withstand critical periods
of gradual O2 deficit owing to an improved cerebrovascular
autoregulation during hemorrhagic hypotension (44). This re-
sponse suggested a delayed vasodilatory reaction at gradually
reduced cerebral perfusion pressure, which could be provoked
by an attenuated generation of vasodilatory factors. Despite a
still-limited knowledge of mechanisms that regulate the peri-
natal cerebrovascular tone (45), some age-related hormonal
effects on cerebral smooth muscles seem to be of special
importance for a deeper understanding of altered cerebrovas-
cular responses after compromised intrauterine development
and/or during disturbed respiratory gas exchange. Synthetic
glucocorticoid administration attenuates cerebral vasodilative
responses to hypercapnia in newborn piglets (46). This was
shown to be mediated by preventing the CO2-induced endo-
thelium-derived prostanoid release by cyclooxygenase inhibi-
tion and discussed as one of several factors that can be
responsible for hypercapnia-induced alteration of cerebrovas-
cular tone. It can be speculated that the attenuated CBF in-
crease in newborn piglets with IUGR during H/H may also be
caused by glucocorticoids. Evidence is available that glucocor-
ticoid activity is increased in fetuses with IUGR because
maternal glucocorticoids are insufficiently cleared by the pla-
centa (47,48).

An additional aspect of longer lasting moderate H/H is the
observed gradual decline of CBF over time. The amount of
reduction was similar between normal-weight piglets and pig-

Table 3. Transfer coefficients and PSFDOPA of different brain regions calculated from the measured tracer activities in arterial blood and
brain of newborn piglets during normoxia (1st PET) and H/H (2nd PET) in newborn normal-weight piglets (n � 7) and piglets with IUGR

(n � 7)

K1
FDOPA (mL �g�1 �min�1) k2

FDOPA (min) kci
FDA�acids (min) PSFDOPA (mL �g�1 �min�1)

NW piglets IUGR piglets NW piglets IUGR piglets NW piglets IUGR piglets NW piglets IUGR piglets

Brain region
Mesencephalon 1stPET 0.072 � 0.024 0.061 � 0.032 0.091 � 0.051 0.087 � 0.043§ 0.011 � 0.008 0.015 � 0.003 0.077 � 0.026 0.065 � 0.035

2ndPET 0.085 � 0.044 0.074 � 0.042§ 0.115 � 0.036† 0.103 � 0.035† 0.015 � 0.005† 0.008 � 0.004*†‡ 0.086 � 0.045 0.077 � 0.045†
Frontal Cortex 1stPET 0.064 � 0.020 0.051 � 0.019 0.059 � 0.030 0.098 � 0.032* 0.003 � 0.016 0.015 � 0.007 0.069 � 0.022 0.054 � 0.020

2ndPET 0.076 � 0.036 0.058 � 0.035 0.089 � 0.026‡ 0.088 � 0.021 0.011 � 0.004 0.005 � 0.003*‡ 0.079 � 0.040 0.064 � 0.044
Striatum 1stPET 0.069 � 0.019 0.059 � 0.023 0.071 � 0.024 0.124 � 0.061 0.007 � 0.010 0.013 � 0.006 0.075 � 0.021 0.063 � 0.025

2ndPET 0.078 � 0.038 0.067 � 0.038§ 0.103 � 0.033 0.094 � 0.024 0.010 � 0.003 0.005 � 0.002*‡ 0.080 � 0.042 0.072 � 0.046†

Values are means � SD.
Values are means � SD; *‡†§ p � 0.05; * indicates significant differences between NW and IUGR piglets, ‡ significant differences between 1st and 2nd PET

measurement, † significant differences to frontal cortex, § significant differences to striatum.

Figure 2. Effect of H/H (�) on rate constants for FDA production (k3
FDOPA)

in different brain regions of normal-weight piglets (NW; n � 7) and piglets
with IUGR (IUGR; n � 7), compared with those of NW (n � 10). Values are
means � SD; *§†‡p � 0.05; *significant difference between NW and IUGR;
§significant differences between first and second PET measurement; †signifi-
cant differences to frontal cortex; ‡significant differences to striatum.
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lets with IUGR (Fig. 1), suggesting that additional IUGR-
independent factors affect vasodilatory response during H/H.
Opioids are able to provoke a stimulus duration-dependent
effect in hypoxic pial artery dilation in newborn pigs. It has
been shown that �-opioid receptors contribute to, whereas
�-opioid receptors oppose, hypoxic pial dilation (49). It is
interesting that �-opioid receptor activation contributes to
hypoxic pial dilation during an early period of moderate and
severe hypoxia. In contrast, �-opioid–induced increase of vas-
cular tone became increasingly more important with the longer
duration of the stimulus (50). Recent studies indicated direct
effects of the endogenous opiate system on brain metabolism
after hypoxia/ischemia in newborn piglets (51,52). A gradual
CBF reduction caused by compromised cerebral perfusion
pressure seems less likely, because nearly all animals exhibit
MAP values distinctly above the autoregulatory threshold (44).

A selective decline in CMRO2 of newborn piglets with
IUGR seems to be of substantial interest, because the brain O2

extraction and CMRO2-related CBF (CBF divided by CMRO2)
remained similar between normal-weight piglets and piglets
with IUGR, but the increased brain lactate production in piglets
with IUGR indicates an increased anaerobic cerebral metabo-
lism. Blood et al. (53) reported that in the near-term fetal
sheep, adenosine mediates a decrease of cerebral metabolic
rate during acute moderate hypoxia via the adenosine A1

receptor activation. Furthermore, an inhibition of A1 receptors
during severe asphyxia resulted in an increased neuronal cell
death accompanied by delayed suppression of neural activity
and increased cerebral metabolism (54). Presently, it is not
known whether the fall in CMRO2 during O2 deprivation is a
result of O2 starvation or a protective mechanism of adaptive
hypometabolism (55,56). However, the mentioned reports
strongly suggest that endogenous neuroprotective mechanisms
are active in the developing brain. We assume that the pre-
sented data of blunted AADC activity and reduced CMRO2 in
the newborn piglets with IUGR during moderate H/H may
refer to a further indication of endogenous brain protection
against O2 deprivation.
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