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Abstract

The effect of various combinations of cervical arterial ligations (Combinations) on retinal blood
flow (RBF) levels is not known in rats. We hypothesized: 1) No artery exists between the Circle of
Willis and the eye, 2) Selective Combinations enable varying RBF levels between normal and
zero, 3) In certain Combinations, the capillary bed of the head participates in supplying the eye.
Twenty-six Combinations were studied in one eye of 20 Long-Evans rats under general anesthesia.
RBF was quantitatively evaluated with our published imaging methods based on direct
measurements of venous diameter and blood velocity from the displacement of fluorescent
microspheres over time. For each Combination, one or more RBF values (runs) were measured.
Data were obtained from 59 runs (2.9 £ 2.7 runs/rat). Levels of RBF ranged from normal to zero.
An artery between the Circle of Willis and the eye was excluded. With some Combinations, flow
traversed the capillary bed. Combinations were consolidated into five Groups based on the blood
flow paths remaining after the ligations. A mixed linear model accounting for multiple
measurements in the same eye demonstrated an effect of Group on RBF (P<0.0005). By major
source of ocular blood supply, the trend of RBF levels was: ipsilateral carotid artery> contralateral
carotid artery> ipsilateral distal internal carotid artery retrograde from Circle of Willis. The
findings advanced knowledge of the sources of blood supply to the rat eye and demonstrated a
method of selective cervical arterial ligations for varying RBF levels with potential to impact
future retinal ischemia research.
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Introduction:

Retinal ischemia is a major component of many clinically important, blinding conditions,
such as retinal artery and vein occlusions, diabetic retinopathy,(Bresnick et al., 1975; Silva et
al., 2015) sickle retinopathy(Do and Rodger, 2017) and the ocular ischemic syndrome. Much
has been learned about retinal ischemic injury from animal models of retinal ischemia,(Ben-
Nun et al., 1988; Blair et al., 2018; Blair et al., 2019; Buchi et al., 1991; Ernest and Archer,
1979; Hayreh et al., 1980; Karamian et al., 2019; Lafuente et al., 2002; Lelong et al., 2007;
Mosinger and Olney, 1989; Otori et al., 1994; Slakter et al., 1984; Stefansson et al., 1988)
but all of these models have limitations. It would be desirable to have an animal model
meeting the following criteria:

1. Any level of retinal blood flow (RBF) from unimpeded to zero RBF, and its
duration, can be set by the investigator,

2. RBF and other variables of interest can be measured at any time before, during,
or after altering the blood flow,

3. The method does not require the eye to be manipulated, or cause collateral,
nonischemic injurious ocular (especially retinal) effects.

We have particular interest in learning the effects of interfering with RBF over the full range
from normal to zero (criterion 1). We consider it likely that the retinal injuries with various
levels of partial ischemia would be different from that with total ischemia, which was
studied in most previous models.(Ben-Nun et al., 1988; Blair et al., 2019; Buchi et al., 1991,
Ernest and Archer, 1979; Hayreh et al., 1980; Lafuente et al., 2002; Mosinger and Olney,
1989; Otori et al., 1994; Stefansson et al., 1988) Since the ultimate objective is extrapolation
of the experimental results to the clinical situation, we note that at least some blood flow
usually is present when patients with retinal ischemia are examined (unpublished data, N P
Blair).

Previously, we presented a model in rats to induce acute, graded retinal ischemia that was
based on ligating the contralateral common carotid artery (CCAc, see Figure 1 and the
Abbreviations List for abbreviations of the vessels referred to this paper) and then variably
compressing the ipsilateral common carotid artery (CCA).(Blair et al., 2018) Some RBF
could be measured even with complete compression of CCA, consistent with RBF
measurements in the permanent bilateral common carotid occlusion (BCCAQ) ischemia
model.(Karamian et al., 2019) This observation also accords with only mild to moderate
injury with BCCAO in other studies. (Barnett and Osborne, 1995; Block et al., 1992; Block
and Sontag, 1994; Davidson et al., 2000; Guo et al., 2014; Huang et al., 2014; Lavinsky et
al., 2006; Slakter et al., 1984, Stevens et al., 2002; Takamatsu et al., 1984; Yamamoto et al.,
2006) These results raise the question of where the residual RBF comes from.

According to the careful work of Greene on the anatomy of the rat, the ophthalmic artery
(OA) supplying the eye (Figure 1) eventually originates from the pterygopalatine artery
(PPA, composed of proximal, pPPA, and distal, dPPA, parts) which branches from the
proximal internal carotid artery (pICA) just before the distal internal carotid artery (dICA)
penetrates the cranium via the carotid canal.(Greene, 1935) The dPPA itself bifurcates into

Exp Eye Res. Author manuscript; available in PMC 2021 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blair et al.

2.

Page 3

pterygoid and palatine branches, and OA arises from the palatine branch. More recently,
Shabanzadeh et al confirmed this by showing filling of the retinal vasculature after injecting
Evans blue into a tube inserted into the pPPA and dPPA of the rat. (Shabanzadeh et al.,
2018) This anatomy is unlike that in humans in which the OA branches from the intracranial
internal carotid artery part of the Circle of Willis (CW) near the origin of the middle cerebral
artery (MCA), and then enters the orbit through the optic canal on its way to the eye. Some
investigators have presented diagrams of the anatomy in rodents in which a so-called OA
(aOA) supplies the eye by branching intracranially from CW and communicates directly to
the eye as in humans,(Allen et al., 2014; Steele et al., 2008) and others have affirmed this
anatomy.(Allen et al., 2015; Allen et al., 2016; Kalesnykas et al., 2008; Li et al., 2009;
Michalski et al., 2013) We have not been able to find photographs of the vessels at the base
of the brain of rats that show the origin of any aOA.(Longa et al., 1989; Ma et al., 2006;
Sutherland et al., 2016; Zuo et al., 2012)

If, indeed, OA does not originate intracranially, but instead is derived from pPPA, it might be
possible to interfere with RBF over the full range (criterion 1) by ligating various
combinations of cervical arteries (criterion 3). Retinal ischemic effects have been shown by
combined ligation of two vessels, the external carotid artery (ECA) and pPPA.(Lelong et al.,
2007; Ogishima et al., 2011) Also, Tamaki et al clamped pICA in mice, and found evidence
of circulatory communication between ECA and dPPA.(Tamaki et al., 2006) This suggested
that in the presence of certain cervical arterial ligations, blood might flow from one artery to
another one by way of the capillary bed of the head (CB) and then on to the eye. We are
unaware of investigations on the retinal effects of multiple combinations of cervical arterial
ligations, especially ones in which actual measurement of RBF was the outcome (criterion
2).

We hypothesized that ligating various combinations of cervical arteries would allow
characterization of the paths by which the rat eye can be supplied with blood and form the
basis for inducing various levels of RBF in subsequent investigations. As part of this overall
hypothesis, we also made the following subhypotheses: 1) There is no direct communication
between CW and the eye, that is, aOA does not exist, 2) There is at least one combination of
arterial ligations in which RBF will be normal, at least one in which RBF will be zero and
others in which RBF will range between these two values, 3) During certain cervical arterial
ligations, CB, the capillary bed, either from the ipsilateral or contralateral side, can
participate in supplying the eye with blood. We also consider that to evaluate these
hypotheses the physiological variable RBF, which can be measured in vivo on a ratio scale,
is superior as an outcome variable compared to outcome variables in many previous studies
that must be measured on ordinal or interval scales, often postmortem. Using methods we
have established previously, we tested these hypotheses by measuring RBF during various
combinations of cervical arterial ligations.

Methods:

2.1 Animals:

Twenty male Long-Evans pigmented rats (age: 14.8 + 2.1 weeks; weight: 436 + 41.4 g;
N=19, data not available from one rat) were included in the study. All procedures were
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approved by the University of Southern California Institutional Animal Care and Use
Committee, complied with the ARRIVE Guidelines and carried out in accordance with the
National Institutes of Health guide for the care and use of Laboratory animals. The rats were
anesthetized with intraperitoneal injections of ketamine (100 mg/kg) and xylazine (5 mg/kg)
and were given additional doses to maintain anesthesia as needed. The femoral artery was
cannulated and a catheter was secured in place. The right pupil was dilated with 2.5%
phenylephrine and 1% tropicamide. An anterior midline incision then was made in the neck,
and, using blunt dissection, the salivary glands, lymph nodes, and ventral neck muscles were
retracted to expose CCA and CCAc. Care was taken to avoid injury to the vagus and
sympathetic nerves. The dissection was carried superiorly on the right (ipsilateral) side past
the bifurcation of CCA into ECA and pICA in order to expose and isolate the bifurcation
into dICA and pPPA. dICA then courses medially and posteriorly into the carotid canal
through the cranium, and pPPA then courses more laterally. The same dissection was also
performed on the contralateral side (Figure 1). Ligations with 5 — O silk sutures were
applied to various arteries, as described below. The incision was covered with gauze soaked
with saline solution. The rats were placed on an animal holder that incorporated copper
tubing perfused with heated water to maintain the body temperature. A glass cover slip with
2.5% hypromellose ophthalmic demulcent solution (HUB Pharmaceuticals, Plymouth, MI)
was applied to the cornea to minimize its refractive power and prevent dehydration for
imaging. As described elsewhere,(Wanek et al., 2011) 2-um polystyrene fluorescent
microspheres (Invitrogen, Grand Island, NY) were injected through the catheter for RBF
imaging. The time required to perform the procedures to expose the cervical vessels was
about 20 minutes. The time needed for each blood flow measurement was less than 10
minutes. Ligating each additional vessel took around 10 minutes.

Imaging:

RBF was measured in the right eye using our previously reported imaging system.(Wanek et
al., 2011) Red-free retinal images were analyzed to determine retinal venous diameter for
each major vein (Dyjing). Image sequences that displayed the position of individual
fluorescent microspheres were analyzed to provide measurements of blood velocity (Ving) in
each major vein. RBF was calculated by the product of Vjng, 7@ and (Dyjing)?/4, summed over
all major veins.

2.3 Cervical Arterial Ligations:

Figure 2 indicates schematically the vascular paths proposed to supply the eye of the rat. We
divided the PPA into pPPA and dPPA based on where a ligature could be placed. Because of
the short distance between the origin of pPPA from pICA and the point at which it goes
around the tympanic bulla (see Figure 210 in Greene (Greene, 1935)), surgical access by
way of the cervical incision only permits ligation of pPPA very near its origin. The following
arteries on the ipsilateral (right) side and their corresponding arteries on the contralateral
(left) side (designated by the suffix “c”) could be accessed from the cervical incision: CCA,
pICA, ECA, dICA, and pPPA. After exposure of the cervical arteries, one artery was ligated,
and RBF was measured in the right eye. Each such measurement is referred to as a “run”.
After the measurement, another artery was ligated, leaving any previous arterial ligations in
place. RBF was then measured again. This was repeated several times in each rat. There was
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never more than one run with a given combination of ligated cervical arteries in any rat.
Since the phrase “combination of ligated cervical arteries” is so unwieldy, for the purposes
of this study, we will use the term “Combination” to have this meaning instead (See Table
1). We note that when RBF was too low to be measured because of the scarcity or lack of
observed microspheres in the circulation, this was associated with the presence of extremely
narrowed arteries and/or segmented blood columns and a pale optic nerve head. In some
instances we have also included RBF from rats treated with the same procedures who had
sham surgery (n=8) or acute permanent BCCAQ (n=10) in another study that had different
objectives.(Karamian et al., 2019)

2.4 Statistical Analysis:

RBF runs were categorized retrospectively according to 5 unobstructed paths groups
(Groups), on the basis of which paths (Figure 2) were still available after the cervical arterial
ligations and the level of RBF through them (See Section 3). A mixed linear model that
accounted for multiple measurements in the same eye was generated to determine the effect
of Group on RBF with animal considered as a random variable. Pairwise comparisons
between Groups were performed using Bonferroni adjustments for multiple comparisons. In
general, the study was not designed to make fine distinctions between individual
Combinations because the numbers were too small. Thus, the ranking of Combinations in
Table 1 must be considered tentative. Statistical analysis of data was performed using SSPS
Statistics Software (Version 24 IBM Armonk, New York)

3. RESULTS:

All blood flow paths to the eye come orthograde from either CCA or CCAc or retrograde
from CW into either dICA or dICAc. CW, which supplies the brain, itself is derived from the
basilar artery (BA) and the two vertebral arteries (VA) that supply it. If aOA exists, it also is
derived from CW. Figure 2 shows all possible paths, and they are designated by letters. In
this figure blood flow paths converge at the eye and all inputs to each bifurcation are
delineated extending upstream to all of the possible origins of blood to the eye noted above.
Note that one possible segment in the sequence of vessels going to the eye is CB, which is
assumed to be highly anastomotic and can eventually connect to dPPA and from there to the
eye. Since arteries from both sides contribute to CB, depending on which arteries are ligated,
it is possible for blood originating from either the ipsilateral or contralateral side to
contribute to the blood supply of the right eye. Study of the cervical arteries and what
structures they supply is in the domain of gross anatomy, and, accordingly, we refer to blood
supply to the eye, rather than to the retina. This clearly implies that these vessels also supply
the retina, but we will refer explicitly to the retina when we are specifically referring to the
blood supply to it. We do not mean to imply that referring to the blood supply to the eye
excludes supply by the same vessels to extraocular structures or to intraocular structures
other than the retina.

In the present study, RBF data were obtained from 59 runs of combinations of ligated
cervical arteries. Although there are 1024 possible Combinations using the five ipsilateral
and five contralateral surgically accessible cervical arteries, we chose 26 Combinations that
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we thought would be most revealing of the blood supply to the eye. Data were obtained on
2.9 £ 2.7 (mean and SD; range: 1-7) Combinations per rat. There was only one run with a
given Combination in any rat. Table 1 gives mean and SD of RBF in descending order that
were observed with 13 Combinations (46 runs), excluding 13 additional Combinations in
which there was only one run. Since the value when there is only one run is a poor indicator
of the true mean RBF of a Combination, these values were not included. Table 1 also
includes additional values for Combination 10 in 10 rats from our previous study(Karamian
et al., 2019) performed with exactly the same procedures as in the present study. Thus, 56
runs are presented in Table 1.

Overall, as might be expected, there was a tendency for RBF to be lower when more vessels
were ligated. The highest RBF, which equaled the sham surgery RBF of 8.5 + 2.1 uL/min, N
= 8, from Karamian and coworkers,(Karamian et al., 2019) was seen when CCAc and dICA
(Combination 1) were ligated. This left free flow to the retina from CCA to pICA to pPPA
while simultaneously preventing any of that flow into dICA and from there to the brain.

On the other hand, RBF was low in the 25 runs in which CCA plus CCAc with or without
other vessels were ligated. When only both CCA and CCAc were ligated (Combination 10),
RBF was about 25% of normal. However, when dICA was added to these ligations
(Combination 12), RBF was eliminated. Accordingly, retrograde flow in dICA from CW
must have been the only source for RBF prior to adding ligation of dICA (Figure 2, Path E).
This also indicates that the data provided no evidence for the existence of aOA, (Path 1), and
no blood was available to the ipsilateral eye from dICAc (Paths G and H). Otherwise, there
still would be some flow to the retina after ligation of dICA was added. The only other
instance in which RBF was zero was when both CCA and CCAc plus pPPA were ligated
(Combination 13). In this situation the only unobstructed possible path to the eye was Path F.
As opposed to Path E in which retrograde flow in dICA could pass directly into pPPA and
on to the eye, in Path F blood flowing retrograde from dICA could not enter pPPA, but
would have had to take the more circuitous path through pICA, ECA and CB to gain access
to dPPA and then the eye. These results demonstrate that Paths F, G, H and | in Figure 2 do
not contribute significantly to the blood supply of the ipsilateral retina.

Some Combinations gave unexpected RBF values, most notably Combination 4 in which
pPPA was ligated near its origin. RBF was only mildly reduced, to about 78% of normal,
despite this artery being the best established normal path to the eye.(Greene, 1935;
Shabanzadeh et al., 2018) Since ligating pPPA eliminates flow to the eye via Paths A and E,
and we have shown Paths F, G, H and | do not contribute to RBF in the ipsilateral eye, this
flow must have been via some aggregate of Paths B, C and D. Figure 2 indicates that all
three of these paths go through CB to get to dPPA and on to eye, indicating that CB can be a
significant segment in paths to the eye.

In all 69 runs (including 10 runs of Combination 10 from Karamian and coworkers),
(Karamian et al., 2019) after ligation, there were 4.9 + 1.6 unobstructed possible paths of
blood flow to the eye (not excluding Paths F, G, H and | which were just shown not to
contribute in actuality to RBF of the ipsilateral eye). It seemed highly unlikely that all
possible unobstructed paths contributed equally to the RBF. Instead, it seemed probable that
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the paths associated with higher RBF upon inspection of Table 1 would dominate the total
flow. Our inspection led us to assume that the order of contribution to RBF by the
unobstructed paths was A > B > C/D (C/D, our data did not permit differentiation between
these) > E. Accordingly, we retrospectively consolidated the Combinations into unobstructed
paths groups (Groups, as indicated in the Statistics section) based on this sequence. Thus,
Group 1 consisted of any combination of unobstructed paths that included Path A, which is
the path dominating supply to the eye in the normal condition. Group 2 included any
combination of unobstructed paths containing Path B, but not A. Path B provides flow from
CCA, but routes blood through CB. Group 3 comprised any combination of unobstructed
paths having Path C or D, but not Paths A or B. In this Group blood flow is derived mainly
from CCAc through CB. Group 4 included any combination of unobstructed paths with Path
E, but not A, B, or C/D. In this Group no flow to the eye was derived from either carotid
artery, but instead was derived from CW by way of retrograde flow through dICA to pPPA.
Group 5 contained any combination of unobstructed paths which excluded Paths A, B, C/D
or E but included F, G, H or I. We have already shown that none of the latter paths provided
significant RBF to the right eye.

For the five Groups the linear mixed model gave estimated marginal means and SEM values
for RBF that accounted for multiple measurements in the same eye. These are shown in
Table 2. The model showed a significant effect of Group on RBF (P < 0.0005). The results
of pairwise comparisons are given in Table 3. The main unobstructed paths to the eye in the
four Groups having substantial RBF (A, B, C/D, and E) are depicted in Figure 3.

4. DISCUSSION:

In the present study we were able to confirm the overall hypothesis that ligating various
combinations of cervical blood vessels would allow characterization of the paths by which
the rat eye can be supplied with blood. Also, we were able to confirm the three
subhypotheses. First, there is no direct communication between CW and the eye (aOA, Path
I). Some investigators have used the intra-arterial filament model of MCA occlusion to study
ocular ischemia because the method also interferes with ocular blood flow.(Allen et al.,
2015; Allen et al., 2014; Allen et al., 2016; Block et al., 1997; Kaja et al., 2003; Kalesnykas
etal., 2008; Li et al., 2009; Michalski et al., 2013; Steele et al., 2008) In this method a
filament, such as a nylon suture, is passed into pICA (usually from ECA by passing the
filament retrograde through it) after temporarily clamping CCA. The filament is then
advanced intra-arterially to the origin of MCA, thereby obstructing it. We propose that in
this method ocular ischemia results from the combination of ligation of ECA and
interference by the filament to flow into pPPA at its origin. However, ocular ischemia has
been attributed previously to obstruction of the origin of aOA by the filament near the origin
of MCA. In some of these reports, diagrams have been presented in which an artery (aOA)
branches from CW between the entry of dICA into the cranium from the carotid canal and
the origin of MCA (Path I).(Allen et al., 2014; Steele et al., 2008) In contrast, we have not
been able to find clear photographs or other convincing anatomic documentation of aOA.
Our blood flow measurements provide physiologic confirmation of the anatomic findings of
Greene and others that dPPA is the source of blood supply to the eye.(Greene, 1935;
Ogishima et al., 2011; Shabanzadeh et al., 2018) Two observations support this: 1) With
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ligation of CCA plus CCAc (Combination 10), RBF was reduced to about 25%. However,
by adding ligation of dICA (Combination 12) RBF was eliminated. This indicates that the
only blood flow to the eye with the unobstructed dICA had been retrograde to pPPA (Path E)
and not through aOA (Path 1). We also note that under these conditions (ligation of CCA,
CCAc and dICA), no flow came to the ipsilateral eye from dICAc, although we assume that
about 25% of normal RBF was contributed to the contralateral left eye by it (dICAc). 2) The
highest mean RBF was seen when CCAc and dICA were ligated (Combination 1). In this
situation, there would have been plentiful blood flow from CCA and pICA to pPPA and to
the eye (Path A). On the other hand, without either of these two major contributors (dICA
and CCAC), essentially the only supply to CW and the brain would have to have been via
BA and VA. Consequently, flow from CW through aOA, as opposed to flow via dPPA,
would have to have been markedly reduced. We note that the conclusions of the studies that
assume blood supply to the eye via aOA would not have been significantly different had the
authors assumed supply to the eye by pPPA. (Allen et al., 2015; Allen et al., 2014; Allen et
al., 2016; Kalesnykas et al., 2008; Li et al., 2009; Michalski et al., 2013; Steele et al., 2008)

Second, there are combinations of ligated cervical arteries that will make it possible to vary
RBF between normal and zero by variably compressing CCA or CCAc. Of course, this
requires that there be no aOA, which would be surgically inaccessible. We have described a
method to induce graded retinal ischemia in which CCAc was ligated. Then a rod attached
to a micromanipulator was used to compress CCA against a backstop with high precision to
produce reductions of RBF. (Blair et al., 2018) However, RBF was not reduced to zero even
when CCA was completely closed by the rod. This is consistent with the current results in
which CCA plus CCAc were occluded (Combination 10), as well as with several reports in
which permanent BCCAO was used as a model to study ocular ischemia. (Barnett and
Osborne, 1995; Block et al., 1992; Block and Sontag, 1994; Davidson et al., 2000; Guo et
al., 2014; Huang et al., 2014; Karamian et al., 2019; Lavinsky et al., 2006; Slakter et al.,
1984; Stevens et al., 2002; Takamatsu et al., 1984; Yamamoto et al., 2006) Since this
residual flow was accounted for in the present study by retrograde flow from CW through
dICA to pPPA, ligating all three of these arteries (CCA, CCAc, and dICA, Combination 12)
caused RBF to be reduced to zero. If CCAc and dICA are ligated, RBF should be essentially
normal (Combination 1). Then, having ligated CCAc and dICA, adding variable
compression on CCA should allow RBF to be adjusted to any value from normal (with no
compression) to no flow (with complete compression). The resulting model then will meet
all of the criteria listed in the Introduction. We also note that by ligating any of the
combinations in Table 1 one can induce a partial reduction in RBF without the experimental
complexity imposed by external compression to the carotid artery. For example, if one
wanted to establish RBF at approximately 5.3 pL/min, about 62% of normal RBF, one could
ligate CCAc and pPPA (Combination 5).

We were particularly interested in being able to induce RBF over the full range from normal
to zero (criterion 1) for two reasons: 1) we considered it likely that the development of
retinal injury with various levels of ischemia might be different from that with total
ischemia. For example, some injurious metabolic cascades might able to proceed during
partial ischemia in which some energy metabolism persists that would be unable to proceed
after energy metabolism is eliminated by total ischemia. Furthermore, it is unknown how the
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results of various durations of total retinal ischemia, which were studied in most previous
models,(Ben-Nun et al., 1988; Blair et al., 2019; Buchi et al., 1991; Ernest and Archer,
1979; Hayreh et al., 1980; Lafuente et al., 2002; Mosinger and Olney, 1989; Otori et al.,
1994; Stefansson et al., 1988) correlate with those of partial ischemia of various durations
and levels, 2) Studies of rats with permanent BCCAQ show significant, but not severe,
eventual retinal injury. This means that the processes that determine whether the tissue will
survive, die or hover in a penumbra-like state comparable to an idling car are particularly
prominent at levels of blood flow maintained below those present under these conditions.
Because tissue in the penumbra-like state could respond to therapy, it would be of particular
interest to establish a level of RBF in which the penumbra-like state would predominate.
(Lipton, 1999) Study of tissue in this state would have great potential for facilitating the
development of therapeutic approaches to clinical conditions with incomplete retinal
ischemia.

Third, during certain cervical arterial ligations the CB can serve as a vascular segment in a
path to the eye, either from the ipsilateral or contralateral side. Perhaps the most unexpected
result of the current study, especially after we concluded that aOA does not exist, was that
when pPPA was ligated, RBF was the fourth highest we recorded, still about 78% of normal.
Furthermore, ligating dICA and pICA (Combination 3), which isolates pPPA, had the third
highest RBF, about 85% of normal. Because of surgical access, pPPA can be ligated only
near its branching from the pICA. Tamaki et al used synchrotron radiation
microangiography to investigate the blood flow pattern in mice.(Tamaki et al., 2006) After
closing pICA, they found retrograde flow derived from ECA in dPPA, eventually going
toward the brain. This demonstrates that significant communications can exist between ECA
and dPPA, presumably by way of anastomotic channels in CB and possibly between other
micro-vessels, which, if contributing, we assume under the designation CB. In Combination
4 in which pPPA alone is ligated, our model of potential paths to the eye (Figure 2) included
only pathways involving an anastomotic CB. As noted above, our results led us to exclude
Paths F, G, H and I. With the pPPA ligated, Paths A and E are excluded from contributing to
RBF. This means that only Paths B, C, and D could be contributing to RBF, and all pass
through CB on the way to dPPA and the eye. Furthermore, Paths C and D originate from the
contralateral side, and the RBF for paths C and / or D was about 51% of normal, presumably
because of the longer path (and higher resistance to flow) to dPPA. Again, to eliminate RBF,
closing contralateral vessels is necessary (Combinations 12 and 13), demonstrating the
existence of a path (CB) from the contralateral side to the ipsilateral eye. We consider these
observations to be compelling evidence that CB can contribute significantly to the RBF,
including flow from the contralateral side. On the other hand, Shabanzadeh et al clamped
pPPA for 30 minutes in rats.(Shabanzadeh et al., 2018) 14 days after removal of the clamp,
they found significant ganglion cell loss, suggesting that RBF via CB was not sufficient to
prevent this. Relating these results to ours is very difficult because of major differences in
the experiments. Among these are rat strain, outcome variable, timing of outcome
acquisition and the possible presence of delayed reflow after removal of the clamp.(Blair et
al., 2019)

The extracranial sources of blood supply to the eye and brain are CCA, CCAc and the 2 VA,
and the latter contribute to CW (as do dICA and dICAc when flow is orthograde). Since our
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data exclude the existence of aOA, in principle the eye can be supplied from four sources:
CCA, CCAc or retrograde from CW through dICA or dICAc. We simplified the results of
the 26 Combinations into 5 Groups based on their ability to supply the eye. We now can
appreciate that these Groups closely relate to these four sources. In Groups 1 and 2, blood is
derived from CCA. They differ by Group 1 being dominated by Path A, the normal route,
and Group 2 being dominated by Path B in which flow is diverted through CB. Despite this,
no statistically significant difference was seen in mean RBF between these Groups. In Group
3, RBF originated mainly from CCAc necessitating passage through CB. Furthermore, in
this situation, CCA was ligated so that much of the blood flow through CCAc had to supply
the brain and contralateral eye. This would have left less to be available to the ipsilateral eye,
as indicated in Tables 2 and 3. In Group 4, both CCA and CCAc were ligated so that the eye
had to be supplied by Path E by way of retrograde flow through dICA from CW. In this
situation (Combination 10), RBF in the ipsilateral eye was only about 25% of normal.
Presumably, this low RBF was because the entire brain and both eyes had to be supplied by
the VA, which left little for the eyes. In Group 5, both CCA and CCAc, as well as other
arteries, were ligated, and RBF was extremely low or absent. Path | was theoretically
possible, but excluded based on our data. RBF by way of Path F had to start out at a low
level as it did in Path E (Group 4), but it then had to pass though pICA and CB to get to the
eye. RBF via Paths G and H had to be supplied from the contralateral side and by retrograde
flow from CW. The low retrograde flow available from dICAc then had to traverse CB.
Apparently, the added distance and resistance in Paths F, G and H left RBF at minimal or
undetectable levels. Thus, the Groups fit nicely into a 2 by 2 table in which better RBF is
associated with an ipsilateral and/or orthograde source of blood flow, Table 4. The only
exceptions are Path F in Group 5, in which low flow had a long, circuitous path, and Path 1,
which was shown not to exist. We note that a Group must be based on the entire path
involved and not only on which of the four sources noted above are ligated. For example,
even if CCA is not ligated, RBF cannot be derived from it if ECA and pPPA are ligated.

The current study had limitations. First, it is known that there can be variability in the
vascular patterns from species to species and also between strains within species, (Oliff et
al., 1995), as well as sex differences, which may limit the generalizability of the results.
Second, in each rat several ligations were added successively, making RBF measurements
after each ligation. The interval between ligations was less than 20 minutes. Thus, any
vascular readjustments that would take longer than that to develop were not represented in
our results. This also meant that in some instances the duration of anesthesia may have had
some affect. Third, the method interferes with both the retinal and choroidal circulations, but
we only measured blood flow in the retinal circulation. Thus, this study did not provide
information on the levels of choroidal blood flow and their rankings associated with the
Combinations.

5. Conclusions:

By ligating various cervical arteries, the paths of blood flow to the rat eye have been
clarified. In decreasing order of capacity, retinal blood flow can be derived, 1) orthograde
from the ipsilateral common carotid artery either directly or indirectly through the capillary
bed, 2) orthograde from the contralateral common carotid artery via the capillary bed, or 3)
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retrograde from the Circle of Willis through the distal internal carotid artery. The results
disaffirm the existence of a direct communication between the Circle of Willis and the eye in
the rat. A method to induce any level in the full range of retinal blood flows was identified.
These results may prove useful in studying various levels of retinal ischemic injury and aid
in developing improved therapy.
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Abbreviations:

aOA Alleged Direct Communication from Circle of Willis to Eye

BA Basilar Artery

BCCAO Bilateral Common Carotid Artery Occlusion

c Indicates the Contralateral Vessel Corresponding to the Ipsilateral

One with the Same Name

CB Highly Anastomotic Capillary Bed of the Extracranial Head
CCA Common Carotid Artery

CwW Circle of Willis

dICA Distal Internal Carotid Artery

dPPA Distal Pterygopalatine Artery

Dv/ind Venous Diameter for Each Individual Major Retinal Vein
ECA External Carotid Artery

MCA Middle Cerebral Artery

OA Ophthalmic Artery

pICA Proximal Internal Carotid Artery

PPA Pterygopalatine Artery

pPPA Proximal Pterygopalatine Artery

RBF Retinal Blood Flow

VA Vertebral Artery

Vind Blood Velocity in an Individual Major Retinal Vein
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Highlights:
. Various combinations of cervical ligations can clarify blood supply to the eye
. There is no direct communication between the Circle of Willis and the eye

. The pterygopalatine artery is the input to the ophthalmic artery
. The capillary bed of the head can be a link in the ocular blood supply

. By choosing the ligations, retinal blood flow can be varied from normal to

Zero
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CCA | pICA |
ECA pPPA
—L . dPPAJ-OA
Anastomotic
CB

Capillary Bed

ECAc pPPAc

CCAc | plICAc I dICAc

a0A = Alleged Direct Communication from Circle of Willis to Eye
BA = Basilar Artery
CB = Highly Anastomotic Capillary Bed of the Extracranial Head
CCA = Common Carotid Artery
CW =Circle of Willis
dICA = Distal Internal Carotid Artery
dPPA =Distal Pterygopalatine Artery
ECA =External Carotid Artery
MCA = Middle Cerebral Artery
OA =Ophthalmic Artery
pICA = Proximal Internal Carotid Artery
pPPA = Proximal Pterygopalatine Artery
VA = Vertebral Artery
¢ = Indicates the Contralateral Vessel Corresponding to the Ipsilateral One with the Same Name

= Indicates that Capillaries from the Artery communicate with the Highly Anastomotic Capillary Bed

Figure 1:
Schematic Diagram of Blood Vessels that could be involved in Supplying Blood Flow to the

Eye in Rats

Exp Eye Res. Author manuscript; available in PMC 2021 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Blair et al.

Page 17

Right
Eye

OA
/dPPA a0OA
pPPA \cs cwW
7/ AN
pICA dIICA |
1
CCA cw
A 8 ECA ECAC pPPAC
\ / N\ /  \
CCA pICA CCAc pICAc pICAc dICAc
| | | |
B dl(l:A C  dicac cCAc cw
CW CwW D G
F H

Paths:

A: CCA, pICA, pPPA, dPPA, OA

B: CCA, ECA, CB, dPPA, OA

C: CCAc, ECAc, CB, dPPA, OA

D: CCAc, pICAc, pPPACc, CB, dPPA, OA

E: CW, dICA, pPPA, dPPA, OA

F: CW, dICA, pICA, ECA, CB, dPPA, OA

G: CW, dICAc, pPPAc, CB, dPPA, OA

H: CW, dICAc, pICAc, ECAc, CB, dPPA, OA

1 : CW, a0A

Figure 2:
Proposed Paths of Blood Flow to the Eye in Rats

Abbreviations refer to blood vessels as indicated in Figure 1. Single letters refer to blood
vessel paths to the eye. Note that the final common path is the ophthalmic artery, and blood
flow gains access to the eye (and retina) only by way of it. The only possible exception is the
alleged ophthalmic artery (path shown in gray) whose existence has been asserted but was
not substantiated in the current study. Also, note that blood flow to the eye must be derived
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orthograde from either the ipsilateral or contralateral common carotid artery or retrograde
from the Circle of Willis by either the ipsilateral or contralateral distal internal carotid artery.
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CCA TPICAW
ECA pPPA
i
—L . LdPPAJ-OA
Anastomotic
. CB
Capillary Bed
ECAc pPPAc
CCAc | plCAc I
BA = Basilar Artery Group 1: Path A
CB = Highly Anastomotic Capillary Bed of the Extracranial Head Group 2: Path B
CCA = Common Carotid Artery Group 3: Paths C/D

CW = Circle of Willis
dICA = Distal Internal Carotid Artery
dPPA =Distal Pterygopalatine Artery
ECA =External Carotid Artery
MCA = Middle Cerebral Artery
OA =Ophthalmic Artery
pICA = Proximal Internal Carotid Artery
pPPA = Proximal Pterygopalatine Artery
VA = Vertebral Artery

¢ = Indicates the Contralateral Vessel Corresponding to the Ipsilateral One with the Same Name

Group 4: Path E

= Indicates that Capillaries from the Artery communicate with the Highly Anastomotic Capillary Bed

Figure 3:
Schematic Diagram Depicting Major Paths Supplying Blood Flow to the Eye in Groups after

Various Cervical Arterial Ligations in Rats

Combinations of cervical arterial ligations were consolidated retrospectively into
unobstructed paths groups (Groups) based on the capacity of the unobstructed paths
according to Figure 2 to supply the eye after ligation of the cervical arteries. Group 1
consisted of any combination of unobstructed paths that included Path A. Group 2 included
any combination of unobstructed paths containing Path B, but not A. Group 3 comprised any
combination of unobstructed paths having Path C or D, but not Paths A or B. Group 4
included any combination of unobstructed paths with Path E, but not A, B, C or D. Group 5
contained any combination of unobstructed paths which excluded Paths A, B, C, D or E but
included F, G, H or I. No path is indicated for Group 5 since blood flow in this unobstructed
paths group was extremely low or absent. Note that the alleged communication between the
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Circle of Willis and the eye has been removed from the diagram because the data did not
confirm its existence.
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Table 1

Mean and SD of Retinal Blood Flow after Various Cervical Arterial Ligations and the Unobstructed Paths to
the Eye in Rats

o Retinal Blood Flow (uL/
Conwuk:«:]r:;t:’on Vessels Ligated N min) Unobstructed Paths to Eye Unobstcr;'L:gLeg Paths
Mean SD

1 CCAc, dICA 3 8.5 19 A /B G H,I 1
2 CCA, pPPA 4 7.2 2.4 C,D,FG H,I 3
3 dICA, pICA 2 7.2 1.6 B,C,D,G,H, 1 2
4 pPPA 10 6.6 29 B,C,D,F,G,H,I 2
5 CCAc, pPPA 4 5.3 1.8 B,F, G H,I 2
6 CCA 3 4.8 0.0 C,D,E,F G, H,I 3
7 CCA, dICA 2 4.3 0.5 C,D,GHI 3
8 CCA, dICA, pPPA 2 2.9 0.8 C,D,G H,I 3
9 CORTER TN | 4 28 05 C.D,GH,I 3
10 CCA, CCAc 117 2.2 14 E,FGH,I 4
11 dICA, ECA, pPPA 2 18 14 C,D,G H,I 3
12 CCA, CCAc, dICA 6 0.0 0.0 G H,I 5
13 CCA, CCAc, pPPA 3 0.0 0.0 F,G,H,I 5

Column 1 contains the Combination Number (Combination is the abbreviation for [combination of cervical arterial ligations]) that was assigned
after arranging the rows in descending order according to the values for Mean Retinal Blood Flow (RBF) in Column 4. The abbreviations in
column 2 correspond to the blood vessels as shown in Figure 1. Column 3 indicates the number of runs. RBF was measured once, that is, there was
one run, in a given eye for each of several Combinations. Thus, RBF values of runs obtained from an individual eye appear in several rows, but
each row contains no more than one run from a given eye. Column 6 displays the RBF paths (according to Figure 2) that contain no ligated vessels
and therefore can contribute to the blood supply of the eye. Column 7 presents the unobstructed paths group (Group) in which the Combination in
the same row belongs. Combinations were consolidated retrospectively into Groups based on the capacity of the unobstructed paths (indicated in
Column 6) to supply the eye according to Figure 2 after ligation of the cervical arteries. Group 1 consisted of any combination of unobstructed
paths that included Path A. Group 2 included any combination of unobstructed paths containing Path B, but not A. Group 3 comprised any
combination of unobstructed paths having Path C or D, but not Paths A or B. Group 4 included any combination of unobstructed paths with Path E,
but not A, B, C or D. Group 5 contained any combination of unobstructed paths which excluded Paths A, B, C, D or E but included F, G, H or I.

*

indicates that 10 runs having ligation of CCA and CCAc (Combination 10) are included from Karamian et al.(Karamian et al., 2019) In 13
additional Combinations there was only one run. Since the value when there is only one run is a poor indicator of the true mean of a Combination,
these values were not included in this Table. Thus, the total of runs in this Table is 56.
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Table 2

Mean and SEM of Retinal Blood Flow in Five Groups Based on the Unobstructed Paths to the Eye after
Various Cervical Arterial Ligations in Rats

Retinal Blood Flow (uL/min)
Unobstructed Paths Group Unobstructed Paths N
Estimated Marginal Mean | SEM
1 A and others 4 7.6 0.9
2 B and others, but not A 18 6.2 0.5
3 C or D and others, butnot AorB | 20 4.3 0.5
4 E and others, but not A-D 11% 2.2 0.6
5 F through I, but not A-E 16 0.3 0.5

The paths by which the unobstructed paths groups (Groups) are defined are presented in Figure 2. N in Column 3 includes all runs in each of the
Combinations (Combination is the abbreviation for [combination of cervical arterial ligations]) that fit within a given Group, including not only the
56 runs presented in Table 1, but also the 13 runs from the 13 additional Combinations in which there was only one run. Accordingly, the total N is
69. The values in Columns 4 and 5 are derived from the mixed linear model that determined the effect of Group on RBF while accounting for
multiple measurements in the same eye.

*
indicates that 10 runs having ligation of CCA and CCAc (Combination 10, Table 1) are included from Karamian et al.(Karamian et al., 2019)
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Table 3

Probability Values for Pairwise Comparisons of Retinal Blood Flow in Five Groups Based on the
Unobstructed Paths to the Eye after Various Cervical Arterial Ligations in Rats

P Values
Unobstructed Paths Group 2 3 4 5
1 1.000 | 0.01™ | <0.0005* | <0.0005*
2 0.013™ | <0.0005™ | <0.0005 "
3 007 | <0.0005*
4 0.18
5

Combinations (Combination is the abbreviation for [combination of cervical arterial ligations]) were consolidated retrospectively into unobstructed
paths groups (Group) based on the capacity of the unobstructed paths according to Figure 2 to supply the eye after ligation of the cervical arteries.
Group 1 consisted of any combination of unobstructed paths that included Path A. Group 2 included any combination of unobstructed paths
containing Path B, but not A. Group 3 comprised any combination of unobstructed paths having Path C or D, but not Paths A or B. Group 4
included any combination of unobstructed paths with Path E, but not A, B, C or D. Group 5 contained any combination of unobstructed paths
which excluded Paths A, B, C, D or E but included F, G, H or I.

*
indicates P < 0.05, the criterion used for statistical significance. In Table 2 the value for retinal blood flow for each unobstructed paths group is

given.
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Table 4

Major Extracranial Sources of Retinal Blood Flow in Five Groups Based on the Unobstructed Paths to the Eye
after Various Cervical Arterial Ligations in Rats

Orthograde from Common Carotid Artery | Retrograde from Circle of Willis via Vertebral Arteries

Ipsilateral Groups 1 and 2 Group 4

Contralateral Group 3 Group 5

Combinations (Combination is the abbreviation for [combination of cervical arterial ligations]) were consolidated retrospectively into unobstructed
paths groups (Groups) based on the capacity of the unobstructed paths according to Figure 2 to supply the eye after ligation of the cervical arteries.
Group 1 consisted of any combination of unobstructed paths that included Path A. Group 2 included any combination of unobstructed paths
containing Path B, but not A. Group 3 comprised any combination of unobstructed paths having Path C or D, but not Paths A or B. Group 4
included any combination of unobstructed paths with Path E, but not A, B, C or D. Group 5 contained any combination of unobstructed paths
which excluded Paths A, B, C, D or E but included F, G, H or I.
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