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A B S T R A C T

Background and purpose: Hypoxia and cerebral ischemia (HI) events are capable of triggering important changes
in brain metabolism, including glucose metabolism abnormalities, which may be related to the severity of the
insult. Using positron emission microtomography (microPET) with [18F]fluorodeoxyglucose (18F-FDG), this
study proposes to assess abnormalities of brain glucose metabolism in adult rats previously submitted to the
neonatal HI model. We hypothesize that cerebral metabolic outcomes will be associated with cognitive deficits
and magnitude of brain injury.
Methods: Seven-day-old rats were subjected to an HI model, induced by permanent occlusion of the right
common carotid artery and systemic hypoxia. 18F-FDG-microPET was used to assess regional and whole brain
glucose metabolism in rats at 60 postnatal days (PND 60). An interregional cross-correlation matrix was utilized
to construct metabolic brain networks (MBN). Rats were also subjected to the Morris Water Maze (MWM) to
evaluate spatial memory and their brains were processed for volumetric evaluation.
Results: Brain glucose metabolism changes were observed in adult rats after neonatal HI insult, limited to the
right brain hemisphere. However, not all HI animals exhibited significant cerebral hypometabolism.
Hippocampal glucose metabolism was used to stratify HI animals into HI hypometabolic (HI-h) and HI non-
hypometabolic (HI non-h) groups. The HI-h group had drastic MBN disturbance, cognitive deficit, and brain
tissue loss, concomitantly. Conversely, HI non-h rats had normal brain glucose metabolism and brain tissue
preserved, but also presented MBN changes and spatial memory impairment. Furthermore, data showed that
brain glucose metabolism correlated with cognitive deficits and brain volume outcomes.
Conclusions: Our findings demonstrated that long-term changes in MBN drive memory impairments in adult rats
subjected to neonatal hypoxic ischemia, using in vivo imaging microPET-FDG. The MBN analyses identified
glucose metabolism abnormalities in HI non-h animals, which were not detected by conventional 18F-FDG
standardized uptake value (SUVr) measurements. These animals exhibited a metabolic brain signature that may
explain the cognitive deficit even with no identifiable brain damage.
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1. Introduction

Neonatal hypoxic-ischemic encephalopathy (HI) is the most
common cause of mortality and chronic neurological morbidity in in-
fants. HI affects about 26 out of every 1000 live births, leading to
permanent neurological disabilities (Kurinczuk, White-Koning, &
Badawi, 2010). Despite considerable advances in neonatal care, clinical
management of asphyxiated children is limited to supportive measures
and there are few options for preventing or interrupting brain injury
mechanisms (Johnston, Fatemi, Wilson, & Northington, 2011;
Shankaran, 2012).

In this scenario, experimental models are important tools for in-
vestigation of new approaches to obtaining better understanding of the
pathophysiological features of children affected by HI. The Rice-
Vannucci HI rodent model mimics multiple injury mechanisms and
neurological impairments that are reported in affected children (Rice,
Vannucci, & Brierley, 1981). In humans and in animal models, the se-
verity and distribution of neuropathological injuries are directly related
to factors such as duration of insult, age, and genetic background. De-
spite the controlled conditions for induction of HI in rodents, the lit-
erature contains divergent descriptions of the extent of brain damage
and also of presence or absence of motor and cognitive impairments (De
Paula et al., 2009; Durán-Carabali et al., 2017; Lubics et al., 2005;
Millar, Shi, Hoerder-Suabedissen, & Molnár, 2017; Netto, Sanches,
Odorcyk, Duran-Carabali, & Weis, 2017; Sanches, Arteni, Nicola,
Aristimunha, & Netto, 2015). These discrepancies have been attributed
to the neuroplasticity of the immature brain leading to spontaneous
recovery (Jung et al., 2016).

The main mechanisms attributed to neonatal HI neuropathology are
reduced supply of oxygen or glucose to the brain tissue. Drastic re-
duction of cerebral blood flow leads to a cascade of irreversible harmful
effects in the newborn brain (Brekke et al., 2014; McKenna, Scafidi, &
Robertson, 2015). Cerebral metabolic changes associated with HI brain
injury have been reported in animal models of neonatal HI (Malisza,
Kozlowski, Ning, Bascaramurty, & Tuor, 1999; Sanches et al., 2018; Vial
et al., 2004). In this context, high-resolution small-animal positron
emission microtomography (microPET), with [18F]fluorodeoxyglucose
(18F-FDG), provides an interesting tool to investigate in vivo changes in
brain glucose metabolism in the HI model. Here, we aimed to evaluate
whether neonatal HI causes persistent changes to brain glucose meta-
bolism in adult rats and whether these changes are associated with
behavioral and histological outcomes.

2. Material and methods

2.1. Animals

All experimental procedures were performed with the approval of
the Animal Care and Ethics Committee at the Federal University of Rio
Grande do Sul (UFRGS), Rio Grande do Sul, Brazil (Protocol number:
31939). All experimental practices comply with international standards
for experimentation with laboratory animals and were carried out
taking all necessary measures to reduce to the minimum the number of
animals used and their suffering. Male Wistar rats were used for the
experimental procedures despite the higher vulnerability to HI insult.
The litters were standardized to 8–10 neonate rats and kept in standard
cages, under controlled environmental conditions – temperature of
23 °C ± 1 °C and 12 h dark-light cycle with food and water ad libitum.
Thirty-four rats were randomly allocated to the experimental groups:
control group (sham, n = 12) and hypoxic-ischemic group (HI,
n = 22). The day of birth was considered postnatal day zero (PND 0).

2.2. Neonatal hypoxia-ischemia model

The HI model used in the present study was first described by Levine
(1960) and modified by Rice et al. (1981). Seven day-old Wistar rats

were anesthetized with isoflurane (3–4% for induction and 2–3% for
maintenance) and the right common carotid artery was permanently
occluded with 4.0 surgical silk threads. After total recovery from an-
esthesia, the animals were returned to their home cages for a feeding
period for 2 h. At the end of this period, pups were exposed to a hypoxic
environment (8% oxygen and 92% nitrogen) for 60 min. The hypoxia
chamber was partially immersed in warm water to maintain a constant
temperature within physiological limits (at 36–37 °C). Following hy-
poxic exposure, pups were returned to their home cages. Sham operated
rats underwent the same surgical procedure. However, they were not
subjected to carotid occlusion or to the hypoxic environment (Greggio,
De Paula, Azevedo, Venturin, & Dacosta, 2014; Odorcyk, Kolling,
Sanches, Wyse, & Netto, 2018).

2.3. 18F-FDG microPET scan

MicroPET scans were conducted at the Preclinical Research Center
at the Brain Institute of Rio Grande do Sul (BraIns). Rats underwent
imaging examination at PND 60, 53 days post-HI induction, after
12–24 h fasting. The animals were anesthetized individually using a
mixture of isoflurane and oxygen (3–4% induction and 2–3% main-
tenance), and 1 mCi of 18F-FDG was administered intraperitoneally
(Zanirati et al., 2018). The animals were returned to the home cage for
a 40-minute period of conscious tracer uptake 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 a prone position on the heated
bed of the equipment (Triumph microPET, LabPET-4, TriFoil Imaging,
Northridge, CA, USA). Static acquisition was conducted under inhaled
anesthesia for 10 min with the field of view (FOV: 3.75 cm) centered on
the rat's head (Zanirati et al., 2018).

2.4. Image reconstruction and data analysis

An exploratory analysis of glucose metabolism was performed in the
whole brain and 24 brain regions bilaterally (auditory, cingulate, en-
torhinal, frontal, insular, medial prefrontal (MPF), motor, orbitofrontal,
parietal, retrosplenial, somatosensory, and visual cortices, nucleus ac-
cumbens core shell, amygdala, striatum, hippocampus, olfactory ap-
paratus, hypothalamus, thalamus, superior colliculus, midbrain, ventral
tegmental area (VTA), inferior colliculus, and cerebellum). All images
were reconstructed using a 3-dimensional maximum likelihood ex-
pectation maximization (3D-MLEM) algorithm with 20 iterations. Each
reconstructed brain image was spatially normalized using an 18F-FDG
brain image template with PMOD 3.5 software and the Fusion toolbox
(PMOD Technologies, Zurich, Switzerland). A magnetic resonance
imaging (MRI) rat brain voxel of interest (VOI) template was used to
overlay the normalized, previously co-rotated images to the microPET
imaging database, and 24 VOIs were used. 18F-FDG uptake in whole
brain and in all brain regions was normalized by the pons and expressed
as relative standardized uptake value (SUVr) (Zanirati et al., 2018).

2.5. Metabolic brain network construction

Regional brain SUVr values were used for metabolic brain network
(MBN) analyses. Symmetrical matrices were constructed using 12 VOIs
(amygdala, striatum, auditory cortex, entorhinal cortex, insular cortex,
parietal cortex, motor cortex, retrosplenial cortex, somatosensory
cortex, hippocampus, olfactory apparatus, and thalamus; 24/24 ma-
trices). The MBNs were constructed using Pearson’s cross-correlation
coefficients and corrected by false discovery ratio (FDR) (Zanirati et al.,
2018; Zimmer et al., 2017). These MBNs were bootstrapped (10,000
bootstrap samples) and for each bootstrap sample, the following graph
theoretical measures were calculated to compare the networks’ ma-
trices: assortativity coefficient, global efficiency, and average clustering
coefficient (Rubinov & Sporns, 2010).
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2.6. Morris water maze learning task

The Morris water maze (MWM) was used to evaluate spatial
memory at PND 65, as described previously (Durán-Carabali et al.,
2017; Greggio et al., 2014). The spaced training protocol was per-
formed for 5 successive days. On each day, the rats underwent 4 con-
secutive training trials and a hidden platform was kept in a constant
location in the target quadrant. A different starting location was used in
each trial, consisting of a swim followed by a 30-s platform sit. The
experimenter guided rats that did not find the platform within 60 s. On
the sixth day, a probe trial was performed for memory retention eva-
luation with the platform absent. The following variables were con-
sidered and recorded with ANY-MAZE software (Stoelting Co, Wood
Dale, IL, USA): total distance travelled, latency to the previous platform
location and time spent in the target quadrant.

2.7. Histological analysis

At PND 70, the animals were euthanized for histological analyses.
Rats were anesthetized with a lethal dose of thiopental sodium
(100 mg/kg) and subjected to transcardiac perfusion with 0.9% saline
solution followed by 4% formaldehyde solution through the left cardiac
ventricle. The brains were removed from the skull and kept in for-
maldehyde solution for at least 24 h, after which the samples were
cryoprotected with sucrose solution (30%). Brains were cut on a cryo-
stat into serial 30-μm slices. The cortex, striatum, and hippocampus
were identified using the rat brain atlas and the Cavalieri method was
used for structural volume measurements as previously described (Alles
et al., 2010).

2.8. Statistical analysis

Statistical analysis was performed using PrismGraph 6.0 software
(GraphPad Software, San Diego, CA, USA). Data were analyzed using
student’s t test with Welch’s corrections or 1-way or 2-way analysis of
variance (ANOVA) with Bonferroni correction. Data were expressed as
mean and standard deviation (SD) or standard error (SEM) and a sig-
nificance level of P < 0.05 was considered statistically significant for
all variables.

Pearson’s correlation coefficient was used to assess associations
within MBN corrected by false discovery rate (FDR) and between brain
18F-FDG metabolism (SUVr values) and cognitive impairments or brain
volume.

3. Results

3.1. Glucose hypometabolism is limited to the ipsilateral brain hemisphere in
HI rats at 53 days post-HI insult

For quantification of 18F-FDG brain metabolism, the HI and control
animals underwent a microPET-FDG scan at PND 60, corresponding to
53 days after HI brain insult. As Fig. 1A shows, we identified a subtle
decrease in whole-brain glucose metabolism for HI animals compared
to the sham group (p = 0.02). Additionally, we found a significant
decrease in brain glucose metabolism limited to the ipsilateral hemi-
sphere in the HI rats (p = 0.007, sham R vs HI R; and p = 0.005, HI L vs
HI R; Fig. 1B). There were no differences between the left hemispheres
of sham and HI groups or between left and right brain hemispheres in
the sham animals. Fig. 1 shows HI rats had reduced right hemisphere
18F-FDG metabolism in the whole cerebral cortex (p = 0.005, sham R vs
HI R; and p = 0.005, HI L vs HI R; Fig. 1C), the striatum (p = 0.0065,
sham R vs HI R; and p = 0.0017, HI L vs HI R; Fig. 1D), and the hip-
pocampus (p = 0.005, sham R vs HI R; and p < 0.0001, HI L vs HI R;
Fig. 1E). There were no differences between sham and HI groups in the
contralateral hemisphere for whole brain, whole cortex, striatum, or
hippocampus.

When the whole cortex was analyzed, we noted significant hypo-
metabolism in the right hemisphere (Fig. 1). However, when the in-
dividual cortices were studied separately, only auditory, entorhinal,
insular, parietal, somatosensory, and visual cortices were hypometa-
bolic in the ipsilateral hemisphere, when compared with the same
structures on the contralateral side of the brain. Similarly, the glucose
metabolism was decreased in the right hemisphere, when compare to
sham animals, for the following structures: abc core, amygdala, hy-
pothalamus, superior colliculus, inferior colliculus, and thalamus.
There were no changes in 18F-FDG metabolism for cingulate, frontal,
MPF, motor, orbitofrontal, retrosplenial, and olfactory cortices, mid-
brain, VTA, or cerebellum (Supplementary Fig. 1). Additionally, SUVr
means ± SDs and p values for all brain regions evaluated are described
in Supplementary Tables 1 and 2.

3.2. Intrinsic variability of the Rice-Vannucci model: a significant part of HI
animals exhibited no changes to brain glucose metabolism

Furthermore, considering the intrinsic variability of the Rice-
Vannucci HI model, an additional analysis was conducted. After the
microPET imaging analysis, HI animals were divided into two sub-
groups at PND 60: HI animals that did not exhibit glucose metabolism
changes in the right hippocampus (HI non-hypometabolic: HI non-h
group; 18F-FDG-SUVr > or equal 1.19) and animals that did exhibit
hypometabolism in the right hippocampus (HI hypometabolic: HI h
group; 18F-FDG-SUVr < 1.19). The cutoff criterion was determined
based on SUVr calculated for the right hippocampus of adult sham
animals (18F-FDG-SUVr mean ± SD = 1.24 ± 0.05). We defined the
cutoff value as the mean SUVr minus one SD. Glucose metabolism of the
hippocampus ipsilateral to the carotid artery occlusion was used as the
cutoff criterion since the hippocampi are widely related to HI patho-
physiology leading to cognitive impairments (Alexander, Garbus,
Smith, Rosenkrantz, & Fitch, 2014; De Paula et al., 2009; Greggio et al.,
2014).

A significant portion of the adult animals subjected to neonatal HI
presented a baseline 18F-FDG uptake in the right hippocampus (40.9%,
HI non-h group, n = 9/22) similar to sham animals. However, the re-
maining HI animals (59.1%, HI h group, n = 13/22), exhibited hip-
pocampal hypometabolism according to the cutoff criterion. There was
accentuated whole brain hypometabolism in the HI h group compared
to both sham and HI non-h groups (p = 0.0008 and p = 0.002, re-
spectively; Fig. 2B and C). Therefore, the whole brain glucose meta-
bolism reanalysis demonstrated that stratification of HI rats was effec-
tive for separating the animals that had marked changes in brain
metabolism from those that did not.

Once again, glucose hypometabolism was limited to the ipsilateral
brain hemisphere in HI h rats, but not in the HI non-h group, 53 days
post-HI insult. Additionally, HI h animals also exhibited glucose hy-
pometabolism in the whole cerebral cortex and striatum (p < 0.0001 vs
Sham R, HI non-h R, and HI h L; Fig. 2E and F). Detailed values for
hippocampus 18F-FDG uptakes can be seen in the Fig. 2G.

Furthermore, in an exploratory analysis of the right brain hemi-
sphere, there was hypometabolism in the auditory, entorhinal, motor,
insular, parietal, somatosensory, retrosplenial, and visual cortices.
Glucose metabolism in the right hemisphere was also reduced in the abc
core, amygdala, hypothalamus, superior colliculus, and thalamus, when
compared to the left hemisphere regions of sham, HI non-h, and HI h
groups. To a lesser extent, glucose metabolism was also altered in the
cingulate cortex, olfactory cortex, VTA, and inferior colliculus. There
were no glucose metabolism changes in the frontal, MPF, orbitofrontal,
and olfactory cortices, midbrain, or cerebellum (supplementary Fig. 2).
For further data, SUVr means ± SDs and p values for all brain regions
evaluated are described in Supplementary Tables 3 and 4.
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3.3. The MBN architecture was altered in adult rats previously subjected to
neonatal HI

Another important aspect of this study was evaluation of the MBN.
The sham group was used to represent an expected MBN (Fig. 3A).
Interestingly, HI non-h animals exhibited changes to the MBN archi-
tecture, with a substantial decrease in the number of connections
compared to the sham group (Fig. 3B). In contrast, HI h animals had
increased correlations compared to the HI non-h group. Specifically in
the matrix of HI h group, there was a localized increase in positive
correlations between regions in the ipsilateral hemisphere and an in-
crease in negative correlations between left and right hemisphere re-
gions (Fig. 3C). Graph theoretical measures revealed consistent re-
organization in the MBN in both HI non-h and HI h groups, with lower
global efficiency, assortativity coefficient, and average clustering
coefficient, compared to the sham group (p < 0.0001 vs sham, Fig. 3D,
E and F respectively).

3.4. Spatial memory acquisition of adult rats previously subjected to
neonatal HI is correlated to brain glucose metabolism

At DPN 65, the animals were tested for spatial memory and learning
with the MWM. To evaluate long-term spatial memory, animals un-
derwent training sessions on 5 consecutive days. Throughout all of the
learning acquisition sessions, sham animals had superior performance
when compared to HI non-h and HI h groups. The mean latency for
escape to the platform decreased as training progressed and there was a
significant difference between the sham and HI groups from the third
day of training sessions until the end of training sessions (3rd-day,
p = 0.0321 vs HI non-h and p < 0.0001 vs HI h; 4th-day, p = 0.0327
vs HI non-h and p < 0.0001 vs HI h; and 5th-day, p = 0.0230 vs HI
non-h and p < 0.0001 vs HI h; Fig. 4A). In contrast, neither HI group

exhibited significant reductions in escape to the platform latency over
the following sessions (Fig. 4A). The area under the curve (AUC) of
MWM learning acquisition curves demonstrated that HI h and HI non-h
groups had poorer performance than sham animals (p = 0.0294, sham
vs HI non-h; p < 0.0001, sham vs HI h; and p = 0.2540 HI non-h vs HI
h, Fig. 4B). There were no differences between HI h and HI non-h
groups in the learning acquisition sessions (Fig. 4B). Additionally, there
were no differences between the experimental groups related to the
total distance travelled in the probe trial, revealing that there were no
limiting motor impairments (Fig. 4C). Both HI h and HI non-h showed
increased escape latency (p = 0.0185 and p = 0.0307, respectively;
Fig. 4D) and less time spent in the target quadrant (p = 0.0297 and
p = 0.0079; Fig. 4E) compared to the sham group. Fig. 4F shows a plot
illustrating probe trial performance for each experimental group.

The AUC of MWM learning acquisition curves and 18F-FDG uptake
values were used to assess whether changes in brain glucose metabo-
lism were correlated with cognitive deficits in HI animals. There were
negative correlations between the glucose metabolism and the cogni-
tive impairments for the experimental groups in most of the brain re-
gions evaluated. There were weak negative correlations for the right
hemisphere (r = −0.3757, p = 0.028; Fig. 4G), right cortex
(r = −0.3993, p = 0.019; Fig. 4H), and right hippocampus
(r = −0.3979, p = 0.019; Fig. 4J). In contrast, there was no correla-
tion between right striatum metabolism and cognitive deficits
(r = −0.3011, p = 0.083; Fig. 4I).

In the supplementary analysis, we found moderate negative Pearson
correlation coefficients for the following right hemisphere structures:
auditory cortex, parietal cortex, retrosplenial cortex, visual cortex,
amygdala, hypothalamus, and VTA, and weak negative correlations for
the insular cortex, somatosensory cortex, nucleus accubens, superior
colliculus, and inferior colliculus (supplementary Fig. 3). There was no
correlation between spatial learning ability and glucose metabolism for

Fig. 1. Changes in whole brain and regional brain glucose metabolism in hypoxic ischemic adult rats. Graphs illustrate changes in 18F-FDG SUVr in sham and HI
animals, at PND 60, 53 days post-HI neonatal insult, for the (A) whole brain, (B) cerebral hemispheres, (C) whole cortex, (D) striatum and, (E) hippocampus. *
p < 0.05 and ** p < 0.01 vs sham R and ++ p < 0.01 and +++ p < 0.001 vs HI L according to Bonferroni’s post hoc after 1-way ANOVA. Data are expressed as
mean ± SD, n = 12, sham group and n = 22, HI group. L, left; and R, right.
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the following right brain regions: cingulate cortex, entorhinal cortex,
frontal cortex, MPF cortex, motor cortex, orbitofrontal cortex, olfactory
cortex, midbrain, and cerebellum (supplementary Fig. 3).

3.5. Loss of brain volume induced by neonatal HI is restricted to the
ipsilateral brain hemisphere and correlates with brain glucose metabolism

Histological brain analysis using the Cavalieri method was

Fig. 2. Brain glucose metabolism variability in adult rats after neonatal HI model. (A) HI animals were divided into two sub-groups based on a sham 18F-FDG SUVr
value of R hippocampus into HI non-hypometabolic or HI hypometabolic. (B) The image above shows mean 18F-FDG uptake in the brain for each experimental group
(sham, HI non-h, and HI h) at 53 days post-HI induction. 18F‐FDG metabolism is illustrated in transverse (top), sagittal (middle), and coronal (bottom) views. Hot
colors (shades of red) indicate higher FDG uptake and cold colors (shades of blue) lower uptake. (C) The graphs illustrate brain glucose metabolism differences
between groups for the whole brain, (D) cerebral hemispheres, (E) whole cortex, (F) striatum, and (G) hippocampus. * p < 0.05, ** p < 0.01 and *** p < 0.001 vs
sham R; # p < 0.05, ## p < 0.01, and ### p < 0.001 vs HI non-h R; and + p< 0.05, ++ p< 0.01 and +++ p< 0.001 vs HI h L according to Bonferroni’s post
hoc after 1-way ANOVA. Data are expressed as mean ± SD. n = 12 to sham, n = 9 to HI non-hypometabolic, and n = 13 to HI hypometabolic group. HI non-h, HI
non-hypometabolic; HI h, hypometabolic; L, left; R, right. (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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conducted after microPET-FDG scans and the MWM task.
Morphological examination of rat brain slices showed no change in the
cerebral hemisphere volumes for any of the experimental groups
(Fig. 5A). However, 1-way ANOVA with Bonferroni correction, showed
a significant volume decrease in the right hemisphere for the HI h group
when compared to sham (p = 0.010; Fig. 5A). Regional brain analysis
of whole cortex, striatum, and hippocampus showed volume differences
between right and left hemisphere only for HI h animals (p = 0.025,
Fig. 5B; p < 0.0001, Fig. 5C; and p = 0.001, Fig. 5D respectively).
Additionally, there was accentuated brain tissue loss in the right
hemisphere volume for these regions in HI h rats in comparison to the
sham group (p = 0.0012, sham R cortex vs HI h R cortex; p = 0.0005, sham
R striatum vs HI h R striatum; and p < 0.0001, sham R hippocampus vs HI h R

hippocampus; Fig. 5B, C, and –D respectively). There were no significant
differences in the right and left hemisphere brain volumes or structures
for sham or HI non-h groups or between these two groups (Fig. 5A, B, C,
and D).

Pearson’s correlation coefficient was employed to verify the re-
lationship between brain metabolic changes and loss of brain volume in
the HI model. We found moderate positive correlations for all regions
evaluated, as follows: right hemisphere (r = 0.48998, p = 0.0038;
Fig. 5E), right cortex (r = 0.4537, p = 0.0080; Fig. 5F), right striatum
(r = 0.5900, p = 0.0003; Fig. 5G), and right hippocampus (r = 0.5871,
p = 0.0003; Fig. 5H). Fig. 5I shows a visual correlation between brain
metabolism and brain tissue volume.

4. Discussion

The aim of the present study was to evaluate in vivo changes in the
cerebral glucose metabolism and MBN of adult rats after induction of a
neonatal HI model. Here, we demonstrated changes in brain glucose
metabolism restricted to the hemisphere ipsilateral to carotid artery
occlusion. Additionally, confirming the neuroplastic variability of the
HI model, we showed that 40.9% of HI rats (HI non-h group) exhibited
no changes in brain glucose metabolism or in brain tissue volume by
post-mortem histological analysis. However, the remaining 59.1% of HI
animals (HI h group) showed a marked brain hypometabolism and re-
duced brain volume in the ipsilateral hemisphere for most of the brain
regions evaluated. Interestingly, all HI animals developed cognitive
impairments and showed aberrant MBN architecture in the adult phase
after neonatal HI insult.

It is known that some brain regions are more susceptible to HI da-
mage and are widely reported in the pathophysiology of clinical and
experimental HI (Batista, Chugani, Juhász, Behen, & Shankaran, 2007;
Biran, Verney, & Ferriero, 2012; Kannan & Chugani, 2010; Liu, Siesjö, &
Hu, 2004; Vannucci, Lyons, & Vasta, 1988; Wixey, Reinebrant, & Buller,
2011). It has also been shown that glucose metabolism is significantly
lower in severe than in mild and medium hypoxic-ischemic neonates
(Shi et al., 2012). Batista et al. reported that early transitory hy-
permetabolism followed by permanent hypometabolism in the striatum
and thalamus seems to be related to prognosis of cerebral palsy in
newborns affected by HI (Batista et al., 2007). Preclinical studies
showed acute and chronically persistent hypometabolism in the

Fig. 3. Alterations in MBN architecture in adult rats previously subjected to the neonatal HI model. (A) Cross-correlation matrices and 3D brain assessed by Pearson
correlation representing the brain metabolic network with brain region associations for sham group, (B) HI non-h, and (C) HI-h groups for the following regions: 1- L
amygdala, 2- R amygdala, 3- L striatum, 4- R striatum, 5- L auditory cortex, 6- R auditory cortex, 7- L entorhinal cortex, 8- R entorhinal cortex, 9- L insular cortex, 10-
R insular cortex, 11- L parietal cortex, 12- R parietal cortex, 13- L motor cortex, 14- R motor cortex, 15- L retrosplenial cortex, 16- R retrosplenial cortex, 17- L
somatosensory cortex, 18- R somatosensory cortex 19- L hippocampus, 20- R hippocampus, 21- L olfactory apparatus, 22- R olfactory apparatus, 23- L thalamus, and
24- R thalamus. Hot colors indicate positive correlations (shades of red) and cold colors indicate negative correlations (shades of blue). No correlations are indicated
by white color (white = 0). (D) Theoretical graph measures of the metabolic brain network matrices are represented in the graphs related to global efficiency, (E)
assortativity coefficient, and (F) average clustering coefficient. n = 12 to sham, n = 9 to HI non-hypometabolic, and n = 13 for HI hypometabolic group. HI non-h,
HI non-hypometabolic; and HI h, HI hypometabolic; L, left; R, right. (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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ipsilateral hemisphere after brain ischemia in adult rats (Gao et al.,
2010; Hyun et al., 2011; Li, Lu, & Zhang, 2013). Furthermore, cellular
death in the ipsilateral hippocampus has been associated with both
necrosis and apoptosis mechanisms in neonatal HI rats (Liu et al.,
2004). We did indeed observe accentuated glucose hypometabolism at
53 days after HI insult, in the right hippocampus, right striatum, right

thalamus and right auditory, parietal, insular, retrosplenial, somato-
sensory, and visual cortices. Additionally, we found severe hypometa-
bolism in other structures in the right hemisphere, such as the acb core,
amygdala, hypothalamus, superior colliculus, VTA, and inferior colli-
culus. To a lesser extent, metabolism was also altered in the right cin-
gulate cortex, motor cortex, and midbrain. Nonetheless, no changes

Fig. 4. Long-term cognitive impairments in spatial memory task correlated with the brain glucose metabolism of adult HI rats. (A) The graphs represent the spatial
memory acquisition curve and the respective (B) AUC of MWM performance. (C) The following graphs are related to the total distance travelled, (D) the escape
latency and, (E) the time spent in the target quadrant in the probe trial. (F) Images show a representative plot of probe performance for each experimental group. *
p < 0.05, ** p < 0.01, and *** p < 0.001 vs sham group according to Bonferroni’s post hoc test after 2-way and 1-way ANOVA, respectively. Data are expressed as
mean ± SD. G) Graphs show Pearson’s coefficients for correlations between brain glucose metabolism and AUC of MWM learning curve for R hemisphere, H) R
cortex, I) R striatum, and J) R hippocampus. n = 12 to sham, n = 9 to HI non-hypometabolic, and n = 13 to HI hypometabolic groups. HI non-h, HI non-
hypometabolic and HI h, hypometabolic.
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were found in the frontal cortex, MPF cortex, orbitofrontal cortex, or
cerebellum. Despite this, in previous studies the frontal cortex has been
related with increased neuroinflammation and decreased cerebral
blood flow in neonatal HI models (Sizonenko et al., 2003; Vannucci
et al., 1988; Wixey et al., 2011). It is possible that the reason that
frontal cortices did not exhibit decreased glucose metabolism in the
present study is related to their anatomical location, remote from the
ischemic area, suffering only the consequences of hypoxia. Hypoxia
alone would not be sufficient to cause persistent and significant meta-
bolic changes lasting to adulthood. The cerebellum also appears to be
highly susceptible to hypoxic-ischemic damage, because of the vul-
nerability of Purkinje cells to this condition. Purkinje cell death in the
cerebellum was observed at least 20 days after HI brain injury (Biran
et al., 2012). However, in the present study, at 53 days after induction
of HI brain injury, there was no alteration in cerebellar metabolism.

Additionally, we used microPET analysis to evaluate the MBN of
adult HI animals. Functional network associations or dependencies
between brain regions indicate neural interactivity and can be mea-
sured by EEG, fMRI, or PET, for example. PET-based brain network
analysis employs regional variations in metabolic demand in the brain
coupling between synaptic activity and energy consumption (reviewed
by Choi et al., 2014; Zimmer et al., 2017; Zanirati et al., 2018). In the
present study, an interregional cross-correlation method was used for
MBN analysis. The regions included in the MBN analysis were selected

due to their importance in the pathophysiology of neonatal HI or in
agreement with metabolic changes. The sham group showed a typical
pattern of a structured MBN, with a large number of connections be-
tween the regions evaluated. Interestingly, although there were no
changes to in vivo brain glucose metabolism for the HI non-h group,
these animals did have MBN changes. The MBN exhibited a hyposyn-
chronous pattern with a drastic reduction in connections between re-
gions.

In the HI h group, we identified an increase in aberrant correlations
between the regions evaluated, compared to the sham group MBN.
There was an increase in positive correlations between right hemi-
sphere regions and a consequent increase in negative correlations be-
tween contralateral and ipsilateral brain hemispheres. Specifically,
right hemisphere regions correlated positively with each other because
of the drastic decrease in their metabolism in synchrony. Conversely,
the existence of negative correlations between left and right hemi-
spheres was due to the preserved metabolism in the contralateral
hemisphere and intensification of hypometabolism in the injured
hemisphere. We therefore demonstrated an MBN with disconnection
between the cerebral hemispheres in the HI h animals.

The brain is highly connected by networks and ischemia processes
can alter the global brain network (Jung et al., 2016; Siegel et al.,
2018). Our study was effective in demonstrating that HI insult changes
the architecture of the MBN in adult rats previously subjected to the

Fig. 5. Brain tissue loss in adult rats after neonatal HI model is correlated with cerebral 18F-FDG metabolism. (A) Estimated brain volumes of the left and right
hemispheres, (B) cortex, (C) striatum, and (D) hippocampus. (E) Graphs below show Pearson’s coefficients for correlations between brain glucose metabolism and
brain volume for hemisphere, (F) cortex, (G) striatum, and (H) hippocampus. ** p < 0.01 and *** p < 0.001 vs sham R and + p < 0.05, ++ p < 0.01 and +++
p < 0.001 vs HI h L according to Bonferroni’s post hoc test after 1-way ANOVA. (I) Visual representation of brain metabolism correlation with brain volume. The
following columns represents FDG-PET scan means from each group and, below, digitalized images of the rat brains corresponding to the coronal sections from sham,
HI non-h, and HI-h groups, respectively. The last column shows a correspondent schematic drawing from Paxinos and Watson's atlas. n = 12 to sham, n = 9 to HI
non-hypometabolic, and n = 13 to HI hypometabolic groups. HI non-h, HI non-hypometabolic; HI h, hypometabolic; L, left; R, right.
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neonatal HI model, regardless of presence or absence of significant
brain metabolism changes. Based on the premise that synchronic re-
gions are functionally interconnected, the aberrant pattern of syn-
chronization for some HI animals demonstrates the capacity of neonatal
HI insult to disrupt the interhemispheric functional connection between
brain regions. Siegel et al. also identified specific brain network dys-
function patterns and loss of interhemispheric communication as being
associated with impairment of behavioral brain domains in stroke pa-
tients (Siegel et al., 2018). Additionally, both HI groups demonstrated a
reduction in global efficiency, assortativity coefficient, and average
clustering coefficient in the MBN matrix, in relation to the sham group.
Decreased global efficiency has been associated with some neurode-
generative pathologies, which indicate loss of efficiency in regional
information exchange (Choi et al., 2014; Seo et al., 2013). Indeed, HI h
presented an aberrant hypersynchronic pattern whereas HI non-h pre-
sented an aberrant hyposynchronic pattern.

Both clinical and experimental studies have linked neonatal HI to
unfavorable outcomes for cognitive ability (Alexander et al., 2014;
Aylward, 2014; Greggio et al., 2014). The ability to acquire spatial
memory is closely related to the functional integrity of both the hip-
pocampus and the striatum (Pooters, Gantois, Vermaercke, & D’Hooge,
2016; Shah, Verhoye, Van der Linden, & D’Hooge, 2018). Con-
troversially, both HI h and HI non-h animals exhibited impaired MWM
performance. Even HI animals that did not exhibit hippocampal or
striatal changes in either metabolism or morphology showed a sig-
nificant cognitive impairment compared with the sham group. Ad-
ditionally, we found a correlation between MWM performance and
brain glucose metabolism in most of the regions in the ipsilateral
hemisphere, including the right hippocampus but not the right
striatum.

In common with the brain metabolism changes, cerebral volume
loss was also limited to the ipsilateral hemisphere in the HI h group but
not in the HI non-h group. HI animals usually present generalized brain
injuries, including volumetric reductions in the ipsilateral cortex, hip-
pocampus, and striatum and increases in ventricular volume associated
with persistent behavioral deficits (Alexander et al., 2014; Durán-
Carabali et al., 2017; Greggio et al., 2014). However, Smith et al. ob-
served that changes in anatomical volume of different brain regions did
not correlate with any behavioral change for HI animals (Smith,
Alexander, Chrobak, Rosenkrantz, & Fitch, 2015). In the same manner,
we also observed dissociation between cognitive and MBN impairments
with an absence of anatomical and metabolic brain changes in the HI
non-h animals. Nevertheless, changes in brain volume did correlate
positively with the hypometabolism observed in the regions evaluated.

There is consensus that brain 18F-FDG metabolism is proportional to
brain energy demand and therefore indicative of synaptic activity (Choi
et al., 2014; Zimmer et al., 2017). Furthermore, changes in regional
cerebral metabolism are usually associated with brain injuries, such as
inflammatory process, cellular death, and tissue loss leading to neuro-
functional disabilities (Fu et al., 2009; Love, Tomas, Tronco, & Palestro,
2005; Matsui et al., 2009; Pomykala et al., 2013). As expected, most of
the HI animals that exhibited severe hypometabolism in regions of the
ipsilateral hemisphere developed cognitive deficits in spatial memory
and had significant loss of volume of brain regions. These animals also
had altered MBN, with aberrant connections, promoting interhemi-
spheric disconnection. In contrast, we also demonstrated that a per-
centage of HI animals preserved normal brain glucose metabolism le-
vels and cerebral tissue anatomy. Notwithstanding, they were unable to
prevent the development of cognitive deficits caused by neonatal HI
insult. These animals also had an abnormal MBN, indicative of changes
in brain functionality and possibly related to poor cognitive outcomes.
Similarly, patients with epilepsy who present changes to the organiza-
tion of the cerebral white matter network appear to be sensitive to
cognitive decline even without injuries visible on magnetic resonance
imaging (Vaessen et al., 2012). In agreement with other studies
(Balduini, De Angelis, Mazzoni, & Cimino, 2000; De Paula et al., 2009;

Jung et al., 2016), the different degrees of cerebral lesion and outcomes
for HI animals observed here may be due to immature brain plasticity
providing spontaneous recovery and contributing to anatomical and
metabolic maintenance of HI animals. Functional network has dynamic
properties and can suffer changes through molecular pathways that do
not rely on morphological changes. Similarly, the presence of a struc-
tural connection does not prove a functional connection (Biswal et al.,
2010). Furthermore, the cognitive impairment seen in the present study
was not only related to changes in cerebral integrity, whether mor-
phological or metabolic, but was also related to changes to the con-
formation of the MBN architecture in HI animals.

5. Summary/Conclusions

In conclusion, our findings show a dissociation between main-
tenance of brain metabolism and cognitive deficits in the neonatal HI
model, which is possibly related to neuroplasticity mechanisms.
Absence of changes in brain glucose metabolism, per se, were not able to
predict adequate cerebral function in HI animals. However, MBN based
on microPET-FDG has been shown to be sensitive in revealing changes
in brain functionality. Considering the intrinsic variability of HI cere-
bral damage outcomes, our results highlight an important role for
microPET-FDG based MBN in elucidation of whole brain metabolic
function in the neonatal HI model. Therefore, the present study de-
monstrates for the first time that long-term changes in MBN drive
memory impairments in adult rats subjected to neonatal hypoxic
ischemia, using in vivo imaging microPET-FDG.
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