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Effects of free and liposome-encapsulated 
hemoglobin on choroidal vascular plexus blood
flow, using the rabbit eye as a model system

INTRODUCTION

Considerable attention has been paid to the role of
hemoglobin in regulating flow and oxygen delivery in
the microcirculation (1-5). In recent years, the iden-
tification of nitric oxide as a key component of vas-
cular tone regulation (originally identified as endothelium
derived relaxation factor), and the well known strong
interaction of nitric oxide with hemoglobin, have led
investigators to examine the direct effect of hemo-
globin on vascular tone in the microcirculation (6). To

date, the majority of these studies have focused on
the interaction of free hemoglobin in clinical indica-
tions such as subarachnoid hemorrhage and the ap-
plication of acellular hemoglobin as an oxygen car-
rying fluid in indications in which red blood cells are
currently used (blood substitutes) (7). In numerous
animal and human studies, application of acellular he-
moglobin has resulted in a substantial systemic pres-
sor response (8-19). Yet, few studies have examined
this pressor response and the resultant alteration of
blood flow at the microcirculatory level. 

ABSTRACT: Purpose. This study investigated the vasoconstrictive effects of both stroma-
free and liposome-encapsulated cross-linked hemoglobin (Hb) on vascular plexus hemo-
dynamics, using the choroid of the rabbit eye as a model system.
Methods. Sequential subtraction of high-speed ICG fluorescence angiogram images facil-
itated visualization of the time-varying patterns of blood flow distribution in the chorio-
capillaris during the cardiac cycle. Differences between baseline and post-hemoglobin in-
jection blood flow distributions were analyzed. Likewise, differences in the time-varying
patterns of flow distribution between the particulate and liquid phases of blood during a
cardiac cycle were investigated, since this may bear on differences in vasoactivity induced
by circulating stroma-free vs. encapsulated Hb.
Results. Cross-linked Hb induced a transient, but marked, localized reduction in chorio-
capillaris blood flow. This effect was significantly attenuated when liposome encapsulated
cross-linked hemoglobin was administered. Plexus blood flow distribution was different for
particulate and liquid ICG.
Conclusions. Differences in particulate and liquid ICG flow patterns suggest that one con-
tribution to the different plexus blood flow patterns observed in the encapsulated and free
Hb experiments may be due to differences in liquid and particle-bound Hb distribution within
the plexus. The observed choriocapillaris blood flow reductions may be attributable to an
aggregate endothelial cell contractility induced by presence of extra-cellular Hb in the chorio-
capillaris plexus. (Eur J Ophthalmol 1999; 9: 103-14)
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Investigations of hemoglobin action in the micro-
circulation to date have centered on end-arteriolar
vascular systems. The most widely used model for in-
vestigating interactions of hemoglobin in the micro-
circulation has been the use of intravital microscopy
in hamster skin fold studies. This model has been used
to generate a “functional capillary density” which de-
fines the number of capillaries observed to transit red
blood cells. This model has been used to examine red
blood cell velocity and oxygen delivery and to relate
the capillary density to changes in blood flow induced
by vasoconstrictor agents, including free and modi-
fied hemoglobins. The introduction of acellular he-
moglobin has been shown to result in a marked re-
duction in functional capillary density, presumably due
to the binding of nitric oxide and the subsequent in-
hibition of relaxation, although other factors such as
increased arteriolar oxygen may also contribute to this
effect (20).

The effects of encapsulation of hemoglobin on al-
tering the well known vasoconstrictor properties of
free hemoglobin recently have been examined . It was
shown that encapsulation of hemoglobin attenuates
(by 60-100 fold) vasoconstriction in both rabbit tho-
racic arterial segment and perfused ear artery prepa-
rations (21). The attenuation was hypothesized to be
due to the reduced extravasation of the hemoglobin
when encapsulated, with subsequent reduced inter-
actions with nitric oxide. This hypothesis was sup-
ported by evidence which showed that the Hb-induced
vasoconstrictor response was relieved following the
infusion of a nitric oxide donor, s-nitrosylpenacillamine.

In the present study, we examined the effect of free
and encapsulated hemoglobin introduction in the choroidal
plexus of the rabbit eye. A unique morphological fea-
ture of the choroidal vasculature of the eye is that all
of its capillaries lie in a single plane and form a vas-
cular plexus. This vascular plexus, the choriocapil-
laris, lies immediately adjacent to the sensory retina,
separated from it only by the single-cell thickness of
the retinal pigment epithelium (22). The choroidal vas-
culature, which has one of the highest blood flows
per gram of tissue anywhere in the body (23), con-
sists of three layers: the outer-most (furthest from the
retina) consists of large diameter arteries and veins
which give rise to a middle layer of smaller diameter
arteries and veins, and these in turn feed and drain
the single-capillary thick choriocapillaris. The chori-

ocapillaris is a true vascular plexus in that it is pos-
sible to move from any point within the choriocapil-
laris to any other point without traversing arteriolar
or venular vessels. Viewed from its anterior side, the
choriocapillaris is a fairly uniform tight meshwork com-
posed of short segments of large diameter capillar-
ies; the density of the meshwork decreases with ra-
dial distance from the posterior pole of the eye to-
ward the periphery. Feeding arteriolar vessels from
the underlying middle vascular layer enter the chori-
ocapillaris approximately 90° to the capillary plane.
Interspersed amongst the arterioles, draining venu-
lar vessels exit the choriocapillaris at oblique angles
to the capillary plane as they enter the adjacent mid-
dle layer. 

There are compelling morphological similarities be-
tween the vasculature of the choroid and that of the
lung alveoli, similarities which serve as a catalyst
to more intense investigation of the choroidal vas-
cular plexus as a model system. The capillary blood
vessels in the pulmonary alveoli particularly resemble
those of the choriocapillaris in that they too are short,
closely knit, and of such large diameter that they
also can accommodate passage of several erythro-
cytes abreast (Fig. 1); in fact, it is clear by virtue of
the close morphologic similarity of these two plex-
es that the concept of sheet flow (24), used to de-
scribe movement of blood through alveoli capillar-
ies, applies equally well to the choriocapillaris. There
is, however, a major dissimilarity between the cap-
illary plexes of the cortex and alveoli and that of the
choroid: whereas these two plexes are not readily
accessible to non-invasive observation, the
choroidal vasculature can be readily probed non-
invasively by optical means.

In general, the complex angioarcitecture of plexes
defies construction of simple models to describe blood
flow through them, but since plexes are connected to
multiple, interspersed feeding and draining vessels,
an intuitive conclusion is that plexus blood flow must
result from a complex network of local perfusion pres-
sure gradients established amongst its feeding and
draining vessels.  Even though it may not be possi-
ble to define adequately all of the major parameters
involved in regulating blood flow through a particu-
lar plexus, it is possible at least to characterize the
overall distribution of blood flow through it, as well
as time-varying changes in that distribution. Such a
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characterization has been developed for the
choroidal plexus of the eye.

MATERIALS AND METHODS

Visualization of choriocapillaris blood flow

The choroidal vasculature, which lies behind the sen-
sory retina, is hidden from direct visualization by a
monolayer of pigmented endothelial cells, sand-
wiched between the sensory retina and the choroid;
moreover, interstitial tissue of the choroid itself is fair-
ly densely pigmented also. High-speed indocyanine
green (ICG) dye fluorescence angiography was de-
veloped by one of the present investigators to over-
come the major problems encountered when attempting
to visualize the rapid choroidal blood flow. ICG an-
giography utilizes near-infrared wavelengths, which
penetrate the retinal pigment epithelium and
choroidal pigment with relative ease. Since the ma-
jority of ICG molecules are bound to blood protein,
ICG fluorescence arises from dye molecules in the

blood volume moving through the choroidal vascula-
ture (25). Although the technique of ICG dye fluores-
cence angiography makes it possible to routinely vi-
sualize choroidal blood flow, visualizing just chorio-
capillaris blood flow requires processing raw ICG an-
giogram images.

Circulating ICG dye first enters the layer of larger
diameter vessels underlying the choriocapillaris lay-
er, and, although the fluorescence from the two ves-
sel layers is additive, the much greater fluorescence
intensity of the underlying vessels obscures that of
the choriocapillaris. However, a method whereby im-
ages of just the choriocapillaris circulation can be ex-
tracted from a sequence of raw ICG angiogram im-
ages has previously been developed and demonstrated
(26-27). The technique derives from the facts that: (1)
ICG fluorescence arising from the choriocapillaris is
additive to that arising from the larger diameter, un-
derlying vessels which feed and drain the choriocapillaris
and to that arising from the vessels that permeate the
overlying sensory retina, and (2) blood flow velocity
through the choriocapillaris is pulsatile and signifi-
cantly greater than the average velocities through ves-

a b

Fig. 1 - Angioarchitecture of (a) the choriocapillaris (posterior view, showing draining veinoules) and (b) lung alveoli.
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sels in both the over- and under-lying layers. This means
that, for any short time interval (e.g., 1/15 - 1/30 sec.),
the percent change in fluorescence associated with
the choriocapillaris is significantly greater than the
percent change in fluorescence associated with the
overlying or underlying vessel layers. Therefore, pix-
el-by-pixel subtraction of successive angiogram im-
ages produces a sequence of resultant angiogram im-
ages showing only the fluorescence arising from the
choriocapillaris layer. However, by adjusting the span
between subtracted images, the dye wave front mov-
ing through the arteriolar vessels feeding the chorio-
capillaris can be seen as well. That is , ordinarily im-
age 1 is subtracted from image 2, 2 from 3, 3 from 4,
etc., but instead image 1 can be subtracted from im-
age 3, 2 from 4, 3 from 5, etc. This latter method was
used throughout the images shown in this study so
that arteriolar and capillary plexus blood flows could
both be visualized.

To acquire the raw angiogram images, a small bo-
lus (0.1 ml) of concentrated ICG dye (12.5 mg/ml) was
injected intravenously and followed immediately by a
larger rapidly injected bolus of isotonic saline; the saline
pushes the dye bolus into larger vessels having more
rapid flow. As the dye bolus travels to the eye, it be-
comes diluted to a point that its fluorescence is most
efficient; ICG dye is subject to concentration fluo-
rescence quenching, and its concentration in blood
that produces the most efficient fluorescence (0.03
mg/ml) as well as the dilution an intravenously injected
dye bolus undergoes in transit to the eye has been
determined (28). Passage of dye-tagged blood
through the choroid is recorded by a Zeiss fundus
camera equipped with a pulsed (5 msec) laser diode
light source to excite the dye to fluorescence; the laser

is synchronized with a gated intensified CCD video
camera (Xybion, Inc., San Diego, CA) that records the
angiogram images at a rate of 30/sec. Typically, forty-
eight to sixty-four 512 x 480 pixel images were digi-
tized and stored in a PC computer during each dye
transit period of approximately 2 seconds. Subsequently,
the sequences of angiogram images were sequentially
subtracted as described above.

Hb sample preparation

As much of the background data on the vasocon-
strictor properties of Hb have indicated that vaso-
constrictive effects are observed in normovolemic an-
imals, we decided that administration of a top load-
ing volume of either stroma-free cross-linked hemo-
globin (XLHb) or encapsulated XLHb in the rabbit would
be sufficient to generate data on Hb effects in the
choroidal plexus. The characteristics of the Hb solu-
tions that were used in our investigations are pre-
sented in Table I. The cross-linked hemoglobin used
for these studies was prepared using bis (3,5-dibro-
mosalicyl) fumarate (DBBF) as the cross-linking
agents which cross-links the two alpha subunits of
hemoglobin at the lysine 99 residues. The cross-linked
hemoglobin was prepared under Good Laboratory Prac-
tices at the Armed Forces Blood Detachment facility
(Gaithersburg, MD). 

Rabbit preparation, Hb sample injection, and angiogram
acquisition

For each test solution, 3 pigmented Dutch Belted
rabbits were ketamine anesthetized (50 mg/kg) and
had their eyes dilated with Tropicamide. Two 30 image/

TABLE I - PHYSICOCHEMICAL CHARACTERISTICS OF HUMAN HEMOGLOBIN SOLUTIONS

Stroma-free XLHb Encapsulated XLHb

Hemoglobin Conc. (g/dl) 3 3

metHemoglobin (%) 5 5-7

P50 29 29

pH 7.28 7.28

Phospholipid (mg/ml) 4.5 x10-4 58

Free Iron (mole Fe/heme) 1.67 x10-5 1.67 x10-5

Endotoxin (Eu/ml) 0.25 <2.5

Diameter (microns) — 0.18
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sec. base-line angiograms were performed following
injection of 0.10 ml of 1.2 mg/ml ICG dye and a 1 ml
isotonic saline flush through an ear vein catheter. Each
test solution was then administered through the ear
vein at a volume equivalent to 10% of the rabbit’s to-
tal blood volume (calculated on the basis of its weight)
during a 3 to 4 minute period. Subsequently, ICG an-
giograms were acquired at approximately 15, 35, 65,
and 85 minutes following infusion of the Hb solution
as previously described. The angiogram sequences
were then sequentially subtracted to produce images
of dye transit through the isolated choriocapillaris plexus,
and these resultant image sequences were compared.

The rates of dye-stained blood movement through
individual vessels that feed the choriocapillaris
plexus do not readily lend themselves to quantifica-
tion, since the wave front of dye movement through
those vessels is not perfectly delineated in the an-
giograms. Quantification of the plexus dye filling rate
would be even more difficult, since plexus dye move-
ment is multi-directional and not symmetrical. For these
reasons, our data are presented in terms of differ-
ences in time-varying plexus dye filling patterns which
readily can be seen in side-by-side comparisons of
angiogram image sequences.

RESULTS

The effects of stroma-free XLHb on rabbit choroidal
blood flow

Analysis of data consisted of side-by-side, image-
by-image comparisons of angiograms. This revealed
areas of markedly reduced choriocapillaris blood flow
following XLHb infusion, the reduction in blood flow
progressively decreasing throughout the periods of
observation.

A summery of the typical blood flow changes that
occurred during one of the periods of observation is
presented in Figure 2. Each row consists of images
from the same angiogram sequence: the first two rows
are images from the two base-line angiograms ac-
quired just prior to XLHb infusion, and the other rows
are images from the angiograms acquired 15, 35, 65,
and 85 minutes following infusion. All the rows of an-
giogram images are in phase with each other according
to first appearance of dye in the same early-filling ar-

teriole. Each column consists of images obtained at
the same interval during dye transit through the choroidal
vasculature. The first column, on the left, consists of
images showing first appearance of dye in the same
short arcuate vessel in the extreme upper left-hand
corner of each image (because of density differences
in the negative film strips used to make the figure,
they are extremely faint in those first images of the
last two rows). Then, moving left to right, the columns
consist of images acquired 3/30 sec., 9/30 sec., and
15/30 sec. later. Using first appearance of dye in the
same arteriolar vessel is a valid synchronization method
because initiation of that event depends only upon
arrival of a dye bolus wave front in the arterial ves-
sels feeding the eye; it is a circulation event distal to
the heart and is therefore independent of the phase
relationship between venous dye injection and the car-
diac cycle.

It should be noted that the overall time-varying dye-
filling pattern changes recorded during the two base-
line angiograms (the first two rows) are virtually iden-
tical; they were also consistent with other an-
giograms of the same eye made during earlier ob-
servations. Thus, the filling patterns become a mi-
crovasculature fingerprint of the animal from which
to examine possible changes due to the infusion of
the test materials. In the third row, acquired 15 min-
utes after XLHb infusion, a significant change in the
dye filling pattern is evident in the second image (at
3/30 sec. later than the first image) and remains no-
table in the next two images. Specifically, a well de-
marcated, vertically-oriented band of reduced fluo-
rescence, starts at the top and center of the field of
view and extends down to the center; it is most pro-
nounced in the third row, third column image; this is
consistent with reduced regional choriocapillaris
blood flow. (If during the time interval between which
two sequential images were acquired, no change took
place in the blood flow distribution within a particu-
lar area of a particular layer of choroidal vessels, then
that area would appear dark in the resultant subtracted
image. Thus, the vertically-oriented band is interpreted
as such a lack of change in the choriocapillaris. But
note that a large diameter underlying vessel in the
center of the band is visible, indicating that during
the same time interval a change in flow took place in
it.) At the same time, filling of the two prominent, cen-
trally-located arteriolar trees seen in the baseline an-
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First Baseline

Second Baseline

15 min Post-infusion

35 min Post-infusion

65 min Post-infusion

85 min Post-infusion

0 sec 3/30 sec 9/30 sec 15/30 sec

Fig. 2 - ICG angiograms of the choriocapillaris following infusion of stroma-free XLHb. Each row consists of images from the same an-
giographic sequence: the first two rows of images from the two base-line angiograms acquired just prior to 10% XLHb top-load infusion,
and the other rows are images from the angiograms acquired 15, 35, 65, and 85 minutes following infusion. All rows are in phase with
each other according to the first appearance of dye in the same arcuate arteriole at the top left-hand edge of the 0 sec. images. Note
that in the Second Baseline and 15 min. Post-infusion 0 sec. images that residual dye from the previous injections is visible in the venules
that drain the plexus. Each column consists of images obtained at the same interval during dye transit through the choroidal vasculature.
Each image shows a 10° fundus field of view, inferotemporal to the optic disc, just inferior to the margin of the medullary rays.
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giograms appeared to become retarded (compare the
middle two images in rows 3 and 4 to those in the
first two and last two rows). The inferior portion of
each image in the figure remains dark, although the
dark area diminishes moving left to right across each
row. This is because during the approximately one-

half second interval represented by the four images
in each row, dye flow does not reach the most pe-
ripheral parts of the vasculature located at the bot-
tom of the image field of view.

When this same top-loading experiment was repeated
using an equivalent volume of isotonic saline instead

First Baseline

Second Baseline

15 min Post-infusion

35 min Post-infusion

65 min Post-infusion

0 sec 3/30 sec 9/30 sec 15/30 sec

Fig. 3 - ICG angiograms of the choroidal plexus following infusion of encapsulated XLHb. Each row consists of images from the
same angiographic sequence: the first two rows of images from the two base-line angiograms acquired just prior to 10% encap-
sulated XLHb top-load infusion, and the other rows are images from the angiograms acquired 15, 35, and 65 minutes following
infusion. All rows are in phase with each other according to the first appearance of dye in the same arteriole. Each column con-
sists of images obtained at the same interval during dye transit through the choroidal vasculature. Each image shows a 10° fun-
dus field of view, inferotemporal to the optic disc, just inferior to the margin of the medullary rays.
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of XLHb, no change in filling patterns was detected
in the angiograms made during the same time inter-
vals following infusion. Thus, we are convinced by the
preeminence and consistency of the dye-filling pat-
terns we observed that infusion of stroma-free XLHb
produces filling defects in choroidal plexus blood flow,
relative to the normal baseline filling patterns. This
finding is consistent with previous observations in an
exchange transfusion study in the hamster skin fold
preparation in which a transient but market reduction
in functional capillary density was observed follow-
ing the infusion of a similar hemoglobin preparation
(6). This is the first demonstration of similar effects
in the vasculature architecture of a plexus. The mech-
anism of this action is presently not defined but may
be related to the potent interaction of nitric oxide and
hemoglobin and the resultant inhibition of vasorelax-
ation. The spatial distribution of this effect within the
choroid suggests that there are regions that are more
susceptible to vasoconstrictor activity. This may be

instructive in terms of spatially defining local regions
which may be more involved with regulating global
blood flow in this architecture.

Effects of liposome encapsulated XLHb on rabbit choroidal
blood flow

Analysis of angiogram sequences following infusion
of encapsulated XLHb revealed discrete areas of de-
fective choriocapillaris filling that, as in the case of
stroma-free XLHb infusion, appeared within 15 min-
utes following infusion, but the duration of the de-
fects was relatively brief (less than 65), compared to
that noted following infusion of stroma-free XLHb (more
than 85 minutes). Interestingly, the location and shape
of the defect was quite similar to that observed both
times in the of stroma-free XLHb-infused rabbit. Fig-
ure 3 shows an array of ICG angiogram images, sim-
ilar to that in Figure 2, from one of the animals. The
rows are, from top to bottom, respectively: two base-

Free ICG Injection

First 
Encapsulated 
ICG Injection

Second 
Encapsulated ICG
Injection

0 sec 3/30 sec 9/30 sec 15/30 sec

Fig. 4 - Liquid vs. encapsulated ICG angiograms in the choroidal plexus. Liquid ICG (row 1) and liposome-encapsulated ICG (rows
2 and 3) angiograms. The columns of images are in phase, based on aligning images showing the same extent of filling of the pre-
dominant arterial vascular tree. Each image shows a 10° fundus field of view, inferotemporal to the optic disc, just inferior to the
margin of the medullary rays.
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lines, 15, 35, and 65 minutes following infusion of li-
posome encapsulated XLHb; the columns are, from
left to right, respectively: earliest filling of the small
group of vessels in the upper left corner of the field
of view (that small group, presumably consisting of
end-on-viewed arterioles, filled concomitantly with a
much larger patch of choriocapillaris in the 3rd and
4th rows), and then images acquired 3/30 sec., 9/30
sec., and 15/30 sec. later.

The two baseline angiograms are virtually identical
except for the fact that the arterioles in the second
frame of the first row appeared to fill a fraction of a
second (less than 33 msec.) faster than in the sec-
ond row, but the overall filling pattern is quite con-
sistent. Beginning in the second frame of the third
row (just 15 min. after blood substitute infusion, re-
duced filling of the right-hand side of the field of view
is apparent, and in the 3rd and 4th frames, it is ob-
vious that a defect similar to that pointed out in Fig-
ure 3 is present in these angiograms as well; note that
as in the stroma-free infusion experiment, the verti-
cally-oriented defect is immediately adjacent to an
arteriolar tree feeding the choriocapillaris plexus. How-
ever, by 35 minutes following infusion, the dye filling-
pattern begins to again resemble that of the baseline
patterns, and by 65 minutes is virtually identical. Since
this same time course of events occurred consistently,
we concluded that although the same blood flow pat-
tern change occurred as a result of infusing stroma-
free and liposome-encapsulated XLHb, encapsulation
attenuated the degree and duration of this effect, pre-
sumably due to the vasoconstrictor activity of Hb. 

The encapsulation of hemoglobin in liposomes has
been shown to attenuate the vasoconstrictor responses
of hemoglobin in isolated in vitro aortic segments (21).
This is the first report of attenuated vasoconstrictor
activity in the microcirculation with encapsulated he-
moglobin and supports the previous in vitro findings.
The attenuated activity has been suggested to result
from greater retention of hemoglobin in the vascular
compartment, with reduced extravasation to sites of
potential interaction with nitric oxide. This hypothe-
sis is supported by stopped flow kinetic binding stud-
ies of NO-hemoglobin binding that have shown that
similar binding constants for NO-hemoglobin in en-
capsulated and acellular forms. This also suggests
that the lipid bilayer of the liposome does not retard
diffusion of NO. The vasoconstrictor activity of acel-

lular and encapsulated hemoglobin may thus be de-
pendent on their spatial distribution in the vascular
bed. This was the basis for our examination of the
distribution of the particulate and solution phases with-
in the choroidal plexus.

Visualization of choroidal plexus blood flow using par-
ticulate vs. liquid ICG

In order to investigate whether the differences in
stroma-free and encapsulated XLHb vasoactivity are
due to differences in the flow distribution of particu-
late vs. liquid phase in the plexus, we have investi-
gated the differences in angiograms generated from
free ICG and ICG encapsulated in liposomes (with no
encapsulated hemoglobin). In these experiments, the
same rabbits used in the XLHb experiments were sub-
jects. To avoid any effects from the blood substitute
experiments, more than two months elapsed before
these experiments were performed. As before, keta-
mine anesthesia and Tropicamide dilation were em-
ployed. After baseline angiograms were acquired us-
ing the usual ear vein injection of 0.01 ml of liquid
ICG dye, angiograms were obtained using ear vein-
injected 0.01 ml boluses of 150 nm diameter liposomes
encapsulating ICG at a concentration of 10-3 mg/ml
of physiologic buffer.

Figure 4 compares angiograms made of the same
rabbit eye, using liquid ICG (row 1), and liposome-
encapsulated ICG (rows 2 and 3); again, the columns
of images are all in phase, based on aligning images
showing the same extent of filling of the predominant
arteriolar tree. Note that the starting time shown is
slightly later in the cardiac cycle than the one shown
for the stroma-free infusion experiment; that is, the
first two frames in row 1 of Figure 4 are equivalent to
the last two frames shown in rows 1 and 2 of Figure
2. The columns again each contain images of identi-
cal intervals following those in the first column. Note
also that the fields of view in the 2nd and 3rd rows
of Figure 4 are slightly different from that in the 1st
row; that is, in the ICG-liposome angiograms, the view
is more centered on the predominant arteriolar tree.
The most interesting difference in the ICG-liposome
angiograms is that the choriocapillaris filling is more
apparent than in the liquid ICG angiograms. We spec-
ulate that the phenomenon may be the result of dif-
ferences in blood component (liquid vs. particulate)
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flow distribution of particulate vs. free ICG. A simple
explanation for the difference being that the disper-
sion of the ICG-containing liposomes throughout the
plexus is much slower relative to dispersion of the
free ICG molecules. The important point is that a sig-
nificant difference in filling patterns is discernable.

DISCUSSION

We have investigated the effects of a vasoconstrictor
agent, hemoglobin, on flow dynamics in the choroidal
plexus in the eye. To our knowledge this is the first
time such an investigation has been carried out in an
in vivo vascular plexus model system, although Hahn,
et al investigated the effects of stroma-free hemo-
globin on arterial diameter and blood flow in rat tu-
mors (29). Choroidal filling and emptying patterns were
extremely reproducible, which provided a fingerprint
for each animal from which to examine blood flow
changes induced by the infusion of hemoglobin. Two
hemoglobin solutions were intravenously injected in-
to anesthetized rabbits, and their plexus blood flows
were dynamically imaged over the course of 2 hours.
Injection of acellular cross-linked hemoglobin result-
ed in significant defects in filling which were amelio-
rated over 90 minutes. Encapsulation of hemoglobin
in liposomes attenuated this effect. As these effects
may be due to partitioning of particulate and solute
phases within the plexus, we used liposomes con-
taining ICG to follow the particulate versus liquid phas-
es of blood flow. Previous studies have shown that
liposomes with hemoglobin behave as non-Newton-
ian fluids (30), like red blood cells, and therefore, we
believe they demonstrate particulate behavior rather
than fluid, or plasma flow behavior. These studies demon-
strated that the plexus flow distribution was indeed
different for particulate and liquid ICG, suggesting that
one contribution to the different plexus blood flow
patterns observed in the encapsulated and free he-
moglobin experiments may be due to differences in
liquid and particle-bound Hb distribution within the
plexus. The retention of hemoglobin within the vas-
cular compartment by encapsulating in liposomes may
also contribute to this effect.

The vasoconstrictive effects of hemoglobin on
choriocapillaris hemodynamics in our experiments were
manifest as markedly altered blood flow patterns, but

identifying the specific mechanism through which they
were altered was beyond the scope of this study. There
are, nevertheless, known aspects of the choroidal vas-
cular plexus that help narrow the spectrum of possi-
bilities. Foremost, it is important to recognize that
blood flow patterns through the choriocapillaris
plexus must be governed by whatever complex net-
work of local perfusion pressure gradients is estab-
lished amongst the interspersed feeding and drain-
ing vessels connected to its posterior side. These pat-
terns have been shown to be unique to each eye be-
cause of the particular distribution of feeding and drain-
ing vessels in each eye, and those patterns have been
shown to be very stable over long periods of time (26-
27). Consequently, any perturbation within the per-
fusion pressure network of a given eye could change
the plexus blood flow pattern, the most likely per-
turbing event being change in vascular resistance to
flow. The most likely such change would be increased
resistance due to vasoconstriction as opposed to de-
creased resistance due to vasodilatation, because giv-
en the density of the choriocapillaries, the small spaces
between adjacent capillaries, and the relatively dense
tissue milieu within which they lie, there is there is lit-
tle room in which dilation could take place.  Increased
vascular blood flow resistance could be localized, as
in vasoconstriction of feeding arteriolar vessels de-
livering blood to the plexus, or resistance increase
could be diffusely distributed throughout a large area
of the plexus, as produced collectively by very small
changes in the capillary cell walls, or a combination
of both of these could exist. The changes seen in the
XLHb experiments, however, are consistent with the
major component of increased vascular resistance be-
ing distributed throughout a segment of plexus area.
For example, the decreased capillary plexus flow demon-
strated in Figure 2 began in an isolated, vertically ori-
ented segment (see row 3) before it became more gen-
eralized (as in row 4, 20 min. later). Trying to account
for reduced flow to that segment on the basis of in-
creased resistance localized to the underlying feed-
ing arteriole is unconvincing, since if such an event
were to have taken place, dye-stained blood from the
adjacent plexus areas would have filled the deprived
segment. Moreover, the images in both rows 3 and 4
indicate that dye-stained blood continued to be pre-
sent in the underlying arteriolar vessels throughout.

Evidence for endothelial cell contractility appar-
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ently started with Stricker’s 1865 studies (31), and
since then various other investigators have provided
additional evidence (32-35). More recently, Aharine-
jad and co-workers elegantly demonstrated contrac-
tion of capillary endothelial cells in the mouse exocrine
pancreas as a mechanism for flow regulation (36), and
their work “suggests that capillaries may contribute
to flow regulation when the whole microvascular bed
of an organ is considered”. In the context of the pre-
sent study, it is conceivable that small contractions
of the intra-cellular filaments within a majority of the
choriocapillaris endothelial cells in any large segment
of the choriocapillaris plexus would be manifest as a
decrease in capillary wall flexibility and area, and hence,
as an increased resistance to capillary blood flow through
that segment. This concept certainly is consistent with
the results of our XLHb experiments.

It seems reasonable also that the same changes in

choriocapillaris plexus blood flow induced by the pres-
ence of extra-cellular hemoglobin can be induced in
other plexes and by other vaso-active substances.
Therefore, the choroidal vasculature of the eye
should serve as a readily accessible capillary plexus
model system for investigating the effects of a vari-
ety of vasoactive substances. And since the method-
ology for visualizing choriocapillaris blood flow is based
on data acquired by an angiogram methodology al-
ready approved for and now widely used in human
subjects, human vascular plexus hemodynamics can
be routinely studied by our method.
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