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Abstract
Background: In contrast to mammalian erythrocytes, which have lost their nucleus and mitochondria during
maturation, the erythrocytes of almost all other vertebrate species are nucleated throughout their lifespan. Little
research has been done however to test for the presence and functionality of mitochondria in these cells, especially
for birds. Here, we investigated those two points in erythrocytes of one common avian model: the zebra finch
(Taeniopygia guttata).
Results: Transmission electron microscopy showed the presence of mitochondria in erythrocytes of this small
passerine bird, especially after removal of haemoglobin interferences. High-resolution respirometry revealed
increased or decreased rates of oxygen consumption by erythrocytes in response to the addition of respiratory
chain substrates or inhibitors, respectively. Fluorometric assays confirmed the production of mitochondrial
superoxide by avian erythrocytes. Interestingly, measurements of plasmatic oxidative markers indicated lower
oxidative stress in blood of the zebra finch compared to a size-matched mammalian model, the mouse.
Conclusions: Altogether, those findings demonstrate that avian erythrocytes possess functional mitochondria in
terms of respiratory activities and reactive oxygen species (ROS) production. Interestingly, since blood oxidative
stress was lower for our avian model compared to a size-matched mammalian, our results also challenge the idea
that mitochondrial ROS production could have been one actor leading to this loss during the course of evolution.
Opportunities to assess mitochondrial functioning in avian erythrocytes open new perspectives in the use of birds
as models for longitudinal studies of ageing via lifelong blood sampling of the same subjects.
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Introduction
Mitochondria are the crossroads of cell life-and-death
processes. First, they are essential to fuel life-sustaining
metabolic processes via the production of energy as
adenosine triphosphate (ATP) during respiration and
oxidative phosphorylation (OXPHOS). Second, mitochondria play a key-role in the cell ageing process, with progressive mitochondrial dysfunctions accumulating with
age [1]. Among these alterations, increased mitochondrial
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production of reactive oxygen species (ROS) appear to be
important. Mitochondria are a primary source of ROS,
which are molecules having crucial physiological functions, like cell signalling and redox state regulation [2].
However, the production of ROS is also thought to have a
pro-ageing effect [3,4]. Indeed, when ROS production is
exceeding the antioxidant defences and the repairing cell
machinery (a situation defined as oxidative stress), oxidative damage accumulate in all cell components [3,4]. Accordingly, oxidative stress is involved in many cellular
defects, which in turn can lead to impairment of tissue
functioning and organismal death.
Mitochondria are present in most eukaryotic cell types
with few remarkable exceptions, such as mammalian
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erythrocytes which lose their nucleus and mitochondria
during erythroblast maturation [5]. Two non-mutually
exclusive reasons have been proposed to explain the loss
of mitochondria in mature erythrocytes. First, because
the main function of erythrocytes is to carry oxygen but
mitochondria are oxygen consumers, the loss of mitochondria during maturation should improve oxygen
transport. Note that, although mammalian erythrocytes
do not produce ATP through OXPHOS, they can rely
on glycolysis to fuel their own energy demanding processes [6,7]. Second, the loss of mitochondria might
lessen the exposure of mammalian erythrocytes to the
potentially deleterious production of mitochondrial ROS
[6], with the theoretical benefit of maximizing their lifespan. The potential implication of mitochondrial ROS
production in the loss of mitochondria and nucleus
throughout evolution for mammals is referred to hereafter as the mitochondrial stress hypothesis. Considering
oxygen consumption and ROS production as two factors
disfavouring the presence of mitochondria within erythrocytes, it would be expected that similar evolutionary
pressures would select for the absence of mitochondria
in the erythrocytes of all vertebrate species.
Mature erythrocytes of almost all fish, amphibian, reptile and bird species keep their nucleus during maturation (see [8] for exception in some salamander species),
but little is known about the presence and functionality
of mitochondria in these cells, except for fish. Indeed,
fish erythrocytes have been demonstrated to possess the
complete cellular machinery with functional ribosomes
[9] and mitochondria [10-13], thus allowing protein synthesis and full cellular activity [14]. In amphibians, mature erythrocytes retain occasionally a few mitochondria,
which are often of aberrant morphology [15] even if
there is some functional evidence of their presence [16].
In reptiles, there is no clear microscopic evidences to
suggest mitochondrial presence in erythrocytes but there
seems to be some functional arguments supporting such
occurrence [17,18]. Studies examining the presence of
mitochondria in bird erythrocytes have reached contradictory conclusions, with some reporting these to be
present [19-22], while others report these to disappear
during cell maturation [23-25]. Interestingly, a recent
study has reported the production of mitochondrial
superoxide production within mature avian erythrocytes
[26], but more expanded experimental investigation of
the presence of functional mitochondria in avian erythrocytes is still lacking.
In the present study, we investigated the presence and
functionality of mitochondria in erythrocytes of the
zebra finch (Taeniopygia guttata). We used transmission
electron microscopy (TEM) to demonstrate the presence
of mitochondria in avian erythrocytes. We then tested
whether those mitochondria were functional by
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analysing their respiratory activity using high-resolution
respirometry, in response to diverse mitochondrial substrates and inhibitors. In addition, we checked their production of ROS using fluorometric assays. Throughout
these different steps, we carried out measures on whole
blood cells of birds, and we ran in parallel the same analyses of whole blood cells of mice as a negative control
since mice erythrocytes lack mitochondria (see materials
and methods for details). Finally, to explore whether the
presence of mitochondria in erythrocytes leads to higher
oxidative stress as stated by the mitochondrial stress hypothesis, we compared oxidative stress markers in the
plasma of adult zebra finch and a size-matched mammalian model, the mouse.
Our study shows that zebra finches erythrocytes possess functional mitochondria, in terms of respiratory activity and ROS production. However, contrary to the
expectations of the mitochondrial stress hypothesis, we
found no evidence that the presence of functional mitochondria within erythrocytes leads to elevated levels of
oxidative stress in the blood of zebra finches (compared
to mice).

Results
Transmission electron microscopy (TEM)

For mouse, standard TEM preparation (Figure 1a) and
haemoglobin-depleted TEM preparation (Figure 1b) did
not reveal any cytoplasmic organelles within erythrocytes. In contrast, standard preparation of zebra finch
erythrocytes revealed some occasional mitochondria
(Figure 1c), while haemoglobin-depleted preparation
provided clear evidence of mitochondria in almost every
cell (Figure 1d).
Mitochondrial respiration

Basal rates of oxygen consumption (VO2glu-mal) from
avian erythrocytes were almost forty fold higher than
VO2glu-mal of mammalian erythrocytes (p < 0.001, Table 1,
Figure 2). Basal rates of oxygen consumption were significantly different from 0 in zebra finches (one sample
t-test, t = 24.10, df = 6, p < 0.001), but not so in mice
(t = 1.80, df = 6, p = 0.122). In addition, oxygen consumption was affected by amytal and succinate addition only
for avian erythrocytes, as indicated by the significant
interaction between species and treatment (p < 0.001,
Table 1, Figure 2). Oxygen consumption of mice erythrocytes remains insensitive to the chemical treatments
(post-hoc tests: all p-values > 0.5), while in the zebra
finch, erythrocytes oxygen consumption decreased following amytal treatment (post-hoc test of VO2glu-mal vs.
VO2amytal: p < 0.001), and this inhibition was reversed by
succinate addition (post-hoc test of VO2amytal vs.
VO2succinate: p < 0.001).
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Figure 1 Transmission electron microscopy (TEM) pictures of mouse (a,b) and zebra finch (c,d) erythrocytes. a) Standard preparation
(PBS) showing mouse erythrocytes with empty cytoplasm. b) Saponin treated mouse erythrocytes with empty cytoplasm. Note here that saponin
treatment does not seem to deplete completely every cell from haemoglobin content, but alter the cell shape. c) Standard preparation showing
zebra finch erythrocytes with apparent nucleus and occasional mitochondria (arrow). d) Saponin treated zebra finch erythrocytes, with apparent
nucleus and numerous apparent mitochondria (arrows). Black bars represent 2 μm.
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Mitochondrial superoxide production was clearly higher
in zebra finch than mice erythrocytes (p < 0.001; Table 2,
Figure 3). Within-species analyses showed that measures
of basal superoxide production were not significantly
different from zero in mouse erythrocytes (one sample ttest: t = 2.39, df = 6, p = 0.054), but significantly greater
than zero in zebra finch erythrocytes (t = 10.16, df = 6, p
< 0.001). Mitochondrial superoxide production was significantly increased by antimycin A treatment in erythrocytes of zebra finches only (post-hoc test: p < 0.001),
as indicated by the significant interaction between species and treatment (p < 0.001, Table 2) and illustrated in

Figure 2 Mitochondrial respiration rate (VO2) of mouse and
zebra finch erythrocytes normalized by the protein content of
the cell suspension. White bars represent baseline respiration rate
(on glutamate-malate). Grey bars represent respiration rate after the
inhibition of complex I (amytal), which is reversed by the addition of
succinate (black bars) in zebra finch. Letters indicate significant
differences between groups according to GEE Bonferroni post-hoc
(N = 7 per species for each treatment).
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Table 2 GEE model testing species (mouse or zebra finch)
and treatment (baseline or antimycin A) effects on
mitochondrial superoxide production
Superoxide production (RF/min)

Wald Χ2

df

p-value

(Intercept)

1151.3

1

< 0.001

Species

1129.4

1

< 0.001

Treatment

550.6

1

< 0.001

Species x Treatment

568.5

1

< 0.001

the Figure 3. Mice superoxide production did not significantly differ between control and treated samples (posthoc test: p = 0.28).
Plasmatic reactive oxygen metabolites & antioxidant
defences

Reactive oxygen metabolites levels (ROMs) and antioxidant levels (OXY) were higher in plasma of mice compared to zebra finches (ROMs: F = 638.9, df = 1, p <
0.001; OXY: F = 339.3, df = 1, p < 0.001; Figure 4).
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Discussion
The present study shows that mature erythrocytes in the
zebra finch retain mitochondria in their cytoplasm.
These mitochondria remain functional in terms of respiration, since their rates of oxygen consumption respond to the addition of mitochondrial fuel substrates
and respiratory chain inhibitors.
We used transmission electronic microscopy (TEM) to
confirm the presence of mitochondria in avian erythrocytes after haemoglobin removal (Figure 1). Some earlier

Figure 3 Mitochondrial superoxide production from mouse and
zebra finch erythrocytes, expressed as change in mitosox red®
relative fluorescence (RF) per minute. White bars represent
baseline superoxide production and black bars represent superoxide
production stimulated by the addition of an inhibitor of complex III
(antimycin A). Letters indicate significant differences between groups
according to GEE Bonferroni post-hoc (N = 7 per species for
each treatment).

microscopy studies in birds suggested that mitochondria
disappear during erythrocyte maturation [23-25],
whereas others that removed haemoglobin report mitochondria persistence [19]. Because haemoglobin strongly
interferes with light transmission in TEM and because
its intra-cellular concentration increases during erythrocyte maturation [27], it is likely that methodological issues account for these discrepancies between TEM
studies. Indeed, standard TEM preparations are probably
not adapted to detect mitochondria without haemoglobin removal.
We experimentally exposed erythrocytes to inhibitors
and substrates known to modulate the activity of the
mitochondrial respiratory chain in order to characterize
the responsiveness of mitochondrial respiration within
zebra finch erythrocytes. Our results show that basal respiration rates of avian erythrocytes were not anecdotal,
since oxygen consumption values were similar to those
obtained in mouse hippocampal neurons [28]. Overall,
our results are in accordance with previous work on fish,
indicating that erythrocyte mitochondria are functional
in terms of respiratory activities [13]. Together, this challenges a previous conclusion that avian erythrocyte rely
only on glycolysis and pentose phosphate pathway [29].
What are the physiological benefits and the associated
costs for birds to retain functional mitochondria in their
erythrocytes, especially in terms of oxidative stress? Insights on this point should help to understand why
mammalian erythrocytes have lost their mitochondria or,
alternatively, why birds (and probably other nonmammalians vertebrates [12,16,17]) have retained functional mitochondria within their erythrocytes.
What physiological role for mitochondria within
erythrocytes?

Mitochondrial biogenesis is under the control of nuclear
genes [30]. Hence, mammalian erythrocytes might lose
their mitochondria due to nucleus extrusion rather than
due to selection against the presence of functional mitochondria. A cost of keeping respiration is that to sustain
cellular oxygen consumption (Figure 2), avian erythrocytes have to synthetize the electron transport chain
proteins. In contrast, containment of greater functional
energetic capacity in these cells might allow various cellular activities based on high rate of ATP production
through OXPHOS, as demonstrated earlier for fish [11].
Among other things, those activities might include the
constant synthesis of various proteins such as haemoglobin or heat shock proteins (HSP). Constant turnover of
haemoglobin throughout erythrocyte lifespan might
allow the optimization of oxygen binding and transport
[11], and HSP protein synthesis might allow stress resistance of erythrocyte metabolism ([31], and see [14] for
HSP implication in stress metabolism in fish
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Figure 4 Plasmatic reactive oxygen metabolites “ROMs” (black bars) and antioxidant capacity “OXY” (white bars) for mouse and zebra
finch. Lower case letters indicate significant differences between groups for ROMs and capital letters for antioxidants levels, according to GLMs
(see text for statistics, N = 60 per species).

erythrocytes). Moreover, functional energetic machinery
in these cells could permit other energy-requiring functions such as immune responses [32], as suggested for
instance by natural and experimental phagocytosis by
erythrocytes in amphibians [33]. All this relies on the assumption that avian erythrocytes are able to sustain protein synthesis, an idea which is not completely
supported by earlier studies on transcriptional capacities
of avian erythrocytes nuclei (reviewed by [34]). More
work is needed to clarify protein synthesis capacities of
avian erythrocytes and their potential cellular effects. Indeed, it is not excluded that the persistence of functional
mitochondria within avian erythrocytes is associated
with net negative rather than positive effects. First, for
selection to favour the silencing of mitochondrial biogenesis within avian erythrocytes, those mechanisms
should be available for selection to act upon, which still
needs to be demonstrated. Furthermore, even if pathways favouring the silencing of mitochondrial biogenesis
do exist in avian erythrocytes, those pathways might not
be selected if they have antagonistic pleiotropic effects,
being advantageous during cell maturation but detrimental later in the cell life.
Of note, besides supporting energetically demanding
cellular processes, the synthesis of ATP (achieved by
OXPHOS but also potentially by glycolysis) might
modulate oxygen transport by haemoglobin. Accordingly, the intra-cellular ratio ADP/ATP could be an important modulator of Hb-O2 affinity, since the addition
of ATP has been found to increase haemoglobin affinity
to oxygen in reptile erythrocytes [17]. Our pilot experiments on birds support the potential importance of the
ADP/ATP ratio in oxygen transport regulation, since
ADP addition during respiration measurements of avian

erythrocytes causes a strong release of O2 (Additional
file 1: Figure S1). This phenomenon could be interpreted
as a decrease of Hb-O2 affinity, and should encourage
future work on the regulation of Hb-O2 affinity by ADP/
ATP ratio and mitochondrial activity.
The mitochondrial stress hypothesis

The unavoidable by-product of OXPHOS is the generation of potentially deleterious ROS [3]. Hence, the
mitochondrial stress hypothesis argues that mammalian
erythrocytes have lost their mitochondria in order to
down-regulate cell oxidative stress [6]. Zhang and collaborators [6] have previously demonstrated that ROS
production in mammalian erythrocytes remain stable
under metabolic circumstances known to induce oxidative stress (i.e. hyperglycaemia, ischaemia), whereas ROS
production in avian erythrocytes is dramatically increased under the same conditions. These authors concluded that nuclear and mitochondrial extrusion may
help mammal erythrocytes to lower ROS production
under metabolic stress, which is in line with the suggested longer lifetime of mammalian erythrocytes compared to birds [35]. Several lines of evidence call into
questions the importance of oxidative stress as one
major driver of mitochondria loss by mammalian
erythrocytes.
Mice exhibited higher plasmatic oxidative stress.
Hence, it suggests that even if mice erythrocytes are
lacking mitochondria, their immediate environment (i.e.
plasma) suffers from greater oxidative damage despite a
higher plasma antioxidant capacity than zebra finches
(Figure 4). This challenges the mitochondrial stress hypothesis proposed by [6], and suggests that the presence
of functional mitochondria within avian erythrocytes
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does not necessarily compromise blood oxidative state.
Still, our data do not rule out the possibility that an oxidative imbalance may occur at the scale of the erythrocyte but a complete comparative study is needed to
resolve this point. If erythrocytes of birds accumulate
oxidative damage at a higher rate because of their mitochondria, we might expect avian erythrocytes to have a
shortened lifespan. Mouse erythrocytes turnover seems
however to be faster than in chicken, pigeon or duck
[36], which is contradictory with [35] assumptions. Because numerous (confounding) parameters might affect
erythrocyte lifespan, such as body size/weight [37], further investigations at the inter-specific level are required
before firmly concluding on this point. Research focusing at inter-individual variation in cell mitochondrial
abundance and oxidative stress should also be encouraged. Here, it is worth mentioning that a few salamander
species from five different genera of the subfamily
Bolitoglossinae show relatively high amounts (> 80%) of
enucleated erythrocytes [8]. Using such species could
provide new insights on the evolutionary loss of nucleus
and mitochondria also observed for mammalian
erythrocytes.
Finally, it is well-known that ROS can trigger cell senescence via mitochondrial driven apoptosis and the
opening of the mitochondrial permeability transition
pore [38,39]. However, previous studies have shown that
chicken erythrocyte cell death does not rely on such a
caspases’ apoptotic pathway [40]. Therefore, as stated by
[13], “mitochondria are probably a minor contributor to
oxidative stress in erythrocytes”, and hence mitochondria loss in mammals has probably no or only a minor
relationship with a reduction of oxidative stress. Indeed,
even if the presence of mitochondria within avian erythrocytes was associated with ROS production (Figure 3),
the oxidative imbalance observed in the blood was lower
for zebra finch than for mice (Figure 4). Therefore, the
presence of mitochondria within erythrocyte does not
necessarily seem to be associated with increased levels of
oxidative stress, perhaps due to efficient intra-cellular
antioxidant defences. This point is further supported by
a pilot experimental approach where we tested whether
mitochondrial ROS production of avian erythrocytes is
increased under hyperglycaemic conditions, as suggested
by [6]. In this experiment, mitochondrial superoxide
production was not affected by hyperglycaemic conditions (30 mM Glucose, Additional file 1: Figure S2).
Perspectives

The fact that avian erythrocytes possess functional mitochondria presents research potential both for evolutionary and ageing studies. In the recent past, numerous
studies have addressed the implication of oxidative balance in the set-up and evolution of life history trade-offs
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[41-43]. However, due to practical and ethical constraints, most studies on vertebrates focused on plasmatic parameters to assess “organismal” oxidative stress.
The presence of functional mitochondria in nonmammalian (fish, birds) erythrocytes provides a good
opportunity to investigate both sides of the oxidative
balance (mitochondrial ROS production and antioxidant
defences), using only blood samples. Moreover, while
mitochondrial research in mammals requires animal
culling to collect tissues and extract mitochondria for
functional studies, we can now use lifelong blood sampling of the same birds to investigate mitochondria functioning with a longitudinal experimental design. Hence,
the use of erythrocytes in non-mammalian vertebrates as
a source of mitochondria should be beneficial for ageing
studies by providing a more powerful tool than classical
cross-sectional studies to investigate mitochondrial role
and modifications associated with ageing process and life
history traits (such as the uncoupling state of mitochondria [44,45]). It should also help to investigate the implication of mitochondria in ageing rate variability of wild
and non-model animals, which are often submitted to
restricted ethical rules.

Conclusion
Our findings demonstrate that avian erythrocytes possess functional mitochondria in terms of respiratory activities and ROS production. Therefore, our results
combined with available literature on other vertebrates
suggest that mammals are almost unique in having an
evolutionary loss of mitochondria by mature erythrocytes. Since mitochondria within avian erythrocytes does
not appear to result in plasma-level oxidative stress, our
results challenge the idea that mitochondrial ROS production was a major factor leading to this loss during
the course of evolution. Finally, the presence of functional mitochondria within avian erythrocytes open new
perspectives in the use of birds as models for longitudinal studies of ageing via lifelong blood sampling of the
same subjects.
Materials and methods
Experimental procedure

The study complied with the ‘Principles of Animal Care’
publication no.86-23, revised 1985 of the National Institute of Health, and with current legislation (L87-848) on
animal experimentation in France.
Experiments were realized on adult zebra finches and
mice (C57BL/6) coming from our main captive populations. Birds were placed as unisex pair in cages (0.57 ×
0.31 × 0.39 m) and provided with food (a commercial
mix of seeds for exotic birds enriched with vitamins and
eggs) and water ad libitum. Birds were housed at 23°C
on a 13 L: 11 D light cycle. Mice were placed in small
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unisex groups (2 to 5) in plastic cages (40 × 25 × 15 cm)
with ad libitum access to food (SAFE A03) and water.
Mice were housed at 25°C on a 12 L: 12 D light cycle.
Blood samples (30 to 100 μL depending on the experiment conducted) were collected in heparinised glass capillaries from the brachial vein for the zebra finches and
from the submandibular vein for mice. Considering the
difficulties to appropriately separate nucleated erythrocytes from white blood cells considering their similar
density (personal observation), we choose to use total
blood cells of zebra finch, and to add a size-matched
mammalian negative control. Indeed, white blood cells
represent only a small fraction of whole blood compared
to erythrocytes (around 1 white blood cell for 800 red
blood cells [46]). Moreover, mammals and birds possess
a similar small fraction of white cells in whole blood
(total white blood cells counts for: BALBc mice ≈ 10.103/μL
[47] and Scarlet Rosefinch ≈ 8.103/μL [46]). Hence, we
use the term ‘erythrocytes’ rather than ‘total blood
cells’ throughout the text when describing and
discussing our results.
Transmission electron microscopy (TEM)

A 10 μL aliquot of a fresh blood sample was diluted in
390 μL of phosphate buffered saline (PBS) before centrifugation (300 · g for 5 · min) to pellet the cells. Cells were subsequently fixed or treated with saponin (200 μg/ml for 15 min
at 4°C followed by a centrifugation at 8000 · g for 10 · min)
before fixation to remove/limit haemoglobin interferences.
The cells were fixed with 2.5% glutaraldehyde (Fluka Analytical, Sigma) in 0.1 M phosphate buffer for 24 hours. Cells
were post-fixed with 0.1% osmium tetroxyde (EMS) in water
for one hour, and dehydrated through a series of ethanol
baths before being embedded in araldite M (Fluka Analytical, Sigma). Thin sections were observed under Hitachi
H7500.
Mitochondrial respiration

Fresh blood samples (80 μL) were diluted immediately after
collection in 1 mL PBS and kept on ice until analysis. Respiration measurements were made within four hours after
blood collection. Before analysis, blood was centrifuged
(300 · g for 5 · min) to pellet cells and discard the plasma
fraction. Cell pellet was then diluted in 2 mL of respiration
buffer (CaK2EGTA 2.77 mM, K2EGTA 7.23 mM, MgCl2
6.56 mM, imidazole 20 mM, taurine 20 mM, dithiothreitol
0,5 mM, K-sulfonate methane 50 mM; glutamate 5 mM,
malate 2 mM, phosphate 3 mM; 2 mg/ml fatty acid free bovine serum albumin (BSA) and 125 μg/mL saponin, pH 7),
and placed into respirometry chamber. Each time one
mouse sample (negative control) was run in parallel of
one zebra finch sample. Oxygraph-2 k system (O2k,
OROBOROS INSTRUMENTS, Innsbruck, Austria) contain
two respirometry chambers at 37°C, 750 rpm stirrer speed,
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and two point calibrations of the OROBO-POS polarographic oxygen sensors. For this experiment, 7 mice and 7
zebra finches were blood sampled, and each blood sample
was measured three times consecutively. A first time for the
baseline respiration (VO2glu-mal) on glutamate-malate, a second time after amytal addition (2 mM; VO2amytal), which is
an inhibitor of the complex I, and a third time after succinate addition (15 mM; VO2succinate), which is a substrate of
the complex II. Mitochondrial respiration rates were normalized by protein content of the cell suspension, measured
after cell lysis by Pierce BCA protein assay (THERMO scientific). Respiration rates (VO2) are expressed in pmol O2
consumed.s-1.mg protein-1.
Mitochondrial ROS production

For each individual, two 10 μL aliquots of fresh blood were
diluted in 390 μL of PBS and stored on ice prior to analyses,
which were completed within 3 · hours of sampling. Prior to
staining, diluted blood was centrifuged (300 · g for 5 · min) to
pellet cells and discard the plasma fraction. MitoSOX Red
(Molecular Probes, Life Sciences) was then added at a final
concentration of 5 μM in each sample. Each individual was
measured two times, the first time to determine basal superoxide production, and the second time to assess a potential
increase in superoxide production in response to a specific
mitochondrial inhibitor. In these latter samples, Antimycin
A (a complex III inhibitor, known to increase mitochondrial
superoxide production) was added at a final concentration
of 100 μM. Cells were subsequently incubated for 25 · min
(at 37°C for mice and 40°C for zebra finches), then washed
with PBS by centrifugation as described above and held on
ice until analysis by flow cytometry. All flow cytometry measurements were performed using a FACScalibur cytometer
(BD Bioscience, San Jose, CA) with blue laser-excitation at
488 nm. Emitted fluorescence was collected on the FL2
channel detector (575 ± 13 · nm bandpass filters). A T0 acquisition was done for each sample and after 30 min of incubation (37 or 40°C), a second acquisition (T30) was made
to evaluate the increase in mitochondrial superoxide. Data
were acquired and analysed using CellQuest Pro v5.1.1 software (Becton Dickinson). Analyses were performed by gating on live cells to exclude debris and dead cells. Gating was
defined according to morphological indications provided by
forward and side scatter detectors. For each sample, 20 · 000
events were acquired. Analyses allowed defining the geometric mean of fluorescence (which limits the influence of extreme values). We expressed superoxide production as the
increase in relative red fluorescence per minute (RF/min).
For this experiment, superoxide production was determined
for 7 mice and 7 zebra finches. Preliminary analyses show
that flow cytometry measurements of duplicate samples
from the same individuals were highly intercorrelated (r =
0.92, p < 0.001, N = 14) and intra-individual variation was
low (CV = 6.43%).
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Plasmatic reactive oxygen metabolites & antioxidant
defences

The antioxidant capacity and the concentration of Reactive Oxygen Metabolites (ROMs) were measured using
the OXY-Adsorbent (5 μL of 1:100 diluted plasma) and
d-ROMs tests (5 μL of plasma, DIACRON INTERNATIONAL, s.r.l, Italy) following the manufacturer
protocol (for detailed description of these tests, see
[48]). OXY adsorbent test allows quantifying the ability
of the plasma antioxidant capacity to buffer massive oxidation through hypochlorous acid while the d-ROMs
test measures mostly hydroperoxydes, as a marker of
oxidative damage (principally on lipids). Antioxidant
capacity is expressed as mM of HClO neutralised and dROMs as mg of H2O2 equivalent/dL. For this experiment, 60 mice and 60 zebra finches were blood sampled,
and all measurements were run in duplicates. Intraindividual variation in both species based on duplicates
was low (respectively CV = 2.36 ± 0.38% for the OXY test
and CV = 3.06 ± 0.76% for the d-ROMs test) as well as
inter-plate variation based on a standard sample repeated over plates (CV = 4.21% for OXY and 4.79% for
d-ROMs test).
Statistics

Considering our limited sample size and our repeated
design, we investigated treatment and species effect on
mitochondrial respiration and superoxide production by
running Generalized Estimated Equations (GEE [49])
with individual identity as subject, treatment as withinsubject factor, species as a fixed factor and the interaction between those two parameters (Species x Treatment). We tested differences between interaction groups
using Bonferroni post-hoc procedures for GEE. We
tested whether levels of respiration and superoxide production were different from zero by running one-sample
t-tests, independently for each species. We investigated
differences in on OXY and ROMs levels between zebra
finches and mice using General Linear Models (GLM).
GEE and GLMs were fitted with a normal error distribution (SPSS 18.0), and data were tested for normality and
homoscedasticity. All tests were two-tailed tests and p
values of less than 0.05 were considered significant.
Means are quoted ± S.E.

Additional file
Additional file 1: Figure S1. Typical polarographic trace of respiratory
activity of avian erythrocytes in response to ADP (150 μM) addition. One
sample t-test reveals a significant change in O2 dynamics following ADP
addition (N = 5, mean = + 4.53 nmol O2/min/mL; t = 3.20, df = 4,
p = 0.033). ADP addition induces a strong release of oxygen, suggesting a
role of ADP in the modulation of the affinity between oxygen and
haemoglobin in avian erythrocytes. The methodology used is similar to
the one explained in the manuscript. Figure S2. Mitochondrial
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Superoxide production in birds under normal and hyperglycaemic
conditions expressed as change in mitosox red® relative fluorescence (RF)
per minute. White bar represents baseline superoxide production and
dashed bar represents superoxide production in hyperglycaemic
conditions (incubation with 30 mM Glucose). Paired t-test does not reveal
significant difference between treatments (N = 9; tpaired = -0.29, df = 8,
p = 0.78). The methodology used is similar to the one explained in the
manuscript.

Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
AS designed the study. AS, PB and FC wrote the paper. AS and QS collected
and analyzed the data. CR realized TEM preparations and observations. JZ, FS
and BG provided support with respirometry measurements, and FG provided
support with FACS measurements. SM, JZ, PB and FC took part in data
analyses and interpretations. All authors have read and approved the final
version of the manuscript.
Acknowledgments
We are grateful to S. Blanc & F. Rudwill for fruitful discussions on a previous
draft, and to the CNRS (PICS) and the French Ministry of Research for
funding. PB is funded by the Swiss National Research Foundation (grant
n° 31003A_124988).
Author details
1
Institut Pluridisciplinaire Hubert Curien, University of Strasbourg, Strasbourg,
France. 2Département d’Ecologie, Physiologie et Ethologie (DEPE), CNRS
UMR7178, 23 rue Becquerel, Strasbourg Cedex 2 67087, France. 3Department
of Ecology and Evolution, University of Lausanne, Biophore,
Lausanne-Dorigny 1015, Switzerland. 4Faculty of Medicine, University of
Strasbourg, Strasbourg EA 3072, France. 5CHRU of Strasbourg, Physiology and
Functional Explorations Department, New Civil Hospital, BP 426, Strasbourg
67091, France. 6Immunologie et Chimie Thérapeutiques UPR 9021, Institut de
Biologie Moléculaire et Cellulaire du CNRS, Université de Strasbourg,
Strasbourg, France. 7Plateforme Imagerie in vitro, IFR 37 CNRS, Strasbourg
67084, France.
Received: 18 February 2013 Accepted: 30 May 2013
Published: 8 June 2013
References
1. Lee H-C, Wei Y-H: Mitochondria and aging. Adv Exp Med Biol 2012,
942:311–327.
2. Dröge W: Free radicals in the physiological control of cell function.
Physiol Rev 2002, 82:47–95.
3. Finkel T, Holbrook N: Oxidants, oxidative stress and the biology of ageing.
Nature 2000, 408:239–247.
4. Barja G: Free radicals and aging. Trends Neurosci 2004, 27:595–600.
5. Moritz K, Lim G, Wintour E: Developmental regulation of erythropoietin
and erythropoiesis. Am J Physiol 1997, 273:1829–1844.
6. Zhang Z-W, Cheng J, Xu F, Chen Y-E, Du J-B, Yuan M, Zhu F, Xu X-C, Yuan S:
Red blood cell extrudes nucleus and mitochondria against oxidative
stress. IUBMB Life 2011, 63:560–565.
7. O’Neill J, Reddy A: Circadian clocks in human red blood cells. Nature 2011,
469:498–503.
8. Villolobos M, León P, Sessions SK, Kezer J: Enucleated erythrocytes in
Plethodontid salamanders. Herpetologica 1988, 44:243–250.
9. Lane HC, Tharp TP: Changes in the population of polyribosomal
containing red cells of peripheral blood of rainbow trout, Salmo
gairdneri Richardson, following starvation and bleeding. J Fish Biol 1980,
17:75–81.
10. Ferguson R, Boutilier R: Metabolic-membrane coupling in red blood cells
of trout: the effects of anoxia and adrenergic stimulation. J Exp Biol 1989,
143:149–164.
11. Phillips M, Moyes C, Tufts B: The effects of cell ageing on metabolism in
rainbow trout (Oncorhynchus mykiss) red blood cells. J Exp Biol 2000,
203:1039–1045.

Stier et al. Frontiers in Zoology 2013, 10:33
http://www.frontiersinzoology.com/content/10/1/33

12. Pica A, Scacco S, Papa F, de Nitto E, Papa S: Morphological and
biochemical characterization of mitochondria in Torpedo red blood cells.
Comp Biochem Phys B 2001, 128:213–219.
13. Moyes C, Sharma M, Lyons C, Leary S, Leon M, Petrie A, Lund S, Tufts B:
Origins and consequences of mitochondrial decline in nucleated
erythrocytes. Bba-Mol Cell Res 2002, 1591:11–20.
14. Currie S, Tufts B, Moyes C: Influence of bioenergetic stress on heat shock
protein gene expression in nucleated red blood cells of fish. Am J Physiol
1999, 205:2237–2249.
15. Tooze J, Davies H: Light-and electron-microscope studies on the spleen
of the newt Triturus cristatus: the fine structure of erythropoietic cells.
J Cell Sci 1967, 2:617–640.
16. Bratosin D, Estaquier J, Slomianny C, Tissier J, Quatannens B, Bulai T,
Mitrofan L, Marinescu A, Trandaburu L, Ameisen J, Montreuil J: On the
evolution of erythrocyte programmed cell death: apoptosis of Rana
esculenta nucleated red blood cells involves cysteine proteinase
activation and mitochondrion permeabilization. Biochimie 2004,
86:183–192.
17. Ogo S, Bernardes C, Glass M, Torsoni M, Vercesi A: Functional mitochondria
in snake Bothrops alternatus erythrocytes and modulation of HbO 2
affinity by mitochondrial ATP. J Comp Physiol B 1993, 163:614–619.
18. Olsson M, Wilson M, Uller T, Mott B, Isaksson C, Healey M, Wanger T: Free
radicals run in lizard families. Biol Letters 2008, 4:186.
19. Harris J, Brown J: Fractionation of the avian erythrocyte: an ultrastructural
study. J Ultrastruc Res 1971, 36:8–23.
20. Beam K, Alper S, Palade G, Greengard P: Hormonally regulated
phosphoprotein of turkey erythrocytes: localization to plasma
membrane. J Cell Biol 1979, 83:1–15.
21. Leighton F: Morphological lesions in red blood cells from herring gulls
and Atlantic puffins ingesting Prudhoe Bay Crude Oil. Vet Pathol 1985,
22:393–402.
22. Maxwell M, Robertson G, Mitchell M, Carlisle A: The fine structure of broiler
chicken blood cells, with particular reference to basophils, after severe
heat stress. Comp Haematol Int 1992, 2:190–200.
23. Zentgraf H, Deumling B, Jarasch E, Franke W: Nuclear membranes and
plasma membranes from hen erythrocytes. J Biol Chem 1971,
246:2986–2995.
24. Brasch K, Adams G, Neelin J: Evidence for erythrocyte-specific histone
modification and structural changes in chromatin during goose
erythrocyte maturation. J Cell Sci 1974, 15:659–677.
25. Watts C, Wheeler K: Protein and lipid components of the pigeon
erythrocyte membrane. Biochem J 1978, 173:899–907.
26. Montgomery MK, Hulbert AJ, Buttemer WA: Does the oxidative stress
theory of aging explain longevity differences in birds? I. Mitochondrial
ROS production. EXG 2012, 47:203–210.
27. Kobari L, Yates F, Oudrhiri N, Francina A: Human induced pluripotent stem
cells can reach complete terminal maturation: in vivo and in vitro
evidence in the erythropoietic differentiation model. Haematologica 2012.
doi:10.3324/haematol.2011.055566.
28. Yao J, Irwin R, Zhao L, Nilsen J, Hamilton R, Brinton R: Mitochondrial
bioenergetic deficit precedes Alzheimer’s pathology in female mouse
model of Alzheimer’s disease. PNAS 2009, 106:14670–14675.
29. Kalomenopoulou M, Beis I: Studies on the pigeon red blood cell
metabolism. Comp Biochem Physiol B 1990, 95:677–684.
30. Passos J, Zglinicki von T, Kirkwood T: Mitochondria and ageing: winning
and losing in the numbers game. Bioessays 2007, 29:908–917.
31. Currie S, Tufts B: Synthesis of stress protein 70 (Hsp70) in rainbow trout
(Oncorhynchus mykiss) red blood cells. J Exp Biol 1997, 200:607–614.
32. Morera D, MacKenzie S: Is there a direct role for erythrocytes in the
immune response? Vet Res 2011, 42:1–8.
33. Prunesco P: Natural and experimental phagocytosis by erythrocytes in
amphibians. Nature 1971, 231:143–144.
34. Sinclair G, Brasch K: The nucleated erythrocyte: a model of cell
differentiation. Rev Can Biol 1975, 34:287–303.
35. Holmes D, Flückiger R, Austad S: Comparative biology of aging in birds:
an update. EXG 2001, 36:869–883.
36. Rodnan G, Ebaugh JRF, Fox M, Chambers D: The life span of the red blood
cell and the red blood cell volume in the chicken, pigeon and duck as
estimated by the use of Na2Cr51O4: with observations on red cell
turnover rate in the mammal, bird and reptile. Blood 1957, 12:355–366.

Page 9 of 9

37. Vácha J, Znojil V: The allometric dependence of the life span of
erythrocytes on body weight in mammals. Comp Biochem Physiol, Part A
1981, 69:357–362.
38. Crompton M: The mitochondrial permeability transition pore and its role
in cell death. Biochem J 1999, 341:233–249.
39. Orrenius S, Gogvadze V: Mitochondrial oxidative stress: implications for
cell death. Annu Rev Pharmacol Toxicol 2007, 47:143–183.
40. Weil M, Jacobson M, Raff M: Are caspases involved in the death of cells
with a transcriptionally inactive nucleus? Sperm and chicken
erythrocytes. J Cell Sci 1998, 111:2707–2715.
41. Dowling D, Simmons L: Reactive oxygen species as universal constraints
in life-history evolution. Proc R Soc B 2009, 276:1737–1745.
42. Monaghan P, Metcalfe NB, Torres R: Oxidative stress as a mediator of life
history trade-offs: mechanisms, measurements and interpretation.
Ecol Lett 2009, 12:75–92.
43. Metcalfe N, Alonso Alvarez C: Oxidative stress as a life‐history constraint:
the role of reactive oxygen species in shaping phenotypes from
conception to death. Funct Ecol 2010, 24:984–996.
44. Harper M, Bevilacqua L, Hagopian K: Ageing, oxidative stress, and
mitochondrial uncoupling. Acta Physiol Scand 2004, 182:321–331.
45. Criscuolo F, Gonzalez-Barroso M, Bouillaud F, Ricquier D, Miroux B, Sorci G:
Mitochondrial uncoupling proteins - new perspectives for evolutionary
ecologists. Amer Nat 2005, 116:686–699.
46. Vinkler M, Schnitzer J, Munclinger P, Votýpka J, Albrecht T: Haematological
health assessment in a passerine with extremely high proportion of
basophils in peripheral blood. J Ornithol 2010, 151:841–849.
47. Nemzek J, Bolgos G, Williams B, Remick D: Differences in normal values for
murine white blood cell counts and other hematological parameters
based on sampling site. Inflamm Res 2001, 50:523–527.
48. Costantini D, Casagrande S, de Filippis S, Brambilla G, Fanfani A, Tagliavini J,
Dell’Omo G: Correlates of oxidative stress in wild kestrel nestlings (Falco
tinnunculus). J Comp Physiol B 2006, 176:329–337.
49. Zuur AF, Ieno EN, Walker N, Saveliev AA, Smith GM: Mixed effects models and
extensions in ecology with R. New York: Springer; 2009:295–320.
doi:10.1186/1742-9994-10-33
Cite this article as: Stier et al.: Avian erythrocytes have functional
mitochondria, opening novel perspectives for birds as animal models in
the study of ageing. Frontiers in Zoology 2013 10:33.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

