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A B S T R A C T

Hypertonia is pathognomonic of cerebral palsy (CP), often caused by brain injury before birth. To understand the
early driving events of hypertonia, we utilized magnetic resonance imaging (MRI) assessment of early critical
brain injury in rabbit fetuses (79% term) that will predict hypertonia after birth following antenatal hypoxia-
ischemia. We examined if individual variations in the tetrahydrobiopterin cofactor in the parts of the brain
controlling motor function could indicate a role in specific damage to motor regions and disruption of circuit
integration as an underlying mechanism for acquiring motor disorders, which has not been considered before.
The rabbit model mimicked acute placental insufficiency and used uterine ischemia at a premature gestation.
MRI during the time of hypoxia-ischemia was used to differentiate which individual fetal brains would become
hypertonic. Four brain regions collected immediately after hypoxia-ischemia or 48 h later were analyzed in a
blinded fashion. Age-matched sham-operated animals were used as controls. Changes in the reactive nitrogen
species and gene expression of the tetrahydrobiopterin biosynthetic enzymes in brain regions were also studied.
We found that a combination of low tetrahydrobiopterin content in the cortex, basal ganglia, cerebellum, and
thalamus brain regions, but not a unique low threshold of tetrahydrobiopterin, contributed etiologically to
hypertonia. The biggest contribution was from the thalamus. Evidence for increased reactive nitrogen species
was found in the cortex. By 48 h, tetrahydrobiopterin and gene expression levels in the different parts of the
brain were not different between MRI stratified hypertonia and non-hypertonia groups. Sepiapterin treatment
given to pregnant dams immediately after hypoxia-ischemia ameliorated hypertonia and death. We conclude
that a developmental tetrahydrobiopterin variation is necessary with fetal hypoxia-ischemia and is critical for
disrupting normal motor circuits that develop into hypertonia. The possible mechanistic pathway involves re-
active nitrogen species.

1. Introduction

Perinatal hypoxia-ischemia (H–I) is etiologically linked to childhood
motor disorders. Cerebral palsy (CP) is the most common movement
disorder in children. The definitive diagnosis of motor deficits of CP is
made not at birth but at approximately 18–24 months of age.
Hypertonia is a pathognomonic feature of CP. We have established a
fetal H–I rabbit model of CP that, unlike other H–I animal models,
manifests newborn hypertonia and postural changes mimicking the
human condition [1]. Another advantage of this model is that intrinsic
etiologies can be investigated by comparing fetuses that are not affected

with those that develop hypertonia in the same litter.
Since neurobehavioral deficits in the animal model are only evident

months after birth but the etiological injury could be before birth, at the
time of brain H–I and reperfusion, we needed to have a marker that
discerns affected from non-affected fetuses. For this purpose, we de-
veloped a magnetic resonance imaging (MRI) biomarker during H–I
that identifies fetuses that will develop newborn hypertonia [2,3]. Brain
corticospinal tract integrity can be evaluated using a measure of
random water diffusion in a period of time using MRI with diffusion-
weighted imaging (DWI). The impedance of water diffusion in tissue is
quantified by apparent diffusion coefficient (ADC) in a specific region
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of interest and is used as a measure of brain integrity. In monitoring
ADC obtained during rabbit fetal H–I at 79% gestation, two patterns of
ADC predicted hypertonia in the newborn [2,3]. One of the two pat-
terns reflected reperfusion-reoxygenation injury that was caused by
elevated levels of superoxide radical anion production [3]. Thus, the
MRI biomarker allowed us to investigate predisposing and downstream
factors at multiple time points that would explain the increased risk of
developing hypertonia.

The motor pathway determining hypertonia involve varied brain
regions located in multiple interconnected cortical and subcortical
structures. Disruption in the communication of motor-related brain
regions from neuronal dysfunction, neurotransmitter deficiency and/or
injury to white matter tracts will result in motor deficits.
Tetrahydrobiopterin is a cofactor of several important enzymes that
regulate neurometabolism by regulating production of monoamine
neurotransmitters [4,5] and nitric oxide [6,7]. Moreover, tetra-
hydrobiopterin plays a key role regulating cellular redox signaling by
inhibiting nitric oxide synthase (NOS) uncoupling. Movement disorder
is characteristic of congenital deficiencies in tetrahydrobiopterin due to
mutations in the enzymes of the synthetic and recycling pathways
causing a decrease of dopamine and serotonin signaling in the brain.
Tetrahydrobiopterin deficiency is diagnosed by sampling spinal fluid
and genetic testing. These assays, however, report global but not brain
region-specific variations, and, as such, it is impossible to establish the
significance of tetrahydrobiopterin changes in motor-pathways and its
mechanisms.

Previously we showed that cumulative increases of tetra-
hydrobiopterin in the thalamus, basal ganglia, and cortex occur in naïve
fetal brains between 70%–92% gestation, suggesting a role in normal
development [8]. In a study to examine if tetrahydrobiopterin influ-
enced neuronal survival, neuronal cultures from different brain regions
of basal ganglia, cortex, and thalamus at 70% and 92% gestation, we
showed differential regional susceptibility to ex vivo tetra-
hydrobiopterin levels, especially following H–I, with the thalamus
being most vulnerable in the preterm age [9]. Increasing tetra-
hydrobiopterin, however, improved neuronal survival after H–I espe-
cially in the premature thalamus [9].

Previously, we hypothesized that low tetrahydrobiopterin levels
normally found in prematurity would fall below a threshold of injury
during antenatal H–I to cause brain injury [10]. The possibility that
regional tetrahydrobiopterin concentration is the critical factor de-
termining outcomes of “low” tetrahydrobiopterin has not been ad-
dressed. Herein, we tested the hypothesis that endogenous tetra-
hydrobiopterin level before H–I in selected brain regions is responsible
for either susceptibility or resistance to H–I injury and motor deficits.
Our secondary hypothesis was that low tetrahydrobiopterin along with
H–I-reperfusion injury determines the pathogenic mechanism of hy-
pertonia, involving reactive species. Also, we examined if individual
variations in the tetrahydrobiopterin cofactor in different parts of the
brain could indicate a role in specific damage in motor neurons and
disrupted circuit integration as an underlying mechanism for acquiring
motor disorders. We reasoned that investigating fetuses exhibiting MRI
patterns predictive of hypertonia would better elucidate a role for re-
gional susceptibilities. Our data indicate that H–I-induced hypertonia is
determined by a regional combinatorial effect of low tetra-
hydrobiopterin rather than a one-region low threshold after antenatal
H–I. Our data also indicate that a tetrahydrobiopterin analog, se-
piapterin, may be a potential neuroprotectant even administered after
the antenatal insult.

2. Materials and methods

The Institutional Animal Care and Use Committee of Wayne State
University (Detroit, MI) approved all experimental procedures with
animals.

2.1. Surgery and imaging

The surgical procedure previously was described in detail [3].
Briefly, pregnant New Zealand white rabbit dams at 25 days gestation
(E25) or 79% gestation (the term being 31.5 days) were anesthetized
with an initial regimen of intravenous fentanyl (75 μg/kg/h) and dro-
peridol (3.75 mg/kg/h) followed by epidural anesthesia using 0.75%
bupivacaine with continuous infusion of about one-third lower initial
intravenous anesthetic dose. A balloon catheter was introduced into the
left femoral artery and advanced into the descending aorta to above the
uterine arteries and below the renal arteries. The catheterized animal
was placed inside an MRI scanner. Body core temperature was mon-
itored with a rectal temperature probe and maintained at 37 ± 0.3 °C
with a water blanket wrapped around the dam's abdomen and con-
nected to a temperature-controlled heating pump. Acquisition of fetal
MRI began after the dam was positioned in the magnet. After a baseline
period, the aortic balloon was inflated for 40 min. Inflating the balloon
causes uterine ischemia and subsequent global fetal hypoxia and H–I in
fetal brains. At the end of H–I, the balloon was deflated, which started
the reperfusion period. Acquisition of MRI was continued 20 min after
the end of uterine ischemia to capture the changes during uterine re-
perfusion. After the imaging session, the dams were either immediately
C-sectioned for delivery of fetuses (immediate group, 0 h), or the ca-
theter was removed, the femoral artery was repaired, and the dam was
allowed to recover. Two days after H–I, at E27, all fetuses were deliv-
ered by C-section (48 h group). The rabbit pregnant dams that under-
went sham surgery did not have MRI. In these dams the femoral artery
was isolated, the balloon catheter was introduced similar to the pro-
cedure for H–I animals but the balloon was not inflated. The dams were
immediately C-sectioned for delivery of fetuses (immediate group, 0 h)
or the femoral artery was repaired after removal of the catheter and the
dam was allowed to recover after surgery. Fetuses were delivered by C-
section after two days (E27, 48 h group).

2.2. MRI with diffusion-weighted imaging

Dams were imaged serially in utero on a Siemens MAGNETOM Verio
3T MR scanner with an eight-channel knee coil (Siemens Medical
Solution, Erlangen, Germany). High-resolution single-shot turbo-spin
echo T2-weighted three plane images (HASTE, TR/TE = 1500/80 ms,
slice thickness = 4 mm, matrix = 256 × 157, field of view = 256 mm
with 30–45 axial slices covering all fetuses inside dam) were acquired
in axial, coronal, and sagittal planes to identify the sequential position
of each fetus in uterine horns. Additional turbo-spin-echo T2-weighted
images (TSE, TR/TE = 6100/95 ms) were taken for anatomical re-
ference in the axial plane, with 25–32 axial slices covering all fetal
brains. Slice thickness was 4 mm with matrix = 256 × 192 and field of
view = 160 mm. Single-shot echo-planar imaging diffusion-weighted
sequence with b = 0 and 800 s/mm2, TR/TE = 6600/100 ms, and
NEX = 1 were acquired with the same geometry and resolution as the
anatomical reference scan.

2.3. MRI data analysis

The position of each fetus in each uterine horn and corresponding
fetal brain was identified using 3D cross-sectional single-shot datasets
in eFilm workstation 4.2 (Merge Healthcare, Chicago, IL). ADC maps of
each identified fetal brain defined by a polygon region of interest to
cover the whole brain in three orthogonal planes were calculated off-
line using in-house software written in Matlab (MathWorks, Natick,
MA). Only those fetuses that survived had the MRI analyzed.

Four patterns of fetal MRI changes occurred with uterine ischemia:
Pattern I had no change in ADC throughout, Pattern II showed a fall in
ADC but not below 85% of the baseline ADC value, Pattern III showed a
fall in ADC below 85% of the baseline ADC value and had immediate
recovery of ADC with uterine reperfusion, and Pattern IV showed a
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further fall in ADC after the end of uterine ischemia and during uterine
reperfusion with eventual recovery (Fig. 1B and C). If fetal deaths oc-
curred, the MRI patterns were not analyzed further. Patterns III and IV
have been shown to predict hypertonia in the newborn period [3] while
the first two patterns predict normal or mild motor deficits. Classifi-
cation of all results was done with an MRI predictive biomarker of
Hypertonia (pattern III or IV) and compared with that of Non-hy-
pertonia (pattern I or II).

MRI was used as a surrogate to determine which fetuses became
hypertonic, since we sacrificed fetuses at two time points (0 h and 48 h)
after H–I.

2.4. Biochemical assays

Tetrahydrobiopterin analysis in parts of the brains: A single-blind
randomized protocol was implemented. Sample identifiers other than
the brain region were blinded until the end of the high-performance
liquid chromatography analysis. In both groups, after C-section, fetal
brains were extirpated and four brain regions—the cortex, basal
ganglia, thalamus, and cerebellum—were isolated. The genders of the
fetuses were determined.

Tissues were immediately frozen in liquid nitrogen. Frozen tissues
were thawed and homogenized in a 50 mM cold phosphate buffer, pH
2.6. Samples were deproteinized by filtration using a pre-washed

Amicon filter membrane with 10 KDa cutoff. It was estimated pre-
viously that more than 95% of tetrahydrobiopterin was recovered after
filtration, while protein was decreased by more than 80%. Clean su-
pernatants were loaded onto a Synergi-Hydro RP column
(250 × 4.6 mm, Phenomenex, CA), and tetrahydrobiopterin was ana-
lyzed by electrochemical detection using four-electrode cells with ap-
plied potential set at 0, 150, 260, and 365 mV. Concentrations were
calculated using normalization of authentic standards, and protein
content was measured by bicinchoninic acid assay in each sample.

Tetrahydrobiopterin enzyme cloning and qRT-PCR analysis: First,
rabbit genes for the enzymes involved in tetrahydrobiopterin produc-
tion and recycling were identified; then they were cloned using RACE-
based techniques (SMARTer RACE 5’/3’ Kit, Clontech Laboratories) by
lab-designed gene-specific primers for rabbit sequences through Primer-
Blast (http://www.ncbi.nlm.nih.gov/tools/primer-blast). cDNA se-
quencing was performed using a 96-capillary automated DNA se-
quencer (Applied Biosystems 3730XL) and confirmed by alignment
with the predicted sequences at GenBank. The rabbit gene sequence and
GenBank ID has recently been published [11].

Total RNA was purified from the cortex, cerebellum, and thalamus
using the PureLink RNA Mini Kit (Life Technologies, Grand Island, NY)
as done previously [11]. Samples were chosen in pairs of either high or
low tetrahydrobiopterin levels. The High-Capacity RNA-to-DNA Kit
(Applied Biosystems, Foster City, CA) was used for reverse

Fig. 1. Fetal brain H–I protocol and MRI predictive biomarker. (A) Pregnant rabbit dam at E25 underwent MRI before, during, and after uterine ischemia. After
imaging fetal brain tissue collected 20 min after (0 h) or after 48 h following uterine ischemia (48 h). Fetal brains regions assayed for BH4. (B) Patterns of ADC
change (ordinate) in fetal brain. Pattern I (green) shows no significant change from baseline. Pattern II (blue) shows a drop from baseline during H–I but not below a
threshold (dotted brown line). (C) Pattern III (brown) shows a drop from baseline below the threshold. Pattern IV (red) shows a further drop after the end of H–I
during uterine reperfusion. (D) Patterns III or IV are predictive of hypertonia found postnatally. The receiver operating characteristic curve shows area under curve of
88%. (E) The subpopulations of MRI patterns as a percentage of all surviving fetuses undergoing H–I. (F) Number of fetuses stratified according to time of tissue
collection and their MRI pattern. There were no deaths at 0 h and 7 deaths at 48 h. MRI was not analyzed for the dead fetuses. (For interpretation of the references to
color in this figure legend, the reader is referred to the Web version of this article.)
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transcription. The RT-PCR was performed in a StepOnePlus real-time
PCR System (Applied Biosystems) using the 2x SYBR Green qPCR
Master Mix (Biotool.com). Reactions were performed in duplicates in
MicroAmp optical 96-well plates (ThermoFisher Scientific, Waltham,
MA) with a total volume of 10 μL comprising the final concentration of
1x SYBR Green PCR Master mix, cDNA (10 ng), and primers (75 nM;
forward and reverse primers listed in Table 1).

The following thermal protocol was used: initial incubation at 95 °C
for 10 min, 40 cycles of 15 s at 95 °C, and 1 min at 60 °C. The cycle
threshold values of individual genes were subtracted from the cycle
threshold values for hypoxanthine phosphoribosyltransferase 1
(HPRT1, a hypoxia-stable housekeeping gene), and were then used to
calculate the fold change in relative gene expression (2–ΔΔCT). The
results were compared with the MRI pattern I group (i.e., no change in
ADC).

2.5. Nitrotyrosine detection

Nitrotyrosine is a biomarker of reactive nitrogen species produced
under conditions of oxidant injury. Nitrotyrosine in different parts of
the brain was analyzed using an immunoassay performed by an auto-
mated Western blot system (WES, Protein Simple, CA). Tissue samples
were probed with a primary antibody to nitrotyrosine (Abcam,
ab7048), a negative primary antibody control, and another negative
control with antibody pretreated with nitrated bovine serum albumin
which is important for differentiating specific from nonspecific binding
of the antibody. The nitrated protein chromatograms was analyzed for
the difference between the areas of the peaks resolved between 12 to
180 KDa between the primary-antibody chromatogram and pretreated-
antibody chromatogram.

2.6. Sepiapterin treatment

Sepiapterin was administered to the 79% gestation (E25) rabbit dam
at the start of uterine ischemia. Sepiapterin was dissolved in dimethyl
sulfoxide (DMSO) as vehicle and delivered via Alzet osmotic pump
(Cupertino, CA) at a dose of 0.6 mg/kg/day and maintained until de-
livery (~7 days). As controls, a separate subpopulation was adminis-
tered the vehicle (DMSO) and another subpopulation was administered
saline. Saline was used to control for the off-target effects of DMSO. The
DMSO and saline groups were combined as controls. All treatment
groups (sepiapterin, DMSO or saline) underwent H–I.

2.7. Neurobehavioral studies

The dams were allowed to deliver spontaneously, and a neurobe-
havioral battery of tests was performed on postnatal day 1, as described
before [1]. Neurobehavioral outcomes were compared in newborns
between sepiapterin-treated and DMSO- or saline-treated rabbit dams
undergoing the same uterine H–I reperfusion protocol. Postural changes
and/or hypertonia were classified as a severe outcome, and other mild
locomotor effects were classified as mild. Normal kits had no obvious
locomotor deficits.

2.8. Experimental design and statistical analysis

Blinding: The investigators performing the biochemical assays and
neurobehavioral battery of tests were blinded to the group categoriza-
tion of fetuses or kits.

Groups: The MRI grouping of fetuses was based on ADC, groups I, II,
III, IV. Hypertonia fetuses were groups III or IV, and non-hypertonia
fetuses were groups I or II. Newborn kits were grouped as DMSO-, ve-
hicle-, or sepiapterin-treated kits.

Number of Animals: For this animal study, we made sure that we
had enough power to discern the effects of the different regions of the
fetal brain. The number of fetuses in each group was calculated before
the study using a moderate effect size with α = 0.05, β = 0.20,
power = 80%.

Descriptive: Tetrahydrobiopterin results were expressed as box and
whisker with normal distribution plots, where the box depicts 25th and
75th percentiles, the middle dot is the median, and the whiskers depict
the range.

Statistical Methods: An analysis of variance (ANOVA) was used for
multiple group comparisons and t-tests were used to determine differ-
ences between two groups. Student-Newman-Keuls and Bonferroni post
hoc tests were conducted. Bonferroni correction was applied for mul-
tiple comparisons. Alpha error was set at p < 0.05. Linear and logistic
regression were also performed. The 0 h tetrahydrobiopterin level was
used as equivalent to a priori tetrahydrobiopterin levels. The equalities
of the two population correlations and slopes of the lines were tested
with Pearson correlation statistics using Fisher's z transformation. For
gene expression data, we analyzed Q—Q plots in addition. For all data
that did not follow a normal distribution, nonparametric analysis was
used.

Structural Equation Modeling: A causal link between tetra-
hydrobiopterin in various regions with hypertonia was then assessed
using path analysis of several possible models by Proc Calis in SAS ver
9.4. Ninety one fetuses had complete data, out of 98 sent for high-
powered liquid chromatography–electrochemical detection.

3. Results

3.1. Fetal brain injury predisposition to hypertonia assessed by diffusion-
weighted MRI

We used an MRI biomarker to identify the fetuses that are predicted
to develop hypertonia or not in the newborn period after undergoing
H–I and reperfusion-reoxygenation [3]. Monitoring fetal brain ADC
during uterine ischemia, we found four characteristic patterns of
change: Pattern I had no change in ADC baseline, Pattern II had a de-
crease in ADC but above a threshold of 85% of baseline (Fig. 1B),
Pattern III had ADC decrease below the threshold, and Pattern IV had
ADC during reperfusion period show a subsequent decrease from the
ADC level at the end of uterine ischemia (uterine reperfusion, Fig. 1C).
The receiver operating characteristic curve for prediction of hypertonia
using the presence of either an ADC decrease below the threshold or a
subsequent fall in uterine reperfusion (Patterns III or IV) is good to
excellent (Fig. 1D). In our study population of 178 fetuses, 16% showed
no change, 17% showed a slight fall, 43% fell below the threshold, and
24% had a further fall during uterine reperfusion (Fig. 1E). The sham-
operated group showed negligible ADC changes during imaging.

3.2. Individual brain region tetrahydrobiopterin levels and their relationship
with hypertonia

To define if tetrahydrobiopterin indicates brain region susceptibility
to the development of hypertonia, we conducted a double-blinded study
using enough statistical power for moderate effect size similar to a
clinical phase III design. We investigated whether susceptibility to hy-
pertonia (as identified by distinct changes in ADC patterns during and

Table 1
RT-PCR primers.

Gene Forward (5′-3′) Reverse (5′-3′)

GTPCH AGTTGGGGTGGTGGTTGAAG TCTTCCCGAGTCTTGGGGTC
PTPS CCGTTACGGGAATGGTTATGA TGAAGTACGGCACATCCAGG
SPR TGAACATCTCGTCGCTGTGT AGCTTCTGGGCTGACTCCTT
DHPR TTGGATGGGACTCCTGGGAT GTATCCAGGGTAACCGGCAG
DHFR caCAACGTCGTCAGTGGAAGG ccTTGTGGCGGTTCCTTGAG
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after H–I) is influenced by an intrinsic level of tetrahydrobiopterin in
the different brain regions. Tetrahydrobiopterin concentration in brain
regions was compared between Hypertonia vs No-hypertonia groups as
well as between sham and specific MRI Patterns (I, II, III, IV in Fig. 2).

We found that the thalamus and cerebellum showed significant
differences in tetrahydrobiopterin levels between Hypertonia (Patterns
III and IV) and Non-hypertonia (Patterns I and II (Fig. 2A,C) and in all
four MRI Patterns when compared with sham (Fig. 2B,D). The highest
concentration of tetrahydrobiopterin was found in the thalamus from
Pattern I, a non-hypertonia group, which was distinct from the sham
non-H-I group. Note that the tetrahydrobiopterin in Pattern I corre-
sponds to a subpopulation that does not develop hypertonia after H–I,
which is the opposite of Patterns III and IV that develop hypertonia
after H–I (Fig. 1B and C). The tetrahydrobiopterin levels in the sham
group, however, reflect the population values of all rabbits prior to H–I,
whether or not they were susceptible to hypertonia. This comparison

strongly indicates that susceptibility to H–I injury is dependent on an
individual and developmental predisposition to low tetra-
hydrobiopterin. Tetrahydrobiopterin in the other two regions—cortex
and basal ganglia—did not show a difference in Hypertonia vs Non-
hypertonia; note the β error of the similarity not being true is as low as
0.01–0.26 (Fig. 2E,G).

3.3. Tetrahydrobiopterin in all brain regions influences hypertonia

We found it interesting that upon further statistical analysis,
ANOVA and logistic regression showed that the interaction term of all
four regions significantly influenced hypertonia. Since motor disorders
can be influenced by the regulation along the basal ganglia and thala-
mocortical axis, we explored the significance of brain region tetra-
hydrobiopterin concentrations in Hypertonia and Non-hypertonia
groups on the interaction term, or regional connection by analyzing

Fig. 2. Tetrahydrobiopterin (BH4) levels in brain regions. Tissue collected immediately after end of H–I/reperfusion period (0 h group) and stratified by MRI
patterns. (A) Thalamus BH4 is significantly lower in Hypertonia group than Non-Hypertonia (*p < 0.01, two-sample t-test, power for actual medium-effect
size = 86%). All fetuses underwent H–I. (B) Comparing thalamus BH4 in sham (no H–I) with all MRI patterns undergoing H–I, groups are significantly different
(*p < 0.05, ANOVA, power for actual medium-large-effect size = 79%). Post hoc tests show pattern I different from patterns III and IV, but not different from sham
or pattern II. Patterns III and IV not different from sham or group II (post hoc comparisons with Student-Newman-Keuls multiple range and Bonferroni tests). (C)
Cerebellum BH4 is significantly lower in Hypertonia group than Non-hypertonia group (*p < 0.05, two-sample t-test, power for actual medium-effect size = 68%).
(D) Comparing cerebellar BH4 in sham with all MRI patterns, groups are significantly different (*p < 0.05, ANOVA, power for actual medium-large-effect
size = 80%). Post hoc tests show pattern I different from all other groups (post hoc comparisons with Student-Newman-Keuls and Bonferroni tests). (E) Cortex BH4 is
not significantly different between hypertonia and Non-hypertonia groups (power for medium-effect size = 74%, for actual effect size = 23%; type II error that the
groups are actually different is only 26%). (F) Comparing cortex BH4 in sham with all MRI patterns; groups are not significantly different from each other (power for
actual effect size = 99%; similarly, type II error is only 1%). (G) Basal ganglia BH4 is not significantly different between Hypertonia and Non-hypertonia groups
(power for medium-effect size = 75%, for actual effect size = 12%). (H) Comparing basal ganglia BH4 in sham with all MRI patterns, groups are not significantly
different from each other (power for medium-large-effect size = 79%, for actual effect size = 14%).
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two-, three-, and four-brain regions. Interactions of two brain regions
were then assessed by investigating the equality of the Pearson corre-
lations with Fisher's z transformation, comparing Hypertonia and Non-
hypertonia groups. In this analysis, the cortex and cerebellum and the
cortex and basal ganglia were significantly different among all two-
region comparisons (Fig. 3A and B), indicating predisposition to hy-
pertonia in the interaction of two-regions. The thalamus was not sig-
nificantly different from the other regions (only the cortex correlation is
shown in Fig. 3C). However, low tetrahydrobiopterin levels
(< 20 pmol/mg protein) in any of the regions, basal ganglia, cere-
bellum, or thalamus combined with a low cortex level predisposes to
hypertonia (Fig. 3D–F).

Interactions of all combinations of the three regions were sig-
nificantly associated with Hypertonia in univariate analysis. Expanding
the analysis to three brain regions, three-dimensional plots with three-
region-correlations showed emergence of noticeably different planes
between Hypertonia and Non-hypertonia groups (cortex-basal ganglia-
cerebellum in Fig. 4A and B and thalamus-cortex-cerebellum in Fig. 4C
and D).

We also investigated whether gender and brain region influence
hypertonia in a univariate analysis. The highest tetrahydrobiopterin
levels were always seen in non-hypertonic males, possibly weakly in-
dicating that a subpopulation of males may be protected from hy-
pertonia by high tetrahydrobiopterin levels (Fig. 5).

Additional analyses of the relationship between the tetra-
hydrobiopterin variations in all four brain regions as a causal factor of
injury using structural equation modeling indicated the relative con-
tribution of four brain regions as a cause of hypertonia. The best model
obtained with path analysis (Fig. 6) confirms that thalamus

Fig. 3. Regional brain tetrahydrobiopterin (BH4) at 0 h and hypertonia:
two-region analysis. A–F. Each data point (either dot or square) is defined by
two BH4 values and is unique to one animal. Two-dimensional relationship
plots of cortex BH4 with basal ganglia (A), cerebellum (B), and thalamus (C)
comparing Hypertonia (filled circles) vs. Non-hypertonia groups (open
squares). Correlation between two regions are significant in both groups using
Pearson correlation coefficient. (A) Cortex BH4 and basal ganglia BH4 corre-
lation for Hypertonia (red line) is different from that in Non-hypertonia (blue
linear regression lines, note difference in slopes). Pearson correlation coefficient
transformed into a Fisher's z score and statistically compared between
Hypertonia and Non-hypertonia. (B) Cortex BH4 and cerebellum BH4 correla-
tion for Hypertonia (red line) is different from that in Non-hypertonia (blue
line); linear regression lines shown. (C) Other correlations of two regions be-
tween Hypertonia and Non-Hypertonia groups were not significant including
between cortex BH4 and thalamus BH4, shown here. (D–F) Depicted in D–F are
the correlation for values arbitrarily chosen to be ≤ 20 pmol/mg protein. D
corresponds to A, E to B, and F to C. At low BH4 levels, in the basal ganglia,
cerebellum, or thalamus (depicted in the ordinate) predisposes to hypertonia
for any value of BH4 in cortex. More red dots (Hypertonia) than blue open
squares (Non-hypertonia) in the lower left quadrant, indicates that at really low
BH4 levels, a low BH4 level in two regions may still predispose a fetus to hy-
pertonia. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4. Influence of brain region tetrahydrobiopterin (BH4) at 0 h and
hypertonia. Three-dimensional plots showing differences in the BH4 of three
brain regions; (B,D) compare hypertonia and (A,C) compare non-hypertonia. A
and B show the X-axis as cortex BH4, Y-axis as basal ganglia BH4, and Z-axis as
cerebellum BH4. C and D show the X-axis as thalamus BH4, Y-axis as cortex
BH4, and Z-axis as cerebellum BH4. The plots are different for hypertonia
compared with non-hypertonia when any three regions are selected and com-
pared.

Fig. 5. Gender as a factor in tetrahydrobiopterin and susceptibility to
hypertonia. Box-and-whisker plots show thalamus BH4, with no statistical
difference between males and females when compared between the hypertonia
and non-hypertonia groups (two-way ANOVA; power for actual medium-large
effect size = 82%). Note that a subpopulation of males with high tetra-
hydrobiopterin do not develop hypertonia.
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tetrahydrobiopterin has the strongest effect on Hypertonia. The other
three regions have both a direct and an indirect effect on Hypertonia
through the thalamus. What is remarkable is that the error for thalamic
tetrahydrobiopterin influence on Hypertonia in this best-fit model is
0.15 implying that the score reliability coefficient is high.

3.4. Gene expression of enzymes of tetrahydrobiopterin pathway do not
explain differences in tetrahydrobiopterin levels

To investigate whether decreased gene expression of enzymes in-
volved in the tetrahydrobiopterin pathway explain the individual low
brain region levels, we investigated specific gene expression levels in
the thalamus, cerebellum, and cortex (n = 6 for each MRI pattern). The
analysis included enzymes involved in de novo synthesis (GTP cyclo-
hydrolase I [GTPCH-1], 6-pyruvoyltetrahydropterin synthase [PTPS],
and SPR, recycling (DHPR), and salvage pathways (DHFR). We found
no direct association between biosynthetic enzyme gene expressions
and tetrahydrobiopterin levels (Fig. 7) or recycling and salvage
pathway enzymes (not shown).

3.5. Low gene expression of enzymes of tetrahydrobiopterin pathway are
not high risk for hypertonia

The actual gene expression of biosynthetic enzymes was not sig-
nificantly different between Hypertonia and Non-hypertonia groups
(Fig. 7B and C), indicating that factors other than gene expression
control basal endogenous tetrahydrobiopterin neuroprotective levels.

3.6. Reactive nitrogen species is a possible mechanistic factor

Since changes in the cortex were associated with development of
hypertonia (Figs. 4 and 6) we hypothesized that the cortex may become
a target of oxidant injury upon tetrahydrobiopterin loss in other brain
regions. Protein nitrotyrosine is associated with brain injury and in-
creased superoxide formation as we have shown to occur in H–I re-
perfusion. We analyzed nitrotyrosine changes in cortex samples with
the automated Western blot method, which provides a standardized
assessment of samples (Fig. 8A). Our analysis showed increased levels
in the cortex of hypertonia group compared with the non-hypertonia
group (Fig. 8B and C). This finding indicates that oxidant injury re-
sulting from H–I likely propagates injury through mechanisms invol-
ving reactive nitrogen species.

4. Tetrahydrobiopterin changes after hypoxia-ischemia and
reperfusion

Tetrahydrobiopterin depletion immediately after H–I (0 h) may in-
crease cell death or cellular dysfunction. In either case, it would be
expected that tetrahydrobiopterin depletion is further aggravated at
later times from H–I in the same neurons. As described before (Fig. 1),
another group of rabbit dams were delivered by C-section 48 hr after
H–I. In this 48-hr group, analysis of tetrahydrobiopterin levels in the
different brain regions, in the groups with MRI patterns predictive of
hypertonia (patterns III and IV) were found not to be different from
those of non-hypertonia (Fig. 9A,C,E,G). Comparing tetra-
hydrobiopterin in sham-operated with various MRI patterns, groups are
significantly different for only the cortex (Fig. 9F) and thalamus
(Fig. 9G).

These results confirmed that H–I causes long-lasting effects, al-
though the delayed tetrahydrobiopterin responses did not recapitulate
the initial (0 h) depletion in the hypertonia group. Rather, these results

Fig. 6. Influence of brain region tetrahydrobiopterin (BH4) at 0 h and
hypertonia. Path analysis using structural equation modeling with the best fit
from various models using all four regional BH4 values causing hypertonia. The
other three regions have both direct and indirect effects through thalamus BH4.
Black shows coefficients of the direct effect, gray shows covariance effects, and
black italcs shows errors to the path (e1 and e2). The overall model has absolute
Chi-square of 0.0000, Goodness of Fit Index of 1.000, Akaike Information
Criterion 28, Schwarz Bayesian Criterion 63, and Bentler Comparative Fit Index
of 0.9668 using Proc Calis in SAS.

Fig. 7. Gene expression of tetrahydrobiopterin (BH4) enzymes. Expression of mRNA was analyzed in brain regions showing low or high BH4. Identification of
genes for rabbit BH4 biosynthetic and regeneration enzymes was performed. (A) Correlation of thalamus BH4 with SPR only in the Hypertonia group (filled dots) vs.
Non-hypertonia (open dots), p = 0.0472. No significant correlation in Non-hypertonia group. (B). Comparison between Non-hypertonia and Hypertonia groups did
not show any difference with any of the enzymes except for GTPCH-1 (Wilcoxon two-sample test, p = 0.0076) and in (C) for PTPS (p = 0.0549). Because of multiple
comparisons and Bonferroni correction, these were not considered significant.
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indicate that delayed responses are most likely reactive responses to the
initial H–I, involving different parts of the brain.

4.1. Replenishing tetrahydrobiopterin immediately after injury prevents
further brain injury

Because increasing tetrahydrobiopterin during the late (48 h) re-
active process may be inadequate to protect against brain injury, we
asked whether elevating tetrahydrobiopterin levels soon after injury
could be a strategy to prevent damage in the brain. To this end, dams
were treated with sepiapterin, a precursor of tetrahydrobiopterin, using
an osmotic pump immediately after H–I-reperfusion injury. This inter-
vention was successful at decreasing deaths and increasing the number
of normal functioning kits ( Fig. 10). The decrease in deaths did also
come with an increase of severely affected kits.

5. Discussion

One important dilemma in determining mechanisms of fetal neu-
ropathology is that not all subjects respond the same to a hypoxic event.
This is clearly exemplified in animal models, which were exposed to
same level of hypoxia under well-controlled conditions, not all fetuses
in the litter developed same impairment; rather, a pattern of response
emerged. Our studies demonstrate that the degree of brain response to
injury could be explained by endogenous neuronal factors. Our analysis
indicates that the susceptibility to fetal brain H–I-reperfusion injury is
determined by individual variation and combinations of brain regional
tetrahydrobiopterin levels, in contrast to only one specific brain region
or a specific global low threshold level of tetrahydrobiopterin. To the
same level of insult, a fetus can develop hypertonia or not based on the
combinations of tetrahydrobiopterin levels found in different brain re-
gions. Thus, a paradigm-shift in understanding the predisposition to H–I
injury at prematurity and subsequent development of hypertonia is
proposed. Tetrahydrobiopterin deficiency per se and in different degrees
is known to result in movement disorders in children [5,12], but for
hypertonia, it appears to be influenced by specific regional deficiency.
Structural equation modeling helped elucidate the multi-dimensional

role played by different regions in an in vivo animal model. The con-
sequences of tetrahydrobiopterin deficiency in biochemical terms
would be a decrease in the production of monoamine neurotransmitters
(dopamine, serotonin), a decrease in nitric oxide, and NOS-uncoupling
resulting in enhanced superoxide.

An important advance in identifying the role of tetrahydrobiopterin
in the mechanism of the H–I-induced hypertonia was the use of the MRI
surrogate biomarker that resolves the dilemma of studying early H–I
events with later-onset hypertonia. We would not be able to differentiate
between the fetuses who would have developed hypertonia from those
with a normal muscle tone for tissue taken early, such as at 0 h and 48 h
if we did not have MRI to guide us. In our initial studies without the use
of MRI [8], thalamus obtained after H–I at 70% gestation (E22) showed
tetrahydrobiopterin loss, but the specificity of tetrahydrobiopterin de-
pletion with respect to H–I-injury could not be determined, as not all
newborns showed the same phenotype following antenatal H–I. Also,
tissue taken at the time of diagnosis of hypertonia (in our case after
birth), would miss the fact that there is an intrinsic predisposing low
level of tetrahydrobiopterin. We show that by 48 h, there was little to
differentiate tetrahydrobiopterin levels in parts of the brain from Hy-
pertonia and Non-Hypertonia groups.

Tetrahydrobiopterin levels in both thalamus and cerebellum in MRI
group I (Non-hypertonia group) are significantly higher than in groups
III and IV (Hypertonia groups). In cerebellum, Group I levels are higher
than sham. The implication is that in the normal population (re-
presented by sham) there is a range of low and high tetrahydrobiopterin
levels; albeit in fetuses, all these levels are lower than postnatal levels.
Those fetuses at the higher end of the normal distribution i.e. high
tetrahydrobiopterin level are more likely to escape becoming hyper-
tonic when subjected to H–I. Fetuses at the lower end of the normal
distribution are more susceptible to becoming hypertonic and show a
combination of low tetrahydrobiopterin in brain regions particularly in
the thalamus. Some of the low-tetrahydrobiopterin fetuses in the Sham
group would become Group III or IV if subjected to H–I. It is important
to note that a relatively low level of tetrahydrobiopterin per se probably
does not cause hypertonia, but a high level confers some resistance to
becoming hypertonic. The present study is thus important in

Fig. 8. Nitrotyrosine formation in cortex. (A). Chromatogram of automated Western blot showing nitrotyrosine formation by the difference between blocked
antibody (negative control, gray lower line on right half) and unblocked antibody (black). Shaded highlighted portion shows proteins that have specific binding to
nitrotyrosine. (B, C) The cortex was the only region analyzed because of tissue availability. Increase in cortex nitrotyrosine formation in the Hypertonia group
compared with the Non-hypertonia group using height (B) or area (C) of the scan peaks; Wilcoxon two-sample test, n = 6–8/group, *p < 0.05.
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establishing that the endogenous tetrahydrobiopterin level before H–I
in different regions is associated with susceptibility/resistance to an
insult.

After 48 h of H–I injury, tetrahydrobiopterin levels were not dif-
ferent between Hypertonia and Non-hypertonia groups. Only in the
Sham group, there was a significant increase in cerebellar tetra-
hydrobiopterin at 48 h compared to 0 h. By 48 h it is possible that brain
regions recovered from the loss of tetrahydrobiopterin from oxidants, or
other secondary responses to H–I such as inflammation affected tetra-
hydrobiopterin levels. We verified that tetrahydrobiopterin sig-
nificantly increased 48 h after H–I, most notably, only in the group with
MRI pattern III in all four brain regions and is exemplified by changes in
the thalamus (18.3 ± 2.5 to 58.1 ± 10.2 pmol/mg protein,
p < 0.0001). This indicates that the mechanisms of responsive in-
crease in tetrahydrobiopterin are most likely regulated by the degree of
injury. H–I alone could cause an increase in the microglia and a release
of inflammatory mediators [13]. Plasma inflammatory cytokines are
increased in neonatal encephalopathy, mostly derived from H–I
[14,15]. Microglial aggregation in the dentate gyrus is observed in
various human scenarios of perinatal H–I [16]. Cerebral ischemia in
deep hypothermia during newborn cardiac surgery elicits an immediate
innate inflammatory response [17]. A possible explanation for our
findings could be that oxidants are involved and cause an increase in

inflammatory response, as has been suggested by ethanol toxicity
models [18]. Some of the inflammatory components are recognized
stimulators of tetrahydrobiopterin synthesis [19]. A reactive response
causing an increase in tetrahydrobiopterin to protect against oxidant
damage cannot be ruled out. This is suggested by significant increases
in pattern IV in the thalamus and cerebellum, albeit with less magni-
tude (18.2 ± 3.9 to 34.2 ± 6.8 pmol/mg protein in thalamus,
p = 0.046).

The gene expression studies did not elucidate if biosynthetic and/or
regeneration enzymes explained the developmental variations in tet-
rahydrobiopterin across different brain regions. It would be interesting,
however, to investigate in human subjects how the polymorphism of
the enzymes in the tetrahydrobiopterin pathway influences H–I brain
injury and motor deficits.

5.1. Tetrahydrobiopterin as a therapeutic strategy

Preventing or minimizing early tetrahydrobiopterin depletion in
H–I-reperfusion injury has a significant neuroprotective impact.
Treatment with tetrahydrobiopterin precursor, sepiapterin, prior to H–I
in the brain at E22 improves motor outcomes and overall survival rates
[8]. In this study, we showed that treatment after H–I-reperfusion is
also moderately beneficial. It is likely that tetrahydrobiopterin

Fig. 9. Tetrahydrobiopterin in brain regions 48 h after H–I: Regional BH4 analysis in hypertonia and non-hypertonia groups (A,C,E,G) and MRI patterns and
sham (B,F,D,H). No significant difference was found between hypertonia and non-hypertonia groups. The powers of two-sample t-test for medium effect size were:
thalamus 48% (A), cerebellum 45% (C), cortex 48% (E), and basal ganglia 45% (G). Comparing sham with various MRI patterns, groups are significantly different for
cortex (F) and thalamus (B); *p < 0.05, ANOVA, powers for actual large effect size = 64% and 63%, respectively. Student-Newman-Keuls and Bonferroni post hoc
tests showed a difference in the cortex only for MRI groups I & II and sham vs. II, III, IV and sham (F). Comparing sham with various MRI patterns, the cerebellum (D)
and basal ganglia (H) were not different between groups; powers for actual medium-large effect size 41% and 28%, respectively.
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improves NOS uncoupling and increasing nitric oxide production. Ele-
vated reactive oxygen species as a mechanism is concordant with our
previous experimental evidence showing that antioxidant treatments
such as superoxide dismutase mimetics, ascorbate, and/or trolox are
also beneficial [3,20]. Although we have not shown those treatments to
prevent tetrahydrobiopterin depletion, they decrease oxidant injury
and potentially also downstream oxidative modifications. Whether a
sole effect of reactive oxygen species on tetrahydrobiopterin during H–I
could explain the depletion of tetrahydrobiopterin measured at 0 h
cannot be definitively established in our experimental setting. This ef-
fect is unlikely in this case because we didn't find more depletion of
tetrahydrobiopterin in Group IV (reperfusion reoxygenation), where we
know more reactive oxygen species is produced, compared to Group III
(end H–I).

Interventions to ameliorate H–I-reperfusion injury are urgently
needed. New biomarkers of preterm and term H–I injuries are emerging
[15,21], but there are just too few options for clinical treatments.
Cooling for term neonatal encephalopathy has become a standard
therapy in neonatal intensive care units [22–27], but improvement in
death or disability is only ~15%. Because magnesium sulfate is the only
therapy available for premature brain injury resulting in CP [28], tet-
rahydrobiopterin may be a promising new therapy for premature and
near-term brain injury.

The present study also explains the discrepancy of ex vivo survival of
neuronal cells isolated from different brain regions being unrelated to
the differences in endogenous levels in our previous publication [9].
Based on tetrahydrobiopterin levels, the E22 thalamus neurons at 70%
gestation were expected to show increased resistance to H–I injury
compared to cortical neurons with a comparatively lower tetra-
hydrobiopterin content. The E22 thalamus, however, was more sensi-
tive to death than the cortex. As expected, the E29 thalamus with
higher tetrahydrobiopterin levels was much more resistant to H–I than
the E22 thalamus, which also showed improved survival rates upon
tetrahydrobiopterin supplementation [9]. Previously, we thought that a
general low or depleted tetrahydrobiopterin levels explained increased
oxidant production [29–31]. Downstream responses such as dis-
turbances in mitochodrial metabolic activity and changes in calcium
buffering results in an amplified response to hypoxia [32,33]. This
thinking needed to be adjusted to account for the possibility that the

initiating threshold may be different depending on the regional tetra-
hydrobiopterin levels. The advantage of high endogenous tetra-
hydrobiopterin is that the initial oxidation of the cofactor will have a
lesser impact in the overall downstream events preventing NOS un-
coupling and reactive oxygen species release [10]. NOS-uncoupling
consequences may explain the fact that increased tetrahydrobiopterin
content prevents H–I reperfusion injury, as shown in the brains that are
refractory to the same level of H–I reperfusion injury. In our previous
studies, we demonstrated that a higher level of superoxide radical anion
production occurs in the period of reperfusion–reoxygenation, Group IV
[3].

One limitation of the study is that we could not show low tetra-
hydrobiopterin to correlate with reactive nitrogen species as there was
not enough tissue from an individual fetus to run multiple biochemical
assays, especially in the thalamus, basal ganglia, and cerebellum.
Combining tissues from different animals is a possibility; however, that
does not take into account that tissue damage from reactive nitrogen
species is often locally circumscribed and, thus, variations from animal
to animal would not be accounted for. The technological challenges of
assaying tetrahydrobiopterin and reactive nitrogen species in smaller
regions of interest such as at a cellular level may be solved in the future.

6. Conclusions

The predisposition to hypertonia in certain premature fetuses is
dependent on regional brain tetrahydrobiopterin levels. When sub-
jected to H–I, certain fetuses with decreased tetrahydrobiopterin levels
developed critical brain injury and developed hypertonia postnatally;
other fetuses with optimal tetrahydrobiopterin levels did not. In this
regional etiological factor, thalamic tetrahydrobiopterin plays a domi-
nant role. These conclusions could only be achieved by performing an
animal study with sufficient power to characterize the role of the tet-
rahydrobiopterin levels in two-, three- and four-brain regions on hy-
pertonia development. Furthermore, tetrahydrobiopterin supple-
mentation may be considered as a possible neuroprotectant, even when
administered after H–I. The mechanisms of protection may be through
the amelioration of oxidative modifications induced by reactive ni-
trogen species.
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