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A B S T R A C T

Neonatal hypoxia ischemia (HI) is the main cause of newborn mortality and morbidity. Preclinical studies have
shown that the immature rat brain is more resilient to HI injury, suggesting innate mechanisms of neuropro-
tection. During neonatal period brain metabolism experience changes that might greatly affect the outcome of HI
injury. Therefore, the aim of the present study was to investigate how changes in brain metabolism interfere with
HI outcome in different stages of CNS development. For this purpose, animals were divided into 6 groups: HIP3,
HIP7 and HIP11 (HI performed at postnatal days 3, 7 and 11, respectively), and their respective shams. In vivo
[18F]FDG micro positron emission tomography (microPET) imaging was performed 24 and 72 h after HI, as well
as ex-vivo assessments of glucose and beta-hydroxybutyrate (BHB) oxidation. At adulthood behavioral tests and
histology were performed. Behavioral and histological analysis showed greater impairments in HIP11 animals,
while HIP3 rats were not affected. Changes in [18F]FDG metabolism were found only in the lesion area of HIP11,
where a substantial hypometabolism was detected. Furthermore, [18F]FDG hypometabolism predicted impaired
cognition and worst histological outcomes at adulthood. Finally, substrate oxidation assessments showed that
glucose oxidation remained unaltered and higher level of BHB oxidation found in P3 animals, suggesting a more
resilient metabolism. Overall, present results show [18F]FDG microPET predicts long-term injury outcome and
suggests that higher BHB utilization is one of the mechanisms that confer the intrinsic neuroprotection to the
immature brain and should be explored as a therapeutic target for treatment of HI.

1. Introduction

Neonatal hypoxia ischemia (HI) is one of the main cause of mor-
tality and morbidity in newborns (Perlman, 2004; Volpe, 2009). The
surviving infants develop various degrees of neurologic deficits that
range from slight cognitive impairments to severe cases of cerebral
palsy (Volpe, 2009). This pathology affects both preterm and term
newborns. Although the nature of the injury is similar (e.g. hypoxia and
ischemia), the consequences and therapeutic interventions may present
substantial differences according to the stage of brain maturation

(Jacobs et al., 2013).
The Rice-Vannucci rat model is one of the most widely used to

mimic HI in pre-clinical settings. It combines the unilateral permanent
occlusion of the common carotid artery with a period of hypoxic ex-
posure. The age of induction of the HI model may vary according to the
degree of brain development and, in order to model HI in very preterm
infants (ranging from 28 to 32 weeks of gestation) the injury procedure
is performed at post-natal day 3 (PND3) in rats (Alexander et al., 2014;
Sanches et al., 2015; Sizonenko et al., 2005). In order to model the
injury in late preterm newborns (32–36 weeks of gestation) the
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procedure is performed at PND7, and for modeling HI occurred in term
infants (> 36 weeks of gestation) the procedure is performed at PND10
or 11 (Semple et al., 2013). Nevertheless, it is important to point out
that which rat PND resembles exactly which phase of brain develop-
ment in humans is still an issue of debate (Patel et al., 2014, 2015).

Previous studies have compared the differences of the same HI
model induced at PND3 (HIP3) and at PND7 (HIP7) (Alexander et al.,
2014; Sanches et al., 2015). They showed that the same insult, that
caused impairments in spatial and aversive memory, in motor learning
as well as significant reductions in striatum, cortex and hippocampus
when HI was performed at P7, barely caused any detectable deficits
when performed at P3 (Alexander et al., 2014; Sanches et al., 2015).
The fact that HIP7 animals present lesions that are more severe than the
same insult in HIP3 animals suggests the existence of an “intrinsic
protection” of the brain in earlier stages of development. However, the
mechanisms underlying this protection of the immature brain are not
fully understood. Brain metabolism is likely to be among the features
that may underlie the greater resilience of the immature brain to injury.
It is well known that the immature brain uses around half of the glucose
that the mature brain does in relation to its size, whereas it uses much
higher levels of ketone bodies than the mature brain (Brekke et al.,
2015). These differences seem to play a major role in HI outcome, while
hyperglycemia is linked to detrimental outcome in clinical (Pinchefsky
et al., 2019) and experimental HI studies (Park et al., 2001), adminis-
tration of exogenous beta-hydroxybutyrate improves neuropathological
score as well as reduces HI-induced cell death in rats (Lee et al., 2018).
However, the capacity of brain cells to utilize either glucose or ketone
bodies is also poorly understood in context of neonatal HI.

Brain metabolism has a predictive value in HI in humans (Zou et al.,
2018). In fact, the severity of brain damage is crucial for determining
the therapeutic approaches, since treatments such as hypothermia do
not present the same beneficial effects in all injury severities (Chiang
et al., 2017; Jacobs et al., 2013). In this context, [18F]FDG microPET
has showed strong correlations with HI outcome in the clinical setting,
being a useful tool to aid clinicians in choosing the best therapeutic
approach for each case (Shi et al., 2012; Thorngren-Jerneck et al.,
2001). Nevertheless, it is not known if these clinical findings are
translated into the experimental settings, since the predictive value of
[18F]FDG microPET scan neuroimaging in the first days after the in-
duction of the HI model in rats has never been studied. The assessment
of the replicability of clinical findings in the pre-clinical setting, this
“back-translation” enables the usage of advanced methods of analysis,
only possible in animal models with high translational value (Parent
et al., 2017).

Therefore, the present study aims to investigate the different re-
sponses triggered by HI insult in brain metabolism, such as in vivo
glucose metabolism and whether the utilization of glucose as well as
ketone bodies are mechanisms underlying the immature brain “intrinsic
protection” to HI injury. The better understanding of such mechanisms
may assist in the search for therapeutic strategies to reduce the mor-
tality and detrimental effects of infants suffering from HI.

2. Methodology

2.1. Animals

Adult female Wistar rats and their male pups were used in this
study. Mating was planned so that all groups would have the appro-
priate age so that the HI procedure would be performed in the same
day, meaning that there was at least one litter of each age used in this
study in each HI induction procedure. Such litters were composed of an
adult female and 10 male rat pups, in order to avoid the litter effect,
each litter contained pups of at least 3 different mothers, with a max-
imum of 4 pups of the same mother in each litter. All litters were
standardized at PND1. All experimental procedures were performed in
accordance with the recommendations of the Council for International

Organizations of Medical Sciences (CIOMS - Publication 85–23, 1985)
and the Brazilian Society of Science in Laboratory Animals - Law n°
11.794. Ethical approval was obtained by the review board of the
Universidade Federal do Rio Grande do Sul protocol # 31632. Rats
were housed in standard conditions in cages measuring
16 × 41 × 34 cm (height x width x length), provided with wood
shaving bedding.

2.2. Neonatal hypoxia-ischemia

PND3, PND7 and PND11 male pups were randomly assigned for
receiving either Sham or HI procedure. HI animals were anesthetized
(isoflurane 4–5% for induction and 1.5–2% for maintenance) and un-
derwent permanent right common carotid artery occlusion, as pre-
viously described (Sanches et al., 2013). Animals were kept in warming
pads (37 °C) for 10 min to recover from anesthesia and were returned to
the dam. Two hours after surgery, pups were placed in a hypoxia
chamber with fraction inspired of oxygen (FIO2: 0.08) at 37 °C for
90 min. Sham animals underwent carotid artery isolation without oc-
clusion and were kept under atmospheric conditions (FIO2: 0.21). At
the end of hypoxic period, all pups returned to their dams.

2.3. Experimental design

Animals were divided into 6 groups, sham (Sh) and hypoxia
ischemia (HI) operated in the PND3 (ShP3 and HIP3 respectively), in
the PND7 (ShP7 and HIP7 respectively) and in the PND11 (ShP11 and
HIP11 respectively). In surgery days litters of 10 male pups with a
mother were randomly divided into Sham or HI groups. For every
surgery day, at least one litter of each age was present. In Experiment I,
24 and 72 h after the surgery animals were submitted to microPET scan
imaging. Animals were weaned at PND23 and behavioral tests were
performed from PND60 onwards. After, animals underwent perfusion
and brains were used for histological analysis. In Experiment II, animals
of the same experimental groups were used for 14C-Hydroxybutiric acid
and 14C-glucose incorporation into 14CO2 at 24 and 72 h after the in-
jury.

2.3.1. [18F]FDG microPET scan
MicroPET scans were conducted at the Preclinical Research Center

of the Brain Institute of Rio Grande do Sul (BraIns). Brain microPET
images were acquired 24 and 72 h post-HI. The animals were an-
esthetized individually using a mixture of isoflurane and oxygen (3–4%
induction and 2–3% maintenance), and 250 μCi of [18F]FDG was ad-
ministered intraperitoneally (Dagnino et al., 2019). The animals were
returned to the home cage for a 40-min period of conscious tracer up-
take and were placed on a heat plate to maintain the body temperature
at 36 ± 1 °C. After the uptake period, the rats were placed in headfirst
prone position on the heated bed of the equipment (Triumph microPET,
LabPET-4, TriFoil Imaging, Northridge, CA, USA). The static acquisition
was performed under inhalational anesthesia for 10 min with the field
of view (FOV: 3.75 cm) centered on the head (Nunes Azevedo et al.,
2020; Zanirati et al., 2018).

2.3.2. Image reconstruction and data analysis
An exploratory analysis of glucose metabolism was performed in the

whole brain, cortex, striatum, hippocampus and corpus callosum bi-
laterally. All images were reconstructed using a 3-dimensional max-
imum likelihood expectation maximization (3D-MLEM) algorithm with
20 iterations (Zanirati et al., 2018). MicroPET images were manually
co-registered to a standard magnetic resonance imaging (MRI) histo-
logical templates corresponding to animals age. MRI templates were
obtained from the Duke Center for In Vivo Microscopy NIBIB P41
EB015897 (Calabrese et al., 2013). Standard uptake values (SUVs) were
calculated using the following equation: SUV = (radioactivity)/(dose
injected/body weight). Each hemisphere SUV was calculated based on
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manually delimited VOIs, defined on the rat templates and SUV ratio
(SUVr) was calculated using the following equation SUVr = structure
SUV/Cerebellum SUV (Nonose et al., 2018; Zimmer et al., 2017).

2.4. 14C-Hydroxybutiric acid and 14C-glucose incorporation into 14CO2

The 14C-BHB and 14C-glucose incorporation into 14CO2 was per-
formed as previously described (de Assis et al., 2016; Ferreira et al.,
2007; Torres et al., 2001). Briefly, animals were decapitated, the right
hemisphere was quickly removed, dissected and sliced, in a process that
took less than 2 min. The samples were then incubated at 37 °C for
60 min in flasks sealed with rubber caps containing 1.0 mL of HBSS
(Hanks' Balanced Salt solution, pH 7.4), 0.2 μCi Sodium salt Beta-[1-
14C] hydroxybutyric acid (55 mCi/mmol, American Radiolabeled
Chemicals, St. Louis, MO, EUA) and 5 mM of L-BHB sodium salt (for the
14C-BHB assay) or 0.1 μCi [U-14C] glucose (55 mCi/mmol, Amersham,
Little Chalfont, UK), and 5 mM of glucose (for the 14C-glucose assay).
The gaseous phase was exchanged with a 5% CO2 and 95% O2 mixture.
Small glass wells containing strips of 3 MM-Whatman paper were
placed above the level of the incubation medium (14CO2 wells). The
assay was stopped by injecting 0.25 mL of trichloracetic acid solution
50% (v/v) through the rubber caps, and 0.25 mL of NaOH (2.0 M) so-
lution directly into the 14CO2 wells. The flasks were kept for 12 h at
room temperature in order to capture 14CO2 into 3 MM-Whatman
paper. The paper contents were transferred to vials containing a liquid
scintillation mixture (toluene – Triton X®-100 (2:1, v/v); 2,5-dipheny-
loxazole (0.4%, v/v) and 2-p-phenylenebis 5-phenyloxazole (0.01%v/
v), and radioactivity was measured using a liquid scintillation counter

(LKB-Wallac, Perkin Elmer, WALTham, MA, USA). The levels of BHB
and glucose oxidation are expressed as nmol incorporated into CO2/g of
tissue /hour.

2.5. Behavioral assessment

Behavioral tasks were performed between PND 60 and 80. Ladder
Walking and Morris Water Maze tasks were performed for assessing
animal's motor and cognitive deficits, respectively.

2.5.1. Ladder walking
The motor assessment was performed using the ladder walking

apparatus, which consists of two transparent acrylic walls (Diameter:
1 m. High: 20 cm) with metal rungs (Diameter: 3 mm) inserted into the
walls. The ladder remained 30 cm above the ground and a dark cage
was located at the end of the apparatus (Metz and Whishaw, 2002).
Animals were trained for two days using a regular distance between the
rungs. Along each training session, the rats walked across the ladder
three times.

On the third day, the walking of the animals was evaluated using an
irregular rungs pattern, i.e. the rungs were spaced in intervals of 1 to
3 cm. The test was video-recorded from an inferior view in order to
record the four paws. The paws placement on the metal rungs were
rated from 0 to 6, with zero being a total miss and six was scored for a
totally correct placement (Metz and Whishaw, 2009). An error was
considered when the animal slipped the paw or failed to place it on the
rung. The final score corresponded to the mean of the three trials for
each paw in the third day.

Fig. 1. Ladder walking test motor coordination assessment. Data expressed as average of Paw Placement Score ± SE. Two-way ANOVA followed by Duncan's post-
hoc. N = 14–18 per group. & Age effect.
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2.5.2. Morris water maze
Spatial memory protocol was performed as previously described

(Arteni et al., 2003). Briefly, each rat performed four daily trials, during
five consecutive days to find a 10 cm circumference hidden platform,
which was kept in the same position during the training phase. The
interval between trials was 10 min and the maximum time to find the
platform was of 60 s for each animal in each attempt. If the animal was
unable to find the platform it was gently placed on the platform for 15 s.
The reduction in the latency to find the platform during the training
days was considered an indication of learning. In the probe test, per-
formed 24 h after the lasting training day, the platform was removed
and each rat had a single 60-s trial. Latency for crossing the platform
area for the first time, average speed and time spent in target quadrant

Fig. 2. Morris Water Maze cognitive analysis. Learning curve during the training days (A) and Area under the learning curve (B) during the five days of training.
Probe trial latency to reach the platform location and (C) time spent in the target quadrant (D). Data are expressed as average ± SE. Two-way ANOVA followed by
Duncan's post-hoc. N = 14–18 per group. * HI vs. respective Sham; # Difference to other HI groups; & Age effect.

Table 1
[18F]FDG microPET imaging correlates with cognitive performance in adulthood. Pearson correlation of different brain regions with different analysis methods and
the Water Maze area under curve.

Water maze Histology SUV 24 h SUV 72 h

Area under curve (Ipsi/contralateral ratio) (Ipsi/contralateral ratio) (Ipsi/contralateral ratio)

Brain region r2 p r2 p r2 p

Cortex −0.140 0.011 −0.184 0.001 −0.263 > 0.001
Striatum −0.202 0.002 −0.111 0.009 −0.148 0.002
Hippocampus −0.232 0.001 −0.100 0.001 −0.228 > 0.001

Table 2
[18F]FDG microPET imaging correlates with tissue injury observed in adult-
hood. Pearson correlation between histological analysis performed at adulthood
and [18F]FDG microPET imaging.

Histology SUV 24 h SUV 72 h

(Ipsi/contralateral ratio) (Ipsi/contralateral ratio)

Brain region r2 p r2 p

Cortex 0.327 > 0.001 0.355 > 0.001
Striatum 0.231 0.001 0.245 0.001
Hippocampus 0.141 0.011 0.333 > 0.001
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were recorded using ANY-Maze software. The results of the probe trial
were considered an indication of the animal's memory retention in the
task.

2.6. Brain histology

Histological analysis was performed in order to assess tissue injury.
In brief, animals were anesthetized (100 mg/kg of thiopental sodium,
Thiopentax, Cristália®) and transcardially perfused with 0.9% saline
solution and 4% paraformaldehyde solution (PFA 4%). Brains were
removed from the skull and placed in 4% PFA. Then, the brains were
placed in sucrose solution (30%) for cryoprotection and sliced in a
cryostat (Leica) at 30 μm thickness between Bregma −1.6 and –
3.8 mm (Paxinos and Watson, 2006). Every tenth section was mounted
on a gelatin-coated slide and stained using hematoxylin and eosin
(Sigma-Aldrich. St Louis. MO.USA). Volumes of hemisphere, cortex,
striatum, corpus callosum and hippocampus were assessed using NIH-
ImageJ software and calculated using Cavalieri's method, using the
equation:Σ area x (interslice interval). Data are expressed as volume
ratio of the ipsilateral hemisphere compared to the contralateral side of
carotid occlusion (Odorcyk et al., 2016).

2.7. Statistics

Statistical analysis was performed using SPSS-21 for Windows.
Sample sizes were calculated based on previous studies using similar
methodologies (Sanches et al., 2015) considering alpha = 0.05 and a
power of 80%. Two-way ANOVA considering the factors I) Age (P3, P7
or P11) and II) Lesion (Sham and HI), followed by Duncan post-hoc was
used in order to identify differences among the groups. In the water
maze learning curve a repeated measures two-way ANOVA was per-
formed. Data are expressed as means± standard error. Significance
was accepted whenever P < .05.

3. Results

3.1. HI did not induce significant motor impairments

In order to assess HI-induced motor impairments the ladder walking
test was performed. There were no differences neither in the number of
total errors, nor in the number of errors for each individual paw (data
not shown). The comparison of the foot fault score showed no effect of
the lesion in any of the assessed parameters. However, an effect of the
age was present with asmall decrease was observed in P11 groups and
the in the left forelimb (F(5,90) = 3.89, p = .024, n = 14–18 per
group) and in the right hindlimb (F(5,90) = 6.11, p = .003, n = 14–18
per group), with no differences among groups in the score of the other
paws (Fig. 1A-D). The fact that there were no differences in the number
of errors between HI groups and their respective Sham groups indicates
that the HI insult did not induce significant motor damage, regardless of
the age in which the injury occurs.

3.2. HI induced age-dependent cognitive deficits

The Morris water maze task was performed to assess HI-induced
learning and memory impairments. During the training sessions, la-
tency to find the platform was considered an indicative of learning.
Repeated measures two-way ANOVA showed significant effect of the
age and lesion (F(5,90) = 5.69, p = .005 and F(5,90) = 15.09,
p < .001 respectively, n = 14–18 per group), but no interaction
(p = .146), meaning that the HI animals had learning impairments
when compared to the Sham animals and that the P11 animals also
presented such impairment when compared to the other ages. In order
to have an overall average for learning, the area under curve for the
training days was assessed. A similar pattern was observed with dif-
ferences in age and lesion (F(5,90) = 5.69, p = .006 and F
(5,90) = 15.09, p = .001 respectively, n = 14–18 per group) and no
significant interaction (p= .156). Duncan pos-hoc showed no difference
between ShP3 and HIP3 groups, however, there was a significant
learning deficit in HIP7 group compared to ShP7. Furthermore, the
HIP11 group was not only different from the ShP11, but was also dif-
ferent from other HI groups (Fig. 2B). These results clearly show that
the learning deficits are worse in animals in which HI is induced at later
stages of development. The probe trial, performed 24 h after the last
training session is used for assessing deficits in memory retention. There
were no differences in the swimming speed (data not shown) which
implies no motor deficits. The worse performance of P11 group was also
present in the latency to reach the platform zone in the probe trial,
where only the effect of the age was found significant (F(5,90) = 4.78,
p = .011, n = 14–18 per group), while the lesion (p = .189) and the
interaction (p = .36) were not (Fig. 2C). No differences were observed
in the time spent in the platform quadrant (F(5,90) = 1.65, p = .154,
n = 14–18 per group) (Fig. 2D). Overall, present results suggest that HI
induces mainly learning deficits, and that such deficits increase when
the lesion is induced at later stages of development.

Table 3
[18F]FDG microPET imaging correlations with cognitive performance in
adulthood separated by age. Pearson correlation of different brain regions with
different analysis methods and the Water Maze area under curve. P3 = ShP3
and HIP3 groups; P7 = ShP7 and HIP7 and P11 = ShP11 and HIP11.
*Significant statistical difference.

Water maze Histology SUV 24 h SUV 72 h

Area under curve (Ipsi/
contralateral
ratio)

(Ipsi/
contralateral
ratio)

(Ipsi/
contralateral
ratio)

Age Brain region r2 p r2 p r2 p

P3 Cortex 0.069 0.365 −0.005 0.766 −0.098 0.167
Striatum 0.107 0.253 −0.080 0.216 −0.046 0.350
Hippocampus 0.015 0.678 0.000 0.950 −0.013 0.628

P7 Cortex −0.194 0.115 −0.103 0.167 −0.040 0.409
Striatum −0.315 0.037* −0.014 0.615 −0.064 0.297
Hippocampus −0.354 0.025* −0.040 0.401 −0.065 0.292

P11 Cortex −0.349 0.02* −0.501 0.001* −0.044 0.438
Striatum −0.423 0.009* −0.328 0.013* 0.011 0.692
Hippocampus −0.466 0.005* −0.333 0.012* −0.022 0.586

Table 4
[18F]FDG microPET imaging correlating with tissue injury observed in adult-
hood separated by age. Pearson correlation between histological analysis per-
formed at adulthood and [18F]FDG microPET imaging. P3 = ShP3 and HIP3
groups; P7 = ShP7 and HIP7 and P11 = ShP11 and HIP11. *Significant sta-
tistical difference.

Histology SUV 24 h SUV 72 h

(Ipsi/contralateral ratio) (Ipsi/contralateral ratio)

Age Brain region r2 p r2 p

P3 Cortex 0.510 0.004* 0.003 0.842
Striatum −0.059 0.393 −0.471 0.007*
Hippocampus 0.410 0.014* 0.000 0.984

P7 Cortex −0.002 0.887 −0.154 0.185
Striatum 0.209 0.116 0.289 0.058
Hippocampus 0.282 0.062 0.001 0.908

P11 Cortex 0.429 0.011* 0.540 0.003*
Striatum 0.472 0.007* 0.436 0.01*
Hippocampus 0.261 0.062* 0.630 0.001*
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3.3. HI induced age-dependent tissue injury

After performing behavioral tests, in order to assess HI-induced
damage in motor and cognitive parameters, the volumes of main brain
structures were analyzed in order to evaluate tissue injury at adulthood.
The volumes of the ipsi (right) and contralateral (left) hemisphere,
cortex, striatum, corpus callosum and hippocampus were analyzed and
are presented as ipsi/contralateral volume ratio. The volume of all
structures presented an interaction between age and lesion. Brain

hemispheres (F(5,40) = 11.04, p < .001, n = 6–9 per group), corpus
callosum (F(5,40) = 11.70, p < .001, n = 6–9 per group) and hip-
pocampus (F(5,40) = 21.22, p < .001, n = 6–9 per group) presented
the same pattern, with reductions in HIP7 and HIP11 when compared
to their respective shams, with no differences between HIP3 and ShP3.
In addition, the comparison among HI groups showed that the most
affected group was the HIP11, which presented a greater volume loss
when compared to the other HI groups, whereas the HIP7 group also
presented a reduction when compared to the HIP3 group. The cortex (F

Fig. 3. HI-induced brain damage in different brain structures. Ipsi/contralateral volume ratio of hemispheres (A), cortices (B), striatum (C), corpus callosum (D) and
hippocampi (E), as well as representative images of the HE staining (F). Data are expressed as average ± SE. Two-way ANOVA followed by Duncan's post-hoc.
N = 6–9 per group. * HI vs. respective Sham; # Difference to other HI groups.

F.K. Odorcyk, et al. Experimental Neurology 330 (2020) 113317

6



(5,40) = 8.32, p = .001, n = 6–9 per group) and striatum (F
(5,40) = 9.66, p < .001, n = 6–9 per group) presented a similar
pattern, with HIP7 and HIP11 being different from their shams, while
the HIP3 had no decrease. In these structures, however, although the
HIP3 group presented less reduction in relation to other HI groups, the
HIP7 and HIP11 groups were not different from each other. Altogether,
these results show, in agreement with the behavioral data, that HI-in-
duced tissue damage is more severe when induced in animals in more
advanced stages of development.

3.4. HI induced age-dependent hypometabolism detected by microPET

After establishing the age dependent behavioral deficits and HI-in-
duced tissue damage, the aim of this study was to assess how the injury
would impact glucose brain metabolism in the first post-lesion days,
namely 24 and 72 h after HI. The analysis of the standard uptake value
(SUV) of the Sham groups already provides relevant information re-
garding the metabolic changes that the developing brain undergoes at
this stage. A linear regression was performed with the SUV in the whole
brain of the Sham groups showing that the glucose uptake increases
linearly (r2 = 0.497, p < .0001, y = 0.038× + 0.604, n = 8–10 per
group) (Fig. 4). This analysis revealed a linear daily increase and that
between the P4 and P14 the brain glucose uptake doubles.

The effect of HI in glucose metabolism was also assessed in different
brain regions 24 and 72 h after injury, all structures presented a sig-
nificant interaction between age and injury in the Two-way ANOVA test
(Fig. 5). In the hippocampus at 24 h there was a reduction in the HIP11
when compared to ShP11, showing that in this region a HI-induced
hypometabolism can be found at 24 h (F(5,57) = 3.68, p = .032,
n = 9–13 per group). At 72 h, a similar pattern was observed with
HIP11 being the only group that is different from its Sham, furthermore,
HIP11 was also reduced when compared to the other HI groups (F
(5,58) = 15.46, p < .001, n = 9–13 per group). The same pattern was
observed in other structures, with HIP11 group presenting a reduction
not only in relation to its Sham, but also from the other HI groups. This
pattern was observed in the striatum (24 h: F(5,57) = 7.20, p = .002,
and 72 h: F(5,58) = 3.61, p = .034, n = 9–13 per group) and cortex
(24 h: F(5,57) = 8.74 and 72 h: F(5,58) = 12.55, p < .001, n = 9–13
per group) both in 24 and 72 h.

The hypometabolism in HIP11 can also be observed in Fig. 6, that
shows the percentage of hypometabolism in relation to age matched
Sham group. No hypometabolic areas are seen in HIP3 animals in either

24 or 72 h. In the HIP7 areas of hypometabolism can be seen only 72 h
after HI, whereas in HIP11 they can be seen in both 24 and 72 h, with a
greater area in comparison to the other HI groups. In agreement with
behavioral and histological findings, present results also show that HI is
more severe when induced in later stages of development.

3.5. [18F]FDG microPET metabolism in the first day post-injury correlates
with cognitive and histological parameters in adulthood

Parameters that are able to predict the injury outcome are often
valuable for plaining the best therapeutic strategy (Negro et al., 2018).
In order to assess if the [18F]FDG microPET imaging performed 24 and
72 h after HI was able to predict the cognitive deficits and size of tissue
injury, bivariate correlations were performed. For assessing cognitive
deficits, the main outcome was the area under curve during the water
maze training phase. This parameter was compared to ipsi/con-
tralateral ratio of histological analysis performed in adulthood and of
microPET scan imaging in 3 regions of interest: Cortex, striatum, and
hippocampus (Table 1).

As expected, [18F]FDG microPET imaging correlated more strongly
with histological than with cognitive parameters. Interestingly, the
cortex is the structure that showed the strongest correlation with an r2

of 0.355, while the striatum showed the weakest with an r2 of 0.245 in
72 h (Table 2). Again, the 72 h period presented better predictive power
compared to 24 h. Overall, present results show that [18F]FDG mi-
croPET during the first post-injury days correlate with both cognitive
deficits and histological damage, and that 72 h period presents better
correlations to both parameters than 24 h.

When a split by age is performed, meaning doing one correlation
with ShP3 and HIP3, a separate one with ShP7 and HIP7 and the same
thing with the P11groups, a different pattern emerges. In the compar-
ison with the area under the water maze learning curve (Table 3) there
are no significant correlations in the P3 groups, while in the P7 groups
they were found only in histological analysis. In the P11 groups, on the
other hand, there were correlations in both histology and [18F]FDG
microPET at 24 h, but not at 72 h. When comparing histological data
with [18F]FDG microPET (Table 4) a complex pattern emerges, with
some significant correlations found in the P3 animals, while none are
found in P7. Nevertheless, P11 animals showed significant correlations
in all structures at both 24 h and 72 h. Overall, such results show that
[18F]FDG microPET shows its highest predictive value in P11 animals,
likely because of their greater lesion.

3.6. HI affects glucose and BHB oxidation

After observing the differences in glucose uptake using microPET
scan, questions regarding the actual oxidation of such substrate and
others for brain metabolism after HI remained to be answered. The first
important observation was obtained assessing the Sham groups only at
P4, P8 and P12. Interestingly, the 14C-glucose incorporation into 14CO2

did not present significant differences across different ages (Fig. 7),
whereas 14C-BHB incorporation had a linear reduction of 4 fold in the
same period (r2 = 0.716, p < .001, y = −77.214× + 1044.4,
n = 6–7 per group). These results suggest that although the uptake of
glucose increases within development, the tissue capacity of oxidizing
glucose remains constant. In contrast, the capacity for BHB oxidation
shows greater differences within the same period in healthy animals.

Assessment using in vivo microPET imaging in the ipsilateral
hemisphere showed no significant effects the lesion at 24 h, but showed
an increase in SUVr value with age (F(5,56) = 24.46, p < .001,
n = 8–13 per group), without interaction between the two factors
(Fig. 8A). Furthermore, at 72 h a similar pattern is found, with sig-
nificant effect only in the age (F(5,58) = 42.45, p < .001, n = 8–13
per group) no effect of the injury (p = .457) or interaction (p = .122).
It is possible to observe that the reduction in the P3 groups was
maintained, but the difference observed between P7 and P11 groups is

Fig. 4. Brain glucose uptake increase during neurodevelopment. Glucose
Standard Uptake Value ratio (SUVr) assessed by microPET scan imaging after
[18F]FDG injection in each post-natal day (PND) in non-injured rats. Linear
regression (r2 = 0.497, p < .0001, y = 0.038× + 0.604, n = 8–10 per
group). At the graph's bottom, representative images showing SUV average for
each PND (4, 6, 8, 10, 12 and 14).
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likely due to the effect of HI injury in the HIP11 group that reduced the
average in the P11 animals in relation to the P7 ones.

In order to understand the effects of HI on substrate oxidation, the
incorporation of 14C-Glucose and 14C-BHB were assessed in the right
hemisphere at 24 and 72 h after HI. 14C-Glucose incorporation into
14CO2 assessed 24 h after HI showed an interaction between age and
lesion (F(5,41) = 4.16, p = .023, n = 6–10 per group). A reduction in
both HIP7 and HIP11 was observed when compared to their respective
Shams, whereas the HIP3 group did not (Fig. 8C). A similar pattern was
observed at 72 h, also presenting an interaction between the age and

lesion (F(5,39) = 6.38, p = .004, n = 7–8 per group), although only
the HIP11 group presented a reduction when compared to it respective
Sham difference (Fig. 8D). These results show that HI is able to induce a
reduction in the brain's capacity to use glucose as an energy substrate in
an age-dependent manner, once again, with animals in which injury
was induced in latter stages of development presenting more detri-
mental effects.

Another important substrate for brain metabolism is BHB, mainly in
the early stages of CNS development. Here, the 14C-BHB incorporation
into 14CO2 assessed 24 h after HI revealed an effect of age (F

Fig. 5. HI-induced hypometabolism in different brain structures. Ipsi/contralateral SUV ratio 24 and 72 h post-HI on cortex (A, B), striatum (C, D), and hippocampus
(E, F). Data expressed as average ± SE. Two-way ANOVA followed by Duncan's post-hoc. N = 9–13 per group. * HI vs. respective Sham; # Difference to other HI
groups.
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(5,41) = 46.47, p < .001, n = 7–8 per group), but not of the lesion
(p = .073), with significant differences between all ages, with P3 ani-
mals presenting the highest levels (Fig. 8E). However, it is worth no-
ticing a great tendency of reduction between the ShP3 and HIP3 ani-
mals only. A similar pattern was observed in 72 h, with the only
significant effect being the age (F(5,40) = 3.98, p = .026, n = 6–11
per group), with the P3 group being different from the P11 group, but
presenting no differences in relation to the P7 group. Here, it should
also be observed that the HIP3 presents higher levels in relation to its
sham, in contrast to the patterns observed at 24 h (Fig. 8F). These re-
sults show that HI alters glucose consumption in HIP7 and even more in
the HIP11 groups, whereas in the HIP3 group BHB seems to more af-
fected.

4. Discussion

Present study investigated the different responses to neonatal HI
injury induced in different neurodevelopmental stages. The injury
showed to be more severe when induced in later stages (causing more
cognitive deficits, tissue damage and hypometabolism assessed through
microPET imaging in the early post-injury days). Differences in brain
metabolism that occur at this age seem to play a pivotal role, namely
the more prevalent usage of BHB as a metabolic substrate in earlier
stages of development compared to glucose. In addition, microPET
imaging data, mainly 72 h after the neonatal insult, showed significant
correlations with behavioral and histological parameters observed at
adulthood, showing to be a potential tool to predict the long-term
outcome induced by HI. Overall, present results show that brain me-
tabolism plays a pivotal role in the different outcomes observed in HI
induced in different stages of development and suggest that these fac-
tors present promising clinical value, being as predictors of the injury
outcome or as therapeutic targets.

No significant motor impairments were observed in any of the ex-
perimental groups with the injury protocol used in this study, con-
firming previous literature (Greggio et al., 2014; Miguel et al., 2015;
Odorcyk et al., 2016; Sanches et al., 2019). Nevertheless, HI cognitive
deficits were clear, being more severe when the injury was induced in
more advanced stages of development (Fig. 2). Previous studies have
investigated the different behavioral outcomes in animals exposed to
the same HI model at P3 and P7 (Alexander et al., 2014; Sanches et al.,
2015) found similar results, with P7 animals being more affected than
P3. In the present study P11 animals were also included, since they
resemble the term infant more closely than the P7 animals (Patel et al.,
2014, 2015). Indeed, an interesting pattern emerged from these ex-
periments, with P3 animals presenting almost no damage, while in-
creased damage was observed in P7 animals and P11 animals were the
most affected. The same pattern was present in histological analysis of
the volume of brain structures, namely the cortex, striatum, corpus
callosum and hippocampus (Fig. 3). These results are again in ac-
cordance to previous studies comparing differences between P3 and P7
animals (Alexander et al., 2014; Sanches et al., 2015).

The degree of HI damage is greatly dependent on brain metabolism
and it is well documented that it presents significant changes during
development (Brekke et al., 2015). Indeed, in the present study, a linear
increase in the glucose uptake in the brain was observed between P4
and P14, assessed by microPET scan imaging in vivo, (Fig. 4). Such
findings are in accordance with previous studies that, using different
methodologies, found an increase in glucose utilization in the brain is
expected during early development (Brekke et al., 2017). Nevertheless,
glucose oxidation assay showed a different pattern, with no differences
among the Sham groups, but with more glucose oxidation in the HIP3

Fig. 6. Hypometabolism decrease percentage following HI. Images showing
areas with 15% or more of hypometabolism after HI induced at the three dif-
ferent ages and assessed 24 and 72 h after injury compared to their respective
Sham group. An increase in the hypometabolic area can be seen when HI is
induced in latter stages of development. It is also possible to notice that this
area grows from 24 to 72 h after the initial insult.

Fig. 7. Beta-hydroxybutyrate (BHB) oxidation capacity in the total brain tissue. With the increase in age, while with glucose it remains unchanged. 14C-BHB
incorporation into 14CO2 reduces linearly within the assessed post-natal days (PND) (A) (r2 = 0.716, p < .001, y = −77.214× + 1044.4). Whereas 14C-Glucose
incorporation into 14CO2 remained unchanged. N = 6–7 per group.
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animals (Figs. 8C). These differences occur because the main limiting
factor for glucose uptake in the brain is the small amount of glucose
transporters present in the blood-brain barrier (Brekke et al., 2015;
Vannucci et al., 1994), whereas 14C-glucose incorporation into 14CO2

assay assesses the capacity of cells to oxidize it ex vivo, without the
limitation imposed by glucose transporters. Altogether, results pre-
sented here suggest that one of the mechanisms that can explain the P3

intrinsic neuroprotection is the resilience of the systems involved in the
glucose oxidation system, since it was the only age in which 14C-glucose
incorporation into 14CO2 was not reduced by HI injury.

During the neonatal period, brain utilization of ketone bodies such
as BHB in increased in comparison to the adult brain (Brekke et al.,
2017). In our study, the brain capacity of oxidizing BHB is at least 4
times greater in the P4 brain when compared to the P12 (Fig. 7A). This

Fig. 8. HI-induced age-dependent metabolic substrate utilization changes in both in vivo and ex vivo in the ipsilateral hemisphere. In vivo assessment of glucose uptake
24 (A) and 72 h (B) after HI by microPET scan imaging after [18F]FDG injection (N = 8–13 per group). Ex vivo evaluation of 14C-Glucose incorporation into 14CO2 (C
and D) and of 14C-BHB incorporation into 14CO2 (E and F) (N = 6–11 per group). Data are expressed as average ± SE. Two-way ANOVA followed by Duncan's post-
hoc. * HI vs. respective Sham; # Difference to the other groups; & Age effect.
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increased capacity of utilizing BHB, associated to the unchanged glu-
cose usage as energetic source is likely to be involved in the P3 brain
intrinsic protection to HI insult. Present results also show a relevant
pattern in the BHB oxidation capacity in which P3 animals show in-
creased capacity of BHB oxidation in relation to the other ages, which
are probably underlying the resilience of the more immature brain to HI
injury. Interestingly, the protective effects of BHB have been previously
demonstrated in a study that administered exogenous BHB after HI and
showed a reduction of lesion size and cell death (Lee et al., 2018). It has
also been demonstrated that the positive effects of dexamethasone
treatment are likely dependent on an increase in BHB levels in the blood
(Dardzinski et al., 2000). Interestingly, the ketogenic diet is an efficient
and safe therapeutic approach for pediatric refractory epilepsy (Cai
et al., 2017; Neal et al., 2009), suggesting that BHB administration, as
well as ketogenic diet, have high translational value. Overall, present
results show that the higher utilization of BHB is involved in the re-
duced lesion observed in animals in earlier stages of development,
making it a promising therapeutic target that ought to be further in-
vestigated.

Furthermore, microPET [18F]FDG has provided important insights
in the HI physiopathology. To the best of our knowledge, this is the first
study that has used this method to assess the neonatal brain after HI
injury in rodents. Here, we show that HIP11 group presented a sig-
nificant glucose hypometabolism, whereas no significant differences
were observed in the HIP7 or HIP3 groups (Fig. 5). The hypometabo-
lism mentioned here should be interpreted with caution, since cell
death, oxidative stress and inflammation are occurring at this period,
which leads to edema and liquification of the brain tissue. This means
that the reduction of glucose uptake should not be understood as a
simple reduction of cellular metabolism, but as a marker of brain da-
mage. In agreement with findings obtained in clinical studies (Shi et al.,
2012; Thorngren-Jerneck et al., 2001), here, stronger correlations were
observed between adult cognitive deficits and microPET [18F]FDG 72 h
post-injury compared to those based on adult histology when all groups
were included (Table 1). Although it is likely that an analysis of volume
of brain structures performed in the same time points as the microPET
[18F]FDG imaging would reveal more powerful correlations, we aimed
to assess its ability to predict the resulting histological lesion in the
adult, therefore, histological analysis was performed only at adulthood.
Indeed, all structures assessed, namely the cortex, striatum and hip-
pocampus presented significant correlations. However, the striatum
parameters presented the weakest whereas the cortex presented the
strongest predictive value. When the correlations are splitted by age, as
shown in Tables 3 and 4, it is possible to see that P11 animals present
the correlations with higher predictive value. This is likely due to the
more severe injury presented by animals of this age that translates in
higher cognitive deficits, tissue damage and hypometabolism. Previous
studies have correlated [18F]FDG microPET to behavioral assessments
in a model of epilepsy induced by pilocarpine injection, showing sig-
nificant correlations between behavioral parameters, such as social
interactions and anxiety tests and imaging (Di Liberto et al., 2018; van
Dijk et al., 2018; Zanirati et al., 2018). A recent study from our research
group showed correlations between histological and behavioral tasks of
PET scan analysis performed in adulthood in a model of HI induced at
P7 (Nunes Azevedo et al., 2020). Nevertheless, the comparison between
the predictive values of the present study and the previously mentioned
ones is limited by the experimental model, different behavioral tasks
used, as well as different statistical analysis and more importantly,
because both behavioral tasks and microPET [18F]FDG were performed
during adulthood (usually with few days of difference between the
imaging acquisition and behavioral tasks).

Although results are interesting and confirm the working hypoth-
esis, there are a few limitations in the present study. The use of male
animals only leaves possible sex-differences unexplored and it is known
that response to HI injury and to several treatments are sex-specific
(Netto et al., 2017). Limitations intrinsic to the animal model are also

present; here it is shown that the immature rat brain is less susceptible
to HI injury, while in humans it is known that prematurity worsens the
prognosis of affected newborns (Volpe, 2009). Therefore, present re-
sults ought to be interpreted with caution.

Overall, present study has shown that P3 brain has an intrinsic
neuroprotection, showing less or no effects of HI-induced injury in
behavioral and histological parameters. This phenomenon can be ex-
plained, at least in part, by a more resilient capacity of oxidizing glu-
cose and mainly by a greater capacity of using BHB as an alternative
metabolic substrate. MicroPET scan analysis in the first post-injury days
presented significant correlations to behavioral deficits and tissue in-
jury observed in adulthood, suggesting that it should be helpful in
clinical settings. Present results suggest that brain metabolism and
mainly BHB seem to be promising therapeutic strategies for the treat-
ment of neonatal hypoxia ischemia, such parameters are involved in the
greater resistance of neonatal brain to metabolic challenges.
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