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A10–INTEGRATIVE RED BLOOD CELL FUNCTIONS: OXYGEN SENSING AND
REGULATION OF LOCAL BLOOD FLOW
A10.1
Unraveling the reactions of nitrite and hemoglobin in
signaling, physiology and therapeutics

M. Gladwin, (NIH, Bethesda)

Nitrite is a ubiquitous anion in the human circulation and
tissues. Recent data suggest that it is an intrinsic sign
molecule that mediates hypoxic vasodilation, hypoxic m
ulation of mitochondrial respiration and cytoprotection a
ischemia and reperfusion. Nitrite can be considered a s
endocrine reservoir of nitric oxide (NO) which can
reduced by the heme-globins (hemoglobin and myoglo
and other heme enzymes, such as xanthine oxidoreducta
NO along the physiological and pathological oxygen grad
The role of hemoglobin as an allosterically regulated ni
reductase enzyme is of particular interest. We have rec
discovered three novel chemistries responsible for
reduction of nitrite by hemoglobin: (1) R-state catalysis,
oxidative denitrosylation and (3) nitrite reductase/anhyd
activity of ferrous heme. These chemistries will be revie
in the physiological and therapeutic context of hypoxic ni
signaling.

doi:10.1016/j.cbpa.2007.01.325
A10.2
Unraveling the origin of the nitrite-mediated hypoxic
vasodilation

A. Fago, T. Dalsgaard, U. Simonsen, (University of Aarhu

Circulating nitrite has recently emerged as an impo
physiological metabolite that contributes to increase vaso
tion during tissue hypoxia. Using a wire myograph, we h
investigated how the nitrite-dependent vasodilation in rat a
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rings is controlled by oxygen tension, norepinephrine c
centration, soluble guanylate cyclase (the target for vasoa
nitric oxide) and known nitrite-reductase activities, includ
that of hemoglobin, xanthine oxidase, endothelial nitric o
synthase and the bc1 complex of the mitochondria und
hypoxia. We found that vasodilation followed overall fir
order dependency on nitrite concentration, at high and
oxygen levels, and that it was induced by nitrite concentra
comparable to those found in vivo, when using l
oxygenation and norepinephrine levels. The nitrite vasoac
during hypoxia was abolished upon inhibition of solu
guanylate cyclase and was unaffected by removal of
endothelium, by the presence of hemoglobin and ino
hexaphosphate (that increases the fraction of deoxyge
heme) and by inhibition of xanthine oxidase and
mitochondrial bc1 complex. Our results indicate that und
hypoxia physiological nitrite concentrations are sufficien
induce NO-mediated vasodilation independently of the n
reductase activities here investigated. These results fu
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sensitive Na/H exchanger(NHE), K-Cl(KCC) and Na-K–2Cl
(NKCC) co-transporters. All of these transporters are either
involved in cell volume regulation or can affect intracellular pH.
Both effects will have an influence on haemoglobin function. At
present studies are focused on characterization of the primary
oxygen sensor and of the signalling cascades rendering ion
transporters oxygen-sensitive. It appears that either one (in most
species) or two (at least in crucian carp) sensors are involved in
the regulation of transport. One of the sensors has properties
that fit the function of haemoglobin, while the properties of the
other (e.g., with regard to oxygen affinity) deviate markedly
from the properties of bulk haemoglobin. Recent evidence
suggests that in the latter case reactive oxygen species and thus
changes in cellular redox state may be involved in oxygen
sensing and consecutive signal transduction. The in vivo
responses of the erythrocytes to changes in oxygen levels
may differ significantly from those obtained in vitro. Many
factors known to be oxygen (or redox) sensitive are missing
from standard incubation media. These include L-arginine,
catecholamines, erythropoietin and digitalis-like factors. If and
how these factors play a role in modulating the oxygen-
dependent transport properties of erythrocytes, causing the
differences between in vivo and in vitro situations, remains to
be unravelled.

doi:10.1016/j.cbpa.2007.01.333
A10.10
Comparative physiology of O2 sensitive ion transport in
vertebrate red blood cells

M. Berenbrink, (Liverpool University)

During the past two decades O2 sensitive ion transport has been
described in red blood cells (RBCs) of several vertebrates,
ranging from agnathan lampreys to man. However, the
mechanism of O2 sensing and its physiological role are not
fully understood. O2 sensitive ion transport includes volume
regulatory pathways such as K, Cl cotransport, Na, H exchange
and Na, K, 2Cl cotransport. Transport pathways that increase
cell volume are usually activated by low O2 tensions whereas
high O2 tensions activate those that decrease cell volume.
Previous work has shown that in birds and mammals the effects
of O2 appear to be transduced by a mechanism involving oxy-
deoxy transitions of bulk haemoglobin (Hb) and that O2 affinity
of the sensor activating ion transport broadly matches O2

affinity of Hb. In rainbow trout O2 radicals appear to be
involved in the signal transduction mechanism and O2 affinity
of the sensor is significantly lower than in birds and mammals.
However, recent work on crucian carp RBCs has shown that
both types of sensor can co-occur in the same cell type and
differentially regulate K, Cl cotransport and Na, K, 2Cl
cotransport. In this overview possible physiological functions
of O2 sensitive ion transport in different vertebrate groups will
be discussed, including modulation of RBC volume regulation
according to cell energy status, plasma K homeostasis and
modulation of Hb O2 affinity.

doi:10.1016/j.cbpa.2007.01.334
A10.11
Activation of red cell Na-K-2Cl cotransport by

deoxygenation

P. Flatman, A. Hannemann, K. Hegney, (University of
Edinburgh)

Deoxygenation of ferret red blood cells more than doubles
their Na-K-2Cl cotransport rate. Half-maximal activation
occurs at a pO2 of 24 mm Hg so transport changes in parallel
with oxygen binding by haemoglobin. Deoxygenation causes
red cells to swell, become more alkaline and to undergo a rise
in cytoplasmic ionized magnesium concentration, all of which
could affect Na-K-2Cl cotransport rate. However, the changes
in cell volume and pH are too small to cause significant
effects, and only 25–35% of the stimulation can be explained
by changes in magnesium concentration. An additional
explanation is needed. Cotransport is activated by phosphor-
ylation and recent work shows the importance of phosphor-
ylation of 3 threonine residues in the N-terminus of the
cotransporter. We show cotransport activation by deoxygena-
tion is completely prevented and reversed by inhibiting protein
kinases with staurosporine, PP1 (inhibits Src and c-kit tyrosine
kinases), or by removal of cell magnesium, suggesting that
deoxygenation affects regulatory phosphorylation of the
cotransporter. However, during deoxygenation we observe
smaller than expected changes in total threonine phosphoryla-
tion of immunoprecipitated cotransporter using anti-phospho-
threonine antibodies, or phosphorylation of threonine residues
within the N-terminal regulatory domain using antibodies to
the phosphorylated form of the motif. We have been unable to
detect phosphorylation of the cotransporter on tyrosine. Our
work suggests that deoxygenation alters the activity of a
cascade of kinases (including tyrosine kinases) and phospha-
tases that control phosphorylation and activity of the
cotransporter. Residues in addition to threonines within the
N-terminal regulatory domain are probably phosphorylated
during the process.

doi:10.1016/j.cbpa.2007.01.335

A10.12
O2 dependent haemoglobin polymerisation in whiting red
blood cells

P. Koldkjær, M. Bernebrink, (University of Liverpool)

Haemoglobin (Hb) polymerisation is usually associated with
sickle cell disease in humans, where a single amino acid
substitution in the Hb β-chain causes polymers to form upon
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deoxygenation. The risk of Hb polymerisation is critically
dependent on the Hb concentration; therefore, in sickle cells, the
situation is aggravated by abnormal deoxygenation-induced
stimulation of K+ and Cl− efflux, leading to cell shrinkage and
an increase in intracellular [Hb]. In red blood cells (RBCs) of
some fish species, in vitro Hb polymerisation has also been
observed, but the conditions under which the process occurs are
poorly known. In contrast to the human condition, all
individuals within the population seem to be affected. This
presentation focuses on our findings in whiting (Merlangius
merlangus) RBCs. Some obvious questions are, whether Hb
polymerisation occurs in vivo and, if so, under which
conditions. Also, crucially, is the process reversible? We have
studied in vitro Hb polymerisation and mechanisms of recovery
to understand the individual and combined influences of pH and
degree of oxygenation. In some teleosts, the RBC Na/H
exchanger is strongly stimulated by catecholamines, protecting
intracellular pH and increasing cell volume. We have explored
whether catecholamine-induced Na/H exchanger activity can
prevent Hb polymerisation or speed up recovery from the
condition. In addition, we have examined in vivo occurrence of
Hb polymerisation and potential reversibility.

doi:10.1016/j.cbpa.2007.01.336
A10.13
Physiological stimuli of NKCC in red blood cells of birds
and reptiles

P. Koldkjær, M. Berenbrink, (University of Liverpool); T.
Wang, (University of Aarhus); M. Bertelsen, (University of
Copenhagen)

The red blood cell Na+-K+-2Cl− cotransporter (NKCC) plays an
important role in volume regulation upon hyperosmotic
shrinkage. Furthermore, activation of the NKCC may be
functionally important for buffering of K+ released from
exercising muscles to delay fatigue and maintain cardiac
excitability. The NKCC can be activated by low blood oxygen
levels, cell shrinkage and/or catecholamines. We measured
NKCC activity by unidirectional 22Na uptake, using 10−5 M
bumetanide to inhibit the cotransporter. In the more recently
evolved birds (neognathae), NKCC activation by all three types
of stimuli is present in goose and flamingo, while one or more
modes of activation lack in other species such as penguin,
pelican and zebrafinch. Within all major classes of reptiles
(chelonians, crocodilians and squamates) as well as in ostriches,
which belong to a clade of primitive birds (paleognathae), there
is no evidence of NKCC activation by the above stimuli under
our experimental conditions. Further work on neognaths is
needed to establish whether different modes of NKCC
stimulation are due to different origins or due to secondary
losses of modes of activation and, also, how this is related to
exercise physiology or osmoregulatory capacities of different
species. Our aim is to trace the origin of the different modes
of NKCC activation within birds using a phylogenetic
approach.

doi:10.1016/j.cbpa.2007.01.337
A10.14
Oxygen sensitive regulatory volume increase in red blood

cells from cane toad,Bufo marinus

K. Kristensen, T. Wang, (University of Aarhus); P. Koldkjær,
M. Berenbrink, (University of Liverpool)

The cane toad, Bufo marinus, can withstand considerable
elevation in extracellular osmolarity following dehydration. The
present study characterizes the capacity of toad red blood cells
(RBCs) to recover their cell volume after hyperosmotic
shrinkage and investigates the underlying mechanism using
22Na+ isotope uptake measurements. Regulatory volume
increase (RVI), following calculated 25% hyperosmotic shrink-
age of air-equilibrated RBCs from Bufo marinus, was 89%
complete after 120 min in whole blood with PCO2 and pH
adjusted to values found in resting animals. Acidification of
whole blood by increased PCO2 (from 1 kPa to 3 kPa) and
deoxygenation of washed RBCs by N2-equilibration both
elicited a more pronounced shrinkage-induced RVI. Deoxy-
genation per se and during shrinkage caused a significant
increase in Na+ influx into washed RBCs. Bumetanide (10−5 M)
had no effect on RVI, indicating no involvement of the Na+/K+/
2Cl− co-transporter. In contrast, amiloride (10-4 M) inhibited
RVI and Na+ influx, indicating that the Na+/H+ exchanger
mediated the volume regulatory response. In deoxygenated, but
not in oxygenated RBCs, a significant Na+ influx could also be
activated under iso-osmotic conditions by the β-adrenergic
agonist isoproterenol. In all cases, activation of Na+ fluxes was
associated with a distinct lag phase of 15 min or more,
suggesting significant differences in the signal transduction
pathways leading to transporter activation compared to RBCs
from other vertebrate groups.

doi:10.1016/j.cbpa.2007.01.338

A10.15
Nitrite permeation of erythrocytes and its possible
biological roles

F. Jensen, (University of Southern Denmark)

Nitrite entering erythrocytes induces an oxygenation-dependent
formation of nitric oxide, because deoxygenated haemoglobin
reduces nitrite to NO. Some of this NO may escape from the
erythrocytes and cause vasodilation, thereby providing a
mechanism for matching blood flow with O2 conditions. In
some fish species (carp, tench, whitefish), erythrocyte nitrite
permeability changes drastically with oxygenation degree, and
nitrite preferentially enters cells with low O2 saturation. In pig,
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added nitrite quickly equilibrates across the membrane of both
oxygenated and deoxygenated erythrocytes and then continues
to enter the cells as a consequence of its intracellular removal
(reactions with haemoglobin). Nitrite transport seems unaf-
fected by inhibitors of facilitated diffusion (DIDS, phloretin,
PCMB, bumetanide), and extracellular pH stays stable during
the transport. A preferential entry of nitrite at low O2 saturation
would favour deoxyHb-mediated NO formation. However, the
reaction in oxygenated erythrocytes could also be important.
Nitrite reacts with oxyHb to form non-toxic nitrate and metHb.
This offers a detoxification mechanism that can eliminate
excess nitrite, while metHb need not rise significantly, because
metHb reductase activity regenerates functional Hb. A dynamic
balance may accordingly exist between the need for NO release
from partly deoxygenated erythrocytes to promote blood flow at
low pO2 and the need for detoxification in oxygenated
erythrocytes at inappropriate high nitrite levels.
Jensen, F.B. 2005. Acta Physiol Scand 184, 243–251.

doi:10.1016/j.cbpa.2007.01.339
A10.16

Blood rheological behaviour in rats after intermittent
hypobaric hypoxia exposure to 5000 m

S. Esteva, P. Panisello, R. Torrella, T. Pagès, G. Viscor,
(Departament de Fisiologia–Biologia, Universitat de Barcelo-
na, Spain)

As in humans, the haemoglobin concentration rise and
erythrocyte mass increase are the most significant of the
haematological adaptive changes induced by intermittent
hypobaric hypoxia exposure (IHHE) in rats. Although this
response is oriented to increase oxygen transport capacity,
paradoxically, the increasing blood capacity could impair
peripheral and respiratory gas exchange function because of
the blood viscosity alterations associated to the rising
haematocrit. The IHHE programme was performed into a
hypobaric chamber (5000 m) consisting in daily 4-h sessions,
during 5 days per week until completing 22 days of hypoxia
exposure. Blood samples were taken at the end of the
exposure period (IHHE group), 20 (Post20d) and 40 (Post40d)
days after the end of the programme and compared to
matched control groups (Control). Apparent blood viscosity
(?a) and plasma viscosity (?p) were measured in a cone-plate
microviscometer. In addition, relative blood viscosity (?a/?p),
oxygen delivery index (ODI=Hc/?), blood oxygen potential
transport capacity (BOTC=β[Hb]/?) and haematological
parameters were evaluated. Although the increased haemato-
crit, blood apparent viscosity does not differs among the
different groups. However, relative blood viscosity showed a
clear increase in IHHE rats, mainly due to the significant
decrease in plasma viscosity detected in this group. This
finding could be interpreted as a compensatory response, in
order to reduce the impact of red cell mass increased volume
on whole blood viscosity. ODI and BOTC remained
unchanged between all groups. These data indicate that
IHEE programme has a deep but transitory effect on red cell
parameters and a very moderate impact on blood rheological
behaviour.

doi:10.1016/j.cbpa.2007.01.340


