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INTRODUCTION
The harbor porpoise is a relatively abundant species in the waters
surrounding Denmark (Hammond et al., 2002). It is one of the
smallest whales, and as such has a relatively large mass-specific
metabolic rate (Reed et al., 2000). In addition, it is an active swimmer
that forages the costal waters for long distances. Harbor porpoises
spend most of the time submerged but have to surface occasionally
to breathe. A surface event typically involves only one ventilatory
cycle that is completed in less than 1s. The breath is characterized
by a large tidal volume and high gas flow rates during both expiration
and inspiration (Reed et al., 2000). The aerobic dive limit is close
to 5min (Reed et al., 2000), which corresponds with maximum dive
duration observed in the field, but most dives are considerably
shorter (Westgate et al., 1995).

Whales rely on O2 stores in lung, blood and muscles to sustain
aerobic metabolism during dives (Butler and Jones, 1997; Ponganis,
2011). O2 stores are therefore slowly depleted, while the metabolic
CO2 production leads to an increase in internal CO2 tensions
(Ponganis, 2011). Ideally, in the harbor porpoise, O2 stores should
be refilled and CO2 fully eliminated as result of the single breath
while surfacing. This also seems the case during short dives, whereas
long breath-hold periods call for several surfacing events in close
succession, mainly because it is slower to eliminate CO2 built up
in blood and tissues than to replenish O2 (Boutilier et al., 2001).

The respiratory properties of blood are an important component
in the adaptation of marine mammals to their diving behavior. The
concentration of hemoglobin (Hb) and the blood volume set the

capacity of the blood O2 reservoir; and the blood O2 affinity and
its pH sensitivity are instrumental in setting blood values of O2

tension (PO2) and thus diffusion conditions in the microvasculature
of lungs and tissues. The buffering capacity of the blood is important
in limiting acid–base disturbances as result of CO2 accumulation
(and lactic acid formation during long dives). Some information on
blood O2 affinity and buffering properties in the harbor porpoise is
available (Reed et al., 2000), but this information is based on two
juvenile individuals, and more data are needed to assess the
generality of the findings. The transport of CO2 from tissues to lungs
involves a series of steps, but among these the Cl–/HCO3

– exchange
across the red blood cell membrane via anion exchanger-1 (AE1)
is considered to be the rate-limiting step for CO2 excretion (Wieth
et al., 1982; Jensen, 2004). Given the fast ventilatory cycle and short
time period for CO2 excretion during surfacing, the kinetics of anion
exchange in the harbor porpoise attracts attention, because a fast
erythrocyte anion exchanger would aid CO2 elimination. At present,
no information is available on the rate of erythrocyte anion exchange
in diving mammals. The AE1-mediated anion transport shows very
large temperature sensitivity in humans (Brahm, 1977), thus the
temperature sensitivity of AE1-mediated anion transport in the
harbor porpoise also deserves investigation. Diving marine mammals
can experience large decreases in local temperature in the peripheral
circulation and may also reduce core temperature during dives. A
large temperature sensitivity of Cl–/HCO3

– exchange (as in humans)
could therefore lead to an inappropriate slow-down of anion
exchange upon cooling.
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SUMMARY
Harbor porpoises are active divers that exchange O2 and CO2 with the environment during a fast single breath upon surfacing. We
investigated blood O2-transporting properties, buffer characteristics, Cl– transport via the erythrocyte anion exchanger (AE1),
circulating nitric oxide metabolites and hemoglobin nitrite reduction in harbor porpoises with the aim to evaluate traits that are
adaptive for diving behavior. Blood O2 affinity was higher in harbor porpoises than in similar sized terrestrial mammals, as
supported by our parallel recordings of O2 equilibria in sheep and pig blood. Further, O2 affinity tended to increase with increasing
body mass. A high O2 affinity favors O2 extraction from the lungs, but a normal Bohr effect (logP50/pH–0.46) gradually lowers
O2 affinity during dives (where CO2 accumulates) to assist O2 off-loading to perfused tissues. The true plasma non-bicarbonate
buffer value was moderately higher than in terrestrial mammals and increased upon deoxygenation. Plasma bicarbonate was also
relatively high, contributing to increase the overall buffer capacity. The apparent Cl– permeability of harbor porpoise erythrocytes
was similar to the human value at 37°C, showing absence of a comparative increase in the velocity of erythrocyte HCO3

–/Cl–

exchange to aid CO2 excretion. The Q10 for AE1-mediated Cl– transport in harbor porpoises was lower than in humans and seemed
to match the Q10 for metabolism (Q10�2). Plasma nitrite, plasma nitrate and hemoglobin-mediated nitrite reduction were elevated
compared with mammalian standards, suggesting that increased nitric oxide bioavailability and nitrite-derived nitric oxide could
play important roles in diving physiology.
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In addition to the well-documented functions of Hb in blood O2

and CO2 transport and in H+ buffering, it has been suggested that
Hb also functions as a nitrite reductase. Thus, deoxygenated Hb
reduces nitrite to nitric oxide (NO), which has been implicated in
blood flow regulation (Cosby et al., 2003). Indeed, it appears that
nitrite, which is a natural end-product of NO generated by nitric
oxide synthases (NOS), functions as an alternative NO source that
can be activated by deoxygenated Hb and other cellular proteins
under hypoxic conditions (Lundberg et al., 2008). Additionally, in
mammals, nitrate (another main NO metabolite) can be reduced to
nitrite and then subsequently to NO under hypoxia (Lundberg et
al., 2008). Apart from participating in blood flow regulation, nitrite
and nitrite-derived NO has been shown to protect tissue cells from
ischemia(anoxia)/reperfusion injury (Dezfulian et al., 2007; Shiva
and Gladwin, 2009). Because diving mammals naturally experience
hypoxia during long dives, and because peripheral vasoconstriction
during dives leads to natural cycles of ischemia and reperfusion in
several tissues of diving mammals (Butler and Jones, 1997), it seems
plausible that nitrite may play important roles in the physiology of
diving mammals (Jensen, 2009).

The aims of the present study were to evaluate the respiratory
properties of harbor porpoise blood and to characterize the kinetics
of AE1-mediated Cl– transport across the erythrocyte membrane.
Furthermore, to initiate research on the role of NO and its metabolites
in the physiology of diving mammals, we measured nitrite and nitrate
levels in blood plasma and studied the nitrite reductase properties
of harbor porpoise Hb at different O2 saturations.

MATERIALS AND METHODS
Animals and blood sampling

Blood was obtained from individual harbor porpoises [Phocoena
phocoena (Linnaeus 1758)] during routine veterinary blood sampling
at Fjord and Belt in Kerteminde (Denmark) and Harderwijk
Dolfinarium (The Netherlands). Both of these facilities have
permission to house harbor porpoises. The animals had a body mass
of 44.4±14.2kg (mean ± s.d., N8). Blood was sampled from a vein
in the tail fluke, using heparin as anticoagulant, and immediately
placed on ice. Experiments on individual blood samples were
completed within 48h. For comparative purposes, blood from pig
(Sus scofa domesticus) was obtained from a local slaughterhouse
(Danish Crown, Odense) and blood from sheep (Ovis aries) was
acquired from the Biomedical Laboratory, University of Southern
Denmark.

Blood O2 equilibria and acid–base properties
Sub-samples of blood were pipetted into two Eschweiler (Kiel,
Germany) tonometers and equilibrated at 37°C for 45min to gas
mixtures with constant CO2 tension (PCO2) and either air (oxygenated
blood, tonometer 1) or N2 (deoxygenated blood, tonometer 2) as
balance. Gas mixtures were delivered via Wösthoff (Bochum,
Germany) gas mixing pumps, and the gases were humidified by
bubbling in humidifiers before they reached the tonometers. Separate
equilibrations were performed with CO2 levels of 1, 5 and 9% CO2

in the gas mixtures. Plasma for studies on separated plasma was
obtained by centrifugation of whole blood, and the plasma was
subsequently equilibrated to 1, 5 and 9% CO2.

Oxygen equilibrium curves were constructed by the mixing
method (Scheid and Meyer, 1978). Known amounts (mass
determination) of deoxygenated blood and oxygenated blood
(providing oxygen saturation, SO2) were mixed in a syringe
containing a stainless steel ball, and the PO2 of the mixture was
measured at 37°C with a Radiometer (Copenhagen, Denmark)

E5046 oxygen electrode connected to a PHM 73 monitor. At least
three different mixtures (SO2 values) were analyzed in each
experiment, and the results were plotted in a Hill diagram
[log(SO2/(100–SO2)) versus logPO2] from which P50 (O2 tension at
50% saturation) and Hill’s n (slope of the linear Hill plot, which
expresses cooperativity) were calculated.

Blood pH was measured with the capillary pH electrode of a
Radiometer BMS 3 electrode setup. Total CO2 contents in true
plasma (obtained by centrifugation of equilibrated blood) and
separated plasma were measured with the Cameron method
(Cameron, 1971). Bicarbonate was evaluated as the difference
between total CO2 and dissolved CO2, using the human value of
0.0306mmoll–1mmHg–1 for CO2 solubility (Siggaard-Andersen,
1976).

Hematocrit (Hct) was determined by centrifugation (3min at
14,980g), and hemoglobin (Hb) was measured
spectrophotometrically with the cyanmethemoglobin method, using
an extinction coefficient of 11mmol–1l–1cm–1 at 540nm.

Unidirectional 36Cl– efflux via the red blood cell anion
exchanger

Whole blood was centrifuged and the red blood cells (RBCs) were
washed three times in an iso-osmotic saline consisting of:
128mmoll–1 NaCl, 25mmoll–1 NaHCO3, 2.5mmoll–1 KH2PO4,
2mmoll–1 CaCl2, 1mmoll–1 MgSO4, 3.9mmoll–1 D-glucose and
10mmoll–1 Hepes buffer. The RBCs were suspended in the saline
at a Hct of 50% and equilibrated for 45min with humidified air
(oxygenating the cells) in Eschweiler tonometers. Equilibrations
were performed at 15, 25 and 37°C. Extracellular pH was 8.01±0.08
(mean ± s.e.m., N21). From human RBCs it is known that Cl–

exchange fluxes are maximal and constant when extracellular pH
is between pH7 and 9 (Wieth et al., 1982). The isotope 36Cl– (as
NaCl) was added 10min prior to the end of equilibration (final
radioactivity 15kBqml–1). After equilibration, the RBC suspension
was centrifuged (10min at 3850g) to obtain packed RBCs for 36Cl–

efflux measurements. Unidirectional 36Cl– efflux via the RBC anion
exchanger (which greatly exceeds and is much faster than Cl–

transport via other transporters) was measured under Cl– self-
exchange conditions at the three different temperatures, using the
continuous flow tube method, as previously described (Brahm, 1977;
Jensen et al., 2001). The rate coefficients (k; s–1) for unidirectional
Cl– efflux determined in these experiments were converted into
apparent Cl– permeability coefficients (PCl; ms–1) by multiplying
k with the ratio between cell water volume and membrane surface
area (VW/Am0.447m). The RBC volume, area and water content
were assessed as previously described (Jensen and Brahm, 1995).

Nitrite and nitrate in plasma, and nitrite reactions with
hemoglobin

Freshly drawn blood was centrifuged and the plasma was frozen
and kept at –80°C until measurements. Plasma nitrite and nitrate
were measured by reductive chemiluminescence using a Sievers
(Boulder, CO, USA) Nitric Oxide Analyzer model 280i (Hansen
and Jensen, 2010).

Purified Hb solutions (in 0.05moll–1 Tris buffer, pH7.3 and
0.1moll–1 KCl) were prepared as previously described (Jensen,
2008). The reaction between nitrite and Hb (at 155moll–1 heme
and a [NO2

–]/[heme] ratio of 2.7) was recorded
spectrophotometrically at 25°C, using a specially constructed glass
tonometer with a built-in cuvette (Jensen, 2008). Experiments were
performed at different constant PO2 values, producing SO2 values
ranging from 0% (fully deoxygenated Hb) to 99% SO2 (oxygenated
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Hb). Gas with constant PO2 was supplied to the tonometer from a
Wösthoff (Bochum, Germany) gas mixing pump (mixing air with
N2). The concentrations of deoxygenated Hb (deoxyHb), oxygenated
Hb (oxyHb), nitrosyl-hemoglobin (HbNO) and methemoglobin
(metHb) in the course of the reaction were determined by spectral
deconvolution of absorbance spectra recorded at different time points
during the reaction (Jensen, 2008).

RESULTS AND DISCUSSION
Blood oxygen transporting properties

Oxygenated blood equilibrated to 5% CO2 had a Hct of 46.9±6.5%
and a tetrameric Hb concentration of 2.7±0.5mmoll–1 (means ± s.d.,
N8), the latter corresponding to a Hb-bound O2 capacity of
10.8mmoll–1 or 24.2vol.% (mlO2100ml–1). These values are
similar to earlier reported values for harbor porpoise (Reed et al.,
2000) and only marginally higher than values for terrestrial mammals
(Snyder, 1983). Although a higher Hct and [Hb] would have
increased O2 capacity, as observed in long- and deep-diving species,
this would come at the expense of an increased blood viscosity
(Hedrick and Duffield, 1991). The observed Hct in harbor porpoise
is close to the optimal Hct for oxygen transport (Hedrick and
Duffield, 1991).

The mean P50 value of harbor porpoise blood at 5% CO2

(PCO2�35.7mmHg) was 29.8mmHg, which increased to
36.2mmHg at 9% CO2 and decreased to 19.3mmHg at 1% CO2.
On a logarithmic scale, P50 values were linearly correlated to pH,
revealing a Bohr coefficient (logP50/pH) of –0.46 (Fig.1). The
O2 affinity of harbor porpoise blood is somewhat higher (i.e. P50 is
somewhat smaller) than in terrestrial mammals of similar size
(Schmidt-Nielsen, 1997). This conclusion is supported by our
findings of larger P50 values in pig and sheep than in harbor porpoise,
using the same experimental method on all species (Fig.1). The O2

affinity of pig and sheep blood resembles earlier reports (Willford
and Hill, 1986; Moraga et al., 1996), whereas the oxygen affinity
of harbor porpoise blood is comparable to that in bottlenose dolphin
and common dolphin (Kooyman, 1989). A relatively high blood O2

affinity in the harbor porpoise is advantageous for effective O2

extraction from the pulmonary O2 store during dives (Snyder, 1983),
as recently documented in diving emperor penguins (Meir and
Ponganis, 2009). This mechanism is particularly applicable in divers
that inhale before diving and perform relative shallow dives, where
the alveoli do not collapse (e.g. harbor porpoise). The mechanism
is not applicable in deep-diving seals that exhale before diving, and
where the alveoli collapse. Deep- and long-diving seals instead have
relatively low O2 affinity that favors O2 off-loading in tissues (Meir
et al., 2009).

Although the O2 affinity of harbor porpoise blood is increased
compared with similarly sized terrestrial mammals, it is not
inappropriately high. O2 off-loading to tissues can therefore still
occur at a relatively high off-loading PO2. This is aided by the
normal-sized Bohr effect (logP50/pH–0.46), which provides a
significant rightward shift of the O2 equilibrium curve when CO2

is added during blood passage of tissue capillaries. Also, the Bohr
effect contributes a gradual increase in P50 in the course of a dive,
as PCO2 increases and pH decreases with dive duration, helping to
off-load O2 when O2 stores gradually decline. Additionally, the O2

cooperativity of harbor porpoise blood is comparatively high: Hill’s
n was approximately 3 throughout the examined pH interval (not
illustrated), which compares with a value of 2.7 in human blood
(Siggaard-Andersen, 1976). The high Hill’s n reflects a steep O2

equilibrium curve that favors O2 off-loading in tissues and O2 uptake
in lungs for only small changes in PO2.

L. B. Soegaard and others

Interspecific comparisons have revealed that mammals with low
body mass have lower O2 affinity than mammals with high body
mass (Schmidt-Nielsen, 1997). Because body mass of the present
harbor porpoises ranged from 29 to 68kg, we tested for the presence
of an intraspecific correlation between O2 affinity and body mass.
Indeed, there was a tendency for a decrease in P50 with increasing
body mass (Fig.2), but the correlation failed to be significant at the
P<0.05 level (P0.087).

Blood acid–base properties
Equilibration of oxygenated blood to different PCO2 values resulted
in a practically linear relationship between plasma [HCO3

–] and
extracellular pH from which the non-bicarbonate true plasma buffer
value (oxy–[HCO3

–]/pH) of 27Slykes (mmoll–1pH unit–1) was
calculated (Fig.3). This value compares with the value of 29.2Slykes
previously reported for the harbor porpoise (Reed et al., 2000). In
deoxygenated blood, the non-bicarbonate buffer value was higher
(deoxy34.3Slykes) and [HCO3

–] was increased compared with
oxygenated blood (Fig.3), showing the presence of a Haldane effect,
which follows naturally from the presence of a Bohr effect (Jensen,
2004). Upon deoxygenation, the conformational change from oxyHb
to deoxyHb is associated with increased pKa values of the Bohr
groups (i.e. the specific amino acid residues responsible for the Bohr
effect), which increases H+ binding to the Hb inside the RBCs. At
any given PCO2, this extra H+ binding drives the CO2 hydration
equilibrium reaction (CO2 + H2O } HCO3

– + H+) further towards
HCO3

– formation, which subsequently is shifted to plasma via the
RBC anion exchanger, elevating plasma [HCO3

–] in deoxygenated
blood.

The true plasma buffer value primarily reflects the buffering
capacity of Hb. The -values in the harbor porpoise are slightly
higher than in terrestrial mammals [e.g. 22Slykes in pigs (L.B.S.,
unpublished), 28Slykes in humans (Siggaard-Andersen, 1976) and
16Slykes in mice (Iversen et al., 2012)] and similar to the value of
32Slykes reported for the gray seal (Boutilier et al., 1993). Large
elevations in -values compared with terrestrial mammals are
mainly found in diving species with high blood Hb concentrations
(Lapennas and Reeves, 1982), which may be essential for buffering
acid loads during long dives.

The buffer value of separated plasma reflects the buffering
properties of plasma proteins. The value in the harbor porpoise was
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Fig.1. Oxygen tension at 50% saturation (P50; logarithmic scale) as a
function of pH in whole blood from harbor porpoise, pig and sheep at 37°C.
Values are means ± s.e.m. (N8 for harbor porpoise; N6 for pig; N2 for
sheep). The Bohr factors (logP50/pH) were determined from the slopes
of the linear relationships and are indicated for each species.
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8Slykes (Fig.3), which is not significantly elevated compared with
mammalian standards. Killer whales, and particularly gray seals,
have been reported to have high non-bicarbonate buffer values in
separated plasma, presumably as result of elevated levels of plasma
proteins (Boutilier et al., 1993), but the precise mechanism has not
been resolved.

Plasma bicarbonate concentrations were somewhat higher in the
harbor porpoise than in humans under standard conditions [i.e.
30mmoll–1 (Fig.3) versus 25mmoll–1, respectively, at pH7.4]. This
provides the harbor porpoise with a high bicarbonate buffer capacity
that assists the buffering of metabolic acidosis during and after long
dives or extensive exercise.

RBC anion exchange
The rate coefficient k (s–1) for unidirectional Cl– efflux via the RBC
anion exchanger increased exponentially with temperature (Fig.4).
The apparent Cl– permeability coefficient PCl (depicted on the right
y-axis of Fig.4) reached a value close to 5ms–1 at 37°C. This value
is similar to the PCl value in human RBCs at 37°C (Jensen and
Brahm, 1995) and to PCl values observed in a number of ectothermic

animals at their respective preferred temperatures (Jensen et al.,
2001). Thus, the velocity of anion exchange across the RBC
membrane in the harbor porpoise is not increased compared with
other animals at normal body temperature, suggesting that the RBC
HCO2/Cl– exchange capacity is adequate to secure sufficient CO2

excretion during single breaths at surfacing events.
The temperature dependency of k and PCl (Fig.4) corresponded

to an overall Q10 value of 2.0 for anion exchange in the considered
temperature interval. This temperature sensitivity is lower than that
reported for RBC anion exchange in other endotherms, specifically
chickens (Brahm and Wieth, 1977) and humans (Brahm, 1977),
where Q10 is 3.4 between 15 and 38°C. The temperature sensitivity
in the harbor porpoise is, however, similar to that observed in
ectothermic animals that normally experience changes in body
temperature (Jensen et al., 2001). This suggests that the Q10 for anion
exchange and the Q10 for metabolism and gas transport (often close
to 2) match each other. Given that RBC anion exchange is the rate-
limiting step in CO2 transport, this means that the degree of rate
limitation offered by RBC anion exchange does not change
significantly as temperature changes (Jensen et al., 2001). The
matching of Q10 values for RBC anion exchange and CO2 transport
is clearly adaptive in ectotherms, whereas its importance in an
endotherm seems less obvious. We speculate that a minor decrease
in core temperature during long dives as well as peripheral cooling
(e.g. in flippers) could make a match of Q10 values advantageous
in diving mammals. Information on body temperature in diving
mammals is limited, but core temperature can decrease by 2–3°C
(Kooyman et al., 1981) and occasionally even up to 7°C (Meir and
Ponganis, 2010) in diving seals. A decrease in body temperature
would help to reduce metabolic rate (and thus O2 demand), but it
appears that core temperature is relatively tightly controlled during
routine dives and is only allowed to decrease appreciably during
exceptional long dives (Meir and Ponganis, 2010).

Circulating nitrite and nitrate
The plasma concentration of nitrite measured by reductive
chemiluminescence was 3.3±0.7moll–1 (mean ± s.e.m., N6) and
the concentration of nitrate was 109±23moll–1 (mean ± s.e.m.,
N6). Both mean values are appreciably higher than corresponding
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Fig.2. P50 of harbor porpoise blood equilibrated to 5% CO2 as a function of
body mass (logarithmic scale). Values are from eight individual harbor
porpoises. The line depicts the linear regression of the data (R0.64,
P0.087, N8).
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–] and pH in true plasma of

oxygenated (open circles) and deoxygenated (filled circles) harbor porpoise
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linear regressions of the data. Values are means ± s.e.m. (N8).

Fig.4. Temperature dependency of rate coefficients (k; left y-axis) for
unidirectional Cl– efflux from harbor porpoise red blood cells, with the
corresponding apparent Cl– permeability coefficient (PCl) depicted on the
right y-axis. Experiments were performed on red blood cells from two
individuals with three to four replicates per individual at each temperature.
There were no difference between individuals, and the pooled results are
shown (N6–8 at each point). The drawn curve is an exponential fit to the
data (R20.9994). The three mean values are all significantly different (one-
way ANOVA followed by Bonferroni test).

THE JOURNAL OF EXPERIMENTAL BIOLOGY



1942

values in terrestrial mammals that do not normally encounter
hypoxia (nitrite <1moll–1; nitrate ~20–40moll–1)
(Kleinbongaard et al., 2003; Lundberg et al., 2008), suggesting
that circulating nitrite and nitrate levels are elevated in diving
mammals, possibly as result of elevated NOS activity. High nitrite
and nitrate levels have also been reported in Tibetan highlanders
(Erzurum et al., 2007) and in some hypoxia-tolerant fish (Sandvik
et al., 2012) and turtles (Jacobsen et al., 2012). Collectively, this
suggests that elevated circulating nitrite could be part of the
adaptation to hypoxia. In harbor porpoises, high nitrite and nitrate
levels may provide protection against ischemia/reperfusion injury
(Shiva and Gladwin, 2009) in organs that are cut-off from blood
flow during long dives. High nitrate/nitrite levels can also reduce
whole-body oxygen cost during exercise by increasing the
metabolic efficiency of mitochondria, as recently described in
humans (Larsen et al., 2007; Bailey et al., 2009; Larsen et al.,
2011). Indeed, an improved efficiency of O2 utilization during
exercise would help active divers such as the harbor porpoise to
economize with O2 reserves during dives.

It is noteworthy that the measured values of nitrite and nitrate
were variable, as they were in Tibetan highlanders (Erzurum et al.,
2007). Endogenous nitrite and nitrate are derived both from
oxidation of NO and from dietary sources (Lundberg et al., 2008).
The variability can therefore originate from a difference in NOS
activity as well as variable dietary contributions among individuals.
More research is needed to verify whether nitrite and nitrate are
generally elevated in diving mammals.

Nitrite reactions with Hb
Addition of nitrite to fully deoxygenated Hb in solution resulted in
a progressive decrease in the concentration of deoxyHb to zero and
a concurrent 1:1 increase in the concentrations of metHb and HbNO
to half the initial concentration of deoxyHb (Fig.5A). This outcome
shows that nitrite reacts with deoxygenated ferrous (Fe2+) heme to
form met(Fe3+)Hb and NO, with subsequent rapid binding of the
formed NO to vacant ferrous heme (Gladwin and Kim-Shapiro, 2008):

L. B. Soegaard and others

Hb(Fe 2+) + NO2
– + H+ r Hb(Fe3+) + NO + OH–, (1)

Hb(Fe2+) + NO r Hb(Fe2+)NO. (2)

The reaction of nitrite with fully oxygenated Hb was faster and
resulted in conversion of all oxyHb to metHb (Fig.5E), in agreement
with the stoichiometry for the complex autocatalytic oxidation of
oxyHb by nitrite (Kosaka and Tyuma, 1987):

4Hb(Fe2+)O2 + 4 NO2
– +4H+ r 4Hb(Fe3+) + 4 NO3

–

+ O2 + 2 H2O. (3)

At intermediate SO2 values (as occurs in vivo), nitrite can react
with both deoxyHb and oxyHb, but the deoxyHb reaction producing
NO (reaction 1) was clearly favored, as seen from the steeper decline
in [deoxyHb] with time (i.e. higher reaction rate) compared with
[oxyHb] at 32% SO2 (Fig.5B) and 44% SO2 (Fig.5C). At 66% SO2,
the same applied, but the oxyHb reaction became autocatalytic when
[deoxyHb] approached zero, quickly converting remaining oxyHb
to metHb (Fig.5D). These findings match observations made in two
other mammalian Hbs: human Hb (Grubina et al., 2007) and rabbit
Hb (Jensen, 2008). A Hill plot, using the initial SO2 values and
corresponding PO2 values, revealed a P50 of 6.1mmHg and an n-
value of 2.7 for harbor porpoise Hb under the conditions used in
the experiments (data not shown).

The reactions between nitrite and Hb were studied under the same
conditions as previously used, e.g. with rabbit Hb (Jensen, 2008),
allowing for a direct comparison. The reaction of nitrite with fully
deoxygenated Hb was considerably faster in harbor porpoise than
in rabbit [completed in 120min (Fig.1A) versus 370min (Jensen,
2008), respectively], and reaction rates were also higher in harbor
porpoise than in rabbit at intermediate SO2. Furthermore, the
formation of NO and HbNO was higher at intermediate SO2 in harbor
porpoise. Collectively, these results reveal a higher nitrite reductase
activity in harbor porpoise Hb than in rabbit Hb. An increase in O2

affinity can increase the reaction rate by favoring the R conformation
of Hb, which lowers the heme redox potential and increases the
reactivity of deoxygenated hemes (Crawford et al., 2006; Jensen,
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Fig.5. Time-dependent changes in the
concentrations of oxygenated hemoglobin (oxyHb),
methemoglobin (metHb), nitrosyl-hemoglobin (HbNO)
and deoxygenated hemoglobin (deoxyHb) during the
reaction of nitrite with harbor porpoise Hb at different
oxygen saturations (SO2). Initial SO2 values are
depicted in the individual panels. All panels are
drawn to the same scale. The Hb concentration was
155moll–1 and the nitrite/heme concentration ratio
was 2.7. The temperature was 25°C. Measurements
were made in 0.05moll–1 Tris buffer, with 0.1moll–1

KCl, at a pH of 7.3.
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2008). However, this does not explain the difference between harbor
porpoise and rabbit, because P50 of the Hb was similar in the two
species. The difference must therefore mainly result from differences
in redox potential that are unrelated to O2 affinity.

The deoxyHb-mediated production of NO has been suggested to
contribute to hypoxic vasodilation (Cosby et al., 2003; Crawford et
al., 2006), but whether this has a bearing on blood flow in marine
mammals remains to be determined. The situation is special in diving
mammals, because blood flow to muscles and some internal organs
is curtailed by vasoconstriction during long dives. Release of NO
activity from deoxygenating RBCs during a dive may, however,
help O2 delivery to tissues such as the heart and the brain that remain
perfused. Nitrite-derived NO may also be important by inducing
vasodilation in the pulmonary vasculature (Ingram et al., 2010).
Global hypoxia (as develops in mammals during apnea or at high
altitude) routinely constricts pulmonary arteries throughout the
lungs, which increases pulmonary vascular resistance, pulmonary
artery blood pressure and right ventricular work (Moudgil et al.,
2005). This response is maladaptive in global hypoxia (Storz et al.,
2010), but would be countered by vasodilation from nitrite reduction
to NO in RBCs and/or in the vessel wall. The elevated nitrite levels
in the harbor porpoise may therefore prevent hypoxic pulmonary
vasoconstriction. The pulmonary artery pressure does not increase
during sleep-apnea-induced hypoxia in elephant seals (Ponganis et
al., 2006), supporting that hypoxic pulmonary vasoconstriction may
be weak in diving mammals.
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