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Abstract

 

Retinal hypoxia occurs in many conditions that cause vascular disease in the eye and is an important stimulus to

new vessel formation. However, the adult retina can also become hypoxic when there is systemic hypoxaemia such

as occurs in chronic lung diseases, congenital cardiac disease and residence at high altitude. Little is known about

the adaptive responses of the retinal vasculature in such circumstances. Previous research in the retinopathy of

prematurity model may not apply to the adult tissue given the different mechanisms controlling angiogenesis in

developing and mature circulations. We tested the hypothesis that chronic systemic hypoxia leads to angiogenesis

in the adult retinal circulation, in the absence of pre-existing vascular disease. Adult male Sprague–Dawley rats

(

 

n

 

 = 9) were exposed to a fraction of inspired oxygen of 0.10 for 2 weeks while control animals (

 

n

 

 = 10) were

exposed to room air. Stereological techniques were used to quantify the vascular volume, endothelial surface area

and the total number of branch points of all blood vessels in the superficial retinal vascular plexus. The mean

volume and endothelial surface area of these vessels were significantly greater in the hypoxic than in the control

group. The mean number of blood vessel branch points was also significantly greater in the hypoxic group. Our

findings demonstrate that chronic systemic hypoxia, in the absence of other pathological processes, causes angio-

genesis in the adult rat retina and provide an 

 

in vivo

 

 model for investigating this important process in the adult

retina, in particular pathways specific to this tissue.
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Introduction

 

Retinal hypoxia secondary to local vascular abnormali-

ties occurs in many ocular diseases and is an important

stimulus to neovascularization; collectively these dis-

eases are known as the proliferative retinopathies. The

new vessels formed in these conditions are abnormal in

their structure, location and function and frequently

lead to loss of vision. However, the retinal oxygen sup-

ply is also threatened in any circumstance where there

is sustained systemic hypoxaemia (Wangsa-Wirawan &

Linsenmeier, 2003), including chronic lung diseases,

late onset of left to right shunting in congenital heart

disease and residence at high altitude. In these condi-

tions retinal hypoxia can occur in the absence of any

other disease directly affecting the blood vessels of the

eye (Wangsa-Wirawan & Linsenmeier, 2003). Little is

known about the adaptive responses of the retinal

vasculature in such circumstances.

Hypoxia of a tissue or organ does not inevitably lead

to angiogenesis; in some adult tissues it does not lead

to new vessel formation, for example in skeletal muscle

(Banchero, 1987; Olfert et al. 2001). There are also

important differences in the mechanisms of angiogen-

esis between organs (Pettersson et al. 2000; Carmeliet

et al. 2001; LeCouter et al. 2001; Yancopoulos et al. 2000).

Thus, the mechanisms controlling any hypoxia-induced

new vessel formation in the retina might well be different

from those operating in other tissues. To date, there are

no reports of angiogenesis in the adult retinal circula-

tion in response to global hypoxia, as distinct from the

response seen to local vascular disease and ischaemia.
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In the proliferative retinopathies, hypoxia is an

important stimulus for new vessel formation (Ashton,

1957; Shimizu et al. 1981; Aiello et al. 1994; Jampol

et al. 1994; Campochiaro, 2000; Funatsu et al. 2003).

However, in these disease conditions other pathological

processes such as inflammation, glycosylation of pro-

teins and alteration of shear stress on blood vessels also

operate and each of these stimuli can lead to increased

vascular endothelial growth factor (VEGF) and induce

angiogenesis independently of tissue hypoxia (Adamis,

2002; Lu et al. 1998; Isner, 1999; Griffioen & Molema,

2000; Treins et al. 2001; Rivilis et al. 2002; Urbich et al.

2003). It is possible that the neovascularization observed

in retinal diseases might not be the result of hypoxia

alone but may also be dependent, in part or in whole,

on these other stimuli.

Investigation of the vascular response of the adult

retina to hypoxia is hampered by the absence of a

reliable 

 

in vivo

 

 animal model of hypoxia acting in the

absence of other disease processes. One of the most

widely used approaches to investigating retinal hypoxia

is the retinopathy of prematurity model. However, this

produces angiogenesis in the developing retina and

the extent to which the mechanisms that regulate angio-

genesis in the developing retinal circulation are rep-

licated in the mature retinal circulation is uncertain

(Campochiaro, 2000). In other organs there is clear

evidence that differences exist between the two states.

For example, mice deficient in the endothelial cell nitric

oxide synthase gene have normal vascular develop-

ment but in adulthood have impaired angiogenesis of

limb vessels in response to ischaemia or VEGF adminis-

tration (Murohara et al. 1998). Also, placental growth

factor (PlGF)-deficient mice demonstrate normal vascu-

lar development 

 

in utero

 

 and early postnatal life, but

impaired angiogenesis and collateral growth during

ischaemia, inflammation, wound healing and cancer

(Carmeliet et al. 2001). Thus, although new vessel for-

mation in the developing and adult organs shares some

common regulatory mechanisms, it is clear that impor-

tant differences exist between them. Existing adult ani-

mal models of retinal neovascularization, such as laser

photocoagulation of retinal vessels, result in tissue

destruction and inflammation in addition to hypoxia

(Saito et al. 1997). Thus, these experimental approaches

do not mimic the conditions found in global or systemic

hypoxia of the mature adult retina.

We hypothesized that chronic systemic hypoxia in

adult rats, induced by exposure to a hypoxic environ-

ment, would lead to intra-retinal angiogenesis in the

absence of any pre-existing retinal disease. To explore

this hypothesis, we used stereological morphometry

to quantify the total volume of blood vessels, total

endothelial surface area and total number of blood

vessel branch points in the superficial vascular plexus of

the retina in adult rats exposed to sustained hypoxia.

 

Methods

 

Experimental protocol and tissue preparation

 

All experiments were approved by the Institutional

Ethics Committee and conducted under licence. Adult

male (290–390 g, 12–14 weeks old) specific pathogen-

free Sprague–Dawley rats (Harlan, Bicester, UK) were

randomly assigned to hypoxic conditions (

 

n

 

 = 9) or

room air (

 

n

 

 = 10) for 14 days. Hypoxia (FiO

 

2

 

 = 0.10) was

induced using a normobaric opaque perspex environ-

mental chamber, as previously described (Howell et al.

2003). In brief, the FiO

 

2

 

 and FiCO

 

2

 

 were monitored con-

tinuously and maintained at approximately 0.10 (range

0.098–0.102) and at less than 0.005, respectively. The

gases in the chamber were continuously recirculated

via a pump through soda lime (Sigma Chemicals,

Dublin, Ireland), a cooled condensing unit (Glo-Therm,

Dublin, Ireland) and an activated carbon filter (Carbon

Cap 150, Whatman Ltd, Maidstone, UK) in order to

remove excess CO

 

2

 

, humidity and ammonia, respectively.

The animals were fed 

 

ad libitum

 

. The chamber was

opened daily for 30 min to replenish food and water

and to change the cage bedding. Otherwise the envi-

ronmental conditions were maintained constant. Ten

control animals were exposed to room air for the same

duration. They were kept in the same location, fed 

 

ad

libitum

 

 and had their bedding changed on the same

schedule as the hypoxic group.

Animals were weighed prior to entry into the experi-

mental protocol. Following the 2-week exposure period

they were again weighed, anaesthetized via an intra-

peritoneal injection of 60 mg kg

 

−

 

1

 

 sodium pentobarbi-

tone (Sagatal, Rhône-Merieux), anticoagulated (1000 iu

kg

 

−

 

1

 

 heparin) and killed by exsanguination. Venous

blood was obtained for haematocrit determination

and a canula was inserted into the ascending aorta. The

circulation was flushed by perfusion with 0.15 

 

M

 

 calcium-

free normal saline containing 2 iu mL

 

−

 

1

 

 of heparin via the

aortic canula at a pressure of 85 mmHg. The circulation

was then perfusion fixed with 4% paraformaldehyde in
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0.1 

 

M

 

 PBS at the same perfusion pressure for 1 h. The

eyes were then enucleated, the extraocular tissue was

removed and the volume of each eye was measured

by displacement. In order to ensure adequate retinal

fixation the cornea was removed and the eye was

placed in 4% paraformaldehyde at 4 

 

°

 

C for 12 h. The

vitreous was then removed and one of the eyes from

each rat was embedded in resin and the other was

placed in Optimal Cutting Temperature compound

(Sigma Chemicals, Dublin, Ireland) and frozen at 

 

−

 

70 

 

°

 

C.

Following enucleation each eye was assigned a

new random identifier number in order to blind the

observer during collection and analysis of images. The

randomization key was stored separately until analysis

was completed.

Owing to technical difficulties two frozen eyes from

the hypoxic rats were lost as analysis was not possible.

As a result, two additional hypoxic rats were used to

achieve 

 

n

 

 = 7 for frozen hypoxic eyes. Similarly, three

frozen eyes were lost from the control group as analysis

was not possible for technical reasons. As a result, three

additional control rats were used to achieve 

 

n

 

 = 7 for

frozen control eyes.

 

Stereological analysis of resin-embedded eyes

 

A brief description of the stereological methods is

given below; more extensive details are available as

supplement material on the journal website.

Resin-embedded eyes were used to calculate the vol-

ume and endothelial surface area of blood vessels in the

ganglion cell layer of the retina. In calculating the volume

and endothelial surface area of blood vessels in this layer

of the retina, all blood vessels including arterioles, venules

and capillaries between the internal limiting membrane

and the inner plexiform layer were included.

Each resin-embedded eye was serially sectioned using

a vertical uniform random (VUR) strategy as required

for stereological analysis (Gundersen, 1986; Gundersen

et al. 1988; Bolender et al. 1993; Weibel & Cruz-Orive,

1997). One-micrometre-thick sections were collected

for analysis and stained with 10% toluidine blue. To

determine the volume and endothelial surface area of

the vascular compartment of interest, a cascade approach

was used (Bolender et al. 1993; Gundersen, 1986;

Gundersen et al. 1988; Weibel & Cruz-Orive, 1997) (Fig. 1).

Volume fractions of specific tissues and retinal layers in

the eye were estimated by point counting (Bolender

et al. 1993; Gundersen, 1986; Gundersen et al. 1988;

Weibel & Cruz-Orive, 1997) and the absolute volume

estimated using the eye volumes measured by displacement.

 

Stereological analysis of frozen eyes

 

The total number of blood vessel branch points in the

ganglion cell layer of the retina was estimated in those

eyes that were frozen at 

 

−

 

70 

 

°

 

C. Frozen sections (20 

 

µ

 

m

thick) were collected from each eye at intervals of

400 

 

µ

 

m, beginning at a random start point. These sec-

tions were stained with biotinylated griffonia simplici-

folia isolectin B4 (Vector Laboratories, Burlingame, CA,

USA) and counterstained with 1 

 

µ

 

L mL

 

−

 

1

 

 propidium

iodide (Molecular Probes, Eugene, OR, USA) in HEPES-

buffered saline.

The blood vessel branch point density in the gan-

glion cell layer was estimated in each eye using the

double dissector technique as previously described for

the lung (Hopkins et al. 2001; Howell et al. 2003). The

total number of blood vessel branch points was esti-

mated using the ganglion cell layer volume for each

eye. This was estimated using a cascade approach as

described above and in more detail in the supplement

material on the journal website. A branch point was

defined as where two, immediately adjacent vessels

shared a common wall. An example of a typical branch

point is illustrated in Fig. 2. No distinction was made

between arterial or venous branch points.

Fig. 1 Diagram illustrating the experimental design and 
cascade approach to calculating the volume, surface area and 
the total number of branch points of blood vessels in the 
superficial retinal vascular plexus.
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Statistical analysis

 

All values shown are means 

 

±

 

 standard error of the

mean (SEM); 

 

n

 

 represents the number of animals stud-

ied in each group. To test for statistically significant

differences between means of the two groups unpaired

 

t

 

-tests were used. A data value of 

 

P

 

 = 0.05 was accepted

as statistically significant.

 

Results

 

The mean haematocrit in the hypoxic group was 57.8 

 

±

 

0.7%, significantly greater (

 

P <

 

 0.05) than that (43.9 

 

±

 

0.8%) of the control group. The change in weight was

also significantly different (

 

P <

 

 0.05) with the control

group gaining weight (+27.7 

 

±

 

 3.9 g) and the hypoxic

group losing weight (

 

−

 

43.6 

 

±

 

 4.7 g). There was no

significant difference in the mean whole eye volume

between the control (0.134 

 

±

 

 0.003 cm

 

3

 

) and hypoxic

(0.131 

 

±

 

 0.002 cm

 

3

 

) groups.

The retinal volume and ganglion cell layer volume

in resin-embedded control eyes were 1.23 (

 

±

 

 0.07) 

 

×

 

10

 

−

 

2

 

 cm

 

3

 

 and 1.80 (

 

±

 

 0.11) 

 

×

 

 10

 

−

 

3

 

 cm

 

3

 

, respectively. The

corresponding values for resin-embedded hypoxic eyes

were 1.14 (

 

±

 

 0.06) 

 

×

 

 10

 

−

 

2

 

 cm

 

3

 

 and 1.81 (

 

±

 

 0.14) 

 

×

 

 10

 

−

 

3

 

 cm

 

3

 

,

respectively. The retinal volume and ganglion cell layer

volume in frozen control eyes were 1.75 (

 

±

 

 0.05) 

 

×

 

10

 

−

 

2

 

 cm

 

3

 

 and 2.24 (

 

±

 

 0.12) 

 

×

 

 10

 

−

 

3

 

 cm

 

3

 

, respectively. The

corresponding values for frozen hypoxic eyes were 1.70

(

 

±

 

 0.06) 

 

×

 

 10

 

−

 

2

 

 cm

 

3

 

 and 2.35 (

 

±

 

 0.15) 

 

×

 

 10

 

−

 

3

 

 cm

 

3

 

, respec-

tively. There was no statistically significant difference

between control and experimental groups embedded

in the same material (wax or resin). However, the dif-

ferences between retinal and ganglion cell layer volumes

when resin-embedded control eyes were compared

with wax-embedded control eyes were statistically

significant. Similar statistically significant differences

were noted when comparing experimental eyes pre-

pared in these two ways. These differences can be

accounted for by a tissue processing artefact, because

resin embedding required tissue dehydration whereas

tissue processing for frozen sectioning did not. The dif-

ferences observed do not, however, affect the interpre-

tation of the results as resin-embedded hypoxic eyes

were only compared with resin-embedded control eyes

and likewise for frozen hypoxic and control eyes.

Figure 3 shows images of resin sections obtained from

control and hypoxic eyes demonstrating typical vessels

Fig. 2 (A–D) Four serial optical sections 
obtained by confocal microscopy from 
the same 20-µm-thick frozen section of 
retina. Each optical section is 2 µm thick 
and each image is separated by a 
distance of 2 µm. Cell nuclei are stained 
with propidium iodide (red). Blood 
vessels are stained with biotinylated 
griffonia simplicifolia isolectin B4 and 
labelled with FITC (green). A typical 
blood vessel branch point is 
demonstrated. In (A) a single blood 
vessel is visible in the retinal ganglion 
cell layer (indicated by arrow). In (B) and 
(C) the vessel is seen to branch to form 
two individual vessels sharing a common 
wall. In (D) the vessel has completely 
separated to form two distinct vessels. 
Scale bar = 20 µm.
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in the ganglion cell layer of the retina. At no point

were preretinal neovascularization, intra-retinal haem-

orrhage or vitreous haemorrhage observed. Vessels in

the two groups differed only in size and frequency.

Their histological structures appeared identical and

normal and no obvious difference in tortuousity was

observed between groups.

Table 1 gives the mean values for volume fraction

(volume of blood vessels per unit volume of ganglion

cell layer), total volume (of blood vessels), endothelial

surface density (surface area of endothelium per unit

volume of ganglion cell layer), total endothelial surface

area (vessel surface area), branch point density (number

of branch points per unit volume of ganglion cell layer)

and total number of blood vessel branch points in the

ganglion cell layer of the retina of the control and

hypoxic groups. All these parameters were significantly

increased in the hypoxic group, demonstrating that

angiogenesis had occurred.

 

Discussion

 

The major stimuli to neovascularization in disease con-

ditions are hypoxia, chronic inflammation, metabolic

disturbance and sustained alteration of shear stress,

each of which acting alone is sufficient to cause angio-

genesis (Gille et al. 1997; Lu et al. 1998; Carmeliet & Jain,

2000; Cho et al. 2001; Rivilis et al. 2002; Urbich et al. 2003).

These stimuli are not uniformly effective in all organs

and, in particular, chronic hypoxia fails to cause angio-

genesis in some adult tissues (Banchero, 1987; Olfert

et al. 2001). Under conditions of reduced PaO

 

2

 

 the ret-

ina can become profoundly hypoxic (Wangsa-Wirawan

& Linsenmeier, 2003). Thus, in conditions where there

is systemic hypoxaemia, including chronic lung diseases,

late onset of left to right shunting in congenital heart

disease and residence at high altitude, retinal hypoxia

can occur in the absence of any other disease directly

affecting the eye and, in particular, in the absence of

retinal vascular disease. The present series of experiments

was undertaken to determine whether such hypoxia

could cause angiogenesis in the adult retina.

We used a well-established animal model of chronic

Fig. 3 (A) Photomicrograph of a 1-µm-thick resin section of 
the retina from a control rat. Typical blood vessels (indicated 
by arrows) of the superficial retinal vascular plexus are seen in 
the ganglion cell layer. (B) Photomicrograph of the inner 
retina from a hypoxic rat showing an increase in size and 
number of vessels (indicated by arrows) in the superficial 
retinal vascular plexus. Scale bar = 20 µm.

 

Control (n = 7) Hypoxic (n = 7)

Volume fraction (%) 10.25 (1.0) 18.0 (2.0)*
Total volume (×10−4 cm3) 1.84 (0.19) 3.36 (0.55)*
Endothelial surface density (cm2 cm−3) 281.0 (21.9) 400.7 (27.4)*
Total endothelial surface area (cm−2) 0.50 (0.04) 0.74 (0.09)*
Branch point density (×106 cm−3) 14.6 (0.8) 18.2 (0.8)*
Total number of branch points (×103) 32.9 (2.8) 42.4 (2.4)*

Values are mean (± SEM). *A statistically significant difference between the two groups 
(P = 0.05, unpaired t-test).

Table 1 Mean values for volume 
fraction, total volume, endothelial 
surface density, total endothelial 
surface area of blood vessels, branch 
point density and total number of blood 
vessel branch points in the ganglion cell 
layer of the retina of the control and 
hypoxic groups. n = number of eyes 
examined in each experimental group
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environmental hypoxia and confirmed that systemic

hypoxia had been produced by demonstrating increased

haematocrit and typical loss of weight in all rats

(LaManna et al. 1992; Harik et al. 1995; Ooi et al. 2000;

Howell et al. 2003). We have shown in previously pub-

lished papers that this protocol resulted in the develop-

ment of classic hypoxic pulmonary hypertension, including

right ventricular hypertrophy and hypoxic vascular

remodelling in rats, and polycythaemia, confirming the

presence of sustained hypoxaemia (Ooi et al. 2000;

Howell et al. 2003). It must be noted that while the ret-

ina was exposed to chronic hypoxia it was also exposed

to the systemic consequences of chronic hypoxia, such

as elevated erythropoietin concentrations and poly-

cythaemia. The extent to which these other factors

might account for the changes that we observed remains

to be determined. Nonetheless, this retinal hypoxia

resulting from systemic hypoxia is clearly distinct from

that which results from local vascular occlusion of retinal

vessels, such as occurs in many occular diseases.

Although the hypoxic conditions did not change the

volume of the whole eye or the retina, there was a sig-

nificant structural change in the retinal circulation, as

indicated by the increased total endothelial cell surface

area and volume of the vessels in the ganglion cell

layer. This increased vessel volume and endothelial sur-

face area could have resulted either from increased

diameter of pre-existing vessels or from new vessel for-

mation. However, our demonstration of an increase

in the number of blood vessel branch points in the

hypoxic group demonstrates unequivocally that angio-

genesis had taken place and that vascular volume and

surface area increased, at least in part, as a result of

new vessel formation.

Thus, our results demonstrate unequivocally for the

first time that chronic systemic hypoxia can cause

angiogenesis in the adult retina, in the absence of

any disease process. Under conditions of physiological

hypoxia, such as on ascent to high altitude, angiogen-

esis is clearly a beneficial adaptation as it increases the

total surface area for gas and solute exchange, reduces

the diffusion distance from blood vessels to cells and

increases the total volume of blood contained in the

retinal circulation. In addition, the formation of new

vascular pathways can reduce the velocity of blood

flow while increasing total volume of blood flow per

unit time. Acting together, these changes will serve to

return oxygen delivery to the retina towards normal

values and, as in other organs, establish a new stable

vasculature in which the vessels have normal morphology

and function (LaManna et al. 1992; Harik et al. 1995;

Howell et al. 2003).

Our demonstration of hypoxia-induced angiogenesis

within the retina provides a model that will allow

investigation of the underlying mechanisms. Investiga-

tion of the mechanisms that operate in the retina is

required given the recent demonstrations that tissue-

specific pathways exist. LeCouter et al. (2001) have

reported an angiogenic mitogen specific for endocrine

organs. This growth factor, which is structurally dissim-

ilar to VEGF, is only expressed in steroidogenic endo-

crine organs, exerts angiogenic effects solely within

these organs and is induced by hypoxia (LeCouter et al.

2001). It seems likely that there is a large class of tissue-

specific angiogenic factors, and it has been suggested

that targeting of these putative molecules may allow

tissue-specific anti-angiogenic therapy in disease con-

ditions (Carmeliet et al. 2001).

One aspect of our methods that merits specific com-

ment is the use of stereological techniques to detect

angiogenesis in the retinal circulation. These have been

widely used as a method of obtaining quantitative

information in three dimensions about structural changes

in the vascular bed of other organs from two-

dimensional histological images, particularly in the

lung and nervous system (Bolender et al. 1991; LaManna

et al. 1992; Harik et al. 1995; Hopkins et al. 2001; Howell

et al. 2003). Stereology has been used previously to

evaluate changes in the retinal circulation of the rat

during diabetes (Anderson et al. 1995, 1996). We employed

this technique because it allowed us to quantify multi-

ple variables relating to the structure of the retinal cir-

culation, namely volume, endothelial surface area and

branching. These variables cannot be measured using

other commonly applied microscopy techniques. Quan-

tification of these parameters allowed unequivocal

demonstration of new vessel formation.

In clinical conditions such as diabetic retinopathy or

central retinal vein occlusion, neovascular complica-

tions result from structurally weak new vessels that are

located on the surface of the retina beyond the inner

limiting membrane. Such vessels were not observed in

the present study. One possible explanation is that

vascular remodelling may have provided an adequate

compensatory physiological response, restored ade-

quate retinal oxygen delivery, relieved tissue hypoxia

and thus removed the stimulus to continued new vessel

formation. This might have prevented the proliferation
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of vessels on the surface of the retina. This would be in

keeping with the effects of chronic hypoxia in other

organs where angiogenesis produces well-organized,

structurally and functionally normal new vessels and

does not lead to abnormal vessel growth (LaManna

et al. 1992; Harik et al. 1995; Howell et al. 2003). This

may also be the reason that the changes of high alti-

tude retinopathy were not observed in these animals,

because increased permeability of vessels is a feature of

the early stages of new vessel formation, which resolves

once the new vessels have matured. In contrast, angio-

genesis may proceed to preretinal neovascularization

in pathological conditions because of a number of

additional disease-related factors that are not present

in systemic hypoxia.

In conclusion, we have demonstrated for the first

time that angiogenesis occurs in the superficial vascular

bed of the mature adult rat retina in response to

chronic systemic hypoxia in the absence of local ocular

disease. Our findings may prove to be of use in eluci-

dating the pathways and mediators involved in the

response of the adult rat circulation to hypoxia and in

determining the similarities and differences between

the pathways operating in the developing and mature

retinal circulations. In addition, this approach will allow

an investigation of potential tissue-specific pathways

regulating angiogenesis in the retina. Because, in other

tissues, the mechanisms producing hypoxia-induced

angiogenesis are major contributors to angiogenesis in

disease, the insights gained with this model are likely

to be of relevance to new vessel formation in the

proliferative retinopathies.

Supplementary material

Supplementary details of the methods employed are

available on the journal website. These include details

of the hypoxic chamber, stereological techniques used

and a supplementary figure.
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