
Two-photon phosphorescence lifetime
microscopy of retinal capillary plexus
oxygenation in mice
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Abstract. Impaired oxygen delivery and/or consumption in the retinal tissue underlies the pathophysiology of
many retinal diseases. However, the essential tools for measuring oxygen concentration in retinal capillaries and
studying oxygen transport to retinal tissue are still lacking. We show that two-photon phosphorescence lifetime
microscopy can be used to map absolute partial pressures of oxygen (pO2) in the retinal capillary plexus.
Measurements were performed at various retinal depths in anesthetized mice under systemic normoxic and
hyperoxic conditions. We used a newly developed two-photon phosphorescent oxygen probe, based on a
two-photon absorbing platinum tetraphthalimidoporphyrin, and commercially available optics without correction
for optical aberrations of the eye. The transverse and axial distances within the tissue volume were calibrated
using a model of the eye’s optical system. We believe this is the first demonstration of in vivo depth-resolved
imaging of pO2 in retinal capillaries. Application of this method has the potential to advance our understanding of
oxygen delivery on the microvascular scale and help elucidate mechanisms underlying various retinal diseases.
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1 Introduction
The retina has complex microvascular architecture and requires
ample oxygen delivery to maintain its high metabolic activity.1

Insufficient blood supply to the retina can cause impaired vision
and blindness2,3 due to common retinal diseases, such as dia-
betic retinopathy. According to the National Eye Institute, in
the United States alone 7.7 million people with diabetic reti-
nopathy were reported in 2010, and this number is expected
to double by 2050.4 However, despite the urgent need to prevent
vision loss, the knowledge of how disease development and pro-
gression is related to impaired oxygen delivery and consumption
is still limited.5 This knowledge gap persists in part due to the
lack of techniques for measuring oxygen concentration in the
retina with high spatiotemporal resolution. Previous studies
have shown that retinal pO2 in rodents varies across the total
depth of the retinal tissue, although less so in the inner
retina.6–8 However, physiological challenges and/or diseases
may differentially affect pO2 in the inner retinal capillary layers.
For example, light flicker stimulation differentially affects ves-
sel dilation and blood flux at the inner retina capillary layers in
rats.9 Recent studies have also demonstrated elevation in the
inner-retinal pO2 levels in diabetic rats10 as well as variations
in perfusion of different inner-retinal capillary layers in humans
affected by diabetic retinopathy.11,12 Therefore, there is a
need for development of techniques for depth-resolved pO2

measurements in the retina, which will help in unraveling mech-
anisms underlying neurovascular coupling and retinal diseases.

Various methods have been reported for in vivo assessment of
retinal oxygenation in rodents. Currently, oxygen microelec-
trode is considered the gold standard of retinal extravascular
(tissue) pO2 measurements with high depth resolution.6,7

However, this technique is invasive, and measurements are lim-
ited to single point locations in the retina, where the local micro-
environment is potentially being disturbed by the electrodes.
Numerous techniques for assessment of retinal intravascular
oxygenation are based on optical absorption spectroscopy
of hemoglobin, including spectrophotometric oximetry,13

photoacoustic imaging,14 and visible light optical coherence
tomography.15–17 While all these methods can be relatively
easily translated to the clinic, they suffer from common limita-
tions. First, hemoglobin-based techniques report oxygen only in
the blood, but not at the sites of the actual oxygen consumption.
Second, hemoglobin-based measurements are better suited for
accessing oxygenation in major arteries and veins and do not
provide reliable measurements within retinal microvessels
and capillaries.

Another optical approach to imaging retinal intravascular
oxygenation is based on oxygen-dependent quenching of
phosphorescence.18 Originally, this method was used for assess-
ment of oxygen levels in retinal and choroidal vessels by wide-
field time-domain phosphorescence lifetime imaging,19 and later
extended to the frequency domain.20 A number of retinal oxygen
imaging studies by us and other groups followed, typically using
gated CCD cameras and phosphorescent probes based on Pd
porphyrins20–25 and, more recently, an Ir(III) complex.26 By
using the laser-line illumination approach, we have also demon-
strated the feasibility of 3-D imaging of both the retinal vascular
pO2

27,28 and retinal extravascular pO2 with high lateral resolu-
tion,29,30 though depth resolution was limited by scattering.
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To date, depth-resolved pO2 measurements in the retinal micro-
vasculature with truly microscopic resolution have not been
demonstrated. Such measurements are essential for assessment
of oxygenation in capillaries where the earliest retinal vasculo-
pathies occur, providing critical information about oxygen
delivery to the retinal cells.

Here, we performed for the first time high-resolution abso-
lute pO2 measurements in superficial, intermediate, and deep
retinal microvascular plexus by two-photon phosphorescence
lifetime microscopy (2PLM)31 using a recently developed
probe based on a bright two-photon-absorbing platinum
tetraphthalimidoporphyrin.32 We measured intravascular pO2

in major arteries and veins as well as in precapillary arterioles,
capillaries, and postcapillary venules within the retinal micro-
vascular plexus in the retina of healthy anesthetized mice
under normoxia and hyperoxia. Noteworthy, our two-photon
microscope33 was equipped with a commercially available
objective lens with a long working distance, having no addi-
tional tools (e.g., adaptive optics) for correcting optical aberra-
tions of the eye. We constructed the ray transfer matrix of
the mouse eye based on optical parameters (refractive index,
thickness, curvature, etc.) that were previously reported in
the literature, and accordingly calibrated the lateral and axial
retinal distances in our measurements. The new method has
the potential to provide information that will be invaluable
for understanding retinal vasculopathies occurring in diabetic
retinopathy and similar diseases of the eye.

2 Experimental Methods

2.1 Optical Setup

The custom-built 2PM system (Fig. 1)33 was used for both 3-D
retinal microvasculature angiography and measurements of
pO2. All measurements were performed in the dark.

Two-photon excitation was performed using a tunable
femtosecond laser (InSight, Spectra-Physics, 680 to 1300 nm,
80 MHz rep. rate). The power level and temporal gating of
the excitation beam were controlled by an electro-optic modu-
lator (EOM) (ConOptics, 350 to 160). The beam was steered
in the lateral plane (X and Y) by two galvanometer mirrors
(Cambridge Technologies, 6215HB) and focused onto a desired
retina layer by an objective lens (Olympus, XLPLN10XSVMP,
10×, 0.6 NA, water immersion), which was separated from the
mouse cornea by transparent ultrasound gel, a glass cover slip,
and a thin layer of eye lubricant (see Fig. 1 inset). The working
distance (WD ¼ 8 mm) of the objective lens was chosen to be
significantly longer than the physical cornea-to-retina distance
(∼3.2 mm),34–36 since the apparent optical depth of the retina
position is higher due to the optical properties of the eye.
The emission originating from the retinal microvasculature
was collected by the objective lens, reflected by an epidichroic
mirror (Semrock Inc., FF875-Di01-25x36), passed through
a short-pass filter (Semrock Inc., FF01-890/SP-50), and split
into two channels. One was directed to a photon-counting
photomultiplier tube (PMT) (PMT, Hamamatsu, H10770PA-50)
through a bandpass filter (Semrock Inc., FF01-795/150-25)
and used for recording the phosphorescence of the probe.
Another was passed through a band-pass filter (Semrock Inc.,
FF01-525/50-25) and directed into analog PMT (Hamamatsu,
R3896), for recording the fluorescence of vascular markers

[e.g., fluorescein isothiocyanate (FITC)-dextran] in order to
construct microvascular angiograms of the regions of interest.

2.2 Animal Preparation

All surgeries and experimental procedures were performed
in accordance with the guidelines established by the MGH
Institutional Animal Care and Use Committee (IACUC). We
used three female C57BL/six mice (Charles River Laboratories,
3-months old, 22 to 23 g). Mice were anesthetized during sur-
gery using 1.5% to 2% isoflurane in a mixture of air and oxygen,
as they underwent tracheotomy for ventilation and femoral
artery cannulation for measuring the blood pressure and heart
rate, injection of the contrast agents (probes), and blood gas
measurements. The body temperature was maintained at 37°C
using a heating blanket and monitored by a rectal thermometer.

Prior to imaging, the pupils were dilated using 1%
tropicamide eye drops, and an eye lubricant gel (Goniovisc
Hypromellose Ophthalmic solution USP 25 mg, 2.5%) was
applied over the cornea. Animals were placed in a prone posi-
tion; the head was slightly tilted and restrained using a metal bar
previously attached to the skull with dental cement to minimize
motion artifacts induced by respiration and heartbeat. A micro-
scope coverslip was placed over the right cornea. The coverslip
was in contact with the eye lubricant gel, providing a flat sur-
face, and it was optically coupled with the objective lens by
using ultrasound gel. A mixture of the phosphorescent probe
[molecular weight (MW) ∼75 kDa, 0.1 mL, 34 μM] and dex-
tran-conjugated fluorescein (FITC, 0.1 mL, 89 μM) was admin-
istered into the blood plasma via a femoral artery cannula. The
mice were kept anesthetized during imaging using 1% isoflur-
ane in a mixture of air and oxygen. The average power limit for

Fig. 1 Optical setup for 2PM imaging of pO2 in mouse retinal micro-
vasculature. EOM, electro-optic modulator; SH, shutter; GS, xy gal-
vanometer scanner; DM, dichroic mirror; OBJ, microscope objective
lens; PMTs, four-channel detector unit. The inset illustrates the cou-
pling of the long-working-distance microscope objective with the
mouse eye and eye anatomical features considered, when modeling
the propagation of the optical rays. Pr1 and Pr2 are top and bottom
retina planes, respectively. P 0

r1 and P 0
r2 are virtual images of Pr1 and

Pr2, respectively, created by the compound optical system of the
mouse eye.
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ocular safety (based on ANSI 2000)37 was calculated to be
61 mW in our imaging configuration (10-μs-long excitation
gate at 950 nm). The average laser power after the objective dur-
ing application of the excitation gate (high-repetition-rate pulse
train) was 1.3 to 58 mW. We induced hyperoxic and normoxic
conditions by manipulating the O2 concentration in the inhaled
mixture of O2 and air (O2: 21% during normoxia and 100% dur-
ing hyperoxia) and confirmed the results through systemic
arterial blood gas measurements. The animal blood pressure
(BP), heart rate, body temperature, and expired CO2 were moni-
tored continuously during the experiments. The range of BP and
systemic pCO2 during the experiments were 67 to 90 mmHg and
30 to 37.5 mmHg, respectively. Surgical preparations took ∼30
to 45 min and moving the animal to the microscope, positioning
of the animal, injection of contrast agent, and testing blood
gasses took additional 30 to 45 min.

2.3 Depth-Resolved Imaging of Retinal
Microvasculature Using Two-Photon
Fluorescence Microscopy

In order to visualize retinal microvasculature, high-resolution
volumetric angiograms were recorded by means of 2PM
fluorescence imaging of the FITC-labeled blood plasma. We
started our measurements by selecting a region of interest
(ROI) using an air-coupled, low-resolution objective (Olympus,
XLFLUOR4x/340, 4×, 0.28 NA, 30-mm WD) with a large
field-of-view. Then we switched to a high-resolution water-
immersion objective (Olympus XLPLN10XSVMP, 10×, 0.6
NA, 8-mm WD) to record the angiograms. The excitation
beam (840 nm) was raster scanned with a dwell time of
4 μs∕pixel. The FITC fluorescence was recorded at multiple
planes through the retinal depth by translating the imaging
objective along the optical Z axis.

2.4 Depth-Resolved Measurement of Absolute pO2
in Retinal Microvasculature Using Two-Photon
Phosphorescence Lifetime Microscopy

IntravascularpO2wasquantifiedusingoxygen-dependentquench-
ing of phosphorescence and a new probe based on a new highly
two-photon absorbing Pt(II) tetraphthalimidoporphyrin.32 The
probe does not cross the blood brain barrier and/or cellular mem-
branes and can be used for both intravascular and extravascular
oxygen imaging. The new probe belongs to the class of dendriti-
cally protected phosphorescent probes38 and is characterized
by high two-photon absorption cross-section (∼600 GM at
950 nm) andhigh phosphorescence quantumyield (∼0.23 in aque-
ous solution at 22°C). Before recording phosphorescence decays
in selected locations, the excitation beam (950 nm) was raster
scanned in the corresponding axial plane, and a two-dimensional
phosphorescence intensity image (survey image) of the ROI was
recorded. This survey scan helped to position the beam at the
desired location(s) for collection of the time-resolved phosphores-
cence data. We used 300-μs-long interexcitation cycles, during
which the EOM was in the opened state during the initial 10 μs
to provide an excitation gate, followed by a 290-μs-long phospho-
rescence collection period.We averaged 500 interexcitation cycles
during∼150 ms to collect thedecayat eachmeasurement location.
In each imaging plane, we selected 30 to 60 locations inside the
microvascular segments.MeasurementofpO2 at selected locations
took 5 to 10 s. The digital acquisition card (National Instruments,
PCIe-6537)was used at a 50 MS∕s acquisition rate to collect PMT

photon counts after the discriminator (Hamamatsu, C9744). The
photon counts were binned into 2-μs bins. The first 5 μs of the
data after the end of the excitation gate were rejected to match
the probe calibration conditions and the remaining 285 μs of phos-
phorescence decays were fitted with a single exponential function
to calculate the decay time. The phosphorescence decay times
(lifetimes) were converted to absolute pO2 values using a Stern–
Volmer-like expressionobtained in independent calibration experi-
ments, which were performed using solutions of the probe in a
physiological buffer (phosphate, 20 mM) at 36.6°C. Throughout
the range assessed by our calibrations (pO2 ¼ 0 to 160 mmHg),
the probe displayed nearly ideally linear Stern–Volmer behavior,
i.e., the quenching rate constant changed linearly with pO2.
In the hyperoxia experiments, we assumed that this linearity is
retained at pO2 values above 160 mmHg, and thus the hyperoxia
values shown in Fig. 5 were obtained by extrapolation of the oxy-
gen titration curve to the higher pO2 region. This extrapolationwas
justified by the linearity of the Stern–Volmer plot throughout the
physiological range (0 to 160 mmHg) and the fact that the Stern–
Volmer approximation, i.e., the assumption about zero-order of the
quenching reaction with respect to quencher (O2), should become
even more justified physically at higher oxygen concentrations.
The objective was translated along the optical Z axis as pO2 mea-
surementswere proceeded to different axial planes (typically six to
seven per experiment). The measurement results were classified
according to three retinal depth ranges.The survey intensity images
in each group were merged by maximum intensity projection
(MIP), i.e., selecting the maximum intensity value per pixel.
The resulting MIP imagewas contrast enhanced for better visuali-
zation and segmentation of themicrovascular branches. The result-
ingMIP images andpO2measurementswereoverlaid.Within each
vessel segment,pO2was typicallymeasured inone to five locations
(as shown in Fig. 4), then the average pO2 values were computed
per vessel segment if more than one point was measured. Finally,
the colors (using MATLAB colormap “jet”) were assigned to the
entire vessel segments showing average pO2 in mmHg (Fig. 5).

2.5 Statistics

The individual pO2 measurements with standard error higher
than 15% were rejected. Reported pO2 values within major ves-
sels were presented as mean� standard deviation (SD), where
mean pO2 and its standard deviation were calculated across
multiple pO2 measurements within a vascular segment.

3 Results

3.1 Calibration of the Compound Eye-Objective
Optical System

The compound optical system, which consisted of the imaging
objective and the intrinsic optical system of the eye, was cali-
brated in order to quantify the distances within the measured
tissue volume in both lateral and axial dimensions. The optical
system of the mouse eye, i.e., cornea, aqueous chamber, lens,
vitreous chamber, and retina, can be represented by volumes
with different refractive indices separated by curved interfaces
(Fig. 1, inset).

The dimensions of the mouse eye and hence its optical prop-
erties vary with age and strain. We used the previously published
data34–36 to estimate the optical properties of the eye of the
3-month-old C57BL/6 mice that were used in our experiments
(see Table 1) at the excitation wavelength of 950 nm.
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We constructed the compound ray transfer matrix of the mouse
eye, using the previously published approach,36 taking into
account the propagation of light through the cornea, lens, aque-
ous, and vitreous chambers, and the diffraction at the interfaces
between them. The whole eye was modeled as a single optical
element (i.e., a thick lens). Marginal rays were traced from both
directions (cornea-to-retina and retina-to-cornea) in order to cal-
culate front and back focal points, principal planes, and effective
focal length (3.1 mm). We then used the lens equation to esti-
mate the distances [Fig. 2(a)] and magnification [Fig. 2(b)]
in our measurements. To determine the lateral dimensions,
we focused the excitation beam on the inner-retina surface,
translated the animal in X- and Y-directions at known distances
and recorded fluorescence images of the vasculature (using
FITC-dextran as vascular marker) at each position. The shifts
between the images in X- and Y-dimensions were quantified
and scaled with the depth-dependent magnification factor
[Fig. 2(b)].

The working distance of the objective lens was quickly
depleted as deeper layers of retina were imaged [Fig. 2(a)].
The entire retinal depth (∼220 μm) was accessible by adjusting
the gap between the surfaces of the objective lens and the cornea
from 2.7 to 1.6 mm. Upon lowering the focal plane deeper into
the retina, the magnification factor induced by the eye optics
changed from 2.2 to 2.7. These calibration experiments revealed
that our optical system had sufficient working distance and
could be used to image through the entire retinal microvascular
plexus.

3.2 Depth-Resolved Imaging of Retinal
Microvasculature

After the optical system was calibrated, we demonstrated the
capability of our imaging setup to generate high-resolution

volumetric angiograms by two-photon excited fluorescence of
FITC-labeled blood plasma.

Mouse retina is holangiotic, i.e., it does not have an avascular
central region, unlike human retina.39 Major retinal vessels on
the superficial layer are arranged in a radiating star-like pattern
consisting of arteries and veins in alternating order [Fig. 3(a)].
The total retinal thickness is ∼220 μm,34 and the outer retinal
layers (∼100-μm thick) are avascular and positioned close to
the choroid plexus.15,40 The inner retinal layers (∼100-μm thick)
comprise three microvascular layers.41 Starting from the retinal
surface, these layers are: (1) the superficial layer, which is rich in
arterioles and located in the ganglion cell layer; (2) the inter-
mediate layer, located in the inner plexiform layer; and (3) the
deep layer, which is rich in venules and located in the outer
plexiform layer.40–43

Figures 3(b) and 3(c) show images of the retinal microvas-
culature in two mice. The microvascular structures shown in
three panels in Figs. 3(b) and 3(c) represent mostly microvas-
cular segments from the three individual retinal microvascular
layers, with little overlap with the vasculature from the adjacent
microvascular layers. This confirms that our setup is capable of
high-resolution 3-D imaging in the eye and able to distinguish
between individual arterioles, venules, and capillaries from
different microvascular layers as well as between major arteries
and veins.

3.3 Depth-Resolved Measurement of pO2 in
Retinal Microvasculature

We quantified absolute pO2 in the blood-plasma using the phos-
phorescence quenching method.

A representative phosphorescence intensity image and the
locations of the local microvascular pO2 measurements in the
superficial layer are shown in Fig. 4(a). pO2 was measured
in a large set of microvascular segments within 438 × 438 μm2

field-of-view (FOV), including in arterioles, venules, and capil-
laries. Representative phosphorescence decays (average photon
counts during interexcitation interval of 300 μs) corresponding
to a major artery and a vein under normoxia (systemic arterial
pO2 ¼ 95.2 mmHg according to blood gas analyzer) are shown
in Fig. 4(b). These decays were fitted with single exponentials to
derive the phosphorescence lifetimes and subsequently the pO2

values.
Depth-resolved pO2 measurements in the retinal microvascu-

lature, performed in the same mouse during normoxia and
hyperoxia, are shown in Fig. 5. We measured pO2 in a major
artery, a major vein, a number of arterioles, venules, and capil-
laries within the superficial, intermediate, and deep retinal
microvascular plexus. During normoxia, the mean pO2 values
in the major artery and vein were 93� 3 mmHg (mean� SD)
and 63� 2 mmHg (mean� SD), respectively. The arterial

Table 1 Optical parameters used to calculate the depth of the imaging plane within the retina and corresponding lateral magnification.34–36

Effective focal length
f eye ¼ 3.1 mm Retina

Vitreous
chamber Lens

Aqueous
chamber Cornea

Thickness/depth 224 μm 576 μm 2169 μm 295 μm 116 μm

Refractive index 1.33 1.33 1.64 1.33 1.39

Radius of curvature
at the interface

Anterior: −1.52 mm;
posterior: −1.61 mm

N/A Anterior: 1.21 mm;
posterior: −1.08 mm

N/A Anterior: 1.41 mm;
posterior: 1.42 mm

Fig. 2 Calibration of the compound eye-objective optical system.
(a) Calibrated retina depth as a function of the distance between
the objective lens and the cornea surface. (b) Calibrated lateral mag-
nification introduced by mouse eye optics as a function of imaging
plane depth inside the retina.
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value was consistent with the systemic arterial pO2 ¼
112 mmHg, measured using a blood gas analyzer. Longitudinal
pO2 gradients, starting from high pO2 in the major artery at
the superficial retinal layer, could be visualized along the
precapillary arterioles as approaching lower pO2 values in the
capillaries close to the postcapillary venules, and finally to
the major vein.

We subsequently perturbed the microvascular oxygenation
in the retina by inducing hyperoxia, whereby the systemic
arteriolar pO2 was increased to 334 mmHg. Similar to the
measurements under normoxia, the longitudinal gradients of
intravascular pO2 could be visualized between the major

artery (327� 2 mmHg,mean� SD) and vein (224� 4 mmHg,
mean� SD) in the superficial retinal layer, i.e., the small vas-
cular segments close to the major artery were more oxygenated
than those close to the major vein.

The pO2 values in the major artery and vein, as well as in the
combined superficial, intermediate, and deep microvascular
plexus (microvascular bed) under normoxia and hyperoxia
are shown in Fig. 6. During normoxia, the median pO2 values
in the major artery, vein, and in the microvascular bed were
93, 62, and 87 mmHg, respectively, with the microvascular
bed pO2 distribution being highly heterogeneous, spanning the
range of pO2 values from arteriolar to venular pO2.

Fig. 3 Two-photon depth-resolved retinal microvasculature imaging. (a) Microvascular structures, as
imaged using a low-magnification objective, of the three main microvascular layers in the mouse retina:
superficial, intermediate, and the deep. The superficial microvascular layer shows a radiating pattern of
major arteries and veins falsely colored in red and blue, respectively. Yellow arrows indicate the direction
of the blood flow. ROI is shown by white-dashed square. (b) and (c) Retinal microvasculature layers of
two mice, imaged using high-magnification objective. Three imaging depths (z) in (b) and (c) show micro-
vascular structure in three retinal microvascular layers. The imaging depths (z) shown in the graphs
represent calculated values based on the calibrations (see the main text and Fig. 2 for details).

Fig. 4 Two-photon imaging of retinal microvascular pO2. (a) Intravascular pO2 (color coded, color bar in
mmHg) at various locations within retinal microvasculature. pO2 measurement locations are marked by
colored dots on the gray-scale survey intensity image. (b) Examples of phosphorescence decays mea-
sured within the artery (red) and vein (blue). The measurement locations corresponding to the decays
shown were marked on image (a) with a red star and a blue circle, respectively. 10-μs-long laser exci-
tation gate was marked with the shaded area at the beginning of the interexcitation interval. Fitted phos-
phorescence lifetimes in arteriole and venule (τA and τV , respectively) and their corresponding pO2
values are provided inside the panel. Values are presented as mean� standard error of mean (SEM).
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Using the Hill equation with coefficients characteristic of
C57BL/6 mice (h ¼ 2.59 and P50 ¼ 40.2),44 we calculated the
hemoglobin oxygen saturation (sO2) in the major artery and
vein during normoxia. The corresponding values were 90% and
75%, respectively. These results suggest that the oxygen extraction

fraction was 16%. During hyperoxia, the median pO2 in the artery,
vein, and the microvascular bed were 323, 226, and 277 mmHg,
respectively, with the microvascular bed pO2 distribution, as in
the normoxic case, being highly heterogeneous and spanning
the range of pO2 values from arteriolar to venular pO2.

Fig. 5 pO2 distribution in the retinal microvasculature during normoxia and hyperoxia. Survey images
(top) and pO2 measurements superimposed on these images during normoxia (middle row) and hyper-
oxia (bottom row). Columns represent different microvascular layers: superficial (first column), intermedi-
ate (middle column), and deep layer (third column). Vascular segment colors in second and third rows
represent average of all pO2 point measurements within the vascular segment (colorbar in mmHg). Color-
coded masks were overlaid on the gray-scaled MIP survey scan images. Both the imaging depth ranges
(z) and the dimensions of the FOV were estimated using the calibration curves presented in Fig. 2. Note
that the pO2 ranges during normoxia and hyperoxia are far apart, so we used separate pO2 color scales
to aid visualization of pO2 distributions in the retinal microvasculature at these two conditions.

Fig. 6 pO2 distribution across different retinal compartments: artery, vein, and microvascular bed in
between, under (a) normoxic and (b) hyperoxic conditions (same data as in Fig. 5). The top and bottom
edges of the boxes (shown in blue) mark the 75th and 25th percentiles; the error bars show the extreme
ends of the data spread (red + symbols), excluding outliers, and the red-center lines mark the medians.
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4 Discussion and Conclusion
Here, we performed in vivo measurements of absolute pO2 in
major retinal vessels, and, for the first time, in arterioles, ven-
ules, and capillaries within three depth-resolved microvascular
plexus, by 2PLM, using a potent two-photon phosphorescent
oxygen probe. Oxygen measurements by phosphorescence
quenching are based on the probe’s triplet decay time (phospho-
rescence lifetime), and as such they are unaffected neither by
variations in the local probe concentration nor by optical proper-
ties of the medium (tissue).45 Compared to an earlier two-photon
oxygen probe PtP-C343.31 Pt tetraphthalimidoporphyrin32 has a
significantly red-shifted emission spectrum, centered at 757 nm
and ∼50- to 100-fold higher two-photon brightness. As a result,
it allows much deeper and faster measurements of pO2 in vivo.
In this pilot study, we conservatively averaged 500 decays at
each measurement location (e.g., 150 ms per point measure-
ment); however, in the future it should be possible to shorten
the acquisition time by reducing the number of cycles per loca-
tion, while still maintaining adequate signal-to-noise ratio for
accurate pO2 determination.

In vivo 2PM imaging of the retinal tissue with high spatial
resolution presents specific challenges to the optical setup
design due to the intrinsic optical properties of the eye.
When imaging the retina in an intact eye through the pupil,
one should consider that: (1) the imaging plane is located deeper
than expected from the physical distance between the surface of
the cornea and the retina (∼3 mm in mice) due to the refractive
properties of the eye itself; (2) when using objectives with large
numerical apertures (NA), the diameter of the pupil may limit
the aperture size of the imaging system and compromise reso-
lution; (3) the compound (objective plus eye) imaging system is
prone to strong aberrations limiting the useful FOV.

The crystalline lens of the eye works together with the im-
aging objective to focus the excitation beam on a more anterior
plane within the eye than expected from the objective working
distance. Therefore, traditional 2PM objectives with working
distances of 2 to 3 mm are not suitable for retinal imaging.
This challenge has been addressed in the past by using adaptive
optics combined with an animal-specific contact lenses laid
over the cornea,46 or using a more flexible periscope design.47

Bar-Noam et al.48 placed a convex electrically tunable lens and a
concave offset lens before a water-immersion 10× microscope
objective (WD 1.8 mm or 3.5 mm) in order to extend their im-
aging depth to cover the entire retinal range. However, using
either tunable lens or adaptive optics substantially increases
the complexity of the imaging setup. Being able to perform 2PM
imaging of the retina with a standard 2PM system should be
advantageous. We used a commercially available 2PM objective
with large working distance, which was coupled to the
surface of the cornea to image retinal microvascular layers.
Using this objective, we were able to image throughout the
entire retinal depth although the working distance was effec-
tively shortened by the optics of the eye. It should be noted
that the eye’s iris limits the aperture and hence the FOV and
the effective NA of the overall imaging system. Therefore, in
spite of the fact that imaging was performed through a dilated
pupil (∼ 2 mm in diameter), full NA of the objective was not
utilized.

During in vivo imaging of retina, contributions of the eye
optics to the imaging cannot be avoided. Therefore, the com-
pound optical system needs to be calibrated to ensure correct
estimation of imaging dimensions and depths. This was

achieved in the past by: (1) using histological images of the
retina as a reference to scale the corresponding in vivo imaged
en face planes;46,49 (2) assuming the focal length of the eye lens
and scaling the magnification factor of the combined optical sys-
tem accordingly;47 and (3) employing ray tracing or software,
such as Zemax (Zemax, LLC) in combination with the assumed
optical properties of the eye.48 In our approach, at the time of
coupling, the distance between the objective and the cornea was
not known. We used the star-shaped pattern of the major vessels
as a guide to set the focus on the retina surface. We then assigned
the depth at which focusing occurred as a reference and calcu-
lated the axial distances and magnifications relative to this depth
using a ray matrix model of the optics of the mouse eye.
Furthermore, we calibrated the lateral distances by introducing
known displacements in the lateral plane (X - Y) while the beam
was focused on the retinal surface, and subsequently scaled
them using the previously calculated depth-dependent magnifi-
cation factor.

Our 2PM setup has an axial resolution of ∼5 μm and lateral
resolution of ∼2 μm33 for pO2 measurements. Despite addi-
tional challenges (optical aberrations, etc.) induced by imaging
through the eye, the spatial resolution of our imaging system
was sufficient to visualize different retinal microvascular layers.
The relatively sparse configuration of the capillaries within the
retinal microvascular bed also helped to avoid potential artifacts
due to the overlaps between the sampled volumes when the
beam was focused at neighboring vessels.

We validated our system’s capability to assess retinal oxy-
genation by measuring intravascular pO2 during normoxia
and hyperoxia. Systemic arterial pO2 and retinal arterial pO2

measurements were in good agreement under normoxia (112
versus 93 mmHg) and under hyperoxia (334 versus 327 mmHg).
It could be expected that the systemic arterial pO2 would be
somewhat higher than the pO2 in retinal arterioles due to the
oxygen extraction from the arterioles. Previous results from
our group and others revealed longitudinal pO2 gradients in
arterioles50–52 as well as pO2 gradients in periarteriolar
tissue.51,53–55 Under both normoxia and hyperoxia, we were
able to visualize longitudinal pO2 gradients throughout the
microvascular bed. However, in the case of hyperoxia, the gra-
dients could be in part due to the change in the concentration of
oxygen that is dissolved in the blood plasma, without significant
change in sO2, since blood hemoglobin would be almost fully
saturated with oxygen under hyperoxic conditions. Motion arti-
facts due to heavy breathing as well as reduced tissue transpar-
ency after prolonged anesthesia may hamper measurements in
every capillary as displayed in the deep retina layer (Fig. 5,
normoxia).

Several studies have previously reported pO2 measurements
in major retinal arteries and veins of mice using phosphores-
cence lifetime imaging of different single-photon excited oxy-
phors. In one of our earlier studies,25 we used a phosphorescent
probe based on Pd tetracarboxyphenylporphyrin (Frontier
Scientific, Logan, Utah, single-photon excitation at 532 nm)
to measure intravascular pO2 in 3-month-old C57BL\6J mice
under ketamine/xylazine anesthesia, and reported arterial
pO2 of 36� 7 mmHg and venular pO2 of 22� 5 mmHg

(mean� SD). Wilson et al.21 measured retinal intravascular
pO2 using Oxyphor G256,57 in mice under ketamine/xylazine
anesthesia with single-photon excitation at 450 nm. The
reported pO2 values in arterioles, venules, and capillary regions
were 60 to 80, 30 to 45, and 50 to 100 mmHg, respectively.21
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Prior to that, Shonat and Kight20 performed imaging using
single-photon excitation at 524 nm and reported pO2 values
of 59� 5 mmHg in arterioles, 45� 5 mmHg in venules, and
80� 10 mmHg (mean� SD) in capillary bed halothane-
anesthetized C57BL\6 mice.20 The pO2 values reported here
are generally higher than those found in the previous
studies.20,21,25 It is possible that the choice of animal strain,
age, and, importantly, type and duration of anesthesia, contrib-
uted to this difference. It is also important to note that the meas-
urement methods used in all of the previous studies had limited
depth resolution, and thus the reported values may have been
effectively convolutions of the pO2 values at different depths
throughout the sampled volumes of the retina.

Although pO2 in major vessels close to the retinal surface has
been quantified previously, our work is the first demonstration of
pO2 measurements in retinal capillaries at different depths with
single-capillary resolution. This advance is important because the
main oxygen transport to tissue occurs at the capillary sites.
Moreover, the early-phase clinical indications of retinal patholo-
gies are associated with capillaries, and our method may open up
a new avenue to study baseline and transient pO2 in capillaries in
health and various mouse models of retinal diseases.

In this work, extrapolation of the probe calibration to the
hyperoxia regime may have resulted in a slight, most likely
constant overestimation of the pO2 values at pO2s above
160 mmHg. However, this discrepancy, even if present, should
not change the key result of our proof-of-principle hyperoxia
experiments, i.e., the ability of our setup to detect perturbations
in retinal oxygenation as well as longitudinal gradients from
arterioles to capillaries to venules. In the future, with sufficient
interest in quantification of biological hyperoxia, we may per-
form detailed calibrations of our probes in the upper pO2 range.

Mouse eye has no apparent sensitivity in the spectral range of
our excitation and emission (950 nm/757 nm).58 Thus, we pre-
sume that our measurements did not cause direct visual stimu-
lation. On the other hand, a few endogenous chromophores in
the retina (e.g., melanin and lipofuscin) have measurable two-
photon absorption cross-sections near 950 nm as well as one-
photon absorption spectra near 757 nm.59 Hence, it is possible
that some indirect visual stimulation during the experiment
affected the retinal metabolism. However, melanin and lipofus-
cin accumulations are mostly confined to the retinal pigment
epithelial and subretinal microglia cells60 that are positioned sig-
nificantly below the focal planes imaged in our experiments.
In addition, lipofuscin accumulation in retina is insignificant
in animals younger than 12 months.60 It is important to note
that our pO2 measurements are not compromised by autofluor-
escence, since they rely on the triplet decay that is orders of
magnitude longer than the time scale of any potential tissue
autofluorescence.

Our method can be combined with other imaging techniques
that can be used, e.g., for measurements of microvascular blood
flow, as previously demonstrated in brain.33,61–67 Furthermore,
oxygen-sensitive phosphorescent probes can be delivered to
the retinal extravascular space.29,30 Therefore, we anticipate
that 2PLM can be used in the future to perform depth-resolved
extravascular retinal pO2 as well, similarly to how it was done
previously in the rodent brain cortex.53,33 Overall, we anticipate
that our method for measuring pO2 in retinal microvasculature
will stimulate new studies of the pathophysiology of the eye
and lead to better understanding of the mechanisms underlying
various retinal disorders.
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