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ARTICLE INFO ABSTRACT

Erythropoietin (EPO) is a hypoxia-inducible hormone, classically known to enhance red blood cell production
upon binding its receptor (EPOR) present on the surface of the erythroid progenitor cells. EPO and its receptor
are also expressed in the central nervous system (CNS), exerting several non-hematopoietic actions. EPO also
plays an important role in the control of breathing. In this review, we summarize the known physiological
actions of EPO in the neural control of ventilation during postnatal development and at adulthood in rodents
under normoxic and hypoxic conditions. Furthermore, we present the developmental expression patterns of EPO
and EPORs in the brainstem, and with the use of in situ hybridization (ISH) and immunofluorescence techniques
we provide original data showing that EPOR is abundantly present in specific brainstem nuclei associated with
central chemosensitivity and control of ventilation in the ventrolateral medulla, mainly on somatostatin negative
cells. Thus, we conclude that EPO signaling may act through glutamatergic neuron populations that are the
primary source of rhythmic inspiratory excitatory drive. This work underlies the importance of EPO signaling in
the central control of ventilation across development and adulthood and provides new insights on the expression
of EPOR at the cellular level.
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1. Introduction

Erythropoietin (EPO) was discovered as a kidney-derived hormone
essential for the survival and differentiation of erythroid precursor cells
(Bauer, 1995; Jelkmann, 1994b). Since Sasaki and his co-workers re-
ported the presence of a functional EPO receptor (EPOR) in PC12 cells
(Masuda et al., 1993), EPO was shown to be expressed in several other
tissues, including the brain (Bernaudin et al., 1999; Digicaylioglu et al.,
1995; Gassmann et al., 2003; Marti, 2003). EPO and EPORs have been
detected in several brain regions in rodents and primates, such as the
cortex, hippocampus, amygdala, cerebellum, hypothalamus, and cau-
date nucleus (Siren and Ehrenreich, 2001). Subsequently, it was re-
cognized that EPO in these regions has anti-apoptotic, anti-cytotoxic,
anti-oxidative, and anti-inflammatory functions (Byts and Siren, 2009).
In addition to its neuroprotective actions, EPO has been shown to
promote maintenance of the blood-brain barrier, and also angiogenesis,

neurogenesis, and the migration of immature neurons (Byts and Siren,
2009; Kumral et al., 2010). Furthermore, it was shown that EPO pre-
vents mitochondrial dysfunction after traumatic brain injury, thereby
maintaining the mitochondrial membrane potential and calcium
homeostasis (Millet et al., 2015). In line with this observation, experi-
ments in rodents showed that EPO significantly reduces spatial learning
deficits by increasing antioxidant defenses in the hippocampus (Al-
Qahtani et al., 2014) and reverses cognitive and behavioral morbidities
by reducing NADPH oxidase activity (Dayyat et al., 2012). We (Seaborn
et al., 2011; Soliz et al., 2005) and others (Oshima et al., 2018) have
shown a physiological role for EPO in the control of breathing, by de-
monstrating that EPO stimulates ventilation in normoxic and hypoxic
conditions interacting with respiratory and catecholaminergic centers
in the brainstem and the carotid bodies. The period of respiratory de-
velopment has been proposed as of major risk for sudden infant death
syndrome (Filiano and Kinney, 1994) and apneas, thus our work has
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also expanded to evaluate the control of ventilation by EPO during the
postnatal developmental window, and showed that EPO does improve
the ventilatory response to hypoxia, adding a potential role for EPO in
perinatal neuroprotection (Caravagna et al., 2014, 2015; Caravagna
and Soliz, 2015). In general, however, the expression of EPO and EPOR
in the regions of respiratory control remain poorly understood. In this
review, we focus on the physiological effects of EPO in the control of
ventilation across development and at adulthood under normoxic and
hypoxic conditions, and the expression of EPO and EPOR mRNA. We
provide new findings on EPOR localization in the brainstem ven-
trolateral medulla, the region where the neural control of respiratory
activities occurs.

2. EPO’s impact in the neural control of ventilation at adult ages

Apart from pathological conditions, studies performed in our and
other laboratories demonstrated that EPO in the brain also exerts
physiological functions. We have clearly shown that EPO prevents hy-
poxia-induced respiratory depression at adulthood (Ballot et al., 2015;
Soliz et al., 2007a; Soliz and Joseph, 2005; Soliz et al., 2007b). By using
transgenic mice overexpressing EPO in the brain only (termed Tg21) we
showed that EPO facilitates the ventilatory response to hypoxia. In line
with this finding, the ventilatory response to acute hypoxia of chemo-
denervated animals revealed that WT, but not Tg21 mice exhibited life-
threatening apneas. These data indicate that cerebral EPO maintains
high hypoxic respiratory activity despite the lack of sensory informa-
tion from peripheral chemoreceptors (Soliz et al., 2006, 2005). Fur-
thermore, we observed that ventilatory acclimatization to sustained
hypoxia (3 days at 10% O,) is also facilitated by overexpression of
cerebral EPO, and when cerebral EPO is antagonized (by intracisternal
injection of the soluble EPO receptor — sEPOR), normoxic ventilation
and hypoxic ventilatory response are decreased (Ballot et al., 2015),
and the ventilatory acclimatization is abolished. In agreement with
these findings, further experiments revealed that EPO-mediated mod-
ulation of sensory integration involved, at least in part, the modulation
of catecholamine synthesis in the brainstem. In fact, immunostaining
studies revealed the presence of EPOR in the pons (A5, and A6) and
medulla (A1C1, and A2C2); catecholaminergic analyses showed altered
activity of tyrosine hydroxylase (Soliz et al., 2005). Finally, we recently
demonstrated in mice that cerebral EPO protects against the deleterious
consequences of sleep-disorder breathing (SDB). SDB is characterized
by repeated episodes of cessation of breathing followed by repeated
arterial oxygen desaturation and bradycardia, leading to chronic in-
termittent hypoxia. In turn, IH leads to general oxidative imbalance,
resulting in a short and long-lasting alteration of chemical structures of
proteins, fatty acids, and DNA. In comparison with other tissues, the
brain is especially vulnerable to oxidative stress because it consumes a
large fraction of total oxygen (20%), has low antioxidant enzyme ac-
tivity, possess high concentrations of metal ions capable of forming
hydroxyl radicals (Fenton reaction), and is rich in polyunsaturated fatty
acids (Lagranha et al., 2017; Popa-Wagner et al., 2013). By using Tg21
animals, we showed that cerebral EPO prevents oxidative damage in the
brainstem, thus avoiding cardiorespiratory disorders induced by CIH
(Elliot-Portal et al., 2018).

3. EPO’s impact in the neural control of ventilation at neonatal
ages

The neonatal period is especially critical in mammals due to the fact
that respiration is not fully mature at birth (Bissonnette, 2000). Indeed,
the development of the neural control of ventilation begins early during
gestation (Carroll and Agarwal, 2010; Viemari et al., 2003) but, al-
though being functional at birth, it is still unstable in newborns with
frequent respiratory pauses, and requires weeks or months in humans to
complete the maturation process (Carroll and Agarwal, 2010). As such,
interruption of breathing at neonatal ages prevents gas exchange and
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results in systemic hypoxia that, if prolonged, can lead to cardio-re-
spiratory failure or sudden infant death. Experiments performed in our
laboratory showed strong evidence that EPO at neonatal ages accel-
erates the maturation of the neural networks controlling ventilation.
Using brainstem-spinal cord preparations, we showed that EPO atte-
nuated the hypoxia-induced respiratory depression, characterized by a
decline in the respiratory bursting activity. Furthermore, the matura-
tion of the respiratory command in brainstem-spinal cord preparations
from Tg21 mice showed a decreased burst frequency and an increased
duration at PO similar to the motor pattern of control mice at age P3-P4
(Caravagna et al., 2014). Maturation of respiratory control is char-
acterized by a lower burst frequency and longer bursting with age
(Viemari et al., 2003), therefore EPO accelerated the maturation of the
respiratory control. Additionally, in vivo experiments in Tg21 mice,
showed an increased ventilatory response to hypoxia at postnatal days
P3, P7, and P21 (Caravagna et al., 2015). Altogether, these findings
strongly suggest that EPO promotes a more rapid maturation of the
brain at neonatal ages by increasing the neural ability to tolerate
physiological and pathological levels of oxygen deprivation. In line
with our data, it was recently reported in neonatal (0- to 5-old) Wistar
rats that EPO is produced in response to hypoxia in rostroventrolateral
medulla (RVLM) neurons, promoting the increase of blood pressure
(Oshima et al., 2018). Furthermore, histological examination showed
that EPORs are present in bulbospinal RVLM neurons and some co-
expressed with TH immunoreactivity, suggesting that catecholami-
nergic RVLM neurons at neonatal ages express EPORs (Oshima et al.,
2018). We performed further experiments to determine whether EPO
can be used as a novel therapeutic tool against apnea of prematurity
(AoP). Owing to the immaturity of the brain, AoP is recurrent in infants
born with less than 34 weeks of gestational age. AoP is associated with
severe and repeated episodes of neonatal intermittent hypoxia (nIH)
leading, in turn, to increased respiratory instability, augmentation of
apneic episodes, increased morbidity, prolonged hospitalization, and
long-term cognitive and neurodevelopmental outcomes (de Lima et al.,
2005; Jobe and Kallapur, 2010). In fact, studies at the cellular level
showed that nIH increases the production of reactive oxygen species
(ROS), and decreases anti-oxidative defenses (Di Fiore et al., 2013,
2016). Caffeine is an adenosine receptor antagonist that increases
central respiratory drive, thus reducing the frequency of apneas. As
such, caffeine is the most widely used treatment against AoP (Di Fiore
et al., 2016). However, caffeine is not completely efficient, as about half
of treated AoP infants still present an elevated frequency of apneic
events (Erenberg et al., 2000). By using rat pups exposed to nIH (from
postnatal ages 3 to 10) we showed that EPO and caffeine have a similar
protective effect in preventing the increase of apneas. Interestingly, our
data showed that caffeine achieved this task by preventing the increase
of pro-oxidative enzymes (NADP oxidase - NOX). EPO's mechanism
involved the upregulation of antioxidative molecules (superoxide dis-
mutase - SOD). In fact, these findings crucially suggest that EPO can be
used as a new therapeutical tool against AoP (Laouafa et al., 2019).

4. Developmental expression pattern of EPO in the neonatal
brainstem

EPO and its receptor are extensively expressed in the fetal human
(Juul et al., 1998b) and rodent (Kumral et al., 2011) brain. Such ex-
pression, in humans, starts at 5-10 weeks post-conception at the peri-
ventricular (germinal), ventricular and subventricular zones, and be-
comes prominent in neurons and astrocytes about 20-32 weeks post-
conception (Juul et al., 1998b), then decreases during neonatal ages
(Ehrenreich et al., 2005; Knabe et al., 2004). So far, however, the de-
velopmental expression pattern of EPO in brainstem respiratory areas
has not yet been described. By using the radioimmunoassay (RIA)
technique, we determined the age-dependent expression of EPO in the
postnatal brainstem (medulla oblongata and pons) and the remaining
portion of the brain (midbrain and forebrain) (Fig. 1). EPO protein
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Fig. 1. Age-dependent expression of EPO protein in the mouse brain during the postnatal development at P1, P4, P7, P15, and P21 as a) measured in the brain by
radioimmunoassay and b) measured in the brainstem Pre-Bétzinger complex (PBotC) region by immunohistochemistry (EPO = black dots). Ambiguus (Amb); Dorsal
motor of the vagus (10 N); Gigantocellular reticular (Gi); Hypoglossal (12 N); Inferior olive (I0); Lateral paragigantocellular (LPGi); Lateral reticular nucleus (LRt);
Parvicellular reticular (PCRt); Pyramidal tract (py); Raphe obscurus (ROb); Linear nucleous of the medulla (li); Solitary tract (sol); Spinal trigeminal, interpolar part
(Sp51); C1 noradrenaline cells (C1); caudoventrolateral reticulum (CVL). References according to Atlas of the developing mouse brain (Paxinos et al., 2007) and The
mouse brain atlas (Franklin & Paxinos, 2007). *p < 0.05 compared to EPO levels at P1.

concentration was determined by using '*°I-Epo-based radio-
immunoassay (RIA; DiaSorin, Stillwater, MN, USA), according to pre-
viously published protocols (Wenger et al., 1998). Our results revealed
that EPO levels in the brainstem are higher at early postnatal ages P1
and P4 (around 4mU/mg protein), reduces significantly to half at P7
(around 2 mU/mg protein) and continues to reduce by half at P14,
remaining at that level until P21 (Fig. 1a). The expression level of EPO
in the brainstem (medulla oblongata + pons) is comparable to the
forebrain and midbrain (Fig. 1la). We determined by im-
munohistochemistry the localization of EPO in specific brainstem areas
at postnatal ages P1, P4, P15, and P21. Brainstems were serially sliced
at 20 ym and incubated overnight with a primary antibody against EPO
(Cat# H-162 sc-7956, Santa Cruz Biotechnology Inc., Santa Cruz, CA,
USA; 1:200), and a secondary biotinylated rabbit anti-goat antibody
(Cat# 305-065-045, Jackson ImmunoResearch Laboratories Inc., West
Grove, PA, USA; 1:500). Our results revealed that EPO is ubiquitously
expressed in the brainstem, including also the areas associated with
respiratory control, such as the nucleus tractus solitarii (sol), the Pre-
Botzinger complex (pB6tC), and the nucleus ambiguus (Amb) (Fig. 1b).
EPO is also expressed in motor nuclei involved in the regulation of
ventilatory output, such as the hypoglossal nucleus (12N) and vagus
(10 N) (Fig. 1b). EPO staining showed a higher number of positive cells
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in the brainstem at P1, in line with the RIA measurements. Control
staining for EPO detection performed in the absence of primary EPO
antibody was included for ages P4 and P21 (Fig. 1b).

5. Developmental expression pattern of EPOR in the neonatal
brainstem

EPOR is a type I cytokine receptor that forms a homodimer fol-
lowing binding of one single EPO molecule (Jelkmann, 1994a). The
binding of EPO to EPOR (which exists as a preformed dimer), induces a
conformational change that brings constitutively associated Janus fa-
mily tyrosine-protein kinase 2 (JAK2) molecules in close proximity and
stimulates their activation by transphosphorylation. In turn, the EPOR
activation promotes the phosphorylation of cytosolic domains, trig-
gering several intracellular pathways (Jelkmann, 1994a). The expres-
sion of EPOR was evidenced in the embryonic mammalian brain (Knabe
et al.,, 2004; Liu et al.,, 1994) and in neurons, astrocytes, oligoden-
drocytes, microglia and endothelial cells in the adult brain (Rabie &
Marti, 2008). In the fetal human brain, EPOR’s are already present at
the fifth week of gestation and remain expressed (albeit undergoing
modulations) throughout life (Juul et al., 1997, 1998b). Moreover, in
fetal mouse, EPOR’s are expressed in the yolk at E 9.5 (Suzuki et al.,
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2002). In fact, EPO signaling is required for normal brain development,
as its deficiency decreases neuronal progenitor cell number, increases
apoptosis and leads to embryonic neurogenesis defects, among other
effects (Alnaeeli et al., 2012). EPOR brain expression decreases by more
than 1000-fold during development, reaching low levels at birth, which
persists until adulthood (Juul et al., 1998a). Despite this abundant
amount of work performed in the last 20 years, comparative studies
questioned the specificity of commercially available EPOR antibodies
(Elliott et al., 2006, 2010; Kirkeby et al., 2007). Thus, while the func-
tional impact of EPO in the brain is not questioned, the localization of
EPORs in the brain requires careful verification. We recently performed
in-situ hybridization and immunofluorescence techniques to determine
the developing expression pattern of EPOR’s in brainstem RVLM. mRNA
in-situ hybridization for murine EPOR was performed in parasagittal
brainstem sections. Brainstem cryostat sections of 14 pm thickness and
at 730 um from the medial line were mounted on superfrost plus glass
slides (Menzel GmbH & Co) and hybridization was done with DIG-la-
beled RNA hybridization probes at 37 °C. The RNA probe was a 500-bp
fragment corresponding to exons 4 and 5 of the EPOR cDNA. Results of
these experiments showed that EPOR mRNA is widely expressed all
along the brainstem areas from P1 to P25 (Fig. 2a-d). Quantification of
EPOR mRNA by quantitative PCR (Fig. 2e) showed that, contrary to
EPO, the transcripts of EPOR in the brainstem increases at postnatal
ages P14 and P25. However, while EPOR mRNA expression is similar to
the rest of the brain at P1 and P7, its expression in comparison to major
areas of the forebrain (olfactory bulb, hippocampus, cortex) becomes
weaker at P14 and P25.

We used immunofluorescence techniques to determine the expres-
sion of EPORs in the ventrolateral medulla. Brainstem coronal slices
taken between 360 um to 600 um from the brainstem were incubated
overnight with a primary EPOR antibody (Cat# M-20 sc-697, Santa
Cruz Biotechnology Inc., Santa Cruz, CA, USA; 1:500), and Choline
Acetyl Transferase (ChAT) (Cat# AB144P, Millipore Corporation,
Billerica, MA, USA; 1:500), or EPOR and Somatostatin (SST) (Cat# D-20
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sc-7819, Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA; 1:250)
(Joseph et al., 2006). Slices were then incubated 2h at room tem-
perature with secondary Fluorescein (FITC)-conjugated donkey anti-
rabbit antibodies (Cat# 711-095-152, Jackson Immuno Research La-
boratories Inc., West Grove, PA, USA; 1:500) for EPOR immunodetec-
tion, and secondary TexasRed-conjugated donkey anti-goat antibodies
(Cat# GTX27123, Gene Tex, Irvine, CA, USA; 1:1000) for ChAT im-
munodetection and 1:100 for SST immunodetection. Our results
showed that EPORs colocalize with most cells expressing ChAt (Fig. 3a)
but only with some SST cells (Fig. 3b). In order to validate our results
observed with immunofluorescence, we performed fluorescent ISH
(FISH) in combination with immunofluorescence labeling of STT in
parasagittal slices from wild type mice at P25 (Fig. 4). Our results
showed that EPORs are abundantly expressed in the ventrolateral me-
dulla in SST negative cells (Fig. 4c) but almost absent in SST positive
cells (Fig. 4e). Thus, we conclude that EPO signaling may act through
glutamatergic populations that are the primary source of rhythmic in-
spiratory excitatory drive.

6. Other putative EPOR in the brain

Apart from the classical EPOR, it was suggested that the action of
EPO in neural tissue may be mediated by other types of receptors.
Indeed, it has been revealed that exposure of primary cultures of neu-
ronal cells from Coleoptera (beetles - Tribolium castaneum) and
Orthoptera (grasshoppers - Lacusta migratoria) to 36 h of hypoxia (=1%
0,) induced about 50% cell death, and that the treatment of such cells
with human recombinant EPO (rhEpo) increased survival by about
20%, and led to neurons exhibiting longer neurites (Hahn et al., 2017;
Ostrowski et al., 2011). As occurring in mammals, this effect was as-
sociated with an increased expression of antiapoptotic proteins induced
by the activation of JAK2/STAT (but not PI3K) transduction pathways
(Miljus et al., 2014, 2017). However, while a sequence comparison has
not identified genes for EPO and EPOR in any insect species (Beschin
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Fig. 2. Age-dependent expression of EPOR mRNA in the mouse brainstem evaluated by the in-situ hybridization (ISH) technique. Brain samples were obtained at ages
of P2 (a), P7 (b), P14 (c), and P25 (d). Expression of EPOR mRNA is spread all along the brainstem sections, with stronger intensity with respect to the rest of the
brain at ages P2 (a) and P7 (b). (e) ISH with a sense probe showing the background signal at P2. Quantitative PCR (qQPCR) shows an increase in the EPOR transcript in

the brainstem at P14 and P25 (f).
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Fig. 3. EPOR expression in brainstem areas at postnatal day 25. a) EPOR’s (green dots) mostly co-localize with choline acetyltransferase (ChAT; red dots), a marker of
the nucleus ambiguus (Amb). b) EPOR’s (green dots) do not co-localize with somatostatin (SST; red dots) in the PreBotzinger complex (PBotC). DAPI (blue dots).
Lateral paragigantocellular (LPGi); Lateral reticular nucleus (LRt) Botzinger complex (Bot); Parafacial respiratory group (pFRG). References according to The mouse

brain atlas (Franklin & Paxinos, 2007).

et al., 2001), it has been proposed that the spatial organization of a few
critical amino acid residues, rather than the similarity of the complete
sequence of a cytokine, is important for receptor binding (Heinrich
et al., 2017). In line with this theory, it was shown that the insect or-
tholog (homologous genes that arose through speciation) of the human
orphan cytokine receptor CRLF3 is a neuroprotective EPOR in Tribolium
castaneum (Hahn et al., 2017). Remarkably, CRLF3 is a well-conserved
gene throughout evolution, and orthologs of CRLF3 were reported in
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mammals, frog, fish, non-vertebrate chordates and some insects (Wyder
et al., 2007). In fact, new experiments are now required to prove
whether CRLF3 receptors are responsible for EPO neuroprotective ac-
tions in the brainstem. However, our data support the presence of the
classical EPOR in the brainstem respiratory regions.
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Fig. 4. Expression of EPOR mRNA in mouse brainstems evaluated by the fluorescence in-situ hybridization technique (FISH) combined with immunofluorescence
labeling of somatostatin cells at age P25. Expression of EPOR mRNA is present in brainstem sections from the respiratory control centers (RTN, pB6tC, and nucleus
ambiguous;NA) at multiple rostrocaudal sections but not on SST positive cells. Total sagittal section of the brainstem with antisense probe (a) and sense probe as
control (b), showing the area (inset square) in which EpoR and SST was analyzed (c and e). (c) EPOR mRNA expression in SST negative cells. (d) FISH-positive control
with a probe that targets species-specific housekeeping genes. (e) EPOR mRNA expression in SST positive cells. Scale bar: A and B, 500 pm; C: 50 pm and D, E: 20 um.

7. Summary distribution of the classical EPOR in specific brainstem nuclei asso-
ciated with central chemosensitivity and control of ventilation in the

In conclusion, this short review summarizes the role of EPO in the ventrolateral medulla. We show that EPOR’s are mainly on somatos-
neural control of ventilation and provides new data about the tatin negative cells, leading us to conclude that EPO signaling may act
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through its classical EPOR on glutamatergic neuron populations that
are the primary source of rhythmic inspiratory excitatory drive. This
work underlies the importance of EPO signaling in the central control of
ventilation across development and adulthood in normoxic and hypoxic
conditions and provides new insights on the cellular localization of the
receptors and consequently the respiratory control mechanism by
which EPO may act.
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