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An ongoing controversy in brain metabolism is whether increases in neural activity
cause a local and rapid decrease in oxygen concentration (i.e., the “initial dip”) preced-
ing functional hyperemia. This initial dip has been suggested to cause a transient
increase in vascular deoxyhemoglobin with several imaging techniques and stimulation
paradigms, but not consistently. Here, we investigate contributors to this initial dip in
a distinct neuronal network, an olfactory bulb (OB) glomerulus most sensitive to a spe-
cific odorant (ethyl tiglate [ET]) and a site of strong activation and energy consumption
upon ET stimulation. Combining two-photon fluorescence and phosphorescence life-
time microscopy, and calcium, blood flow, and pO2 measurements, we characterized
this initial dip in pO2 in mice chronically implanted with a glass cranial window, dur-
ing both awake and anesthetized conditions. In anesthetized mice, a transient dip in
vascular pO2 was detected in this glomerulus when functional hyperemia was slightly
delayed, but its amplitude was minute (0.3 SD of resting baseline). This vascular pO2
dip was not observed in other glomeruli responding nonspecifically to ET, and it was
poorly influenced by resting pO2. In awake mice, the dip in pO2 was absent in capillar-
ies as well as, surprisingly, in the neuropil. These high-resolution pO2 measurements
demonstrate that in awake mice recovered from brain surgery, neurovascular coupling
was too fast and efficient to reveal an initial dip in pO2.

neurovascular coupling j initial dip j oxygen

Functional hyperemia is the increase of blood flow triggered by neuronal activation and
generated by neurovascular coupling, an ensemble of signaling pathways involving the
interactions of neurons, astrocytes, endothelial cells, and mural contractile cells (1, 2).
Locally activated neurons trigger a vascular signal that propagates up the vascular arbor
(3–5), dilating upstream vessels with a complex temporal dynamic and resulting in a
flow-velocity uncoupling at the level of penetrating arterioles (6, 7). Additionally, vascu-
lar backpropagation increases the arteriolar contribution to the brain volume irrigated by
functional hyperemia (6, 8). This fixes a biological limit to the spatial resolution of all
functional imaging techniques exclusively based on blood flow dynamics.
In contrast, imaging techniques such as intrinsic signal optical imaging (ISOI) or

blood-oxygen-level–dependent (BOLD) functional MRI (fMRI), which report changes in
deoxyhemoglobin, could potentially detect the location of neuronal activation with
improved spatial resolution, as long as neuronal activation causes an increase in oxygen
consumption that is measurable and precedes functional hyperemia. Early studies with
ISOI reported such an initial dip, resulting from an early transient increase in deoxyhemo-
globin (9) associated with rapid oxygen consumption (10). This initial dip was spatially
more specific than the delayed increase of oxyhemoglobin associated with functional
hyperemia. However, numerous studies did not reproduce the findings and it is now
accepted that the ISOI initial dip is no longer detected when the signal analysis accounts
for the wavelength-dependent pathlength in brain tissue (11–14). Similarly, although early
BOLD fMRI studies reported this initial dip (i.e., negative BOLD signal) in humans
(15–18) and monkey (19) and cat (20) models, it was not confirmed by others, and it is
likely that a large part of the controversy relies on methodological differences, physiologi-
cal conditions, and species studied (for reviews see refs. 21–25). Overall, the BOLD fMRI
initial dip is not used in preclinical or clinical studies to improve the spatial resolution of
activation maps.
These findings contradict the direct measurements of oxygen concentration dips

reported in brain tissue of anesthetized cats and rodents. In 2003, Freeman and coworkers
used paired extracellular recordings and Clark oxygen electrodes and demonstrated that in
the cat visual cortex, sensory stimulation generates an initial pO2 dip concomitant with
neural firing, followed by a positive rebound (26). This strongly supported the early ISIO
and BOLD fMRI dip hypothesis. Combining two-photon laser scanning microscopy
(TPLSM) and a fluorescent Clark electrode targeted in a single glomerulus of the rat
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olfactory bulb (OB) (27), we reported that odor generates a local
pO2 initial dip in the glomerular neuropil, followed by a positive
rebound due to local functional hyperemia. This tissue pO2 dip,
which started within 100 ms of neural activation, was blocked by
focal application of glutamate receptor antagonists restricted to the
activated glomerulus. This precisely indicated that the pO2 dip
resulted principally from postsynaptic dendritic activation rather
than from firing of olfactory sensory neuron axon terminals and
transmitter release. Subsequently, we used two-photon phospho-
rescence lifetime microscopy (2PLM) to monitor pO2 changes in
both the vascular and tissue compartments of rat and mouse glo-
meruli (28, 29). Although we systematically observed the pO2 ini-
tial dip in the tissue of all responsive glomeruli, it was barely
detectable in individual capillary responses. However, averaging all
capillary responses and thus improving the response signal-to-noise
ratio (SNR) revealed a small (≈ 1 mmHg) vascular initial dip in
pO2. Overall, direct pO2 measurements clearly demonstrated that
during natural stimulation, synaptic consumption of oxygen is
immediate, systematic, local, and weakly reflected at the level of
single capillaries. Such observations thus seem at odds with the
“no dip” consensus in mesoscopic imaging and raise the question
of whether the discrepancy is linked to the BOLD fMRI and
ISIO SNR or to other parameters impacting the state of the ani-
mal, such as surgery and anesthesia, which are known to affect
neuronal responses and functional hyperemia (7, 30, 31).
Here, we reinvestigated the issue in mice chronically

implanted with a glass window after several weeks of recovery
from craniotomy. Measurements were performed in a specific
neuronal network, the olfactory bulb glomerulus most sensitive
to ethyl tiglate (ET), which can be systematically targeted across
animals and assumed to strongly consume oxygen. We mea-
sured changes of neural Ca2+ and capillary velocity with
TPLSM and monitored pO2 in glomerular capillaries and neu-
ropil with 2PLM and the oxygen sensor Oxyphor 2P (32). Our
results show a detectable dip in vascular pO2 in only ≈ 50% of
anesthetized mice, and no dip in capillary and tissue pO2 in
awake animals. These data reconcile high-resolution measure-
ments of pO2 with ISIO and BOLD fMRI in response to natu-
ral sensory stimulation.

Results

pO2 Responses in Capillaries of Anesthetized Mice Supple
mented with Oxygen. We focused our work on the olfactory
bulb glomerulus most sensitive to ET in mice chronically
implanted with a glass cranial window. Mice were anesthetized
(Methods), supplemented with oxygen, and without correction
of the objective temperature, thus consistent with the experi-
mental conditions where the initial dip in vascular pO2 was
previously observed (with the exception of recovery from sur-
gery) (29). Note that imaging with a water immersion objective
lowers brain surface temperature to about 33 °C in anesthetized
mice (33), decreasing resting blood flow and slowing down
functional hyperemia (34), two effects that improve the proba-
bility of detecting an initial dip. The glomerulus most sensitive
to ET was systematically found in the vicinity of the M72 glo-
merulus, which expresses YFP under the M72 promoter in the
mouse strain used (35). Fig. 1A illustrates that by lowering the
ET concentration to the range of 0.02%, this glomerulus was
the only glomerulus showing a fast Ca2+ response from
mitral cell dendrites. Intravenous injection of fluorescein coupled
with linescan acquisitions further confirmed ET-generated,
concentration-dependent Ca2+ and red blood cell (RBC) velocity
responses in this glomerulus (Fig. 1B). To account for the jitter in

odor onset that occurs during natural breathing, we aligned all
Ca2+ responses such that neuronal responses started at 10 s in all
our data. RBC velocity measurements were also time shifted
according to Ca2+ response onsets as they were acquired simulta-
neously with the linescans (36). In contrast, oxygen measurements
are done with point acquisitions targeted in the capillary center,
thus theoretically without excitation of GCaMP6 expressed in
pericapillary dendrites. However, we took advantage of the point-
spread function (PSF) of our setup (28), which is enlarged in
brain tissue (37) and thus larger than the capillary diameter (29)
to measure simultaneously pO2 vascular responses and pericapil-
lary calcium responses (Fig. 1C). This allowed us to align pO2

and flow responses to the onset of neuronal responses. Fig. 1D
illustrates that odor triggered a concentration-dependent increase
in pO2, even at low ET concentration (same capillary as in Fig.
1B). No obvious initial dip was detected prior to increase in pO2,
even when averaging the responses from all mice (Fig. 1E) or
when comparing pO2 values immediately after neuronal activation
(see the first three bins preceding pO2 increase, Fig. 1F).

Due to vessel-to-vessel heterogeneity in RBC flux, which
drives variability in pO2, we normalized our time series by the
noise of the baseline (first 10 s) and plotted traces as Z-scores
(Fig. 2 A, Bottom). To detect whether the dip was present on
average we bootstrapped the baseline values and computed a
95% CI (Methods). The initial dip location was chosen as the
period between 0.5 and 1.5 s after the stimulus as previously
observed (29). In the response averaged over all mice at a rather
high concentration (ET 6%), we found that there was an initial
dip with a mean value of 0.3 SD (Fig. 2A). By focusing on
individual mice, we found that 7 of the 14 mice exhibited the
initial dip (Fig. 2B). In capillaries where individual RBCs were
well detected with point measurements, we observed a delay of
1 s between flow and pO2 onsets (Fig. 2C). Interestingly, mice
in which an initial dip was detected also were found to have a
greater flow delay (1.2 to 1.6 s), i.e., delayed functional
hyperemia. SI Appendix, Fig. 1 shows that using our previous
approach to detect erythrocyte-associated transients (EATs) in
capillaries (29, 33, 38), the initial dip observed in the trace of
pO2 mean (collecting all decays, Fig. 2 A and B) reflects what
occurred at the level of pO2 inter RBC, the pO2 measured
between two RBCs. SI Appendix, Fig. 1D also shows that the
capillary initial dip is independent of resting pO2 Mean or pO2

Inter RBC.
These data show that, following ET exposure, the pO2 initial

dip is present but small (≈ 0.3 SD) in capillaries of the glomer-
ulus most sensitive to ET. Can this observation be extended to
other glomeruli, as at high odor concentration all odorant
receptors lose their specificity and several responding glomeruli
are distributed over the entire dorsal OB (39)? Each dorsal
olfactory bulb (n = 4 mice) was divided into six areas and
responses were recorded from one glomerulus per area (Fig. 3 A
and B). In these nonspecific glomeruli, 6% ET triggered cal-
cium, RBC velocity, and pO2 responses that were widely vari-
able (22 glomeruli), but the average pO2 response did not show
any indication of an initial dip in vascular pO2 (Fig. 3C), sug-
gesting that the initial pO2 dip detected is exclusive to capillar-
ies in the glomerulus most sensitive to the odor used (ET).

Removal of Oxygen Supplementation. Mild acute hypoxia
modulates neurovascular coupling (40, 41) and cerebral blood
flow (CBF) according to the brain region (42). We thus tested
whether decreasing the percentage of oxygen inhaled could
enhance the initial dip. We sequentially measured neuronal and
vascular responses to ET 6% with and without oxygen
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supplementation in air inhaled by anesthetized, freely breathing
mice. Fig. 4 illustrates a case where removing oxygen supple-
mentation changed resting vascular parameters, which stabilized
within ≈ 15 min: all pO2 values decreased (pO2 Mean, RBC
pO2, and pO2 Inter RBC), whereas RBC velocity and flow
increased. In addition, it reduced functional hyperemia and
canceled or suppressed odor-evoked increase in pO2, without
changing the neuronal response. The consequences of oxygen
removal were robust in all mice (Fig. 4 B–E). Interestingly,
onset of RBC velocity and flow responses (Fig. 4E) remained
stable. Averaging the responses from all mice (Fig. 4F) showed
that, whereas neuronal response dynamics were not sensitive to
the drop of resting pO2, RBC velocity and flow responses
slowed down slightly. Finally, applying the same procedure as
in Fig. 2 revealed that removing O2 supplementation increased
the pO2 initial dip, but only by 0.14 SD (Fig. 4G). These data
show that the initial dip remains small and hidden in the noise.
In addition, as resting pO2 Inter RBC reports pO2 in the juxta-
capillary neuropil (29), oxygen supplementation removal shows
that neural responses were not affected by a 50% drop in rest-
ing pO2 in the tissue. They were also insensitive to the drop of
hemoglobin saturation from 73 to 42% as estimated from pO2

RBC values in both conditions (Methods and ref. 38).

pO2 Responses in Vessels and Tissue of Awake Head-Fixed
Mice. As anesthetics are widely known to affect neural activity,
functional hyperemia, and general body homeostasis, we tested
for the presence of the initial dip in this same glomerulus
(olfactory bulb glomerulus most sensitive to ET) and the neigh-
boring glomeruli of awake mice (n = 16 glomeruli, three mice)
habituated to head restraint and odor delivery for more than
2 wk (6). Fig. 5 shows a stable acquisition during which RBC
flow was measurable simultaneously with pO2. Averaging pO2

responses from all capillaries did not reveal any initial dip prior
to pO2 increase (Fig. 5 B, Bottom, blue trace). To investigate
for the presence of the dip in the glomerular tissue, some
capillaries in which vascular pO2 was first measured were then
scanned for 1 to 2 prolonged periods (30 s each) at a high laser
power (920 nm, > 100 mW). This altered the blood brain
barrier generating transient leaks of Oxyphor 2P in the juxtaca-
pillary region (n = 3) or even ruptures (n = 6). Point measure-
ments of pO2 and calcium were then immediately performed
in the tissue adjacent to the capillary wall. Neural responses
were maintained and systematically associated with pO2

increases in the neuropil (Fig. 5 B, Top). Tissue pO2 responses
indicate that oxygen was still delivered by the leaking/breached
capillary and the neighboring capillaries. Importantly, they
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merulus (blue trace) is the only one that responded to 0.02% ET concentrations. Ca2+ signals were collected within circles (single trials). (B) Typical neural (Ca2+)
and vascular (RBC velocity) responses acquired simultaneously with a broken linescan traced through a capillary and the neuropil in the most sensitive glomer-
ulus (same as in A). Responses increased with ET concentration (0.1%, 1%, and 6%, averages of two acquisitions). (C) Ca2+ measurements during pO2 point
acquisitions. In the brain, the point-spread function (PSF, dotted black line) of our two-photon microscope is slightly larger in Z than the diameter of small
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responses (green channel, Left) during the acousto-optic modulator ON period. Note that the signal from the phosphorescence in the red channel (Oxyphor
2P) remains constant (Middle). Normalized average responses from point (orange) and linescan (black) acquisitions are superimposable (R2 = 0.97); shade is ±1
SD (Right). (D) Single (thin gray) and averaged (thick colored) pO2 responses to increasing odor concentration in a single capillary (same as in B). Averages of
five, three, and three trials for ET 0.1%, 1%, and 6%, respectively. (E) pO2 responses to increasing odor concentrations in this glomerulus for all animals. Individ-
ual averages (thin gray) and mean of all averages (thick traces) for ET 0.1%, 1%, and 6% (n = 6, 4, and 14 mice, respectively). Thin black traces are the same as
in D. (F) Binning histograms for the three means (area under the curve [AUC], bin of 0.5 s). All experiments were performed during anesthesia.
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were never preceded by any detectable transient decrease in
pO2 (Fig. 5 B, Bottom), calling into question the existence of
the pO2 initial dip in awake mice.

Discussion

The goal of our study was to explain the discrepancy between
the accepted absence of deoxyhemoglobin initial dips by the
ISIO and BOLD fMRI communities and the pO2 dips previ-
ously reported with Clark electrodes and 2PLM measurements
(26–29, 43–45). As these pO2 dips had been observed in
acutely prepared anesthetized mice, rats, or cats, we tested the
hypothesis that the initial dip would be different in animals
fully recovered from surgery, whether anesthetized or awake.
The olfactory bulb glomerulus is an ideal neurovascular

model to investigate the pO2 dip: the neuronal network

receives about 90,000 terminals synapsing on mitral and juxta-
glomerular dendrites in a confined volume (mean diameter 100
μm) (46). The vast majority of these cells establish dendroden-
dritic synapses within the glomerulus. As a result, odor stimula-
tion causes a huge release of neurotransmitters and a strong
dendritic activation, which plays a major part of the local con-
sumption of oxygen (27). This oxygen consumption, which
was detected in each responsive glomerulus from acutely pre-
pared rats and mice (27–29), should be enhanced in the glo-
merulus most sensitive to a given odorant molecule. Here, our
data show that in anesthetized mice with a chronic glass win-
dow, 1) a minute dip in vascular pO2 was observed in only
50% of glomeruli most sensitive to ET across individual ani-
mals, independently of resting capillary and tissue pO2; 2) it
occurred in glomeruli in which functional hyperemia was
slightly delayed, consistent with what has been observed in
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humans (47); 3) it is exclusive to the glomerulus identified as
the glomerulus most sensitive to ET; 4) it is about 0.3 SD of
resting pO2, whereas the peak pO2 response reached 2.5 SD of
resting pO2, explaining why the dip is not easily detected under
standard BOLD fMRI conditions; and 5) it is modestly
enhanced (0.34 SD to 0.47 SD) upon removal of oxygen sup-
plementation used to compensate for an anesthesia side effect.
Note that oxygen removal caused a significant decrease in all
resting pO2 values. pO2 Inter RBC decreased by 50%, without
affecting neuronal responses, indicating that neurons have more
than enough oxygen to maintain a proper short-term function.
pO2 RBC also dropped, with a decrease in resting hemoglobin
saturation from 73 to 42%. Such an effect would shift the site
of low hemoglobin saturation from the venous site to the

capillary bed, a phenomenon that must be taken into consider-
ation with BOLD fMRI during hypoxia.

In glomeruli of awake mice, the pO2 dip was not detected in
the tissue. This latter result is important, since detection of a
pO2 dip in tissue could be used as a readout of local neural
activation, in particular with high-field BOLD fMRI (48). It is
most likely that the absence of a detectable pO2 dip in tissue
depends on the dynamics of neurovascular coupling. Using
anesthetized and acutely prepared animals, Kim and coworkers
reported that the BOLD fMRI dip is not observed in the rat
cortex upon forepaw stimulation (49), whereas it was well
detected in the cat visual cortex (20). This clearly stressed the
risk of comparing results from different species or brain regions,
under different anesthetics. In awake animals, CBF responses
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Fig. 4. Reducing the level of oxygen inhaled correlated with a slight increase in the capillary pO2 initial dip. (A) Reducing the oxygen inhaled from 37 to 21%
resulted in decreased resting pO2 mean, pO2 RBC, and pO2 inter RBC, whereas it resulted in increased resting RBC velocity and flow. It also reduced flow
and RBC responses to ET (6%, 2 s) and canceled pO2 responses (thick line, mean ±1 SD, shaded area). Note that neural responses remained mostly constant.
(B) Summary bar graphs for all pO2 resting values (one-sided Wilcoxon signed rank test, P < 0.001, P = 0.002, P = 0.002). (C) Summary bar graphs for all rest-
ing RBC velocity and flow values (one-sided Wilcoxon signed rank test, P = 0.005, P = 0.02). (D) Oxygen reduction did not affect Ca2+ response time peak and
amplitude (two-sided Wilcoxon signed rank test, P = 0.36, P = 0.2, Top to Bottom). (E) Oxygen reduction did not affect flow and velocity onsets (two-sided Wil-
coxon signed rank test, P = 0.4, P = 0.11, Top to Bottom). (F) Evoked responses for all mice (thick line, mean ± 1 SD, shaded area). (G) The initial dip (Left,
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***P < 0.001. All experiments were performed during anesthesia.
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are faster than during anesthesia (31, 50). Monitoring both
local neuronal activity and functional hyperemia, we have
recently quantified that in the barrel cortex, neurovascular cou-
pling and its modeled transfer function are about two times
faster in awake mice than in anesthetized mice implanted with
a chronic window (7). As this finding is not observed in the
olfactory bulb (51), it is difficult to extrapolate whether the
absence of the vascular pO2 dip recently reported in the neo-
cortex (51) is also supported by an absence of a pO2 dip in the
tissue.
To conclude, our precise 2PLM measurements of pO2 dem-

onstrate that the initial dip previously reported in tissue most
probably resulted from an altered homeostasis vascular state
due to acute surgery and general anesthesia. In animals anesthe-
tized but having recovered from surgery, the initial dip is still
present but almost negligible. It was no longer detectable in
awake animals even when precisely targeting a brain site that
undergoes a strong synaptic activation. Neurovascular coupling
in healthy control animals is thus too fast and efficient to reveal
a dip in oxygen concentration, at least with the temporal reso-
lution currently achievable, for use as a proxy to improve meso-
scopic functional imaging. On the other hand, one would
expect to unmask this initial dip in diseases altering neurovas-
cular coupling, such as small vessel diseases.

Methods

Animal Preparation. All animal care and experimentations were performed in
accordance with the INSERM Animal Care and Use Committee guidelines (proto-
col nos. CEEA34.SC.122.12 and CEEA34.SC.123.12). Adult mice (3 to 12 mo old,
20 to 35 g, both males and females, housed in a 12-h light/dark cycle at 24 °C
and 50% humidity, fed ad libitum) were used in this study. Thy1-GCaMP6f
(GP5.11) mice (52), from The Jackson Laboratory, were crossed with M72!S50-
IRES-hChRVenus mice (35) kindly provided by Thomas Bozza, Northwestern Uni-
versity, Evanston, IL. All mice underwent a surgery composed of the placement
of a headbar on the bone behind the craniotomy, above the olfactory bulbs.
Anesthesia was performed with an intraperitoneal (IP) bolus of ketamine (100
mg�kg�1 body mass) and medetomidine (0.4 mg�kg�1 body mass). To prevent
inflammatory reaction and avoid infections, enrofloxacine (Baytril 10%, Bayer)
and dexamethasone (Dexazone, Virbac) were administered 1 h before the surgi-
cal procedure, respectively, at 5 mg�kg�1 and 6 mg�kg�1 body mass. During
surgery, mice breathed oxygen-supplemented air (60% oxygen) and body

temperature was maintained at 36 ± 0.5 °C using a rectal probe and a heating
pad. The headbar was first placed with Tetric Evoflow dental cement (Ivoclar Viva-
dent AG) after treating the bone with a primer, Optibond FL (Kerr Italia SRL). The
bone above the olfactory bulbs was carefully drilled and removed, while making
sure no pressure was applied on the brain tissue and heat regularly dispersed
by means of using a cool artificial cerebrospinal fluid solution. A cranial window
cut out of glass was placed over the bare olfactory bulbs and sealed in place
with the same dental cement as used for the headbar. Buprenorphine (Bupre-
care, Axience) was injected to relieve pain at 0.05 mg�kg�1 body mass. At 3 d of
postsurgery, a followup was systematically performed to monitor the animals
and ensure healthy recovery. Animals were allowed to recover for more than
1 wk before starting experimental procedures.

Experimental Procedure under Anesthesia. Mice were anesthetized with a
mixture of ketamine–medetomidine (100 mg�kg�1 and 0.4 mg�kg�1, respec-
tively) injected IP. Dextran fluorescein (MW = 70 kDa, D1823, Thermo Fisher)
and Oxyphor 2P (32) (5 μM in the mouse blood) was injected intravenously via
retroorbital injection. Mouse temperature was monitored as during the surgery
and the mouse breathed a mixture of air supplemented with oxygen (37% oxy-
gen), except in experiments shown in Fig. 4 where the supplementation was
removed (21% oxygen).

Odor Stimulation. All experiments were performed with the same stimulation
protocol, so no blinding was involved. Odor delivery followed a similar proce-
dure as in previous studies (53, 54). Odors were delivered with a home-built
olfactometer controlled by custom LabVIEW software. Odor and exhaust lines
were systematically equilibrated before each experiment to avoid pressure arti-
facts. Odor concentration and stability over the stimulus were assessed and cali-
brated using a photoionization detector (miniPID 200B, Aurora Scientific). To
check for anesthesia-related variations during the experiment, the different stim-
ulus conditions were randomly interleaved by the experimenter. In Fig. 5 only,
linescans were performed only once per glomerulus to detect all responsive glo-
meruli over the bulb. This was followed by repetitive oxygen measurements in
individual capillaries. Odor applications were separated by a 3-min period to
allow full neuronal and vascular recovery (55).

TPLSM Acquisition. TPLSM imaging was performed with a custom-built micro-
scope, previously described (33, 38) and data were collected with custom Lab-
VIEW software (National Instruments). Laser pulses at 120 fs were delivered by a
Ti:Sapphire laser (Mira by Coherent, 76MHz). Laser power was modulated with
an acousto-optic modulator (AA Optoelectronic, MT110B50-A1.5-IR-Hk). Galvano-
metric mirrors (Cambridge Technology) were used to target the sample at the
desired points. Light was focused onto the sample through either a 40× W 0.8
numerical aperture (NA) or 60× W 1.1 NA objective (Olympus). GCaMP6f,

Δ
C

a
(a

.u
.)

2+
R

B
C

 v
el

oc
ity

 (
m

m
.s

)
-1

pO
(m

m
H

g )
2

R
B

C
fl o

w
 (

R
B

C
.s

)
-1

0

0

50

100

0

50

100

1

1.5

0.5

0

20

40

60

Individual glomerulusA B Paired measures

0

4

2

-2
5 10 15 20 25 5 10 15 20 25

5 10 15 20 25 5 10 15 20 25

Δ
p O

(S
D

)
2

Time (s)

Time (s)

Time (s)

Time (s)

0

4

2

-2

Δ
pO

(S
D

)
2

5 10 15 20 25
Time (s)

5 10 15 20 25
Time (s)

All measures

*

Vessel
Tissue

pO2

5 10 15 20
Time (s)

0

1

N
or

m
. C

a2+

Vessels
TissueD

el
ay

 C
a

- 
pO

(s
)

2+
2

Ca2+

**

0

1

2

3

Fig. 5. The pO2 initial dip is not detected in capillaries or in the tissue of awake mice. (A) Responses to ET in a glomerular capillary. Left, Ca2+ and RBC veloc-
ity are acquired simultaneously with a linescan (n = 2 trials) prior to a pointscan acquisition of pO2 and RBC flow (Right, n = 3 trials). No initial dip was visible
in the pO2 response. The * in the flow trace indicates that some outlier data points were removed due to movement (Methods). (B) Top, pO2 and Ca2+

responses were acquired before (blue and dark green traces, respectively) and after thermal lesion of the blood brain barrier (orange and light green traces,
n = 4 glomeruli, 2 mice). Inset: Ca2+responses remain identical before and after the thermal lesion. Bottom, Average pO2 responses revealed no initial dip in
capillaries (n = 16 glomeruli, 3 mice) or in the neuropil (n = 9 glomeruli, 2 mice). Inset: In the tissue, the pO2 increase is delayed (one-sided paired t test, P =
0.006, one-sided two-sampled t test, P = 0.025). **P < 0.01.
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fluorescein dextran and Oxyphor 2P were excited at 920 nm and their emission
was separated from the excitation light with a dichroic mirror (DXCR 875,
Chroma Technology Corp [Chroma]). Emitted photons were divided by a dichroic
mirror (cutoff wavelength = 560 nm). The green channel was shortpass and
bandpass filtered (E800 and HQ 525/50 nm, Chroma Technology Corp). The red
channel had one lowpass filter (E800, Chroma), one bandpass filter (FF01 794/
160, Semrock), and a red-sensitive photomultiplier tube (R6357, Hamamatsu).

Linescan acquisitions through vessels and tissue were performed by scanning
with a broken line (1 to 2.5 ms per line) for 30 s (36). The first line segment was
run through the capillary (RBC velocity measurements), whereas the rest of the
line scanned through the parenchyma (Ca2+ measurements).

Point acquisitions were performed either in a capillary or in the tissue (Fig.
5). In the capillary, it allowed us to measure simultaneously the RBC flow and
pO2. Each scan is composed of an ON period, lasting for 25 μs, where the point
is excited by light at 920 nm, and an OFF period, lasting for 225 μs. RBC flow
was extracted from the ON period in the green channel, thanks to fluorescence
variations related to each RBC. pO2 was extracted from the OFF period, by
estimating the decay of phosphorescence in the red channel and converting
the half-life of the decay to an absolute value of partial pressure of oxygen in
millimeters of mercury (32). Note that our experiments were done at brain tem-
peratures of ≈ 33 °C and 35 °C (when mice were anesthetized or awake, respec-
tively) (33) and that the corresponding calibration curve between half-life and
pO2 was used. A single point of pO2 in our time series is the result of the aver-
age decay over 250 ms, i.e., 1,000 decays for pO2 Mean. Note that as pO2 RBC
and pO2 Inter RBC measurements are extracted on the same time scale, but by
averaging only the decays around RBCs or in between RBCs, the number of aver-
aged decays is smaller for each point. Due to this lower number of decays, the
signal-to-noise ratio of pO2 Inter RBC measurements is lower and some obvious
out-of-range points (>100 mmHg change for a single point) were removed
(only six points for all acquisitions).

Linescan Data Analysis. Raw calcium time series were downsampled toΔt =
50 ms (interp1 function, “pchip” option, MATLAB 2018a) and aligned so that
their onset was at 10 s. After alignment, single acquisitions were normalized by
subtracting the mean baseline value, and acquisitions were then averaged per
trial and per mouse.

RBC velocity extraction from the linescan acquisition was done with custom
LabVIEW software, with a point every 300 ms. RBC velocity was also aligned to
the onset of the calcium response using the simultaneously acquired calcium
trace. Each time series was then upsampled to Δt = 100 ms. Normalization was
done by subtracting the mean baseline value to get the ΔRBC velocity time
series in mm�s�1. Fig. 4 shows ΔRBC velocity time series in percent of changes,
where the previous time series were divided by the same baseline value. Acquis-
itions were then averaged per trial and per mouse.

Point Acquisition Data Analysis. Time series from point acquisitions were
aligned to the calcium onset of the simultaneously acquired calcium response,
as described in Fig. 1 and the next section. Each trace was aligned so that the
neuronal response starts at 10 s.

Raw RBC flow and pO2 Mean, pO2 RBC, or pO2 Inter RBC were first aligned
and then upsampled toΔt= 100 ms. Average baseline values before the stimu-
lus onset were subtracted to normalize the time series, before per trial, per ani-
mal averaging. Z-score traces were computed using the normalized acquisition
and by dividing the trace by the average baseline SD (std function, MATLAB
2018a). Z-score acquisitions were then averaged per trial and mouse.

Alignment of Data from Point Acquisitions. To align pO2 point acquisitions
to neuronal responses, we used calcium responses from dendrites expressing
GCaMP6f in the pericapillary parenchyma. As the radii of capillaries are slightly
smaller than the microscope PSF in Z, in situ (28, 37), the green fluorescence

channel collects fluorescence from plasmatic fluorescein and from dendrites (Fig.
1C). To extract calcium responses, we collected green fluorescence at the imaged
point during the passage of each RBC. At this point, plasma fluorescence varied
from a minimum value (“darkness” collected at the RBC center) to a maximum
value (between two RBCs). Calcium response was collected only when plasma
fluorescence was below 30% of the maximum value (i.e., during RBCs) to
decrease the weight of plasma “pollution.” Fig. 1C shows that we can faithfully
recover the calcium response dynamics while keeping a steady trace in the red
channel. Time shift for the alignment was defined for each acquisition by the
experimenter, as for the linescans.

Vascular Onset Computation. As shown in Fig. 4, vascular onsets were deter-
mined by fitting traces with a sigmoid function (MATLAB 2018a). The time to
20% of the peak of the fit was used to calculate the onset of either RBC velocity,
RBC flow, or pO2. Each fit was hand checked by the experimenter to make sure
that the fits were faithful.

Statistical Analysis. Comparison between paired onset delays (Figs. 3 and 4)
was performed with a one-sided Wilcoxon test (signrank function, MATLAB
2018a), as we did not assume a normal distribution and we looked for a dip.
Regarding comparisons where no assumption was made, namely Ca2+ ampli-
tude and onset together with vascular delays (Fig. 4 D and E), a two-sided Wil-
coxon test was performed (signrank function, MATLAB 2018a).

To determine whether there was a dip in the response of individual animals,
or in the mean response of all mice, we performed a bootstrap test (Figs. 2, 4,
and 5) to compare the noise of baselines and responses. A bootstrap distribution
of the average value of the baseline (in Z-score) was determined by the following
procedure: for a given mouse, we 1) considered the values from all trial base-
lines (40 points per baseline × trial numbers); 2) randomly selected 40 points
and determined the average; 3) reshuffled the 40 points selected 10,000 times;
and 4) generated a 95% CI based on the distribution of the average baseline val-
ues. A significant dip was then defined by the average value of the dip, com-
puted as the mean response between 10.5 and 11.5 s (Results), being smaller
than the lower threshold of the CI. The P value of the test was determined as the
number of baseline values smaller than the average dip value, divided by
10,000. The baseline distribution was generated by considering the time points
before the stimulus onset (first 10 s prior to the odor). All traces were in Z-scores.

Data Availability. All data have been deposited as MAT files on Zenodo and is
publicly accesible at https://doi.org/10.5281/zenodo.5804933 (56). Code used
to generate figures is available on GitHub at https://github.com/alike-aydin/
InitialDip_AydinEtAl (57).
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