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Abstract
Exposure to general anesthetics induces neural apoptosis and degeneration in the immature neonatal brain. Erythropoietin (EPO)
has been shown to protect neonatal animals against hypoxic-ischemic injury and general anesthesia-induced developmental
neurotoxicity. However, preventive strategy caused by EPO against neurotoxicity due to general anesthesia is still uncertain.
This study examined the effects of EPO administration on brain cytology and cognitive function in adolescent rats exposed to 3%
sevoflurane as neonates. Seven-day-old rats received intraperitoneal saline (EPO 0 U group) or EPO (60, 120, or 600 U) 30 min
before exposure to 3% sevoflurane with 21% oxygen for 4 h. The rats only received 21% oxygenwithout EPO and sevoflurane as
the sham group. The Morris water maze task was performed time-dependently among the groups, 3 weeks post-anesthesia
exposure. Escape latency and % quadrant in the EPO 600 U group were significantly reduced and increased, respectively,
compared with those in the EPO 0 U group 6 weeks post-exposure. In addition, freezing time in response to the conditioned
stimulus and the number of NeuN-positive cells in the hippocampal CA1 region were significantly increased in the EPO 120 and
600 U groups than in the EPO 0 U group 6 weeks after exposure. Moreover, the statistical parameter mapping of positive cell
density was increased in the EPO-treated rats. These results support the observations that pretreatment with EPO reduced long-
term cognitive deficits and neuronal degeneration in cortex and hippocampus induced by sevoflurane exposure with low oxygen
concentration in neonatal rats.
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Introduction

Neural toxicity induced by exposure to general anesthesia in
neonatal rodents has been shown to cause neurological im-
pairment in later adulthood (Disma et al. 2016; Jevtovic-
Todorovic 2018; Jevtovic-Todorovic et al. 2003; Robert
2010; Sanders et al. 2013; Stratmann 2011; Tsuchimoto
et al. 2011; Walters and Paule 2017). These reports have
shown that general anesthetics induce extensive neuronal ap-
optosis and degeneration in the developing brain, resulting in
long-term neurocognitive deficits. Despite multiple reports of
anesthetic neurotoxicity in animals, the results of clinical ep-
idemiological studies in human patients have been

controversial (Davidson et al. 2016; Pinyavat et al. 2016;
Rappaport et al. 2015; Sun et al. 2016; Warner et al. 2018;
Wilder et al. 2009; Yazar et al. 2016). Based on preclinical and
clinical reports, the US Food and Drug Administration (FDA)
has warned that Brepeated or lengthy use of general anesthetic
and sedation drugs during surgeries or procedures in children
younger than 3 years or in pregnant women during their third
trimester may affect the development of children’s brains^
(Andropoulos and Greene 2017). Additional research is ur-
gently needed to find a solution for this problem.

Erythropoietin (EPO) was originally recognized as a hu-
moral mediator involved in the maturation and proliferation of
erythroid progenitor cells (van der Kooij et al. 2008). EPO is
also produced in the developing brain and functions as both a
growth factor and neuroprotective agent in the central nervous
system (Jantzie et al. 2013; Juul and Pet 2015; Yu et al. 2002).
EPO exerts its neuroprotective effects through multiple mech-
anisms, including anti-apoptotic, anti-inflammatory,
neuroregenerative, neurotrophic, and anti-oxidant mecha-
nisms (Juul and Pet 2015; van der Kooij et al. 2008).
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Furthermore, EPO ameliorates neurotoxicity induced by N-
methyl-D-aspartate receptor antagonists in the developing rat
brain (Dzietko et al. 2004).

Pharmacological preventive strategies for neurodegenera-
tion induced by general anesthesia have been introduced
(Disma et al. 2016; Walters and Paule 2017). EPO is likely
to be one of the possible protective compounds to prevent or
ameliorate anesthesia-induced neurodegeneration (Walters
and Paule 2017). However, there were few reports which
showed that EPO protected neurodegeneration induced by
general anesthesia (Pellegrini et al. 2014; Tsuchimoto et al.
2011). Neurodegeneration induced by sevoflurane 2% for
6 h in newborn rat (Pellegrini et al. 2014) and isoflurane 1%
for 6 h in the developingmouse brain (Tsuchimoto et al. 2011)
were attenuated by a single dose of EPO administration.
Although EPO may be effective for the neurodegeneration
induced by general anesthesia, there was no dose-response
study of EPO nor study with sevoflurane 3% for 4 h in neo-
natal rodents. In addition, it was not clear whether EPO would
affect the more long-term cognitive function in the developing
brain. Therefore, preventive strategies of EPO against neuro-
toxicity induced by general anesthesia are unknown.

We hypothesize that EPO administration could ameliorate
neurodegeneration triggered by anesthetics in the developing
brain and improve cognitive function in the long term. This
study examined the effects of EPO on rat brain histological
changes using persistent normal cells and cognitive function
in later life following perinatal sevoflurane exposure.

Methods and Materials

Animals

All animal procedures were approved by the animal research
committee of Akita University, Japan (Approval number: a-1-
2625). This study was performed in accordance with the
National Institutes of Health Guide for the Use of
Laboratory Animals. A total of 60 pups, Jcl/Wistar rats
(Japan Clea, Inc., Japan, 7 days old) weighing 14 ± 3 g were
used.We used 7-day-old rat pups in our study because they are
at their peak of synaptogenesis, which is equivalent to the
neonatal period in humans. The pups were divided into groups
with approximately equal numbers of males and females for
all experiments. The number and suffering of animals were
minimized. An observer who was unaware of the treatment
group performed the neurological and histological
measurement.

Anesthetic Exposure

On postnatal day 7 (P7), rat pups were injected intraperitone-
ally with saline or 0–600 U of recombinant human EPO. After

30 min, the pups were placed in a plastic chamber, exposed to
3% sevoflurane with 21% oxygen for 4 h (n = 12 per group),
and returned to their mother’s cage. The rats were divided into
five groups: sham, EPO 0U, EPO 60U, EPO 120 U, and EPO
600 U. The rats in the sham group received only 21% oxygen
during the study period. The total gas flow was 2 L/min. The
oxygen and anesthetic agent fractions were measured using a
gas analysis system (GE Healthcare Bio-Sciences, Pittsburgh,
PA). During exposure to the anesthetic, the chamber was
maintained at 30 ± 1 °C with an infrared heat lamp.

Cognitive Function Evaluation

Morris Water Maze

Spatial memory retention was examined as described previ-
ously (Goyagi 2018; Goyagi et al. 2012; Morris 1984). The
apparatus consisted of a 120-cm-diameter cylindrical tank
filled with warm water (20-cm-depth of water), with a trans-
parent 10-cm-diameter platform placed in a constant position
in the center of one of the four quadrants. The platformwas set
1 cm below the water level. Three weeks after anesthesia
exposure (P27-P29), acquisition trials were carried out four
times per day for three successive days. Each trial consisted
of two sessions. Rats started swimming from one of two fixed
positions. The time taken to reach the hidden platform and the
swimming path length were measured using a video image
motion analyzer (DVTrack DVT-11; Muromachi Kikai Co.
Ltd., Tokyo, Japan). If the rat did not reach the hidden plat-
formwithin 90 s from the start of the swimming session, it was
placed onto the platform for 30 s during an acquisition trial.
Six weeks after anesthesia exposure (P47-P49), retention trials
were carried out four times per day. Rats failing to find the
platform within 90 s were not placed onto the platform in this
case. A probe trial was not performed during acquisition trials.

Fear-Conditioning Test

Contextual memory retention was examined using fear condi-
tioning as described previously (Goyagi 2018). The apparatus
consisted of a clear rectangular Plexiglas box with a floor of
parallel metallic rods for the delivery of electric currents (MK-
450RSQ; Muromachi Kikai Co., Ltd., Tokyo, Japan). Five
weeks post-anesthesia-exposure (P42), the rats were allowed
to freely explore their new environment for 1 min. A 70-dB
white noise was then delivered for 30 s, at the end of which a
concomitant 0.4 mA electric current was delivered through the
metallic rods for 1 s. The tone-shock pairing was repeated
once a minute for the next 2 min. The animals were left in
the cage for an additional 60 s before being returned to their
home cage. At 6 weeks post-anesthesia exposure (P49), the
rats were placed in an unrelated environment consisting of a
triangular arena, the floor and side walls of which were
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covered with a black plastic board. The behavior of the ani-
mals was recorded for 90 s without any tone and for a further
60 s with the tone used for conditioning. Freezing (no move-
ment except for respiration) was quantified using a video im-
age motion analyzer (DVTrack DVT-11; Muromachi Kikai
Co. Ltd., Tokyo, Japan).

Histological Analyses

Neuronal Nuclei Staining

After measuring the freezing and retention times at 6 weeks
post-sevoflurane exposure (P49), the rats were anesthetized
with 4% halothane in an acrylic plastic box. A high dose of
pentobarbital (80 mg/kg) was then administered via intraper-
itoneal injection, followed by the administration of a direct left
ventricular bolus of 0.2 mL heparin. The rat was then
transcardially perfused with 100 mL of heparinized saline
followed by 150 mL of 4% paraformaldehyde in phosphate
buffer (pH 7.4). The brain was removed and embedded in
paraffin, and 3-μm-thick serial transverse sections were pre-
pared. After paraffin removal with xylene, the sections were
rehydrated, placed in a plastic container filled with citrate
buffer (pH 6.0), and heated in a pressure cooker for 10 min
at maximum pressure at 121 °C. Endogenous peroxidase ac-
tivity was quenched with 3% H2O2 for 10 min, and the sec-
tions were incubated with a mouse monoclonal antibody to
NeuN (1:100 dilution; Millipore Corporation, Temecula, CA)
for 10 min at 37 °C. Immunodetection was performed using
avidin-horse radish peroxidase complexes with biotinylated
antibodies to rabbit and mouse IgG (MILLIPORE IHC
SelectR Immunoperoxidase Secondary Detection System;
Millipore Corporation), with diaminobenzidine as the sub-
strate. The slides were counterstained with hematoxylin. The
NeuN-positive cells indicate that the mature typical neurons
have existed after growth. The number of NeuN-positive cells
in a 500 μm× 300 μm area was counted bilaterally in the CA1
hippocampus and cerebral cortical layer 3 as described previ-
ously (Goyagi 2018).

Positive Cell Density Map

The positive cell density map (PCDM) methodology has been
described previously (Goyagi 2018; Wada et al. 2012; Wada
et al. 2006). In brief, the composite image was FFT-bandpass-
filtered with the ImageJ program (National Institute of Health,
Bethesda, MD) to eliminate low-frequency drifts (> 20 pixels
[50 μm]) and high-frequency noises (< 1 pixel [2.5 μm]). The
filtered image was further analyzed with a custom-made pro-
gram developed in MATLAB with the image processing tool-
box (Mathworks Inc., Natick, MA). A NeuN PCDM was pre-
pared for each section by automatic detection and counting of
NeuN-positive cells in each 100 μm × 100 μm square

compartment. For each rat, we created a PCDM at bregma
− 2.5 ± 0.2 mm. Finally, the PCDMs were normalized to a
standard section and averaged for each group (Fig. 6a).

Statistical Parameter Mapping of Positive Cell Density

As in previous studies (Goyagi 2018; Wada et al. 2012), we
carried out a block-by-block between-group comparison of
NeuN-positive cell densities. T tests were repeatedly applied
to each block, after spatially smoothing each PCDM using a
Gaussian filter of the block size (standard deviation [SD] =
100 μm). In blocks where the p value was < 0.05 (uncorrect-
ed), we examined whether the EPO 0 U group showed an
increased NeuN cell density compared to the EPO-treated
groups. The p values from the t tests of each block (< 0.05,
uncorrected) were mapped to show areas that might contribute
to temporal order judgments (Fig. 6b).

Statistical Analysis

The numbers of NeuN-positive cells, escape latency, swim-
ming time and length, and freezing time are expressed asmean
± SD. Comparisons of these variables among the groups were
performed using a one-way or two-way analysis of variance
(ANOVA) for multiple comparisons followed by Bonferroni
post hoc tests. Differences with p values < 0.05 were consid-
ered statistically significant. We performed all analyses using
GraphPad Prism 6 (GraphPad Software, Inc., San Diego, CA).

Results

High-Dose Erythropoietin Improves Memory
Retention in Morris Water Maze

The escape latencies and swimming path lengths to the hidden
platform in the acquisition trials during P27–29 are shown in
Fig. 1. On day 2, the escape latency time in the sham group
was significantly less than that in the EPO 60 U group. The
swimming path length in the sham group was significantly
shorter than the other EPO-reated groups on day 1. On day
2, the path lengths in the sham group were significantly
shorter than the EPO 0, 60, and 600 U group; on day 3, the
path lengths in the sham group were significantly shorter than
the EPO 0 and 60 U groups. The swimming speed of the sham
group on day 1 was significantly slower compared with the
EPO 60 and 600 U groups, and there were significant differ-
ences between the EPO 0 U and 60 U, and between the EPO
0 U and 600 U groups, respectively. On day 2, the swimming
speed of the sham group was significantly faster than the EPO
0, 120, and 600 U groups. On day 3, the speed of the sham
group was significantly faster compared with the other groups.
Acquired learning significantly improved time-dependently.
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As shown in Fig. 2, the escape latencies in the EPO 0 U group
were significantly longer than those in the sham and EPO

600 U groups at P47, whereas no significant differences were
observed in the swimming path length among the groups.
Percent quadrant in the EPO 0 and 60 U group significantly
decreased compared with the sham group. There was no dif-
ference in the % quadrant between the sham and EPO 600 U
groups, which suggested EPO 600 U improved it.

Erythropoietin Improves Anesthetic-Induced Memory
Impairment of Cued Fear-Conditioning Test

The freezing times in response to the conditioned stimulus
tone in the EPO 0 and 60 U group significantly decreased
compared with the sham group, whereas the times in the
EPO-treated groups were longer than that in the EPO 0 U
group, suggesting that the administration of EPO improved
memory impairment in adolescent rats exposed to anesthesia
in the developing brain (Fig. 3).

Erythropoietin Attenuates the Reduction in Neuron
Numbers in Anesthesia-Exposed Brains

Figure 4 shows NeuN staining of brain sections from the 5
groups at − 2.5 mm caudally to bregma. The number of NeuN-
positive cells per 0.15 mm2 in the hippocampal CA1 region
significantly increased in the EPO 120 and 600 U group com-
pared with the EPO 0 U group (Fig. 5a). In addition, the
number of NeuN-positive cells in the cortex significantly in-
creased in the EPO 600 U and sham group compared with the
EPO 0 U group (Fig. 5b).

Positive Cell Density Map and Statistical Parameter
Mapping of Positive Cell Density

Figure 6a shows the NeuN PCDM for each group, which
tended to increase in the cortex. EPO-treated rats showed an
increase in the hippocampal and cortical PCDM compared
with the EPO 0 U group. The differences among the groups
are shown in more detail in Fig. 6b. EPO-treated rats (EPO
60 U, 120 U, and 600 U groups) had significantly increased
NeuN-positive cell densities when compared to that in the
EPO 0 U group. Increased NeuN expression was observed
in almost all cortical and hippocampal areas, indicating that
the numbers of normal cells in the EPO-treated groups were
higher than in the EPO 0 U group.

Discussion

This study shows that EPO preconditioning before exposure
to sevoflurane in infant rats improves long-term performance
in the water maze task and fear conditioning test during ado-
lescence and increases the number of mature neurons in the
CA1 hippocampus and cortex, compared with the previous

Fig. 1 Morris water maze results 3 weeks after sevoflurane exposure. a
Escape latency to reach the platform. b Swimming path length to the
platform. c Swimming speed were measured. Days 1, 2, and 3 of the
acquisition trials were P27, P28, and P29, respectively. The escape
latency time in the sham group was significantly decreased compared
with that in the EPO 60 U group on day 2. The swimming path length
in the sham group was significantly shorter than the other EPO-treated
groups on day 1. On day 2, the length in the sham group was significantly
shorter than the EPO 0, 60, and 600 U groups, and on day 3, the length in
the sham group was significantly shorter than the EPO 0 U and 60 U
groups. The swimming speed in the sham group on day 1 was signifi-
cantly decreased compared with that in the EPO 60 U and 600 U groups,
and there were significant differences between the EPO 0 U and 60 U and
between the EPO 0 U and 600 U group, respectively. The speed in the
sham group on day 2 was significantly increased compared with that in
the EPO 0, 120, and 600 U groups. On day 3, the speed in the sham group
was significantly increased compared with that in the other groups.
Acquired learning significantly improved time-dependently. The data
are represented as means ± SDs (n = 12 per group). EPO, erythropoietin
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studies. These results suggest that pretreatment with EPO can
ameliorate sevoflurane-induced neural toxicity in the neonatal
brain.

Neural toxicity induced by exposure to general anesthesia
in neonatal rodents has been shown to lead to neurological
impairment in adulthood (Disma et al. 2016; Jevtovic-
Todorovic et al. 2003; Robert 2010; Sanders et al. 2013;
Stratmann 2011; Walters and Paule 2017). Although numer-
ous animal studies have reported anesthetic neurotoxicity, the
results of clinical epidemiological studies in human patients
have been controversial (Andropoulos and Greene 2017;
Davidson et al. 2016; Jevtovic-Todorovic 2018; Pinyavat
et al. 2016; Rappaport et al. 2015; Sun et al. 2016; Warner

et al. 2018; Yazar et al. 2016). We have previously reported
that sevoflurane-induced neurodegeneration is reduced by
high oxygen concentrations as a carrier gas (Goyagi 2018).
Therefore, we used 21% oxygen as a carrier for sevoflurane
anesthesia to minimize the neuroprotective effect of oxygen.

EPO is a 30.4-kDa cytokine that was originally identified
based on its role in erythropoiesis. EPO is produced primarily
in the kidney after birth. EPO is also produced in the devel-
oping brain, where it acts as both a growth factor and neuro-
protective agent (Jantzie et al. 2013; Juul and Pet 2015; Yu
et al. 2002). The neuroprotective effects of EPO are mediated
by multiple mechanisms (Juul and Pet 2015; van der Kooij
et al. 2008). Both in vivo and in vitro studies have shown that

Fig. 2 Morris water maze results
6 weeks after sevoflurane
exposure. a Typical route maps of
Morris water maze at P47, b
escape latency to reach the
platform, c swimming path
length, and d % quadrant were
measured on day 1 (P47). The
escape latency in the EPO 0 U
group was significantly longer
than that in the sham and EPO
600 U group at P47, whereas no
significant differences were
observed in the swimming path
length among the groups. Percent
quadrant in the EPO 0 and 60 U
groups was significantly
decreased compared with that in
the sham group. There was no
difference of % quadrant between
the sham and EPO 600 U group.
*P < 0.05 vs. EPO 0 U. The data
are represented as means ± SDs
(n = 12 per group). EPO,
erythropoietin
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EPO can reduce hypoxic-ischemic brain injury in animals
(Digicaylioglu and Lipton 2001; Iwai et al. 2010; Jantzie
et al. 2013; Juul and Pet 2015; Kumral et al. 2004;
McPherson and Juul 2010; Sinor and Greenberg 2000) and
humans (Elmahdy et al. 2010; Rogers et al. 2014; Wu et al.
2012; Zhu et al. 2009). Moreover, EPO attenuates
inhalational-anesthesia-induced neurodegeneration and learn-
ing deficits in the developing rodent brain (Pellegrini et al.
2014; Tsuchimoto et al. 2011). EPO is likely not to across
the blood brain barrier (BBB) because of its large molecule.
Since BBB seems to be easily disrupted after the insults such
as anesthetic exposure (Acharya et al. 2015), some EPO can

cross the BBB during and after the anesthesia exposure.
Therefore, EPO is likely to act both centrally and peripherally.

The results of this dose-response study are consistent with
those of two previous reports. First, Pellegrini et al. demon-
strated that intraperitoneal recombinant human EPO (rhEPO;
5000 IU/kg) reduced both early activation of apoptosis and
late-onset neurologic disorders (as assessed by the water maze
and novel object tests) induced by 6-h 2% sevoflurane anes-
thesia in neonatal rats (Pellegrini et al. 2014). The authors also
demonstrated that rhEPO stimulated the expression of nerve
growth factor (NGF) and brain-derived growth factor (BDNF)
after sevoflurane exposure. Second, Tsuchimoto et al. showed

Fig. 4 NeuN staining of brain sections from sevoflurane-exposed rats.
Representative NeuN staining at − 2.5 ± 0.2 mm from bregma is shown.
NeuN-positive cells in the entire image at lower magnification (a), CA1
hippocampus at higher magnification (b), and cortex at higher

magnification (c) are shown for each group. Squares indicate the measur-
ing field in the cortex and CA1. Scale bar: 2 mm (a) or 100 μm (b, c).
EPO, erythropoietin

Fig. 3 Fear-conditioning test
results. Time spent freezing in
response to the conditioned
stimulus tone in the EPO 0 and
60 U groups was significantly
decreased compared with that in
the sham group, whereas the
times in the EPO-treated groups
were longer than that in the EPO
0 U group. *P < 0.05 vs. EPO
0 U. The data are represented as
means ± SDs (n = 12 per group).
EPO, erythropoietin
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that subcutaneous injection of 50,000 IU/kg rhEPO improved
spatial memory and reduced histological alterations in CA1–3
and dentate neurons induced by 6-h 1% isoflurane exposure in
neonatal mice (Tsuchimoto et al. 2011). We used 60 U
(4285.7 U/kg), 120 U (8,571 U/kg), and 600 U (42,857 U/
kg) of rhEPO. Although 60 U of EPO may appear as a small
dose compared to those used in the previous reports, we found
it efficacious in preserving cognitive function as evaluated by
the fear conditioning test and in maintaining the normal-cell
count in the cortex and hippocampus. In addition, we found an
increased PCDM in EPO-treated rats using Wada’s method
(Wada et al. 2012; Wada et al. 2006). Although the escape
latency in the EPO 600 U group significantly decreased com-
pared with the EPO 0 U group, the swimming path length in
the EPO 600 U group tended to be shorter without being
statistically significant. Even though we found a significant
increase in freezing time and normal-cell count in all EPO-
treated groups, the escape latencies at P47 were significantly

shorter only in the EPO 600 U group. These results suggest
that the minimum dose of EPO required to reduce anesthetic
toxicity effectively is likely to be 600 U (42,857 U/kg).
Although we did not measure probe trials accurately during
the retention trial in theMorris water maze task, % quadrant in
the EPO 0 and 60 U group significantly decreased compared
with that in the sham group.

The mechanisms of EPO-induced neuroprotection were
not addressed in the present study. However, one may specu-
late that anti-apoptotic, anti-inflammatory, neuroregenerative,
and anti-oxidant effects were involved, as described in the
previous reports (Juul and Pet 2015; van der Kooij et al.
2008). Thus, Pellegrini et al. reported that rhEPO reduced
the number of apoptotic cells on day 3 after sevoflurane ex-
posure (Pellegrini et al. 2014). In addition, rhEPO increased
BDNF and NGF expression (Pellegrini et al. 2014). Further
study is needed to clarify the mechanisms of EPO-induced
neuroprotection against anesthetic neurotoxicity in the

Fig. 5 Numbers of NeuN-
positive cells in the cortex and
hippocampus in sevoflurane-
exposed rats. The number of
NeuN-positive cells in the CA1
region of the hippocampus was
significantly increased in the EPO
120 and 600 U group compared
with that in the EPO 0 U group
(a). The number of positive cells
in the cortex was significantly in-
creased in the EPO 600 U and
sham groups compared with that
in the EPO 0 U group (b).
*P < 0.05 vs EPO 0 U. The data
are represented as means ± SDs
(n = 12 per group). EPO,
erythropoietin
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developing brain. The clinical relevance of the findings of the
present study remains unclear. Since the clinical trials of EPO
for hypoxic-ischemic encephalopathy are ongoing, the effects
of EPO on anesthetic toxicity in the developing human brain
will be considered beneficial.

There are several limitations in this study. First, we used air
as the carrier gas during the sevoflurane exposure in this study.
EPO has a neuroprotective effect against hypoxic-ischemic
injury in the neonatal brain (Jantzie et al. 2013; Juul and Pet
2015; Olgun et al. 2013; Yu et al. 2002; Zhu et al. 2014).
Although the hypoxic-ischemic encephalopathy was induced
by occlusion of artery or 6–8% oxygen supply in previous
animal models (Juul and Pet 2015; Olgun et al. 2013; Zhu
et al. 2014), resulted in extremely low PaO2 that were likely
to be very lower than that in this study, there is a possibility

that EPO might be protecting from the low arterial oxygen
level induced by 21% oxygen rather than neurotoxicity in-
duced by sevoflurane in this study. According to our previous
study, the values of PaO2 were not significantly different be-
tween the 21% and 30% oxygen group under sevoflurane
anesthesia, but these values significantly decreased compared
with those in the control group (that means sham group in this
study) (Goyagi 2018). The pups that received sevoflurane
with 21% oxygen exhibited a profound increase in neurode-
generation compared with those receiving sevoflurane with
30% oxygen (Goyagi 2018). Although a carrier gas with
21% oxygen compared with higher oxygen concentrations
might reinforce neurodegeneration induced by sevoflurane
anesthesia in the neonatal brain, EPO ameliorated the neuro-
degeneration induced by sevoflurane exposure with 21%

Fig. 6 Positive cell density map
(PCDM) and statistical parameter
mapping of positive cell densities
in the brains of sevoflurane-
exposed rats. a NeuN PCDM for
each group is shown. b Statistical
parametric mapping showing the
areas (red) where the EPO-treated
group yielded significantly higher
NeuN-positive cell densities than
those in the EPO 0 U group. The
numbers of normal cells in the
EPO-treated group were higher
than in the EPO 0 U group both in
the cortex and hippocampus.
EPO, erythropoietin
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oxygen in this study. Moreover, the pups in the sham group
that received 21% oxygen alone as a carrier gas without EPO
did not exhibit neurodegeneration. As a result, the reduction in
neurodegeneration due to EPO administration may be due not
only to the effect of EPO on low arterial blood oxygen levels
but also to the improved effect on neurotoxicity induced by
both sevoflurane and low arterial oxygen levels. Second, the
randomization in this study was not strict. Since two pups in
the group were selected from their dam, distribution of the
pups from their dams were equal. In addition, in all experi-
ments, the groups had approximately equal numbers of males
and females. Although confounding factors related to gender
are negligible, genetic factors among the groups might affect
the result of this study because of the inappropriate randomi-
zation. Third, though we used the positive cell density map to
compare the NeuN-positive cells similar to previous studies
(Goyagi 2018; Wada et al. 2006), this method seems not to be
a gold standard. However, the difference in positive cells
seems to be easily understood for colored areas, regardless
of the contrast difference of each slide (Wada et al. 2006).
Fourth, EPO was administered once in this study. Although
the effect of EPO on the neuronal degeneration induced by
sevoflurane anesthesia was similar to that in previous studies,
further studies are needed to establish a clear suitable dose and
timing of administration. Further research is necessary to clar-
ify the effects of EPO on other cognitive tasks.

As we mentioned above, the values of PaO2 were not sig-
nificantly different between the 21% and 30% oxygen group,
but these values significantly decreased compared with those
in the no sevoflurane group (Goyagi 2018). One of the reasons
is that sevoflurane can cause respiratory depression. In clinical
situations, children are usually anesthetized with oxygen to
avoid hypoxia. Therefore, the result of this experiment simply
does not match the clinical situation. Nonetheless, it is valu-
able and important for pediatric anesthesia to show that EPO
exerts a neuroprotective effect on sevoflurane-induced neuro-
toxicity. Consequently, we investigated the effect of EPO on
sevoflurane-induced neurotoxicity using rats under strict situ-
ation. Further studies are needed to make EPO available for
pediatric anesthesia to reduce neurotoxicity.

In conclusion, 4-h administration of sevoflurane anesthesia
with low oxygen concentration in neonatal rats resulted in sig-
nificant cognitive impairment in adulthood. A single administra-
tion of EPO (600 U) before sevoflurane exposure reduced the
neurologic impairment. In addition, even a small dose of EPO
increased the number of intact neurons in the hippocampus ex-
posed to sevoflurane as developing brain. The increase in neuron
numbers was associated with improved cognitive function. EPO
may hold promise as a neuroprotective agent in children’s
anesthesia.
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