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Abstract

The flow patterns of red blood cells through the spleen are intimately linked to clearance of senescent RBCs, with clearance
principally occurring within the open flow through the red pulp and slits of the venous sinus system that exists in humans,
rats, and dogs. Passage through interendothelial slits (IESs) of the sinus has been shown by MacDonald et al. (Microvasc Res
33:118-134, 1987) to be mediated by the caliber, i.e., slit opening width, of these slits. IES caliber within a given slit of a
given sinus section has been shown to operate in an asynchronous manner. Here, we describe a model and simulation results
that demonstrate how the supporting forces exerted on the sinus by the reticular meshwork of the red pulp, combined with
asymmetrical contractility of stress fibers within the endothelial cells comprising the sinus, describe this vital and intriguing
behavior. These results shed light on the function of the sinus slits in species such as humans, rats, and dogs that possess
sinusoidal sinuses. Instead of assuming a passive mechanical filtering mechanism of the IESs, our proposed model provides
a mechanically consistent explanation for the dynamically modulated IES opening/filtering mechanism observed in vivo.
The overall perspective provided is also consistent with the view that IES passage serves as a self-protective mechanism in
RBC vesiculation and inclusion removal.

Keywords Splenic flow in human spleens - Flow through venous slits - Operation of the venous slit caliber

1 Introduction

Erythrocytes undergo extensive transit via the macro- and
microvascular throughout their, roughly, 120 day lifespan
(Alberts et al. 2002; Mebius and Kraal 2005; Lutz 2004,
Bosman et al. 2005). During this, they participate in con-
tinuous redox reactions fulfilling their primary functions
of delivering oxygen and carbon dioxide from and to the
lungs from target cells and tissue, respectively. It is no
wonder, therefore, that given the energetic reactions that
occur within these “simple cells” that oxidative and hence
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structural molecular damage would accumulate and eventu-
ally render the cells nonoperative (Willekens et al. 2003b;
Pandey and Rizvi 2010, 2011; Mohanty et al. 2014; Low
et al. 1985). But red cells are expensive, i.e., they require
significant metabolic effort to produce, and thus, they might
well be expected to possess a mechanism to prolong their
useful life; guidem they possess a self-protective mechanism
of vesiculation, i.e., the process of shedding microvesicles
that contain degraded molecular species (Willekens et al.
2003a; Ciana et al. 2017a, 2017b; Leal et al. 2018; Bosman
et al. 2012). Cells are eventually removed, after sufficient
degradation, by processes that fall within the term of cell
clearance (Safeukui et al. 2012; Groom et al. 2002; Schmidt
et al. 1988); this process involves filtering within organs
such as the spleen. However, despite the significant role the
spleen plays as a “mechanical filter” that role should not be
overemphasized in contrast to its overarching lymphatic role
in removing unwanted red cells.

A primary mechanism of cell clearance is via seques-
tration in organs such as the liver and spleen (Willekens
et al. 2003a; Ciana et al. 2017a, 2017b; Leal et al. 2018;
Asaro et al. 2018; Shah et al. 2018; Allarg et al. 2013) where
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macrophages live up to their function as magna comedeni.
This raises the question of how such sequestration comes
about. It is, specifically, by the mechanism of red cell flow
through the venous sinus system of the human or rat spleen
that we consider herein; these red cells may pass through
the narrow slits of the venous sinus in the red pulp and pos-
sibly be induced to vesiculate or become trapped and more
readily removed by macrophages. However, they are known
to sequester via adhesion within the red pulp en route to
the sinuses as well; they may even be induced to undergo
hemolysis in the pulp or sinuses as a prelude to clearance
by macrophages (Klei et al. 2020). Passage through the IESs
may be a vital part of that process.

Senescent cells are marked for removal in various ways as
reviewed by Lutz and Bogdanova (2013), see also Willekens
et al. (2003b), Pandey and Rizvi (2010), Pandey and Rizvi
(2011), Fens et al. (2012). For perspective, it is important to
note that a typical red cell may transit the human spleen up
to 50-80 times per day during its roughly 120 day lifespan
(Asaro et al. 2018); however, not all these passages involve
transits through venous slits of the red pulp (Schmidt et al.
1993); depending on the specie of mammal and its health,
such fractions lie in the range 10-90% (Cesta 2006). In
humans, a red cell undertakes transit via the slow path, i.e.,
through the red pulp and sinus system in roughly 10% of its
splenic passages (Groom et al. 2002). Nonetheless, passage
through the interendothelial slits (IESs) of the venous sinus
is an expected and repetitive event in a cell’s lifetime and
is a severe test of cell mechanical fitness and viability (Cho
and De Bruyn 1975; Pivkin et al. 2016; Li et al. 2018); this
process is the central focus of the present study. To ana-
lyze cell passage through the IESs, we make detailed use of
the unique video microscopy observations of MacDonald
et al. (1987), Groom et al. (2002), Schmidt et al. (1988) who
hypothesized that, among all factors that may affect IES pas-
sage, IES caliber was the prime mediator. We detail these
factors below and then present a model for slit caliber and
demonstrate its viability via simulation. The main goals of
the analysis presented herein are to first postulate a mecha-
nistic model for the opening of interendothelial slits and then
to demonstrate how its various features work to control IES
caliber in the manner observed and recorded by MacDonald
et al. (1987), Groom et al. (2002), Schmidt et al. (1988).

With respect to vesiculation, we note the results of Asaro
et al. (2018) who have shown analytically, and mechanisti-
cally, how vesiculation is promoted by passage of red cells
through the splenic IESs and in fact have experimentally
demonstrated that when such deformations as occur dur-
ing slit passage are imposed on blood cells, vesiculation is
indeed promoted. Promoting vesiculation as a self-protective
mechanism may, in fact, be one of the more important func-
tions of red cell passage through the IESs. Slit caliber is an
important influence of this process as shown by the results
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of MacDonald et al. (1987) and Asaro et al. (2020, 2018)
and is what motivated the present study. Among the inter-
esting observations of slit caliber described by MacDonald
et al. (1987), Groom et al. (2002), Schmidt et al. (1988) are,
inter alia, that the multiple slits of a given sinus open and
close asynchronously and for relatively brief periods of time
(~ 10s); it is features such as these we attempt to provide
a mechanistic explanation for. We also use the analysis to
point specifically to required further study to develop a more
detailed, predictive, understanding.

Cell adherence to the endothelial cells of the sinus and
the fibrous red pulp may play a vital role in cell clearance
through the process of red cell lysis as described by Klei
et al. (2020), Zimring (2020). Klei et al. (2020) propose that
lysis is a precursor to red cell removal by macrophages in
that they found that an unexpectedly low percentage of red
cells engulfed by macrophages in the human spleen were
intact cells; the far larger fraction of cells found in mac-
rophages were ghosts, devoid of hemoglobin. Asaro et al.
(2020) demonstrated how red cell adhesion, in even modest
shear flows, can result in tethering, vesiculation, and evagi-
nation and provided a mechanistic explanation of how and
why this occurs. Moreover, they found that senescent red
cells are far more prone to the loss of membrane and hence
to lysis. Indeed, red cell fragments are observed in large
numbers as we show below (Fujita 1974) and this points to
the role of interendothelial slit (IES) caliber as Asaro et al.
(2020) demonstrated—accordingly, the operation of IES
caliber is a prime object of the present study. In fact, Klei
et al. (2020) stated “However, as erythrocytes within the
spleen are forced through endothelial fenestrae to re-enter
circulation, we hypothesized that, here, ECM proteins such
as laminin-a5 may capture aged erythrocytes.” They had
said just above that comment ... trapping or retention of
erythrocytes under shear forces induces hemolysis.” It was
precisely this process that Asaro et al. (2020) also hypothe-
sized and analyzed and provides a basis for the current study.

Accordingly, the present study is concerned with how the
sinus-IES system behaves and how its active (i.e., not pas-
sive) vital features such as slit caliber are established. This
detail is required to understand the role of the sinus IESs in
processes such as vesiculation and possibly even hemolysis
as discussed by Klei et al. (2020).

2 Splenic flow environment: relevant
perspectives

The red blood flow environment, essential to our analysis,
can be described in Fig. 1a, b taken from Carlson (2018) and
Fig. 1c taken from Drenckhahn and Wagner (1986). Fig-
ure la shows the closed circulation within the spleen where
blood flow follows a pressure gradient in endothelial lined
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Fig. 1 a Microcirculatory flow within the spleen; open flow consists
of red cell flow through the reticular meshwork of the red pulp under
pressure P, and possibly through the interendothelial slits (IESs) of
the venous sinus with interior pressure P in the sinus lumen; note

P, > P that determines the prevailing direction of red cell flow.

b Detail of a section of the venous sinus showing long spindle-like
endothelial cells (ECs) supported by reticular ring fibers; note a
red cell entering the sinus through an /ES. a, b taken from Carlson

vessels from the trabecular artery, radial arteries and mar-
ginal sinus to the venous sinuses and trabecular vein lead-
ing to the hepatic portal system where the pressure drops to
values not greater than ~ 5 mmHg (~ 660 Pa) (Steinger et al.
2011; Zhu et al. 2015; Abraldes et al. 2014). Figure 1a also
shows the open circulation where blood from the penicillar
arteries empties into the open spaces of the reticular mesh-
work in the red pulp before entering the venous sinuses via
the interendothelial slits (IESs). As flow is from the red pulp
into the venous sinuses, the pressure in the red pulp must
be greater than in the sinuses, i.e., there must be a negative
transmural pressure.

As a negative transmural pressure would normally cause
collapse of a vessel, e.g., in the veins of the neck or back of
the hand when elevated above the level of the neck, there
must be a counteracting outward force acting on the walls
of the venous sinuses preventing collapse and closure of the
IESs. We propose that fibers of the reticular meshwork in the
surrounding red pulp (Blue and Weiss 1981; Thomas 1967,
Miyoshi and Fujita 1971), attached to the outer walls of the
endothelial cells (ECs) and/or surrounding reticular fiber

(d)

(2018). ¢ Venous sinus as in (b) but showing stress fibers (SFs) run-
ning axially along ECs; taken from Drenckhahn and Wagner (1986).
d Depiction of a sinus embedded in a region of red pulp reticular
meshwork. Note the porous fibrous nature of the meshwork and its
connectivity to the sinus. The “pore pressure” within in meshwork,
P,, expands the sinus due to this connectivity. ¢ SEM image of the
outer wall of a human splenic sinus, taken from Galfiova et al. (2009)

loops, provide an outward force which prevents collapse of
the sinus vessel. Tension in the reticular fibers would be due
to eventual attachment of reticular meshwork to the outer
capsule of the spleen. Any increase in pulp pressure which
would promote collapse of the sinuses would also expand
the capsule, increasing tension in the fibers to counteract col-
lapse. On the other hand, the sinuses of fully relaxed spleens
in dogs were reported to be often “collapsed” by Blue and
Weiss (1981). This observation tends to support our hypoth-
esis. Figure 1b, ¢ depicts a section of the venous sinus,
showing red cells passing through (IESs); the frequency of
such red cell-slit transit has been described above, and the
details of this are described below where the slit width, i.e.,
caliber, emerges as a mediating factor.

In Fig. 1a and d, we denote the nominal pressure within
the red pulp as P, while that within the lumen of the sinus
by P;. As P, > P, red cells are driven to flow through
the IESs into the sinus lumen down a pressure gradient
to end in the trabecular vein where they enter the portal;
AP = P, — P, may be referred to as a “driving force”; as
noted below, AP, need not be large to drive cells across
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an IES as we estimate values to be of O(130—200 Pa) as
described below. Given the IES caliber, the question arises
as to whether a cell can transit an IES and what is the time-
scale of such transit? IES transit timescale is important since
it determines whether red cell skeletal remodeling can occur,
i.e., during the observed average 0.1-0.2 s transit times, that
allows processes such as vesiculation to occur (Asaro et al.
2018, 2020). Transit times may indeed be much longer and
cells may even become adhered to the endothelial slits as
the attempt passage into the sinus lumen; some interesting
implications of such adherence have been analyzed by Asaro
et al. (2020). The video microscopy of MacDonald et al.
(1987) is reviewed next as it sheds vital insight into the IES
transit process and its kinetics.

Microcirculation through the mammalian spleen is com-
plex and occurs via both “open” and “closed” pathways as
already noted; hence, only a subpopulation of blood cells
that transit through the spleen pass through venous slits. For
example, as noted by Schmidt et al. (1988), “major routes
for entry of blood into venous sinuses appears to be via open
ends in continuity with the MZ (i.e., the marginal zone)”;
this route bypasses the IESs. Alternatively, MacDonald et al.
(1991) have found that open circulation is via the penicil-
lar arteries which dump into the reticular meshwork of the
red pulp. Here, the RBCs percolate through to the venous

Fig.2 a Influence of RBC initial orientation upon entering a venous
splenic slit on the cell’s deformation shape; in this orientation, the
cell undergoes large deformations and develops an in-folded region
upon exiting the slit (taken from Asaro et al. 2020). The width of the
slit in (a) was 1 pum. Note the in-folded region of the cell that has
been forecasted (Asaro and Zhu 2020) leads to extreme stresses that
tend to separate the skeleton from the membrane. b Red cell pass-
ing through an IES, taken from Biosfleury and Mohandas (1977) or
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sinuses interacting with their surroundings before re-enter-
ing the circulation. Because these interactions cause them
to move slower than the plasma, the hematocrit increases
(MacDonald et al. 1991). Once inside the reticular mesh-
work of the red pulp, cells exist in a crowded environment
and interact via direct contact with other cells before enter-
ing the venous sinuses. Hence, cells are not free flowing
individuals as visualized in simulations such as shown in
Fig. 2a; these simulations (Asaro et al. 2020) are discussed
below. The effects of such direct contact interaction on either
deformations, transit timescales, or orientation are as yet to
be determined.

Also relevant is that the crowded venous environment,
as just noted, is characterized by a high hematocrit which
in dogs, for example, may be as high as 90% (Opdyke 1993;
Opdyke and Apostolico 1966) and as high as 79% in cats
(Levesque and Groom 1976); in such mammals, as dogs or
horses up to 50% of the body’s RBCs may be sequestered in
the spleen at rest where this results in reduced blood viscos-
ity in the vasculature and hence reduced demands on the
heart. In humans, however, the splenic hematocrit is much
lower, which motivates the view of the human spleen as
a lymphoid organ. Nonetheless, MacDonald et al. (1991)
have estimated that hematocrit may be as high as 78% in
the human spleen and this motivates our choice of viscosity

(d)

Mohandas and Gallagher (2008); note the in-folded region as in (a).
¢ Endothelial cells of the venous sinus as taken from Fujita (1974).
Note the parallel, rod-like, morphology of the endothelial cells and
also the slit just upper right of a cell fragment marked “E”—this slit
as is has dimensions ~ 7.5 pm in length and a caliber of ~ 0.81 um.
d A red blood cell adhered to the endothelial cells of an IES in a rat
spleen; the cell’s main body lies within the lumen of the sinus (taken
from MacDonald et al. 1987)
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in the simulations described by Asaro et al. (2020). This
also suggests that the splenic red pulp medium viscosity
is rather high, perhaps on par with the RBC cytosol vis-
cosity, which has direct implications for RBC rheology and
deformations along with the internal membrane-skeleton
forces generated by deformations. We note additionally that
as red cells flow through the reticular meshwork of the red
pulp they are retained, i.e., sequestered, by adherence to the
meshwork (Song and Groom 1971, 1972, 1974) where they
may be removed; since the interstices of the meshwork are
larger than red cells, such passage does not constitute a test
of cell deformability. This may point to the realization that
red blood cells may be removed for a variety of reasons
that indeed pertain to their deformability (Diez-Silva et al.
2010, 2012; Safeukui et al. 2018; Henry et al. 2020) but
also to other characteristics such surface characteristics as
affected by aging and/or diseased states (Groom et al. 2002;
Wautier and Wautier 2013; Wautier et al. 1981, 1994; Per-
now et al. 2019; Wautier et al. 2011; Bonomini et al. 2002;
Closse et al. 1999; Henry et al. 2020).

3 Kinetics and flow patterns of IES transit
by red blood cells

3.1 Basic features of red cell transit

Essential features of red cell transiting IESs are addressed, in
brief, in Fig. 2a, b, whereas Fig. 2¢ provides perspective, via
a SEM micrograph, of the long spindle-like ECs of the, in
this case, rat sinus wall; the gaps between the ECs, although
distorted by freeze drying, are visible—these are the IESs,
as discussed below.

Figure 2a, taken from a simulation of Asaro et al. (2020),
is a snapshot of a red cell, with an initial orientation as
shown at the left, approaching and passing through a slit of
caliber 6 = 1 pm; this cell was “driven” by a pressure dif-
ference of 200Pa (~ 1.5 mmHg) across the slit, i.e., we set
AP = 200Pa in the simulation. As we will see below, and
consistent with this, we estimate the pressure differential
across an IES, i.e., AP, = Pp — P, to be of O(130—-200 Pa)
in our model of the IES caliber. Figure 2b, taken from Bios-
fleury and Mohandas (1977), shows a red cell emerging after
transiting an IES where we note that the in-folded region
provides for the veracity of such simulations. Given the
fidelity of our simulations to such observations, we find it
compelling to also hypothesize further that slit caliber is a
primary mediator of red cell IES passage as has been dem-
onstrated by earlier studies, e.g., Pivkin et al. (2016), Zhu
et al. (2017), Asaro et al. (2018), Li et al. (2018), Asaro
et al. (2020). Figure 2d is discussed next where we review
the truly compelling evidence for slit mediation based on the
video microscopy of MacDonald et al. (1987).

Figure 2c (from Fujita 1974) shows a SEM images of
the sinus interior and wall of a human spleen. Fujita (1974)
describes the endothelial cell walls as “rods” with “slits”
separating them, although care must be taken in any literal
interpretation of slit character as seen in such images due
to methods employed that included the fixing of organs and
quench-freezing in liquid nitrogen. Hence, although care was
taken to preserve structure by fixing, attempts at establishing
precise dimensions from such snapshots require scrutiny.
Moreover, and crucially, there is no understanding of what
physiological processes were in place, in vivo, when such
“openings” as shown in Fig. 2c¢ were formed. With these
caveats, though, we notice that the size scale of such slit-like
openings are of O(~ 6—8 pm) in length, with an average of
~ 7.0pum, with calibers of O(~ 0.5—1.0 pm); smaller open-
ings may possibly be viewed as nascent slits, with again
the above caveats and cautions. If a larger set of the SEM
images of Fujita (1974) are used to estimate sinus diameter
they yield, again with a rather wide and approximate range,
10—16 pm, with an average of ~ 13 pm. Likewise, the range
of EC diameters would be in the range 2.0—2.7 pm, with
an average ~ 2.35 pm; we note that these values could be
adjusted upward to account for small amounts of shrink-
age that occurs during freeze drying. These values are sum-
marized in Table 1 where we use them to define a work-
ing structural sinus model (WSM). We note as well that
the size range of sinus slits used in various analysis of
sinus-slit passage have used slit calibers that incorporate
this size range, e.g., as in Asaro et al. (2020), Asaro et al.
(2018), Zhu et al. (2017), and hence, this provides verac-
ity of those choices. We note, however, other uncertainties
such as whether or not ring fibers visible in the existing
various images of the sinus wall actually form continuous
hoops that constrain ECs as hoops of a barrel or are lengths
of fibers that just connect continuous hoop fibers. This is a
feature of the schema shown in Drenckhahn and Wagner’s
Fig. 1c and suggested in Fig. le taken from Galfiov et al.
(2009). Drenckhahn and Wagner (1986) report spacings,
based on optical microscopy, of individual ring fibers in the
human spleen in the range 4—5 pm (see their Fig. 9a, b) but
again whether all these individual fibers form continuous
hoops is unclear. With such interpretations, the length of
ECs along slits would be judged to be somewhat larger than
estimated above. With the provisos of above, we believe that
the images of Fujita (1974), such as shown in Fig. 2c, do
provide veracity to the model depictions described below.

We add a specific note that Chen and Weiss (1972) had
concluded, from their electron microcopy of the human
spleen, that “The endothelium (of the human venous sinus)
is held together primarily by the ring component of the
basement membrane (the ring fibers)...”. In the context of
our model for the sinus, this implies that if the ring fib-
ers expand, the sinus diameter expands, and hence, the IES
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caliber increases as endothelial cells separate further with
the expanded sinus perimeter. This is noted below in the
analysis of our simulations of caliber development.

It is noted that the rat is the most commonly used exper-
imental animal with a spleen anatomically similar to the
human’s (Groom et al. 2002). Rats, dogs, and humans have
sinusoidal spleens, whereas cats, mice, horses, pigs, and
cows have non-sinusoidal spleens. Rats and humans also
have both open circulation (through the reticular meshwork),
as noted herein, and closed circulation (by direct connection
of arterial capillaries to venous sinuses). The dimensions of
slit caliber and red cell dimensions in humans and rats are,
coincidentally, in rough proportions, with those of the rat
being about 15-19% less. Hence, computational models are
essentially scaled accordingly from one specie to the other
and indeed provide consistent patterns of deformation and
response.

3.2 Kinetics of erythrocyte splenic IES transit

The picture we have, then, is one in which cells are driven
through the reticular meshwork, and thereby through venous
slits, by an imposed fluid shear flow, or its compliment an
imposed pressure differential, that varies with time with fre-
quencies of O(0.1-0.2 Hz) as sketched, perhaps, in Fig. 3b.
For reference, the transit times for cell passage through slits
(in rat spleens) reported by MacDonald et al. (1987) were
of O(1072 s—2 x 102 s) with quite skewed distributions with
medians of O(2 X 107! s) and means of O(2 s). These time-
scales are indeed quite disparate, varying by factors of 10,

SF Contractility

F
Red blood
cell flow

Fig. 3 a Possible mechanism of stress fiber contractility inducing the
opening of a venous slit. Note that such a mechanism may also sug-
gest that next-neighbor slits may be closed, unless the endothelial
cells (ECs) develop a double curvature, in which case slits may be
opened on either side of a given EC. Note that a slit opening responds
to a RBC attempting to transit the imminent slit opening between
endothelial cells. Slit width would be set by the spacing of the “annu-
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respectively, yet we must look more deeply into the behavior
of the slit caliber before a sufficient picture becomes clear.
Next, we recall the MacDonald et al. (1987) hypothesis
that the variations in venous slit caliber were “primarily
responsible for the observed patterns of (cell) flow.” Moreo-
ver, they reported that “bursts” of flow through two closely
spaced slits were asynchronous; hence, the slits operated
somewhat independent of each other; that is, their caliber
was not strictly mediated by the prevailing “driving force”
at a particular time; likewise, cell passage through nearby
slits was not evidently correlated with patterns, or rates of,
or pressure within, blood flow within the lumen upon exist.
In fact, since the bursts in adjacent slits were asynchro-
nous, they did not appear to be strictly mediated by pat-
terns of pressure in the red pulp’s reticular meshwork as
the pattern for P, in Fig. 3b may perhaps describe. These
bursts of cell passage would appear to have durations of
~ O(10s) as judged, e.g., by examination of MacDonald
et al.’s Fig. 4 (MacDonald et al. 1987), and this would set
an important timescale for cell-split passage. On the other
hand, slit caliber would also be mediated, it appears, by the
contractility of the stress fibers discussed above in connec-
tion with Figs. 1c or 3a. Induction of stress fibers in human
endothelial cells, in turn, may be triggered by ATP (Drenck-
hahn and Wagner 1986) or shear force imposed via fluid
flow (Franke et al. 1984). Franke et al. (1984) demonstrated
stress fiber induction under shear stresses of O(~ 0.2 Pa),
and Drenckhahn and Wagner (1986) showed that contractil-
ity was induced in human splenic endothelial cells with the
use of MgATP; in the latter case, induction was induced after
periods of time of O(1-2 min); but this, of course, does not

10s
| |-

A slit opening
.E »
2 <0,y
S35 (b) TmmHg
< R
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pulp pressure, P,

p

lar,” or “ring,” fibers (Chen and Weiss 1973; Mebius and Kraal 2005)
which is about 1-2 pm in the rat spleen, and probably larger in the
human venous sinus. b Schematic of pressure P,,, at bottom, in the
reticular meshwork of the red pulp which represents a driving force
for red cell entry into the sinus lumen through the venous slits and, in
the upper sketch, a possible time sequence of IES caliber versus time
as observed by MacDonald et al. (1987)
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set any characteristic timescale for the long-time, ongoing,
conditions prevailing within the red pulp. Taken together,
a temporal scenario of “driving force”—be it pressure dif-
ferential or imposed blood flow—and slit caliber might look
something like that sketched in Fig. 3b. Note that before
considering this further several points require consideration.

It is also interesting to note that Chen and Weiss (1973)
reported that “There are no preformed apertures in the
(splenic) sinus walls. Instead, slits between the sinus
endothelial cells, which are otherwise closed, are widened
while cells pass through them.” They went on to say “The
slits are closed except when penetrated by blood cells,
platelets, or macrophages.” (Chen and Weiss 1973); similar
conclusions were arrived at by Cho and De Bruyn (1975)
regarding the absence of preformed slits of finite caliber. Of
course, to approach the sinus wall the red blood cells would
have to be carried by movement of plasma either through
narrow slits or along the sinus wall. To allow for continu-
ous blood flow, it may be that at any given time various
slits may open and others close. Nonetheless, it appears that
the sinus endothelium “responds” to contact with RBCs
by opening slits to some caliber appropriate to allow them
passage. What triggers this, is as yet, unknown but may be
release of ATP by RBCs attempting to transit the sinus wall.
A possible mechanism is sketched in Fig. 3a involving the
activation of contraction of stress fibers which is known to
be ATP dependent (Drenckhahn and Wagner 1986). We add
an, albeit anecdotal, observation of Thomas (1967) that in
the sinusoidal spleen of dogs, IESs are found to be open even
without evidence for RBCs to be passing; our paradigm is
consistent with this possibility.

Here, we note that contractility of stress fibers can cause
an opening of a slit between endothelial cells whose caliber
may be, accordingly, set by the spacings between the annu-
lar, or ring, fibers as noted by Mebius and Kraal (2005),
Drenckhahn and Wagner (1986), or Chen and Weiss (1973);
for example, this width would be of O(1-2 um) in the
sinus of the rat spleen as noted by Chen and Weiss (1973).
According to this hypothetical scenario, slit openings
depend on asymmetrical contraction of stress fibers within
a given endothelial cell. The asymmetrical contraction of
stress fibers suggested here may also have been observed in
the asymmetrical contractions seen during the spontaneous
contraction of capillary walls in vivo within the rat spleen
by Ragan et al. (1988). More generally, the role of stress
fiber contractility in vascular endothelial cell contraction has
been well documented (Shen et al. 2009; Essler et al. 1999;
Bauer et al. 2000).

Although the conceptual model just outlined may explain
the asynchronous opening of “adjacent slits,” it may not
fully explain the degree to which they open; for this may be
needed a more general picture of opening slits and one that
does not depend on the asymmetry of stress fiber activation.

We thereby also propose that since the sinus is attached to
the reticular meshwork and that even though its pressure
is such that Pp > P, increases in Pp may, in fact, cause the
sinus to “follow” the red pulp’s expansion which would lead
to a general swelling of the sinus and opening of its IESs.
Moreover, if some ECs are contracted with time, symmetri-
cally or not, the stiffening of ECs will lead to asymmetrically
opening of IESs. Our full model of the sinus, considered
next, presents this more general scenario, followed by simu-
lations that reveal the sinus and IES response. Hence, we
first hypothesize that a more holistic view of the pressure
field inside the region surrounding the red pulp and the sinus
may be required, especially in how it may transmit forces on
the sinus, as well as attention paid to the response of indi-
vidual endothelial cells that comprise the sinus wall.

3.3 Splenic pressure distribution and endothelial
contractility

We next hypothesize that pressure acting at the capsule wall
of the spleen, herein dubbed the capsulic pressure, P, trans-
mits forces acting within the red pulp that, in turn, impose
forces that act to expand the sinus; these forces thereby sup-
port opening of the sinus. As the capsule is not spherical
yet stiff, any increase in P, will increase the volume of the
spleen and thus tension the reticular fibers within it that con-
nect the sinus and capsule walls. These forces thereby sup-
port opening of the sinus; these forces are accounted for by
an outward pressure called P, described below. Moreover,
the known contractility of the stress fibers will affect slit
caliber in at least two essential ways; these are: (1) a sym-
metrical stiffening of individual endothelial cells caused by
stress fiber contraction and (2) an asymmetrical contraction
of stress fibers in individual endothelial cells that may cause
additional slit opening due to EC bending as sketched in
Fig. 3a. Note that within a given sinus adjacent slits will
open in an uncorrelated fashion via these mechanisms,
whereas simple mediation of the pulp pressure P, would
induce a more axisymmetric response.

To explain the specific model that we describe in detail,
and analyze, below we first discuss the overall pressure field
within the spleen as it may affect the forces acting on the
sinus. This is done using a simple model we dub the cylin-
drical spleen model, sketched in Fig. 4.

The sketch illustrates arterial blood flow entry into the
marginal zone of the spleen below the capsule, where arte-
rial resistance R, occurs. From there blood takes one three
routes where we are focused on the open path through the
red pulp where eventually entry into the sinuses via the IESs
occurs; we recall that this pathway accounts for about 10%
of the total splenic blood flow. In the red pulp the pressure
drops to P, as it approaches the sinuses, where red cells are
driven through the IESs into the sinus lumen under driving
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Fig.4 a Cylindrical model of
the spleen, indicating a sinus
with internal pressure P, and red
pulp under pressure P, and the
capsule wall under pressure P...
b Indicates multiple sinuses that
en toto have a net surface area
on the order one half that of the ‘\
capsule wall. ¢ A conceptual
model within the cylindrical
spleen model that depicts a
representative sinus unit cell
subject to a force imparted to it
by pressure of the surrounding
pulp of radius r,; the radius of
the sinus is r,. d a conceptual-
ization of the outward effective
forces, viewed as a pressure

P_ .- expanding the sinus

\

red pulp

pull>

force AP, with resistance R,. Hence, the kinetic path is,
albeit greatly simplified, given as

Ra R.r
P, e, 1)

with the fluxes being assumed linear as
. 1 . .
Ji=—=AP, i=c,s, with
R.
i )
APo.=P,-P, AP =P,—P.

The flux resistance constants, R;, are described by Groom
et al. (2002). In using a simple flux balance we take into
account the multiple sinuses, as depicted in Fig. 4a, whose
total peripheral area compare with that of the capsule wall;
hence Eqs. 1-2 are effectively the results of a mass balance.
If we assume a steady flow, i.e., j; = constant, we arrive at

p=Ltaol L p 3
P R AR)R T ©

To gain some perspective on the numerology, we take
P, ~ O(10mmHg) ~ O(1.33kPa), R, =89, R, =1,
and P, =100mmHg = 13.3kPa (Groom et al. 2002;
Atkinson and Sherlock 1954). With such numbers, we
obtain P, ~ 11 mmHg ~ 1.46kPa. This is slightly larger
than the range we have previously used in our simula-
tions of red cell flow through the IES system. An exam-
ple of such simulated results is shown in Fig. 2a; in those
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simulations AP, = 0.2kPa (Asaro et al. 2020). On the
other hand, if we had taken R, ~ 50, Eq. 2 would yield
Pp =~ 11.76 mmHg =~ 1.55 kPa. In this way, we arrive at the
tentative range 200 Pa < AP, <234 Pa. We note that the
sinus pressure of P, = 10 mmHg has been assumed in these
estimates since we expect the downstream portal pressure
to be closer to the range near 5 mmHg in healthy humans
(Steinger et al. 2011; Zhu et al. 2015; Abraldes et al. 2014).
However, it is possible for the lumen pressure to be some-
what higher or for the red pulp pressure somewhat lower so
that AP, falls to values of order AP, ~ 0.5 mmHg (66.7 Pa),
yet we always realize that P, > P,.

With the above numerology, we arrive at
an estimate for P, that lies within the range
11 mmHg (1.46kPa) < P, < 12mmHg (1.6kPa). We note
that P, exerts an outward pressure on the splenic cap-
sule wall that exerts opening forces on the sinuses that
are tethered to it via the reticular meshwork of the red
pulp; this is indicated in Fig. 4a. This pressure applies
opening forces on the sinuses due to connectivity of
the red pulp meshwork to the endothelial cells of the
sinus. It is because of this tethering that the sinus may
be expanded despite the fact that P, > P,. To estimate
these forces, we appeal to Fig. 4b-c and model the sinus
of radius r,, i.e., within our cylindrical spleen model, to
be encapsulated within meshwork of radius r,,. In a “rest”
state, we take P, > P, ~# 10 mmHg and hence the addi-
tional expansion of the sinus is due to the excess pressure
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AP =P, — P, ~ 1 mmHg; we may readily imagine that AP,
may lie in a range of, say, 0.25 mmHg < AP, < 1.0mmHg
and if we assume that r, ~2-3r, we have a net out-
ward pressure, we call Py, = (r,/r,)AP, in the range
0.5mmHg < P,;; <3 mmHg. In our simulations, presented
below, we explore the range 0.5 mmHg < P,;; <3 mmHg
as this range, indeed, produces IES openings of physi-
ological relevance. Taking r, ~ 2—3r, is justified be esti-
mating the area fraction of sinus within the context of the
cylindrical spleen model.

It is important to note that the pulp pressure applies the
pressure P, via the tethering of the reticular meshwork to
the sinuses. Hence, we effectively apply a force, as a pres-
sure Ppull’ and not a displacement; the displacement at r,
or for that matter at the capsule wall, does not enter the
analysis of the sinus expansion. A simulation of the entire
splenic volume would, in principle, allow an estimate of
the expansion of the capsule wall. This is, however, not our
objective here. More notes and discussions can be found in
the Discussion section.

The connectivity of the splenic reticular meshwork to
endothelial cells and, in particular, to the splenic sinuses in
rats has been described in some detail by Saito et al. (1988).
They describe such detail as the connection involving the
“... basement membranes of the sinuses being sandwiched
between reticular cells and sinus endothelial cells.” They
go on to propose that the meshwork not only supports the
spleen but “... also contributes to a contractile mechanism in
circulation regulation”; this involving contractile fibers. We
do not, however, interpret their phrase contractile mecha-
nism to suggest that the rat spleen, or the human spleen, is
overall contractile; it is the connectivity that is most relevant.
Hence our paradigm fits generally within this picture and is
supported by the observations of Sato et al. (2001). We have
simplified the structure of this connectivity by referring to
“tethering” where the mechanical functionality is equivalent.

We explore an additional feature in our model, viz. that
of the contractility of the stress fibers (SFs) as sketched in
Fig. 3a. On the one hand, the fibers of a given endothe-
lial cell (EC) may symmetrically contract which leads to
a stiffening of the cell in bending. On the other hand, an
asymmetrical SF contraction would induce a buckling-like
bending of an EC that further opens an adjacent slit. Note
that whereas unsymmetrical SF contraction would lead to
an opening of only specific slits of the sinus, so would sym-
metrical SF contraction if adjacent slits are affected differ-
ently, e.g., stochastically. Hence the action of SF contractil-
ity would lead to an asynchronous slit caliber activity as
emphasized in the results of MacDonald et al. (1987) and
also discussed by Groom et al. (2002). Taken together, these
two elements of our model, viz. capsulic pressure and EC
stress fiber contractility, serve to induce a transient slit open-
ing that is asynchronous among the slits of a given sinus.

3.4 An elastic analog model

To put the basic ideas into a finer focus, we consider Fig. 4¢
and view the sinus conceptually, as a cylindrical cavity in a
linear elastic medium, viz. the reticular meshwork, subject
to a outer boundary outward pointing pressure, P,. The sinus
has radius r, and the outer capsule boundary has radius r,.
Since the interior of the sinus is a fluid with a pressure, P,
nearly equal to the red pulp pressure, P, we take the sinus to
be a “cylindrical hole”; this is depicted in Fig. 4c. We note,
however, that this conceptual model shall be replaced by a
far more detailed structural model for the sinus just below.

The solution for the radially symmetric displace-
ment, u,(r), to this problem is well known (Asaro and
Lubarda 2006; Sadd 2005) and is given

1+v A
u,(r) = 3 r{(1—2v)B—r—2}

rszrch r?PC (4)
A= P e e

Now, for our reticular meshwork we take Poisson’s ratio as
v = 0.5 simulating an incompressible medium containing
viscous fluid and a high red cell hematocrit. Moreover, for
the purpose of estimates on displacement magnitudes we
take r, > r so that Eq. 4 becomes

8]

P 5)

3
u,(r) = 3 z

\lh

As approximate as this may be, it does allow for a conceptu-
ally useful understanding.

With P. ~ 12mmHg =~ 1.596kPa and E = 10kPa we
find at the sinus periphery, r = r, u,(r,) = 0.225r,. On the
other hand at the far field, e.g., at r = r,, u, falls to quite
low magnitudes since we must now interpret 7, as much
larger than simply 5r,. What this means is that we expect
the sinus periphery to expand by about 2zu,.(r,) and if
ry ~ 7—8 pm this means the periphery expands on the
O1.4r; ~10.5—-11.2 pm).

As just noted, by assuming the red pulp constitutes a
nearly incompressible medium we find quite small expan-
sion at r = r.. Yet if v # 1/2 the results is different due to
the term involving B in eq. 4. That term would add a con-
tribution to u, of

1-2 3 Fe 6
(—V)EEV (6)

which has a very different behavior as a function of r. But
the assumption of near incompressibility appears sound for
now. Hence we expect that the effects we envision would
involve substantial expansion of the sinuses with quite
modest expansion of the red pulp itself. We use this simple
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elastic model below to estimate opening of the sinus due to
expansion of the ring fibers.

We now present the more detailed structural model of the
sinus, mentioned above, and the loading applied to it, and the
simulation goals and expectations.

4 Slit Caliber model and simulation goals
and expectations

We have developed a finite element structural model for the
splenic sinus that provides for the veracity of our paradigm.
The structural model is patterned closely after the microscopic
images described above and, for example, as summarized by
Groom et al. (2002). In this, we have incorporated several lev-
els of detail in terms of boundary conditions imposed on the
endothelial cells (ECs) of the sinus, e.g., as to whether their
ends are fixed, with and without uniform stress fiber contrac-
tion (our Model 1); or with nonuniform stress fiber contraction
and where the EC ends are allowed to rotate (our Model 2).
Accounting for the contractility of the stress fibers causes a
stiffening of ECs and if their contraction is asymmetric causes
EC bending; both effects affect IES caliber. We again note that
these contractility effects can account for the asynchronous
action of the IESs of a given sinus, and indeed of even slits
that are “nearest neighbors” in a given sinus, as observed by
MacDonald et al. (1987), Groom et al. (2002).

Our approach to describe the development of IES caliber
is designed for clarity in that we first describe the essentially
axisymmetric expansion of the sinus, and thereby the IES
calibers, under the action of the all-around pressure Py, and
then add the more complex effects of the process involving
EC bending, that may be asymmetric due to the contractility
of the stress fibers; the latter analysis is based on a numerically
based finite element model and simulations. IES opening due
to axisymmetric the all-around opening pressure P, is called
6% and that due to EC bending 5°; hence the total caliber is
8, =682 +6"

4.1 Axisymmetric expansion of the sinus

The above solution given by Egs. 4 may be used to estimate
the general expansion of the ring fibers and thereby the sinus
under the pulling pressure P, ;. For this we again take v = 0.5
and obtain

2.2
rere.
0 31 S0 si
U =0r~y —— —=—_PpP (7)
r ~ ull
§ 2Ersr§0—rszi p

where r,, and r; are the outer and inner radii of the ring fib-
ers; note that r, would be taken as r, = 1/2(r,, + ;). Note
that u, has the interpretation of an increase in r, and hence
the 5r? symbolism. We let r,, = r; + ¢ where ¢ is the ring
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fiber thickness, assumed such that ¢ < r,; this approxima-
tion accounts for the approximation in eq. 7. We then take
t = 3um for an estimate and arrive at the result

s * pull . (8)

To obtain an estimate for the change, i.e., increase, in slit
caliber we take P,;; = 200 Pa ~ 1.5 mmHg and £ = 10kPa
and r; = 8ym and find that 5r? ~ 1.28um and hence the
average of 12 slits has an expected increased caliber of
52 =2x6r,/12 ~ 0.67um. To this axisymmetric expansion,
we will add the additional displacements that arise due to
EC, potentially asymmetric, bending where we fix the ring
fibers positions in their axisymmetric locations.

4.2 Asymmetric sinus model and applied forces

The basic model is shown in Fig. 5, whereas details are as
follows.
Model and simulation details:

1. Working sinus structural model (WSM) Although the
essential structure of the venous sinus is clear, detailed
dimensions are difficult to specify as we have noted
above. We have therefore formulated a working struc-
tural model (WSM) that captures the essential features
and is adjustable to accommodate dimensional sensi-
tivity studies. We later adjust this model taking into
account a broader range of imaging data on human
splenic sinuses. The primary WSM is based on what
appeared to us to be the most reliable dimension, viz.
that of the sinus diameter, Dg; we take this to be ~ 15 pm
as listed in Table 1. We then use the conceptual sche-
mas of Drenckhahn and Wagner (1986) and/or Mebius
and Kraal (2005) and take EC length and diameter to

Fig.5 FEM model of the sinus that resembles a barrel with 12
endothelial cell slats; constraints by ring cells are modeled by bound-
ary conditions described in the text. Note that the sinus opens under
the action of the outward pressure Py, as described in the text
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Table 1 Key parameters in the
analysis for vesiculation due to
RBC-EC adhesion in spleen and

Expected caliber of inter-EC slits

values considered for the Hematocrit in human spleen
working sinus structural model Young’s modulus endothelial cells (ECs)
(WSM)

Pressure within sinus, P,
Pressure within red pulp, P,
Pulling pressure, P,
Sinus structural properties

Sinus diameter (D)

EC cross section diameter (D)
IES width (W), EC length (Lge)
Working Structural Model

Ds;, D, Wigs (aka Lgc)

O(~ 1-1.5 pm) (Mebius and Kraal
2005; MacDonald et al. 1987)

as high as 78% (MacDonald et al. 1991)

2-14 kPa (Sato et al. 2001; Kang et al.
2008; Kataoka et al. 2008)

1.33 kPa (10 mmHg) see text
1.46 kPa (11 mmHg) see text
66.7-400 Pa (0.5-3 mmHg) see text

12-20 pm (Fujita 1974)
2.0-2.7 um (Fujita 1974)
6-15 pm (Fujita 1974)

15 ym, 3 ym, 8 or 16 um, see text

be Lgc = 8—16 um and Dy = 3 pm, respectively. We  lies between two ring fibers that form complete hoops as
note that as the primary deformation mode is bending  discussed above. Results for three such models are presented
and that since the maximum bending deflection would  here.

scale as L%C /D‘EC, the expected EC deflections would
be comparable to those with the somewhat uncertain 1.
“averages” of Lgc ~ 9pum and Dy ~ 1.8—2 pm. We also
note the sinus image of Galfiova et al. (2009) in Fig. le
that suggested that the EC length may be larger than the
erstwhile estimated average of 9um. The WSM, accord- 2.
ingly, has 12 ECs arranged around the sinus perimeter
with the above dimensions as listed in Table 1. With
these considerations, we later perform the bulk of our
simulations using Ly = 8 pm.

2. Constraints by ring cells The effective constraints pro-
vided by ring cells were modeled by boundary condi-
tions described below. The boundary conditions define
two basic models called Model 1 and 2 as noted above
and explained below.

3. The FEM sinus section model was set up using a com-
mercial package Abaqus (Dassault Systémes Simulia
Corp., Providence, RI, USA). Quadratic, reduced-
integration (C3D20R) elements were used. Contacts
between adjacent ECs were also modeled wherever
applicable.

4. ECs were modeled as linear elastic with a Young’s mod-
ulus of in the range 2.5kPa < E < 10kPa and a nearly
incompressible value for Poisson’s ratio of v = 0.45.

5. The pressure internal to the sinus was taken

as P,=133kPax 10mmHg and outside (a)

P, =146kPa~ 11 mmHg.

6. The effective puling pressure to the sinus was taken as
Py = 66.7-400 Pa (0.5-3 mmHg).

4.3 Boundary conditions on EC ends: ring fibers

Various boundary conditions were used to simulate the sec-

(b)

Model 1: In model 1, the ECs are fixed so that their end-
to-end lengths are held constant; likewise, their ends are
prevented from rotating. This is a highly constrained
configuration that is relaxed in Model 2.

Model 1a: In Model 1a, we allow uniform stress fiber
contraction as illustrated in Fig. 6a. Stress fiber con-
traction stiffens the ECs as the results will demonstrate.
However, as the schema of Fig. 3a suggests, the ring fib-
ers are quite flexible in bending and allow the EC ends to
rotate. Moreover, as the section of sinus we simulate is
connected to what in comparison is a very long flexible
tube-like structure, the end-to-end distance of the ECs
may change with only modest resistance; we take this to
allow for the small displacements due to the rotations at
the ends of the ECs. The magnitudes of the contractions
we impose are consistent with those reported by, e.g.
Drenckhahn and Wagner (1986), Franke et al. (1984)
and Nehls and Drenckhahn (1991), as listed in the tables
below for various model studies.

Symmetrical stress fiber contraction

i to asymmetyri .
7 ading due o SSmmetrc contracre e,

Fig.6 a Symmetric contraction of stress fibers stiffens but does not
bend ECs. b Asymmetric contraction of stress fibers causes stiffening

tion of sinus modeled here; the section of sinus considered and bending of ECs
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3. Model 2: Due to the considerations above, in Model 2
we allow both rotation and axial motion of the EC ends.
Furthermore, in Model 2 we implement the asymmetri-
cal contraction of the stress fibers by allowing them to
contract by various percentages; again these contractions
are consistent with a variety of experimental reports
noted above (Drenckhahn and Wagner 1986; Franke
et al. 1984; Nehls and Drenckhahn 1991). These features
of Model 2 are illustrated in Fig. 6b; we implement this
in the FEM model by treating one half of the EC along
its length to act as a contractile strip. Such asymmetri-
cal contraction indeed induces bending and leads to the
opening of slit caliber, but also causes the closing of
adjacent slits, as described below.

In both models, it should be noted that the ECs are
treated as essentially incompressible and as the results
will illustrate this leads to an interesting bounding, with
respect to material and structural properties, of the
extent of slit opening.

4.4 Simulation goals and expectations

Simulations were carried out using our WSM model and a
model in which Ly = 8um; EC lengths of O(~ 8um) are
suggested by the SEM images of Fujita (1974) and Galfiova
et al. (2009), discussed above. A range of physiological
relevant values for cell mechanical properties and driving
pressures were used to explore the possible range of fore-
casted IES calibers, specifically to assess what is believed
to be the observed range of O(0.8—1.5 pm). Particular focus
was placed on the role of asymmetrical SF contraction on
IES caliber and the causes of the experimentally observed
asynchronous IES opening.

Fig.7 Two views of a deformed sinus under the conditions of Model
1 with Lge = 16 pm and EC modulus taken as 10 kPa. a Distribution
of longitudinal strain along the ECs (eéc) under P, = 0.5mmHg

(66.7 Pa) with no stress fiber contraction. b Distribution of longitudi-
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5 Simulation results

5.1 Results: Model 1

Figure 7 shows two views of the sinus and IES expansion
based on our Model 1 and la design and using our WSM
that takes Lg = 16um; note that the effects of uniform stress
fiber contraction are also described; see also Supplementary
Movie 1. Specific results for estimated slit caliber based on
the maximum slit opening are listed in Table 2. We recall
that to the maximum IES opening displacement, §,, we must
impose the 68 due to axisymmetric sinus opening under the
all-around pulling pressure P, to arrive at a total IES open-
ing of 5, = 6% + 6%; this is explained in Section 4.

Table 2 shows results for a range of pulling pressures,
P, that clearly indicates a natural progression of slit
caliber with increasing P,,;. We note that, without stress
fiber contraction, 6, may reach values in the range 1.3pm to
which 5? must be added; hence, total calibers in access of

1.8—1.9 um are thereby envisioned. We note, however, that

Table 2 Models 1 and la results: Ly = 16um

EC modulus P,y mmHg (Pa) EC contraction 5% (um)
(kPa) (%)

10 0.5 (66.7) 0 0.53

10 1.0 (133.3) 0 0.97

10 1.5 (200.0) 0 1.32
With uniform stress fiber contraction

10 0.5 (66.7) 5 0.97

10 1.0 (133.3) 10 0.74

10 1.0 (133.3) 20 0.48

10 1.5 (200.0) 30 0.34

nal strain along the ECs (eéc) under Py = 1.5 mmHg (200 Pa) with
an imposed 20% uniform stress fiber contraction. See more Model 1

and la results shown in Tables 2 and 3
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this is strongly mitigated by the action of stress fiber uni-
form contraction as in Model 1a. With uniform stress fiber
contraction, there is a monotonic trend of decreasing caliber
as shown. Nonetheless, the total calibers predicted with the
WSM that sets Ly = 16 pm are rather large and generally
may slightly exceed the expected range of 1—1.5 pm; based
on the SEM evidence discussed above, we then used a value

Table 3 Model 1 and la results: Ly = 8um

EC modulus P,y mmHg (Pa) EC contraction 5% (um)
(kPa) (%)

2.5 0.5 (66.7) 0 0.25
2.5 1.5 (200.0) 0 0.78
2.5 2.0 (266.6) 0 1.07
5 0.5 (66.7) 0 0.13
5 1.5 (200.0) 0 0.37
5 3.0 (400.0) 0 0.78
10 0.5 (66.7) 0 0.069
10 1.5 (200.0) 0 0.19
10 3.0 (400.0) 0 0.37
With uniform stress fiber contraction

2.5 1.5 (200.0) 5 0.64
5 3.0 (400.0) 5 0.78
10 1.5 (200.0) 5 0.19
5 3.0 (400.0) 10 0.54
10 3.0 (400.0) 10 0.25
5 3.0 (400.0) 20 0.40
10 3.0 (400.0) 20 0.18
5 3.0 (400.0) 30 0.31
Fig.8 Views of a deformed

sinus under the conditions L

of Model 2 with Lgc = 8 pm E EC

and EC modulus taken as

10 kPa. a Original sinus section

under zero loagd with no stress 8 . i Z?
fiber contraction. b Distribu- :

tion of longitudinal strain 0.068
along the ECs (L) under 0.014
Py = 1.5 mmHg (200.0 Pa) -0.039
with no stress fiber contraction. -0.092

¢, d Distribution of longitudinal F -0.145
strain along the ECs (eéc) under -0.199
Py = 1.5 mmHg (200.0 Pa) —— -0.252
with an imposed 10% and -0.305
30% asymmetric stress fiber -0.359
contraction, respectively, in a -0.412
pair of neighboring ECs. See -0.465

more Model 2 results shown in
Table 4

of Ly = 8 um. We kept the EC-D at 3 pm for this larger set
of simulations. Results for such cases are shown in Table 3.

The results shown in Table 3 cover a wide range of P,
and percentage of stress fiber contraction as well as the stiff-
ness of the ECs.

The results of Model la with Lg.=8pum
expectedly demonstrate reduced slit caliber with
0.5mmHg < P,;; <3.0mmHg, yet with EC modulus
E ~ 2.5kPa predicted slit calibers of O(1 pm) are attained
with P, ~ 1.5-2 mmHg. Uniform stress fiber contraction
results in expected EC stiffening and reduced calibers for the
entire, we believe, physiologically relevant range of physical
properties used. We again make note that to these 6? calib-
ers, we would add 62 ~ 0.5-0.7 pm, suggesting a total IES
caliber of O(1—1.5um).

5.2 Results: Model 2

Representative results using Model 2, which implements
asymmetrical stress fiber contraction, are shown in Fig. 8
and Table 4; here again Ly~ = 8um. Model 2 reveals,
most clearly, the role of stress asymmetrical fiber con-
traction on asynchronous as well as the role of EC near
incompressibility.

In simulations, such as illustrated in the snapshots of
Fig. 8 and Supplementary Movie 2, asymmetrical SF con-
traction was implemented in various ways that resembled
a stochastic activation, e.g., selected ECs were allowed to
undergo an asymmetrical SF contraction. In simulations,
as shown in Fig. 8 the pattern of SF contraction involved
SFs on adjacent ECs contracting asymmetrically to various
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Table 4 Model 2 results: Ly = 8pm (with asymmetrical stress fiber
contraction)

EC modulus Py mmHg (Pa) EC contraction 5f (um)
(kPa) (%)

10 1.5 (200.0) 0 0.48
10 1.5 (200.0) 5 0.71
10 1.5 (200.0) 10 0.91
10 1.5 (200.0) 20 1.08
10 1.5 (200.0) 30 1.16
Higher P,

10 2.0 (266.6) 0 0.63
10 2.0 (266.6) 10 0.95
10 2.0 (266.6) 20 1.19
10 2.0 (266.6) 30 1.22
Reduced EC modulus

5 1.0 (133.3) 0 0.63
5 1.0 (133.3) 10 0.95
5 1.0 (133.3) 20 1.19
5 1.0 (133.3) 30 1.22
Higher P, and reduced EC modulus

5 1.5 (200.0) 0 0.88
5 1.5 (200.0) 10 0.96
5 1.5 (200.0) 20 1.13
5 1.5 (200.0) 30 1.22
5 2.0 (266.6) 0 1.07
5 2.0 (266.6) 10 0.92
5 2.0 (266.6) 20 0.94
5 2.0 (266.6) 30 1.02

percentages. We hypothesize, however, that this type of pat-
tern may not be unusual since as Chen and Weiss (1973)
have pointed out “the slits are closed except when penetrated
by blood cells, platelets, or macrophages.” Hence, this sort
of cooperative activation of asymmetrical SF contraction in
adjacent ECs may be preferred and induced by signaling of
impinging RBCs; singling may involve, for example, ATP
emission by RBCs (Ellsworth et al. 2016; Sprague and Ells-
worth 2012; Sprague et al. 1998).

It should be also noted that as a slit opens adjacent slits
tend to close as the the adjacent ECs being pushed sideways
cause an inevitable impingement of the ECs; it is this feature
that helps explain the asynchronous IES activation observed
by MacDonald et al. (1987), Groom et al. (2002). The pro-
cess is a natural steric effect of cells undergoing impinge-
ment due to bending and via Poisson contraction.

Moreover, we note that since the ECs are nearly incom-
pressible, the compression induced by SF contraction and
bending tend to limit the extent to which IESs can open.
This may be appreciated by examining at the trend in fore-
casted 5;’ with increasing P, and/or with decreasing EC
modulus E. We find, in fact, that 6? essentially saturates at
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a level of O(~ 1 pm). If we then add 550 ~ 0.5-0.7 pm, we
estimate that IES calibers of greater than 1.5—1.7 pum may
be difficult to achieve. Moreover, we again emphasize that
IESs of a given section of sinus will inevitably open in the
asynchronous manner we have demonstrated and in the man-
ner directly visualized, in vivo, by MacDonald et al. (1987),
Groom et al. (2002).

6 Discussion
6.1 General comments

Our paradigm and simulations demonstrate how the tran-
sient pressures within the red pulp, P,, may mediate time-
dependent calibers of the venous IESs and generally open
the IESs despite the prevailing state where P, > P . How-
ever, the asynchronous caliber behavior among the IESs of
a given sinus must depend on mechanisms other than P, or
even AP = P, — P,. Based on our paradigm, we hypothe-
size that stress fiber (SF) contractility within individual ECs
may mediate the opening of individual IESs for times set by
SF “activation.” Stress fibers are reported to be activated
by several stimuli including ATP-Mg** (Drenckhahn and
Wagner 1986) or shear forces associated with shear flows
(Franke et al. 1984). The most likely cause of the transient
opening and closing of IESs would then appear to be ATP
activation, possibly by ATP emission by impinging red cells
awaiting IES passage. This may be so since activation by
shear flow would seem perhaps to act more symmetrically,
whereas ATP emission may be more localized by particular
cells impinging on certain IESs. Drenckhahn and Wagner
(1986) report that ATP activation—that induced EC bending
and general cell shape alterations—occurred within time-
scales of O(1-3s), but the temporal behavior of such ATP
activation, viz. during fluctuations in ATP concentration, is
as yet unknown. Interestingly, and perhaps directly relevant
here, are the observations of spontaneous asymmetric EC
bending (i.e., bulging) into the lumen of capillaries in a rat
spleen that, in such cases, caused complete blockage of red
cell flow for times of O(~ 20s); it is suspected that stress
fiber contraction was responsible for this transient occur-
rence (Ragan et al. 1988).

ATP release from erythrocytes has been studied exten-
sively in recent years as it has been identified as an important
singling event in the microvasculature that participates in
mediating vasodilation (Ellsworth et al. 1995; Dietrich et al.
2000; Ellsworth et al. 2016; Sprague and Ellsworth 2012;
Sprague et al. 1998). In this, the role and degree of deforma-
tion have been hypothesized to control shear-induced ATP
release (Sprague et al. 1998; Price et al. 2004). Wan et al.
(2008) used a microfluidic approach to study shear-induced
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ATP release from human erythrocytes with temporal resolu-
tion of milliseconds. They formulated a mechanistic frame-
work involving the retraction of the spectrin—actin skeleton
and membrane deformation that revealed at least two time-
scales, both of which within the times scale of red cell IES
transit. Hence, we again suggest that ATP release could be
a factor mediating stress fiber contraction (Drenckhahn and
Wagner 1986) and in the manner of ATP release from RBCs
(Ellsworth et al. 1995; Dietrich et al. 2000). Likewise, ATP
release from red cells has been studied in a wide range of
deformation scenarios (Marginedas-Freixa et al. 2018; Man-
cuso et al. 2018). Still another attractive mechanism is the
enhanced ATP release following deformation induced acti-
vation of Piezol and Ca*™* uptake discussed by Cinar et al.
Cinar et al. (2015).

6.2 Future research

The analysis presented herein suggests a number of areas for
future research that would add vital additional insight and
veracity to the predicted results. We list a few below.

1. Red pulp modeling A holistic fibrous-porous, viscoe-
lastic, model of the reticular meshwork of the red pulp
is needed to better assess the pulp pressure P, and to
provide a more quantitative framework for assessing red
cell sequestration, including sequestration due to red cell
adhesion to the meshwork. Such a model would pro-
vide the basis for a more quantitative description of open
flow through the spleen. Such understanding would also
provide more insight into determining the red cell IES
transit kinetics by providing a more accurate specifica-
tion of what we have called the IES transit driving force
AP =P, —P,. We estimated AP to be in the range
130-200 Pa by an analysis of the known rheology of
the red pulp (Groom et al. 2002) in Section 3.3, and we
noted that this along with the IES caliber would mediate
red cell-slit transit times; our estimates of median transit
times of 0.1-0.2 s were based on the video microscopy
of MacDonald et al. (1987) and are what was estimated
by the model simulations of, for example, Zhu et al.
(2017) or Asaro and Zhu (2020). We recognize, how-
ever, that actual transit times are indeed mediated by
both AP and slit caliber in general.

Expanded insight into the flow of red blood cells into
the red pulp would also provide needed background
to evaluate the hypothesis of Klei et al. (2020) regard-
ing lysis along with our paradigm (Asaro et al. 2020)
for the mechanisms inducing membrane disruption,
vesiculation, and lysis. Klei et al. (2020) found that red
pulp macrophages (RPMs) do not appear to phagocy-
tose intact senescent RBCs in vivo as Gottlieb et al.
(2012) found they did not in vitro; rather, in analyzing

RPMs taken from human spleens, they found that RPMs
phagocytose RBC ghost cells produced via the process
of hemolysis. Hence, we suggest that the adhesion
of senescent RBCs to the red pulp and sinuses under
shear flow may promote hemolysis via the mechanisms
described by Asaro et al. (2020). To understand this, a
more quantitative description of red cell flow through
the red pulp is required.

2. Sinus structural refinement In our modeling of the sinus
structure, certain approximations were necessarily made;
some of these are readily remedied, yet others require
more fundamental research. For example, the ring fibers
were modeled as being essentially rigid except for their
axisymmetric expansion, yet given the expected, and
simulated, bending deflections this assumption does not
appear critical; it would be a minor refinement to pro-
vide the ring fibers with more flexibility as more insight
to their properties was known. A more important effect,
however, is that of the boundary conditions, and degrees
of freedom, imposed or allowed at the ends of ECs.

3. Contractility of the EC stress fibers The contractile
behavior of the EC stress fibers clearly requires far
more detailed study. Our paradigm has led, via our
simulations, to an explanation of the observations of
MacDonald et al. (1987) of both asynchronous and
transient opening of IESs; one mechanism for these
effects involves stress fiber contractility. It is known
that induction of stress fibers in human endothelial cells
may be triggered by ATP (e.g., Drenckhahn and Wagner
1986) and by shear forces imposed during shear flow
(e.g., Franke et al. 1984). If more were known, quanti-
tatively, about the effects of such influences, and since
such flows can in fact be simulated, it would be possible
to provide a more complete and quantitative picture of
IES transit kinetics to compare to the video microscopy
of MacDonald et al. (1987). Studies of contractility
should attempt to measure contraction forces, possibly
by recording cell deflections after documenting cell stift-
ness, e.g., via AFM probes.

We also recall that the reticular meshwork itself is
described as being contractile, especially in mammals
such as the dog (Blue and Weiss 1981); to a much lesser
extent, the meshwork of the human spleen may also
be contractile. Contractility of the attached meshwork
could also play a role in sinus expansion and IES open-
ing, even in an asymmetric fashion; this too requires
further investigation.

6.3 Therole of RBC IES passage
The role of the spleen as a “filter” of blood is beyond con-

testation, yet the role of the IES slits of the venous sinuses
may still require further elucidation. A variety of model
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simulations have shown that RBC geometry (i.e., spheric-
ity and size) plays a dominant role in determining whether
the IES slit geometry at its maximum opening allows RBC
passage per se (Asaro et al. 2018, 2020; Pivkin et al. 2016;
Asaro and Zhu 2020). That this is expected to be the case
is readily appreciated by noting that since the RBC’s mem-
brane is area incompressible, as is its volume, as a cell loses
membrane and becomes more spherical, it loses the ability
to alter its shape; recall that a sphere is the 3-D shape that
minimizes the surface to volume ratio and as a near sphere,
a cell loses its ability to change shape. Hence, as cells age,
or vesiculate for other reasons such as storage or disease, and
lose membrane area and volume, and become more spheri-
cal, reduced “deformability” and the inability to alter shape
is axiomatic; that is, if changing shape is taken as the defi-
nition of “deformability.” With adhesion being another key
factor affecting RBCs, especially at different disease states
or with ageing, the situation becomes more complicated and
adhesion may play the dominant role.

Among mammals, humans, rats, and dogs possess sinusal
spleens, but cats, horses, pigs, mice, and cows do not, yet the
spleens all function as blood “filters.” As noted by Schmidt
et al. (1993), and as modeled herein, the walls of the sinusal
spleen consist of long spindle-shaped endothelial cells held
together by reticular, i.e., ring, fibers within which slits
may open to allow red cell passage, involving considerable
deformation. In contrast, the walls of pulp venules of the
mouse or cat, as examples, are lined with smooth flattened
irregularly shaped endothelial cells and have few and irregu-
larly distributed openings, i.e., true fenestrations, in their
walls (Scmidt et al. 1993; Hataba et al. 1981). Moreover
as noted by Scmidt et al. (1993), and others such as Hataba
et al. (1981), “The sizes of the fenestrations are mostly large
enough to allow unimpeded entry of red cells in the walls”
(Scmidt et al. 1993). As noted in Section 1, although red
cells only make “occasional passages” through the IESs of
the human (sinusal) spleen, the deformations they undergo
strongly promote vesiculation; this was explained by Asaro
et al. (2018) who also experimentally demonstrated that
deformations produced in simple, yet tailored but uncon-
strained, oscillatory shear flows that closely resemble those
that occur during IES passage indeed induce vesiculation.
Asaro et al. (2020) went further and provided a paradigm
for vesiculation in general forms of microcirculatory flows
of the splenic-IES passage type. So the question arises:
“Is a main function of splenic-IES passage, and hence the
sinuses per se, to induce vesiculation in red cells compro-
mised physiologically by aging, storage followed by trans-
fusion, the formation of intracellular inclusions (Koyama
et al. 1964), and various forms of ROS generation.” It is,
accordingly, believed that vesiculation occurs in the spleen
(Bosman et al. 2012)—where rapid removal of toxic vesicles
is facilitated—and we speculate that the images of small
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transparent “vesicles” found by Fujita (1974) are in fact vesi-
cles formed during IES passage, see white arrow highlights
in Fig. 9. Fujita did tentatively identify the discernable par-
ticles among these in the size range of O(~ 150—1000 nm)
as vesicles. We note that the extracellular vesicles imaged
by Fujita Fujita (1974) do not appear to be the micropinocy-
totic vesicles reported by (Chen and Weiss 1972). They may,
however, be the remenants of red cell lysis as hypothesized
by Klei et al. (2020) and Asaro et al. (2020). Still other
insight may be gained by considering the splenic role in
diseased states; we conclude with two examples.
Southeast Asian ovalocytosis (SAO) is an inherited
asymptomatic disorder characterized by cells with ovu-
lar shape and increased membrane stiffness (Safeukui
et al. 2018); importantly, such cells are not spherical.
The molecular basis for the increased membrane rigidity
is traced to mutant SAO band 3 that leads to increased
attachment to the skeleton and band 3 oligomerization (Liu
et al. 1995, 1990). SAO cells are found to circulate freely
in the vasculature and apparently are not unduly seques-
tered in the spleen although they display reduced “deform-
ability” (Safeukui et al. 2018). Safeukui et al. (2018) found
that by inducing various degrees of increased membrane
stiffness in RBCs with diamide (dRBCs), that leads to
increased protein—protein interactions and aggregation,
the so-treated RBCs were preferentially sequestered in
perfused human spleens, yet not nearly so “blocked” by a
microbead filtering bed. Based on our current findings of
how the IES slits of the human (or rat) spleen function,
however, we may wonder if conditions that prevailed in
their perfusion experiments, including the levels and time
sequence of perfusion pressures, were a mediating factor.
On the other hand, they logically surmised “that increased
membrane rigidity per se might not markedly reduce
the ability of RBCs to traverse the spleen” (Safeukui

Fig.9 SEM image taken from Fujita (1974) showing transparent ves-
icles (white arrows) aggregated around a human splenic sinus. The
size range of those vesicles visible was in the range 150—1000 nm
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et al. 2018). Alternatively, treatment with diamide may
indeed induce the activation of adhesion receptors that
lead to adhesion of dRBCs to the fibers of the red pulp
reticular meshwork or to the sinus endothelium and sub-
sequently to their clearance by RPMs.

The role of the human spleen in malaria may be some-
what different and complex. For Plasmodium falcipa-
rum malaria-infected RBCs (iRBCs), adhesion plays the
dominant role in vascular or splenic sequestration of late
stage iRBCs (Lee et al. 2019; Lim et al. 2020; Henry et al.
2020). For early stage iRBCs when adhesion is not consid-
ered a major factor (Henry et al. 2020), splenic sequestra-
tion is enhanced by at least two factors, viz. the inability
to freely transit the IESs due to their decreased surface-to-
volume ratio (Henry et al. 2020) and increased membrane
shear modulus of iRBCs (Mills et al. 2007; Huang et al.
2013; Henry et al. 2020). During acute malaria, increased
clearance of all RBCs (infected and uninfected) has been
found (Henry et al. 2020), while increased iRBC stiffness
was found for both infected and uninfected RBCs as well
(Mills et al. 2007; Huang et al. 2013). Causes of increased
membrane shear modulus were found to be due to interac-
tions between the parasite and the RBC skeleton (Mills
et al. 2007; Sisquella et al. 2017). Henry et al. (2020)
also note that a potential role of IES passage may include
“pitting” of the resident parasite, in line with our men-
tion, above, of a similar role in the removal of inclusions.
Hence, the role of the spleen in malaria-infected cells is
rather complex and continued efforts are required to more
thoroughly understand the overall interaction between
parasitized RBCs and the human spleen in malaria.

Hence, when taken together with the findings of Klei
et al. (2020, 2018), and the fact that only a subpopulation
of mammals possess sinusal spleens, we wonder if the
main function of the IESs within the splenic sinuses may
be to provide for self-protection via deformation-assisted
vesiculation. Here, self-protection refers to the removal
of damaged molecular material such as oxidized hemo-
globin in the manner described by, e.g., Willekens et al.
(2003a, b) and by Bosman et al. (2005), or via the pitting
function mentioned above. Cell clearance per se by simple
“blocking” of RBCs may not be the primary splenic sinus-
IES function. It is curious, albeit anecdotal, that Blue and
Weiss (1981) report that in the sinusoidal spleens of the
dog, red cells are often seen “trapped” within the IESs
with their main body on the lumen side, but rarely with
their main body on the pulp side. This is seen in the images
of MacDonald et al. (1987) as shown in Fig. 2d; we now
realize that this “trapping” is most plausibly due to adhe-
sion (Asaro et al. 2020). This again shows the importance
of taking adhesion into careful consideration in determin-
ing the spleen’s overall filtering function and the role IESs
would actually play.
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Supplementary Information

Supplementary Movie 1: Deformation of a sinus section under the conditions of Model 1 with the
endothelial cell (EC) modulus taken as 10 kPa and Lgc = 16 um. The evolution of the longitudinal
strain along the ECs (g5. = LE33) is shown first under Poun = 0 - 0.5 mmHg (0 - 66.7 Pa) with no
stress fiber contraction, followed by adding 0 to 20% uniform stress fiber contraction in all ECs while
holding Py = 0.5 mmHg (66.7 Pa).

Supplementary Movie 2: Deformation of a sinus section under the conditions of Model 2 with the
endothelial cell (EC) modulus taken as 10 kPa and Lgc = 8 um. The evolution of the longitudinal
strain along the ECs (e5c = LE33) is shown first under Poun = 0 - 1.5 mmHg (0 - 200.0 Pa) with no
stress fiber contraction, followed by adding 0 to 30% asymmetric stress fiber contraction in two
neighboring ECs while holding P,y = 1.5 mmHg (200.0 Pa).
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