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Abstract

Viscosity is inversely related to temperature. The circulatory system of Antarctic icefish may have been designed to prevent high
blood viscosity at low temperatures by taking advantage of the increased solubility of oxygen at low temperatures, allowing use
of hemoglobin-free blood. This necessitates a high-output, high-velocity, low-pressure, low-resistance circulation. High-velocity
flow requires adequate viscosity to minimize loss of laminar flow and increased friction. This creates an interesting design prob-
lem:in other animals, hemoglobin determines blood viscosity via the hematocrit, whereas in icefish, blood viscosity is produced
largely by antifreeze glycoproteins. The effect of inappropriate blood viscosity on maximal cardiac output is seen in experiments
with a related fish, Pagothenia borchgrevinki. In this species, acclimation to a particular temperature involves tailoring blood vis-
cosity to cardiac power, which varies with the availability of oxygen and temperature. The factorial scope for cardiac output—i.e.,
the ratio of maximal to basal cardiac output—is greater in acclimated than unacclimated fish despite the similar availability of
oxygen. Experiments also suggest that blood viscosity determines the maximum tolerable temperature in Antarctic fish. Those
experiments demonstrate that blood viscosity is actively controlled. It is part of what the physiologist Claude Bernard called
the milieu intérieur. The hemoglobinless phenotype requires simultaneous customization of the heart, vasculature, and blood,
includingits viscosity. Simultaneous, coordinated acquisition of multiple unique features, as required by the absence of hemoglo-
bin, is inconsistent with Darwinian evolution, which postulates that species develop by small, incremental changes over time.

Cite as: Sloop GD (2022) The Cardiovascular System of Antarctic Icefish Appears to Have Been Designed to Utilize Hemoglobinless Blood. BIO-Complexity

2022(3):1-12. doi:10.5048/BIO-C.2022.2.
Editor: Douglas D. Axe

Received: January 27, 2022; Accepted: September 6, 2022; Published: October 21, 2022

Copyright: © 2022 Sloop. This open-access article is published under the terms of the Creative Commons Attribution License, which permits free distribution
and reuse in derivative works provided the original author(s) and source are credited.

*gregorysloop@gmail.com

INTRODUCTION

Viscosity affects the work of pumping any fluid. By increas-
ing resistance, an increase in blood viscosity causes a threefold
decrease in blood flow [1]. Because the hematocrit (volume
percent of blood composed of erythrocytes, i.e., red blood cells)
is the strongest determinant of blood viscosity, one might imag-
ine that Antarctic icefish, which lack erythrocytes, would be an
opportunity to test the advantages of extremely low-viscosity
blood. In fact, the viscosity of icefish blood at its native tem-
perature, approximately 0°C, is very similar to that of human
blood at 37°C. This is notable because viscosity is inversely
related to temperature and suggests there must be a “floor” to
the viscosity of physiologically useful blood.

This paper will explain why there is an optimal blood viscos-
ity which is specific to every organism. I will argue that blood
viscosity is one of the fundamental quantities that is maintained
in what the eminent physiologist Claude Bernard called the
“milieu intérienr.” Finally, I will argue that the cardiovascular

& Blocomplexity.org

system of Antarctic icefish could not have evolved via a series
of gradual steps. Instead, Antarctic icefish are evidence of intel-
ligent design because, as previously observed, natural selection
can only explain the survival of the fittest, not the arrival of the
fittest [2].

HEMATOLOGY

The hematocrit, which is 0% in icefish and normally around
40% in humans, is very strongly correlated with the concen-
tration of hemoglobin. Because blood viscosity is not often
measured, the hemoglobin concentration and hematocrit are
used in this paper to infer the viscosity of normal hemoglobin-
containing blood. The erythrocyte count correlates less well
with blood viscosity because of variation in the erythrocyte size,
especially between species.
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Figure 1: The hematocrit as determined in a tube after blood
has been centrifuged. The white blood cells form a layer which
can vanishingly thin in humans. Courtesy of Knute Knudsen at
English Wikipedia (Creative Commons | Attribution 3.0 Unported).
doi:10.5048/BIO-C.2022.2.f1

The hematocrit is reported in many papers because it is easily
determined. A glass capillary tube is filled with blood, sealed at
one end, and then centrifuged. Centrifugal force compacts the
erythrocytes, explaining why the hematocrit is also called the
“packed cell volume.” The hematocrit is the percentage of the
height of the column of erythrocytes compared to the height
of the entire column of blood (Figure 1). On the other hand,
the “leukocrit,” or percentage of blood composed of leukocytes
(white blood cells), is <1% in normal humans. Because icefish
lack erythrocytes, what is often called the “hematocrit” in these
fish is more accurately termed a leukocrit. The hemoglobin
concentration is typically determined spectrophotometrically
using an automated analyzer after erythrocytes are lysed because
hemoglobin is exclusively carried within erythrocytes. The
hematocrit is then calculated. Both the hematocrit and

Figure 2: studied

Chaenocephalus aceratus, a
channichthyid. Public domain. doi:10.5048/B10-C.2022.2.2

commonly
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Figure 3: Pagothenia borchgrevinki, a red-blooded notothenioid.
Courtesy of Endless Ocean Wiki, CC BY-SA. doi:10.5048/BIO-C.2022.2.f3

hemoglobin concentration convey identical information, i.e.,
the contribution of erythrocytes to the viscosity of whole blood.

ANTARCTICICEFISH

The hemoglobinless icefish are members of the family Chan-
nichthyidae, which contains 11 genera and 25 species. They
are restricted to the Southern Ocean surrounding Antarctica.
Channichthyids generally have fusiform pike-like bodies with
large heads and depressed, elongated snouts and measure up to
75 cm in length (Figure 2). Most combine pelagic (swimming
in the open ocean) and benthic (living on the ocean bottom)
lifestyles and migrate vertically to feed on pelagic prey, espe-
cially fish and krill [3].

Notothenioids comprise approximately 91% of fish biomass
overlying the Antarctic continental shelf [3]. A second family of
notothenioids, the Nototheniidae, is the dominant fish taxon
of the Southern Ocean. Notothenioids express hemoglobin and
are found in pelagic, benthic, and demersal (near the bottom)
zones. They are the most morphologically and ecologically
diverse notothenioid [3]. Although they are also sometimes
referred to as “icefish,” that term will be reserved for channich-
thyids in this paper. Because of the difficulty in maintaining
channichthyids in captivity [4], many experiments involv-
ing Antarctic fish have used notothenioids such as Pagothenia
borchgrevinki (Figure 3). It is an active cryopelagic (inhabiting
the water underneath ice) fish which commonly measures 28
cm in length.

BLOOD VISCOSITY

The blood viscosity of the icefish Chaenocephalus aceratus is
3.27 centipoise (cP) at 0°C [5]. This is very similar to the vis-
cosity of human blood, 3.26 + 0.43 cP at 37°C at a high shear
rate (flow velocity) [6]. The viscosity of human blood increases
to 16.7 cP at 0°C [5], which is incompatible with survival. The
deaths of elite cyclists who doped with synthetic erythropoietin
demonstrate the harm that elevated blood viscosity can cause
[7, 8]. Because the hematocrit is the strongest determinant of
blood viscosity, the hemoglobinless phenotype is one solution
to the problem posed by increased blood viscosity at low tem-
peratures.
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A CRITICAL REVIEW OF ORTHODOXY

The idea that the hemoglobinless phenotype is advantageous
at 0°C has been rejected by many because of the high energy
cost of the icefish circulation. An estimated 22% of their basic
metabolic rate is devoted to cardiac work, compared to 0.5%
to 5.0% in temperate-zone fish. The orthodox view is that the
hemoglobinless phenotype results from a deleterious mutation
and icefish survive only because of relaxed competition and
increased activity of nitric oxide (NO) [9].

The idea that icefish face relaxed competition is debatable.
This assertion is based on fossil evidence that a taxonomi-
cally diverse fauna in the Southern Ocean was replaced by a
taxonomically restricted one during the Eocene epoch [3].
This created unoccupied niches which notothenioids success-
fully filled [9]. Commenting on this, the eminent ichthyologist
Joseph T. Eastman wrote, “Although the Antarctic fauna is
usually described as holding lower species diversity than the
Arctic fauna, the ecological and morphological diversity in the
family Nototheniidae far exceeds that of the entire high Arctic
fauna” [10]. It seems, then, that notothenioids compete with
other notothenioids in the Southern Ocean. There is no reason
why competition between notothenioids should be less fierce
than competition between members of different taxa. It does
not necessarily follow that loss of taxonomic diversity suspends
survival of the fittest. Indeed, the reverse is equally likely to
be true: loss of taxonomic diversity may have occurred because
only the fittest survived. The Southern Ocean is populated only
by species which tolerate 0°C, resulting in a unique ecosystem
with very short food chains in nutrient-rich water [11].

The assertion that the hemoglobinless phenotype can be
rescued by increased NO activity is attractive because hemo-
globin scavenges the molecule, limiting its activity. According
to this hypothesis, increased concentrations of NO cause car-
diac hypertrophy and increase tissue vascularization, providing
adequate oxygenation [9, 12]. However, the hypothesis that
otherwise supraphysiologic concentrations of NO are present
in channichthyids and can rescue the hemoglobinless pheno-
type is speculative and not well supported by evidence.

The icefish Chionodraco hamatus and European eel Anguilla
anguilla have similar concentrations of NO metabolites in
plasma, hemosylate, and effluent from the isolated, perfused
heart [13]. Another study found the blood concentrations of
NO metabolites overlapped in channichthyids and red-blooded
notothenioids. That study also reported no difference in the
quantity of retinal mRNA for vascular endothelial growth fac-
tor and hypoxia-inducible factor-1 in species with and without
hemoglobin. This suggests that hemoglobinless blood can
deliver sufficient oxygen to the retina, which is amongst the
most metabolically active tissue. The authors concluded that
there is no evidence that adult icefish have tissue hypoxia but
speculated that elevated levels of NO might still be important
earlier in development [14].

Evidence from Homo sapiens, the most studied vertebrate,
suggests that compensation for de novo loss of functional
hemoglobin fails during development. Severe loss of functional
hemoglobin occurs in humans in a genetic condition called
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hemoglobin Bart’s hydrops fetalis. In this condition, 80% to
95% of hemoglobin is hemoglobin Bart’s, a tetramer of gamma
hemoglobin molecules that binds oxygen (O,) too tightly to
release it to tissue. This challenge to homeostasis is fatal in utero
without drastic medical support [15].

Like adult icefish (see below), fetuses with hemoglobin Bart’s
hydrops fetalis have cardiomegaly, increased blood volume, and
increased cardiac output (Q) [16]. These compensations are
adequate until late in gestation when anaerobic metabolism no
longer produces sufficient energy. This reduces primary active
transport of ions across all cell membranes resulting in hydropic
change (swelling) of every cell in the fetus. Survival of fetuses
with Hb Bart’s requires intrauterine transfusion and either
lifetime transfusion support or bone marrow transplantation.
Many survivors have birth defects.

Another lesson from H. sapiens is that compensatory
responses require time to develop [17]. A challenge to homeo-
stasis must be sufficiently mild that an organism survives long
enough to develop compensation. A human fetus can tolerate
hypoxia because the lactic acid generated by anaerobic metabo-
lism is eliminated by the maternal circulation via the placenta,
maintaining fetal acid-base balance. This allows time for the
fetus to develop cardiomegaly and hypervolemia.

Reactive cardiomegaly due to a mutation necessitates an
increase in an organism’s basal metabolic rate because of the
requirements of the additional muscle mass. Cardiomegaly
increases the organism’s oxygen requirement and as a result, it
tires more easily. These changes make reactive cardiomegaly a
pathologic condition, distinguishing it from a large heart which
is normal for an organism, as in channichthyids. For these rea-
sons, cardiomegaly, like many other compensations, does not
restore an organism to its original level of fitness, but simply
allows it to survive. Physiologic reserve is decreased after many
compensations [17], making the organism less able to tolerate
additional challenges to homeostasis such as disease, starvation,
temperature change, etc. Without established robust health, it
is debatable whether a larval fish can survive a severe acute chal-
lenge to homeostasis.

INTELLIGENT DESIGN

The Southern Ocean is not a metaphorical “Island of Misfit
Toys” where defective fish find refuge. Nor is a simple fix for
the loss of hemoglobin likely. Therefore, the icefish cardiovas-
cular system could have been designed to solve the problem
of increased blood viscosity at cold temperatures. Contrary to
orthodoxy, the success of channichthyids suggests that the high
energy cost of the hemoglobinless cardiovascular system is “the
cost of doing business” in Antarctic waters. This cost is more
likely to be met by a customized cardiovascular system than a
conventional one that was pressed into service when a mutation
caused the loss of hemoglobin expression. Indeed, the icefish
heart has been described as “a very specialized high volume
pump, able to displace relatively high volumes of blood at high
flow rates and low pressures [18].”

The channichthyid cardiovascular system, including hemo-
globinless blood and antifreeze glycoprotein (AFGP) is here
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reexamined in light of the principles of intelligent design.
Anatomy and physiology are viewed as the means by which bio-
logical engineering problems are solved. Words such as “tailor”
and “customize” will be used to convey that intelligence was
involved in the origin of the channichthyids. Given the statisti-
cal unlikelihood that the interdependent changes required for
a hemoglobinless cardiovascular system arose simultaneously
by multiple random mutations, the author believes that such
expressions are the most accurate terminology.

CARDIOVASCULAR CUSTOMIZATIONS

The hemoglobinless phenotype is possible because the solu-
bility of O, increases as temperature decreases. Nevertheless, the
O, concentration in channichthyid blood is 10% or less of that
in red-blooded notothenioids. Thus, channichthyids possess
several features which increase O, delivery. Q is much greater in
channichthyids than in red-blooded notothenioids. The O fig-
ures for the icefish Pseudochaenichthys georgianus and C. aceratus
are 80.5 mlkg’min' and 77.0 ml-kg'min’, respectively.
In contrast, O in the red-blooded notothenioids Trematomus
bernacchii and P borchgrevinki is 17.6 ml-kg'-min and 29.6
ml-kg'-min [9]. The large O in channichthyids is accom-
plished with a low heart rate, less than 20 beats per minute in
C. aceratus [18].

The icefish vasculature is tailored for a high-output, low-
resistance circulation. Their trunk skeletal muscle capillaries
are two to three times greater in diameter than those of typi-
cal teleosts, reducing vascular resistance [19]. Icefish retinas
are more densely vascularized than those of red-blooded noto-
thenioids, increasing O, delivery to this metabolically active
tissue. In the red-blooded notothenioids, hematocrit correlated
inversely with retinal vascular density (#*= 0.934) and directly
with intervascular distance (= 0.898) over a >2.3-fold range
of hematocrits [20].

The channichthyids' large O and customized vasculature
require a blood volume two to four times greater than that of
red-blooded fish [21]. This in turn requires a customized heart
that is heavier and has a larger stroke volume than that of red-
blooded notothenioids. In the latter, the ratio of heart weight to
body weight is similar to the ratio in typical teleosts. The ratio
in C. aceratus, in contrast, is similar to that in mammals and
tuna, one of the few fish able to maintain a body temperature
above ambient water. The stroke volume of the icefish heart is 6
to 15 times greater than in other teleosts [21].

Cardiomyocytes in the icefish heart are relatively large and
contain a relatively large number of mitochondria. Forty-four
percent of the cardiomyocyte volume is devoted to mitochon-
dria in the icefish C. hamatus, the highest in any teleost and
higher than in any vertebrate except for the Etruscan shrew,
Suncus etruscus, in which 45% of myocyte volume contains
mitochondria [22]. The volume in red-blooded notothe-
nioids ranges from 20 to 25%. For the sake of comparison,
the volume in the Atlantic bluefin tuna (Thunnus thynnus), an
active, pelagic temperate/tropical fish is 39%, and 17% in the
shorthorn sculpin (Myoxocephalus scorpius), a benthic, seden-
tary subpolar fish [22]. The volume of mitochondria in billfish
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heater cells is 63%—70%; it is 43% in bumblebee (Bombus
sp) flight muscle myocytes, 42% in laboratory rat cardiomyo-
cytes, 29% in the pectoralis myocytes in the pigeon (Columbia
livia), and 25% in the pectoral myocytes in the red-blooded
notothenioid Gobionotothen gibberifrons [23]. Heater cells are
specialized muscle cells in the base of the brain in billfish. Their
high metabolic rate raises the temperature of the billfish brain
and eyes above ambient temperature. These cells have the high-
est percent of volume devoted to mitochondria of any animal
cell. The increased cell volume devoted to mitochondria in the
icefish heart necessarily decreases the volume of contractile
myofilaments [22], with the result that the icefish heart fails at
modest afterloads [13].

The low-pressure circulation of notothenioids may explain
why they have aglomerular kidneys. Glomerular filtration cre-
ates urine by using blood pressure to drive intravascular fluid
from glomerular capillaries into Bowman’s space. In an aglo-
merular kidney, waste molecules are actively secreted from a
low-pressure vascular sinus into blind tubules. Water follows
and creates urine. This customization is commonly rationalized
by the need to prevent loss of low-molecular-weight AFGP in
urine [24]. However, the mean arterial pressure in the notothe-
nioid circulation may be too low to drive glomerular filtration.
The mean ventral aortic pressure is 2.30 kPa in C. aceratus,
3.60 kPa in the red-blooded notothenioid 2 borchgrevinki [9],
about 5 kPa in the shark catfish Pangasianodon hypophthalmus
[25], about 5 kPa in the male rainbow trout [26], and 10.4 kPa
in the yellowfin tuna [27]. Pressure in branches of the ventral
aorta is lower. Whether aglomerular kidneys were necessitated
by the need to conserve AFGP or low blood pressure, this cus-
tomization had to be adopted simultaneously with an Antarctic
existence and low-pressure circulation.

Comparison with the icefish cardiovascular system shows
why compensation for hemoglobin Bart’s fails in humans. The
ratio of cardiomyocyte volume devoted to mitochondria and
contractile elements is wrong in the fetal human heart. The
reduction of contractile elements in channichthyids requires a
low-pressure, low-resistance circulation, which is provided by
the large capillaries in the trunk skeletal musculature in icefish.
Compensatory enlargement of capillaries in the skeletal mus-
culature, the tissue which receives the bulk of O, has not been
reported in humans with hemoglobin Bart’s.

ICEFISH BLOOD

The absence of erythrocytes in icefish requires customizations
to make hemoglobinless blood functional. For example, the car-
bonic anhydrase activity of fish erythrocytes must be replaced.
This enzyme catalyzes the interconversion of carbon dioxide
and water to carbonic acid. To provide this activity, channich-
thyid blood contains a special carbonic anhydrase—containing
cell [28]. Its appearance is unlike the familiar inflammatory
white cells—lymphocytes, granulocytes, and monocytes—in
icefish and other organisms. It has no obvious role in inflamma-
tion. Given the close association of the term “white blood cell”
with inflammation, this cell will be referred to as a “corpuscle.”
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When stained, this corpuscle has acidophilic cytoplasm like
an erythrocyte, explaining why it is referred to as a “vestigial
erythrocyte” [29] or “erythrocyte-like” [12]. All proteins are
identical on routine histochemical stains because staining is
due to a chemical reaction with the positively charged amino
acids lysine and arginine, present in all proteins. To the author’s
knowledge, this corpuscle is present only in channichthyids.
The apical cell membrane of the pillar cells of icefish gills also
has carbonic anhydrase activity, which has not been reported
in other teleosts. The paper reporting this is also notable for
observing that loss of hemoglobin and replacement of erythro-
cyte carbonic anhydrase expression must occur simultaneously
[30].

As a consequence of these corpuscles, the leukocrit of icefish
is slightly higher than that of humans. Nevertheless, the major
determinant of blood viscosity in icefish is plasma viscosity,
which is determined by the concentration of plasma proteins.

Table 1: Blood viscosity, leukocrit, and hematocrit of select fish*

Cardiovascular System of Antarctic Icefish

In C. aceratus, which has a leukocrit <1%, the viscosity of its
whole blood is less than 3% higher than its plasma viscosity
[5]. Data in humans suggests that the impact of leukocytes on
blood viscosity is similar to the effect of erythrocytes when the
leukocrit is less than 15% [31].

The blood viscosity, leukocrit, and hematocrit of various
polar fish and two widely distributed nonpolar fish, the rain-
bow trout and yellowfin tuna, are shown in Table 1. The two
red-blooded notothenioids, Notothenia coriiceps and T. bernac-
chii, and the rainbow trout show marked increases in their
hematocrit with the stress of venipuncture. Specimens obtained
from indwelling cannulas are associated with less trauma and
have lower hematocrits.

A trend towards lower hematocrits is seen in Antarctic fish,
culminating in the zero hematocrit of channichthyids. A hema-
tocrit less than 20% is considered to indicate anemia in other
teleosts [32], demonstrating how exceptional the notothenioid

. .Bloofl Hct or Lct
Species Viscosity (%)
(cP) >

Reference

Notes

Rainbow trout
Oncorhynchus mykiss 4.8 25.1
acute stress

Rainbow trout

O. mykiss, cannulated = [
Notothenia coriiceps. rest 53 7.5
Notothenia coriiceps, stressed 9.1 25
Chaenocephalus aceratus 33 <1
Chionodraco hamatus 3.6 1.23
Cryodraco antarcticus 3.8 1.25
Trematomus bernacchii, cannulated 4.4 7.6
Trematomus bernacchii, acute stressed 6.8 15.4
Arct|c.char . 10 27
Salvelinus alpinus
Shorthorn sculpin

. 7 24
Mpyoxocephalus scorpius
South Georgia icefish 21 .
Pseudochaenichthys georgianus ’
New Zealand blue cod Parapercis colias

6.5 21.2

acute sample
Trematomus bernacchii, acute sample 7.5 15.2
Trematomus bernacchii, cannulated 4.2 7.6
Yellowfin tuna
Thunnus albacares 26 35
Homo sapiens 16.7 40

Widely distributed, inhabiting water temperatures from
58 10°-24°C. Commonly 60 cm in length, benthopelagic.
Stress of venipuncture increases the hematocrit.

Cannulation is the least traumatic method of obtaining a

e specimen of blood.

5 Demersal, commonly 50 cm in length

5

5 Demersal, commonly 50 cm in length

59 Demersal , 50 cm maximum length

59 Bathydemersal, 50 cm maximum length

59

59

60 Circumpolar North disFribution, qeritgpelagic,
benthopelagic, 60 cm in length, lives in 4°-16°C water

61 Benthic, subpolar distribution, 15-30 cm in length

61 Demersal, 50 cm in length

61 Demersal, carnivorous, inhabits temperate water, 45 cm in
length

61

61

62 Wor.ldwide distribution, tropical and subtropical, up to 239
cmin length

5 Viscosity at 0°C

* Blood viscosity was measured at a high shear rate at native temperature, except in the case of Homo sapiens. Different methods were used to
determine blood viscosity in these studies. For details of measuring blood viscosity, see the Appendix.
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cardiovascular system is. Several observers have noted the trend
toward lower hematocrits in Antarctic fish and see this as a
means of decreasing blood viscosity. In this view, the hemoglo-
binless phenotype is the culmination of this trend. In contrast,
others see a fundamental difference between downregulation of
hemoglobin expression, as in red-blooded notothenioids, and
loss of hemoglobin due to a gene deletion, as in icefish [9].
Proponents of intelligent design see customizations to decrease
blood viscosity as examples of teleology in biology.

The increase in hematocrit with stress or activity noted above
is a customization. This phenomenon has been studied in detail
in P borchgrevinki. A substantial portion of its erythrocytes are
stored in the spleen when inactive and released when the fish is
active. In one study, its hematocrit at rest was 8.6%, increased
to 20.6% in the resting, fed state and 26.7% with forced exer-
cise. Thus, P borchgrevinki tailors its hematocrit and blood
viscosity to meet immediate metabolic demands [33].

THE NEED FOR BLOOD VISCOSITY

In addition to replacing carbonic anhydrase activity, the
viscosity produced by hemoglobin-containing erythrocytes
must also be replaced in channichthyids. In adult humans,

N
[/

Laminar flow

Turbulent flow

rb—m@m

Turbulent flow (observed with an electric spark)

=

Figure 4: Water flow in a transparent tube as drawn by Osborne
Reynolds. Water flows from left to right, and flow is visualized using
a black dye in the center of the column of flowing water. Laminar flow
occurs when the Reynolds number is low, which occurs when flow
velocity is slow and viscosity is adequate. Turbulent flow occurs when
the Reynolds number is high, which occurs with high velocity flow and
inadequate viscosity. Areas of focal recirculation called vortices are
seen in the turbulent flow when observed with an electric spark. These
create drag and increase energy losses to friction. Reynolds published
these drawings in his influential March 15, 1883 paper, “An Experimental
Investigation of the Circumstances Which Determine Whether the
Motion of Water in Parallel Channels Shall Be Direct or Sinuous and
of the Law of Resistance in Parallel Channels,” Proceedings of the Royal
Society, Vol. 35 (1883):84-99, available at https://royalsocietypublishing.
org/doi/epdf/10.1098/rspl.1883.0018. Images (from pages 91-92
of the paper) courtesy of Wikimedia Commons. Public domain.
doi:10.5048/BIO-C.2022.2.f4
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insufficient vascular resistance due to low blood viscosity causes
the high-output heart failure seen in severe anemia [34]. In
severe anemia, the hematocrit, hemoglobin concentration, and
erythrocyte count are all decreased. This creates an imbalance
between cardiac power and vascular resistance, with cardiac
power in excess. As a result, cardiac output is pathologically ele-
vated, creating turbulent blood flow. Turbulence increases the
dissipative forces which decrease the pressure head driving fluid
flow, which is called “drag.” Regardless of whether the decreased
vascular resistance and excessive cardiac output are due to severe
anemia or another cause, the result is the major symptom of
cardiac failure, easy fatigability. Compensatory vasoconstriction
does occur, but this is an imperfect response because it decreases
tissue perfusion and oxygen delivery.

The obvious oxygen-transporting function of hemoglobin
obscures its impact, via the hematocrit, on blood viscosity, and
the need for viscosity is not widely recognized. Icefish provide
an opportunity to observe the impact of blood viscosity on
cardiovascular physiology not possible in animals that express
hemoglobin.

Two variables, the Reynolds and Dean numbers, determine
how much viscosity is needed to optimize laminar flow in the
circulation. Laminar flow uses the least energy to transport
solutes. Loss of laminar flow increases friction and energy
loss, which is called drag. In channichthyids, blood viscosity
is largely produced by AFGP. In red-blooded notothenioids,
blood viscosity is produced by a combination of the hemoglo-
bin concentration, via erythrocytes and the hematocrit, and
AFGP. The plasma concentrations of a second antifreeze pro-
tein, antifreeze potentiating protein, are unknown but could
contribute to blood viscosity.

BLOOD VISCOSITY AND FLOW

The likelihood of laminar conditions in a straight tube dur-
ing nonpulsatile flow is described by Reynolds number, Re,
which is determined by the equation Re = pvL/y, where p is
the fluid density, v is its velocity, L is vessel diameter, and [ is
dynamic viscosity. Laminar flow occurs at low Re and is lost
when blood velocity and Q increase if viscosity is insufficient. It
is likely that flow in the largest vessels, where velocity is highest,
determines the normal blood viscosity in an organism. There
is a spectrum of departures from laminar flow as Re increases,
from focal areas of disturbed flow to full turbulence (Figure 4).

Because it creates high-velocity blood flow, a high-volume,
high-output, low-resistance circulation, as present in icefish, is
prone to develop nonlaminar flow. Adequate blood viscosity
will maximize the amount of flow that is laminar, but excess
blood viscosity will increase vascular resistance and cardiac
work. The optimal blood viscosity will balance cardiac work
and energy lost to friction. The result is that there is only a
limited range of viable blood viscosities, from 2.1 to 10 cP, with
most at the lower end of that range (Table 1). In contrast, the
range of hematocrit in fish is 0% to 35%.

In a typical C. aceratus with a blood viscosity of 3.27 cP at
0°C [5], ventral aorta diameter of 4 mm [35], peak ventral aorta
blood velocity of 100 cm/s, and blood density of 1.045 g/ml,
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the peak Re in the ventral aorta is 128. This is far below the
Re typically associated with turbulent flow, which is ~2500. If
blood is replaced with seawater with a density of 1.027 g/ml
and viscosity of 1.87 cP [36, 37], Re increases to 220. Thus, the
blood concentration of AFGP—and, to a lesser extent, other
proteins and osmolality—largely determine blood viscosity and
Re in icefish.

The likelihood of losing laminar flow increases when vascu-
lar geometry deviates from a straight tube because momentum
causes all bodies to resist a change in direction. The chance of
losing laminar flow in a curved tube is described by the Dean
number, De = ReVD/2Rc, where D is the vessel diameter and
Rc is the radius of the curve formed by the blood vessel [38].
De has special significance in cardiovascular physiology because
laminar flow is lost at De that are much lower than Re.

In a study that used a curved rectangular channel, flow was
laminar at De < 40. For De > 400, flow was fully turbulent
[39]. For De < 40 and Re = 128, Rc must be greater than 15.4
mm to prevent secondary flow in a 3 mm vessel (D = 3 mm), a
reasonable size for the primary branches of the ventral aorta of
C. aceratus. There is an energy cost if anatomy requires tighter
curves or large angle branches. In humans, vascular pathology
develops in these locations, such as the Circle of Willis at the
base of the brain and the coronary arteries. Re and De dem-
onstrate that practical vascular geometry is limited by blood
viscosity. If blood viscosity is too low, nonlaminar blood flow
develops too easily.

OPTIMAL BLOOD VISCOSITY

In Antarctic fish, cardiac power decreases in warmer water
because of the decreased availability of O,. Without a homeo-
static response, there will be a mismatch between cardiac power
and vascular resistance. This imbalance will worsen when Re,
De, and Q increase with forced exercise. Maintaining Q in
the face of decreased cardiac power requires decreasing vascu-
lar resistance. The decreased blood AFGP concentration in P
borchgrevinki after acclimation to warmer water is probably a
homeostatic response to maintain the balance between cardiac
power and vascular resistance by lowering blood viscosity. Accli-
mation to 4°C for 16 weeks causes a 50% decrease in AFGP
concentration and a 15% decrease in serum osmolality in this
fish [41]. A similar homeostatic response occurs in H. sapiens,
which develops anemia in response to heart failure [42].

This homeostatic response provides an experimental model
of mismatch between cardiac power and vascular resistance.
The limited cardiac power of P borchgrevinki make it sensitive
to the dissipative forces from nonlaminar blood flow. The car-
diac power of P borchgrevinki is 1.76 mW/kg [9], compared to
3.59 + 0.76 W/kg produced by the heart of the Pacific bluefin
tuna (Thunnus orientalis) at 20°C [40].

These experiments show that matching blood viscosity
and vascular resistance to cardiac power increases the facto-
rial scope (the ratio of maximal to normal) for 0 despite the
similar availability of O, to acclimated and unacclimated fish
[43]. The factorial scope for O at 4°C in fish acclimated to 4°C
is 2.2, compared to 1.8 in fish acclimated to -1°C (Figure 5).
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Figure 5: Factorial scope (the ratio of maximal to resting) for cardiac
output of Pagothenia borchgrevinki acclimated to either -1°C (open
circles, n=8) or 4°C (closed circles, n=8) determined after the fish
was placed in water of different temperature. In fish acclimated to
-1°C, blood viscosity is in excess relative to cardiac power, when power is
decreased at higher temperatures because of the reduced availability of
oxygen. In fish acclimated to 4°C, blood viscosity is insufficient relative to
cardiac power at higher temperatures because of the greater availability
of oxygen. Viscosity insufficiency creates a condition analogous to
high-output heart failure in humans. Viscosity excess directly increases
vascular resistance. Both decrease factorial scope for cardiac output.
Data are from Franklin et al. [37]. doi:10.5048/BIO-C.2022.2.f5

Similarly, fish acclimated to -1°C have a greater factorial scope
at -1°C than fish acclimated to 4°C (2.7 versus 1.4). When fish
acclimated to 4°C are placed in 2°C water, the factorial scope
decreases to 2.0 despite the greater availability of O, In -1°C
water, their factorial scope decreases further to 1.4.

The factorial scope for Q decreases when fish acclimated to
4°C are placed in cooler water because their blood viscosity is
too low to prevent the development of nonlaminar flow and
friction when cardiac power and peak blood velocity increase
in water with greater O, content. There is a mismatch between
cardiac power and blood viscosity and vascular resistance, with
cardiac power in excess. As the imbalance worsens, the amount
of energy and power wasted progressively increases as nonlami-
nar flow develops in progressively smaller arteries. This creates a
condition analogous to high-output cardiac failure in humans.

An imbalance between cardiac power and blood viscosity
also occurs when P borchgrevinki acclimated to -1°C are placed
in warmer water. The factorial scope for Q in P borchgrevinki
acclimated to -1°C progressively decreases from 2.7 at -1°C to
1.8 at 4°C. At temperatures greater than -1°C, the decreasing
O, content of warmer water reduces cardiac power. Decreased
cardiac power reduces maximal Q in the face of the increased
vascular resistance offered by the higher blood viscosity that is
optimal for -1°C. Again, there is an imbalance between blood
viscosity, vascular resistance, and cardiac power, with viscosity
and resistance in excess.

OXYGEN TRANSPORT VERSUS VISCOSITY

Those experiments suggest that blood viscosity plays an
important role in cardiovascular homeostasis. They differ from
experiments performed to determine the maximum temperature

Volume 2022 | Issue 2| Page 7


https://www.dx.doi.org/doi:10.5048/BIO-C.2022.2.f5

at which acutely warmed fish can maintain homeostasis, as
determined by the onset of a visible physical impairment such as
loss of the reflexive ability to remain upright. That temperature
is called the critical thermal maximum (CT,,,). These experi-
ments show that the hematocrit is directly related to CT,,, in
Antarctic fish [44]. In experiments in which water temperature
was increased 3.6°C per hour, two channichthyids, Chionodraco
ratrospinus and C. aceratus, had the lowest CT,,,,, 13.3° £ 0.2°C
and 13.9° + 0.4°C, respectively. In red-blooded notothenioids,
the CT,.. of Lepidonotothens squamifrons, hematocrit 21%,
was 14.2°C; the CT,,,, of G. gibberifrons, hematocrit 25%, was
15.5°C; and the CT,,,, of N. coriiceps, hematocrit 35%, was
17.1°C. Additionally, warming increased the hematocrit 7% in
L. squamifrons, 24% in G. gibberifrons, and 16% in N. coriiceps.
Given that the increase in hematocrit occurred within hours,
it was probably caused by release of sequestered erythrocytes
from the spleen. An increase in the hematocrit and hemoglobin
concentration due to release of erythrocytes from the spleen in
response to warming is documented in 7 bernacchii [45].

Elevated temperature potentially affects numerous physi-
ologic processes. The close phylogenetic relationship of these
notothenioids and their origin from a similar environment sug-
gest these species could have similar values of CT,,, and adds
weight to the argument that the differences in hematocrit are
causal [44]. The association of hematocrit with CT ., raises
the possibility that the ability to deliver O, limits CT,,,, This
possibility was tested by measuring CT,,, in C. aceratus and
N. coriiceps in both normoxic and hyperoxic conditions. The
dissolved O, concentration in the hyperoxic tank was consis-
tently three- to fourfold higher than the concentration in the
normoxic tank at the same temperature. The CT,,, of both spe-
cies was unchanged by the O, concentration, being 13.1°C and
16.8°C respectively [46].

With falsification of the hypothesis that CT,, is limited by
O, availability, the possibility that blood viscosity limits CT
should be considered. Acute warming causes an increase in
heart rate and Q in fish [3]. Increasing the environmental tem-
perature also directly decreases blood viscosity. Blood viscosity
in C. aceratus increases from 3.4 cP at -1°C to 2.8 cP at 5°C, or
18% [5]. Without a homeostatic response to maintain blood
viscosity, these changes will cause loss of laminar flow. Thus, the

Figure 6: Trematomus bernacchii. Courtesy of Zureks and Wikimedia
Commons. doi:10.5048/BIO-C.2022.2.f6
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increase in hematocrit in notothenioids with warming could
be viewed as homeostatic response to maintain blood viscos-
ity and laminar blood flow. When the capacity to maintain
blood viscosity is exceeded, hypoviscosity will cause terminal
high-output cardiac failure unless cardiac power fails first. The
experimental design cannot distinguish between these possibili-
ties.

An experiment in which the O,-carrying capacity of hemo-
globin is greatly reduced but its viscogenic activity is unaffected
provides more direct evidence that hemoglobin plays important
in maintaining blood viscosity via the hematocrit. When 95%
of its hemoglobin is converted to carboxyhemoglobin, which
cannot transport O,, T bernacchii suffers no ill effects, even
during forced exercise [47]. T bernacchii is a benthic noto-
thenioid which commonly measures 25 c¢m in length (Figure
6). Because hemoglobin is not necessary for O, transport in 7
bernacchii in the cold water of the Southern Ocean, the ques-
tion arises, “Why does this fish expend the resources to produce
erythrocytes?” To Darwinists, unnecessary expenditure of lim-
ited resources is not unexpected because they see organisms as
unperfected works in progress [48]. In contrast, proponents of
intelligent design see organisms as the result of goal-oriented
thought with few if any useless parts. In this paradigm, eryth-
rocytes and hemoglobin provide 7. bernacchii with essential
viscosity as well as O,-carrying capacity.

The hypothesis that hemoglobin and erythrocytes are neces-
sary to maintain blood viscosity can be tested in 7. bernacchii
by replacing its erythrocytes with an equal volume of its
plasma. This will reduce viscosity and perhaps even increase O,
transport compared to blood containing preponderantly car-
boxyhemoglobin. The resulting abnormally low blood viscosity
should decrease the factorial scope for Q which should not be
reversible with hyperoxic conditions.

Data in mammals suggest that optimization of blood viscos-
ity is prioritized over maximizing O, transportation. Kilbridge
et al. showed in hypoxic mice that increasing the hematocrit
without increasing O, transport inhibits erythropoiesis [49].
Mice were made hypoxic by incubation in a rarified atmosphere
(0.4 atmospheres) for 4.5 hours. In one protocol, hypoxic
mice were transfused with erythrocytes containing methemo-
globin, which, like carboxyhemoglobin, cannot carry oxygen.
Transfusion with both normal and methemoglobin-containing
erythrocytes to a hematocrit of 60% decreased erythropoietin
production to less than 15% of that in hypoxic nontransfused
mice. In a second experimental protocol, the hematocrit was
increased in hypoxic mice by inducing dehydration. Erythro-
poietin was reduced to 49% of that in hypoxic control mice.

Both protocols cause blood hyperviscosity. Given the strong
inverse relationship of blood viscosity to blood flow [1], it is
not surprising that optimizing blood viscosity is prioritized
over maximizing O, transport. In tissues with the capacity for
substantial anaerobic metabolism, delivery of glucose is more
important than delivery of O, in the short term. These experi-
ments provide more evidence that blood viscosity is under
physiologic control.
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THE MILIEU INTERIEUR

The optimal value of blood viscosity in an organism depends
on a host of variables, including arterial geometry and diameter,
peak blood velocity, and cardiac power. These variables, as well
as construction materials (collagen, elastin, proteoglycans, etc.)
and a means of controlling blood viscosity must be specified
in the design of a cardiovascular system. Like the compression
strength of bone, yield strength of tendons, and elasticity of
arteries, viscosity is a critical property of blood. It is the precise
value of these essential properties in these tissues that makes
them useful in fulfilling their biological role, which, in the case
of blood, is transporting solutes.

Blood viscosity should be considered to be an element of
what the great nineteenth-century physiologist Claude Bernard
called the milien intérieur. He introduced that term to describe
the key physiological variables such as body temperature, pH,
and transmembrane electrical potential that are maintained
within narrow limits. “Homoeostasis” describes the state when
these elements are within design specifications. Death occurs
when the milieu intérieur can no longer be maintained. The
noted cardiologist Gheorghe Pop was the first to argue that
blood viscosity should be considered to be an element of the
miliew intérieur.

CONTROL OF BLOOD VISCOSITY

Given its critical importance in cardiovascular physiology,
a means of controlling blood viscosity is necessary. In mam-
mals, stretch receptors in the left ventricle control the systemic
vascular resistance response (SVRR) [50]. In this response,
stretching of cardiomyocytes, as in heart failure or increased
systemic vascular resistance, causes release of B-type natriuretic
factor (BNP) and decreases erythrocyte mass via several mecha-
nisms, thereby reducing vascular resistance and normalizing Q.
Stretch receptors are present in the icefish heart [12]. The gene
for BNP is highly conserved in teleosts, including C. hamatus
[51]. Thus, an SVRR-like response may control AFGP concen-
trations in channichthyids.

AFGPs are a family of polymers of a glycosylated tripeptide,
Ala(Pro)-Ala-Thr, which differ in length and molecular weight.
They are the major plasma protein fraction in most notothe-
nioids, with concentrations ranging from 0.5 to 14.4 g/dl in
channichthyids and 28.1 to 35.1 in red-blooded notothenioids
[41]. In humans, albumin is present in higher concentrations
than any other protein except for hemoglobin. Like albumin
and hemoglobin in humans, AFGPs fill multiple roles in icefish.
AFGPs provides oncotic pressure in icefish just as albumin does
in humans [52]. Decreased AFGP concentrations with thermal
acclimation require loss of sodium cations to maintain electrical
neutrality, reducing osmolality [41]. Hypoalbuminemia causes
hyponatremia and reduces oncotic pressure in humans [53].

Both albumin and AFGP bind exogenous compounds. In the
case of AFGD, that compound is ice. In channichthyids, AFGPs
also have the viscogenic function of that hemoglobin has in
humans. Combining these roles into AFGPs allows the blood
viscosity of C. aceratus at 0°C to be almost identical to that of
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Homo sapiens at 37°C. The higher AFGP concentration in red-
blooded notothenioids compared to channichthyids is reflected
in their higher blood viscosity (Table 1). Determining why this
is the case will require additional knowledge of hemodynamics
in red-blooded notothenioids.

The persistence of 50% of the original blood AFGP concen-
tration after acclimation to 4°C in P borchgrevinki suggests that
they have a function in addition to binding ice crystals. The
antifreeze protein (not AFGP) of an unrelated fish, the winter
flounder (Pseudopleuronectes americanus), disappears after three
weeks of acclimation to 12°C [41]. Further, the red-blooded
notothenioid 7. loennbergii has a high concentration of AFGD,
2.8 £ 0.5 g/dl, [41] despite inhabiting an ice-free environment
in the deep Southern Ocean. It is a bathydemersal (living close
to the bottom of deep water) fish which commonly measures
20 cm in length.

The antifreeze activity of an AFGP molecule is generally pro-
portional to its molecular weight [54]. Large molecules increase
plasma viscosity more than smaller ones [55]. Every AFGP is
encoded by a different gene, with C. aceratus having 11 genes
[56]. This array of AFGP genes could provide the flexibility to
meet both the need for blood viscosity and preventing growth
of ice crystals. In all species examined except 7. loennbergii, the
majority of AFGPs are low in molecular weight [41], which
favors lower blood viscosity over maximal prevention of ice
crystallization.

HALLMARKS OF INTELLIGENT DESIGN IN
ICEFISH

The customized icefish heart, vasculature, and blood form
a system with mutually dependent parts. These cannot be
exchanged with those from red-blooded fish. A non-customized
heart would have the incorrect ratio of mitochondria to contrac-
tile elements in cardiomyocytes. As a result, ATP insufficiency
would develop. If the icefish vasculature were replaced with one
from a red-blooded fish, the increased vascular resistance would
cause the heart to fail. If an icefish’s blood were replaced with
red blood, the icefish would die because of hyperviscosity.

The cardiovascular systems of other teleosts do not show
the same degree of customization. If the heart of one teleost
were replaced with one from another teleost of similar size and
lifestyle, the teleost would probably survive long enough to
reproduce. In general, it is probably fair to say that replacing
the circulatory system and blood of one teleost with that of
another would be tolerated.

The hemoglobinless phenotype requires simultaneous, coor-
dinated acquisition of multiple unique features. This is difficult
to explain with Darwinian evolution, which postulates that spe-
cies develop by small, incremental changes over long periods.
It is unlikely that the changes required by the hemoglobinless
phenotype can be accomplished with only one or two muta-
tions. A small number of random but bold, lucky strokes is the
most change that can be accomplished by Darwinian evolu-
tion within a short period of time. This is simply not enough
to develop the hemoglobinless phenotype. It is likely that the
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creation of a large heart with abundant mitochondria requires
one developmental program, of a carbonic anhydrase—contain-
ing corpuscle another program, of large-diameter capillaries
a third program, and gill epithelial cells that express carbonic
anhydrase yet another program. Thus, an origin of icefish via
Darwinian processes from red-blooded notothenioids, or from
the phylogenetic notothenioid sister lineage, Percophis brasilien-
sis [57], is unlikely.

SUMMARY

The cardiovascular system of fish of the family Channichthy-
idae appears to have been designed to utilize hemoglobinless
blood to solve the problem of increased viscosity at low tem-
peratures. A design for any cardiovascular system must specify
each component, including blood viscosity and vascular geom-
etry, in order to maximize laminar flow and minimize vascular
resistance. It also must include a mechanism to maintain blood
viscosity within specifications. The appropriate value of blood
viscosity allows vascular resistance to match cardiac power.
This value can be estimated by Reynolds and Dean num-
bers. Because blood viscosity is an important determinant of
blood flow, it should be considered part of the milieu intéri-
eur. Multiple customized components are necessary to utilize
hemoglobinless blood. Actualizing the design for the icefish
cardiovascular system requires each customized component to
be in place simultaneously. This is more innovation than can be
accomplished by random mutation as postulated in Darwinian
evolution.

APPENDIX
When thinking of fluids, shear and flow are synonyms. The

unit of shear rate is inverse seconds (1/s). Blood flow can be
envisioned as occurring at either high shear and high velocity,
>100/s, or low shear and low velocity, <1/s. High shear condi-
tions occur in arteries in systole, especially long straight arteries.
Low shear conditions occur in capillaries, veins, and in associa-
tion with changing arterial geometry, particularly in diastole.

Blood containing erythrocytes shows strong non-Newtonian
properties, meaning that its viscosity varies with the rate of
shear or flow velocity (Figure Al).

Blood viscosity increases as shear rate or flow velocity
decreases. This is because erythrocytes reversibly aggregate,
which increases the mass and inertia of the bodies in suspen-
sion. At high shear rates, blood viscosity decreases because
erythrocytes reversibly deform. This decreases the surface area
of their leading edge and resistance to flow.

& Blocomplexity.org

Cardiovascular System of Antarctic Icefish

100~ 7 'S
n Aggrpgation
<
% 10— ‘ % \\
= ) X Elongation and
& @) Deformation Orientation
2 Ny
g DD &>

1
1 | 1 1 1
0.1 1 10 100 1000

Shear rate [s%]

Figure A1.The relationship of blood viscosity to shear rate. Courtesy
of MagMedics, LLC. doi:10.5048/BIO-C.2022.2.fA1

Channichthyid blood exhibits less pronounced non-Newto-
nian properties than blood with erythrocytes. Plasma exhibits
little to no non-Newtonian properties.

Blood viscosity is measured with two methods: rotational
viscometry and capillary viscometry. In rotational viscometry,
blood is placed between two closely apposed surface, one of
which is rotated. The distance between the two surfaces is less
than 1 mm. This allows approximation of a single shear rate. The
viscosity of the specimen is determined by the torque needed to
cause rotation and velocity of rotation caused by that torque.
The precision of the method is limited chiefly by the ability
to deliver a precise quantity of torque. Rotational viscometry
underestimates low-shear viscosity because the growth of eryth-
rocyte aggregates is limited by the small distance between the
two surfaces. Erythrocyte aggregates can reach a size >1 mm in
diameter. Also, shearing prevents erythrocyte aggregation.

In capillary viscometry, the elapsed time for the meniscus of
a column of blood to pass between two hash marks is mea-
sured. This is compared to the time for distilled water. There
are an infinite number of shear rates in the column of flowing
blood. The highest shear rate is at the capillary wall and is typi-
cally >100/s. Capillary viscometers are available with different
diameters to measure fluids of different viscosity. Erythrocyte
aggregates form in the low shear conditions in the center of the
column.
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