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“No end, in wandering mazes lost, vain wisdom all, and false phi-
losophy!”
-Milton (Quoted by G. Gulliver)

1. Introduction

This article reviews a selection of topics on red blood cells, which in
large part, have fallen out of the main line of current research. The
subjects discussed are in need of understanding at the molecular level.
If (or when) forthcoming, the results would provide valuable insight
into the organization and properties of the red blood cell membrane.
The format used here follows a similar style to that used before [1-4]
where the desire for further work on different subjects has also been
highlighted.

2. Size and shape of red blood cells

When red blood cells were first observed in the latter part of the
17th century, by Malpighi, Swammerdam and Leeuwenhoek [5], it was
not clear what their shape was. This history of descriptions of human
red blood cell shape as discussed by Hewson [6] and Gulliver [7] is very
varied as described before [8]. This problem persisted until it was de-
finitively settled in 1827 with the publication by Thomas Hodgkin and
Joseph J. Lister [9], who showed that it was a biconcave disk. Lister
(the father of Lord Lister) was a wine merchant interested in micro-
scopy who improved the resolution of the light microscope [10] such
that the physician, Hodgkin (known later for lymphomas) could clearly
discern their shape. It may be of interest to note that the polymath,
Thomas Young (of “Young's modulus”), carried out an experiment re-
ported in 1813 [11] such that “...(when) human blood, placed near the
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confine of light and shade...we immediately see an annular shade on
the disc, which is most marked on the side of the centre on which the
marginal part appears the brightest, and consequently indicates a de-
pression in the centre...” “....(but) I am not perfectly confident that the
apparent depression ... may not depend on some internal variation of
the refractive density of the particle.”

The diversity of the size and shape of vertebrate red blood cells has
been studied by a number of authors but none more accurately (or
thoroughly) than those carried out by Gulliver [12] and Wintrobe [13].
Some of these measurements have been summarized by Ponder [14]. It
is remarkable that Gulliver's laboratory notebook, in which his detailed
measurements were recorded over many years, in the 19th century, is
contained in the Yale University School of Medicine Historical Library.
How it got there is not known. It would also be of interest to know how
these various authors obtained the blood samples they studied from
animals that live in various parts of the earth. In an oft-quoted plate
(Plate LV, [12]), Gulliver depicts the known range in size of red blood
cells in the five vertebrate Phyla. The range in size varies from that of
the mouse deer (Tragulusjavanicus, presumably the smallest ungulate in
the world) to that of the salamander (Amphiumatridactylum), i.e. from
2.1 to 62um. The average diameter of the human red blood cell is
7.4 um [14]. Interestingly, Young [11] describes an instrument, called
an eriometer, that was based on the diffraction of light, by which he
estimated the size of human red blood cells to be 5.1 pm; while Emmons
[15], with a redesigned eriometer, found a value of 7.2 um.

The impressive paper by Gulliver describes the size (length and
width) of the red blood cells of various species from each of the five
phyla of vertebrates. Wintrobe's article has some overlap in the verte-
brate species covered by Gulliver but with important differences. Thus,
Wintrobe provides, in addition to size measurements of the various red
blood cells, values of associated blood indices that are also reported
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with each type of cell studied. Importantly, he shows that the he-
moglobin concentration in the cytoplasm of the various non-mamma-
lian species, which varies with cell size, is the same when the nuclear
volume is excluded. This finding implies that the chloride concentration
may also be restricted to the cytoplasm in order to balance the charge
on hemoglobin. As a test of this idea that chloride was excluded from
the nucleus, it was found that the nucleus of the Amphiuma red blood
cell was indeed devoid of chloride and that the resulting measurements
of the membrane potential were compatible with a chloride equilibrium
potential [16].

The original plan for this section was to include measurements of
the size (and shape) of the red blood cells of each of the smallest ver-
tebrates in each of the five Phyla. Unfortunately, it turned out that a
search of the literature failed to provide any reports of such measure-
ments for the designated species, as presented in Table 1 (in the ap-
pendix). It is hoped that in time this information will be forthcoming.
One aspect of its importance lies in the parameters associated with the
circulatory physiology of each of these species.

It is well known that the size of red cells in the circulation is larger
than the size of the capillaries through which they flow. This means that
the cells necessarily change shape as they pass through the capillary
beds. If, for any reason, the cells are swollen or shrunken, their normal
flow would be compromised. This emphasizes the importance of the
cell's mechanisms for maintaining their normal cell volume. One such
mechanism involves the control of the water content (volume) of the
cell by utilizing the ion transport systems to maintain ionic balance
[17]. Another mechanism involves factors which also control cell
shape. Thus, the cellular constituents (and their arrangements) that are
responsible for the shape of the cell must also be regulated. These as-
pects point to the importance of red cell shape in the physiology of the
circulation.

One must also be aware that cell structure varies within the various
vertebrate species. Red cells in mammals are enucleated whereas most
(but not all) red cells in the other vertebrate Phyla are nucleated. A case
in point is the family of the Plethodontid salamanders where some
species have essentially all enucleated red cells while others are fully
nucleated [18,19]. There is also a speculation of the advantage cells
have that are enucleated [19]. Red blood cells of the vertebrates, ex-
cluding mammals, have marginal bands which may contribute to their
structure/shape [20,21]. An important area that is just emerging is the
detailed elucidation of mechanisms that underlie the processes re-
sponsible for the enucleation in human red blood cells [22,23]. This
remarkable event, occurring approximately two million times per
second, results in red cell populations whose cell volume distributions
are a very narrow Gaussian. The underlying transport pathways that are
responsible for this accompanying control of cell volume are unknown.
It might prove instructive to compare the proteome of the pyrenocyte to
that of the reticulocyte from which it was derived. Red blood cell shape
has a long and fascinating history as alluded to above as well as dis-
cussed before [24]. There has also been a recurring interest in why the
human red blood cell has a biconcave shape. Hartridge [25] and others
[26] have speculated that for gases (e.g., O5) there is an advantage of a
disc shape over a sphere of the same volume. However, it was defini-
tively shown that this was not so since the rate of oxygenation of human
red blood cell discs versus spheres at the same cell volume was the same
[27].

It has long been known that the biconcave shape of normal human
red blood cells is dependent upon the presence of ATP [28,29]. It is also
known that there are about 10° ATP binding sites/ghost membrane
[30]. There is emerging information about which sites are phosphory-
lated (e.g., [31-34]) and their functional consequences in addition to
the Na- and Ca-pumps. Depletion of ATP in human red blood cells by
incubation in the absence of substrate results in the transition of the
discoid shape to that of echinocytes [29]. These types of shape changes,
as well as a variety of other red cell shapes, are well explained on the
basis of the ‘bilayer couple’ hypothesis [35] utilizing in addition some
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theoretical approaches [36,37]. Even so, the basic question that has
existed from the beginning is what red cell constituents are responsible
for the biconcave shape of the human red blood cell. The little in-
formation available has been recently summarized [24,38]. These two
papers also present an approach to defining a basis for the discoid
shape. The main result of this work has been to suggest that there is a
difference in density between the rim and dimple of the red cell. The
experimental evidence supporting this view was that there existed a
dense band (presumably the membrane/cytoskeletal components) that
oriented the resealed spherical ghosts upon centrifugation. The dense
band was deduced as being oriented horizontally to the centrifugal field
because, when the spherical ghosts, now attached on the cover slip,
were converted to biconcave ghosts (by exposure to an isotonic solu-
tion) they collapsed vertically onto the coverslip. The rim of the bi-
concave ghosts was then observed to be more dense than the dimple. No
explanation has so far been forthcoming as to what comprises the dense
band or why there was a dense band or why it was oriented horizontally
during centrifugation? A recent report [39] indicates that the dimple
may be stiffer than the rim in defining the forces responsible for the
discoid shape of the red cell.

It is possible that some insight into the density differences might
come from studying different types of ghost membranes with recent
developments of high resolution microscopy techniques. One such
preparation of possible interest describes exposure of human red cells to
Triton X-100, where the cells hemolyse and the ghosts, presumably
devoid of lipids (and hemoglobin), retain their biconcave shape ([40],
p126). A second method utilizes extraction (of horse red cells) with
ether, alcohol and toluene, where the ghosts are presumably also disc-
shaped [41].

3. Control of cell size

Mention should be made of other aspects of cell size that is in need
of molecular explanation. One is the mechanism(s) by which individual
cells control their size/volume (e.g., [42]). Another aspect to be iden-
tified is the mechanism(s) that determine the final size of individual
cells. And a further aspect is what are the mechanisms that define the
mature size of individuals - animals and plants: that is the number, size
and kind of cells as well as their location? One is reminded that there is
a direct correlation between the genome size and the cell volume of
vertebrate red blood cells [43]. Another case in point is a report that the
size of cells in tetraploid salamanders is larger but fewer in number
with mature size of the animals being the same [1,44]. In addition, it is
not understood how the inverse relation between red cell size and cell
number, with essentially constant hematocrit, during development and
in mature species, occurs [45]. The reader is referred to a more recent
paper where some of these issues are discussed [46].

4. Red cell membrane structure by electron microscopy

The detailed structure of the human red cell membrane has evolved
over time showing, on the one hand, a mostly hexagonal array of the
stretched cytoskeletons with junctional evidence for the locations of the
ankyrin and actin complexes (e.g., [47]). On the other hand, there is
early evidence that there is a “plaque” structure of the shadowed sur-
face [48] as well as intramembrane particles seen in freeze-fracture
studies of the membrane [49]. It has never been clear what the re-
lationship is between these two types of observations. In the former
study, small fibers were also seen to cover the surface in “unshadowed”
preparations. More recently, it was found by polyacrylamide gel ana-
lysis of the ghosts used before [48] that essentially all of the major
cytoskeleton components were present, although in decreased amounts.
It is not known what the protein content was of the freeze-fracture
ghosts. More recent work [50,51] has clarified the structure of the in-
side surface of the membrane but still leaves room for more detailed
molecular arrangements to be determined. Problems associated with
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understanding the membrane/cytoskeleton structure have recently
been delineated [52].

5. Lamentations

The intent here was to mention the current status of problems
concerned with the molecular details that underlie and define the me-
chanism of hemolysis of red blood cells, per se, and the mechanism
associated with the resealing of red cell ghost membranes following
hemolysis. Characteristics, and problems which attend both of these
phenomena, have been reviewed before [53]. It is noteworthy that
essentially little progress has been made in the subsequent years, pre-
sumably due either to the lack of interest or that the subjects are out of
the current mainstream pursuits?

6. Flicker in red blood cells

Vibratory movements of the membrane and cytoplasm of human red
blood cells, termed ‘flicker’, have been seen since it was first reported in
1890 (ref. in [54]). The interpretation of the phenomenon has a curious
history in that early on the mechanism was considered as either a
metabolically dependent (e.g., [54,55]) or a purely physical process
[56]. The arguments for either interpretation have persisted over the
years as will become clear below. The process is best seen by phase [55]
or by video microscopy [56]. One paper [55] claimed that flicker re-
presented the operation of the Na/K-pump by correlating the vibratory
movements with the effects of metabolic inhibitors. This was countered
by showing that physical restraint alone prevented the vibratory
movements of the membrane/cell [56]. The latter interpretation was
based on inhibiting the Brownian bombardment of the membrane and
cytoplasm altering the pattern of light coursing through the cell. This
was confirmed by analysis of the frequency spectrum of flicker, which
depended on zero surface tension, fluidity and inequality of the re-
fractive indices [57]. It is beyond the scope of this review to describe
arguments that base their analyses of flicker on the dependence on ATP
(e.g., [58-60]) or on the independence from ATP (e.g., [61,62]) being
involved in the process. It may be that the bottom line suggests that
ATP, instead of being directly involved in driving the flicker process,
provides indirectly the membrane properties that supports the phe-
nomenon [63-65].

7. ATP release from red blood cells

While ATP release has been found to happen in a variety of cells and
tissues (e.g., [66]), this discussion is focused on the process that has
been studied in human red blood cells. It appears that the first work
showing that ATP is released from red blood cells was reported in 1992
[66]. This release occurred after a brief exposure of the cells to a
combination of hypoxia and hypercapnia. Interestingly, this release of
ATP was inhibited by three different band 3 inhibitors including DIDS.
The amount of ATP released was about 23% of the ATP in the cell. This
was about four times the ATP concentration that could be accounted for
by the accompanying degree of hemolysis (see later). The result that
hypoxia alone was responsible for the release of ATP from red cells was
subsequently confirmed [67]. Other mechanisms responsible for ATP
release include shear stress and deformation (e.g., [68-70]).

This subject has not been without controversy. One group in re-
peating various other studies, in which the prior methods were used,
found that hemolysis accounted for the amount of ATP released [71].
This was rebutted [72] and re-rebutted [73] without a consensus being
reached. A separate study, in which red cells were exposed to shear
stress and hypoxia in a rotating Couette viscometer, reported that the
amount of ATP released was significantly more than could be accounted
for by hemolysis [74].

Suggestions for the pathway(s) through which the ATP exits the red
cell membrane include the possible involvement of G-proteins [75] or
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pannexin 1 [76,77] or in addition a voltage-dependent anion channel,
VDAC [78] or VDAC in combination with a translocase and a nucleotide
transporter [79]. A possible source of the ATP that is released might be
from the red cell's sequestered membrane pool of ATP rather than from
the cell's cytosolic store [80]. Obviously, there is a real need for clar-
ification and definition of the different processes that underlie the
mechanism(s) of ATP release from red blood cells.

8. Red blood cell membrane lipids

The major membrane lipids that are present in red blood cells are:
phosphatidylcholine (PC), phosphatidylethanolamine (PE), phosphati-
dylserine (PS), sphingomyelin (SM) and cholesterol. The distribution of
these lipids between the membrane's bilayer leaflets in normal human
red cells, places most of the SM and PC lipids in the outer leaflet while
some PC and most if not all of the PE are on the inside leaflet [81].
There are approximately 3 x 10® phospholipid and 108 cholesterol
molecules per red cell [82]. The enzyme flippase (ATP8A2/TMEM30A)
moves phospholipids from the outer to the inner leaflet [83], while the
enzyme floppase (ABC Transporter) moves phospholipids in the oppo-
site direction. Both of these enzymes utilize ATP. Scamblases (PLSCRs)
are independent of ATP and move phospholipids in both directions.
Cholesterol is thought to move unassisted between the two bilayers in
less than a second [84,85]. Lateral movements of phospholipid analo-
gues in the plane (leaflet) of the membrane occur in less than 1 pm/s
[86] while the transfer of phospholipids across the bilayer is measured
in minutes to days [81]. The number of scramblase molecules is esti-
mated to be 764/cell [87]; numbers for the other two enzymes are not
known. It should be noted that the distribution of different lipids ap-
pears to be associated with different parts of the surface of the mem-
brane [88,89]. A study using spin-labeled aminophospholipids found
that after hemolysis all of the phospholipids were randomly distributed
when the ghosts were resealed in the absence of MgATP. Interestingly,
when the ghosts were resealed in the presence of MgATP, the asym-
metry in the distribution of the phospholipids was reestablished [90].
This asymmetry was inhibited by vanadate and calcium. This type of
study raises interesting questions concerning the mechanisms involved.
This brief survey of membrane composition serves in part as a back-
ground for the following discussions of other membrane related phe-
nomena.

9. Red cell disc/sphere transformations at constant cell volume

The shape changes that red cells undergo between slide and cov-
erslip or in the presence of surface active agents appear unique in the
animal world. Here the shapes that occur change in sequence from
biconcave discs to blunt crenated discs (echinocytes) to dusky spheres
(very fine crenations) and finally to glistening spheres — all without any
change in volume [14]. There is no detailed information on how these
changes take place but there has been speculation (models) that al-
terations in the composition of the bilayer leaflets of the membrane are
the root cause of the shape changes (e.g., [91-94]). One type of ex-
perimental result that indirectly supports this kind of interpretation is
given in Fig. 1. Here cells are exposed to a classical sphering agent, Rose
Bengal (RB), at a concentration below which no photodynamic hemo-
lysis takes place. The important point in showing this result is the
spontaneous return from spheres to discs in the presence of the agent
RB. The shape changes were confirmed by microscopic examination.
When the rate of binding of RB to red cells was studied at different
concentrations, the time to completion of the uptake was correlated
with the return of the sphered cells to discs. This indicated that the
shape changes were transient depending on the RB being at dis-
equilibrium in the plane of the membrane - presumably intercalated
within the lipid bilayer (e.g., [95] page 74). It is, of course, not known
what the shape of the bilayer is or its lipid distributions or what its
attendant cytoskeleton is when the cells are not discoid. These are
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Fig. 1. Spontaneous reversal of red cell shape in
6 x 10-6M Rose Bengal in 1% NaCl-PO4
(pH = 6.48) at 23°C.
Measurement by changes in light transmission of
disc-sphere shape transformations induced by Rose
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structural features of the membrane that have yet to be determined. The
action of other agents including pH gradients and reversal of shape
changes are presented in the paper [96]. Insight into the underlying
mechanisms of the disc/sphere transformation might profit from
studying red blood cells that have altered cytoskeletal and/or lipid
constituents.

10. Tank-treading of red cell membranes

Tank-treading is another unique phenomenon restricted to red
blood cells. It actually represents a problem for “all seasons” because it
is bristling with enigmas on the horns of a dilemma, unlike any of the
foregoing issues. The phenomenon is seen when red blood cells are
subjected to experimental sheer/stress flow [97]. In this situation, the
cell's membrane, labeled with a particle attached to its outside surface,
or by following a Heinz body attached to its inside surface, can be
observed to rotate around the cell with the shape of the cell remaining a
biconcave disc. The way this is visualized is by use of a specially de-
signed microscope called a ‘rheoscope’ [97]. Its design is such that a red
cell lying flat is exposed to oppositely directed sheer forces on its upper
and lower sides produced by a modified cone plate Couette viscometer.
The red cell can then be observed to be in a stationary state because of a
special design of the plates of the viscometer. At a set rate of sheer a
membrane with a particle attached on its outside can be seen to migrate
around the cell (i.e. tank-treading) all the while with the cell remaining
biconcave. Increasing the sheer force increases the rate of membrane
circulation until the force is too great and the red cell tumbles. Treat-
ment of the membrane with diamide (i.e., crosslinking) retards cell
deformation [98]. Presumably, tank-treading would take place in the
capillary circulation given the shape alterations that have been ob-
served [99,100].

The enigmas that attend tank-treading are mainly concerned with
explanations of the mechanisms by which the phenomenon occurs. The
fact that particle labels on both surfaces of the membrane circulate
challenges the current concepts of the biconcave structure of the
membrane/cytoskeleton complex. The cell's membrane is presumably
composed of a glycocalyx (e.g., blood group antigens/sialic acid, band
3, receptors) on its outside attached to a lipid bilayer attached to a
cytoskeleton with known proteins extending across the whole complex
and attaching to the junctional complexes (e.g. [101]). It is completely
unclear how the membrane complex can keep its discoid shape while
circulating around the cell? It seems as if the structure responsible for

the biconcave shape, acts as a separate and stationary entity sand-
wiched between the outside and inside parts of the membrane which
circulate around it, even though there is no evidence for such an in-
terpretation. Interestingly, it has been observed in an a-spectrin II
knockin mouse that spectrin tetramer is critical for tank-treading to
occur.”? The phenomenon also displays a type of hysteresis in the sense
that if the tank-treading of a particle is stopped away from its original
position, it will in time return to that position [102]. These con-
siderations emphasize the need for studies aimed at producing a mo-
lecular explanation of the tank-treading mechanism.

11. Rouleau formation of red blood cells

The first description of red cells (human) being in rouleau (stack of
coins) were described by Hewson ([7], p.221,228). Evidently the first
depiction of rouleaux formation of red cells was published in 1776 by
Father P.D. Giovanni Maria Della Torre ([103] and Fig. 2).

Bessis's picture of rouleaux is noteworthy ([104], p.141). Rouleau is
not known to occur in the circulation even in the presence of “slugged
blood” or blood cell aggregates ([105], but see [106]). Rouleau for-
mation is non-covalent and is promoted in vitro by neuraminidase
treatment of human red blood cells (G.V.F. Seaman, personal commu-
nication) which reduces the surface charge of their membranes. In
contrast, treatment of the membrane with DIDS (4,4’-diisothiocyana-
tostilbene-2,2’-disulfonic acid), which binds specifically to band 3 on
the membrane surface, inhibits rouleau formation [107]. Rouleau for-
mation of normal red cells is promoted by fibrinogen [105] and by
different molecular weights of dextran [108,109]. Interestingly the
different shapes (discoid or cup-like) of the cells in rouleau have been
modeled mainly on the differences in the lipid leaflet areas and their
relative adhesiveness [110].

The attachment of a single cell to a column of cells in rouleau
(poised in a isopycnotic part of the medium) has been observed mi-
croscopically in an ultracentrifuge with the cells suspended in an iso-
tonic/Percoll mediun ([111], Fig. 3).

It is not clear why the column of rouleau cells sediments or stays
vertical during centrifugation. At the indicated centrifugal force the
cells assume a “bag-like” shape due to the sedimentation of the he-
moglobin. The upper part of some of the single cells is clear indicating

2M. Narla, personal communication.



Fig. 2. Rouleaux formation of red cells.
Tllustration (plate 2, Fig. IV) taken from [103].

that the biconcave shape is maintained in that part of the cell. It is
evident that when a cell touches the column it immediately falls over
and assumes a discoid shape. The fact that the cells can slide over the
surface of another red cell has been noted before [112]. The force, es-
timated with an optical tweezer technique, of aggregation and dis-
aggregation between cells in rouleau, has been found to be different
with the latter being much stronger than the former [113]. It should be
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said that it is not known why the phenomenon of rouleau exists or what
the rationale is for its occurrence.

12. Short list of subjects that may be of interest for the curious
reader

Surface movements of labeled band 3 and glycophorin A molecules
on Human red cell membranes [114,115]. Possibly related to under-
standing membrane movements in tank-treading.

Circadian rhythms of red blood cells [116] are a documented phe-
nomenon with unknown significance.

Implication of a red blood cell abnormality in Chronic Fatigue
Syndrome [117].

Changes in cation transport and metabolism when red blood cells
are deformed [118], possibly related is the involvement of piezol in
changes of red cell parameters also upon their deformation [119].

The effect of lactose exposure on human red blood cells which
causes changes in their cation permeability [120].

Fig. 3. In Rouleau formation. Shown is a timed
sequence of two bag cells adding to the top of a
stack of human red cells in rouleau formation.
The speed is 4800 rpm and the time of day,
shown in the bottom, is in h:min:sec. The cells
were suspended in an isotonic saline/Percoll
medium. It should be noted that this rouleau was
only seven cells tall 10.5 min before that seen in
A; in the meantime, cells were added to both its
top and bottom. In A-G, two bag-shaped cells
above the Rouleau can be seen in different views
as they turn. (Depending on the focal level, the
contrast of the thicker and thinner parts can be
reversed.) In E-G, a third cell, which is out of
focus, approaches from the right and joins the
stack at the top. In G and H, the lower of the two
original bag-shaped cells became incorporated
into the rouleau. As soon as the bag-shaped cell
touches the stack, it loses its asymmetric shape
and unequal Hb distribution and resumes its
original biconcave disk shape as it flips onto the
top. (Taking A as zero time, B-H represent, re-
spectively, 17, 36, 63, 107, 151, 165, and 182s
later.)

Taken from reference [111], see reference for
details.

Deformin, a substance produced by Bartonella bacilliformis, that
causes Carrion's disease, deforms and alters human red blood cell
membranes [121]. The molecular details of its interaction as well as
structure have yet to be delineated.

The peculiar effects, details and repetition that the state of trans-
cendental meditation has on human red blood cell glycolysis has yet to
be more fully delineated [122].



J.F. Hoffman

For those interested in cell shape, here is a nucleated red blood cell,
found in a primitive fish (Lamprey), that is biconcave ([123], p175).
One wonders if these cells can tank-tread?

13. After thought

The coverage of topics in this article have dealt with what might be
construed as being predominately from a biophysical and physiological
viewpoint. One hopes that any future review would highlight its bucket
list with more molecular biology and biochemical aspects that would
include, for instance, the detailed work on hematopoiesis and red cell
pathophysiology. This should include hemoglobin switching as well as
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the changes that occur when a tadpole morphs into a frog.

“Hope is the thing with feathers
That perches in the in the soul,
And sings the tune without the words,
And never stops at all.”
-Dickinson
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Appendix A
Table 1
Smallest vertebrates
Phyla Name Size or weight Reference
Pisces Stout Infant fish 7-8.4 mm A
(Schindleria brevipinguis)
Amphibia Frog 7.7 mm B
(Paedophryne amanuensis)
Reptiles Chameleon 23.4-27.6 mm C
(Brookesia micra)
Aves Bee Hummingbird 5.5-6.1g D
(Mellisuga helenae)
Mammals Bumble Bee Bat 2.0-2.6g E
(Craseonycteris thonglongyai)
Pigmy Shrew 36-52mm
(Suncus etruscus) 1.5-25¢g

[A] W. Watson, H.J. Walker, The world's smallest vertebrate, Schindleria brevipinguis, a new paedomorphic species in the family Schindleriidae
(Perciformes: Gobioidei), Records of the Australian Museum, 56 (2004) 139-142.
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