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Abstract
Maturation of the auditory pathway is dependent on the central nervous system
myelination and it can be affected by pathologies such as neonatal hypoxic ischemic (HI)
encephalopathy. Our aim was to evaluate the functional integrity of the auditory pathway
and to visualize, by histological and cellular methods, the damage to the brainstem using
a neonatal rat model of HI brain injury. To carry out this morphofunctional evaluation, we
studied the effects of the administration of the antioxidants nicotine, melatonin, resveratrol
and docosahexaenoic acid after hypoxia-ischemia on the inferior colliculus and the audi-
tory pathway. We found that the integrity of the auditory pathway in the brainstem was
altered as a consequence of the HI insult. Thus, the auditory brainstem response (ABR)
showed increased I–V and III–V wave latencies. At a histological level, HI altered the
morphology of the inferior colliculus neurons, astrocytes and oligodendricytes, and at a
molecular level, the mitochondria membrane potential and integrity was altered during the
first hours after the HI and reactive oxygen species (ROS) activity is increased 12 h after
the injury in the brainstem. Following antioxidant treatment, ABR interpeak latency inter-
vals were restored and the body and brain weight was recovered as well as the morphology
of the inferior colliculus that was similar to the control group. Our results support
the hypothesis that antioxidant treatments have a protective effect on the functional
changes of the auditory pathway and on the morphological damage which occurs after
HI insult.

INTRODUCTION
Despite improvements in neonatology, perinatal hypoxic ischemic
(HI) encephalopathy remains one of the main causes of disabilities
in term-born infants (54). This specific pathology underlies many
neurological disorders such as learning difficulties, language and
attention deficit, hyperactivity disorders and cerebral palsy (69).
Moreover, it is also a notable risk factor for hearing impairments
that affect neonates (12, 48).

The auditory brainstem response (ABR) has been shown to be
very sensitive to low blood oxygen concentrations, which result in
damage to the neurosensory cells of the Organ of Corti or loss of
brainstem neurons, such as those of cochlear nuclei or the inferior
colliculus (IC) (18, 30). This neuronal damage compromises nerve
conduction in the brain, leading to acute auditory impairment (29).
ABRs are the most sensitive and reliable methods used to evaluate
such functional impairments (61, 66). In particular, the two most

widely used parameters are wave V latency and its I–V interval
because they intimately reflect neuronal conduction, brainstem
conduction time, myelination and synaptic function, both in the
brainstem and in the central auditory pathway (31).

Following a perinatal asphyxia event, ABR abnormalities have
been reported, including an elevated response threshold, an
increase in wave latencies, brainstem conduction time and
interpeak intervals; reduced wave amplitudes and V/I amplitude
ratio (22, 34, 75). These electrophysiological findings have been
correlated with histopathological observations, which indicated
that perinatal asphyxia often causes discrete lesions in brainstem
auditory nuclei (65).

The effects of HI injury are caused by diverse mechanisms
that ultimately produce cell damage (19). Thus, neural cells
are particularly susceptible to energy failure (decreased ATP
levels), cellular excitotoxicity and oxidative stress, which, in
turn, can promote cell death (4, 68) and in this sense, death
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receptor-activated pathways, altered mitochondrial function (50).
HI events are also known to perturb neuron metabolism and
depress synaptic function between cells (31). Although astrocytes
can also be affected by HI, which can compromise their capacity
for neurotransmitter uptake, they are more resistant to HI events
than neurons (4, 13). In contrast, oligodendrocytes are particularly
vulnerable to perinatal asphyxia which affects myelination, leading
to white matter lesions and damaging gray matter oligodendrocyte
progenitors (60). These cells are responsible for myelin produc-
tion. Thus, reduced expression of myelin basic protein (MBP), the
major myelin protein, is considered a hallmark of inflammation-
associated diffuse white matter damage in fetal rodents (70, 72)
and in preterm infants (26).

One of the key events in HI pathogenesis is the early generation
of reactive oxygen species (ROS) (42). Increased ROS production
leads to lipid and protein oxidation, loss of endogenous antioxi-
dants and damage to neurons (37, 46). Consequently, supplemen-
tation or treatment with antioxidants has been proposed to be
neuroprotective and may be an appropriate target area for novel
therapies (47, 49).

There are many possible candidates for antioxidant therapies.
Here, we have chosen four agents that have shown good protective
effects in brain damage after HI, but their effects on auditory
impairments after HI injury are unknown. Nicotine (N) exerts its
effects via specific nicotinic acetylcholine receptors (nAChRs), the
stimulation of which has various effects, including antioxidant
functions. In addition, nicotine can inhibit glutamate neurotoxicity
and increase the expression of BCL-2 and other antiapoptotic
proteins. Melatonin (M) (N-acetyl-5-methoxytryptamine) is an
endogenous indolamine generated primarily by the pineal gland
and released into the blood stream and cerebrospinal fluid. It exerts
a wide range of physiological functions including the removal of
free radicals (64) and the inhibition of the oxidation of
biomolecules (56). Resveratrol (RV) (3,5,4′-trihydroxystilbene) is
a non-flavonoid polyphenolic compound consisting of two aro-
matic rings attached by a methylene bridge. It is produced by 72
different plant species, including grapevines, pines, legumes,
peanuts, soybeans and pomegranates, but the most common
dietary source of resveratrol is red wine (44). The neuroprotective
effects of RV are caused by its antioxidant activity associated with
its stilbene structure with two phenol rings (45). DHA
(docosahexaenoic acid) (22:6n-3) is a long-chain omega-3 fatty
acid, commonly found in fish such as salmon and tuna. DHA
provides plasma membrane fluidity at synaptic regions, so it is
crucial for maintaining membrane integrity and consequently,
neuronal excitability and synaptic function (15, 76). A DHA-
enriched diet during pregnancy has been shown to provide

neuroprotection against neonatal brain injury by inhibiting oxida-
tive stress (62).

The aim of the present work was to evaluate morphofunctionally
the effect of a panel of antioxidants on HI-induced auditory defi-
cits. To this end, we studied the effects of nicotine, melatonin,
resveratrol and DHA on the neonatal auditory system via meas-
urement of auditory-evoked potentials and characterization of the
morphological integrity of the IC.

MATERIALS AND METHODS

Subjects

Seven-day-old Sprague-Dawley rats were used for histological and
functional studies that were carried out in compliance with the
animal research regulations specified in the European Communi-
ties Directive [2010/63/EU] and were approved by The Basque
Country University Animal Care and Use Committee. Meanwhile,
flow cytometer experiments were studied at different points of time
after the HI insult (3, 12 and 24 h).

Hypoxia ischemia

The HI event was induced in perinatal rat pups by the Rice–
Vannucci method (58). Briefly, Sprague-Dawley rat pups were
anesthetized with isoflurane (3.5% for induction and 1.5% for
maintenance) in oxygen. The left common carotid artery was per-
manently ligated with 6–9 surgical silk and cauterized to block
blood flow through the carotid. Animals were returned to their
mother for 2 h to recover from anesthesia and then placed in a bath
at 36°C during the hypoxic event. They were locked in a glass
bottle and were subjected to 8% oxygen in a nitrogen gas mixture
for 135 minutes. In order to verify the occurrence of brain hypoxia,
some of the animals were injected with Hypoxyprobe™-1 just
before the hypoxic event and were sacrificed immediately after the
hypoxic stress. The rest of the animals were returned to their
biological mothers until they were 14 days old. Following meas-
urement of the ABR, they were euthanized.

Experimental groups

Pups were randomly assigned to six experimental groups (n = 8):
control, HI and the four HI groups administered with the different
drugs (Table 1). Drugs were intraperitoneally administered, and
nicotine, resveratrol and DHA were administered before the
hypoxic event while melatonin was administered 10 minutes after
the hypoxic event (Table 1).

Table 1. Administered drugs with dose, dilution, administration time, mode and commercial house from each one. Each drug was administered
intraperitoneally and was purchased from Sigma Aldrich Co., St. Louise, MO, USA. Abbreviations: DMSO = dimethyl sulfoxide; HSA = human serum
albumin.

Drug Dose (mg/kg) Solvent Administration time

Nicotine hydrogen tartrate 1.2 (14) Saline 2 h before hypoxia (14)
Melatonin 15 (9) Saline and DMSO 5% 10 min after hypoxia (3, 9, 11).
Resveratrol 20 (74) DMSO 10 min before hypoxia (25, 74)
Docosahexaenoic acid 1 (7) HSA 25% diluted in normal saline 10 min before hypoxia (51)
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The time intervals of treatment injections pre- and post-HI and
treatment doses were selected because of the existing good results
for rat data on other brain areas after a perinatal asphyxia. DHA
was previously described as neuroprotective antioxidant when
administered 1 or 3h before the HI event (51), resveratrol when
given 10–15 minutes before (25, 74), and nicotine 2 h before the
damage (14). Meanwhile, melatonin is neuroprotective when
administered just after the damage (3, 9, 11).

ABR measurements

Animals were anesthetized with ketamin-xylacin (80 and 10 mg/
kg, respectively) to measure the auditory-evoked potentials. GSI
Audera equipment with software version 1.0.3.4 was used to
record the ABR. Measurements were performed in a sound-
proofed room to ensure minimization of background noise. ABR
latencies and amplitudes were recorded using three gold-plated
disk electrodes placed at the middle forehead (positive), ipsilateral
earlobe (negative) and middle body (ground), respectively.

Measurement acquisition was calibrated with the following
parameters: sweep time of 10 ms with 150 and 3000 Hz filters for
low and high frequencies, respectively. Stimulation was performed
by means of 11.1/s clicks ABR and averages were taken of 2006
responses. We used continuous clicks at intensities of 100 dB.
Repeated ABRs were recorded for both ears. The parameters
analyzed were peak amplitudes (μV), peak latencies (ms) and
intervals between peaks (ms).

Tissue processing for histological study

After ABR recordings, animals were weighed, sacrificed with
sodium pentobarbital overdose and perfused with saline-heparin
followed by 4% formaldehyde prepared with fresh paraformalde-
hyde. The brain was removed and weighed before being fixed in
4% formaldehyde overnight. The brainstem was isolated, dehy-
drated and embedded in paraffin and then sectioned with a
microtome (5 μm) at stereotaxic standard level of bregma
9.30 mm, at the level of the mesencephalon interaural 0.30 mm
(52). Sections were collected on polylysine-coated slides and pro-
cessed for hematoxylin–eosin staining. The same procedure was
carried out for Hypoxyprobe™-1 staining, but P7 pups were used
instead of using P14 animals in this case. For MBP expression
analysis, at least three sections per brain were assayed for the
central nuclei of the inferior colliculus (CIC) and three more
sections per brain for the external cortex of the inferior colliculus
(ECIC) (63).

Assessment of brain damage

To quantify cell damage in the IC with the hypoxia marker stain-
ing, astrogliosis or white matter injury assessments, we only used
samples with a reduced infarct area or without it. To represent the
infarct area that occurs in some animals, we used the hematoxylin–
eosin staining.

Hypoxia marker

To evaluate the existence of hypoxia in the brain, we used the
hypoxia marker Hypoxyprobe™-1 (Hypoxyprobe Inc., Burlington

MA, USA). Hypoxyprobe™-1 (60 mg/kg) was intraperitoneally
injected immediately after the HI event. Hypoxyprobe™-1 distrib-
utes to all tissues including the brain but it only binds thiol-
containing proteins in those cells which have an oxygen
concentration less than 14 μm. After blocking endogenous
peroxidase with H2O2 (3%), dewaxed and rehydrated sections were
incubated with Hypoxyprobe™-1 MAb1 mouse primary antibody
(1/50) for 1 h. Following abundant washing in saline, sections
were indicated for 10 minutes with peroxidase-conjugated anti-
mouse antiserum (1/500). The presence of bound primary antibody
was manifest with diaminobenzidine and sections were finally
weakly counterstained with hematoxylin.

Neuronal injury

The neuronal injury was evaluated in sections stained with
hematoxylin–eosin (Sigma-Aldrich Co., St. Louis, MO, USA).

Astrogliosis

Astrogliosis was evaluated using glial fibrillary acidic protein
(GFAP) immunohistochemistry. Sections were rehydrated and
blocked with endogenous peroxidase (1%), incubated with mouse
anti-GFAP primary antibody (1:500, Dako, Glostrup, Denmark)
overnight and then with peroxidase-labeled second antibody (HRP
anti-mouse 1:100, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) for 1 h. Sections were stained with diaminobenzidine and
counterstained with hematoxylin.

White matter injury assessment

For MBP immunohistochemistry, sections were incubated with
mouse primary anti-MBP antibody (1:200, Santa Cruz Biotech-
nology) overnight and then with peroxidase-labeled second anti-
body (HRP anti-mouse 1:100, Santa Cruz Biotechnology) for
1 h. The sections were stained with diaminobenzidine and
counterstained with hematoxylin. White matter injury was
analyzed by densitometry of MBP immunostaining using a com-
puterized video-camera-based image analysis system (National
Institutes of Health Image software, public domain, http://
rsb.info.nih.gov/nih-image/) as described by Liu et al (43). Unal-
tered TIFF images were digitized, segmented (using a consistent
arbitrary threshold −50%) and binarized (black vs. white). Total
black pixels per hemisphere were counted, and average values
were calculated per brain, and expressed as pixels per hemisphere.
Hemisphere areas were also outlined and measured for each
section that was analyzed by densitometry. At least eight sections
per brain were analyzed and only sections with obvious technical
artifacts related to the staining procedure were excluded.
Densitometry values were expressed as the ratio of left-to-right
hemispheric measurements; for each brain sample (left hemi-
sphere /right hemisphere), pixels of MBP were calculated.

Flow cytometry analysis

For the flow cytometry analysis, animals were sacrificed with
pentobarbital sodium overdose and perfused with Ringer lactate
solution. Ipsilateral brainstem sections were isolated and
disaggregated with a blade in a lactate solution always kept in ice
cold and then samples were placed in a cell strainer with 4 mL of
collagenase [1.5 mg/mL diluted in Hank’s (HBSS); Sigma-
Aldrich, St. Louis, MO, USA] in each dish and incubated at 37°C
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for 20 min. Cell suspension was washed with Hank’s in a centrifu-
gation at 1640 g for 5 minutes, and after removing the supernatant,
the pellet was suspended in 5 mL of Hank’s. Then, cell suspen-
sions (600–1000 μL) were incubated with different fluorochromes.
The samples were incubated for 30 minutes at 37°C and after
washing twice with centrifugation for 5 minutes at 1640 g in
Hank’s solution, pellet suspended in 350 μL of Hank’s were taken
to the cytometry. Analyses were determined by an EPICS ELITE
Flow Cytometry (Colter, Inc., Miami, FL, USA). To exclude debris
and cellular aggregates, samples were gated based on light scat-
tering properties, in side scattering (SSC), which correlates with
cell complexity, and forward scattering (FSC), which correlates
with cell size, and 10 000 events per sample within a gate (R1)
were collected. Events within R1, which corresponded to indi-
vidual cells, were plotted for their fluorescence. An unstained
sample was used as a control to remove autofluorescence. Data
analysis was performed using the Summit v4.3 software and sta-
tistical analyses with GraphPad prism 5 software.

To study the membrane integrity and potential, the level of
cardiolipin was observed by using the fluorochrome nonyl acridine
orange (NAO, Invitrogen, Leek, The Netherlands) and the level of
Rhodamine 123 (Rh-123, Invitrogen) a lipophilic cationic
fluorochrome. In the first marker, cell suspensions were incubated
with NAO (10−2 M) in phosphate buffered saline (PBS) at 4°C and
in the dark conditions for 30 minutes and later cells were washed
twice in buffer before loading to the flow cytometry. For Rhoda-
mine 123 study, cell suspension was incubated with Rh123 (4 μL)
in 100 μL of Hanks’ solution for 30 minutes at 37°C, followed by
washing and incubated for 30 minutes more at 37°C before taking
to the flow cytometry for the analysis.

Intracellular ROS were detected using fluorochrome 2′,7′-
dichlorofluorescein diacetate (DCFH-DA; Invitrogen). Cell sus-

pension was incubated with DCFH-DA fluorochrome (10 μM) in
HBSS for 30 minutes at 37 C and taken directly to the flow
cytometry for the analysis.

Statistical analysis

Values are represented as means ± SD. Group differences were
studied by one-factor analysis of variance with Bonferroni–Dunn
correction. The statistical analysis of data was performed using
GraphPad prism 5 software version 5.01 (GraphPad Software, Inc.,
San Diego, CA, USA).

RESULTS

Alterations in ABR

Wave amplitudes

The amplitudes of the peaks were different in most of the animals
and the standard deviation was very high in the groups to compare
them, so we did not consider them for analysis.

Wave latencies

In the pups with neonatal HI, the latency of waves I, II and III (0.36
ms ± 0.02; 0.99 ms ± 0.04; 1.84 ms ± 0.14, respectively) was
similar to that of the control group. In contrast, wave IV and V
latencies in the HI animals were significantly longer than in control
animals, from 2.28 ms ± 0.06 to 2.32 ms ± 0.09 and from
2.75 ms ± 0.08 to 3.04 ms ± 0.11, respectively (Figure 1B). All
antioxidant-treated groups showed wave latencies that were similar
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Figure 1. Typical auditory brainstem
response (ABR) recording of 14-day-old rats
(n = 8). A. Representative ABR responses of
control (blue), hypoxia-ischemia (HI) (red) and
treated rats (green) (n = 8 in each group). A
representative rat treated with melatonin
was use for the illustration. B. The results of
the ABR expressed as mean ± standard
deviation in all experimental groups.
*P < 0.05 vs. control and #P < 0.05 vs. HI,
ANOVA.
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to those of the control group with slight differences, which were
not statistically significant (Figure 1A,B). As there were no differ-
ences between the left and right ears, we evaluated the data
together.

Interpeak intervals

The HI event induced a statistically significant decline in ABR
latency intervals (Figure 2) in the III–V and in the I–V intervals
between the peaks, while there were no statistical differences
between the treatments and control groups. In the I–III interval,

there were no statistical differences between the peaks (mean
latency; 1.4 ms in all groups). In contrast, wave V latency after HI
tended to be slightly longer than in the control or treated groups
and a statistically significant enhancement of the latency interval
was observed in III–V intervals with a 35% decrease in the
interpeak interval of the latency in almost all treated groups com-
pared with the HI group. In the I–V interpeak interval, a 14%
decrease was measured in the treated groups compared with the HI
group.

Body weight

We compared the body weight of each animal in each group, and
no differences were found among the different groups at postnatal
day 7 (P7). However, after experiments (day 14), differences in
body weight were observed (P < 0.05) (Figure 3). The HI group
showed a 14% loss of body weight during these days,
(29.13 g ± 2.2 vs. 25.19 g ± 1.34, control and HI groups, respec-
tively), while all antioxidant-treated groups showed body weights
similar to the control group.

Assessment of brain damage

We also weighed brains after the sacrifice of the animals. There
were statistical differences between the experimental groups
(P < 0.05) (Figure 4) in that we found a 28% brain weight reduc-
tion in the HI group compared with the control group
(14.49 g ± 2.54 vs. 10.40 g ± 2.25), while antioxidant treatment
with nicotine, melatonin and resveratrol abolished this decrease.
Treatment with DHA had a similar effect, but the difference was
not significant.

We examined the presence of tissue hypoxia in samples stained
with the immunohistochemical hypoxia marker Hypoxyprobe™-1
(Figure 5). Examination of the histological sections at the mid-
brain levels 7 days after left carotid ligation and 2 h and 15 minutes
of hypoxia revealed the absence of Hypoxyprobe™-1 labeling in
control midbrain sections (Figure 5A). However, intense hypoxia
labeling was apparent in the HI group, especially in the ipsilateral
side where morphological damage to the ischemic event is obvious
(Figure 5B). In the treated groups, Hypoxyprobe™-1-labeled cells
could also be observed but no morphological damage was apparent
(Figure 5C). The image of the treated group (image of HI + nico-
tine rat) is a representative image for all of treatments. In more
augmented images, reactive cells are observed in HI and treated
groups while there is no evidence of this reactivity in the control
group (Figure 5D–F).

Hematoxylin–eosin staining

Staining of brain sections with hematoxylin–eosin macroscopi-
cally revealed signs of early neuronal damage induced by the HI
event, with the IC displaying significant evidence of infarction,
whereas sections of non-ischemic control animals or treated
animals did not (Figure 6).

In the IC (Figure 7), HI insult induced a significant alteration in
neuron morphology, as indicated by an asterisk. Indeed, asphyctic
animals showed swollen and deformed neurons in the CIC at the
ipsilateral side, also with axonal prolongations and condensed

Figure 2. Interpeak latency of ABRs in 14-day-old control, HI and
treated rats. Data are expressed as means ± SD (*P < 0.05 vs. controls
and #P < 0.05 vs. HI, ANOVA). Abbreviations: C = control; HI = hypoxia-
ischemia; N = nicotine; M = melatonin; RV = resveratrol; DHA =
docosahexaenoic acid.
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cytoplasm. There were no signs of neuron damage in the slices
from treated animals, in the CIC.

Reactive astrogliosis

We next carried out GFAP immunohistochemistry to test if there
was astrocyte reactivity in the IC after the HI event (Figure 8). Low
levels of GFAP expression were detected in control animals
(Figure 8A). In contrast, we found remarkable reactivity in the
ipsilateral IC of HI animals (Figure 8B). Astrogliosis was dimin-
ished in all cases after treatment (Figure 8C–F).

MBP immunoreactivity

MBP immunostaining was found to be reduced in subcortical
white matter at the level of the ECIC and also in the CIC. We

quantified the expression of MBP in the ipsilateral (L) and
contralateral (R) hemispheres of the IC and established the MBP
ratio as expression level in the left/right hemispheres. This L/R
MBP ratio of HI pups was significantly decreased (P < 0.05) when
compared with control animals in the ECIC (1.02 ± 0.22 vs.
0.53 ± 0.19 control and HI groups, respectively) and in the CIC
(0.98 ± 0.06 vs. 0.68 ± 0.14, control and HI groups respectively).
Treated animals showed a lesser degree of MBP loss in the ipsi-
lateral hemisphere, with the L/ R MBP ratio being similar to that
observed in the control group (Figure 9). Thus, antioxidant treat-
ment resulted in the maintenance of MBP levels in the subcortical
white matter of the ipsilateral hemisphere, in both anatomical
regions.

Flow cytometer results

Just after the HI event, the membrane integrity is affected in the HI
group and also in melatonin- and resveratrol-treated groups, but
treated groups recover the membrane integrity in 3 h, while the HI
group has a statistical significant decrease in the percentage of
positive cells to fluorochrome NAO compared with the control
group. Thus, 12 h after the HI injury, all groups showed the same
percentage of positive cells to this cardiolipin binding marker
(Figure 10).

As in the case of the membrane integrity study, the membrane
potential is affected in the HI groups with a statistically significant
decline in the percentage of positive cells in the Rhodamine 123 in
vivo marker. This reduction is remarkable just after the damage and
also 3 h after the damage but it seems that the membrane potential
returns to normal after 12 h, as in the previous case. Antioxidant
treatments act different in the first hours after the injury but they
also recover the normal percentage of positive cells and fluores-
cence 12 h after the HI event (Figure 11).

According to the ROS, there is also a statistical significant
decrease in the HI and DHA-treated groups compared with the
control group just after the damage. Three hours after the damage,
all of the groups have more or less the same positive cells of DCFH
marker, so the HI group and DHA group have increased the posi-
tive cells during this hour. However, the main difference compared
with the previous results is that 12 h after the injury in all groups
except from the melatonin-treated group, the ROS production has
increased by almost 20% compared with the control group
(Figure 12).

Figure 3. Body weight changes in 7- and
14-day-old neonatal rats (n = 8 for each
group). A. Body weight (in g) of P7 animals
before experimental intervention. B. Body
weight of 14-day-old rats after
hypoxia-ischemia and recovery following
antioxidant treatment. Body weight loss
caused by hypoxia-ischemia was blocked by
all antioxidant treatments. Bar represents
mean ± standard deviation. *P < 0.05 vs.
control; #P < 0.05 vs. HI, ANOVA.
Abbreviations: C = control;
HI = hypoxia-ischemia; N = nicotine;
M = melatonin; RV = resveratrol;
DHA = docosahexaenoic acid.

Figure 4. Brain weight of 14-day-old animals after hypoxia-ischemia and
recovery following administration of antioxidants (n = 8 for each group).
Loss in brain weight caused by hypoxia-ischemia was prevented by the
different antioxidant treatments, with the exception of DHA. Bars repre-
sent mean ± standard deviation. *P < 0.05 vs. control; #P < 0.05 vs. HI,
ANOVA. Abbreviations: C = control; HI = hypoxia-ischemia; N = nico-
tine; M = melatonin; RV = resveratrol; DHA = docosahexaenoic acid.
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DISCUSSION
The present work supports the hypothesis that hypoxia ischemia
induces significant functional, histological and cellular damage to
the brainstem and auditory system. We provide additional evidence
that antioxidant treatment can be a powerful tool in order to mini-
mize HI-associated damage.

Hypoxia ischemia is one of the most important causes of
damage to the inner ear and can develop many hearing disorders
such as sudden sensorineural hearing loss, presbycusis and noise-
induced hearing loss that are suspected to be related to alterations
in blow flow (59). Diverse studies have characterized the damage
to neurons in the hippocampus, striatum and cortex after a peri-
natal asphyxia event (1, 4), but relatively little attention has been
given to the auditory system. According to these studies, hair cell
loss is correlated with the deficiency in both oxygen and glucose in
the cochlea (20).

The ABR is an important diagnostic method to evaluate
brainstem functionality and is widely used to detect HI auditory
impairments (38, 65, 77). In this study, we have used the ABR to
observe the existence of changes in auditory function in response
to HI. There were differences in the amplitude of the ABR between
the animals (the intensity of the response was different among
animals in the same group). However, the latency of the peaks
showed the same pattern in all animals, indicating that ABR wave
latency is a stable and objective parameter. Alterations in this
pattern could therefore be indicative of brain damage.

In the ABR, the latency of the wave V and the I–V interval
latency are the two most widely used variables that reflect neural
conduction. These are associated with myelination and synaptic
function in the brainstem or central auditory pathway (28, 32). We
observed a significant increase both in the I–V and in the III–V
intervals, although the increase in the III–V interval was larger
than that of the I–III interval. It seems that wave V following

Figure 5. Representative stereo microscope
image (A–C) and microphotographs (D–F) of
Hypoxyprobe™-1 labeling in midbrain
sections (n = 8). A, D. No Hypoxyprobe™-1
labeling was apparent in the control group;
I = ipsilateral side; C = control side. B, E.
Hypoxyprobe™-1 labeling together with
morphological damage was apparent on the
ipsilateral side of the inferior colliculus in the
HI group, with reactive cells (arrow). C, F.
Hypoxyprobe™-1-labeled cells appear in the
treatment group (nicotine), but there were
no morphological differences between the
ipsi- and contralateral sides. The contralateral
side is to the left in all cases.
Stereomicroscopic images, bar: 2.5 mm;
microphotographs, bar: 500 μm.

Figure 6. Representative stereo microscope
photographs of the inferior colliculus of P14
perinatal rat brains (interaural distance
0.30 mm and bregma 9.30 mm) stained with
hematoxylin–eosin (n = 8 for each group). A.
Control group. B. Hypoxia-ischemia (HI)
group with the infarction area (indicated with
an asterisk). C–F. HI + treatment: nicotine,
melatonin, resveratrol and DHA, respectively.
Bar: 1 mm.
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perinatal HI may be particularly vulnerable to physiological
changes (66). Thus, our finding corroborates the findings of others
in that the more central part (III–V interval) of the auditory
pathway is more affected by HI insult than the more peripheral part
(I–III interval) of the pathway (33). The progressive increase in
ABR latencies and interpeak intervals may be attributed to a
cumulative decrease in the efficacy of synaptic transmission at
high stimulus rates, resulting in prolonged synaptic delays along
the brainstem auditory pathway (35).

The brainstem receives blood from different sources but is
mainly supplied by the vertebral artery, and the common carotid
arteries play a minor role in this region. For this reason, it has been
suggested that the brainstem is largely unaffected in the Rice–
Vannucci model, which is a perinatal asphyxia model broadly used
to investigate cerebral damage because the maturity of the CNS of
P7 rats is similar to term human babies (21, 71). Nevertheless,
Tomimatsu has demonstrated reduced blood flow to the ipsilateral
IC during the HI event with this method, thereby validating its
extensive use as a model of perinatal asphyxia by many research
teams including our own (4, 19, 24).

To evaluate the effects of HI, here we have also measured
the parameters of animal body and brain weight. Neonatal
hypoxia-ischemia not only causes brain damage and neurological

deficits but also decreases somatic growth. Accordingly,
we found somatic growth retardation in HI rats at P14 weeks
compared with the control group, and that antioxidant treatments
significantly improved body weight. Moreover, we also show
that antioxidant-treated pups maintained brain weight values,
suggesting a beneficial effect of these compounds. The decrease
in brain weight was likely caused by the loss of cerebral tissue,
an observation that corroborates that of other authors who
described the formation of brain cavities associated with long HI
episodes. Indeed, some authors observed an important variability
in the extension of the damaged area derived from HI insult,
which leads to ipsilateral cerebral infarction (57) and manifests
as a dramatic loss of cerebral tissue (8, 67). In response to
the administration of antioxidant treatments, neurons in the
IC appear to be less damaged and this may underlie the
decreased infarct volume of antioxidant-treated animals after a
HI event.

In addition to considering functional perturbations, we consider
that an optimal method to evaluate neuroprotection is the combi-
nation of functional approaches with histological evaluation. With
this view in mind, we prospectively studied the effects of neonatal
hypoxia ischemia on the three neural cell types: neurons,
astrocytes and oligodendrocytes.

Figure 7. Representative microphotographs
illustrating the alteration in neuron
morphology in the central nuclei of the
inferior colliculus in hematoxylin-stained
brain sections from P14 rat pups. A. Control.
B. Hypoxia-ischemia (HI). C–F. HI + treated
groups, nicotine, melatonin, resveratrol and
DHA, respectively. Condensate and bigger
cells after HI (arrow) are apparent while after
treatment administration the cells are similar
to the control group. Bar: 100 μm.

Figure 8. Increase in reactive gliosis
[measured as glial fibrillary acidic protein
(GFAP) expression] in injured animals and
reduction of reactivity after treatment
administration. Representative
microphotographs illustrating GFAP
immunostaining in brain sections from the
central nucleus of the inferior colliculus (CIC)
in control (A) hypoxia-ischemia (HI) with
reactive astrogliosis (asterisk) (B),
HI + antioxidant treatment: nicotine,
melatonin, resveratrol and DHA, respectively
(C–F). Samples were obtained from P14
animals. Bar: 100 μm.
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Depending on its severity and duration, brain injury may cause
either infarction or selective neuronal death. Neurons are known to
be the brain cells that are most sensitive to the lack of oxygen; they
also exhibit selective vulnerability (24, 36). Moreover, in this
study, we found that neuronal injury was more susceptible in the
IC than in the rest of the brainstem, such as cochlear nucleus or
vestibular nucleus. Indeed, it is widely known that astrocytes are
generally more resistant to ischemia and other stressors than
neurons because they are able to survive and function for extended
periods under hypoxic conditions (20). However, astrocyte reac-
tivity was observed in the form of GFAP upregulation during the
HI event in the IC, while this reactivity was seen to be ameliorated
in the rest of antioxidant-treated groups.

White matter injury is a clinical hallmark of hypoxic ischemic
encephalopathy (HIE) (27, 71). We also observed a reduction in

MBP expression in the HI group and recuperation in the treated
groups, results that corroborate the findings of other authors (2).
MBP is the major myelin protein in the brain, constituting 30% of
all myelin proteins. It is known to play a major role in myelin
compaction during central nervous system development by inter-
calating between phospholipidic sheets and interacting with lipids
and proteolipids. White matter injury is a clinical hallmark of
preterm HIE (27, 71). Oligodendrocytes are the major cellular
component of white matter and are the cells responsible for myelin
formation in the central nervous system (6). Thus, damage to these
cells can lead to a dysfunction that alters the formation of the
myelin sheath after hypoxia-ischemia (2). Maturation of
oligodendroglia is known to be altered in HIE because of three
mechanisms: microglial activation, excitotoxicity and free radical
attack. Excitotoxicity likely leads to oligodendrocyte injury by

Figure 9. Loss of myelin basic protein (MBP) immunostaining at the
level of the inferior colliculus in injured animals and recovery after
antioxidant treatment. Microphotographs illustrating the disruption of
MBP immunostaining in the external cortex of the inferior colliculus
(ECIC) (B) (asterisk) compared with the control group and in the CIC (C).

In (A) and (D), the histograms represent the ipsilateral/contralateral ratio
of MBP expression in the ECIC and CIC, respectively. Bars represent
the mean and SD (±standard deviation) with n = 8 for each group.
*P < 0.05 vs. control; #P < 0.05 vs. HI, ANOVA. Bar: 100 μm.
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promoting Ca2+ influx, and as a result, the generation of reactive
oxygen and nitrogen species (ROS/RNS) (71).

The role of mitochondria in apoptosis seems to be very impor-
tant. During prolonged hypoxia, the mitochondria in the majority
of neonatal neurons were slowly depolarized, and during a brief
period of hypoxia followed by reoxygenation, the majority of the
neonatal mitochondria demonstrated a partial depolarization fol-
lowed by recovery, which correlates with the previous studies (41).
In the study of mitochondrial integrity, we observed a decrease in
the percentage of positive cells to NAO in the HI group in the first
hours in the brainstem, which supports the idea that the oxidation

of cardiolipin is implicated in mitochondrial dysfunction and can
be the consequence of release of cytochrome C from the mito-
chondria to the cytoplasm, a process that is involved in the
apoptotic cell death cascade (16, 17, 19, 55). Moreover, the same
results were found in the percentage of positive cells to Rhodamine
123, suggesting that both membrane potential and integrity are
altered during the HI event in the first moments.

ROS play a critical role in HI injury. ROS that were generated
during the HI event caused cell damage not only via direct action
on the cell but also via activation of inflammatory pathway (79).
We observed an increase in ROS production 12 h after the HI

Figure 10. Percentage of positive cells with in vivo markers nonyl acridine orange (NAO) at different points after HI (n = 5). Data are expressed as
means ± SEM (*P < 0.05 vs. controls and #P < 0.05 vs. HI, ANOVA). Abbreviations: C = control; HI = hypoxia-ischemia; N = nicotine; M = melatonin;
RV = resveratrol; DHA = docosahexaenoic acid.

Figure 11. Percentage of positive cells with in vivo markers Rhodamine 123 at different points after HI (n = 5) in P7 rats. Data are expressed as
means ± SEM (*P < 0.05 vs. controls and #P < 0.05 vs. HI, ANOVA). Abbreviations: C = control; HI = hypoxia-ischemia; N = nicotine; M = melatonin;
RV = resveratrol; DHA = docosahexaenoic acid.

Auditory-Evoked Potentials and Morphological Damage in Rats Revuelta et al

10 Brain Pathology •• (2015) ••–••

© 2015 International Society of Neuropathology

Revuelta et al Auditory-Evoked Potentials and Morphological Damage in Rats

Brain Pathology 26 (2016) 186–198

VC 2015 International Society of Neuropathology

195



event; this could be because mitochondria are both a source and a
target of ROS (78), so after the mitochondrial first injury, there is
an increase of ROS production and that can lead to cell death (40).

Taking into account that antioxidant treatments have been pre-
viously described as a type of neuroprotective therapy, we consider
if it could also be effective at this level. Antioxidant effect was
observed in all treatments but the protective mechanism is
unknown. In the functional and histological studies, all treatments
show neuroprotective effect, while these results are not so clear in
the molecular studies. The mitochondrial membrane seem to act in
the same way in all treated groups after 12 h, but ROS production
after 12 h to the injury is only decreased in the melatonin-treated
group, suggesting that the antioxidant effect of melatonin is faster
compared with the rest of the studied groups.

Melatonin is one of the most well-known neurohormones that
are used as a neuroprotective agent for several brain injuries (1,
10). It has been shown to exhibit neuroprotective effects against
transient or permanent ischemic brain injury (39, 53), making it a
potentially good tool for the treatment of neonatal hypoxia-
ischemia (9, 73). RVT and DHA treatments have also been dem-
onstrated to be effective against HI brain injury in the neonatal rat
model, reducing infarct volume and neuronal loss, minimizing
lipid and DNA peroxidation, blocking some apoptotic pathways,
decreasing inflammation, inhibiting free radical production and
increasing the production of some antioxidant enzymes such as
GPx and SOD (5). Apart from the well-known antioxidant treat-
ments for the HI injury, activation of neuronal nAChRs by nicotine
has also been suggested to protect neurons against hypoxic insult
(23). Our findings confirm this potentially protective effect of
nicotine by showing reduced brain damage following HI, when
nicotine is administered.

CONCLUSIONS
Taken as a whole, the present prospective study presents for the
first time a correlation between the functional, morphological and

molecular aspects underlying the antioxidant-induced ameliora-
tion of HI-induced brainstem damage. Thus, antioxidant treat-
ments were found to provide effective neuroprotection to the
immature auditory system before a perinatal HI event. To our
knowledge, this is the first study that demonstrates the
neuroprotective effects of nicotine, melatonin, resveratrol and
DHA on the functional changes of the auditory pathway and on the
morphological damage, which occurs after neonatal HI insult.
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