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Systemic hypertension is not 
protective against chronic 
intraocular pressure elevation in a 
rodent model
Anna K. van Koeverden   , Zheng He, Christine T. O. Nguyen, Algis J. Vingrys & Bang V. Bui   

High intraocular pressure is the most well documented glaucoma risk factor; however many patients 
develop and/or show progression of glaucoma in its absence. It is now thought that in some instances, 
ocular perfusion pressure (blood pressure – intraocular pressure) may be as important as intraocular 
pressure alone. Thus, systemic hypertension would be protective against glaucoma. Epidemiological 
studies, however, are inconclusive. One theory of why hypertension may not protect against elevated 
intraocular pressure in spite of increasing ocular perfusion pressure is that with time, morphological 
changes to the vasculature and autoregulatory failure outweigh the benefits of improved perfusion 
pressure, ultimately leading to poor retinal and optic nerve head blood supply. In this study we showed 
the presence of increased wall:lumen ratio and wall area of the ophthalmic artery in rats with chronic 
hypertension in addition to failure of retinal autoregulation in response to acute modification of ocular 
perfusion pressure. Subsequently we found that in spite of dramatically increasing ocular perfusion 
pressure, chronic systemic hypertension failed to protect retinal structure and function from a rodent 
model of glaucoma.

Glaucoma is the second leading cause of blindness worldwide1, and the most well established glaucoma risk fac-
tor is raised intraocular pressure (IOP)2,3. In many cases however, glaucoma can develop and/or progress in its 
absence4,5. Thus, investigators have sought to understand the role of systemic risk factors in glaucoma. Emerging 
from these studies is the consistent finding that vascular risk factors can impact upon optic nerve head (ONH) 
and retinal blood supply and may be critical in glaucoma pathophysiology6–11. Systemic hypertension may be a 
critical factor in this vascular hypothesis of glaucoma, however its role is not without controversy12. Ocular per-
fusion pressure (OPP) is the difference between mean arterial pressure (MAP) in the ophthalmic artery and IOP. 
As the retina does not store glucose, adequate tissue perfusion is critical to maintaining retinal function, and as 
the eye is subjected to constantly changing OPP, it relies on vascular autoregulation to buffer this variation13–15. 
Experimental and clinical studies suggest that it is not necessarily excessive IOP that leads to glaucoma, rather 
insufficient OPP, which may arise by virtue of either high IOP or low BP (blood pressure)16–18. As Khawaja et al.19  
highlighted, the relationship between BP, IOP and OPP is complex, and it is somewhat difficult to isolate the con-
tribution of BP or IOP as part of OPP towards glaucoma risk.

There is strong evidence that low BP increases glaucoma risk20,21. Paradoxically, a number of population based 
studies also find that systemic hypertension increases glaucoma risk22–25. The reason for this apparent contra-
diction may be that whilst low BP promotes hypoperfusion of the retina and optic nerve, chronic periods of 
hypertension may also promote poor blood supply due to the development of arteriosclerosis and autoregulatory 
failure. As OPP is not a static entity, adequate autoregulatory capacity, achieved by reflexive alterations in vascular 
resistance, is necessary to buffer changes in tissue perfusion pressure13,26.

The Baltimore Eye Survey found hypertension was protective against glaucoma in younger subjects and 
increased glaucoma risk in older subjects22. Additionally, both the Egna-Neumarkt and Los Angeles Latino 
Eye Studies found both hyper- and hypo-tension were associated with increased risk of glaucoma23,25. In par-
ticular low diastolic perfusion pressure and high systolic perfusion pressure carried an increased risk of glau-
coma. These findings lend support to the hypothesis that whilst low OPP is undoubtedly detrimental, changes 
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to the vasculature that occur as a result of long periods of hypertension may eventually undermine the benefit of 
increased OPP afforded by hypertension.

Experimental studies in rats find that high BP preserves retinal function during acute IOP challenge, however 
the degree of protection becomes blunted in the presence of a longer duration of hypertension (one hour vs four 
weeks)16,27. In animals with the same OPP, retinal susceptibility to injury was altered by the duration of systemic 
hypertension. Therefore it is not merely the perfusion pressure itself but the perfusion pressure status, encom-
passing perfusion pressure along with autoregulatory capacity and vascular morphology, which is important in 
maintaining adequate tissue perfusion. In our experiment, we sought to extend the duration of systemic hyper-
tension further, to 12 weeks, in order to further explore the temporal aspects of the relationship between blood 
pressure and perfusion pressure status.

In addition to poor perfusion pressure, impaired autoregulation has been linked to glaucoma risk18,28,29. 
Cerebral autoregulation is known to be altered in chronic hypertension30. Additionally, a blunted response to a 
metabolic challenge of retinal autoregulation has been found in humans with chronic hypertension31,32. Changes 
to vascular morphology may underlie poor perfusion and autoregulatory deficits. In this study we sought to 
investigate the effect of chronic hypertension on retinal autoregulation in response to OPP modification. In these 
rats we also examined the morphology of the ophthalmic vasculature, as the mechanisms hypothesised to under-
lie a BP mediated altered susceptibility to high IOP. After investigating these effects, we aimed to test whether the 
benefits of improved OPP in hypertension would be outweighed by the altered perfusion pressure status when 
chronic systemic hypertension was overlaid with chronic ocular hypertension.

Results
Blood pressure profile.  In the hypertensive group (continuous subcutaneous angiotensin II (ANG 
II) infusion), systolic blood pressure (SBP) increased steadily over the 12 weeks of infusion from a baseline 
of 123.0 ± 2.5 mmHg to 161.3 ± 4.6 mmHg at week 12 (see also Supplementary Figure S1). In control ani-
mals (continuous subcutaneous saline infusion), BP remained stable over the 12 weeks, relative to baseline 
(123.6 ± 2.8 mmHg). The average SBP from weeks 1–12 was 164.8 ± 4.6 mmHg and 122.6 ± 2.3 mmHg in hyper-
tensive and normotensive animals, respectively.

Figure 1.  Effect of chronic hypertension on retinal blood vessel reactivity during acute BP manipulation. (A) 
Representative arterioles from a normotensive rat (blue arrowheads) and a hypertensive rat (red arrowheads) 
during BP manipulation procedure. The normotensive rat shows vasodilation relative to baseline during acute 
hypotension, and vasoconstriction during acute hypertension. The hypertensive rat show minimal change in 
vessel diameter. The mean arterial pressure at the time of blood vessel imaging is shown in the bottom right 
corner of each image. (B) Average arteriole width (mean ± SEM) in response to acute BP manipulation. (C) 
Change in arteriole width (mean ± SEM) from baseline as a function of change in MAP from baseline. The 
interaction between BP group and vasodilation was significant at changes in MAP from baseline between −70.0 
and −32.5 mmHg.
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Effect of chronic hypertension on retinal autoregulatory capacity.  After 12 weeks of systemic 
hypertension, animals in Group-1 underwent acute BP manipulation during which changes in retinal blood ves-
sel diameter were imaged to quantify autoregulatory capacity. Figure 1A shows robust dilation and constriction 
in a representative retinal arteriole from a normotensive rat (first row). In comparison, a representative arteriole 
from a hypertensive rat (second row) showed less change in diameter. For the same vessel location diameter was 
quantified and the outcomes are summarised for the group in Fig. 1B as a function of MAP. Under general anaes-
thesia group average baseline MAP was not significantly different between hypertensive (116.3 ± 12.3 mmHg) 
and normotensive (125.0 ± 8.3 mmHg) animals (p = 0.5). Figure 1B shows that the change in arteriole diameter 
during blood pressure manipulation was blunted in chronically hypertensive compared with normotensive rats.

As baseline vessel diameter can vary between eyes, change in width vessel was expressed relative to its own 
baseline (%) and plotted as a function of change from baseline MAP (∆MAP). In Fig. 1C, the change in vessel 
width as a function of ΔMAP showed a significant interaction between ΔMAP and chronic BP status (p < 0.001, 
restricted maximum likelihood analysis, REML), suggesting that the ability of retinal arterioles to buffer the OPP 
challenge induced by acute BP manipulation was compromised in hypertensive animals. In particular normoten-
sive animals showed significant vasodilation with MAP reductions between −70.0 to −32.5 mmHg. In contrast, 
hypertensive animals showed no significant vasodilation, with arterioles width remaining stable, regardless of the 
blood pressure (MAP) level. Only a modest vasoconstriction occurred when MAP increased above baseline lev-
els, which was not significant in either group. It is possible that in some animals BP did not reach sufficiently high 
levels to induce significant vasoconstriction for our imaging modality to detect. Nevertheless, acute modification 
of MAP elicited significantly compensatory responses in normotensive but not chronically hypertensive rats.

Effect of chronic hypertension on vascular morphology.  Aorta and ophthalmic artery tissue was col-
lected from all animals after 12 weeks of systemic hypertension. Figure 2A shows a representative aorta and oph-
thalmic artery from a hypertensive and normotensive animal. In both the aorta and ophthalmic artery, chronic 
hypertension resulted in an increase in wall:lumen ratio (WLR, Fig. 2B) and wall area (Fig. 2C). There was a 16% 
increase in aorta WLR of hypertensive animals from 0.36 ± 0.006 compared to 0.31 ± 0.005 in normotensive 
animals (p < 0.001). Aortic wall area in treated animals increased by 28%, from 0.73 ± 0.02 mm2 compared to 
0.57 ± 0.01 mm2 in control animals (p < 0.001). Consistent with the changes observed in the aorta, 12 weeks of 
hypertension resulted in a 50% increase in ophthalmic artery WLR compared to control animals (2.10 ± 0.2 vs 
1.40 ± 0.2, p = 0.024). Likewise, the ophthalmic artery wall area of treated animals was also increased by 50% 
(0.011 ± 8 × 10–4 mm2 vs 0.0073 ± 5 × 10–4 mm2, p = 0.002). The aorta elastin:wall ratio (Fig. 2D) was reduced by 
8% in hypertensive relative to normotensive animals (0.11 ± 0.006 vs 0.12 ± 0.005, p = 0.047). A 16% reduction in 
ophthalmic artery elastin:wall ratio was observed in hypertensive relative to normotensive animals (0.05 ± 0.004 
vs 0.06 ± 0.007) although this difference did not reach statistical significance (p = 0.2).

As vasodilation in normotensive animals peaked at ∆MAP −55.0 mmHg (Fig. 1C), the % change in ves-
sel diameter at this ∆MAP was used for correlations with blood vessel morphology. Deming regressions show 
that peak vasodilation was correlated with aorta WLR (Fig. 2E, rs = −0.60, p = 0.009) and long term BP integral 
(Fig. 2G, rs = −0.65, p = 0.003) but not with ophthalmic artery WLR (p = 0.7). In Fig. 2F, the correlation remains 
significant (p = 0.049, rs = −0.65) when only hypertensive animals are considered.

Interestingly, while we observed a relationship between aortic morphological changes and retinal autoreg-
ulation (Fig. 2E), we were not able to document an association between ophthalmic artery changes and retinal 
autoregulation (Fig. 2F). One might have expected a stronger relationship between impaired retinal vasodilation 
and wall thickening in the vessels most proximal to the retina. It is possible that our measurement of wall:lumen 
ratio in the ophthalmic artery was less sensitive than in the aorta, resulting in greater variability. Another pos-
sibility is that loss of autoregulatory capacity may be more related to endothelial dysfunction, than vessel wall 
thickness. A final possibility is that a reduction of perfusion through the proximal input ophthalmic artery, has 
already resulted in compensatory vasodilation, thus impeding our attempt to drive further vasodilation by acute 
BP lowering. This can be seen in Fig. 1B where at what would be considered baseline MAPs of approximated 
110–120 mmHg raw vessel width is larger in chronically hypertensive animals.

Effect of chronic hypertension on retinal function.  Given the above vascular deficits, we sought to 
ascertain whether the ANG II model of chronic hypertension altered retinal function. There was no significant 
effect of hypertension on photoreceptoral (RmP3), bipolar cell (Vmax) or ganglion cell (positive scotopic threshold 
response, pSTR) response amplitudes. The oscillatory potential (OP) peak amplitude was reduced at week 8 and 
week 12, relative to week 4 in hypertensive animals, but was not used to assay the effect of chronic hypertension 
on retinal susceptibility to chronic IOP challenge, as there was no IOP related effect. These data are presented in 
Supplementary Materials S2 and S3.

IOP profile.  The unilateral circumlimbal suture produced a sustained IOP elevation in the treated (ocular 
hypertension, OHT) eye as shown in Fig. 3A. In normotensive animals, IOP was elevated from a baseline of 
14.4 ± 0.5 mmHg to 23.2 ± 1.6 mmHg (week 5–12 average) in OHT eyes (NormotensiveOHT) (p < 0.001). The 
fellow eyes (Normotensivecontrol) showed no significant change in IOP throughout. Likewise, in the hyperten-
sive animals, IOP was elevated from a baseline of 14.8 ± 0.4 mmHg to 21.5 ± 1.0 mmHg (week 5–12 average) in 
OHT eyes (HypertensiveOHT, p < 0.001), and remained unaltered in control eyes (Hypertensivecontrol). In both 
groups, an initial spike in IOP was observed immediately post suture (normotensive 58.1 ± 2.7 vs hyperten-
sive 53.5 ± 5.1 mmHg, p = 0.4), which recovered to below 40 mmHg within three hours. Given that the dif-
ferent BP groups showed a similar IOP profile, HypertensiveOHT eyes are theoretically afforded a higher OPP 
than NormotensiveOHT eyes (Fig. 3B) based on the calculation of OPP previously described (p < 0.001). One 
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Figure 2.  Effect of chronic hypertension on blood vessel morphology. (A) Sample hypertensive aorta and 
ophthalmic arteries from a hypertensive and normotensive rat, with Gomori-Aldehyde Fuchsin staining. 
(B) Aorta and ophthalmic artery wall:lumen ratio. (C) Aorta and ophthalmic artery wall area. (D) Aorta and 
ophthalmic artery elastin:wall ratio. (E) Correlation between peak vasodilation at low BP and aorta wall:lumen 
ratio. The solid black line represents the Deming regression (Y = −243.4X + 90.8, rs = −0.6, p = 0.009). (F) 
Correlation between peak vasodilation at low BP and ophthalmic artery wall:lumen ratio. (Deming regression 
Y = −2.15X + 11.3, rs = −0.01, p = 0.7) (G) Correlation between peak vasodilation at low BP and blood pressure 
integral over 12 weeks. The solid black line represents the Deming regression (Y = −0.031X + 62.7, rs = −0.65, 
p = 0.003). (*Indicates p < 0.05, **Indicates p < 0.01, ***Indicates p < 0.001).
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concern about the IOP model is that the initial IOP spike may have reduced OPP to extremely low levels leading 
to retinal ischemia. The lowest OPP observed during the post-surgical IOP spike was 103.0 ± 8.7 mmHg and 
73.4 ± 3.9 mmHg in hypertensive and normotensive animals respectively, which is well above OPP of 30 mmHg 
where retinal ischemia would occur16,17.

Effect of chronic hypertension on retinal susceptibility to IOP elevation.  Figure 4 shows that IOP 
elevation produced subtle retinal dysfunction which preferentially affected the inner retina. Figure 4A,B shows 
that electroretinogram (ERG) responses arising from the inner retina were more affected at the 12 week time-
point (i.e. by eight weeks of IOP elevation) than those generated by the outer retina, which are the presynaptic 
partner neurons to the ganglion cells. This was the case for both normo- and hypertensive groups. Figure 4C,D, 

Figure 3.  Intraocular pressure profile in animals treated with unilateral circumlimbal suture. (A) Effect of 
circumlimbal suture on IOP (mean ± SEM) in normotensive and hypertensive rats. The broken horizontal 
reference lines represent the 95% confidence interval of normal IOP derived from baseline measurements across 
both groups. (B) Effect of circumlimbal suture on putative ocular perfusion pressure (mean ± SEM) over 12 
weeks in normotensive and hypertensive rats. White bar denotes post circumlimbal suture timepoints. (IOP: 
intraocular pressure, OHT: ocular hypertension).

Figure 4.  Effect of circumlimbal suture on retinal function in normotensive and hypertensive rats. (A,B) Group 
average ERG waveforms at baseline and week 12 in sutured eyes in normotensive (blue trace) and hypertensive 
(red trace) animals. The dashedblack lines represent the group average waveform in the unsutured control eye 
in each blood pressure group. Inner retinal responses are shown for a −5.31 logcdsm−2 flash. Outer retinal 
responses are shown for a 2.07 log cdsm−2 flash. (C) Change in retinal function (mean ± SEM, n = 8) relative to 
control eyes in normotensive animals. (D) Change in retinal function (mean ± SEM, n = 8) relative to control 
eyes in hypertensive animals. (E) Difference between ganglion cell and bipolar cell deficits (pSTR% − Vmax%) in 
hypertensive and normotensive animals. The shaded region indicates the 95% confidence interval derived from 
all animals at baseline. *Indicates p < 0.05, ***Indicates p < 0.001 for post-hoc comparisons of change in RmP3 
versus STR, and Vmax versus STR amplitudes at each timepoint.
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expresses this change relative to untreated contralateral control eyes across the 12 weeks of the study, and shows 
that in normotensive animals IOP elevation significantly reduced photoreceptor (RmP3 −14.7 ± 3.5%), bipolar 
cell (Vmax −12.0 ± 2.8%) and ganglion cell (pSTR −27.5 ± 8.2%) amplitudes. Similarly, IOP elevation in hyper-
tensive animals significantly reduced photoreceptor (−5.4 ± 2.0%), bipolar cell (−6.9 ± 2.8%) and ganglion cell 
(−32.1 ± 7.4%) amplitudes. To consider whether ganglion cell function was more affected than upstream neu-
rons, comparisons were made within each BP group between ERG parameter and time. There was a signifi-
cant interaction between ERG parameter and time in both normotensive and hypertensive animals (a two-way 
RM-ANOVA, p < 0.001), with post hoc testing revealing that ganglion cell dysfunction was greater than photo-
receptoral and bipolar cell deficits at weeks 8 and 12. Whilst chronic hypertension reduced oscillatory potential 
amplitudes (Supplementary Fig. S4), chronic IOP elevation did not significantly alter the OPs in both normoten-
sive and hypertensive animals (p = 0.9, data not shown).

The major neuronal classes in the retina, and thus the ERG signal, are arranged in a serial manner, with the 
through pathway consisting of photoreceptors (RmP3), communicating to bipolar cells (Vmax), which input to gan-
glion cells (scotopic threshold response, STR). As such, losses in inner retinal function (STR) may reflect damage 
to retinal ganglion cells and/or reduced input from upstream neurons33. One way to account for this potential 
confound is to express one ERG component relative to its upstream counterpart34. In this case we examine the 
difference between the change ganglion cell output (pSTR %) for a given change in its presynaptic partner neuron 
the bipolar cells (Vmax %). Figure 4E shows that that there was no significant difference between BP groups over 
time (interaction p = 0.8, BP effect, p = 0.3). Despite the marked improvement in OPP in hypertensive animals, 
there was no functional protection against chronic ocular hypertension. This may suggest that the increase in 
BP was not sufficient to ameliorate the effects of increased IOP, which is in contrast to previous experimental 
work, showing that acute BP elevation largely prevented retinal dysfunction caused by IOP elevation16,27. A key 
difference between this study and previous work was the time course of systemic hypertension, with previous 
studies employing either an acute increase in BP or four weeks of chronic hypertension, whereas the current study 
considered 12 weeks of chronic hypertension. Perhaps chronic hypertension will become deleterious to retinal 
function in the context of chronic IOP challenge with even longer durations of blood pressure elevation.

A circular optical coherence tomography (OCT) scan around the ONH (Fig. 5A) was used to assess the effect 
of chronic ocular hypertension on retinal nerve fibre layer (RNFL), ganglion cell complex (GCC) and total reti-
nal thickness (Fig. 5B). The RNFL represents ganglion cell axons whereas the GCC represent the axonal region 
as well as the ganglion cell soma and dendritic arbors. Total retinal thickness was not significantly different 
between OHT treated eyes relative to control eyes at week 12 in either normotensive (+1.0 ± 1.0%) or hyper-
tensive (+3.8 ± 1.2%) animals. When comparing the relative change in total retinal thickness between control 
and treated eyes in both blood pressure groups, there was no significant interaction (p > 0.9) or blood pressure 
(p = 0.08) effect, and no significant difference between total retinal thickness relative to control eyes comparing 
week 0 and week 8 in either hypertensive (p = 0.5) or normotensive (p > 0.9) animals, and comparing week 0 and 

Figure 5.  Effect of chronic IOP elevation on retinal layer thickness in normotensive and hypertensive rats. 
(A) Fundus image captured during OCT imaging with green reference ring indicating the position of the OCT 
scan. (B) Linear OCT B-scan (average of 20 B-scans) segmented to demarcate the vitreous interface, border 
of RNFL and GCL layers, border of IPL and INL layers and the junction between photoreceptor inner and 
outer segments. Green bar: RNFL; blue bar: GCC; red bar: total retinal thickness. (C) Change in retinal layer 
thickness (mean ± SEM, n = 8) relative to control eyes in normotensive animals. (D) Change in retinal layer 
thickness (mean ± SEM, n = 8) relative to control eyes in hypertensive animals. (E) Difference between RNFL 
change and total retinal thickness change (RNFL% − total retina%) in hypertensive and normotensive animals. 
The shaded region indicates the 95% confidence interval derived from all animals at baseline. (GCC: ganglion 
cell complex, RNFL: retinal nerve fibre layer). *Indicates p < 0.05, **Indicates p < 0.01, ***Indicates p < 0.001 
for post-hoc comparisons of change in total retinal and RNFL, and GCC and RNFL thickness at each timepoint.
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week 12 in either hypertensive (p = 0.09) or normotensive (p > 0.9) animals. GCC thickness was similar between 
OHT and control eyes at week 12 (normotensive −1.7 ± 1.6%, hypertensive +2.8 ± 1.3%). There was a marked 
IOP-induced reduction in RNFL thickness in both normotensive (−18.2 ± 3.4%) and hypertensive animals 
(−16.8 ± 3.0%) at week 12. Therefore the IOP induced RNFL thinning is progressive across time and selective 
when compared against total retinal thickness (interaction p < 0.001 in both Fig. 5C and D). These changes were 
similar between the two BP groups (Fig. 5E, interaction p > 0.9). Similar to the ERG results, in spite of the seem-
ingly better OPP afforded by chronic hypertension, the RNFL was not protected against chronic IOP elevation.

The circumlimbal suture model did not produce any gross disturbance of retinal structure or axon bundle 
arrangement at the ONH (Fig. 6A). Cell density in the outer nuclear layer of OHT eyes was not significantly 
affected relative to control eyes in either hypertensive (+8.1 ± 3.5%) or normotensive (+0.8 ± 3.5%) animals. 
Similarly, the cell density of the inner nuclear layer remained unchanged in hypertensive (+4.4 ± 4.5%) and nor-
motensive (5.2 ± 2.6%) animals. Cell density in the ganglion cell layer was significantly reduced however, in both 
hypertensive (−19.9 ± 5.2%) and normotensive (−18.8 ± 5.5%). Both BP groups were affected similarly, with a 
two way ANOVA finding no interaction between BP and cell layer (p = 0.4) or BP effect (p = 0.7). A highly sig-
nificant cell layer effect (p < 0.001) showed that the ganglion cell layer was significantly more affected than outer 
and inner nuclear layers in both BP groups.

Whilst a significant reduction in cell density of the ganglion cell layer was observed, with histology, no signifi-
cant reduction in the GCC thickness was observed with OCT. This may be due to the relatively larger contribution 
of the inner plexiform layer to the overall GCC thickness masking a change in the relatively small contribution 
of the ganglion cell layer. Alternatively, it is possible that the OCT segmentation did not completely differentiate 
between the retinal nerve fibre and ganglion cell layers, and thus the reduction in retinal ganglion cell density 
contributed to the reduction in RNFL thickness observed with OCT.

Discussion
The salient finding of this study was that despite affording a dramatic increase in putative OPP (Fig. 3B), chronic 
hypertension did not ameliorate the functional and structural sequelae of chronic IOP elevation (Figs 4E and 5E). 
The result is in contrast to a previous study in rats that found 4 weeks of hypertension to be protective against 
acute IOP elevation27. One way to explain this would be that that the protective effect of higher blood pressure 
against IOP elevation is eroded with increasing chronicity of systemic hypertension. Consistent with this idea, He 
et al., did find that 4 weeks of chronic hypertension27 was less protective than acute hypertension16. Our findings 
are also broadly consistent with clinical observation. More specifically, the Baltimore Eye Study found systemic 

Figure 6.  Effect of chronic IOP elevation on retina and optic nerve structure in normotensive and hypertensive 
rats. (A) Representative images from OHT and control eyes of a rat including sagittal section of optic nerve head 
and posterior eye cup (inset), retina and coronal. (B) Cell density (mean ± SEM) in the outer nuclear layer. (C) 
Cell density (mean ± SEM) in the inner nuclear layer. (D) Cell density (mean ± SEM) in the ganglion cell layer. 
(OHT: ocular hypertensive).
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hypertension to be protective against glaucoma in younger patients, but increased the risk of glaucoma in older 
patients, with presumably more advanced effects of long standing blood pressure elevation including arterioscle-
rosis22. Both the Egna-Neumarkt and Los Angeles Latino Eye Studies found both hypo- and hyper-tension to be 
associated with increased glaucoma risk, suggesting that whilst hypotension can promote poor perfusion of the 
optic nerve head, hypertension, if long standing, could also lead to compromised optic nerve head perfusion, due 
to arteriosclerosis and autoregulatory failure23,25.

Another key finding from this study was that chronic systemic hypertension significantly reduced retinal 
autoregulatory capacity during an acute reduction in OPP. Chronic systemic hypertension has been shown to 
reduce the retinal vascular response to flickering light, a metabolic driver of autoregulation, in humans31,32. To our 
knowledge ours is the first study reporting that chronic hypertension results in impairment of retinal autoregu-
lation driven by systemic blood pressure modification in rats. Impaired pressure induced vasodilation in retinal 
arterioles might arise from stiffening of the vascular walls as evidence by an increased wall:lumen ratio35,36, and 
vascular endothelial dysfunction via oxidative stress leading to a reduction in nitric oxide bioavailability37–40. 
Although the literature suggests that impaired vasodilation in hypertension is largely due to endothelial dysfunc-
tion and consequent reduction in nitric oxide bioavailability41–43, as retinal vessels were not examined histologi-
cally, structural changes to inner retinal vessel walls could not be ruled out.

The precise mechanism underlying our finding that chronic hypertension did not protect the retina against 
chronic IOP elevation is not clear. Here we propose two potential mechanisms. Firstly, our observation of impaired 
vasodilation during acute OPP lowering (Fig. 1) points towards a deficit in retinal autoregulatory capacity. The inner 
retinal vasculature in animals with chronic hypertension may inadequately compensate for apparently physiologi-
cal fluctuations in either IOP or blood pressure, leading to short but repeated episodes of insufficient retinal blood 
supply. This impairment in autoregulation may partially be driven by morphological changes in inner retinal blood 
vessels or those that feed them (Fig. 2). Thus, compromised autoregulation could increase retinal susceptibility to 
IOP elevation in spite of increased OPP, by impacting upon the stability of retinal blood flow.

Secondly, the putative improvement in OPP may actually be an artefact of the manner in which OPP is cal-
culated (OPP = MAPophthalmic – IOP). The equation presumes that peripherally measured BP (brachial artery in 
humans or tail artery in rodents) faithfully reflects the pressure in the ophthalmic artery and inner retinal vessels. 
In Fig. 2, we showed a greater magnitude of arterial remodelling in the ophthalmic artery than in the aorta (a 
larger artery). If remodelling affects smaller arteries more severely, arterial pressure measured in the brachial (or 
tail) artery may not be a valid surrogate for MAPophthalmic in patients (or animals) with chronic systemic hyper-
tension. With increasing divergence in vascular remodelling of large and small vessels, the approximation of 
OPP would become progressively less accurate. OPP as it is currently estimated may need to be modified by to 
reflective of the severity and chronicity of systemic hypertension. Additionally, OPP estimated in a clinical setting 
does not capture diurnal variation in OPP and does not consider the capacity of the eye (i.e. autoregulation) to 
respond to OPP fluctuations. OPP status, which also includes consideration of autoregulatory capacity, could be 
a more clinically relevant index than the current concept of OPP. The Thessaloniki Eye Study group have used 
the terms BP and OPP status, to suggest that a normotensive patient and a patient that is normotensive by virtue 
of anti-hypertensive therapy cannot be regarded in the same way44–46. The idea is that in the patient receiving 
anti-hypertensive therapy, a residual impairment of autoregulatory capacity may persist in spite of having recov-
ered to an ostensibly normal BP level. The Thessaloniki Eye Study Group found an association between lower BP 
and enlarged cup:disc ratio (a potential sign of glaucoma) and between lower OPP and glaucoma risk, only in 
patients who used antihypertensive medications44,46,47. Patients who had lower BP but were normotensive did not 
show the same associations. Given that anti-hypertensive therapy has the potential to reverse vascular remodel-
ling and endothelial dysfunction48,49, it is possible that given sufficient time, the detrimental effects of hyperten-
sion on the ophthalmic vasculature leading to increased glaucoma risk could be reversed with treatment. Our 
data would support the concept of OPP status as an index of risk, which would encompass IOP and BP in addition 
to the severity and chronicity of systemic hypertension and the retinal autoregulatory capacity.

Whilst our study shows that chronic hypertension fails to protect retinal structure and function against a chronic 
IOP challenge in spite of dramatically increasing the putative OPP, certain limitations exist. Firstly, it must be 
acknowledged that one possible explanation for the apparent similarity between normotensive and hypertensive 
animals in our study is that circumlimbal suture induced IOP elevation produced a predominantly mechanical 
injury. This is unlikely, as it is well established in experimental models that vascular injury can damage ganglion 
cells6,7,50, consistent with clinical observations that poor ocular blood flow negatively impacts glaucoma risk9,11,18,51. 
It is difficult to separate the direct compressive effect of raised IOP on retinal ganglion cells and their axons and the 
indirect vascular effect of reducing tissue perfusion in vivo, and it is likely that these processes occur simultaneously. 
In our study we would expect the mechanical component of an IOP mediated injury to be similar in both groups, but 
for the hypertensive animals to be protected from the vascular component of the IOP mediated injury.

Secondly, a key limitation of our autoregulation experiment is the use of arteriole diameter as a surrogate 
measure of blood flow. Several clinical and experimental studies have previously adopted this approach31,52,53, 
however further studies involving blood flow measurement would be pertinent in studying the effects of chronic 
systemic hypertension on autoregulation. This is particularly important given that a vascular compromise under-
lies the theory of how chronic hypertension may increase glaucoma risk. As hypertension is largely a disease that 
affects larger vessels, our study focussed on the first order retinal arterioles, however, a recent study in the human 
retina shows the capacity of retinal capillaries to alter their diameter in the absence of any change in the diameter 
of larger “upstream” vessels54, raising the possibility that retinal capillaries may compensate to some degree for 
impairment in the capacity for larger vessels to alter their diameter. Future studies of retinal autoregulation in 
hypertension, perhaps using optical coherence tomography angiography, should consider the effects of hyperten-
sion on the entire trilaminar retinal network.
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In summary, we find that despite higher “ocular perfusion pressure” chronic systemic hypertension was not 
protective for retinal ganglion cells against sustained IOP elevation. This was associated with narrower ophthal-
mic artery and an impaired capacity for retinal arterial autoregulation. These findings may help to explain why the 
population based literature that examines glaucoma risk in hypertension remains largely inconclusive. There may 
also be important implications for clinicians in managing patients with hypertension, particularly when initiating 
therapy. Our data suggest that retinal autoregulatory capacity is compromised by hypertension, and should BP be 
lowered too rapidly, patients would be subjected to an OPP challenge in the period where the BP is reduced but 
residual deficits in autoregulatory capacity persist.

Materials and Methods
Animals.  All procedures were conducted in accordance with the National Health and Medical Research 
Council Australian Code of Practice for the care and use of animals for scientific purposes. Ethics approval 
was obtained from the Howard Florey Institute Animal Experimentation Ethics Committee (Approval number 
13-044-UM). In this study male Long Evans rats were used (24–29 weeks old, 300–400 g at the commencement 
of the study). Animals were housed in a 20 °C facility with a 12 hour light/dark cycle (on at 8 am, 50 lux during 
light phase), with free access to water and rat chow (Barastoc, Ridley Corporation, Melbourne, VIC, Australia).

A total of 34 rats were used in this 12 week study (normotensive n = 16, hypertensive n = 18). Group-1 (nor-
motensive n = 8, hypertensive n = 10) underwent acute pharmacological BP manipulation and in vivo retinal 
vessel imaging, to assess retinal autoregulatory capacity, after 12 weeks of systemic hypertension. Group-2 (nor-
motensive n = 8, hypertensive n = 8) underwent an IOP elevation surgery on one eye after four weeks, and had 
retinal function (electroretinography) and in vivo retinal structure (optical coherence tomography) measured at 
four weekly intervals for the duration of the 12 weeks. At the conclusion of 12 weeks of systemic hypertension, 
all 34 animals underwent cardiac perfusion prior to tissue collection. Samples of the aorta and ophthalmic artery 
were obtained from all animals. Retina and optic nerve samples were also obtained from animals in Group-2. The 
experimental timeline is schematised in Supplementary Material S4.

Blood pressure manipulation and monitoring.  Two modalities of BP manipulation and monitoring 
were used. For chronic BP elevation, all animals were implanted at baseline with an osmotic minipump (2ML4 
Alzet Osmotic Pump, Alzet, Cupertino, CA, USA) under the skin to deliver a continuous infusion of angiotensin 
II (ANG II, hypertensive animals) or normal saline (normotensive controls). The procedure for osmotic min-
ipump implantation is further detailed in Supplementary Material S5. Animals in the hypertensive group received 
a constant infusion of 150 ng kg−1 min−1 of ANG II (Auspep, Tullamarine, VIC, Australia). Subcutaneous ANG II 
infusion is a commonly used drug-induced model of systemic hypertension35,36.

All animals underwent weekly conscious systolic BP (SBP) measurements using a tail cuff sphygmomanome-
ter (IN125/R, ADInstruments Pty Ltd, Bella Vista, NSW, Australia). Animals were gently restrained in a custom 
built restrainer and BP was measured every two minutes over a 30 minute period to derive an average reading. 
Prior to any BP manipulation surgery, five days of baseline measurements were taken. To minimise the effects of 
stress in response to restraint, animals were acclimatised to five days of sham BP measurements prior to baseline 
data collection. SBP was used to estimate mean arterial pressure (MAP), in order to calculate OPP (OPP = MAP 
– IOP) over the 12 weeks in animals in Group-2. Previous studies have validated the use of tail cuff sphygmoma-
nometry to estimate MAP55. Pilot data from our laboratory in Long Evans rats estimated femoral MAPas 0.91 * 
tail cuff SBP + 16.3.

After 12 weeks of chronic hypertension animals in Group-1 underwent acute pharmacological BP manipu-
lation to challenge autoregulation. Intravenous infusion of sodium nitroprusside 0.6 mg mL−1 at a rate of 0.003–
0.008 ml min−1 was used to reduce MAP to approximately 50 mmHg. A concentration of 0.065 mg mL−1 ANG II 
was infused at a rate of 0.004–0.01 ml min−1 to increase MAP to approximately 190 mmHg. The two agents were 
infused through separate intravenous cannulas. During this procedure, BP was continuously monitored with a 
cannula in the femoral artery. The surgical procedure for cannulation of the femoral artery and veins is described 
in Supplementary Material S6.

In vivo retinal vessel imaging.  Retinal vessel diameter change in response to changes in systemic BP is a com-
monly used surrogate measure of autoregulatory capacity31,52,53. Animals in Group-2 underwent retinal vessel 
imaging during acute BP manipulation. The procedure for retinal vessel imaging and analysis is described in 
Supplementary Material S7.

Intraocular pressure manipulation and monitoring.  Animals in Group-2 underwent surgery to chronically ele-
vate IOP after four weeks of systemic hypertension. A circumlimbal suture model of chronic ocular hypertension 
(OHT), previously described was used56,57. This procedure is detailed in Supplementary Material S8.

Rebound tonometry (Tonolab, iCare, Helsinki, Finland) was used for monitoring IOP. Five days of baseline 
measurements were taken prior to the commencement of the study. Thereafter IOP was measured weekly in all 
animals in Group-2 for the 12 weeks of the study. At the time of the circumlimbal suture surgery, IOP was meas-
ured immediately prior to induction of general anaesthesia, after induction of anaesthesia, and at two minutes, 
24 hours and 48 hours post tightening of the circumlimbal suture. Excluding the time points zero and two min-
utes, all IOP measurements were conducted in awake animals without the use of topical anaesthesia.

Electroretinography.  A dark-adapted full-field electroretinogram (ERG) was used to assay retinal function in 
animals in Group-2 at baseline and every 4 weeks for the duration of the study. The ERG is a well established 
technique for non-invasive objective assessment of retinal function58,59. The procedures for signal acquisition 
and analysis are detailed in Supplementary Material S9. The major components of the ERG waveform reflective 
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of photoreceptoral (RmP3), bipolar cell (Vmax) and retinal ganglion cell (positive scotopic threshold response, 
pSTR) were assayed in this study. Additionally, oscillatory potential (OP) amplitudes were extracted from the 
ERG waveform.

Optical Coherence Tomography.  Spectral domain optical coherence tomography (OCT) (Micron III, Phoenix 
Research Labs, Pleasanton, CA, USA) was used as a non-invasive assay of retinal thickness. It was performed on 
animals in Group-2 immediately after each ERG recording. Total retinal thickness, in addition to ganglion cell 
complex (GCC) and retinal nerve fibre layer (RNFL) thickness was assessed. Acquisition and analysis of OCT 
signals is described in Supplementary Material S10.

Histology.  Histology was used to assay the effect of hypertension on arterial morphology and the effect of raised 
IOP on retinal cell density. At the end of the 12 week study period, all animals underwent cardiac perfusion 
and tissue harvest. Sections of the aorta and ophthalmic artery were obtained from animals in both groups and 
stained with Gomori’s Aldehyde Fuchsin staining. Cross sections of retinal tissue were obtained from animals in 
Group-2 only and stained with Haemotoxylin and eosin. Two 500 μm long sections (one from either side of the 
optic nerve head) were analysed for each eye. The sections were 5 μm in thickness. Tissue collection, preparation 
and staining procedures are described further in Supplementary Material S11.

Statistical analysis.  Group data in this study are presented as the mean ± standard error of the mean (SEM). Data nor-
mality (Kolmogorov-Smirnov test) and homogeneity of variances (Bartlett’s test) were established using Prism 6 soft-
ware (GraphPad Software, La Jolla, CA, USA). A restricted maximum likelihood (REML) analysis60, with Bonferroni 
post hoc testing was used to assess the effect of chronic hypertension on retinal autoregulatory capacity (GenStat 
software, version 15.2, VSN International, Hemel Hempstead, UK). To analyse the relationships between parameters 
a Deming regression was used, along with a non-parametric Spearman correlation coefficient (Prism 6). Two way 
repeated measures ANOVA with Bonferroni post hoc testing was used to compare the effects of chronic hypertension 
on retinal function, as well as retinal functional and structural susceptibility to chronic IOP elevation (Prism 6).
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