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Optical measurement of microvascular
oxygenation and blood flow responses
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functional activation
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Abstract

The cerebral cortex has a number of conserved morphological and functional characteristics across brain regions and

species. Among them, the laminar differences in microvascular density and mitochondrial cytochrome c oxidase staining

suggest potential laminar variability in the baseline O2 metabolism and/or laminar variability in both O2 demand and

hemodynamic response. Here, we investigate the laminar profile of stimulus-induced intravascular partial pressure of O2

(pO2) transients to stimulus-induced neuronal activation in fully awake mice using two-photon phosphorescence lifetime

microscopy. Our results demonstrate that stimulus-induced changes in intravascular pO2 are conserved across cortical

layers I–IV, suggesting a tightly controlled neurovascular response to provide adequate O2 supply across cortical depth.

In addition, we observed a larger change in venular O2 saturation (DsO2) compared to arterioles, a gradual increase in

venular DsO2 response towards the cortical surface, and absence of the intravascular “initial dip” previously reported

under anesthesia. This study paves the way for quantification of layer-specific cerebral O2 metabolic responses, facili-

tating investigation of brain energetics in health and disease and informed interpretation of laminar blood oxygen level

dependent functional magnetic resonance imaging signals.
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Introduction

The cerebral cortex has a laminar structure, where neu-
ronal circuits are organized into stratified subsurface
layers.1–3 It has been long hypothesized that cortical
layers differ in their metabolic demand.4–6 Indeed, at
least in the primary sensory cortices, the laminar met-
abolic profile, as indicated by measurements of mito-
chondrial cytochrome c oxidase distribution, co-varies
with vascular density and—to a lesser extent—the den-
sity of cell bodies.7–10 Within these cortical regions, the
highest cell density (of neurons and glia) is found in
layer IV, and the lowest—in layer I.11 Layer IV also has
the highest density of cytochrome c oxidase, a marker
of mitochondrial O2 metabolism, and the highest den-
sity of microvasculature. Although both cytochrome c
oxidase and microvascular density decrease from layer
IV to layer I, this overall decrease is much more modest
and gradual than the sharper decrease in the cell den-
sity at the transition between layer II and layer I.
Vascular density correlates better with cytochrome c
oxidase than cellular (and synaptic) density, and
reports suggest that this stronger correlation may
reflect a context-dependent cortical computation,
where only a few of the neurons and synapses may be
active at any given time,10 and that microvascular den-
sity may be optimized to serve resting (idle) metabolic
needs rather than rapid changes in metabolism driven
by neuronal dynamics.12,13

In addition to the unresolved questions related to
laminar differences in cortical O2 delivery and con-
sumption at rest, it is also not well understood how
changes in O2 delivery and consumption behave
across cortical layers during functional activation.
Previous studies using functional magnetic resonance
imaging (fMRI) during neuronal activation have dem-
onstrated laminar differences in both the change in
cerebral blood flow (DCBF)14–16 and the blood
oxygen level dependent (BOLD) fMRI signal,14,17–19

further suggesting potentially different transient meta-
bolic demands and oxygenation changes across cortical
layers. However, additional more direct measurements
of changes in the O2 metabolism, vascular oxygenation,
and blood flow in cortical layers are necessary to better
understand laminar differences in O2 demand transi-
ents and how vascular network supports them, as
well as to improve the laminar fMRI BOLD signal
interpretation. As a first step towards this goal, the
present work addresses the laminar profile of vascular
compartment-specific (arteriolar and venular) partial
pressure of O2 (pO2) changes across cortical layers in
fully awake mice responding to sensory (whisker)
stimulation.

Recently, we showed that heterogeneity of blood
flow and capillary oxygenation decrease with increasing

cortical depth in awake mice at rest, reaching the min-
imum in layer IV.20 These results suggest that oxygen
transport to tissue is optimal where resting O2 metab-
olism is presumably highest, supporting the idea of
optimization governed by the resting metabolic needs.
However, it remains not well understood how stimulus-
induced responses in microvascular oxygenation differ
across cortical layers. In the present work, we focus on
the laminar profile of microvascular oxygenation
changes during hemodynamic response to transient
neuronal activation. The experiments were performed
in healthy, awake mice (without anesthesia or sedation)
using two-photon phosphorescence lifetime microscopy
(2PLM)21,22 in combination with a new oxygen probe
Oxyphor 2P.23 Surprisingly, our results indicate that
changes in intravascular partial pressure of O2 (pO2)
are conserved across cortical layers I–IV, suggesting a
tightly controlled neurovascular response that main-
tains adequate O2 supply across the cortical layers.
We also found that veins experience a more pro-
nounced increase than arteries in oxygen saturation
of hemoglobin in response to activation (DsO2).
Venous DsO2 also exhibited a progressive increase
towards the cortical surface. In contrast to previous
studies performed in anesthetized animals,24–26 we did
not observe the initial rapid decrease in intravascular
pO2 known as the “initial dip.” These findings are
important for understanding layer-specific cortical
metabolism and hemodynamic responses, and are of
particular relevance for interpreting observations
from fMRI studies, where individual cortical layers
can be resolved.

Methods

Optical setup

Experiments were performed using a setup described
previously in Sakadzic et al.27 and Yaseen et al.,28

which includes two-photon microscopy (2PM), optical
coherence tomography (OCT), and optical intrinsic
signal imaging (OISI) capabilities (Figure 1).

The OISI was used for mapping the center of corti-
cal activation to identify the regions of interest (ROIs)
for pO2 measurements. 2PM was used for pO2 meas-
urements, acquisition of three-dimensional (3D) micro-
vascular angiograms, and dynamic arteriolar diameter
measurements. Spectral-domain OCT was used for
measuring the axial component of red blood cell
(RBC) velocity.30

Animal subjects

All surgeries and experimental procedures were per-
formed in accordance with the recommendations
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outlined in the Guide for the Care and Use of

Laboratory Animals, approved by the Massachusetts

General Hospital Subcommittee on Research and

Animal Care (protocol number: 2007N000050), and

reported in compliance with the ARRIVE guidelines

(Animal Research: Reporting in Vivo Experiments).

Animals were housed as cage mates of 2–4, under

daily veterinary care, in 12/12 light/dark cycle with
free access to food and water. We used 10 mice in this

study (C57BL/6, 3–5months old, female, weight¼ 20–

25 g, Charles River Laboratories). We used only females

because they exhibited less aggressive behavior and were

easier to accustom to head restraint compared to males,

and only young-adult animals because this study is a

first step of ongoing and future research that will inves-

tigate different age groups, cortical regions, and patho-

logical conditions. Two additional mice were prepared

but not used due to complications: headpost touching

the objective lens, dura thickening, and pial arteriolar

hemorrhage. Experiments were performed during the

daytime (9 am–7pm) in a dark microscope enclosure.

Chronic cranial window installation

Mice were injected with dexamethasone (4.8mg/kg) and

cefazolin (0.5 g/kg) 4–6h before surgery to prevent brain

edema and infection, respectively. Mice were anesthe-

tized with isoflurane (2% induction, 1%–2% surgery).

A circular skin incision was made on the scalp over the

frontal and sagittal bone. Exposed periosteum was

scraped by a No. 15 blade to ensure good fixation. To

immobilize the animals later during imaging, a custom

holding bar32 was glued to the skull. A craniotomy
(3mm in diameter), with the dura left intact, was per-

formed on the left hemisphere over primary somatosen-

sory cortex (SI) (A–P: 2.0, L–R: 3.0mm). The

craniotomy was then sealed with a glass-plug33,34 and

dental cement. To prevent infection and pain,

Sulfamethoxazole/Trimethoprim and Ibuprofen were

supplied in drinking water for five days post-surgery,

in addition to intraperitoneal injections of Cefazolin

(0.05mL) twice a day, and daily subcutaneous injections

of Buprenorphine (0.05mL). Pellets of food immersed in

drinking water were also provided in a petri dish placed

on the cage floor to ensure that mice remained well fed
and hydrated.

Training for awake imaging

After a week of recovery from surgery, mice were

trained to accept head-fixation in the custom-designed

cradle during imaging sessions up to 2 h. A reward

(sweetened milk) was offered every �15min during

training and imaging sessions. The cradle and

head-post were designed to minimize animal

Figure 1. Schematic of the multi-modal optical imaging setup
combining OISI, OCT, and 2PM. Tunable laser: femtosecond pulsed
laser (680nm–1300 nm); EOM: electro-optic modulator; SH:
shutter; GS: XY galvanometer scanner; SL: scan lens; TL: tube lens;
CL: collimation lens; DM: dichroic mirror; OBJ: microscope
objective lens; PMTs: four-channel detector unit with photomul-
tiplier tubes; CCD: charge-coupled device camera; OISI: optical
intrinsic signal imaging; OCT: optical coherence tomography; 2PM:
two-photon microscopy. For OISI: The cranial window was illu-
minated with green light (570�5 nm) and reflection was collected
by an objective (XLFluorx4, 4�, 0.28 NA, Olympus). Images were
recorded using a camera (CoolSNAPfx, Roper Scientific) con-
trolled by custom-written software29 in LabWindows CVI
(National Instruments). For 2PM: Power and excitation gate
duration of a femtosecond laser (680 nm–1300 nm, 80 MHz,
Insight, Spectra-Physics) were controlled by an electro-optic
modulator (350–160BK, ConOptics). The excitation beam was
steered in X&Y dimensions by galvanometer-mirrors (6215HB,
Cambridge Technologies). The beam was focused into the desired
cortical layer via an objective lens (XLUMPLFLN-W, 20�, 1.0 NA,
Olympus). Emission was reflected by an epi-dichroic mirror
(FF875-Di01-25� 36, Semrock Inc.) towards photomultiplier
tubes (PMTs), located behind an infrared blocker (FF01-890/SP-50,
Semrock Inc.). A photon counting PMT (H10770PA-50,
Hamamatsu) with an emission filter (FF01-795/150-25, Semrock
Inc.) was used for detection of phosphorescence emission of
Oxyphor 2P.23 A second PMT, operated in analog mode (R3896,
Hamamatsu) with an emission filter (FF01-525/50-25 or FF01-593/
40-25 Semrock Inc.), was used for recording fluorescence emis-
sion from other vascular contrast agents. Custom software writ-
ten in LabVIEW (National Instruments) was used for hardware
control, synchronization, and data acquisition. For OCT: A super-
luminescent diode (1310�85 nm, LSC2000C, Thorlabs Inc.) was
used as the illumination source. The beam was steered by another
pair of galvo-mirrors (6210H, Cambridge Technology), indepen-
dently from the 2PM beam, which allowed simultaneous 2PM and
OCT acquisitions. For detection, we used a line scan camera
(Sensors Unlimited, Inc., 2048L and 2048R), operating at 50 kHz/
Aline. Data were acquired by using custom software written in Qt
Cþþ (The Qt Company).31
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discomfort. The animal was placed on a suspended

fabric bed, free to display natural grooming behavior.

Mouse behavior was monitored during experiments

using a webcam (Microsoft LifeCam 6CH-0000) with

removed infrared (IR) filter. The face and forepaws

were illuminated with a light-emitting diode

(k¼ 940 nm, Vishay TSAL6100), emission of which

was passed through a long-pass filter (Thorlabs,
FELH0900). Additionally, animal movement was

recorded with an accelerometer sensor (ADXL335, 3-

Axis Accelerometer) attached under the cradle.

Experiments were terminated immediately if signs of

elevated discomfort/anxiety were observed.

Functional activation protocol

A Picospritzer microinjection device (051-0500-900,

Parker Hannifin Inc.) was used to deliver air puffs

(10–20 psi) for gentle stimulation of a whisker pad or

shoulder—that have neighboring somatotopic repre-
sentations in the primary somatosensory cortex to

induce localized functional hyperemia. Air puffs were

delivered to the contralateral side of the body, i.e.

opposite from the brain hemisphere over which the

cranial window was installed. For activation of the

whisker barrel cortex, the air puffs were delivered

from behind the whisker pad to avoid the eye blink

reflex. The plastic tube that delivered the air was

aimed at the E1 whisker, puffing from behind the

mouse face and avoiding the eye, with the goal of opti-

mizing reproducibility across imaging sessions and ani-

mals. Since we did not trim other whiskers, our

stimulus affected multiple whiskers. For activation of
the shoulder region, air puffs were delivered from the

side, aiming directly at the shoulder. Inter-stimulation

interval (ISI, onset-to-onset) was 25-s-long. Twenty

stimulus trials (2 sessions, 10 repetitions in each) were

presented for imaging at each cortical depth category.

Each trial was composed of 5-s-long baseline, 2-s-long

stimulation (3Hz frequency, 1-ms-wide pulses to

Picospritzer), and 18-s-long recovery.

Mapping the center of cortical activation

The OISI module integrated in the multimodal micro-
scope28 was used to map the response to stimulation on

the cortical surface in each animal. The intensity of

diffusely reflected light, at wavelength near the isosbes-

tic point for oxy- and deoxy-hemoglobin,35 varied

during brain activation mostly due to changes of the

blood volume. This variation was recorded by the

camera (6.8 fps) during the activation paradigm

described above. Ratio images of activation were cal-

culated by dividing the response (averaged during 0–2 s

following the stimulus onset) by the baseline image

(averaged during 5 s before the stimulus). The center

of activation was defined as a weighted centroid of

the ratio map.

Delivery of molecular probes

All dye solutions were prepared using 1� phosphate-

buffered saline (Sigma Aldrich) and filtered through a

0.2 mm filter (Acrodisc 4602, PALL) before administra-

tion. Animals were briefly (5–10min) anesthetized

using 1.5% isoflurane. The dye solutions (volumes of

0.10–0.15mL) were injected retro-orbitally: Oxyphor

2P (�6mg/mL) for intravascular pO2 measurements,

dextran-conjugated fluorescein isothiocyanate (FITC;

�8.3mg/mL, FD2000S, 2 MDa, Sigma Aldrich) for

arteriolar diameter measurements, and Rhodamine B

isothiocyanate–Dextran (80mg/mL, R9379, 70 kDa,

Sigma Aldrich) for angiograms. Animals regained con-

sciousness within a few minutes and rested for 30–

50min before imaging sessions.

Data acquisition and analysis for intravascular pO2

measurements

The details regarding the synthesis and calibration of

the Oxyphor 2P were described in Esipova et al.23

Upon intravascular injection, Oxyphor 2P (molecular

weight of �75 kDa) was retained within the vascula-

ture and reported on the pO2 in the blood plasma.

Using the 2PM arm of the multimodal microscope,

pO2 in pre-selected locations was recorded using the

following procedure: the laser beam was focused

inside a vessel, the phosphorescence was excited by

10-ms-long excitation gates (kex¼950 nm), and the

emission decay (kmax¼757 nm) was acquired for 290

ms immediately following the excitation. Based on our

previous measurements, we estimate that our phos-

phorescence emitting volume at the focus was

�2 mm diameter in the lateral and �5 lm in the

axial dimension.22 The photon counts were binned

into 2-ms-long bins. Typically, �50 photon counts

were acquired after one excitation gate. Multiple

decays were accumulated per pO2 point measurement

(50 decays� 3 repetitions¼ 150) with total acquisi-

tion time of 45ms, unless otherwise noted. Starting

5 ms after the excitation gate to minimize the influence

of the instrument response function, the 285-ms-long
portion of the decay tail was fitted to a single-

exponential, and the decay lifetime (s) was converted
into absolute pO2 using a Stern–Volmer-like expres-

sion obtained during independent calibrations.36 A

heater (TC-HLS-05, Bioscience Tools) was used to

keep the temperature of the water between the objec-

tive lens and cranial window at 37�C.
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A field of view for pO2 measurement (�600� 600

mm2) was selected within a 1-mm radius of the cortical

activation center. At each imaging depth, pO2 measure-

ments were performed in 7 diving arterioles and surfacing

venules. Cycling through 7 locations took �0.6 s (includ-

ing time for accumulation of the decays and galvo-mirror

movement and settling between the locations), which

determined the temporal resolution of our measurements.

Data were acquired during the initial 18.6 s of the 25-s-

long ISI, while the remaining 6.4 s of each ISI was used

for data transfer and for rearming the microscope hard-

ware. The mean baseline pO2 in penetrating arterioles

and venules was estimated by averaging the pO2 values

acquired along the same penetrating vessel trunks (11

arterioles, 14 venules) across n¼ 7 mice; the same base-

line data were used earlier in Li et al.20

pO2 transients in individual vessels (Figure 3(c) and

(d)) were measured by averaging up to 3000 phospho-

rescence decays per time point at each measurement

location (50 decays� 3 repetitions� 10 trials� 2 ses-

sions). At each measurement location, pO2 was mea-

sured every 0.6 s (1.67Hz sampling rate) for 18.6 s

during each stimulus trial. The mean pO2 across mul-

tiple penetrating venules and arterioles at each depth

was computed. The mean DpO2 transients were aver-

aged across mice for each depth category. The DpO2

extrema (the “overshoot” peak and the “undershoot”

dip) were computed for each depth per animal by

detecting the maximum between 0 and 4 s, and the min-

imum between 0 and 7 s after the stimulus onset. The

mean and standard deviation of DpO2 extrema across

animals were calculated. The average DpO2 at over-

shoot from all cortical depth categories per animal

were statistically compared using Kruskal–Wallis test.

The mean and standard deviation of DpO2 transients

(averaged across cortex per animal then across ani-

mals) during whisker versus shoulder stimulation

were also calculated. All pO2-related observables

(e.g., pO2, sO2, and DOEF) and their changes due to

stimulation were presented as absolute values

(Figures 3 to 6 and Supplemental Figures 2 to 5).
The pO2 measurements during excessive animal

motion were excluded from the data analysis (�10%

of the measurements) based on a threshold criterion

applied to the accelerometer recordings. The threshold

(DV¼ 36.5mV) was determined empirically by com-

paring the accelerometer readings during quiescent

and movement periods as judged from the web cam

data, as well as by observing large temporal changes

in phosphorescence intensity due to displacement of the

excitation volume outside the vessel. When the acceler-

ometer reading exceeded the threshold at any time

during a stimulus trial, the entire trial was rejected.

Calculation of sO2 and DOEF

Oxygen saturation (sO2) values were calculated from
pO2 measurements based on the Hill equation with
Hill coefficient values37—h¼ 2.59 and
P50¼ 40.2mmHg. The mean sO2 across multiple pene-
trating venules and arterioles were computed at each
imaging depth. Subsequently, the mean DsO2 transients
were averaged across mice at each depth.

The DsO2 extrema (overshoot peak and undershoot
dip) for each depth were also calculated first in each
animal, and then across animals. The average DsO2 at
overshoot in arterioles and in venules from all cortical
depth categories per animal were statistically compared
using Kruskal–Wallis test.

The depth-dependent oxygen extraction fraction
(DOEF) at each cortical depth category was defined
as the oxygen extraction fraction accumulated down-
stream from that depth: DOEF (%)¼ (sO2,art� sO2,

ven)/sO2,art�100. Note that by this definition, pial
DOEF represents the global OEF in the corresponding
cortical region. Baseline DOEF was calculated at each
cortical depth category per animal. Subsequently, the
mean DOEF changes (DDOEF) from baseline across
animals were computed for each depth.

Blood flow measurements

In a subset of pO2 experiments (in n¼ 2 mice), Doppler
OCT was performed synchronously with 2PM to mea-
sure the change in the axial component of the blood
flow speed during functional activation. The OCT B-
scans (2048A-lines, spanning 1mm) were acquired
during first 18.6 s of each ISI (2055 repeats). The
axial components of blood flow velocities (Vz) were
calculated from the penetrating vessels,30 which were
identified using microvascular angiograms. The cent-
roids of selected vessels were tracked across acquisi-
tions during multiple ISIs. Small motion artifacts
(<20 lm) were corrected by aligning vessel centroids,
while the data that were substantially corrupted by the
motion was excluded. The time traces were binned into
0.25-s-long bins and the average time trace within
vessel boundaries was computed. Finally, the mean
across multiple ISI acquisitions was calculated.

Arteriolar diameter measurements

On separate days, the diameter change of the diving
arterioles evoked by whisker stimulation was measured
by 2PM. The blood plasma was labeled by FITC. In
small ROIs centered at individual diving arterioles
within the cortical activation region, two-dimensional
raster scans were repeatedly acquired during the func-
tional activation protocol (whisker stimulation).
Arteriolar diameter changes (Dd) were measured
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50 mm below the cortical surface in n¼ 8 mice, with

0.02 s temporal resolution from 2 to 5 arterioles per

animal. A custom MATLAB (MathWorks Inc.) script

was used to quantify the mean relative diameter change

in response to functional activation for each animal.

Microvascular morphology measurements

After all the functional measurements (e.g., intravascu-

lar pO2, blood flow, and arteriolar diameter transients),

on a separate day, we recorded microvascular angio-

grams within the same ROIs. 3D florescence intensity

stacks were recorded in awake mice at rest, down to

600 mm from the cortical surface.

Results

Mapping of the hemodynamic response

We first localized the functional activation areas within

the cranial window of each mouse using OISI.

Examples of cortical responses to whisker and shoulder

activation are shown in Figure 2(a) and (b), locations

and size of which are consistent with the literature.38

The block-averaged time courses of the reflectance

signal from the whisker (black line) and shoulder

(green line) activation centers (average from an area

of �230� 230 mm2), detected during stimulation, are

presented in Figure 2(c). The stimulation by a 2-s-

long train of air-puffs caused a rapid transient drop

(�2%) in the detected light intensity due to increased

absorption by hemoglobin associated with an increase

in the blood volume. The intensity returned to the

baseline 2–3 s after the stimulus offset. Across n¼ 7

animals, the intensity drop at the peak of the response

was 2.0� 0.5% (mean�std) during whisker stimulation

and 1.5� 0.3% during shoulder stimulation. Based on

the functional activation maps (Figure 2), we selected

the ROIs over the active cortical regions (Figure 3(b))

for the subsequent measurements of the intravascular

pO2 transients in response to the same types of

stimulus.

Quantification of intravascular pO2

The phosphorescence lifetime of Oxyphor 2P is inverse-

ly proportional to the oxygen concentration in the envi-

ronment (Figure 3(a)). Oxyphor 2P has 2-photon

excitation and emission peaks at 950 nm and 757 nm,

respectively, the phosphorescence quantum yield of

0.23 (in the absence of oxygen), 2-photon absorption

cross section near 950 nm of �600 GM, and its phos-

phorescence decays are closely approximated by single-

exponential functions. These properties have enabled

measurement of pO2 in individual vessels (including

capillaries) down to the cortical depth of 600 mm,

which is significantly deeper than the depths reachable

with the predecessor probe PtP-C343.39,40 The probe’s

properties were also instrumental for recording of the

pO2 transients, enabling pO2 measurements with higher

temporal resolution in larger numbers of microvascular

segments. Using PtP-343, intravascular pO2 transients

with satisfactory signal-to-noise ratios (SNR) could be

obtained by averaging 3000–40,000 decays,25,41

depending on the probe’s concentration. At equivalent

concentrations, Oxyphor 2P offers �60� improvement

Figure 2. OISI mapping of the functional activation centers. Example ratio images during cortical activation in response to (a)
whisker and (b) shoulder stimulation in an awake mouse. These ratio images were calculated relative to the pre-stimulus baseline (see
Methods section). Dark blue areas indicate cortical regions with higher light absorption due to increased blood volume in response to
stimulus-induced neuronal activity, centroids of which are marked with black “X” symbols. Yellow squares indicate the ROIs of pO2

measurements. The white circles in panels (a)–(c) delineate the cranial window. Scale bar: 1mm. (c) The time course of trial-averaged
responses at the whisker and shoulder activation centers. Error bars show standard deviation of relative intensity changes across
repeated stimulus trials.
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in the temporal resolution.23 Although in this work we

did not fully exploit the benefit of fast data acquisition,

we confirmed, during the post-processing step, that

adequate SNRs could have been obtained using on

an average of only �400 decays per point

(Supplemental Figure 1). Here, changes in local pO2

in response to 2-s-long whisker stimulation were mea-

sured in individual penetrating arterioles and venules

by averaging �3000 decays per time point (Figure 3(c)

and (d)). The measurements were performed at the cor-

tical depth of 350 mm (Figure 3(b)). While the baseline

pO2 values appeared heterogeneous (e.g., venule 4 and

arteriole 7 in Figure 3(b) and (d)), the general profiles

of stimulus-induced transients appeared consistent in

all vessels. We also observed that baseline pO2 fluctua-

tions in individual vascular segments were more pro-

nounced in arterioles than in venules, likely because the

SNR of 2PLM pO2 measurements drops at higher pO2

values (Supplemental Figure 1).
We have previously observed that intravascular pO2

decreases with cortical depth in brains of awake mice,

from the pial surface down to 600 mm depth, in both

penetrating arterioles (from 99� 11mmHg to 83�
4mmHg) and venules (from 48� 7mmHg to 41�
5mmHg) (Figure 4(a)). Here, we investigated how the

pO2 transients change in response to whisker stimula-

tion as a function of cortical depth in layers I–Va

(Figure 4(b) to (f)). Number of animals (n), arterioles,

and venules that are measured at each cortical depth

category (z) are given in Table 1.
The mean DpO2 transients at different cortical depth

categories are presented in Figure 4(b) and (c) (arteri-

olar and venular, respectively). The same plots, includ-

ing the standard deviation bars together with the

Figure 3. Measurements of pO2 transients in individual cortical arterioles and venules in response to whisker stimulation in awake
mouse. (a) Examples of phosphorescence decays of Oxyphor 2P recorded at points within an arteriole (red line with circle symbols)
and a venule (blue line with star symbols); the measurement locations are marked with a white circle and a white star in (b),
respectively. The gray rectangle in (a) marks the phosphorescence excitation gate. The phosphorescence decay curves are averages of
1000 decays (50 decays� 10 trials� 2 sessions) that were measured at baseline. (b) CCD image of the cortical surface through the
chronic glass-sealed cranial window. The centroid of activation region (mapped by using OISI) is marked with a black “X” symbol. The
ROI selected for 2PM imaging is marked with a yellow-dashed square. pO2 was measured in the penetrating arterioles and venules
diving at the locations marked with yellow dots, overlaid on a maximum intensity projection of a 350 mm-thick microvascular
angiogram. The pial vessels are pseudo-colored in red (arterioles) and blue (venules). (c and d) pO2 transients in vessels 1–7 and their
mean values at cortical depth of 350mm. The diameter of each vessel (d) is indicated in legends. Error bars on the mean pO2 curves
indicate standard deviation of pO2 across vessels. Air-puff timings for whisker stimulation are shown with light gray lines. pO2: partial
pressure of O2.

516 Journal of Cerebral Blood Flow & Metabolism 42(3)



separately plotted responses from individual animals

are provided in Supplemental Figure 2. In general,

the overall shape of stimulus-induced DpO2 transients

was largely conserved across the measured depth range

(cortical layers I–IV) and consisted of an initial

increase (overshoot) followed by a decrease (under-

shoot) before returning to the baseline. The overshoot

in the mean arteriolar DpO2 at the surface reached the

maximum of 8.6� 2.5mmHg at t¼ 2.4 s, while at 350–

500 mm below the surface the peak value was 6.7�
2.0mmHg at t¼ 2.5 s (Figure 4(b)). Similarly, the over-

shoot in the mean venular DpO2 at the surface reached

the maximum of 5.9� 1.8mmHg at t¼ 2.6 s, while at

350–500 mm below the surface the peak value was 4.3�
1.5mmHg at t¼ 2.5 s (Figure 4(c)). We observed a

small statistically non-significant trend of a reduced

DpO2 overshoot with increased cortical depth in both

arterioles and venules. At all measured depths, the

overshoot was followed by a post-stimulus undershoot

(Figure 4(b) to (d)). The overshoots in arterioles, aver-

aged across all cortical depths (8.9� 1.3mmHg;

mean�std; Figure 4(e)), were significantly larger than

in venules (5.5� 1.1mmHg; Figure 4(e)). However, the

overshoot time-to-peak was largely invariant between

arterioles (2.5� 0.4 s; mean�std) and venules (2.6� 0.4

s; mean�std). In contrast to previous studies under

anesthesia, we did not observe the “initial dip” in our

measurements. The undershoot was more pronounced

and rapid in arterioles (3.1� 2.2mmHg; 4.5� 0.2 s;

mean�std) compared to venules (1.5� 0.7mmHg;

5.4� 0.9 s), although this trend was not statistically

significant. The baseline diameter values of all

Figure 4. Arteriolar and venular pO2 responses in awake mice across cortical layers I–IV. (a) Baseline pO2 and DOEF in awake mice
as a function of cortical depth. The change in arteriolar (b) and venular (c) pO2 at different cortical depth categories in response to
whisker stimulation. The measurements were averaged across n¼ 10 mice at z¼ 0–100mm, n¼ 9 at z¼ 100–150 mm, n¼ 9 at
z¼ 250–300 mm, and n¼ 7 at z¼ 350–500 mm. (d) The DpO2 at extrema (e.g., post-stimulus overshoot and undershoot) in arterioles
and in venules as a function of depth. (e) Boxplots of the DpO2 values at overshoot in arterioles and venules from all cortical depths
(Kruskal–Wallis, p¼ 0.0002). The top and bottom edges of the boxes mark the 75th and 25th percentiles; the whiskers show the
extreme ends of the data spread, excluding outliers (þ symbol), and the center lines mark the medians. (f) Comparison between the
average arteriolar diameter changes, and the average arteriolar- and venular pO2 change during functional activation. Arteriolar
diameters were measured 50mm below the cortical surface in n¼ 8 mice. Arteriolar and venular pO2 changes were first averaged
within each depth range per animal and then averaged across animals. Error bars in panels (a), (d), and (f) are standard deviations
across animals. They were plotted single-sided when their overlap impaired the visibility of multiple curves.
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measured arterioles (13.1� 7.3mm, mean�std) and

venules (12.3� 6.4mm, mean�std), from which pO2

response during function activation were extracted as

a function of cortical depth, are shown in Supplemental

Figures 3 and 4. Additionally, the stimulus-induced

changes in arteriolar diameter were measured at corti-

cal depth of z¼ 50 mm in n¼ 8 mice. The mean arteri-

olar diameter increase was 11.3� 3.0% from the

baseline peaking at 2.4� 0.6 s after the stimulus

onset. To test whether this conserved behavior of the

pO2 response can be generalized to other cortical

regions, we applied the same stimulation paradigm to

the shoulder area of SI. Our results indicate similar

behavior of the mean DpO2 transients in response to

whisker and shoulder stimulation (Supplemental

Figure 5).

Quantification of sO2

The mean arteriolar and venular DsO2 transients at

different cortical depths are presented in Figure 5(a)

and (b), respectively. The mean sO2 during functional

activation, averaged across all measured depths,

increased in arterioles from 90.4� 1.9% at baseline to

92.0� 1.5% at the response peak, while the mean ven-

ular sO2 increased from 58.4� 5.5% to 64.8� 4.1%

(Figure 5(g)). While the peak DsO2 response in arterio-

les did not vary significantly with cortical depth

(DsO2¼ 1.6� 0.4% at the pial surface and 1.8� 0.7%

at 350–500mm; Figure 5(c)), there was a trend of the

DsO2 overshoot amplitude decrease in venules as a

function of cortical depth (from 8.0� 2.6% at the

pial surface to 5.7� 1.3% at 350–500 mm). Since the

hemoglobin in arterioles is nearly 100% oxygenated,

the arteriolar DpO2 at the peak response corresponded
to a significantly smaller arteriolar DsO2 (<2%) than
the venular DsO2 (�6%) (Kruskal–Wallis, p¼ 0.0002;
Figure 5(d)). For each cortical depth category, we also
calculated the depth-dependent oxygen extraction frac-
tion (OEF) as DOEF¼ (sO2,art–sO2,ven)/sO2,art. The
DOEF exhibited a transient reduction from baseline
in response to functional activation (Figure 5(e)),
because the flow response was disproportionately
larger than the increase in metabolic rate of oxygen,
as expected during a healthy hemodynamic response.24

A smaller DOEF reduction was observed at greater
cortical depths (from 35.7� 0.5% at the baseline to
29.8� 2.3% at the peak of response; Figure 5(f)).

Quantification of blood flow velocity

In a subset of experiments, we measured the absolute
axial blood flow velocity in penetrating vessels simul-
taneously with pO2 (Figure 6). An example of such
measurements in the same surfacing venule is presented
in Figure 6(b). In Figure 6(c), we superimposed the
mean venular velocity changes and absolute pO2

during functional activation (n¼ 2). The venular
blood flow velocity increased by �25% and preceded
pO2 response by �1 s at half-maximum.

Discussion

In this work, we used 2PLM in combination with a new
oxygen probe Oxyphor 2P to investigate transient
changes in intravascular pO2 in SI associated with neu-
ronal response to sensory stimulation in awake mice.
We demonstrated that stimulus-induced changes in
pO2 along diving arterioles and surfacing venules are

Table 1. Number of animals (n), arterioles, and venules that are measured at each cortical depth category and corresponding layers.

Measurement

Cortical

depth (mm)

Cortical

layer

Number of

animals (out of 10)a
Number of

arterioles

Number

of venules

Whisker

Intrinsic signal 0–�400 I–IV 10 NA NA

Partial pressure of oxygen 0–100 I 10 60 112

100–150 II/III 9 50 100

250–300 II/III 9 39 64

350–500 IV, Va
b 7 25 25

Diameter 50 I 8 26 0

Flow 0–300 I, II/III 2 0 2

Shoulder

Intrinsic signal 0–�400 I–IV 7 NA NA

Partial pressure of oxygen 0–100 I 5 19 29

150 II/III 4 8 32

300 II/III 3 8 22

aWe pooled the data obtained from multiple recording sessions performed with the same animal. We considered measurements performed within the

same subject dependent, and across subjects—independent.
bn¼ 6 in layer IV (320–450mm) and n¼ 1 in layer Va (at 500mm).
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Figure 5. Arteriolar and venular sO2 responses and DOEF in awake mice across cortical layers I–IV. Average change in (a) arteriolar
and (b) venular sO2 in response to functional activation at different cortical depth categories. (c) The DsO2 at extrema (post-stimulus
overshoot and undershoot) as a function of depth in arterioles and venules. (d) Boxplots of the DsO2 values in arterioles and venules
at overshoot from all cortical depths (0–100, 100–150, 250–300, and 350–500mm) (Kruskal–Wallis, p¼ 0.0002). The top and bottom
edges of the boxes mark the 75th and 25th percentiles; the whiskers show the extreme ends of the data spread and the center lines
mark the medians. (e) Average DDOEF in response to functional activation at different cortical depth categories. (f) The DDOEF at
the peak of response as a function of cortical depth. (g) The mean arteriolar and venular sO2 during functional activation, averaged
across all depths. (h) The mean DOEF transient during functional activation, averaged across all cortical depths. The error bars at (c),
(f), (g), and (h) are showing the standard deviation across animals. Error bars are plotted only single sided when their overlap impaired
the visibility of multiple curves. DDOEF: change in depth-dependent oxygen extraction fraction.
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largely invariant across the imaged depth (layers I–IV).
In addition, we found (1) a larger increase in DsO2 on
the venous side compared to the arterial side, (2) a

progressive increase in venous DsO2 towards the
cortical surface, and (3) absence of the intravascular
“initial dip.”

Preservation of shape and amplitude of the DpO2

response is expected along the diving arterioles where,

in the awake state, the O2 extraction (DsO2) is
small.20,39 On the venous side, the interpretation is

not as obvious, given some evidence that layer IV
may experience higher stimulus-induced increase in
blood flow and O2 metabolism than layer I does.

Below, we consider this evidence starting with the base-
line conditions followed by dynamic increase due to
neuronal activation.

At the baseline (i.e., during spontaneous neuronal

activity in the absence of external stimulation), a
body of evidence indicates that CBF is higher in layer
IV than other layers. Our recent study indicates that

the mean capillary RBC flux in layers IV and I are
similar in the mouse primary somatosensory cortex.20

However, capillary density in layer IV is almost twice

as high as that in layer I.8,10,27 Therefore, the total per-
fusion and blood volume in layer IV could also be twice

as high as in layer I, which corroborates the results of
an independent study in mice performed using OCT.42

When considering O2 metabolism, data comparing cor-

tical layers are not available. It is known that neuronal
cell body density as well as cytochrome oxidase density
in layer IV are higher than these in layer I.8–11,43

However, the question of whether these high neuronal

and cytochrome oxidase densities can be interpreted as
evidence for high O2 metabolism remains
controversial.10

During stimulation, fMRI data in primates indicate
that the change in DCBF, quantified as a percent
change from the baseline, is significantly higher in
layer IV than in other layers.14–16 Regarding

stimulus-induced increase in O2 metabolism, data com-
paring cortical layers have currently not been reported.
Our present results demonstrating largely invariant
DpO2 across cortical layers I–VI suggest that higher

DCBF in layer IV is accompanied by higher increase
in O2 metabolism. In other words, the ratio of an
increase in O2 supply and demand associated with neu-
ronal activation is conserved across cortical layers.

Interestingly, we observed a small trend of progressive
increase in venous DsO2 towards the cortical surface,
which apparently challenges our assertion of conserved
ratio of O2 supply and demand. However, this laminar

difference in DDOEF, which is only �2.4% between
layers IV (DDOEF¼�5.3� 1.8%) and I
(DDOEF¼�7.7� 2.7%), could arise due to lower
metabolism increase or presence of capillary thorough-

fares in top cortical layers, resulting in highly oxygen-
ated blood joining superficial draining venules.44,45 In
addition, the current study was limited to measure-
ments along the main trunk of diving arterioles and

surfacing venules, such that the DDOEF at a certain
depth reflected an accumulative extraction by cortical
tissue below that depth. Although this way of measure-
ments along the diving vessels is smearing the true lam-

inar OEF profile, the rather modest laminar difference

Figure 6. Simultaneous pO2 and blood velocity measurements. (a) A CCD image of the cortical surface as seen through the chronic
glass-sealed cranial window. The ROI selected for 2PM (for pO2 measurements) is marked with a yellow square. Vertical dashed line
marks the position of the Doppler OCT B-scan, used to measure the axial component of the blood velocity. The pial vessels are
pseudo-colored (arterioles—red; venules—blue) on the maximum intensity projection of the 2PM angiogram, encompassing �40mm
depth. The white dashed circle marks the location of the surfacing venule from which simultaneous absolute pO2 and velocity
measurements are reported in (b). (c) Comparison between the percent change in axial component of the venular blood flow velocity
and venular pO2 during functional activation (n¼ 2). Error bars in (c) show the velocity projection standard deviation across animals.
pO2: partial pressure of O2.
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in DDOEF suggests a tightly controlled neurovascular
response to ensure adequate O2 supply across cortical
depth.

The feeding cortical arterioles have hemoglobin that
is nearly saturated with oxygen (sO2,art � 91%).20

Therefore, DsO2 in penetrating arterioles is small. In
contrast, the venous baseline sO2 on the surface is
low (sO2, ven � 62%)20 and it increases significantly
during the hemodynamic response. Similar trend of sig-
nificantly larger sO2 change in venules than in arterioles
was observed in the small emerging venules and pre-
penetrating arterioles at the cortical surface of anesthe-
tized rats during forepaw stimulation (DsO2¼ 10.6�
7.7% and DsO2¼ 4.3� 9.6%, respectively).46 The
stimulus-induced influx of oxygenated blood into the
venous compartment provides the principal mechanism
for the BOLD-fMRI contrast.47–49 Specifically, in areas
that experience an increase in neuronal activity, CBF
increases much more than cerebral metabolic rate of
oxygen (CMRO2), leading to the transient washout of
the deoxygenated blood that drives the BOLD fMRI
signal up. Previously, using the same 2PLM technique,
we provided experimental data in support of the idea
that the increase in blood oxygenation during the
hemodynamic response, which has been perceived as
a paradox,50,51 may serve to prevent a sustained oxy-
genation drop at tissue locations remote from the vas-
cular feeding sources.24 The current study provides
direct and quantitative experimental evidence of a
larger increase in DsO2 in surfacing venules compared
to diving arterioles in awake mice.

The biphasic shape of the pO2 response—the initial
overshoot followed by an undershoot before returning
to baseline—was observed on both the arteriolar and
venous side and was accompanied by the observed
changes in arteriolar diameters. The latter is in agree-
ment with our previous observations.19,52,53 The pres-
ence of pO2 undershoot on the arterial side also argues
against the possibility of its metabolic origin.54 Indeed,
if elevated CMRO2 lasted beyond the duration of dila-
tion and CBF increase, the undershoot would appear
on the venous and not arterial side. The biphasic shape
of the pO2 response, as well as the observed progressive
increase in venous DsO2 towards the cortical surface
during the stimulus-induced overshoot in pO2, is con-
sistent with previous layer-resolved BOLD fMRI stud-
ies by ourselves and others, which documented a
biphasic BOLD signal with progressively increasing
overshoot amplitude towards the cortical sur-
face.14,16–19 Our findings provide a quantitative insight
into one component of the BOLD signal (e.g., hemo-
globin saturation) and suggest that in combination
with the more direct measurements of laminar CBF
and O2 metabolism changes during activation, our
measurements of laminar intravascular oxygenation

may be successfully applied to better understand the
laminar fMRI BOLD signal.

Our measurements show that intravascular pO2 does
not decrease prior to the overshoot– the phenomenon
known as the “initial dip.”55,56 The lack of the initial
dip suggests that in awake mice the onset of arteriolar
dilation occurs so fast, that the local changes in the
blood plasma oxygenation are negligible, i.e. below
DpO2¼0.2mmHg (Supplemental Figure 1).
Previously, using 2PLM, we have detected small initial
dip (�1mmHg) in tissue pO2 in response to sensory
stimulation under anesthesia.24 It remains to be deter-
mined if the initial dip in tissue pO2 can be detected
under awake conditions, where the CBF kinetics is
faster.57–59 In addition, the temporal resolution in our
experiments was 0.6 s and it prevented us from measur-
ing faster pO2 transients. If the initial dip occurs on a
much faster time scale, it could have been missed by
our measurements. We plan to address such possibili-
ties in future studies by using advances in our optical
methods that will enable improved temporal resolution
with minimal trade-off in throughput.

Stimulus-induced increase in pO2 in surface arterio-
les peaked at 2.4 s followed by deeper arterioles and
venules (2.5 s) and finally surface venules (2.6 s).
However, these timing differences were not statistically
significant, likely due to short transient times in the
mouse cortex, and mixing of short and longer micro-
vascular paths,60 as well as our limited temporal reso-
lution. A similar trend in temporal pO2 responses and
lack of intravascular initial pO2 dip were previously
reported at the cortical surface in response to fore-
paw stimulation in anesthetized rats.46 We also
observed that the venular pO2 transients were delayed
by �1 s relative to the flow transients. Since most
microscopic studies show small or no venular dilation
in response to functional activation,61,62 the velocity
changes that we measured in veins are expected to rel-
atively closely follow changes in flow. Although the
temporal resolution of our pO2 measurements in an
individual stimulation cycle was �0.6 s, we were able
to observe these fine time differences in mean pO2 tran-
sients by jittering timing of acquisition (see Methods
section). This temporal resolution may not have been
sufficient to detect some faster temporal dynamics63 or
to significantly differentiate the time-to-peak differen-
ces between vessel types and cortical depths.

The superior properties of Oxyphor 2P enabled
faster data acquisition and deeper sampling of cortical
oxygenation than previously possible. In a recent
study, we used Oxyphor 2P for imaging the resting
intravascular oxygenation down to 600 mm below the
cortical surface, i.e., cortical layers I–V.20 The present
study is the first example applying Oxyphor 2P for
recording of transient intravascular pO2 changes
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associated with the hemodynamic response due to

changes in neuronal activity. The optical deterioration

with depth affects the baseline and functional pO2

measurements alike, resulting in a smaller percent of

measurements from deeper locations with suitable

signal to noise ratio. In addition, dynamic measure-

ments are more susceptible to errors induced by

mouse motion. This is because the measurements

during response time-course are affected by both

motion artifacts and movement-induced hemodynamic

changes. In the present study, the combination of opti-

cal deterioration and motion artifacts has limited our

measurements to cortical layers I–IV.
Most previous studies that used 2PLM for studying

of the hemodynamic response have been conducted

using animals under anesthesia. However, anesthesia

affects neuronal activity as well as blood flow and

oxygen metabolism, altering neurovascular and meta-

bolic coupling. Physiological effects of different anes-

thesia methods have been well documented.39,59,64–74 A

number of compromises have been proposed involving

light sedation.75 However, our recent study shows that

some of these sedation methods still have profound

effects on the hemodynamic response kinetics.33 Thus,

the most effective approach may be stepping away

from anesthesia altogether.20,33,39,42,65 All measure-

ments presented here were performed in awake mice

in the absence of anesthesia or sedation.
Another important physiological factor is tempera-

ture. We maintained temperature of the immersion

water between the tip of the objective lens and cranial

window at 37�C during our measurements. Such tight

control of temperature at the measurement site was

critical, since temperature alters several parameters,

including O2 diffusion and solubility in plasma, hemo-

globin affinity to O2, the triplet decay time of the

oxygen probe, CBF, and CMRO2.
21,71,76–84

Taken together, our results indicate that the vascu-

lar structure and neurovascular coupling work in

tandem to enable efficient and balanced O2 supply

across the cortical depth answering metabolic needs,

not only at rest but also during response to rapid

changes in metabolism driven by transient neuronal

dynamics. In the future, we will extend our 2PLM

methodology to image tissue pO2 in awake mice for

direct estimation of CMRO2
85 across cortical layers.
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