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Abstract

Uncovering principles that regulate energy metabolism in the brain requires mapping of partial
pressure of oxygen (PO,) and blood flow with high spatial and temporal resolution. Using two-
photon phosphorescence lifetime microscopy (2PLM) and the oxygen probe PtP-C343, we show
that PO, can be accurately measured in the brain at depths up to 300 pm with micron-scale
resolution. In addition, 2PLM allowed simultaneous measurements of blood flow and of PO, in
capillaries with less than one-second temporal resolution. Using this approach, we detected
erythrocyte-associated transients (EATs) in oxygen in the rat olfactory bulb and showed the
existence of diffusion-based arterio-venous shunts. Sensory stimulation evoked functional
hyperemia, accompanied by an increase in PO, in capillaries and by a biphasic PO, response in
the neuropil, consisting of an ‘initial dip’ and a rebound. 2PLM of PO, opens new avenues for
studies of brain metabolism and blood flow regulation.

Understanding the brain metabolism at rest and during periods of activity requires
quantifying the amounts of oxygen entering and exiting selected volumes of neuronal
tissue!. Previous measurements of PO, in the brain have relied mainly on Clark-type oxygen
electrodes?3. However, electrodes are invasive and only allow discrete measurements along
the insertion path and in the tissue, but not in vessels. One alternative approach is based on
oxygen-dependent quenching of phosphorescence®. In this method, molecular
phosphorescent probes? are introduced directly into the blood or interstitial fluid, and
external excitation and detection are used to noninvasively retrieve the signal.
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Here we made use of the recently designed phosphorescent probe PtP-C343%7, which allows
combining the phosphorescence quenching with two-photon microscopy. A major benefit of
two-photon excitation is the confinement of the triplet state, which gives rise to
phosphorescence, to the immediate vicinity of the laser focus, thereby eliminating oxygen
consumption® and formation of reactive oxygen species along the excitation path. The PtP-
(C343 signal, phosphorescence lifetime T, is independent of the probe concentration, the pH
and the presence of biological macromolecules and is selective for oxygen. PtP-C343 also
emits fluorescence, which can be used for fast mapping of the probe distribution in the
tissue.

Using 2PLM and PtP-C343, we present depth-resolved micron-scale simultaneous
measurements of PO, and blood flow in the rodent olfactory bulb. Furthermore, we show
that 2PLM allows observation of erythrocyte-associated transients (EATs). Mapping oxygen
in various vascular compartments unravels that arterioles contribute to the oxygen content of
the neuropil. Measurements of capillary and tissue PO, reveal that, at the site of synaptic
transmission, odor triggers an increase of vascular PO,, which is preceded by a dip in tissue
PO,.

2PLM and PtP-C343 sensitivity to oxygen: control experiments

The phosphorescence lifetime of PtP-C343 changes in the range of ~20-40 ps throughout
the range of physiological PO,s7. We used an acousto-optic modulator (AOM)? to gate the
output of a high repetition rate Ti:sapphire oscillator, creating trains of excitation pulses.
These trains (gates) were followed by long off periods (~245 ps) for acquisition of
phosphorescence (Fig. 1a,b).

We injected PtP-C343 intravenously into an anesthetized rat (final concentration in the
blood ~10 pM) and focused the laser in the lumen of an olfactory bulb capillary ~98 pm
below the brain surface (Fig. 1c, top). We set the AOM excitation gate as 2.5 ps and the
laser power at 0.7 mW (accounting for 1% duty cycle) (Fig. 1b). We collected the emitted
and scattered photons during and after the excitation gate using a photomultiplier tube,
whose output was directed into an analog-to-digital converter operating at 1.25 MHz (Fig.
1c, bottom). Plotting the variance at each time point relative to the mean value confirmed
that the detection was shot noise limited (Supplementary Fig. 1a). Each decay was fitted
with a single-exponential function (Fig. 1d) to extract the phosphorescence lifetime, which
was converted into PO, using a Stern-Volmer-type calibration plot (Supplementary Fig. 1c).

To establish that the probe’s signal is responsive to PO, changes in vivo, we used two
protocols. First, we induced respiratory arrest by injecting a large amount of air through a
femoral vein catheter (~0.2-0.4 ml), which led to acute pulmonary embolism. The
respiratory arrest was followed by a marked decrease in PO, in the olfactory bulb arterioles
(Fig. 1e), as was reflected by the phosphorescence signal (control = 78.2 + 12.4 mm Hg, 3
min after respiratory arrest = 10.8 + 3.7 mm Hg, n = 4 rats). In the second protocol, we
briefly changed the oxygen content in the inhaled air from 21% to 100% and then from 21%
to 10% (Fig. 1f). As expected, the arteriolar PO, was markedly and reproducibly altered
(21% oxygen = 87.8 £ 11.5 mm Hg, 100% oxygen = 146.8 + 8.2 mm Hg, recovery 21% =
91 +£ 6.0 mm Hg, 10% oxygen =41.1 +5.2 mm Hg, recovery 21% = 88.0 + 12.1 mm Hg).
We established that this effect correlated with systemic PO, changes, as measured by a pulse
oximeter (Supplementary Fig. 1d). These measurements confirmed that the phosphorescence
of PtP-C343 provides a functional physiological PO,-sensitive signal.
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Spatial and temporal resolution of oxygen measurements

Previous studies have shown that the triplet state of PtP-C343 in the near-focal volume can
be easily saturated by applying multiple high repetition rate pulses’-10. Saturation leads to an
increase in the emitting volume and subsequent loss of resolution. To attain the highest
resolution, excitation must be carried out in the quadratic regime; however, that requires
long acquisition times!©. Therefore, a compromise between spatial and temporal resolution
may be chosen.

To establish the optimal excitation regime, we obtained in vivo power dependencies of the
phosphorescence emission under two-photon excitation. With the excitation gate set at 2.5
ps and the beam focused on a capillary ~98 um under the surface, quadratic dependence was
ensured at moderate laser powers (the region indicated by a black arrow in Fig. 2a, left).

As expected, the precision of the lifetime measurement was dependent on the number of
averaged excitation gates (Fig. 2b). For example, 12,000 averages (3 s of acquisition) were
sufficient to obtain accurate lifetime values under our measurement conditions. Increasing
the probe concentration, the laser power or both permitted faster acquisition without loss of
accuracy. We assessed lateral (xy) resolution by moving the excitation volume across a
capillary (4.1 um in diameter) (Fig. 2c, left). The weak signal at the capillary boundary, as
compared to the strong signal from inside the capillary, confirmed that the oxygen
measurement was performed with lateral resolution <1 um (for point spread function, see
Supplementary Fig. 1b).

In many cases, the true diffraction-limited resolution is not required, whereas faster
measurement is desirable. We reasoned that by using longer excitation gates, we could attain
higher temporal resolution while keeping the excitation volume still sufficiently smalll©.
Subsequently, we increased the duration of the excitation gate up to 25 ps (10% duty laser
cycle) and simultaneously increased the probe concentration up to ~50 uM. Under the
conditions of such long excitation gates, the phosphorescence was outside the quadratic
regime (Fig. 2a, right). Nevertheless, at moderate laser powers (0.15-5.0 mW, accounting
for 10% duty cycle; depth 80-200 pm), the lateral resolution remained adequate (Fig. 2c,
right), whereas lifetime measurements were performed with higher precision (Fig. 2b, right).
These experiments confirmed that the probe was confined to the intravascular space.

The depth limit in two-photon imaging depends on both the imaging system and the sample
properties!!. In the rat olfactory bulb with PtP-C343 in the blood (50 uM), we could detect
phosphorescence down to the depth of 600 um using 10% excitation duty cycle
(Supplementary Fig. 2a). However, the neighboring neuropil, which was devoid of the
probe, also appeared to generate substantial phosphorescence, whose intensity was
increasing with depth (Supplementary Fig. 2a). This artifactual result suggested that the
near-surface excitation!2 of PtP-C343 in the superficial vessels can limit the accuracy of
PO, measurements at greater depths. To estimate the contribution of the surface signal to the
overall phosphorescence, we measured the ratio of the signal from the vascular compartment
(containing the probe) to that of the neuropil (without the probe) at various depths
(Supplementary Fig. 2b). We determined that the surface phosphorescence constitutes no
more than 10% of the overall signal down to 300 um. Therefore, we performed our studies
at depths not exceeding 300 um. This depth is sufficient to measure PO, in all layers of the
rodent olfactory bulb (Supplementary Fig. 3).

PO,, blood flow and erythrocyte-associated transients

A necessary complementary measurement to local PO, is local blood flow, which is usually
performed by scanning the beam along the capillary longitudinal axis'3. However, such
scanning is incompatible with single-point PO, measurements by 2PLM. In our system, we
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detected transient changes, ‘shadows’, in the signal during the on phase of the AOM (Fig.
3a) while acquiring successive excitation gates. As both the probe and fluorescein-dextran,
which was added to the blood to enhance contrast, were dissolved in the blood plasma, we
hypothesized that these shadows were caused by red blood cells (RBCs), which outnumber
white blood cells by several fold, passing through the excitation volume. Monitoring the
amplitude of the signal during the on phase of the cycle (Fig. 3b) allowed extraction of the
absolute flow rate of RBCs and provided the local measurement of hematocrit
simultaneously with the PO, measurement (Fig. 3c). Comparison of the obtained flow rates
with those measured with the line-scan method!3-14 confirmed that our pulse-shading
technique provides an accurate measurement of the capillary RBC flow (Fig. 3d).

Modeling studies suggest that blood is heterogeneously oxygenated!?; that is, the regions
surrounding RBCs have higher oxygen content than the rest of the plasma. This effect is
known as erythrocyte-associated transients (EATS), and its existence has been demonstrated
experimentally in the peripheral vascular system!®-17. However, these results are
continuously debated, as previous measurement techniques were incapable of micron-scale
resolution!8,

At its typical velocity (~1 mm s~ 1), an RBC passes by the 2PLM excitation volume in less
than 10 ms, which is too fast to measure PO, values at different distances from the RBC to
detect the EAT effect. Fortunately, shadows produced by RBCs (Fig. 3a,b) provided
excellent reference points for averaging phosphorescence decays corresponding to various
distances from the RBCs’ boundaries (Fig. 3e). In a typical experiment, we focused the laser
on a capillary and detected all passing RBCs by their shadows during the AOM-on phase.
We then grouped the phosphorescence decays on the basis of their distance from the RBC
boundaries and averaged and analyzed them to give the corresponding PO, values. We made
these measurements at the highest resolution (quadratic regime), as we expected the EATs to
be restricted to the immediate vicinity of RBCs.

Indeed, we found the phosphorescence lifetimes to be shorter near the RBCs (Fig. 3f). We
repeated measurements in eleven capillaries, and the data unambiguously confirmed
considerably higher PO, values in the immediate vicinity of RBCs (Fig. 3g) (PO, =57.9 +
8.5 mm Hg) than in the bulk plasma (PO, = 31.2 £ 3.2 mm Hg; P = 0.0006, n = 11, paired ¢
test), making up for 26.6 + 5.4 mm Hg (n = 11) gradient in PO,. The latter value is in the
same range, although slightly higher than reported for the peripheral vasculature!6-17. In five
capillaries we consecutively measured RBC flow rates by performing line scans to correct
for the variations in the RBCs speed and plotted PO, versus the distance from the RBC wall
(Fig. 3h). We observed the EATSs in the first 5 um from the RBC boundary.

Diffusional shunt of oxygen between arterioles and venules

Modeling studies of oxygen diffusion usually assume certain vascular geometries to
compute oxygen levels in the neuronal tissue!®. The relative contributions of arterioles,
capillaries and venules to the oxygen supply in the brain are still under debate because
experimental PO, measurements in various tissue compartments are difficult to perform20,
The high rate of the metabolism of neuronal tissue should enhance the vessel-to-tissue
gradient and favor oxygen diffusion from arterioles. The olfactory bulb nerve layer is unique
in its very low content of capillaries?!3. We reasoned that if arterioles act as a substantial
diffusive supply of oxygen to the neuropil, diffusional shunts between arterioles and
venules, bypassing capillaries2!-22, would be detectable by measuring PO, in venules
running close to or crossing arterioles in the nerve layer.

We were able to identify a venule by its low oxygen content before crossing an arteriole
(Fig. 4a). PO, in the venule increased from 48 mm Hg (distance between venule and
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arteriole = 38 pm) to 57 mm Hg (distance = 27 um). To eliminate the possibility that the
PO, values followed random vascular fluctuations, we repeated the measurement (in
quadratic regime) in the forward and reverse order (2.5 s per point) along the venule axis
(Fig. 4b). The increase was observed in all the tested rats (Fig. 4c). Measurements in nine
crossings showed that the PO, in the venule increased on average by ~9 mm Hg upon
crossing an arteriole (Fig. 4d). Thus, we conclude that such diffusional shunts may occur at
each crossing throughout the central nervous system (CNS), making arterioles key players in
the oxygen supply to the neuropil.

Dynamics of POs in capillaries and neuropil during odor

Could 2PLM be used to monitor changes in vascular and tissue PO, during neuronal
activation? We have previously shown that in olfactory bulb glomeruli, odor stimulation
triggers local functional hyperemia that follows postsynaptic neuronal activation after 1-2
51323 Using the same model?*, we labeled olfactory receptor neuron terminals with
Calcium Green-1 dextran, a low-affinity calcium (Ca%*) probe, and capillaries with
fluorescein-dextran (see Online Methods). Inhalation of an odorant triggered a presynaptic
Ca2* increase followed by a local increase in the RBC flow (Fig. 5a), which we detected by
the classical line-scan method. In the second step, we injected PtP-C343 (~50 uM) and
measured PO, with high temporal resolution (25 ps excitation gate, 10% duty cycle) (Fig.
2). Notably, at 50 uM concentration, PtP-C343 did not affect odor-evoked Ca?+ responses,
suggesting that the probe is neither toxic nor phototoxic at this meaurement regime. Further,
we performed measurements of PO, and RBC flow (Fig. 5b) during odor stimulation in the
same capillary (151 pm deep). We analyzed only those decays that were further away from
the RBCs, thus limiting the PO, measurements to the bulk plasma. This analysis (Fig. Sb—d)
revealed large and reproducible increases in the PO, accompanying the local functional
hyperemia.

Finally, we investigated whether 2PLM could be used to detect changes in tissue PO in the
glomerular neuropil during odor stimulation?. We inserted a glass pipette containing PtP-
C343 (1 mM solution) into an odor-responsive glomerulus, in which presynaptic Ca2*
signals could be detected in olfactory neuron terminals upon odorant inhalation. We applied
pressure to the pipette until PtP-C343 fluorescence could be detected in a part of the
glomerular volume (Fig. 5e). We performed point measurements of PO, at a distance from
the pipette tip (>10 pm), showing that the odor stimulation induced reproducible biphasic
PO, changes (Fig. 5e) consisting of the initial dip, followed by a rebound, characteristic of
an immediate oxygen consumption, followed by an increase resulting from the local
functional hyperemia (Fig. 5e)2. The dip was observed in the neuropil of each of the five rats
tested (total of 29 odor applications).

DISCUSSION

Our results demonstrate that 2PLM is an efficient tool for mapping oxygen levels in both
microvascular and extravascular compartments with high spatial and temporal resolution.
One major concern related to the use of molecular probes is their phototoxicity. Our
conclusion is that PtP-C343 was neither toxic nor phototoxic over the duration of our
experiments. At concentrations of 10 uM-50 puM in the blood, PtP-C343 did not affect odor-
evoked Ca2* or vascular responses over a period of 3—5 h. Photoactivation of PtP-C343 did
not induce any detectable toxicity, even when the probe was used at 50 uM concentration in
combination with 10% excitation duty cycle. Finally, injection of PtP-C343 in the neuropil
(1 mM in the pipette) did not seem to have any detectable effect on Ca?* and vascular
responses.

Nat Med. Author manuscript; available in PMC 2012 March 1.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duosnuepy Joyiny Yd-HIN

Lecoq et al.

Page 6

Previous attempts to image oxygen have relied on independent techniques to provide blood
flow recordings. Here we show that it is possible to simultaneously measure blood flow and
PO, in individual capillaries. Simultaneous recordings are necessary to assess the effect of
both parameters on oxygen diffusion in tissue. Our data confirm that PO, and blood flow are
highly correlated?®. Furthermore, by directly observing EATs we confirmed that oxygen is
highly modulated between individual RBCs in the CNS vasculature. Modeling studies of
oxygen diffusion in the CNS should benefit from these results, which will allow more
accurate prediction of oxygen levels in the neuropil.

The importance of arterioles for the oxygen supply has been debated in the literature?0. Our
results show that arterioles provide oxygen to venules at arteriovenule crossings, making
oxygen content in the brain strongly dependent on the arterial content. In previous studies,
oxygen electrodes had to be placed near or pressed against the vessel walls to measure
oxygen gradients in the vasculature, as intraluminal recordings instantaneously generated
thromosis2®. In contrast, 2PLM provides a noninvasive measurement of true intraluminal
oxygen gradients2’ along microvascular trees.

Finally, we have shown the possibility of simultaneous measurements of oxygen and blood
flow in individual capillaries during functional hyperemia in response to a physiological
stimulus. Extending the measurements to the entire vascular compartment will provide key
insights into the origin of the functional magnetic resonance imaging blood-oxygen-level
dependence signal. Concomitant measurements of PO, in vessels and in the surrounding
tissue will allow quantification of oxygen exchange between these two compartments during
different states of brain activation.

METHODS

Methods and any associated references are available in the online version of the paper at
http://www.nature.com/naturemedicine/.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Measurements of PO, in deep cerebral vessels using probe PtP-C343. (a) Experimental
setup. An AOM is placed in the excitation path of a standard two-photon microscope,
enabling fast repetitive on-off switching of the laser excitation. (b) The probe is excited by a
brief gate (2.5 ps) of femtosecond pulses from a Ti:sapphire laser (ex = 850 nm, <250 fs, 76
MHz), followed by a phosphorescence detection period (~250 ps). The fluorescence emitted
by PtP-C343 is detected by a photomultiplier tube (PMT) in the green channel (PMT1); the
phosphorescence is detected by PMT2 in the red channel. (¢) Top, intravenous (i.v.)
injection of PtP-C343 and fast scanning with detection of fluorescence reveals capillary in
the rat olfactory bulb. Phosphorescence is measured at selected spots (red in the capillary
lumen). Scale bar, 10 um. Bottom, successive phosphorescence acquisition cycles displayed
as an image. Each horizontal line is one complete cycle, whereas the vertical axis shows
successive cycles. (d) Phosphorescence decay obtained by averaging of 40,000 excitation
gates, fitted to a single exponential (red). (e) Respiratory arrest (RA) induced by air injection
into the femoral vein. (f) Effect of changes in oxygen content in the inhaled air from 21% to
100% or 10% on PO,. Error bars indicate s.e.m.
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Figure 2.

Temporal and spatial resolution of two-photon phosphorescence measurement. (a) Log-log
plots of the phosphorescence integrated intensity (area under the decay curve after
subtraction of the baseline) versus average excitation power. Left, AOM gate 2.5 ps.
Maximal power shown: 275 mW after the objective, or 2.7 mW, taking into account 1%
duty cycle; focal spot depth 80 um. Red line (slope = 2) corresponds to pure quadratic
dependence. The black arrow indicates the region of quadratic dependence (up to 50-60
mW). Right, AOM gate 25 ps (average laser power ~0.5-0.6 mW, 10% duty cycle). The
phosphorescence emission is outside the quadratic regime throughout the entire power
range. AU, arbitrary units. (b) Precision of the lifetime (1) measurement as a function of the
number of averages, their duration and PtP-C343 concentration (injected i.v.). Left, AOM
gate: 2.5 ps (PtP-C343 concentration: ~10 pM, average laser power ~0.5-0.6 mW). Lifetime
measurements were performed in eight capillaries at ~100 pm depth. 12,000 averages (~3 s)
are sufficient to reach the desired precision. Right, AOM gate 25 us (PtP-C343
concentration ~50 uM, average laser power ~7 mW). 3,000 gates (~0.80 s) are sufficient to
achieve the same precision as in left. (¢) Spatial confinement of phosphorescence
measurements under different excitation regimes (left, AOM gate 2.5 ps; right, AOM gate
25 ps). Point measurements were performed perpendicularly to the longitudinal axis of two
capillaries. Phosphorescence decays were observed in the capillary lumen (red dots) but not
in the neuropil (blue dots). Measurements at capillary boundaries produced weak signal
(purple dots). Scale bars, 5 pm.
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Simultaneous measurements of RBC flow and PO, using fluorescence and phosphorescence
of PtP-C343. (a) RBC detection. The fluorescence of PtP-C343 in the plasma during the

excitation gate is shadowed by passing RBCs (white arrows on right pictures corresponding
to individual schematics on the left). (b,¢) Automatic detection of RBC transients (b) allows

extraction of local RBC flow rates (c, top) as well as the estimation of instantaneous

hematocrit (¢, bottom). (d) Consecutive measurements of RBC flow using the line-scan
approach and our pulse-shading method (n = 13 vessels). (e-h) Erythrocyte-associated
transients (EATSs) in single capillaries. () Two RBC fluorescence transients are used as time
markers to determine locations of the phosphorescence measurements relative to each RBC.
(f) Change in the PO, near a single RBC. Decays were acquired during 200 s (20 recordings,
10 s each) in eleven capillaries. Each decay is an average of 40,000 gates. (g) PO, values

measured in the plasma and in the close vicinity of RBCs. (h) Consecutive line scans

acquired in five capillaries to measure the corresponding distance. Error bars represent

S.c.1m.
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Diffusional shunt of oxygen between arterial and venous compartments in the olfactory
nerve layer. (a) PO, measurements along a venule approaching an arteriole. Left, three-
dimensional reconstruction of the two vessels (extracted from a two-photon fluorescence
stack of images). Venule is in blue and arteriole in red. Right, seven successive PO,
measurements (three to six acquisitions at each point) in the venule. Scale bars, 40 pm. (b)
Diffusional shunt of oxygen is independent of vascular fluctuations. The venule lies in the xy
plane. Measurements of PO, were performed repetitively in five points (2.5 s per point). (c)
Venous PO, as a function of the distance, measured in four animals. (d) Diffusional shunt of
oxygen at complete arteriolar-venular crossings. Error bars represent s.e.m.
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Figure 5.

Functional hyperemia, vascular and neuropil PO, dynamics in response to odor stimulation.
(a) Neuronal and vascular responses during odor stimulation. Inset, glomerulus with
boundaries that were outlined by olfactory receptor neuron terminals labeled with Calcium
Green-1 dextran, and capillaries labeled with fluorescein-dextran. The presynaptic Ca2*
response was recorded over the rectangle. RBC velocity was obtained from line scans drawn
in the capillary segment, indicated by the arrow. Scale bar, 20 um. (b) RBC and PO,
responses in the same capillary. L.v. injection of PtP-C343 allows detection of the
concomitant increases in the RBC flow and PO, (point measurements of PtP-C343
fluorescence and phosphorescence, respectively) in response to the odorant inhalation (two
trials). (¢) Mean RBC flow and PO, responses (nine trials). (d) Summary of vascular
responses in five rats. (¢) PO, dynamics in the glomerular neuropil. Left, schematic of the
experiment. Middle, three successive measurements of PO, in neuropil in response to odor
stimulation. Right, superposition of presynaptic Ca**, RBC and PO, responses in the same
glomerulus. Error bars indicate s.e.m.
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