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Abstract
Tetrahydrobiopterin (BH4) is important for normal brain development as congenital BH4
deficiencies manifest movement disorders at different childhood ages. BH4 transitions from very
low levels in fetal brains to higher ‘adult’ levels postnatally, with the highest levels in the
thalamus. Maternal supplementation with BH4-precursor, sepiapterin, reduces postnatal motor
deficits and perinatal deaths following 40-min fetal hypoxia-ischemia (HI) at 70% gestation,
suggesting brain BH4 is important in improving function after HI. We tested the hypothesis that
the intrinsically low concentrations of BH4 made fetal neurons vulnerable to added insults. Brains
were obtained from either naïve fetal rabbits or after 40-min HI, at 70% (E22) and 92% gestation
(E29). Neuronal cultures were prepared from basal ganglia, cortex and thalamus, regions with
different intrinsic levels of BH4. Cultures were grown with or without added BH4 to 48 hours. Cell
survival and mitochondrial function were determined by flow cytometry. At E22, thalamic cells
had the lowest survival rate in a BH4-free milieu, in both control and HI groups, while BH4
supplementation ex vivo increased neuronal survival in only HI cells. Neuronal survival was
similar in all regions without BH4 at E29. BH4 supplementation increased cell survival and cells
with intact mitochondrial membrane potential, from basal ganglia and cortex, but not thalamus.
After E29 HI, however, the benefit of BH4 was limited to cortical neurons. We conclude that BH4
is important for fetal neuronal survival following HI especially in the premature thalamus.
Supplementation of BH4 has a greater benefit at an earlier gestational age.
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Introduction
Tetrahydrobiopterin (BH4) serves as cofactor for many important enzymes in the brain
involved in biogenic amines and nitric oxide production. A deficient level of BH4 is a
known etiological factor in several neurological syndromes characterized by developmental
delay, movement disorders and seizures. Deficiency of BH4 caused by autosomal dominant
guanosine triphosphate cyclohydrolase deficiency (GTPCH), the first enzyme in the
biosynthetic pathways, manifests as the syndrome of DOPA-responsive dystonia with
dysfunction of the nigrostriatal dopaminergic neurons [1]. Gene mutations of next two
enzymes in the de novo biosynthetic pathway, 6-pyruvoylpteridine and sepiapterin
reductase, are also associated with movement disorders that manifest to different degrees
with onset at different ages. Most importantly, BH4 treatment after the onset of symptoms
can ameliorate some of the movement disorders [2]. Increasing brain BH4 may improve
dopamine production. Recently, it has been proposed that BH4 may also show some benefit
in autistic children [3, 4].

We have shown that there is a developmentally low level of BH4 in fetal rabbit brains at
preterm gestation when compared to near-term or postnatal rabbit brain [5]. BH4 levels
increased developmentally in all brain regions during pregnancy but concentrations varied
significantly in different brain regions. BH4 levels were highest in the thalamus and lowest
in the cortex at term gestation [5]. The significance of these developmental variations
remains somewhat elusive. The manifestation and onset of congenital deficiency disorders
suggest that an intrinsic threshold of BH4 may be necessary for maintenance of normal
healthy cells, and that different regions required different levels of BH4 for normal
development.

We have shown that sepiapterin administration to pregnant rabbit dams at preterm gestation
increased fetal brain BH4 levels [5]. This maternal intervention prevented severe motor
deficits and perinatal deaths following global hypoxia-ischemia (HI) at 70% gestation (22
days or E22) [5]. This response suggests that increasing BH4 may be a key factor to neuron
survival. Our hypothesis was that the intrinsically low concentrations of BH4 made fetal
neurons vulnerable to additional insults. We compared neuronal survival in cell culture
conditions with neurons from three brain regions with different intrinsic levels of BH4, and
also compared naïve animals with those after an in vivo HI insult. We also tested whether ex
vivo supplementation of BH4 could equalize the differences in cell survival and
mitochondrial function. Herein, we show that in primary culture, thalamic neurons from
preterm fetal brains are the most sensitive to BH4 deprivation (in both control and HI
groups) in contrast to those from near-term brains. Supplementation of BH4 in culture media
significantly increased the number of surviving neurons from preterm thalamus, after fetal
HI, implicating a developmental vulnerability of preterm neurons.

Materials and Methods
Animals

This study was approved by the Animal Review Committee of the NorthShore University
HealthSystem Research Institute. Animals received humane care and were treated in
compliance with the United States Public Health Service’s Policy on Humane Care and Use
of Laboratory Animals.

Surgery
The surgical procedure has been described previously [6]. Briefly, In vivo global HI of
fetuses was induced by uterine ischemia in timed pregnant New Zealand white rabbits. The

Yu et al. Page 2

Free Radic Biol Med. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dams were anesthetized with intravenous fentanyl (75 μg/kg/hr) and droperidol (3.75 mg/kg/
hr), and bag and mask ventilation was provided to maintain normal arterial pH (7.35–7.45),
Pco2 (32–45 torr), and Po2 (70–100 torr). Uterine ischemia, which resulted in fetal HI, was
induced with a 4 F Fogarty balloon catheter (Baxter Health Care Corporation, Santa Ana,
CA). The catheter was introduced into the left femoral artery; advanced 10 cm into the
descending aorta to above the uterine and below the renal arteries, and the balloon was
inflated with 300 μl of saline. At the end of the procedure (40 minutes later), the balloon was
deflated and the catheter was removed.

Primary neuron culture
Fetal brains were extracted from either naïve animals or after HI insult in utero. The cortex,
basal ganglia and thalamus were dissected. Cell suspensions were prepared according to the
procedure described previously [7]. Briefly, after the meninges were removed, the brain
sample was placed in 0.025% trypsin and incubated on a rotating shaker at 37°C for 45 min.
The brain suspension was spun at 300 X g for 10 min, the trypsin aspirated, and the cells
were washed with HBSS before limited trituration (limited to 30 times) in Neurobasal®

Media (Life Technologies, Carlsbad, CA). The brain suspension was then passed through a
sterile 70 μ filter to produce a single-cell suspension. This procedure with gentle enzyme
digest and limited trituration was chosen from many combinations because it caused
minimal cell death as determined by propidium iodide staining.

After the cells were obtained from each brain region they were pooled with the cells from
their litter mates. Each litter thus gave a number=2 or 3 regions. Cells were counted and
plated in six well plates as described previously [7]. Cell cultures were grown in
Neurobasal® Medium supplied with 10% B27 supplement (Invitrogen, Carlsbad, CA) at
37°C with 21% O2 and 5% CO2. For BH4 supplementation in wells, desferroxamine was
added to the medium to a final concentration of 0.1 mM and incubated for one hour,
followed by addition of BH4 to a final concentration of 0.1 μM. Desferroxamine was
necessary for ensuring stability of BH4 in solution. Another dose of BH4 was added four
hours later to bring the final concentration to 0.2 μM. After 24 hours of incubation, the
supernatant was collected for flow cytometry analysis and fresh medium was added with the
same final concentration of BH4 (0.2 μM). After 48 hours of incubation from the initial
culture, the supernatant and attached cells were collected [7] and again subjected to flow
cytometric analysis.

Groups
We investigated the influence of four independent factors:

1. As BH4 level increases with gestational age, preterm (E22) and near-term (29 days
gestation, E29) brains (term 31.5 days) were studied to compare fetal brains with
different endogenous BH4 levels.

2. As HI is known to cause a decrease in BH4 levels [5], we compared naive rabbits
(controls) with HI rabbits.

3. As the thalamus is known to have the highest BH4 level among all regions at birth
[5], cortex and basal ganglia were compared to thalamus to find out the regional
fate of neuronal cultures in medium without BH4.

4. The primary cell cultures were grown without BH4 (Neurobasal media per se does
not have BH4) and then compared to similar cultures with BH4 supplementation.

The saline group only received an equal volume of saline.
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Flow cytometry analysis
Immediately after preparation, an initial aliquot of cell suspension was analyzed by flow
cytometry. This initial cell count was used to ensure that equal numbers of cells went into
each well. Subsequently, the supernatant in the wells was collected at 24 and 48 hour in
addition to the attached cells in the wells at 48 hour, to obtain a total cell count of surviving
cells (Figure 1).

Neuronal survival ex vivo was estimated by two indices that differ in the denominator used
in calculating the index: First, the number of attached cells at 48 hours was divided by initial
number of cells loaded on each well (seeded cells); thus, the numbers of Cholera +
Rhodamine + cells were divided by the initial seeded live cells that were negative for PI.
This index was labeled as ‘Healthy neurons % seeded” for brevity and clarity.

The second parameter used to estimate neuronal survival was the efficiency of attachment
by estimating the ratio of attached cells over total cells in the dish. Total cells included
estimations of floating cells in supernatant at 24 and 48 h plus attached at 48 h. This index
was labeled as ‘Attachment efficiency of cells’ for all cells counted by flow cytometry.
Similarly, ‘Attachment efficiency of functioning mitochondria neurons’ was labeled for
Cholera + Rhodamine + cells and ‘Attachment efficiency of high mitochondria cells’ for
JC-1 red>green stained cells. These indices provide a little more information on the
functional properties of living cells by estimating the attachment efficiency.

Statistical analysis
All values were expressed as Mean ± SEM. For power estimations of number of kits, we
used a futility design for the most efficient use of animals [9] and taking α = 0.1, power =
0.85, effect size equal to standard deviation of cell death from previous studies. Results were
analyzed using ANOVA and multiple comparisons were done with Tukey’s Studentized
Range Test, using SAS v9.2 (SAS Institute Inc, North Carolina, USA). Paired t-test results
were used for comparison between brain regions and for changes with BH4 supplementation.
Instead of correcting for multiple comparisons, actual p values are shown for comparison.

Results
The responses of three brain regions with different intrinsic BH4 levels to cell culture
conditions in BH4-free media were compared.

Preterm Thalamic Neurons Show Less Survival in BH4-free Culture Conditions
We first investigated survival rates of cells cultured from naïve rabbit fetal brain at an age
(E22), when BH4 levels in all regions were low [5]. At this age, brain BH4 levels were
similar to those in the prototypical model used to study BH4 deficiency, the hph-1 mouse
with low GTPCH activity [10].

Healthy neurons % seeded—At 48 h, cortex cultures from naïve fetuses in BH4-free
media had the highest number of ratio of attached live neurons/seeded cells (2 ± 0.3 %),
which was significantly higher than basal ganglia (1 ± 0.2 %) and thalamus (1 ± 0.2 %)
groups (Figure 2A). Thalamus had the lowest number of cells.

In HI animals, thalamus cultures again had the lowest ratio (1 ± 0.2 %) compared to basal
ganglia (2 ± 0.4 %) and cortex (3 ± 0.5 %, n=11/group, Figure 3A). HI did not show any
appreciable change in this ratio compared to naïve in any of the regions except for basal
ganglia (p=0.042). Thus, there was no loss of cells that attached with HI in any of the
regions.
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Attachment efficiency of cells—This ratio had a similar pattern to ‘Healthy neurons %
seeded’. This was most likely due to the fact that the majority of surviving cells were
neurons at 48 hours. In the naïve fetus, thalamus had the lowest survival ratio of attached
cells/total cells (39 ± 7 %) compared to basal ganglia (78 ± 5 %) and cortex (92 ± 2 %, n=
11, Figure 2C). In the HI group, thalamus once again had the lowest ratio (24 ± 6 %)
compared to basal ganglia (65 ± 6 %) and cortex (59 ± 8%, n =11/group, Figure 3C).

Comparing naïve and HI groups, only cortex showed a significant decrease with HI
(p<0.002). Thus, there was less attachment in the cortex following in vivo HI.

Attachment efficiency of functioning mitochondria neurons—In naïve fetuses,
thalamus had significantly lower ratio of attached functioning mitochondria neurons/total
neurons (39±6%) compared to basal ganglia (82±3%) and cortex (94±1%, n=9/group,
Figure 4A).

In the HI group, thalamus again had the lowest ratio (24 ± 6 %) compared to basal ganglia
(69 ± 6 %) and cortex (61 ± 7%, n =11/group, Figure 5A). Comparing naïve and HI groups,
cortex again showed a significant decrease of cell attachment with HI (p<0.001).

Attachment efficiency of high mitochondria cells—Assessing the efficiency of
attachment of cells with JC-1 red>green labeled cells, naïve fetal thalamus again had the
lowest ratio (22 ± 5%) compared to basal ganglia (56 ± 7%) and cortex (66 ± 4 %, n=9,
Figure 4C). In HI brains, there was a similar but non-significant trend for this ratio with 48 ±
8% for basal ganglia, 34 ± 8% for cortex and 19 ± 3 % for thalamus (n=7–8/group, Figure
5C).

Near-Term Thalamic Neurons are More Resistant to Hypoxic Injury
Healthy neurons % seeded—In naïve fetuses at E29, the ratio of attached live neurons/
seeded cells was not significantly different among basal ganglia 3 ± 1%, cortex 3 ± 1 % or
thalamus 3 ± 1 % (n=9/group, Figure 6A).

In HI group, there was again no difference among the three regions, basal ganglia 3 ± 1 %,
cortex 2 ± 0% and thalamus 3 ± 1 % (n=9/group, Figure 7A). Again, HI did not show any
appreciable decrease in the yield of attached cells after cell culture except in the cortex
(p<0.049).

Attachment efficiency of cells—In naïve fetuses, there was no significant difference
among basal ganglia (55 ± 5 %), cortex (48 ± 3 %) and thalamus (48 ± 3 %, Figure 6C). In
the HI group, basal ganglia (70 ± 5 %) and thalamus (62 ± 8 %) were significantly higher
than cortex (44 ± 5 %, Figure 7C).

Attachment efficiency of functioning mitochondria neurons—In naïve fetuses, the
ratio in basal ganglia (61 ± 3 %) was significantly higher compared to cortex (49 ± 3%) and
thalamus (48 ± 2%, n=9/group), with no difference between thalamus and cortex (Figure
8A).

In HI group, basal ganglia (68 ± 4 %) was significantly higher than cortex (43 ± 5 %) with
no difference between thalamus (59 ± 7 %) and other regions (n=9/group, Figure 9A).

Attachment efficiency of high mitochondria cells—In naïve fetuses basal ganglia
(58 ± 8 %) again had significantly higher ratio than cortex (47 ± 6 %) and thalamus (45 ± 5
%, Figure 8C). In HI group, basal ganglia had the highest ratio (73 ± 8%), which was
significantly higher than that of cortex, but not thalamus (Figure 9C).
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BH4 Supplementation Improves Cell Survival
Supplementation of neuronal cultures with BH4 caused differential effects depending on
age. In naïve fetuses at E22, BH4 supplementation did not increase any of the indices from
any of the regions (Figure 2B, D & Figure 4B, D). This is in contrast to the naïve fetuses at
E29 (see later). In the HI group, at E22, BH4 supplementation improved neuronal survival in
the thalamus in 3 of the 4 indices: ‘Healthy neurons % seeded’ (paired t test, p=0.0004,
n=11/group, Figure 3B), ‘Attachment efficiency of cells’ (p=0.0056, n=11/group, Figure
3D) and ‘Attachment efficiency of functioning mitochondria neurons’ (p=0.0099, n=11/
group, Figure 5B). BH4 supplementation only improved ‘Attachment efficiency of cells’ in
basal ganglia (p=0.0398, n=11/group) while there was no difference in other indices. There
was no difference in cortex with BH4 supplementation.

At E29, the response to BH4 supplementation in all groups was different from the response
in E22. In naïve E29 fetuses, BH4 supplementation significantly increased neuronal survival
in all indices in all regions at 48h, except for thalamus for ‘Healthy neurons % seeded’.
Basal ganglia and cortex had an increased ratio (p=0.0109 and 0.0103, respectively, n=11/
group, Figure 6B). For ‘Attachment efficiency of cells’, BH4 supplementation significantly
increased ratio in basal ganglia (p=0.0084), cortex (p=0.0006) and thalamus (p=0.0012,
n=11/group, Figure 6D). ‘Attachment efficiency of functioning mitochondria neurons’
increased in all three regions with BH4 supplementation (p=0.0017, 0.0013 and p=0.0045
for basal ganglia, cortex and thalamus respectively, n=9/group, Figure 8B). ‘Attachment
efficiency of high mitochondria cells’ also increased in basal ganglia (p=0.0314), cortex
(p=0.0102) and thalamus (p=0.0079, n=11/group, Figure 8D). The implications of these
results is that in normal development, older gestation neurons have increased vulnerability if
they are exposed to a state of BH4 deficiency and this vulnerability can be reversed with
BH4 supplementation.

In contrast to the naïve fetus at E29 and the HI fetus at E22, brain regions responded
differently to exogenous BH4 supplementation following HI at E29. BH4 supplementation
improved neuronal survival in the cortex in 3 of the 4 indices: ‘Healthy neurons % seeded’
(p=0.0491, n=9/group, Figure 7B), ‘Attachment efficiency of cells’ (p=0.0126, n=9/group),
and ‘Attachment efficiency of functioning mitochondria neurons’ (p=0.0046, n=9/group).
BH4 supplementation only improved ‘Attachment efficiency of cells’ in basal ganglia
(p=0.0420, n=9/group) while there was no difference in other indices. There was no
difference in thalamus with BH4 supplementation, in contrast to the thalamus after E22 HI.

Discussion
The main findings of this study are that the different levels of BH4 found in different fetal
brain regions reflect a differential vulnerability of developing neurons to injury and survival.
This is the first study to show that at a premature gestation (70%. E22), neurons obtained
from the thalamus region are most sensitive to ex vivo BH4-free conditions. The translational
implication is that an added insult, such as HI that reduces BH4 levels in vivo, would make
the neurons increasingly vulnerable to cell death. This contention is supported by the rescue
of neurons in the thalamus by ex vivo BH4. The other distinctive finding of this study was
that with increasing gestation, the thalamus at near-term gestation (E29) was no longer
different from other regions to the response to BH4 rescue. This would suggest that during
development the attainment of a threshold amount of BH4 may be enough for survival. BH4
supplementation ex vivo improved neuronal survival and cell functions in all regions in non-
HI E29 animals. Following HI at E29, only cortex showed definite benefit from BH4
treatment, suggesting that the fall in BH4 with HI, renders the region with the lowest
vulnerability to injury.
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We have previously shown that BH4 levels in fetal rabbit brains showed a differential
development in different regions [5]. In E22 fetuses, both BH4 and GTPCH levels were
lower than those in E29 [5]. In general, BH4 level increases with gestation from very low
levels in prematurity but the levels at near-term are still lower than newborn levels. The
region with the highest absolute BH4 level at all gestational ages is the thalamus. It is
possible that neurons in the thalamus need more BH4 to thrive. The greater susceptibility of
thalamic neurons to death following HI likely reflects the specific need for BH4 in this
region.

Generally brain cells develop normally from a stage of low to higher BH4 without incident.
However, an added insult during the stage of low levels could trigger cell death pathways. In
our study, we used two insults: ex vivo cell culture conditions and in vivo HI. Note that cell
culture for 48 hours probably selects the cells that could survive in a milieu of very low
BH4. In this situation, supplementation would not improve survival, as was the case in our
study for E22. The exact biochemical mechanisms of cell death and survival that involve
BH4 in neurons have not been elucidated. One of the potential pathways for improving
survival may be related to nitric oxide (NO)-dependent mechanisms. BH4 is a cofactor for
nitric oxide synthase (NOS). BH4 deficiency decreases NO-formation but increases
superoxide, a process known as NOS uncoupling [11–13]. Thus, uncoupling of NOS at very
low BH4 levels [11] may lead to cellular dysfunction [14]. We have found that mRNA levels
of neuronal NOS (nNOS) are developmentally regulated and regional expression mirrored
the findings of BH4 levels, with the thalamus having the highest expression of enzyme.
Hypoxia induced increased expression of nNOS in brain [15]. With increased nNOS in HI,
NOS uncoupling might increase with lower BH4 levels. Increased oxidative stress may
exceed the cell’s ability to cope beyond a threshold level, leading to the proposal of a
double-hit hypothesis depicted in Figure 10, which refines the hypothesis originally
proposed by Dr. Vasquez-Vivar [5].

Adding BH4 restores normal activity of nNOS and inhibits production of superoxide by the
enzyme [11]. We and others have shown that oxidative stress increases during HI. Recently
we showed that MRI could identify the fetuses at risk for postnatal motor deficits with a
combination of HI changes and a distinct reperfusion-reoxygenation injury [16]. MRI
identified reperfusion-reoxygenation injury was associated with an increase in superoxide
production and critical oxidative stress during HI and reperfusion-reoxygenation determined
future motor deficits [16]. In the present study, BH4 supplementation had more benefits in
HI group than in the control group. The next study would be to investigate superoxide
production in cells from different regions, with and without supplemented BH4 in vivo.
Since cell specific responses to variations in BH4 steady state levels may be dependent on
the expression levels of NOS, and the possibility of increasing co-factor requirements, a
detailed study of nitrosative and oxidative stress warrants further investigation during H-I
and in the reperfusion-reoxygenation period [16], especially in those fetuses that are
destined to have motor deficits.

It is well known that the brain cells in the fetus have different pathways of cell death than in
the adult [17, 18]. Previous studies using non-physiological cell concentrations probably
erroneously concluded that BH4 is cytotoxic. Dopaminergic cells undergo apoptosis and
oxidative stress from added BH4 in culture media [19–21] but the cells were initially grown
in BH4-free conditions and added levels were thousand-fold higher BH4 than normal. Most
of these studies also employed tumor cell lines [19, 20, 22, 23], which in contrast to primary
fetal cultures grow well in BH4-free conditions, and may lack critical enzyme systems which
are important for normal development. Increasing BH4 levels by supplying its precursor
sepiapterin in similar cells that overexpress nNOS resulted in attenuation of apoptosis by 1-
methyl-4-phenylpyridinium [24]. In mouse primary brain cells that were initially grown in
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BH4-free conditions, supplemented BH4 increased apoptosis, but the concentrations used
were much higher than in our studies, 1–50 μM [21, 25]. In contrast, sepiapterin 20 μM,
increased intracellular BH4 and protected against neuronal death following glutathione
depletion in nigrostriatal cultures [26]. Sepiapterin, 40 μM, has been shown to be protective
against toxicity in nigral cultures by raising the tissue BH4 content to 33 pmol/mg protein
[27]. In our study, we investigated cell survival and estimation of cell function using
attachment efficiency, both of which have not been studied before. Our concentrations of
BH4 used for supplementation (0.2 μM) were derived from the physiological postnatal brain
concentrations in rabbits, determined in our previous study [5]. It is possible that BH4 is
needed for better mitochondrial function in stressful situations but the exact mechanisms
need to be elucidated.

In conclusion, early BH4 deprivation in prematurity may be a risk factor for neuronal
survival and function, especially in the thalamus region. Supplementation of BH4 has greater
benefit at earlier gestational age E22 than later E29. Developing neurons need a dual hit to
be injured.
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BH4 tetrahydrobiopterin

DOPA levodopa

HI hypoxia-ischemia
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NOS nitric oxide synthase

E22,E29 22, 29 days gestation
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Highlights

• Study if high BH4 levels, e.g. thalamus, influence neuronal survival ex vivo

• Preterm thalamic neurons have the lowest survival in BH4-free milieu

• Ex vivo added BH4 improves survival in preterm thalamus after hypoxia-
ischemia

• At near-term, ex vivo added BH4 improved survival in all regions in controls.

• After hypoxia-ischemia, added BH4 improved in only cortical near-term neurons
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Figure 1.
Experimental Plan and Flow cytometric Analysis
Cell suspensions were analyzed and subpopulations of 1) living cells defined by negative
propidium iodide staining (PI −), 2) neurons, cells positive for cholera toxin, 3) neurons
with functioning mitochondria, cells positive for both cholera toxin and Rhodamine 123
(Cholera + Rhodamine +) as described previously [7], and 4) cells with high mitochondrial
function that had higher red than green fluorescence with JC-1 staining. JC-1 was used in a
concentration of 5 μg/ml for assessing mitochondrial function [8]. The healthy cells with
high mitochondrial function have higher Δψm and JC-1 spontaneously forms complexes
known as J-aggregates with intense red fluorescence.
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Figure 2. Regional susceptibility to BH4 deficiency for neuronal survival and function at E22
A. Healthy neurons % seeded: In E22 brains, the ratio of live neurons (Cholera toxin and
Rhodamine positive cells after 48h culture) divided by total cells (from flow cytometer
count of initial cell suspension) show the highest number in cortex compared to basal
ganglia and thalamus in a BH4 deficient environment (ANOVA p=0.0153; * p=0.0354
cortex vs basal ganglia, p=0.0028 vs. thalamus, paired t-test). B. With BH4 supplementation,
there are no increases in recovery of the ratio (shown as a % change) in any of the groups. C.
Attachment efficiency of cells: The efficiency of attachment given by the percentage of
attached cells (at 48 h) over the total cells obtained in supernatants at 24 h and 48 hr and
attached cells show that the lowest attachment in the thalamus group (ANOVA p<0.0001,
*p<0.0001 vs cortex and p=0.007 vs basal ganglia, paired t-test); basal ganglia is lower than
cortex (p=0.0116, paired t-test). D. Supplementation with BH4 did not increase the
efficiency of attachment in any of the groups (dashed line shows 0 change).
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Figure 3. HI at E22 and BH4 dependency on neuronal survival and function
A. Healthy neurons % seeded: In the HI group for E22, ratio of live neurons (Cholera toxin
and Rhodamine positive cells after 48h culture) divided by total cells (from flow cytometer
count of initial cell suspension) show the lowest number in thalamus in a BH4 deficient
environment (ANOVA p=0.0172; *p =0.0009 vs basal ganglia and p=0.0012 vs cortex,
paired t-test). B. Healthy neurons % seeded With BH4 supplementation, this ratio was
significantly increased in thalamus, but not in basal ganglia and cortex groups (# p=0.0004,
paired t-test). C. Attachment efficiency of cells: In the HI group, the efficiency of
attachment given by the percentage of attached cells (at 48 h) over the total cells obtained in
supernatants at 24 h and 48 hr and attached cells show that the lowest attachment in the
thalamus group (ANOVA p=0.0003; * p=0.0004 vs. basal ganglia and p=0.0021 vs cortex,
n=11, paired t-test). D. Attachment efficiency of cells: Supplementation with BH4 increase
the efficiency of attachment in both basal ganglia (# p=0.0398) and thalamus (# p=0.0056,
n=11, paired t-tests).
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Figure 4. BH4-dependent mitochondrial function and regional susceptibility at E22
A. Attachment efficiency of functioning mitochondria neurons: In E22 brains, the ratio of
attached neurons with functioning mitochondria (Rhodamine + Cholera + cells at 48 h) over
total neurons with functioning mitochondria (in supernatant at 24 and 48 h plus attached at
48 h) was the highest in the cortex in a BH4 deficient environment (ANOVA p<0.0001;
*p=0.0057 cortex vs basal ganglia, p<0.0001 cortex vs. thalamus, p=0.0003 basal ganglia
vs. thalamus, paired t-test). B. With BH4 supplementation, there are no increases in recovery
of the ratio (shown as a % change) in any of the groups. C. Attachment efficiency of high
mitochondria cells: Thalamus neurons from E22 rabbit fetal brain had the lowest ratio of
attached cells high mitochondrial function (JC healthy -1 red>green fluorescent cells at 48 h)
to total cells with high mitochondrial function (in supernatant at 24 and 48 h plus attached at
48 h) without BH4 supplementation (ANOVA p<0.0001; * p=0.0068 vs. basal ganglia and
p=0.0001 vs. cortex, paired t-test). D. There were no differences in this ratio in any of the
groups with BH4 supplementation.
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Figure 5. HI at E22 and BH4-dependent regional mitochondrial function
A. In the HI group for E22, the ratio of attached neurons with functioning mitochondria
(Rhodamine + Cholera + cells at 48 h) over total neurons with functioning mitochondria (in
supernatant at 24 and 48 h plus attached at 48 h) was the lowest in thalamus in a BH4
deficient environment (ANOVA p<0.0001; * p=0.0002 vs basal ganglia and p=0.0007 vs
cortex, paired t-test). B. Attachment efficiency of functioning mitochondria neurons: With
BH4 supplementation, this ratio significantly increased in thalamus (# p=0.0099, paired t-
test) but not in basal ganglia and cortex. C. Attachment efficiency of high mitochondria
cells: In the E22 HI group, thalamus had the lowest ratio of attached cells with healthy
mitochondria (JC-1 red>green fluorescent cells at 48 h) to total cells with healthy
mitochondria (in supernatant at 24 and 48 h plus attached at 48 h) without BH4
supplementation (ANOVA p=0.0313; *p=0.0098 thalamus vs basal ganglia, paired t-test).
D. With BH4 supplementation, there are no increases in recovery of this ratio in any of the
groups.
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Figure 6. Most regions show improvement with BH4 in neuronal survival and function at E29
A. Healthy neurons % seeded: In E29 brains (depicted by dashed lines), the ratio of live
neurons (Cholera toxin and Rhodamine positive cells after 48h culture) divided by total cells
(from flow cytometer count of initial cell suspension) was not different among cortex, basal
ganglia and thalamus in a BH4 deficient environment. B. Healthy neurons % seeded: With
BH4 supplementation, this ratio significantly increased in both basal ganglia and cortex (#
p=0.0109 and p=0.0103 respectively, paired t-test) but not in thalamus group. C. Attachment
efficiency of cells: The efficiency of attachment given by the percentage of attached cells (at
48 hr) over the total cells obtained in supernatants at 24 h and 48 hr and attached cells at 48
hr showed no difference attachment among the thalamus, cortex and basal ganglia. D.
Attachment efficiency of cells: Supplementation with BH4 increased the efficiency of
attachment in all of the groups (#BG p=0.0084, Cortex p=0.0006, thalamus p=0.0012, paired
t-test).
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Figure 7. HI at E29 and BH4 dependency on neuronal survival and function specific to cortex
A. Healthy neurons % seeded: In the HI group for E29, ratio of live neurons (Cholera toxin
and Rhodamine positive cells after 48h culture) divided by total cells (from flow cytometer
count of initial cell suspension showed no difference among the three regions. B. Healthy
neurons % seeded: With BH4 supplementation, this ratio was significantly increased in
cortex (#, p=0.04911, n=9/group, paired t-test), but not in basal ganglia and thalamus. C.
Attachment efficiency of cells: In the HI group, the efficiency of attachment given by the
percentage of attached cells (at 48 h) over the total cells obtained in supernatants at 24 h and
48 hr and attached cells showed that cortex had the least cells (ANOVA p=0.0132; *
p=0.0015 cortex vs. basal ganglia, p=0.0399 cortex vs. thalamus, n=9/group, paired t-test).
D. Attachment efficiency of cells: Supplementation with BH4 increased the efficiency of
attachment in both basal ganglia and cortex (# p =0.0421 and p=0.0126 respectively, n=9,
paired t-test), but not in thalamus.
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Figure 8. BH4-dependent mitochondrial function in all regions at E29
A. In E29 brains, the ratio of attached neurons with functioning mitochondria (Rhodamine +
Cholera + cells at 48 h) over total neurons with functioning mitochondria (in supernatant at
24 and 48 h plus attached at 48 h) show the highest number in basal ganglia compared to
cortex and thalamus in a BH4 deficient environment (ANOVA p=0.0030; *p=0.0017 basal
ganglia vs. cortex, p=0.0072 vs. thalamus, n=9/group, paired t-test). B. Attachment
efficiency of functioning mitochondria neurons: With BH4 supplementation, there are
significant increases in recovery of the ratio (shown as a % change) in all groups (# basal
ganglia p=0.0017, Cortex p=0.0013, thalamus p=0.0045, n=9/group, paired t-test). C.
Attachment efficiency of high mitochondria cells: Basal ganglia neurons from E29 rabbit
fetal brain had higher ratio of attached cells with high mitochondrial function (JC-1
red>green fluorescent cells at 48 h) to total cells with high mitochondrial function (in
supernatant at 24 and 48 h plus attached at 48 h) compared to cortex, without BH4
supplementation (* p=0.0234, n=9/group, paired t-test but ANOVA not significant). D.
Attachment efficiency of high mitochondria cells: With BH4 supplementation, there were
significant increases in recovery of this ratio in all the groups (# basal ganglia p=0.0314,
Cortex p=0.0102, thalamus p=0.0079, n=9/group, paired t-test).
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Figure 9. HI at E29 and BH4-dependent mitochondrial function specific to cortex
A. Attachment efficiency of functioning mitochondria neurons: In the HI group for E29, the
ratio of attached neurons with functioning mitochondria (Rhodamine + Cholera + cells at 48
h) over total neurons with functioning mitochondria (in supernatant at 24 and 48 h plus
attached at 48 h) in basal ganglia was higher than cortex in a BH4 deficient environment
(ANOVA p=0.0137; * p=0.0077 basal ganglia vs. cortex, paired t-test). B. Attachment
efficiency of functioning mitochondria neurons: With BH4 supplementation, this ratio
significantly increased in cortex (# p=0.0046, paired t-test) but not in basal ganglia and
thalamus. C. Attachment efficiency of high mitochondria cells: Cortex had a lower ratio of
attached cells with healthy mitochondria (JC-1 red>green fluorescent cells at 48 h) to total
cells with healthy mitochondria (in supernatant at 24 and 48 h plus attached at 48 h)
compared to basal ganglia without BH4 supplementation (* p=0.0179, paired t-test although
ANOVA not significant). D. With BH4 supplementation, there were no increases in recovery
of this ratio in any of the groups.
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Figure 10. Double-hit hypothesis as proposed by Vasquez-Vivar and Tan
BH4=Tetrahydrobiopterin, O2

·− =superoxide, Tx=treated, HI=hypoxia-ischemia. Note that
even in high risk phase another insult other than HI can result in injury.
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