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Quantitative and regional measurement of retinal blood ﬂow in rodents is of prime interest for the
investigation of regulatory mechanisms of ocular circulation in physiological and pathological conditions.
In this study, a quantitative autoradiographic method using N-isopropyl-p-14C-iodoamphetamine
([14C]-IMP), a diffusible radioactive tracer, was evaluated for its ability to detect changes in retinal blood
perfusion during hypercapnia. Findings were compared to cerebral blood ﬂow values measured simultaneously. Hypercapnia was induced in awaken Wistar rats by inhalation of 5% or 8% CO2 in medical air for
5 min. [14C]-IMP (100 mCi/kg) was injected in the femoral vein over a 30 s period and the rats were
sacriﬁced 2 min later. Blood ﬂow was calculated from whole-mount retinae and 20 mm thick brain sections
in discrete regions of interest by quantitative autoradiography or from digested samples of retina and brain
by liquid scintillation counting. Retinal blood ﬂow values measured with quantitative and regional
autoradiography were higher in the central (108  20 ml/100 g/min) than in peripheral (84  15 ml/100 g/
min) retina. These values were within the same range as cortical blood ﬂow values (97  4 ml/100 g/min).
The retinal blood ﬂow values obtained on whole-mount retinae were validated by the sampling method.
Hypercapnia signiﬁcantly increased overall blood ﬂow in the retina (24–53%) with a maximal augmentation in the peripheral region and in the brain (22–142%). The changes were stronger in the brain
compared to retina (p ¼ 0.016). These results demonstrate that retinal blood ﬂow can be quantiﬁed using
[14C]-IMP and compared with cerebral blood ﬂow. This technique is a powerful tool to study how retinal
blood ﬂow is regulated in different regions of the rat retina.
Ó 2009 Elsevier Ltd. All rights reserved.
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1. Introduction
Deﬁcit in blood supply in the retina contributes to the development of retinal diseases, such as diabetic retinopathy, age-related
macular degeneration and glaucoma (Grunwald et al., 1984; Langham
et al., 1991; Atmaca et al., 1996). Rodent models are commonly used to
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study the development of these retinal damages and to test potential
therapies. However, blood ﬂow dysfunctions in rodents and their
cellular and molecular mechanisms remain elusive. This is principally
due to a lack of a technical approach which would adequately assess
all the speciﬁc features of the rodent retinal microcirculation.
Due to its small size, laminar structure, location and apposition to
the choroid, the rodent retina is particularly difﬁcult to study. Optically
based imaging techniques, including laser Doppler ﬂowmetry (Tsujikawa et al., 2000; Yu et al., 2005; Chauhan et al., 2006; Mori et al.,
2007), on-line video angiography (Clermont et al., 1994; Kunisaki
et al., 1998) or optical coherence tomography (Fujimoto et al., 1995)
have a great temporal resolution but a poor spatial and laminar
resolution and require a high transparency of the light paths (Glazer,
1988; Duong et al., 2008). Alternatively, quantitative techniques such
as the use of systemic radioactive or non-radioactive microspheres
(Chemtob et al.,1991; Alm et al.,1997; Wang et al., 2007) and magnetic
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resonance imaging (Sicard and Duong, 2005; Duong et al., 2008; Li
et al., 2008) are performed on anesthetised animal which modiﬁes
cardiovascular parameters. The use of radioactive diffusible tracer
iodoantipyrine commonly used for the measurement of cerebral
blood ﬂow (CBF) (Sakurada et al., 1978; Bryan et al., 1988; Vaucher
et al., 1997; Greenberg et al.,1999) has also been tested for quantitative
measurement of retinal blood ﬂow by autoradiography in the cat,
monkey (Sossi and Anderson, 1983; Quigley et al., 1985) and rat
(O’Brien et al., 1997), but post-mortem tracer diffusion limits its spatial
resolution (Caprioli and Miller, 1988).
In order to simultaneously provide quantitative and local
measurement of discrete changes of the retinal blood ﬂow (RBF) in
conscious rats, the autoradiographic technique was adapted in the
present study by using the radioactive diffusible tracer N-Isopropyl-p[14C]-iodoamphetamine ([14C]-IMP). This tracer was chosen because it
has an insigniﬁcant post-mortem diffusion so that tissue perfusion
could be quantiﬁed in whole-mount retina isolated from the choroid.
The principle of blood ﬂow evaluation with [14C]-IMP is identical to
that of micrometric microspheres (Wang et al., 2007) except that this
‘‘molecular microsphere’’ –IMP– is freely diffusible (does not depend
on the blood-retinal or blood–brain barrier) and is trapped within the
tissue instead of the microvascular space. It is then possible to quantify
tissue perfusion at a microvascular level throughout the retina by
computerized autoradiography. Moreover, the use of a diffusible tracer
avoids inaccuracies of the RBF measurement due to axial streaming,
plugging or permeability changes as reported with the classical
microsphere technique (Glazer, 1988; Wang et al., 2007). Autoradiography technique is usually performed on 20 mm thick brain sections,
whereas the ﬂat mount retina is on average 200 mm thick. In order to
validate RBF values measured by autoradiography, samples of the
retina were digested and analyzed by liquid scintillation counting
(O’Brien et al., 1997). Finally, as hypercapnia is commonly used to test
the metabolic vasodilatation, two hypercapnia regimens were used to
challenge the sensitivity of this technique to assess RBF changes. In
addition, this technique provided the opportunity to simultaneously
assess the RBF and CBF, which is an additional advantage to assess the
tissue speciﬁcity of the responses to diverse physiological stresses.
2. Materials and methods
2.1. Animals
Male Wistar rats (n ¼ 20; 200–250 g) purchased from Charles
River (St-Constant, Qc, Canada) were used for the measurement of
RBF and CBF using [14C]-IMP by autoradiography or the sampling
method. Rats were housed individually and placed in a room at
23  C with a 12 h light/dark adapted photoperiod, with food and
water provided ad libitum. All experimental methods and animal
care procedures were approved by the local institutional animal
care committee, ‘‘Comité de Déontologie de l’Expérimentation sur
les Animaux’’ at the University of Montreal, under the auspices of
the Canadian Council on Animal Care.
2.2. Surgical procedure
Polyurethane catheters were inserted into the femoral vein
(Micro-Renathane, I.D. 0.04000 , O.D. 0.02000 , Braintree Scientiﬁc,
Braintree, MA, USA) and artery (Tygon Micro Bore, I.D. 0.01000 , O.D.
0.03000 , Small Parts, Miramar, FL, USA) under 1.5% isoﬂurane (induction of anesthesia with 3% isoﬂurane for 5 min). During this procedure, body temperature was monitored with a rectal thermometer
and maintained at 37  C by a heating pad (FHC, Bowdoinham, ME).
Both blood pressure and heart rate were monitored from the tail
using a non-invasive blood pressure cuff system (BP1000, Kent
Scientiﬁc Corporation, Torrington, CT, USA). Before and immediately
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after the surgery, the topical anesthetic lidocaine hydrochloride 2%
(AstraZeneca, Mississauga, Ont, Canada) was applied on the skin
incision to minimize pain. Rats were then installed in a hammock
and left under minimal restraint over a 2 h period to recover from
anesthesia. Body temperature was maintained at 37  C with a heating
lamp and both blood pressure and heart rate were monitored until
the initiation of measurement experiment for the retinal perfusion.
As well, cardiovascular, chemistry and hematologic parameters were
measured with a veterinarian clinical blood gases and electrolytes
analyzer (i-STATÒ, HESKA, Fort Collins, CO), from arterial blood
samples collected via the arterial catheter. These data were collected
immediately prior to the initiation of hypercapnia to conﬁrm the
recovery to a normal physiologic level.
2.3. Induction of hypercapnia
Hypercapnic conditions were used to modulate RBF and CBF.
Awake animals were acclimatized to a gentle ﬂow of medical air
(3 L/min; 21% O2, 79% N2) provided by a small mask placed on the
nose and mouth. Following few minutes of normal air breathing,
hypercapnia was induced by inhalation of 5% CO2 (n ¼ 4) or
8% CO2 (n ¼ 5) in medical air. Elevation of CO2 concentration in
inspired air started 5 min prior to the injection of [14C]-IMP for
retinal perfusion measurement and lasted until the animals were
sacriﬁced. Cardiovascular and hematologic parameters were also
monitored during hypercapnia induction. Control animals (n ¼ 9)
inhaled only medical air.
2.4. Principles of the evaluation of retinal tissue
perfusion using IMP
To evaluate tissue perfusion in retina with a regional resolution, we
chose the diffusible blood ﬂow tracer [14C]-IMP because of its three
essential properties for CBF measurement (Lear et al., 1982). First,
[14C]-IMP has a high extraction at the ﬁrst pass through the microvasculature, which allows a non-restrictive diffusion from blood to
tissue despite the blood-retinal barrier. Second, [14C]-IMP has a low
clearance rate and low post-mortem diffusion (Greenberg et al., 1999;
Bryan et al., 1988) due to its high afﬁnity for cerebral tissue. This
property avoids the primary limitation to the classical diffusible tracer
[14C]-iodoantipyrine autoradiographic technique (O’Brien et al., 1997)
or of the n-[14C]-butanol (Puchowicz et al., 2004), i.e. their timedependent post-mortem intraparenchymal diffusion, which results in
weakening the local tracer spatial gradients in tissues. Third, [14C]-IMP
is chemically and biologically inert for the duration of the measurement period (Greenberg et al.,1999). IMP has been successfully used in
small animal research (Lear et al., 1982; Greenberg et al., 1999; Temma
et al., 2004) and in humans using Single Photon Emission Computerized Tomography (Lear et al., 1982).
2.5. Procedure for the measurement of retinal
and cerebral blood ﬂow
(D,L)-N-Isopropyl-4-[14C]-iodo(phenyl)amphetamine (100 mCi/kg;
PerkinElmer, Boston, MA, USA, custom synthesis) was dissolved in
600 mL of saline (injectable 0.9% NaCl solution) and infused in fully
conscious rats over a 30 s period at a constant rate of 1.2 mL/min using
an infusion pump (PHD 2000, Harvard Apparatus, Holliston, MA, USA)
through the femoral vein. An average of 20–24 arterial blood samples
(10 mL) were collected continuously from the beginning of [14C]-IMP
injection to the sacriﬁce of the animal (2 min) in order to evaluate the
arterial contamination curve. Blood samples were digested in 300 mL
of soluene (PerkinElmer, Boston, MA, USA) for 2 h at 37  C. A total of
5 ml of scintillation ﬂuid (Ultimagold, PerkinElmer, Boston, MA, USA)
was then added and the radioactivity was counted in a scintillation
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4% paraformaldehyde for post-ﬁxation. After a 1 h ﬁxation, retinae
were removed from the eye cup, and dissected into four quadrants
(superior, inferior, nasal and temporal). The vitreous body was carefully removed from the retinae using ﬁne paint brush. One retina was
processed for the sampling method the other one for autoradiographic analysis.
2.5.1. Sampling method
The whole wet retina was weighed after removal of vitreous body
and digested in 500 mL of soluene overnight at 37  C, then processed
for liquid scintillation counting (see above). In addition, 3 retinae
from distinct control animals (n ¼ 2) were microdissected (1 mm2
strips from each isopter and quadrant), weighed and analyzed by
liquid scintillation. The counts were expressed in mCi/g.

Fig. 1. Schematic representation of a whole-mount retina showing the regions of
interest measured. The retina was divided into four quadrants (the notch indicates the
nasal quadrant). The radioactivity concentration, CIMP (T), was measured in a circular
region of interest (ﬁlled circles, area 0.8 mm2) in the center of the retina (optic nerve
head) and in each quadrant at each isopter (light circular lines at 1, 2 and 3 mm away
from the center of optic nerve head).

counter (LS6500, Beckman Coulter, Mississauga, ON, Canada). The rats
were sacriﬁced by decapitation 2 min after the beginning of the
infusion. The eyes and brain were quickly removed within 3 min. A
small incision on the superior eyelid was made to indicate the
orientation of the eyes and the eyes together with the attached
superior eyelid were then harvested. The eyes were immediately
excised, the lens removed and the eye cup immersed in a solution of

2.5.2. Autoradiography
The retina of the opposite eye was whole-mounted on a glass
slide with the ganglion cells layer away from the slide. A small
incision was made on the retina to indicate the nasal quadrant. The
whole-mount retina was then exposed to an X-ray ﬁlm (Hyperﬁlm,
GE Healthcare Ltd, UK) for 4 days together with a set of [14C]standards (ARC, St. Louis, USA). The autoradiograms were analyzed
using the computerized image analysis MCID Basic Software (v7.0,
Interfocus Imaging, Linton, England).
For the CBF quantiﬁcation, a piece of the frontal cerebral cortex
was dissected, weighed and digested in soluene overnight at 37  C
for liquid scintillation counting, and the remaining brain was frozen
in isopentane (55  C) for autoradiography. The frozen brain was
subsequently sliced in 20 mm thick coronal sections using a cryostat

Fig. 2. Representative whole-mount retina (A) and brain (B) autoradiograms displayed in pseudocolor from a control and two hypercapnic rats (5% CO2 and 8% CO2). The correspondence between pseudocolor scale and blood ﬂow values (ml/100 g/min) is represented on the right side of the ﬁgure. For the retinae as well as for the brains, the tissue
concentration of [14C]-IMP was higher in hypercapnic rats than in control rats, indicating that the blood perfusion was greater. (A) Retinal blood ﬂow was increased in both
hypercapnic groups compared to control group. (B) Representative autoradiograms of 20 mm coronal brain sections at the level of the dorsal geniculate nucleus (- 4.6 mm from
Bregma). The cerebral blood ﬂow changes induced by hypercapnia varied according to the region examined.
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(22  C) and exposed on X-ray ﬁlm for 8 days with [14C]-standards
(Amersham Biosciences, UK). Optimal exposure time for brain and
retina was determined from pilot experiments.
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Table 1
Effect of hypercapnia on retinal and cerebral blood ﬂow measured by autoradiography and sampling method.
Control

2.6. Calculation of retinal and cerebral blood ﬂow
Retinal and cerebral blood ﬂow was evaluated using the principle
of indicator-fractionation technique (Lear et al., 1982; Greenberg et al.,
1999) using the equations Eq. (1) for sampling method and autoradiographic analysis performed with 20 mm thick sections and Eq.(2)
for autoradiographic analysis performed on whole-mount retinae.

2
F ¼ 4CIMP ðTÞ=

ZT

3
CaðtÞ5

(1)

0

2
F ¼ 4CIMP ðTÞ  10

1

3
ZT
= CaðtÞ5

(2)

0

where F is the blood ﬂow (ml/100 g/min), CIMP (T) is the radioactivity measured on the autoradiogram or digested tissue (mCi/g) at
the time T (min) of sacriﬁce and Ca(t) is the arterial concentration of
radioactivity measured in the blood samples (mCi/ml). For autoradiographic measurements in the retina, CIMP(T) was read from
circular regions of interest of 0.8 mm2 (1 mm diameter) distributed
at the 1, 2 and 3 mm isopters away from the center of the optic
nerve head in all retinal quadrants (Fig. 1). Since the common
radioactive standards used for autoradiography are calibrated for
20 mm thick sections and the rat retina thickness is 205  11 mm
(Duong et al., 2008), the measured [14C]-IMP concentration values
from autoradiograms (CIMP(T)) were uniformly corrected by a factor
10. For the brain, 8 regions of interest (area adjusted to the region
size, 2–9 mm2) related to vision or in control areas were selected
and analyzed at 3 coronal levels from Bregma: AP þ 1.6 mm;
cingulate, frontal cortex, striatum; AP 4.5 mm; parietal cortex,
hippocampus, dorsolateral geniculate nucleus (DLG); AP 6.3 mm;
occipital cortex, superior colliculus.
2.7. Statistical analysis
Non-parametric Mann–Whitney tests were performed to
compare both hypercapnic groups with control group and compare
5% CO2 group with 8% CO2 group for (1) the physiological parameters, (2) the regional RBF of each isopter, (3) the total RBF in digested
tissue and (4) the CBF. For intragroup comparison of regional RBF,
non-parametric Mann–Whitney tests were performed to compare
isopter 3 mm with optic nerve head and isopter 1 mm. A signiﬁcance
level of p < 0.05 was chosen.
3. Results

Tissue sampling method
RBF
CBF

8% CO2

5% CO2

92  21(n ¼ 9) 110  13(n ¼ 4) 121  7*(n ¼ 5)
97  4(n ¼ 3) 197  18*(n ¼ 4) 218  3*(n ¼ 4)

Autoradiography
Whole-mount retina
Optic nerve head

108  20

140  12*

141  16*

Nasal
1 mm
2 mm
3 mm

119  24
102  18
84  15z

143  5
131  10*
112  14*

158  16*
145  18**
131  16**

Temporal
1 mm
2 mm
3 mm

119  20
109  18
86  21

149  15*
137  7**
117  12*

158  19**
142  20*
132  22**

Superior
1 mm
2 mm
3 mm

113  21
98  16
82  17y

148  8*
132  7**
111  14*

157  16**
145  14**
135  18**

Inferior
1 mm
2 mm
3 mm

122  22
109  20
86  18

144  11
131  16
114  14*

158  15
142  16*
119  16**

Brain sections
Cingulate Cx
Frontal Cx
Parietal Cx
Occipital Cx
Striatum
Hippocampus
Dorsal geniculate nucleus
Superior colliculus

120
127
113
100
108
70
112
112

156
166
138
128
138
106
167
147

237
239
222
180
189
168
259
229










22
12
23
12
12
10
22
19










30
32
24
18
28
20*
31*
16*










56*
68*
48*
58*
52*
44*
55*
60*

All values are means  SD and are expressed in ml/100 g/min. For brain sections
autoradiography values, the control group was consisted of n ¼ 6 animals and both
hypercapnic groups were consisted of n ¼ 4 animals.
*p < 0.05, **p < 0.01 compared with control group. yp < 0.05, zp < 0.01 isopter
3 mm compared with optic nerve head.

isopter was performed by soluene digestion of retina samples
controlled for their weight. The same center-to-periphery gradient
of RBF values was observed with this method (optic nerve head,
138  18 vs. isopter 3 mm, 89  13 ml/100 g/min, p ¼ 0.04, Table 2).
The values of RBF measured using the autoradiographic
or sampling methods were within the same range, i.e. 80–120 ml/100
g/min (Fig. 2, Table 1, 2). This equivalence validates the correction factor
(x  101) of the measured [14C]-IMP concentration values from
whole-mount retina autoradiograms. However, it has to be considered
that the peripheral retina might be slightly thinner than its central part
whereas the correction for the retina thickness performed was
a constant. This could introduce a slight quantitative bias when
comparing central vs. peripheral values but not when comparing
counterparts regions from one retina to the other.

3.1. Quantitative and regional measurement of retinal
blood ﬂow in control animals
Pseudocolor autoradiograms of whole-mount retinae displayed
a gradient of blood ﬂow from the center of the retina to the
periphery (Fig. 2, Table 1). The blood ﬂow values were signiﬁcantly
higher in the optic nerve head region (108  20 ml/100 g/min) and
isopter 1 mm (112–120 ml/100 g/min, according to the quadrants
examined) than in the isopter 3 mm (82–86 ml/100 g/min,
according to the quadrants examined, p < 0.05, Table 1). The values
of blood ﬂow throughout each concentric isopter were homogeneous. To validate the whole-mount measurements, sampling by

Table 2
Regional measurement of retinal blood ﬂow using the sampling method.

Isopter
Optic nerve head
1 mm
2 mm
3 mm

Tissue sampling (n ¼ 3)

Autoradiography (n ¼ 9)

138
124
114
89

108
119
102
84






18
27
8
13a






All values are means  SD and are expressed in ml/100 g/min.
a
p < 0.05 isopter 3 mm compared with optic nerve head.

20
24
18
15a
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Moreover, our quantitative results showed that RBF values
were within the same range that the cortical blood ﬂow values,
using both methods (80–120 vs. 70–127 ml/100 g/min, respectively, Table 1).

3.2. Physiological parameters

Retinal blood flow (% of control)

964

200

Control

150

*

5% CO2

8% CO2
**

* **

*

**
**

**

*

100

50

Before the inhalation of CO2 (pre-hypercapnic values), physiological parameters were not different in the hypercapnic groups
than in the control group (p > 0.05, Table 3). pCO2, pO2 and HCO3
were signiﬁcantly increased in the 5% CO2 group (p ¼ 0.029) and 8%
CO2 group (p ¼ 0.008). The pH was signiﬁcantly decreased in the 5%
CO2 group (p ¼ 0.029) and 8% CO2 group (p ¼ 0.008) compared to
pre-hypercapnic values as commonly found in hypercapnia studies
(Dauphin et al., 1991). Body temperature, blood pressure and heart
rate were not affected by hypercapnia (p > 0.05, Table 3).

Fig. 3. Percent change (versus control) of the retinal blood ﬂow during hypercapnia. The
retinal blood ﬂow was measured on whole retina by sampling method (left panel) or on
each isopter by autoradiography (right panel). The retinal blood ﬂow was signiﬁcantly
increased in both hypercapnic groups (5% CO2 and 8% CO2) compared to control group at
each isopter. *p < 0.05 and **p < 0.01, signiﬁcantly different from control group.

3.3. Effects of hypercapnia on retinal and cerebral blood ﬂow

4. Discussion

The hypercapnia induced a signiﬁcant increase in the RBF
ranging from 24% to 34% in the 5% CO2 group and from 31% to 53% in
the 8% CO2 group (p < 0.05, Table 1, Fig. 3). This effect was observed
in each region of interest of the retina compared to the control
group. The exception was for the 1 mm isopter in the nasal and
inferior quadrants and the 2 mm isopter in the inferior quadrant in
the 5% CO2 group. It appeared that changes seem stronger in
peripheral regions (34–53%) than in the center of the retina
(30–31%) but this did not reach signiﬁcance (Fig. 3). Results from
whole retina sampling method showed the same signiﬁcant
increase (33%) of RBF values in the 8% CO2 group compared to
control group (92  21 vs. 121  7 ml/100 g/min, p ¼ 0.019, Fig. 3,
Table 1).
Hypercapnia also induced a robust increase in blood supply in
the brain. Increases in CBF induced by hypercapnia were seen in all
regions measured by autoradiography and reached about a twofold increase (Fig. 4, Table 1) in the 8% CO2 group compared to
control. The 5% CO2 group displayed a signiﬁcant increase of CBF in
the hippocampus (53%, p ¼ 0.01), dorsal geniculate nucleus (49%,
p ¼ 0.019) and superior colliculus (31%, p ¼ 0.038) compared to
control group, but was not statistically different in cortex and
striatum (Fig. 4, Table 1). CBF increases measured by the sampling
method were also statistically signiﬁcant for both hypercapnic
groups compared to control group (p ¼ 0.034). The blood ﬂow
changes induced by hypercapnia were lower in the retina (24–53%)
than the brain (22–142%, Figs. 3,4, Table 1, p ¼ 0.016).

This study used an autoradiographic method for the simultaneous
quantiﬁcation of RBF and CBF in non-anesthetised rats. The use of the
diffusible tracer [14C]-IMP provided quantitative measurements of
RBF in discrete regions of the retina ranging from the central to
peripheral retina. This technique was sensitive enough to quantify
differential RBF changes related to two different hypercapnia regimens. Moreover, it allowed for the comparison of blood ﬂow values of
the retina to those of the brain.

0
Whole
retina

Optic nerve

1 mm
2 mm
Isopter

3 mm

4.1. Quantitative and regional measurement of retinal
blood ﬂow with [14C]-IMP
The autoradiographic investigation of RBF using [14C]-IMP
described here provided a high resolution quantitative cartography
of RBF. Blood tissue perfusion was higher in the central as compared
to peripheral retina with autoradiography and sampling method by
isopters, as seen in monkey (Alm and Bill, 1973). The RBF values
were within the same range as reported in other studies using
iodoantipyrine as a tracer (O’Brien et al., 1997), but slightly larger
than those obtained using microsphere method (Ido et al., 2004;
Wang et al., 2007) and smaller than those obtained using hydrogen
clearance (Cringle et al., 1993), magnetic resonance imaging (Li
et al., 2008) or perfusion by butanol (Puchowicz et al., 2004).
Fluctuations in RBF values according to the technique used could
result from the use of anesthetics or invasive procedures that might
alter the systemic and retinal (Li et al., 2008) blood ﬂow. An

Table 3
Effect of hypercapnia on the physiological parameters monitored in the conscious rats after 2 h of recovery from anesthesia and prior to the injection of [14C]-IMP.
Control group (n ¼ 9)

5% CO2 group (n ¼ 4)
Baseline

8% CO2 group (n ¼ 5)
During

Baseline

During

Body temperature ( C)

37.4  0.3

38.1  0.3

38.3  0.4

37.9  0.6

37.9  1.0

Blood pressure
systolic (mmHg)
diastolic (mmHg)
mean (mmHg)

132  12
104  13
113  13

130  6
108  7
115  6

138  3
105  2
116  5

137  10
110  5
119  6

138  3
105  2
116  2

Heart Rate (Beats/min)
Arterial pH
Arterial pO2 (mmHg)
Arterial pCO2 (mmHg)
Arterial HCO3 (mmol/L)
Hematocrit (% PVC)

500  53
7.45  0.01
85.8  3.6
37.8  1.8
26.3  1.3
40.7  3.4

449  20
7.45  0.01
86.8  4.3
35.1  2.2
24.2  1.2
37.0  2.8

435  12
7.27  0.02*
106.8  9.0*
57.6  3.4*
26.3  0.4*
37.8  3.2

461  48
7.45  0.01
85.8  5.2
35.6  1.4
24.8  0.8
40.0  1.6

515  83
7.07  0.04**
103.2  7.3*
103.9  16.1**
29.9  1.3**
43.0  0.7**

Values are means  SD. pO2, pCO2, partial gas pressure of oxygen and carbon dioxide, respectively; HCO3, bicarbonate; Baseline, measure made before the induction of
hypercapnia; During, measure made 5 min after induction of hypercapnia.
*p < 0.05, **p < 0.01 compared with pre-hypercapnic values.
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Fig. 4. Percent change (versus control) of the cerebral blood ﬂow during hypercapnia. The cerebral blood ﬂow was measured on a piece of frontal cortex by the sampling method
(left panel) or in different brain regions by autoradiography (right panel). Cerebral blood ﬂow was signiﬁcantly increased in the hippocampus, DLG and superior colliculus of the 5%
CO2 group and in every region measured for the 8% CO2 group compared to control group. *p < 0.05.

advantage of the present technique is the homeostatic preservation
of the eye and the cardiovascular system, as well as the vigilant
state of the animals. Nevertheless, restraint stress of the animal
and acute ischemic tissue injury caused by cannulation of femoral
artery and vein could have a slight inﬂuence on physiological
parameters such as heart rate (Yoshimoto et al., 2008). The dual
vascular supply of the retina from central retinal artery and choroid
is a puzzling issue for assessing RBF. In the present technique we
cannot exclude that a fraction of [14C]-IMP entrapped in the isolated
retina could have diffused from the choroidal circulation through
the pigmented epithelium. However, blood ﬂow values would have
been much more elevated in that case since choroid blood ﬂow
is known to be 10 times higher than RBF (Alm and Bill, 1973;
Wang et al., 2007). The conformity of the present measured RBF
values with previous studies supports an absence of a signiﬁcant
contamination from choroidal circulation, which is an advantage of
the use of [14C]-IMP over [14C]-iodoantipyrine (Sossi and Anderson,
1983; Quigley et al., 1985; McFadzean et al., 1989; O’Brien et al.,
1997). The strong post-mortem diffusion of iodoantipyrine requires
an immediate freezing of the tissue after the sacriﬁce of the animal,
limiting the study of RBF to cross-sections of the eye globe. On
those autoradiograms, the apposition of the choroid to the retina
makes it difﬁcult to differentiate the RBF from the choroidal blood
ﬂow (Caprioli and Miller, 1988), which is not the case with ﬂat
mount retinae. The main limitation of the autoradiographic technique is that it provides a snapshot measurement of RBF unlike
microsphere technique which permits a small number of consecutive measurements to be made in one animal (Alm and Bill, 1973;
Wang et al., 2008).
Results showed that hypercapnia signiﬁcantly increased the
retinal blood ﬂow as reported in a previous study using the microsphere method in rats (Wang et al., 2008). The technique showed
a good sensitivity since the changes measured were proportional to
the pCO2 of the animals. This validates the ability of the method to
assess graduated variations of RBF. There was a good correspondence
in percentage of change in blood ﬂow in hypercapnic conditions using
the sampling or autoradiography method, indicating that autoradiographic RBF measurements allowed valid intergroup comparisons of
retinal regions.
4.2. Comparison of retinal blood ﬂow with cerebral blood ﬂow
Our ﬁndings demonstrated that under normocapnic conditions,
retinal perfusion was similar to blood ﬂow in cerebral cortex, i.e.
in the range of 95 ml/100 g/min. These results agree with previous

studies using the microsphere method which showed that RBF was
similar to CBF in rats (Tilton et al., 1988, 1999) and monkeys (Alm and
Bill, 1973). Results from the n-[14C]Butanol method suggested RBF is
lower than CBF in rats (Puchowicz et al., 2004) which may be caused
by post-mortem diffusion of the tracer. Evaluation of blood ﬂow with
blood-oxygenation level dependent (BOLD) functional magnetic
resonance imaging indicated that RBF was ﬁve-fold greater than CBF
in rats (Sicard and Duong, 2005; Li et al., 2008, 2009). However the
resolution level might not have been adequate to discriminate
retinal from choroidal blood ﬂow. The current technique appears to
provide an advantage over other techniques in terms of comparison
of blood perfusion in different organs. This is important to evaluate
the impact of a treatment on different vascular beds.
Our results showed a higher reactivity of blood ﬂow in the brain
than in the retina during CO2 inhalation. Blood ﬂow in the brain
reached up to 142% augmentation in the 8% CO2 group while mean
RBF was increased up to 53%. These results suggest that the cerebral
vascular bed might be more reactive to pCO2 changes than the
retina. Such ﬁndings have been observed in a study using microsphere method in piglets (Stiris et al., 1989).

5. Conclusion
In summary, we demonstrated that RBF can be quantitatively and
regionally measured with [14C]-IMP in rats. This offers a beneﬁcial
opportunity for ophthalmology research since most ocular diseases
are characterized by discrete and circumscribed changes in blood
ﬂow. The possibility to compare quantitative data of RBF in different
groups is essential for the evaluation of pharmaceutical treatments
or to detect the subtle changes of blood ﬂow in the retina of ocular
diseases models.
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