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PURPOSE. Choroidal vessels compensate for changes in systemic
blood pressure (BP) so that choroidal blood flow (ChBF) re-
mains stable over a BP range of approximately 40 mm Hg
above and below basal. Because of the presumed importance
of ChBF regulation for maintenance of retinal health, we inves-
tigated if ChBF compensation for BP fluctuation in pigeons fails
with age.

METHODS. Transcleral laser Doppler flowmetry was used to
measure ChBF during spontaneous BP fluctuation in anesthe-
tized pigeons ranging in age from 0.5 to 17 years (pigeons can
live approximately 20 years in captivity).

RESULTS. ChBF in �8-year-old pigeons remained near 100% of
basal ChBF at BPs ranging 40 mm Hg above and below basal BP
(95 mm Hg). Baroregulation failed below approximately 50
mm Hg BP. In �8-year-old pigeons, ChBF compensation was
absent at �90 mm Hg BP, with ChBF linearly following BP.
Over the 60 to 90 mm Hg range, ChBF in �8-year-old pigeons
was maintained at 60–70% of young basal ChBF. Below ap-
proximately 55 mm Hg, baroregulation again followed BP lin-
early.

CONCLUSIONS. Age-related ChBF baroregulatory impairment oc-
curs in pigeons, with ChBF linear with above-basal BP, and
ChBF failing to adequately maintain ChBF during below-basal
BP. Defective autonomic sympathetic and parasympathetic
neurogenic control, or defective myogenic control, may cause
these baroregulatory defects. In either case, overperfusion dur-
ing high BP may cause oxidative injury to the outer retina,
whereas underperfusion during low BP may result in deficient
nutrient supply and waste removal, with both abnormalities
contributing to age-related retinal pathology and vision loss.

(Invest Ophthalmol Vis Sci. 2011;52:7238–7247) DOI:
10.1167/iovs.10-6464

Basal choroidal blood flow (ChBF) declines with age in
humans, and diverse mammalian and nonmammalian spe-

cies,1–4 and the possibility that these declines contribute to
age-related retinal dysfunction and pathology has been
raised.5–7 In our work in pigeons, we have shown that ChBF
declines precede and thus may contribute to photoreceptor
and acuity loss.1,2 Although the basis of age-related decline in
ChBF is uncertain, we have shown that age-related loss in
parasympathetic choroidal innervation occurs in both pigeons
and humans.2,8 Parasympathetic choroidal innervation, how-
ever, not only serves to maintain basal choroidal tone, but is
also responsible for adaptive ChBF regulation. Loss of choroi-
dal innervation may thus harm the retina by both reducing
basal ChBF and impairing adaptive ChBF control.

Studies in rats, rabbits, humans, and pigeons have shown
that a major choroidal regulatory process involves compensa-
tion for systemic blood pressure (BP) fluctuation, so as to
maintain stable blood flow despite the BP variation.9–15 The
ChBF compensation for BP fluctuations occurs over a range of
�40–50% of basal BP, and ensures appropriate choriocapillary
exchange. The vascular compensation for the low choroidal
perfusion pressure resulting from low systemic BP is mediated
by choroidal vasodilation and prevents retinal ischemia,
whereas the compensation for the high choroidal perfusion
pressure resulting from high systemic BP is mediated by vaso-
constriction and prevents retinal hyperoxygenation and
edema.16,17 The phenomenon of blood flow stability during
systemic BP variation has typically been termed autoregulation
because of the view that such compensation is mediated by
intrinsic vascular mechanisms. There is, however, considerable
evidence that neurogenic mechanisms contribute to choroidal
compensation for variation in systemic BP.9,13,14,18,19 For this
reason, we use the term “baroregulation ” to refer to blood
flow stability during BP variation, since it is more descriptive of
the phenomenon and avoids the possibly erroneous implica-
tions of the term “autoregulation.”

In the present study, we determined whether ChBF baro-
regulation becomes defective in pigeons as they age. To this
end, we examined ChBF responses to spontaneously occurring
variation in BP in anesthetized pigeons ranging in age from 0.5
to 17 years. The results indicate that ChBF in young pigeons
remains near 100% of basal ChBF over an approximately �40
mm Hg range around basal BP. Baroregulation remains intact in
2- to 7-year-old pigeons, but is impaired in �8-year-old pigeons.
This baroregulatory defect manifests as failure to maintain
ChBF at young basal levels over a 60 to 90 mm Hg range, and
BP-dependent increase in ChBF at above-basal BP.
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METHODS

Adult White Carneaux pigeons, ranging in age from 0.5 to 17 years
(n � 81), that had been housed in 12-hour light/12-hour dark diurnal
lighting were used. Birds older than 2 years were provided by William
Hodos of the University of Maryland, John E. R. Staddon of Duke
University, and Jeffrey R. Smiley of the University of Kentucky. Other
birds were obtained from Palmetto Pigeon Plant (Sumter, SC) or Bow-
man Gray School of Medicine (Winston-Salem, NC). All procedures
were approved by the Animal Care and Use Committee of University of
Tennessee Health Science Center, followed National Institutes of
Health guidelines, and adhered to the ARVO Statement on Animal
Research.

For our studies of young adult pigeons (�1 year), the 28 pigeons
we previously used to describe avian baroregulation13 were reana-
lyzed, together with 22 additional young adult pigeons, to more fully
assess the pigeon baroregulatory range. Twenty-two pigeons equal to
or older than 8 years and 9 pigeons ranging from 2 years to younger
than 8 years were newly analyzed. The oldest pigeons ranged from 8 to
17 years, with a mean of 10.9 years (�0.61 SEM), and the 2 to �8-year
group had a mean age of 3.9 years (�0.60 SEM). These two age ranges
were empirically determined, based on the current data. To monitor
ChBF and BP, pigeons were anesthetized with ketamine (66 mg/kg,
administered intraperitoneally [IP], Fort Dodge Laboratories, Fort
Dodge, IA) and xylazine (33 mg/kg IP; Butler Company, Columbus,
OH), with supplemental doses every 30–40 minutes. ChBF was con-
tinuously monitored transclerally at the superior aspect of the eye by
laser Doppler flowmetry using a blood perfusion monitor (Laserflo,
model BPM 403A or BPM2; Vasamedics, St. Paul, MN), and systemic
arterial BP (ABP) was continuously monitored via a brachial artery
catheter and a blood pressure analyzer (BPA-100; MicroMed Inc., Lou-
isville, KY), as further detailed in our prior studies.20–23 For reasons
explained previously,21,23 the relative blood flow values are referred to
as blood flow units (BFUs). Artificial respiration was not used, but our
pulse oximetry in a subset of pigeons shows that blood oxygenation
(measured at the left foot) remained at 90–95% over the typical 2- to
4-hour duration ChBF recording session, even with a 30 mm Hg drop
in BP.

In one set of studies, we determined if ChBF baroregulation oc-
curred during BP fluctuation above and below basal ABP (approxi-
mately 95 mm Hg in anesthetized pigeons) in the three pigeon age
groups.13,14 Simultaneous 5-second samples of ChBF and ABP were
taken at approximately 1- to 2-minute intervals over the course of a 2-
to 4-hour recording session. Note that ABP and ChBF samples were
taken only during periods when neither was changing rapidly (defined
as �1 mm Hg/s), since different mechanisms may be involved in
dynamic and static phases of baroregulation.24–26 The average ABP
range sampled (i.e., difference between means for most extreme bins)
for the young pigeons was 29.4 � 2.8 mm Hg (SEM), the average ABP
range sampled for the pigeons ranging in age from �1 year but �8
years was 38.6 � 9.4 mm Hg, and the average ABP range sampled for
the �8-year-old pigeons was 33.6 � 5.4 mm Hg. In one of the �8-year-
old pigeons, blood was withdrawn and reinfused to modulate BP,
whereas in a second pigeon saline was infused, again to modulate
BP. In two of the �1-year-old pigeons, blood was withdrawn to reduce
BP. Otherwise, in these birds and all others, BP was allowed to fluc-
tuate freely. In the BP-manipulated birds, the range of variation was no
different from the average for their groups.

The basis of the spontaneous variation in BP we observed in
anesthetized pigeons is uncertain, but we previously saw similar vari-
ation in anesthetized rats.14 The ABP tended to fluctuate around a
midpoint in most birds, with the ABP fluctuations in some of the young
and middle-aged reversed by compensatory changes in heart rate. ABP
fluctuations about an apparent set point are consistent with the baro-
regulatory mechanisms known to exist in birds.27–31 In some individual
pigeons, the ABP varied over a range much greater than 30 mm Hg. In
these, ABP and heart rate typically declined toward the end of the
session, perhaps as a consequence of blood loss and/or the cumulative

anesthetic doses. With regard to an impact of cumulative anesthetic
dose as a contributor to hypotension in some of our birds, xylazine is
known to depress blood pressure in mammals and birds.32,33

In all pigeon groups, the data were organized into 10 mm Hg bins over
the 90 to 150 range, and 5 mm Hg bins over the 20 to 90 range. For each
animal, all ABP values within a bin were averaged to calculate the mean
ABP for that bin, as were all ChBF values occurring within that same ABP
range. The mean ABP for the 90 to 100 mm Hg range was taken as the
basal ABP for the 50 young pigeons,22 and the mean ChBF for this same
bin was defined as basal ChBF. The basal ABP and ChBF values for the 50
young pigeons were used to calculate ABP and ChBF as a percentage of
basal for the young (�1 year old), middle-aged (2–7 years old), and aged
(�8 years old) pigeons. Note that given the limited range of the sponta-
neous BP fluctuation in any given pigeon (approximately 30 mm Hg on
average), no individual pigeon had mean ABP and ChBF values that fell
within each ABP bin. For the purposes of Table 1 (young), Table 2
(middle-aged), and Table 3 (aged), the mean ABP and ChBF for each bin
were based on those animals whose ABP had included values within that
ABP range. The number of animals whose values fell within each bin is
shown in the tables (column 2 of each table), as is the mean number of
samples per animal for each ABP range (column 3 of each table). ABP and
ChBF for each range are shown in the tables in mm Hg and BFUs (�SEM),
as well as a percentage of basal. The data are graphed as a percentage of
basal, with choroidal blood flow expressed as a percentage of young basal
ChBF and ABP expressed as a percentage of young basal ABP, since this
most readily depicts baroregulation. For Figures 1, 2, and 3, the 50 pigeons
younger than 1 year were used to define basal ChBF (37.8 BFUs) and ABP
(94.4 mm Hg), whereas for Figure 4 all 59 pigeons younger than 8 years
were used to define basal ChBF (37.9 BFUs) and ABP (94.4 mm Hg). The
tables show all data collected, whereas the corresponding graphs plot bins
only for which we have more than two animals.

Additionally, choroidal resistance was calculated for each ABP range,
by dividing mean ChBF into mean ABP for each range. For ease of
interpretation, resistance is shown in the tables and figures as a percent-
age of basal resistance, where 100% represents basal resistance for the 90
to 100 mm Hg range. The calculated choroidal resistance is shown in the
last column of each table. Note that in using ABP to estimate choroidal
perfusion pressure, we did not take into account the effect of intraocular
pressure (IOP) on choroidal perfusion pressure for two reasons. First, the
impact of IOP changes on choroidal perfusion pressure during a ChBF
recording session or across animals of different ages is likely to be small
because: (1) based on published data in young adult Columba livia34 and
our own measurements of 57 eyes from 0.5- to 15-year-old Columba livia,
their IOP was only 13 to 15 mm Hg, and (2) IOP did not increase with age
in our pigeons, nor was IOP significantly correlated with age (r � 0.100).
Second, we do not know the extent to which changes in extraocular
vessels feeding the pigeon choroid (i.e., the ophthalmotemporal and
choroidal arteries) versus the intrachoroidal branches of these vessels
contribute to changes in ChBF during ABP variation,35 and perfusion
pressure in extraocular vessels would not be directly affected by IOP.

The relationship between ABP and ChBF is assessed by regression
analysis, and the difference between ChBF in young and old per ABP bin
by repeated-measures ANOVA (SAS Institute Inc., Cary, NC), with one-
tailed Fisher’s protected least significant difference test used to assess
ChBF differences between ABP bins within age group or within ABP bin
between age groups.

RESULTS

Young Adult Pigeons (0.5–1 Year of Age)

In young adult pigeons, mean ChBF remained near 100% of basal
ChBF over an ABP range from approximately 135 to approxi-
mately 55 mm Hg (i.e., from approximately 50% above to approx-
imately 45% below basal ABP) (Table 1, Fig. 1A). Beginning at 55
mm Hg, ChBF linearly followed ABP and rapidly dropped below
80% of basal ChBF. These findings extend on our prior observa-
tions in two ways.13 First, they show that baroregulation in pi-
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geons, as in mammals, extends well into the range above basal BP,
as well as to a comparable extent below basal ABP. Second, they
show that baroregulation in young adult pigeons (approximately
0.5 to 1 year old) maintains ChBF near (i.e., within 80–90% of)
basal ChBF levels at ABPs as low as approximately 40 mm Hg
below basal ABP. Statistical analysis confirms these observations,
since ChBF was not significantly correlated with ABPs over the
125 to 55 mm Hg range (r � 0.3637, n � 11), and the slope of the
linear regression line was flat (0.0955). Above 125 mm Hg, our
sample of young birds is insufficient to statistically assess if ChBF
remains flat, but the limited sample suggests it remains flat out to
approximately 145 mm Hg (or 50% above basal ABP). The calcu-
lated choroidal resistance showed similar evidence of baroregula-
tion over the 55 to 125 mm Hg range (Table 1, Fig. 1B). As

confirmed by regression analysis, from 125 to 55 mm Hg, the
choroidal vascular resistance linearly followed ABP (r � 0.9612,
n � 11), and the slope of the linear regression line showed a
nearly unitary relationship of choroidal vascular resistance with
ABP (0.9999), resulting in effective ChBF compensation over this
range. Below 55 mm Hg, the resistance did not decrease further
(vasodilation was apparently maximal), and ChBF was thus unable
to compensate for ABP increasingly below 55 mm Hg.

Middle-Aged Pigeons (2 to 7 Years of Age)

We evaluated the effects of age on choroidal baroregulation by
studying pigeons equal to or older than 2 years. The data
showed that baroregulation was normal in pigeons ranging in

TABLE 1. Baroregulation in Normal Young Pigeons (�1 year; n � 50)

ABP
Range

Pigeons per
ABP Range

Mean
Samples

per Pigeon

Mean
ABP � SEM

per ABP Range

Mean
ChBF � SEM

per ABP Range

Mean ABP per
ABP Range as

% of Basal
ABP

Mean ChBF
per ABP

Range as % of
Basal ChBF

ChBF
Resistance
per ABP

Range as % of
Basal

140–150 1 1.0 143.9 41.2 152.3% 79.8% 190.9%
130–140 5 22.0 134.9 � 1.42 41.2 � 10.08 143.0% 108.8% 131.4%
120–130 10 9.3 125.2 � 0.70 35.7 � 3.89 132.7% 94.5% 140.4%
110–120 13 10.3 114.1 � 0.50 32.4 � 3.26 120.9% 85.5% 141.4%
100–109 23 9.6 103.1 � 0.48 38.9 � 3.88 109.3% 102.7% 106.5%
90–100 29 13.3 94.4 � 0.39 37.8 � 3.32 100.0% 100.0% 100.0%
85–90 24 7.9 86.8 � 0.32 34.5 � 2.90 92.0% 91.2% 100.9%
80–85 33 9.2 82.4 � 0.23 32.7 � 2.51 87.4% 86.4% 101.1%
75–80 28 9.7 77.7 � 0.16 32.2 � 3.19 82.3% 87.8% 93.8%
70–75 28 5.8 72.5 � 0.17 35.3 � 3.52 76.8% 93.2% 82.4%
65–70 25 6.1 67.5 � 0.19 31.5 � 3.42 71.5% 83.2% 85.9%
60–65 19 4.7 62.6 � 0.31 33.6 � 3.11 66.4% 88.7% 74.8%
55–60 13 7.8 57.4 � 0.36 34.4 � 4.82 60.8% 90.9% 66.9%
50–55 8 9.8 53.0 � 0.28 31.3 � 6.75 56.1% 82.7% 67.9%
45–50 6 6.7 47.8 � 0.35 28.4 � 7.49 50.7% 75.0% 67.6%
40–45 4 3.0 43.2 � 0.64 23.7 � 9.71 45.8% 62.7% 73.0%

Tabulation of choroidal blood flow (ChBF) during fluctuation in arterial blood pressure (ABP) in the 50 normal young pigeons (�12 months
old) analyzed. As can be seen, ChBF remained near basal levels over the 135 to 50 mm Hg ABP range, and choroidal resistance declined linearly
over this range.

TABLE 2. Baroregulation in Middle-Aged Pigeons (2–7 years; n � 9)

ABP
Range

Pigeons per
ABP Range

Mean
Samples

per Pigeon

Mean
ABP � SEM

per ABP Range

Mean
ChBF � SEM

per ABP Range

Mean ABP per
ABP Range as

% of Basal
ABP

Mean ChBF
per ABP

Range as % of
Basal ChBF

ChBF
Resistance
per ABP

Range as % of
Basal

140–150 1 1.8 146.4 41.4 155.2% 109.3% 141.9%
130–140
120–130
110–120 2 4.5 117.0 � 1.91 32.4 � 2.59 124.0% 88.2% 140.7%
100–109 3 4.3 104.1 � 0.77 37.0 � 15.76 110.3% 97.9% 112.7%
90–100 4 15.5 94.8 � 0.65 38.6 � 13.10 100.5% 101.9% 98.6%
85–90 6 11.0 87.1 � 0.28 38.8 � 8.73 92.3% 102.4% 90.1%
80–85 6 13.5 82.3 � 0.19 41.5 � 6.83 87.3% 109.6% 79.6%
75–80 6 16.7 77.5 � 0.42 37.2 � 8.08 82.2% 98.3% 83.6%
70–75 6 13.3 72.0 � 0.46 35.2 � 6.69 76.3% 93.0% 82.0%
65–70 8 8.4 67.6 � 0.51 32.8 � 6.81 71.6% 86.7% 82.6%
60–65 5 15.0 62.4 � 0.53 36.9 � 11.21 66.1% 97.5% 67.8%
55–60 6 9.8 57.7 � 0.42 36.7 � 9.53 61.1% 96.9% 63.1%
50–55 4 10.0 52.7 � 0.37 40.7 � 14.39 55.8% 107.5% 51.9%
45–50 4 4.3 48.1 � 0.25 39.7 � 15.03 50.9% 105.0% 48.5%
40–45 1 8.0 42.06 19.45 44.6% 19.5% 86.7%
35–40 1 1.0 39.00 12.20 41.3% 32.3% 128.1%

Tabulation of ChBF during fluctuation in ABP in the 9 normal pigeons analyzed in the 2- to 7-year age range. As can be seen, ChBF showed
baroregulation over the 50 to 145 mm Hg ABP range, and the choroidal resistance declined linearly over this range.
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age from 2 to 7 years, but impaired in pigeons equal to or older
than 8 years. We thus present data for these two groups of
birds separately, beginning with the former. In birds ranging in
age from 2 to 7 years, ChBF remained at the basal level typical
of young pigeons from ABPs ranging from approximately 105
to approximately 50 mm Hg (Table 2, Fig. 2A). Over this range,
ChBF was uncorrelated with systemic BP (r � 0.0264, n � 11),
and the slope of the linear regression line was flat (0.0095).
Additionally, vascular resistance over this range was highly
correlated with ABP (r � 0.9656, n � 11), and the slope of the
ABP correlation with vascular resistance was nearly unitary
(0.9888) (Table 2, Fig. 2B). Limited data suggest baroregulation
in these middle-aged pigeons was effective up to an ABP of
approximately 145 mm Hg. Thus, baroregulation appears nor-
mal in pigeons through the age of 7 years, which is approxi-
mately one third into the maximum pigeon lifespan in captiv-
ity.

Old Pigeons (>8 Years of Age)

ChBF was abnormal and its baroregulation was impaired in the
oldest (�8 years) pigeons (Table 3, Fig. 3). For example,
baroregulation was seemingly absent at ABP � 90 mm Hg,
since at ABP above basal (i.e., approximately 94 mm Hg) ChBF
followed ABP linearly. Moreover, at ABP between 90 and 60
mm Hg, ChBF remained between 60% and 70% of the basal
ChBF observed in young pigeons; thus, baroregulation over
this range (while present) was inadequate for maintaining
ChBF at the levels observed in young pigeons. Below an ABP of
approximately 60 mm Hg, ChBF followed ABP in the �8-year-
old pigeons, as was the case in young birds as well. Statistical
analysis confirms the partial failure of choroidal baroregulation
in aged pigeons, since the ChBF was significantly correlated
with ABP over the 125 to 85 mm Hg range (r � 0.9316, n � 5),
and the slope of the linear regression line relating ChBF and
ABP was somewhat �1 (1.438), indicating that ChBF was
significantly affected by ABP over the high end of the ABP

range. By contrast, from approximately 85 to 55 mm Hg, ChBF
was uncorrelated with ABP (r � 0.0625, n � 8), and the slope
of the relationship between ChBF and ABP was flat (0.020).
Thus, ChBF baroregulated over this range, although ChBF was
maintained at only approximately 65% of young basal levels.
Below 55 mm Hg, ChBF was again highly correlated with ABP
(r � 0.934, n � 7), and the slope of the ChBF relationship to
ABP was again near unitary (1.376).

The defective choroidal baroregulation was also evident
from the choroidal resistance in the aged pigeons. For exam-
ple, as ABP dropped from 145 to 110 mm Hg, resistance
remained flat, showing no decline with declining ABP. Over
the 110 to 90 mm Hg range, however, resistance increased as
ABP declined. As a result, over the 125 to 95 mm Hg range,
choroidal resistance was inversely correlated with ABP (r �
�0.9600, n � 4), with resistance increasing as ABP decreased
(slope � �1.460). Note that because resistance was �100%,
ChBF over this range was lower than predicted from a one-to-
one association of ChBF and ABP. By contrast, over the 90 to 55
mm Hg range, choroidal resistance steadily declined in associ-
ation with ABP (r � 0.693, n � 8), with a slope approaching
unitary (0.6477) (Fig. 3, Table 3). Below 55 mm Hg, choroidal
resistance declined no further and was largely flat. Note that
choroidal resistance below basal ABP (i.e., approximately 94
mm Hg) remained higher than that in young pigeons at the
same ABPs. Thus, over this range, vasodilation was less effec-
tive in old than that in young pigeons, and accounts for the low
ChBF seen in older pigeons over this range.

We used ANOVA to further assess the ChBF defect in pi-
geons equal to or older than 8 years over the ABP range
examined. For this statistical analysis, we combined the data
for all pigeons younger than 8 years (n � 59) and used two-way
ANOVA with post hoc comparisons for each ABP range to
assess the effects of ABP on ChBF in young and middle-aged
(�8 years) and aged (�8 years) pigeons (Fig. 4). The compar-
isons were carried out over the range for which we had

TABLE 3. Baroregulation in Aged Pigeons (�8 years; n � 22)

ABP
Range

Pigeons per
ABP Range

Mean
Samples

per Pigeon

Mean
ABP � SEM

per ABP Range

Mean
ChBF � SEM

per ABP Range

Mean ABP per
ABP Range as

% of Basal
ABP

Mean ChBF
per ABP

Range as % of
Basal ChBF

ChBF
Resistance
per ABP

Range as % of
Basal

140–150 2 4.0 141.9 � 0.42 47.3 � 41.68 150.4% 125.1% 120.3%
130–140 2 6.0 132.8 � 0.22 52.8 � 24.62 140.8% 139.7% 100.8%
120–130 6 7.0 124.7 � 1.25 45.3 � 5.67 132.2% 119.7% 110.4%
110–120 6 5.8 114.3 � 1.25 41.2 � 4.78 121.2% 108.9% 111.2%
100–109 8 8.4 105.0 � 0.87 29.4 � 5.00 111.2% 77.8% 143.0%
90–100 12 12.8 94.0 � 0.64 24.0 � 3.58 99.7% 63.4% 157.3%
85–90 12 10.9 87.3 � 0.33 27.0 � 2.74 92.5% 71.3% 129.6%
80–85 12 11.6 82.8 � 0.23 26.2 � 2.11 87.7% 69.1% 126.9%
75–80 15 16.9 77.2 � 0.21 25.3 � 2.18 81.8% 66.7% 122.6%
70–75 14 10.8 72.5 � 0.29 26.3 � 2.31 76.9% 69.4% 110.8%
65–70 13 7.1 67.5 � 0.36 30.5 � 2.37 71.6% 80.6% 88.7%
60–65 9 14.7 62.3 � 0.24 26.7 � 1.94 66.1% 70.7% 93.5%
55–60 10 13.7 56.6 � 0.58 26.4 � 2.07 59.9% 69.8% 85.8%
50–55 8 11.6 52.4 � 0.94 26.1 � 2.77 55.5% 68.9% 80.6%
45–50 3 5.0 48.0 � 1.30 23.9 � 0.95 50.9% 63.1% 80.7%
40–45 3 6.8 43.6 � 0.83 21.0 � 6.05 46.2% 55.5% 83.2%
35–40 2 2.0 36.9 � 0.34 20.5 � 11.03 39.1% 54.3% 72.1%
30–35 1 1.0 31.5 12.2 33.4% 32.2% 103.9%
25–30 1 1.0 27.1 9.0 28.7% 24.3% 120.8%
20–25 1 1.0 21.9 12.2 23.2% 32.8% 72.0%

Tabulation of ChBF during fluctuation in ABP in the 22 normal aged pigeons (�8 years old) analyzed. As can be seen, ChBF values linearly
followed ABP increases at ABP from 90 to 140 mm Hg, and were maintained at approximately 65% of basal over the 50 to 90 mm Hg range.
Choroidal resistance changes with ABP variation reflected these ChBF trends, with resistance not increasing linearly with ABP � 90, and resistance
being high, but showing a linear decline with ABP from 50 to 90 mm Hg.
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obtained more than three samples for a given ABP bin (i.e., 50
to 130 mm Hg). ANOVA revealed an overall significant effect of
age on ChBF (P � 0.0481, degrees of freedom � 78, F � 4.03).
Post hoc planned comparison revealed that ChBF over the 50
to 130 ABP range in �8-year-old pigeons was not significantly
different from basal ChBF (i.e., ChBF over the 90 to 100 ABP
range). Thus, ChBF baroregulated over the 50 to 130 ABP range
in the young pigeons. By contrast, in �8-year-old pigeons,
ChBF over the 110 to 130 mm Hg range was significantly
greater than basal ChBF at an ABP of 90 to 100 mm Hg. ChBF
over the 50 to 110 mm Hg range, however, was not signifi-
cantly different from the ChBF at an ABP of 90 to 100 mm Hg
in �8-year-old pigeons. Over part of this range (70 to 100 mm
Hg), ChBF in the aged birds was significantly less than that in
the younger birds. Thus, comparison of the young and aged
birds by ANOVA confirms that baroregulation was absent
above basal ABP (approximately 95 mm Hg) in the aged birds
(i.e., ChBF was above basal values), and whereas baroregula-
tion was present at and below basal ABP in the aged birds,
ChBF during systemic hypotension was lower than that in the
younger birds.

DISCUSSION

Extending on our prior findings,13 we found that ChBF in
young and middle-aged pigeons (�8 years old) is maintained

near 100% of basal ChBF over a blood pressure range of
approximately �45 mm Hg above and below basal BP. The
baroregulation at high BP is mediated by a vasoconstriction
that serves to counteract the effects of the high BP on blood
flow, whereas the baroregulation at low BP is mediated by
vasodilation that serves to counteract the consequences of
diminished perfusion pressure. In contrast, choroidal baroregu-
lation was defective in both the high and the low BP ranges at
or beyond about halfway into the maximum pigeon lifespan.
Note that pigeons in captivity live approximately 20 years, but
in the wild their life expectancy is only approximately 7 years.1

Above basal ABP of approximately 95 mm Hg, baroregulation
in anesthetized �8-year-old pigeons was absent, with ChBF
increasing as ABP increased, whereas at ABP ranging from
approximately 55 to 90 mm Hg ChBF was stable, but the
vasodilation during systemic hypotension was able to maintain
ChBF only at approximately 65% of that in young pigeons.

Both myogenic and neurogenic mechanisms have been pro-
posed to play a role in choroidal baroregulation.10,13,14,17,19

Myogenic mechanisms involve a response of arteriolar smooth
muscle to variation in stretch caused by variation in perfusion
pressure, with stretch thought to open calcium channels that
cause constriction of arteriole vessel walls and thereby main-
tain flow within a preferred range.36–38 The neurogenic con-
tribution involves sympathetic adrenergic constriction with

FIGURE 1. Graphs showing mean
ChBF (A) and choroidal resistance
(B) (�SEM) graphed as a function of
the corresponding ABP, over an ABP
range of 40 to 135 mm Hg (45% to
145% of basal ABP) in 50 normal
young pigeons less than 1 year old.
The mean ChBF and ABP are graphed
as a percentage of basal ChBF and
ABP for the 50 �1-year-old pigeons.
The red line in A shows ChBF as it
would be if it linearly followed ABP
(i.e., with no compensation). Note
that from approximately 30% above
and 40% below basal ABP, ChBF re-
mains between 80% and 100% of
basal. The red line in B shows cho-
roidal resistance as it would be if it
linearly followed ABP (i.e., with baro-
regulatory compensation). Note that
choroidal resistance in the young pi-
geons decreased linearly as ABP de-
clined from 40% above to 50% below
basal ABP.
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high systemic BP, and parasympathetic vasodilation during low
systemic BP.13,14,18,39 Blood pressure dependent adaptive au-
tonomic control of the cardiovascular system in both birds and
mammals is mediated by specialized aortic and carotid recep-
tors that detect vessel stretch and relay this information to the
nucleus of the solitary tract (NTS) via the vagal and glossopha-
ryngeal nerves, although birds appear to rely more on aortic
baroreceptors than do mammals.27–31

Given that the sympathetic nervous system heavily inner-
vates avian choroid,40 a failure of this input to vasoconstrict the
choroid as ABP rose seems likely to be a contributor to the
high-ABP baroregulatory defect observed in aged pigeons. This
interpretation is consistent with the observation that the sym-
pathetic nervous system prevents choroidal overperfusion dur-
ing high BP in cats,39 and with the finding that the sympathetic
nervous system plays a major role in cerebral blood flow
compensation for high systemic blood pressure.41,42 The cir-
cuitry by which BP signals might influence the sympathetic
input from the superior cervical ganglion to choroidal vessels
is unknown, but presumably involves a multisynaptic circuit
between the baroreceptive part of the NTS and those sympa-
thetic preganglionic neurons of the upper thoracic spinal cord
that innervate superior cervical neurons supplying choroidal
blood vessels and possibly extraocular vessels that give rise to

the choroidal vessels.39,40,43,44 Note that myogenic mecha-
nisms too may play a role in ChBF compensation to high
systemic BP in younger pigeons. If so, the linearity of the
ABP ChBF curve at �90 mm Hg BP in �8-year-old pigeons
suggests that both neurogenic and myogenic mechanisms con-
tributing to choroidal baroregulation during high BP were
impaired in our older pigeons.

The circuitry of the parasympathetic choroidal innervation
is consistent with a neurogenic contribution to choroidal baro-
regulation during below-basal BP in birds and mammals. The
autonomic subdivision of the facial nucleus in birds and
mammals, termed the superior salivatory nucleus (SSN),
provides preganglionic input to the pterygopalatine gan-
glion (PPG),17,35,45 which dilates choroidal vessels using
nitric oxide and vasoactive intestinal polypeptide.39,46,47

The choroidal preganglionic neurons of the SSN receive input
from the baroreceptive part of the NTS in both birds and
mammals.18,30,43,48–53 Our observation that baroregulation in
pigeons failed below approximately 60 mm Hg and the evi-
dence that baroreceptors unload at this ABP in rats54 are
consistent with a role of the NTS SSN PPG circuit in choroidal
baroregulation during low BP.

We previously observed that nitric oxide synthase inhibi-
tion in young pigeons impairs the ability of ChBF to compen-

FIGURE 2. Graph showing ChBF (A)
and choroidal resistance (B) (�SEM)
graphed as a function of the corre-
sponding ABP, over an ABP range of
50 to 120 mm Hg (48% to 117% of
basal ABP) in 9 normal young pi-
geons ranging in age from 2 to 7
years (mean, 3.9 years). The mean
ChBF and ABP are graphed as a per-
centage of basal ChBF and ABP for
the 50 �1 year old pigeons. The red
line in A shows ChBF as it would be
if it linearly followed ABP (i.e., with
no compensation), whereas the red
line in B shows choroidal resistance
as it would be if it linearly followed
ABP (i.e., with compensation). As
can be seen, ChBF remained near
basal levels over the 50 to 120 mm
Hg ABP range, and vascular resis-
tance (calculated from the means for
each bin) linearly followed ABP over
this range.
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sate for low BP (i.e., �95 mm Hg) caused by blood with-
drawal.14 The present results show that residual baroregulatory
mechanisms in �8-year-old pigeons are present over the 60 to
90 mm Hg range, but insufficient to keep ChBF at �70% of
basal levels. It may be that a defect in the functioning of the
parasympathetic nitrergic input to choroid underlies the defi-
cient baroregulation in the hypotensive BP range. It is also
possible, however, that deficient myogenic control contributes
to the deficient choroidal baroregulation in the hypotensive BP
range. In either event, the fact that ChBF is maintained at
approximately 70% of basal over the 60 to 90 mm Hg range
suggests that neurogenic or myogenic mechanisms remain
somewhat functional in the �8-year-old birds.

The basis of the exaggerated vascular resistance over the 90
to 110 mm Hg ABP range in �8-year-old pigeons is uncertain.
It is possible that there may normally be interplay between
vasoconstrictive and vasodilatory mechanisms over this range,
with increasing vasodilatory action normally serving to in-
crease flow as BP drops, by counteracting residual sympathetic
vasoconstrictive action. In the aged pigeons, the increased
resistance at and just above basal ABP thus may stem from a
combination of increased choroidal vascular resistance over
the 90 to 150 ABP range in the older birds and a failure of
normal vasodilation over the 90 to 110 mm Hg ABP range.

In principle, the defects in choroidal vasoconstriction and
vasodilation in aged pigeons could stem from a defect at the
level of the vessel smooth muscle, a defect in autonomic nerve
function, or a defect in the baroreceptive signaling pathways
from the aortic baroreceptors to the NTS to the preganglionic
neurons controlling sympathetic vasoconstriction and para-
sympathetic vasodilation. Baroreceptor and baroreflex func-
tions decline with age in humans and animals, especially in the
range around basal BP,55–58 as does the ability of smooth
muscle to relax and produce vascular dilation in response to
vasodilators and in response to myogenic signals.58 Moreover,
diminished PPG parasympathetic and/or superior cervical sym-
pathetic input to the choroidal and cerebral vasculature have
been demonstrated in several species,8,59 as has impaired hy-
pertensive choroidal baroregulation in patients with age-re-
lated macular degeneration (AMD).60

We have previously shown that regulation of ChBF by a
second parasympathetic circuit is impaired as pigeons age.
That circuit involves the nucleus of Edinger Westphal input to
ciliary ganglion neurons that innervate choroid, and the circuit
appears to mediate ChBF increases as a function of retinal
activity.20,21 The age-related dysfunction in this circuit pre-
cedes the major age-related photoreceptor and acuity losses
that occur in pigeons, and thus may be causal to them.1,2 Our

FIGURE 3. Graphs showing ChBF
(A) and choroidal resistance (B)
(�SEM) graphed as a function of the
corresponding ABP, over an ABP
range of 35 to 140 mm Hg in 22 aged
pigeons whose mean age was 10.9
years. The mean ChBF and ABP are
graphed as a percentage of basal
ChBF and ABP for the 50 �1-year-old
pigeons. The red line in A shows
ChBF as it would be if it linearly fol-
lowed ABP, that is, with no compen-
sation. As can be seen, ChBF in aged
pigeons linearly followed ABP at �90
mm Hg, and was maintained at ap-
proximately 65% of basal ABP over
the 50 to 90 mm Hg range. The red
line in B shows choroidal resistance
as it would be if it linearly followed
ABP (i.e., with baroregulatory com-
pensation). Graph B shows that cho-
roidal resistance over the 50 to 90
mm Hg range was elevated, but
nonetheless declined linearly with
ABP. Note that choroidal vascular re-
sistance in the aged birds was unusu-
ally high at 90 to 110 mm Hg, but
insufficient for choroidal baroregula-
tion above 110 mm Hg.
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present data show that an age-related defect also develops in
pigeons in the mechanisms that hold ChBF steady as systemic
blood pressure rises or falls. ChBF baroregulation prevents
overperfusion-related edema and oxidative injury during
above-basal ABP, and underperfusion-related ischemia in the
retina during low ABP.10,16,17 Blood pressure recorded telem-
etrically has been reported to vary by as much as 100 mm Hg
in quiescent turkeys, and vary even more with activity.61 Phys-
ical activity is known to greatly increase ABP in pigeons (as in
other animals),62 and based on the above-cited data in turkeys
and on telemetric data in rodents,61,63–65 ABP is likely to
fluctuate during the course of the day even in quiescent caged
pigeons over a relatively broad range, with BP lower during the
inactive night period than that during the active day period.
Given then such daily BP variation, the defect in baroregulation
in aged pigeons over the course of a day would yield many
episodes of overperfusion in the high ABP range and under-
perfusion in the low ABP range. Such episodes are likely to
harm the retina, based on published findings66 and our own
data (FitzGerald PG, et al. IOVS 2010;51:ARVO E-Abstract
6323) showing that surgical disruption of sympathetic or para-
sympathetic control of ChBF in rats both harm the retina.

Age-related declines in PPG parasympathetic innervation of
choroid occur in humans,8 which might impair choroidal va-

sodilation as BP drops below basal levels. Since modest reduc-
tions in choroidal blood flow (as achieved by raising IOP) or in
its oxygen content adversely affect retinal metabolism and
function,67–70 impaired baroregulatory choroidal vasodilation
is likely to acutely affect retinal function during low BP. More-
over, a chronic defect of this nature could cause ischemic
oxidative injury to retinal pigmented epithelium (RPE) cells
and impair transport between retina and choroid, possibly
leading to the waste accumulation in and along Bruch’s mem-
brane seen in normal aging retina.71–73 In more severe cases,
the sub-RPE debris may take the form of the basal linear
deposits and drusen in Bruch’s membrane seen in AMD. The
accumulation of such waste is thought to trigger the inflam-
matory response that is the proximate cause of the severe RPE
and photoreceptor death in AMD, given pro-AMD genetic pre-
dispositions in the alternate complement cascade or lipid me-
tabolism.5–7 Defective baroregulation in the high BP range
would further exacerbate outer retinal injury by causing hy-
peroxygenation, promoting accumulation of oxidized lipids
waste products such as the carboxyethylpyrrole adducts
formed by oxidative damage to docosahexanoic acid.74 Defec-
tive aortic baroreceptor function that would cause impaired
neurogenic ChBF baroregulation develops with age, smoking,
hypertension, and diabetes.57,75–77 Consistent with this, ChBF

FIGURE 4. Graphs comparing ChBF
(A) and choroidal resistance (B)
(�SEM) as a function of correspond-
ing ABP in young pigeons (�8 years)
and old pigeons (�8 years) over an
ABP range of 20 to 150 mm Hg (20%
to 150% of basal ABP). The blue dia-
monds show the ChBF for young pi-
geons, whereas the yellow triangles
show the ChBF for the old pigeons.
The mean ChBF and ABP are graphed
as a percentage of basal ChBF and
ABP for all 59 �8-year-old pigeons.
The green line in A shows ChBF
as it would be if it linearly followed
ABP (i.e., with no compensation),
whereas the green line in B shows
choroidal resistance as it would be if
it linearly followed ABP (i.e., with
baroregulatory compensation). As
detailed in the text, ChBF and cho-
roidal resistance with ABP differed
significantly in the old pigeons from
that in the young pigeons, and baro-
regulation was clearly impaired. All
bins for which data were collected
for �8-year-old birds and all bins for
which we have �one bird in the �8-
year-old birds are plotted in these
graphs, but SEMs are shown only for
bins with �two birds.
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baroregulation is impaired in human smokers,78 and profound
declines in ChBF, as well as in its baroregulation, occur in
AMD, with the ChBF declines increasing in severity with AMD
severity.60,79–82 Thus, impaired ChBF baroregulation may be
an underlying commonality that makes age, smoking, hyper-
tension, and diabetes nongenetic risk factors for AMD.6 Better
understanding of the occurrence of deficient ChBF baroregu-
lation in humans and its basis might thus be important for
addressing the adverse impact of age, smoking, hypertension,
and diabetes on retinal health.
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