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Abstract

Intravascular sickling, red cell-endothelium interaction,
and altered microvascular responses have been suggested
to contribute to the pathophysiology of human sickle cell
disease, but have never been demonstrated under in vivo
flow. To address this issue, we have examined a transgenic
mouse line, a ~psps-''[.8 I which has a combined high
(78% ) expression of Bs and fJS-Atinles globins.

In vivo microcirculatory studies using the cremaster
muscle preparation showed adhesion of red cells, restricted
to postcapillary venules, in transgenic mice but not in con-

trol mice. Electron microscopy revealed distinct contacts
between the red cell membrane and the endothelium sur-

face. Some red cells exhibiting sickling were regularly ob-
served in the venular flow. Infusion of transgenic mouse red
cells into the ex vivo mesocecum vasculature also showed
adhesion of mouse red cells exclusively in venules.

Under resting conditions (po2, 15-20 mmHg), there
were no differences in the cremaster microvascular diame-
ters of control and transgenic mice; however, transgenic
mice showed a drastic reduction in microvascular red cell
velocities (Vrbc) with maximal Vrbc decrease (> 60%) oc-

curring in venules, the sites of red cell adhesion and sickling.
Local, transient hyperoxia (P02, 150 mmHg) resulted in
striking differences between control and transgenic mice.
In controls, oxygen caused a 69% arteriolar constriction,
accompanied by 75% reduction in Vrbc. In contrast, in
transgenic mice, hyperoxia resulted in only 8% decrease in
the arteriolar diameter and in 68% increase in Vrbc; the
latter is probably due to an improved flow behavior of red
cells as a consequence of unsickling.

In summary, the high expression of human sickle hemo-
globin in the mouse results not only in intravascular sickling
but also red cell-endothelium interaction. The altered mi-
crovascular response to oxygen could be secondary to blood
rheological changes, although possible intrinsic differences
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in the endothelial cell/vascular smooth muscle function in
the transgenic mouse may also contribute. These sickle
transgenic mice could serve as a useful model to investigate
vasoocclusive mechanisms, as well as to test potential thera-
pies. (J. Clin. Invest. 1995. 96:2845-2853.) Key words: mi-
crocirculation * red cell adhesion * sickling * oxygen tension
- vessel diameter

Introduction

Sickle cell anemia (SS)' is the consequence of a single amino
acid substitution (,66Glut-Val) in the hemoglobin (Hb) mole-
cule, resulting in the polymerization of HbS molecules and
sickling of red cells under deoxy conditions. The effect of this
single-point mutation is not limited to the ability of red cells to
sickle, but results in pleiotropic abnormalities such as hemoly-
sis, red cell heterogeneity, increased red cell adhesivity, vascular
endothelial injury, and multiple organ damage (1). Although
HbS polymerization is central to the pathophysiology of vasooc-
clusion, the role of multiple factors (both primary and second-
ary) in the initiation of vasoocclusion has not been investigated
under in vivo flow conditions. Among these factors, adhesion
of SS cells to the vascular endothelium has been suggested to
play an important role in vasoocclusion. Increased adhesion of
SS cells was first demonstrated by Hebbel and coworkers (2,
3) using endothelial cell cultures, and later confirmed by others
in both static and flow systems (4-6). Finally, adhesion was
demonstrated in an ex vivo microcirculatory bed (7-9) and
found to be restricted to venules. Increased adhesion of SS cells
in microcirculation could lead to an increased red cell capillary
transit time and intravascular sickling.

We have previously used a trans-species ex vivo microvas-
culature to understand vasoocclusive behavior of human SS
cells (7-9). Although these ex vivo studies have advanced our
understanding of adhesive and obstructive behavior of heteroge-
nous SS red cell classes, as well as of microvascular sites (ve-
nules) of adhesion (7-9), the results of these acute trans-
species infusion experiments need to be verified in vivo, prefera-
bly in an intraspecies model. Transgenic mouse models, in
particular, provide with an opportunity to investigate potential
vasoocclusive mechanisms and to resolve the question if mouse
red cells containing human sickle hemoglobin could adhere.
Although several transgenic mouse lines expressing human
sickle hemoglobin have been well characterized ( 10-15 ), there
has been no intravital study to address these issues.

1. Abbreviations used in this paper: Hb, hemoglobin; Hct, hematocrit;
MCHC, mean corpuscular hemoglobin concentration; PRU, peripheral
resistance unit; Q, estimated volumetric flow rate; SS, sickle cell anemia;
TEM, transmission electron microscopy; Tpf, pressure-flow recovery
time; Vrbc, red cell velocity.
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Figure 1. Schematic drawing of the branching patterns of arterioles
(Al-A4) and venules (Vl-V4) in the cremaster muscle of C57
BL/6J mouse.

To this end, we have studied a transgenic mouse line ex-
pressing human a-, ,3s- and ,l3S-Antilles-globins on the mouse ho-
mozygous /3 major deletional (3MDD) background (16). These
mice were produced by breeding a'H#s[/6MDDI mice (14) into
a line expressing human / S-Antilles on the mouse homozygous /
major deletional background ( 12). S-Antilles contains, in addition
to the HbS mutation at 636, a second mutation at /323
(Val-Ile). 5S-Antilles has low oxygen affinity and decreased
solubility under deoxygenated conditions, resulting in a more
severe form of sickle cell anemia. In a H3 S1 S-Antilles[l MDDI mice,
the combined expression of human /3s and / S-Antilles was 78%.
This transgenic mouse line showed a more severe phenotype
than either parent, a distinct heterogeneity of red cells (in-
creased reticulocyte counts and presence of dense cells), a de-
creased delay time of polymerization, more severe organ dam-
age, and a reduced life expectancy (16). Now, we demonstrate
that aHp S/ S-Antilles[# MDD1 mouse red cells are not only more
prone to sickling, but also to adhesion under in vivo dynamic
flow conditions. Furthermore, adhesion and sickling have sig-
nificant consequences for red cell velocity, wall shear rates,
and the flow throughout the microvasculature. These transgenic

mice also show a markedly altered response of the arteriolar
diameter and flow to transient hyperoxia.

Methods

Transgenic mice. Transgenic mice expressing human a, /3s and
/3S-Antilles on the mouse /3 major deletional background (0MDD)
(aH SoS]Antilles[/MDD) were produced by breeding acH/S[3MDD] mice
into a line expressing a H and / S-Antilles (12) on the mouse / major
deletional background, as described (16). Mice were bled from the tail
and blood samples analyzed for reticulocytes by using New Methylene
Blue or by staining with thiazole orange and performing FACS® analysis
(Lysys II, Becton-Dickinson, San Jose, CA). The globin composition
was determined by HPLC, as described ( 16) and revealed the follow-
ing: human a 58.2% of all a globin, 3is 42.2% and /3S-Antilles 35.9%
for all /3 globin (16). Mean corpuscular hemoglobin concentration
(MCHC), MCH, and mean corpuscular volume were determined as de-
scribed ( 16).

Microcirculatory studies in the cremaster muscle preparation. Male
C57 BL/6J control and a HospsAntilles[I3MDDI mice weighing - 22-28
grams were used. In vivo microcirculatory observations were made in
the cremaster muscle microvasculature, which is an easily accessible
vasculature for intravital observations. Mice were anesthetized i.p. with
10% urethane and 2% a-chloralose in saline (6 ml/kg). The animals
were tracheotomized and the left carotid artery cannulated to monitor
systemic arterial pressure. The open cremaster muscle was prepared
according to the method of Baez ( 17). The surface of the open cremaster
muscle was suffused with a bicarbonate Ringer's solution of the follow-
ing millimolar composition: NaCl 135.0, KCl 5.0, NaHCO3 27.0, MgCl2
0.64 and glucose 11.6. pH was adjusted to 7.35-7.4 by continuous
bubbling with 94.6% N2 and 5.6% CO2. The osmolarity of the solution,
as measured by a Microosmette (Precision Systems, Inc., Sudsbury,
MA) was 320 mOsm which is similar to that reported for the mouse
plasma ( 18 ). The cremaster muscle preparation was allowed to stabilize
for 30 min before the initiation of the experiment. The temperature of
the suffusion solution (flow rate, 5-6 ml/min) bathing the cremaster
was maintained at 34.5-35°C and monitored by a telethermometer (YSI
Inc., Yellowsprings, OH) during the entire experiment. Oxygen tension
of the suffusion solution bathing the tissue was determined using a
microoxygen electrode (model MI-730; Microelectrodes Inc., Bedford,
NH). Microscopic observations were carried out using microscope
(model BH-2; Olympus Corp., Lake Success, NY) equipped with a
television camera (5000 Series; Cohu, Inc., San Diego, CA) and a Sony
U-matic video recorder (model V05800; Sony Corp., Teaneck, NJ).

The C57 mouse cremaster (Fig. 1) is typically supplied by a single
feed arteriole (diameter, 60-75 jm), which originates from the pudic-
epigastric trunk. The feed arteriole usually bifurcates at a short distance
(0.7-1.0 cm) into daughter vessels; the latter also bifurcate downstream
into identical branches (diameters, 40-55 ym). The daughter branches
spread out to supply different areas of the cremaster. We have termed
the parent vessel as Al arteriole and the daughter branches as A2 arteri-
oles. Third order arterioles (A3) arise at right-angle from A2 arterioles
and give rise to A4 arterioles in a similar fashion. The feed arteriole
(Al), because of its upstream location, could not always be transillumi-

Table L Hematological Parameters in Control and aHfs's-Anhi11es [J3MDD] Mice

Mouse Hct MCHC MCV MCH Reticulocytes

'%o grams/dl jim3 pg %

Control (n = 3-5) 49.0±3.1 33.3±0.9 45.4±0.9 14.5±1.0 4.9±0.6
PS + /3s-Antilles (n = 7) 44.7±4.2* 36.7±1.1P 43.8+1.5 14.7±0.5 9.4±2.31

MCV, mean corpuscular volume; MCH, mean corpuscular hemoglobin. Values are mean±SD. * P < 0.05 and t P < 0.01 as compared with
control.
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Figure 2. Videomicrograph showing in vivo adherence of red cells to
the endothelium of postcapillary venules in the cremaster muscle micro-
vasculature of a a'H#3S#sfAntiIIs[/6MDD] mouse. (A) Adherent red cells
(small arrows) during steady state flow (large arrow). (B) A rolling
leukocyte (L) is distinguished from adherent red cells (small arrows)
by its larger diameter. The large arrow indicates flow direction. (C) A
sickled cell with distinct spicules (small arrow) in the venular flow
(large arrow). Bar in each case = 10 Ism.

nated with ease, hence diameter and red cell velocity measurements
were made in A2, A3, and A4 arterioles and similar order of venules.

Vessel luminal diameter was measured on-line by image shearing
using an image-shearing device (model 907; Instruments for Physiology
and Medicine, San Diego, CA). Red cell velocity (Vrbc) was measured
along the vessel centerline using the dual-slit photodiode technique of
Wayland and Johnson (19). The dual-slit photo detector was placed
over the projected image of the vessel and on-line analysis of the optical
signals was performed using a cross-correlator as described by Tomp-
kins et al. (20) (Model 102 BF; instruments for Physiology and Medi-
cine). Vrbc measurements were made using a water immersion x40
objective and x6.3 eyepiece. The wall shear rates were calculated from

the mean Vrbc (Vmean) and vessel diameter. The centerline Vrbc was
converted to the mean red cell velocity across the vessel diameter using
a conversion factor of 1.6 (Vrbc/Vmean = 1.6) originally described
by Baker and Wayland (21). Seki and Lipowsky (22) have confirmed
the validity of 1.6 ratio of Vrbc/Vmean for transilluminated vessels of
the cremaster tissue. Shear rates along the wall of microvessel of a
given internal diameter (D) were calculated using the relationship: Wall
shear rate = 8 Vmean/D (23). Estimates of volumetric flow rates (Q)
were made from Vmean and the vessel cross-sectional area (7r D2/4)
as described (20, 24). The practicality of flow estimations has been
demonstrated by Lipowsky et al. (24, 25) in studies involving nailfold
capillary microcirculation of sickle cell patients, as well as in animals
exchange transfused with human sickle blood.

In selected experiments, response of the cremaster arterioles to a
transient increase in oxygen tension was evaluated for both control and
transgenic mice. In these experiments, cremaster resting conditions were
maintained as described above using Ringer's bicarbonate solution
equilibrated with N2 and measurements of the diameter and Vrbc were
made. To examine the effect of local, transient hyperoxia, the suffusion
was changed to Ringer's bicarbonate solution equilibrated with 21%
oxygen in the gas mixture containing 5.6% CO2 and the balance N2.
Oxy suffusion was applied for 5 min. The suffusion was then switched
back to N2-equilibrated solution. Continuous microcirculatory measure-
ments were made during this maneuver.

Hemodynamic and microcirculatory observations in the ex vivo me-
socecum vasculature. Ex vivo perfusion studies were performed in the
isolated, acutely denervated, artificially perfused rat mesocecum vascu-
lature according to the method of Baez et al. (26) as modified for the
study of erythrocytes (7). Arterial perfusion pressure (Pa) was rendered
pulsatile with a peristaltic pump. Venous outflow pressure (Pv) was
kept at 3.8 mmHg, and the venous outflow rate (Fv) was monitored
with a photoelectric drop counter and expressed as milliliters per minute.
During perfusion with Ringer's at Pa of 60 mmHg, a bolus of control
or transgenic mouse red cells (hematocrit [Hct] 30% in autologous
plasma, 0.2 ml vol) was infused. Peripheral resistance units (PRU) were
determined as described (27) and expressed in mmHg/ml per min/
gram, PRU = AP/Q, where AP is the arteriovenous pressure difference
and Q is the rate of venous outflow (ml/min) per gram of tissue weight.
In each experiment, pressure flow recovery time (Tpf) was determined
after the bolus infusion of the samples. Tpf is defined as the time
(seconds) required for Pa and Fv to return to their baseline levels after
sample delivery and provides an estimate of total transit time through
the mesocecum vasculature. These measurements were accompanied by
direct intravital microscopic observations and video-recording of the
microcirculatory events.

Transmission electron microscopy (TEM). For TEM, tissue samples
from the contralateral cremaster muscle were fixed in Karnovsky fixative
and processed for TEM as described (28). Sections were stained with
uranyl acetate followed by lead citrate and observed in an electron
microscope (1200 Ex; JEOL U.S.A. Inc., Peabody, MA) at an accelerat-
ing voltage of 80 kV.

Statistical analysis. Paired t test or unpaired Student's test was
applied to analyze data. The statistical analysis was performed using
Statgraphics Plus 5.2 program (STSC, Inc., Rockville, MD) and an
IBM-AT computer (IBM Corp., Armonk, NY).

Results

Table I shows hematological parameters in control and
a H3 S# S-Antilles[ / MDD ] mice. aHo So S-Antilles [ MDDI] mice showed
a slight decrease in Hct, which was accompanied by elevated
MCHC and percent reticulocytes as compared with controls.
The slightly reduced mean corpuscular volume and constant
MCH are both consistent with the elevated MCHC.

In the present studies, two categories of experiments were
performed: (a) Direct in vivo microcirculatory observations
involving the cremaster muscle preparation of mice, and (b)
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Figure 3. Transmission electron microscopy of the cremaster muscle of aH#S#S-Anfies[#MDD] showing red cell adhesion to the venular endothelium.
(A) Adherent red cells in a venule. (B and C) Higher magnification showing distinct contacts between the red cell membrane and the endothelial
surface of venules. Bar in each case = 0.5 Mm.

Ex vivo evaluation of hemodynamic and adhesive behavior of
aHoSpS-Antilles[/PMDD I mouse red cells.

Direct in vivo microcirculatory observations
In vivo red cell adhesion and circulating sickled cells (intravas-
cular sickling). Direct microscopic observations and videotap-
ing of cremaster microcirculatory flow under resting conditions
revealed adhesion of red cells exclusively to the endothelium
of postcapillary venules (Fig. 2, A and B) in 7 out of 9
aH#S#SAm11es[#MDD ] mice studied, but not in control mice. In-
creased adhesion of red cells was observed at vessel junctions.
In most instances, red cells remained adhered for the duration
of experiments. In some venules, both red cells and leukocytes
were seen adhering to the vessel wall. Adhering and rolling
leukocytes were recognizable by their larger diameters (Fig. 2
B). In addition, in transgenic mice showing red cell adhesion,
a few sickled cells with distinct spicules (circulating sickled

Table I. Resting Microvascular Diameters (Mm) in Control and
aHfs/3s-A"ni1es [3MDD] Mice

Vessel order Control mice aH6SpS-AnfiIks[#MDDi mice P value

Arterioles
A2 45.5±5.9 (13) 44.5±4.5 (10) 0.66
A3 26.0±5.8 (9) 29.7±3.3 (7) 0.15
A4 13.7±4.4 (6) 13.1±2.9 (6) 0.80
Venules
V2 65.1±13.4 (9) 61.8±11.8 (7) 0.62
V3 34.0±5.5 (8) 34.4±4.9 (6) 0.91
V4 18.9±3.6 (5) 16.9±1.9 (5) 0.27

Values are mean±SD. Numbers in parentheses represent the number of
vessels.

cells) were regularly observed in the venular flow (Fig. 2 C).
In many instances, transient vessel occlusion, lasting several
minutes, was seen at postcapillary level which was spontane-
ously dislodged by the upstream pressure gradient. In the areas
of transient occlusion, a number of red cells appeared distorted
and sickled. In addition, in few cases, a permanent occlusion
of capillaries and postcapillary venules was observed, character-
ized by the presence of many morphologically distorted cells.

TEM of the contralateral cremaster muscle, which had not
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Figure 4. Arteriovenous Vrbc profiles in the resting cremaster muscle
microcirculation of controls (.- *) and aHs,3s-AntiIles[f3MDD]
(o----o) mice. In general, there was a progressive decrease in red cell
velocities with successive branching of arterioles from A2 to A4. Mini-
mum red cell velocity was recorded in V4 venules. However, as com-
pared with controls, the transgenic mice, under resting conditions,
showed 50% or more decrease in Vrbc in arterioles. In the venules, the
decrease was > 65%. * P < 0.01-0.001.
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Figure 5. Arteriovenous wall shear rates profiles in the resting C

muscle microcirculation of control (.- ) and a HoSoS-Antille
(o----o) mice. As is evident, during resting conditions, the tb
mice showed a drastic reduction in wall shear rates in both ai
and venules. In general, there was almost 50% reduction in a
wall shear rates. Greater than 60% reduction in wall shear ral
observed in V2 vessels. * P < 0.05 and +P < 0.01-0.001.

been exteriorized, from two a H3SPS-Antilles[3MDDI mi
firmed adhesion of red cells to the venular endotheliu
3, A-C). The adhered red cells showed distinct cont
tween the red cell membrane and the endothelial surf
adhesion of leukocytes was evident in TEM of the no
orized cremaster, suggesting that adhesion of leukoc3
served above in the cremaster microcirculatory prel
could be a consequence of tissue exteriorization as obse
others (29).

No significant differences were noted in the systemi
pressure (Psys) of control and the transgenic mice (
103.1±7.1 mmHg±SD; transgenic, 104.2±8.7; P > 0.

Microcirculatory flow measurements under restinA
tions. To determine microcirculatory consequences of
adhesion and intravascular sickling, on-line recording-
crovascular diameters and centerline red cell velocity
were made under resting conditions (P02 of suffusion s
15-20 mmHg). From these parameters, wall shear ra
volumetric flow rates (Q) were computed for A2, A3,
arterioles and similar orders of venules. A comparisoi
resting microvascular diameters revealed no significan
ences between control and a HpSp SAntilles[/PMDD] mice
II). Fig. 4 shows microvascular Vrbc profiles for con
a Ho ,S Antilles[,a MDD] mice. In controls, there was a prol
decrease in Vrbc with successive branching of arteriol
A2 to A4 (Vrbc, mn/s±SD: A2, 21.1+7.1; A3, 13.3:+
6.0±1.5). Minimum Vrbc was recorded in V4 venu]
thereafter a gradual increase in Vrbc was noted in highe
of venules (V3 and V2) (V4, 3.5±1.4; V3, 6.5±2
10.0+2.5). As compared with controls, a H,6SpS-Anfilles
mice, under resting conditions, showed a significantly de
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The decrease in Vrbc was even more pronounced (>(
venules (V4, 1.2+0.5; V3, 2.1±0.8; V4, 3.7±1.9;PP
0.001 as compared with controls).

A plot of arteriovenous wall shear rates (8 Vmean/D) is
presented in Fig. 5. In controls, maximum wall shear rates
(2,630+640 s-') were recorded in A3 arterioles (diameter,
29.7+3.3 gim; mean±SD). Thereafter, there was a gradual de-
cline and minimal values were obtained in V2 venules
(815±321 s '). The transgenic mice showed a drastic reduction
in wall shear rates (- 50% or more) in both arterioles and
venules (P < 0.05 to P < 0.001). In the transgenic mice,
maximum wall shear rates of 1,221±427 s-' obtained in A2
vessels were - 50% less than that recorded for control A2 (P

(9) < 0.001). Greater than 60% reduction in wall shear rates (e.g.,
* V2 - 312±151) was observed in any given order of venules

.(7) as compared with controls (P < 0.02-0.001) (Fig. 5).
A plot of averaged arteriovenous volumetric flow rates (Q)

2
in the resting microvasculature showed a parabolic pattern in
both control and transgenic mice (Fig. 6). In each group, high-
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rterioles
rteriolar < 0.01; V2 control - 21.6±10.9, V2 transgenic - 7.2±4.9, P
tes was < 0.01). The lowest Q values were obtained in V4 postcapillary

venules (control - 0.60+0.26, transgenic - 0.18±0.09, P
< 0.01). Thus transgenic mouse venules showed maximal
(- 70%) decline in Q. The large standard deviations at certain
data points in Fig. 6 are mainly due to variations in Vrbc and

ice con- diameters within a given vessel order.
m (Fig. The effect of oxygen on arteriolar diameter and flow. In
acts be- selected experiments, involving five controls and three
Face. No transgenic mice, the effect of a transient increase in local oxygen
nexteri- tension on the arteriolar diameters, Vrbc and estimated volumet-
ytes ob- ric flow rate (Q) was examined (Table Ill). First, diameters
paration and Vrbc were recorded for control or transgenic mouse arteri-
,rved by oles under the resting condition using N2-equilibrated suffusion

solution. Thereafter, the cremaster preparation was suffused for
ic blood 5 min with solution bubbled with a gas mixture containing 21%
control, oxygen (oxygen tension, 150 mmHg). In the control cremaster,
.8). oxygen caused maximal arteriolar vasoconstriction within 3
g condi- min. In one out of six control preparations, there was no arterio-
red cell lar response to oxygen and the preparation was considered non-
s of mi-
(Vrbc)
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Figure 6. Arteriovenous Q profiles in the resting cremaster muscle
microcirculation of control (- *) and a'H,6s,6s3 Antifes[QMDD]
(o----o) mice. Note the parabolic pattern of flow distribution from A2
to V2 vessels. The transgenic mice showed a significant (> 50%) de-
crease in Q in A2 arterioles. Minimal Q values were estimated for small
diameter V4 venules. Also, the transgenic mice showed > 60% decline
in venular flow rates. * P < 0.05 and +P < 0.01.
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Table III. Effect of Oxygen (21%) on the Arteriolar Diameter, Vrbc, and Q in the Control and aHfSfS-Antilles [pMDD] Mice

Diameter, pm Vrbc, mm/s Q, nUs

Mice N2 02 P value N2 02 P value N2 02 P valuet

Control 40.1±10.0 12.3±7.2 0.001 18.2±8.0 5.0±4.7 0.001 17.4±15.2 0.9±1.7 0.03
PS + /3S-Antilles 38.6±8.8 35.1±7.3 0.02 6.5±2.5 10.9±3.8 0.002 5.2±3.2 7.2±4.1 0.03

Values are mean±SD. * In these experiments, five control mice and three transgneic mice were used (number of arterioles [A2 and A3]: control -
6, transgenic - 5). t Paired t test.

regulating in accordance with the criteria established before
(30), and therefore results include data form five regulating
preparations (six arterioles). In the controls, oxygen caused
69.3% decrease in the arteriolar diameter (P > 0.001) (Table
III and Fig. 7). Concomitant with the diameter decrease, arterio-
lar Vrbc and Q declined by 74.8% (P < 0.001) and 96.5% (P
< 0.03), respectively (Table III and Fig. 7). In contrast, in
a HpSoS-Antilles [/#MDD] mice (five arterioles), the application of
oxygenated suffusion solution caused only 8.3% decrease in the
diameters (P > 0.02) (Table III and Fig. 7); this difference in
response was highly significant as compared with controls (P
> 0.0001; Fig. 7) and indicative of an altered microvascular
response. Furthermore, oxygenation caused 68.4% increase in
arteriolar Vrbc in the transgenic mice (P < 0.02) (Table III);
P > 0.0001 compared with percent change (-74.8%) in con-
trols (Fig. 7). These changes were accompanied by 41.5% in-
crease in Q (P < 0.03) (Table III); P < 0.0001 compared with
percent change (-96.5%) in control (Fig. 7). This is suggestive
of an improved rheologic behavior consequent to absence of
sickling of transgenic mouse red cells upon oxygenation. The
observed response in the diameter, Vrbc and Q to increase in
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oxygen tension was almost completely reversible when suffu-
sion was switched back to deoxy Ringer's solution.

Ex vivo observations
Perfusion experiments were performed, using the ex vivo
mesocecum preparation, to investigate hemodynamic and
adhesive behavior of oxy red cells from control and
aHo/SoS-Antilles[/PMDD]. We have previously shown that human
sickle cells adhere exclusively in postcapillary venules of the
ex vivo mesocecum preparation (8, 9). In the present studies,
a bolus of oxy control red cells or the transgenic mouse red
cells (0.2 ml, Hct 30% in autologous plasma) was infused into
the ex vivo preparations during perfusion with Ringer-albumin
solution at an arterial pressure of 60 mmHg. As shown in Table
IV, in each preparation, a H/So/ S-Antilles[oMDDI mouse red cells
resulted in higher PRU and a delayed Tpf as compared with
the control cells, which could be due to the reported presence
of dense cells and/or to the presence of adherent cells (16).
Direct microscopic observations and videotaping revealed adhe-
sion of transgenic red cells, but not of control cells, which was
confined to venules. In some venules, adhered cells tend to form
clusters (Fig. 8 A) and few small-diameter postcapillary venules
appeared completely obstructed (Fig. 8 B). However, there was
considerable variability in the extent of adhesion and some
venular networks were devoid of any adherent cells.

Discussion

Q

Figure 7. The effect of oxygen (21%) on the arteriolar diameter (Dia)
Vrbc, and volumetric flow rates (Q) in the cremaster muscle microcircu-
lation of control and aH3SpfS-Antilles[aMDD] mice. When oxygen tension
of solution suffusing the cremaster was raised to 150 mmHg using
21% oxygen in the gas mixture, the control arterioles showed a pro-
nounced 69.3% decrease in the diameters, accompanied by 74.8% de-
cline in Vrbc. In contrast, under similar conditions, the transgenic mice
showed only a slight 8% decrease in diameter, showing an altered

microvascular response to oxygen. Also, oxygen caused 68.4% increase
in red cell velocity and 41.5% increase in Q, suggesting an improved
rheologic behavior of transgenic mouse red cells upon oxygenation.
* P < 0.001 vs control.

The studies presented here demonstrate significant effects of
the expression of human a, 13s and # S-Antilles globins (on mouse
/-major deletional [/3i"DD] background) on the microvascular
blood flow of the mouse. Direct microscopic observations and
videotaping of the cremaster microcirculatory flow revealed ad-

Table IV. Hemodynamic Behavior of aH/3s3s#Anti~es [/3MDD] Mouse
Red Cells in the Ex Vivo Mesocecum Preparation

RBCs APRU (%)* Tpf (s)5

Preparation No. 1
Control mouse 14.5 75
,3s + ,3S-Antifles mouse 18.5 115

Preparation No. 2
Control mouse 19.0 45

)6S + 0S-Antilles mouse 26.4 55

* APRU (%) = PRU RBCs/PRU Ringer's x 100. t Tpf (s) = Pressure-
flow recovery time to the baseline level.
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Figure 8. Ex vivo mesocecum microvasculature. Infusion of oxy red cells from aH#S3S-Anfi1es[J3MDD] was followed by adhesion of these cells
exclusively in venules. (A) Adhered cells show greater concentration in smaller diameter venules. The arrow indicates the flow direction. (B)
Adhered mouse cells in a venule are deformed in the direction of the flow (arrow). Bar in each case = 20 jLm.

hesion of red cells to the vascular endothelium and intravascular
sickling under in vivo flow conditions in seven out of nine
aHoSos-Antilles[PMDD] mice with > 78% combined expression
of human 13s and 63S-Antilles. Both red cell adhesion and sickling,
considered integral aspects of the pathophysiology of human
sickle cell disease, have not been previously demonstrated under
in vivo flow conditions.

Adhesion of red cells was restricted to venules in the crem-
aster muscle preparation of the transgenic mice, as well as in
the rat ex vivo mesocecum preparation infused with transgenic
red cells. TEM of the nonexteriorized contralateral cremaster
muscle of transgenic mice showed distinct contacts between the
red cell membrane and the endothelial surface. The venular
specificity of adhesion is in agreement with our earlier findings
with human SS cells in the ex vivo mesocecum preparation (8,
9), and shows the relevance of the ex vivo preparation in adhe-
sion studies.

In addition, a few sickled cells with distinct spicules were
regularly observed in the venular flow of the transgenic mice.
Measurements of the delay time of polymerization have shown
that 20% aHo3SoS-Anflilies[I3MDD] mouse red cells would sickle
in < 1 s ( 16). The transgenic mouse red cells showing intravas-
cular sickling are likely to belong to this category.

Since mouse red cells containing human sickle hemoglobin
show both sickling and adhesion in vivo, transgenic sickle mice
could serve as a useful model for a better understanding of
certain in vivo processes involved in the pathophysiology of
the human disease.

When the resting microvascular diameters in the cremaster
muscle preparation of aHoIS3 SAntilles[PMDD] mice (showing red
cell adhesion and sickling) were compared with the control
mice, no significant difference was evident, demonstrating no
apparent change in the resting vascular tone of transgenic mice.
The microvascular profiles of Vrbc, wall shear rates, and Q in
the cremaster muscle of control mice are in general agreement
with previous studies in different microcirculatory beds of other
mammalian species (31). Thus the maximum Vrbc is encoun-
tered in A2 arterioles and the minimum in the small diameter
V4 venules, before rising again in larger diameter V3 and V2
vessels. Similarity, the highest wall shear rates are recorded on
the arteriolar side and lowest on the venular side. However,
under the resting conditions, the microvascular Vrbc, wall shear
rates and Q showed significant decrease in aH'3SoS/3sAntifes[/PMDD]

mice. The impaired microvascular flow in the transgenic mouse
under the resting condition (po2, 15-20 mmHg) is likely a
result of intraeythrocytic HbS polymer formation and the ob-
served intravascular sickling. HbS polymerization (hence sick-
ling) results in an increased viscosity and a reduced deformabil-
ity of red cells (7, 32).

The lower Vrbc in the transgenic mouse, by prolonging
arteriovenous transit time of red cells, would further contribute
to the observed red cell adhesion and sickling in venules. In
fact, venular Vrbc, wall shear rates and Q in the transgenic mice
showed greatest decrease (> 60%) as compared with controls.
Also, despite reduced Vrbc and wall shear rates in the transgenic
mouse arterioles, there was no evidence of red cell adhesion in
these vessels, suggesting that adhesion receptors were restricted
to the venular endothelium. These observations support our ear-
lier hypothesis that both endothelial characteristics and lower
wall shear rates in venules would be required for abnormal
adhesion of sickle cells to this part of the microcirculation (9).
Thus, the present observations combined with our previous ob-
servations on human SS cell adhesion in the ex vivo preparation
(8, 9) show that postcapillary venules are likely to be important
sites of vasoocclusion. Future work will be required to establish
whether, in the transgenic mouse, intravascular sickling gener-
ates secondary abnormalities in both the red cell membrane and
the vascular endothelium.

Experiments performed to determine the effect of local, tran-
sient hyperoxia (using 21% oxygen in the gas mixture) revealed
striking differences in the microvascular response of control
and transgenic mice. In the controls, the increase in local oxygen
tension caused a pronounced 69% decrease in the arteriolar
diameter, accompanied by a profound decrease in Vrbc and Q
(75 and 96%, respectively). Previous studies with skeletal mus-
cle preparations and isolated rat cremaster muscle arterioles
have shown a pronounced vasoconstricting effect of oxygen,
while hypoxia results in vasodilation (33-35). Thus microvas-
cular flow and resistance in the skeletal muscle would be sig-
nificantly modulated by changes in local oxygen tension. Vaso-
constriction evoked by increased oxygen tension has been attrib-
uted to the inhibition of endothelial synthesis of prostaglandins
and is dependent on the presence of intact endothelium (35).

In contrast, in a 1H, Sp S-Antilles[pMDD ] mice, transient hyper-
oxia resulted in only - 8% arteriolar constriction, indicating
an altered microvascular response. Also, in transgenic mice,
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hyperoxia induced a significant net increase in the arteriolar
Vrbc and Q (68 and 41.5%, respectively) (Fig. 7). In view of
the observed intravascular sickling during resting conditions,
the absence of sickling following the application of oxygen
would indicate unsickling of red cells due to depolymerization
of HbS and HbSAntiles. In general, vasoconstriction results in a
decrease in the flow (as seen in control mice) while an increase
in the flow is observed after vasodilation (36). In transgenic
mice, the net increase in Vrbc and Q during transient hyperoxia,
despite a slight vasoconstriction, is likely to be a consequence
of unsickling and a decrease in the bulk viscosity. The bulk
viscosity of transgenic mouse red cells is significantly higher
in the deoxygenated state (data not shown), which is in accor-
dance with our studies on the viscosity behavior of human SS
cells (7).

On the other hand, the altered vessel diameter response to
oxygen in transgenic mice may be in part a consequence of an
increase in the flow. Although the exact mechanism remains to
be elucidated, this response could involve either release of spe-
cific endothelial molecules (prostaglandins and/or nitric oxide)
or vessel diameter compliance secondary to an increased blood
flow as suggested for flow-mediated vasodilation in large arter-
ies (37-39). Blood rheological factors have been implicated
in the flow intermittency observed in sickle cell patients (40),
as well as in a depressed postocclusive reactive hyperemia dur-
ing the crisis (24). However, there could also be intrinsic differ-
ences in the endothelial cell and/or vascular smooth muscle
function between controls and transgenic mice. In particular,
additional contributions from possible endothelial abnormalities
(inflicted by circulating dense cells, adhesion and intravascular
sickling) which could induce, for example, increased prosta-
cyclin production (41 ) cannot be ruled out in the altered vascu-
lar tone response to oxygen.

To conclude, the transgenic mice expressing human Ps and
,S-Antilles on the mouse /-major deletional background exhibit
red cell endothelial interaction and intravascular sickling, both
of which have been implicated in the pathophysiology of the
human sickle cell disease, but never been demonstrated before
in vivo under dynamic flow conditions. In addition, we find a
novel phenomenon, an altered microvascular tone, and flow
response to oxygen in the transgenic mice. One implication of
this finding is that if an incompletely obstructed vessel could
be reached to provide adequate level of oxygenation, some of
the vasoocclusion could be averted. Taken as a whole, the mi-
crovascular flow abnormalities would contribute to the observed
organ damage and a reduced life span in these transgenic mice.
Finally, the transgenic mouse models present a unique opportu-
nity for further investigations of vasoocclusive mechanisms and
to test potential therapies in vivo.
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