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Abstract

Brain edema is a feared complication to disorders and insults affecting the brain. It

can be fatal if the increase in intracranial pressure is sufficiently large to cause brain

herniation. Moreover, accruing evidence suggests that even slight elevations of intra-

cranial pressure have adverse effects, for instance on brain perfusion. The water

channel aquaporin-4 (AQP4), densely expressed in perivascular astrocytic endfeet,

plays a key role in brain edema formation. Using two-photon microscopy, we have

studied AQP4-mediated swelling of astrocytes affects capillary blood flow and intra-

cranial pressure (ICP) in unanesthetized mice using a mild brain edema model. We

found improved regulation of capillary blood flow in mice devoid of AQP4, indepen-

dently of the severity of ICP increase. Furthermore, we found brisk AQP4-dependent

astrocytic Ca2+ signals in perivascular endfeet during edema that may play a role in

the perturbed capillary blood flow dynamics. The study suggests that astrocytic end-

foot swelling and pathological signaling disrupts microvascular flow regulation during

brain edema formation.
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1 | INTRODUCTION

Brain edema is associated with many disorders that affect the brain

(Nehring et al., 2022). It is a condition in which fluid accumulation

causes brain swelling and increased intracranial pressure (ICP)

(Leinonen et al., 2017). In clinical settings, an increase in ICP above

22 mmHg defines a state of intracranial hypertension (Carney

et al., 2017) and poses a life-threatening risk of brain stem herniation

(Leinonen et al., 2017). However, it is now clear that even slight eleva-

tions of ICP may have adverse effects, particularly on capillary blood

flow (Bordoni et al., 2021).

Not only the magnitude but also the distribution of capillary blood

flow is important in determining oxygen delivery to the tissue

(Angleys et al., 2015; Rasmussen et al., 2015). The flow distribution,

referred to as the capillary transit time heterogeneity (CTH), can be esti-

mated by both MRI and two-photon laser scanning microscopy

(2PLSM) (Gutiérrez-Jiménez et al., 2016; Mouridsen et al., 2014).

Under physiological conditions, flow distribution in the capillary bed

will homogenize when blood flow increases, producing a lower CTH,

which ensures efficient oxygen delivery to the brain (Angleys

et al., 2015; Kleinfeld et al., 1998; Rasmussen et al., 2015). Active

mechanisms involving the release of local vasoactive mediators

(Longden et al., 2017; Uhlirova et al., 2016), changes in upstream arte-

riolar tone, and pericyte contractions or relaxations are thought to

participate in this capillary flow regulation (Cai et al., 2018; Hall

et al., 2014). During pathological conditions, a high CTH, reflecting

unphysiological capillary blood flow heterogeneity, may impede oxy-

gen delivery to the tissue (Østergaard et al., 2015). As CTH increases,

tissue oxygenation is progressively uncoupled from blood flow

(Angleys et al., 2015; Østergaard et al., 2015). In a situation with

extremely inhomogeneous flow, oxygenated blood is essentially

shunted through a small number of capillaries that act as a low resis-

tance pathway into the venous circulation (Bragin et al., 2011).

During brain edema, both the signaling mechanisms and the

structural integrity of the neuro-glio-vascular unit are perturbed

(Stokum et al., 2016). For instance it has been shown that astro-

cytic endfeet swell (Bullock et al., 1991), due to their enrichment

of the water channel aquaporin-4 (AQP4) (Amiry-Moghaddam

et al., 2003; Manley et al., 2000; Nielsen et al., 1997; Thrane

et al., 2011; Vajda et al., 2002, 2004). Swelling of endfeet may be

detrimental for blood flow dynamics both by structural compres-

sion of the capillaries, and by interfering with vasoactive signaling

mechanisms affecting endothelial cells and pericyte contractility

(Østergaard et al., 2014). A key signaling pathway involved is

astrocytic Ca2+ signaling. In anesthetized mice, Ca2+ signals

increase prominently in the somata of astrocytes during brain

edema development in an AQP4-dependent manner (Thrane

et al., 2011). Anesthesia, however, severely perturbs astrocytic

Ca2+ imaging, and the field is undergoing a revolution as recent

technological advances has enabled the study of these signals in

awake unanesthetized mice (Thrane et al., 2012). Similarly, cere-

bral blood flow regulation (Slupe & Kirsch, 2018) and ICP

(Eftekhari et al., 2020) is known to be profoundly affected by

anesthesia. Therefore, there is a need to investigate these mecha-

nisms without the detrimental effects of anesthesia.

Using 2PLSM of mice subjected to water intoxication causing

mild cytotoxic brain edema (Bordoni et al., 2021) with preserved

blood brain barrier integrity (Adler et al., 1993; Melton et al., 1987),

we show in non-anesthetized mice that capillary flow dynamics are

profoundly affected during brain edema formation, and that removal

of AQP4 significantly improves flow dynamics at any level of ICP

increase. Moreover, we find reduced astrocytic Ca2+ signaling in peri-

vascular astrocytic endfeet in mice devoid of AQP4, suggesting a role

for endfoot Ca2+ in regulating microvascular flow dynamics in edema.

Altogether, these findings suggest that inhibition of AQP4 activity

during the formation of brain edema could improve capillary flow

dynamics and tissue oxygenation.

2 | RESULTS

2.1 | Aqp4�/� mice develop less severe brain
edema during mild water intoxication

In this study, we used mild water intoxication, causing a �15%

decrease in plasma osmolarity compared to mice injected with an

equal volume of saline (Figure 1a). Mice were only mildly hyponatre-

mic before sacrifice (Na+ = 132.3 ± 3.6 and 132.4 ± 2.9 for wildtype

(WT) and Aqp4�/�, respectively, Figure 1c). To estimate the severity

of brain edema, we measured brain water content by wet weight/dry

weight difference. Similarly to previous reports (Haj-Yasein

et al., 2011; Li et al., 2013), we observed a higher basal brain water

content in Aqp4�/� mice (Figure S1). However, the increase in brain

water content following water intoxication was significantly lower in

Aqp4�/� mice than WT mice compared to mice receiving only saline

(Δ = 0.33 ± 0.15%, p = .031) (Figure 1b).

2.2 | Capillary blood flow during edema

To assess changes of capillary blood flow during brain edema, we

imaged an intravenously injected bolus of fluorophore (70,000 MW

Texas Red-labeled dextran) on the arterial and venous side of the cap-

illary bed by 2PLSM (Figure 1a,d). The delay and widening of the fluo-

rescent signal by the capillary network was then modeled by a

cumulative gamma distribution (Gutiérrez-Jiménez et al., 2016; Mour-

idsen et al., 2014), from which plasma mean transit time (MTT) and

CTH was estimated at 6 different time points before and after water

intoxication (Figure 1e).

Despite using a mild model of brain edema, we observed a signifi-

cant increase in MTT already at �15 min from water intoxication in

both genotypes (+40% and +59% for WT and Aqp4�/� mice, p < .001

for both) (Figure 1f). Decreased capillary blood flow persisted

throughout the whole experiment and was similar in the two groups

(WT: 74% maximal increase in MTT; Aqp4�/�: 75% maximal increase

in MTT).
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2.3 | Improved capillary flow distribution and
regulation in Aqp4�/� mice

Brain edema caused a pronounced and similar reduction of capillary

blood flow (increase in MTT) in both genotypes. However, when asses-

sing blood flow distribution, we identified clear differences between the

genotypes (Figure 1f,g): WT mice had a significant increase in blood

flow heterogeneity during edema formation (CTH: first significant

increase from baseline at �15 min, p = .012, peak: 52% increase in

CTH at �20 min, p < .001) that persisted until the end of the experi-

ment. Conversely, we observed no significant difference from baseline

in Aqp4�/� mice at any time point, indicating a more homogeneously

distributed blood flow.

In a capillary network that is not under active regulation, MTT

and CTH would vary so that their ratio (CTH/MTT = relative transit

time heterogeneity, RTH) is maintained constant (Rasmussen

et al., 2015). Changes in RTH can be observed with blood flow

increases during neurovascular coupling (Gutiérrez-Jiménez

et al., 2016). Also, during pathological conditions such as in the pen-

umbra of a cerebral infarction, capillary network malfunction would

lead to a change in RTH (Engedal et al., 2018; Østergaard et al., 2015).

RTH can thus be considered an index of the ability of the capillary

network to actively homogenize its flow.

We observed significant changes in RTH during edema develop-

ment (Figure 1g). In WT mice, RTH did not significantly change until the

late phase of the edema progression (at �30 and �40 min after water

intoxication), decreasing by 21% at both time points (p = .009 and .03,

respectively). Conversely, in Aqp4�/� mice, RTH had dropped already in

the first time point after water intoxication (27% reduction in RTH at

�15 min, p < .001 compared to baseline) and remained reduced

throughout the experiment (25% to 31% reduction at T3 and T4, respec-

tively, p < .001 compared to baseline for both). These findings suggest

that the active mechanisms of capillary flow distribution regulation are

better preserved in Aqp4�/� during brain edema. The difference

between the genotypes was not dependent on MTT but rather on a sig-

nificantly higher CTH for every value of MTT during edema in WT mice

(Figure 1g, left. Slope: 0.34 vs. 0.17 in WT vs. Aqp4�/� mice, p < .001).

Next, we assessed diameters of microvessels in volumetric Z-stacks,

using DeepVess (Haft-Javaherian et al., 2019), a convolutional neural

network for segmenting the vasculature (Figure S2A). We found a

reduction in microvascular diameters in brain edema in WT mice, but no

change in Aqp4�/� mice, but no change in the coefficient of variation of

diameters (Figure S2A). We also assessed perfusion in individual micro-

vessels by using 2PLSM linescans (Figure S2B–H) and observed that

intracapillary flux was significantly decreased in both genotypes (Figure

S2D). Interestingly, the coefficient of variation of intracapillary flux

increased in WT mice (Figure S2E), but remained unchanged in Aqp4�/�

mice, suggesting more heterogeneous flow dynamics in WT mice during

edema. In addition, linear density of RBCs (RBC/mm capillary,

Figure S2F) was significantly increased in Aqp4�/� mice (+22% and

+30% relative increase from baseline at �10 and �50 min from water

intoxication, respectively, p < .05 for both), and higher than in WT mice

(�50 min after edema: 45.5 ± 4.0 vs. 67.2 ± 7.4, mean ± standard error,

p < .01). Capillary RBC velocities did not change over time in either

genotype (Figure S2G–H). Altogether, the higher number of RBC per unit

of capillary length during edema and more homogenous flow in Aqp4�/�

mice suggests a healthier microcirculation and is expected to improve tis-

sue oxygenation.

2.4 | AQP4 affects ICP and blood flow during mild
water intoxication

After showing that capillary blood flow progressively worsened after

water intoxication and that the presence of AQP4 led to more hetero-

geneous capillary blood flow, we investigated how macrovascular

parameters influence capillary blood flow and distribution. Thus, we

quantified ICP and regional cerebral blood flow (rCBF, by laser Doppler

flowmetry) (Figure 2a,b). Baseline values of both ICP and rCBF

(Figure 2d,e) were similar between the two genotypes, and in WT con-

trols injected with saline (Figure S3A). After mild water intoxication,

however, ICP and rCBF changed with a different rate and reached a dif-

ferent maximal change in WT and Aqp4�/� mice (Figure 2c–e). In WT

mice, ICP increased beyond the threshold of cranial hypertension of

22 mmHg at 20 min after water intoxication and reached a plateau at

32.1 ± 2.65 mmHg at �40 min. Conversely, in Aqp4�/� mice, we found

both a slower rise rate (Figure 2g) and a lower final plateau level (21.4

± 3.9 mmHg). More specifically, both the cumulative ICP (Figure 2d)

and the rate of ICP elevation in the first 10 min after water intoxication

(mmHg/min in Figure 2g) were significantly different between

F IGURE 1 Changes in capillary flow dynamics during mild water intoxication. (a) Experimental setup. WT and Aqp4�/� mice were fitted with
a cranial window exposing somatosensory cortex. After 3 weeks of recovery, a tail vein catheter for bolus injections of 70,000 MW Texas Red-
labeled dextran was implanted. rCBF: regional cerebral blood flow, measured by laser Doppler flowmetry. Following a baseline of 1 h, mice were
injected with 10% of the body weight hypotonic solution. (b) Increase in brain water upon hypoosmotic challenge compared to sham (WT: n = 26
mice, Aqp4�/�: 18 mice, unpaired t-test). (c) Plasma Na+ levels after hypo-osmotic challenge. The cutoff for mild and moderate hyponatremia
indicated by stippled lines (WT: n = 16, Aqp4�/�: n = 13 mice, WT saline: n = 6 mice, one-way ANOVA). (d) 2PLSM of cortical vessels, outlining a

pial artery and vein supplying and emptying the capillary bed (e) Left: Example fluorescence from a pial artery (red) and a pial vein (blue) for one
bolus injection. Right: The passage of the fluorescent dye from the arterial to the venous network was modeled by a cumulative gamma
distribution. From the free parameters α and β of the distribution, MTT and CTH were estimated as αβ and

ffiffiffi

α
p

β, respectively (Gutiérrez-Jiménez
et al., 2016). (f) Relative changes of MTT and CTH at different time points after water intoxication. (g) (Left) Linear regression of CTH versus
MTT. Stippled lines: 95% confidence interval. (Right) Relative transit time heterogeneity (RTH) at different time points after edema initiation. Bars
represents estimates and standard errors from generalized linear mixed effects modeling. n=WT: 131 measurements in 8 mice; Aqp4�/�:
121 measurements in 7 mice. *p< .05; **p< .01; ***p< .001.
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genotypes (8.58 ± 1.90 mmHg difference between the genotypes,

p < .001 in Figure 2d, and 0.70 ± 0.24 mmHg/min difference between

the genotypes, p = .018 in Figure 2g). Overall, consistent with previous

studies in anesthetized mice using more severe brain edema models

(Yang et al., 2008), AQP4 acts as a rate-limiting factor during edema for-

mation. rCBF significantly decreased after mild water intoxication

(Figure 2c bottom, e, g) in both genotypes, reaching a plateau of �44.6

± 3.5% and �35.6 ± 3.96% already within 15 min., with a small and

marginally significant difference between the genotypes in accumulated

rCBF reduction after WI (+7.56 ± 3.49% in WT compared to Aqp4�/�,

p = .04, Figure 2e). Conversely, there was no difference in rCBF rate of

change at any time point.

2.5 | Non-linear relationship between ICP and
rCBF after mild water intoxication

Based on the relationship between ICP, cerebral perfusion pressure,

and CBF (Madhok et al., 2018), we hypothesized that the increase in

ICP during edema was tightly correlated to, and likely the cause of the

reduction in rCBF. Unexpectedly, this correlation was not confirmed

experimentally (Figure 2f,g). In both genotypes, more than 80% of the

total decrease in CBF was observed within the first 10 min after water

intoxication, whereas ICP was only modestly increased in the same

time range (Figure 2g). Conversely, ICP continued to increase the first

30 min from mild water intoxication in both genotypes, where no

decrease in rCBF was observed.

Furthermore, by visualizing the relation between ICP and rCBF in

a 2D-density plot (Figure 2f), we noticed that rCBF values approach-

ing the plateau level were observed even at ICP = 10 mmHg, approxi-

mately 1/3 and ½ of the final plateau level of the ICP in WT and

Aqp4�/�, respectively. Overall, our results in awake mice shows that

high ICP does not determine the reduction in CBF observed during

the progression of brain edema.

2.6 | The effect of ICP and rCBF on capillary flow
dynamics

We found a highly non-linear relationship between ICP and rCBF

changes during edema formation. In order to understand how ICP and

rCBF correlated with capillary blood flow dynamics, we predicted

mean ICP and rCBF for each min following mild water intoxication

(same data as in Figure 2c) and performed a linear regression to each

value of MTT, CTH, and RTH based on the time from edema of indi-

vidual bolus tracking scans.

In WT mice, ICP within a range from 0 to 25 mmHg, but not rCBF,

was a significant predictor of both MTT and CTH values (slope: 0.035

and 0.012, respectively, p < .001 for both), but not of RTH (Figure 3,

Table S1 and Figure S4). In WT mice during edema, capillary flow chan-

ged as would be expected in a passive compliant flow system with con-

stant RTH resulting from a parallel increase in CTH and MTT. In

Aqp4�/� mice, similar results were observed for MTT as in WT mice,

whereas CTH remained unchanged and RTH decreased (slope: 0.06,

p = .0013) as a function of increasing ICP. Therefore, the same degree

of ICP predicts a significantly lower CTH and lower RTH in the absence

of AQP4.

2.7 | Astrocytic endfoot hyperactivity during brain
edema development

Brain capillaries are ensheathed by astrocytic endfeet, a specialized

type of astrocytic process heavily enriched with AQP4, and only

small discontinuities are present (Mathiisen et al., 2010). Since astro-

cytic endfeet swell during brain edema (Bullock et al., 1991), poten-

tially compressing the microvasculature, we then investigated

whether astrocytic endfoot Ca2+ transients could represent a

molecular substrate for the changes in capillary dynamics we

observe. To do this, we used recombinant adeno-associated virus

and the GFAP promoter to target GCaMP6f to astrocytes (Enger

et al., 2019). After at least 3 weeks of recovery after surgery, mice

were subjected to water intoxication, and 2PLSM 2D time series

were acquired (Figure 4a). The resultant imaging data were analyzed

with an event-based astrocytic Ca2+ signaling analysis method, the

region-of-activity (ROA) algorithm from the Begonia toolbox

(Bjørnstad et al., 2021) (Figure 4b). This method uses noise-based

thresholding of individual pixels over time to separate signal from

noise. Adjoining pixels in time and space with signal are then con-

nected to form ROAs.

We found that brain edema in awake WT mice induced brisk

increases in astrocytic Ca2+ signaling compared to baseline

F IGURE 2 ICP and rCBF dynamics during brain edema. (a) Experimental setup. A hollow PLA screw connected to a PE-20 5 mm cannula was
implanted through the skull overlying somatosensory cortex in WT and Aqp4�/� mice. After 2 weeks of recovery, a pressure sensor (PA-C10, DSI)
was inserted through the cannula. The laser Doppler fiber was placed on the contralateral side of the ICP sensor. The same edema protocol as the
2PLSM group was used. (b) Representative ICP and rCBF waveforms during baseline and 30 min after water intoxication. In both traces, arterial
pressure-derived pulsatility appeared at approximately 7–10 Hz. At elevated ICP levels we observed an increased systole-to-diastole pressure

difference. (c) ICP (mmHg) and rCBF (% change from baseline) traces. Stippled line: water injection. The quick exposure to anesthesia had
negligible effects on ICP, but it induced a strong but brief response in rCBF. Traces represent mean ± SEM. For ICP, n = 8 mice for both
genotypes. For rCBF, n = 7 and 8 mice for WT and Aqp4�/�. (d–e) Cumulative ICP and rCBF during baseline and after water intoxication. Mean
± SEM with each mouse overlaid. Statistical Analysis: two-way paired ANOVA. (f) Density contour plot of ICP versus rCBF. Individual points:
mean value from all ICP and rCBF traces for the same time point after water intoxication Green: baseline (n = 1800). Red: water intoxication
(n = 3473). Same number of subjects as in (c). (g) Rate of change by min for ICP (top) and rCBF (bottom), mean ± SEM of the rate of change in
time blocks of 10 min from edema. Statistical analysis: two-way repeated measurement ANOVA. *p < .05; **p < .01; ***p < .001.
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(Figure 4c,d). Specifically, the fraction of active pixels in the FOV (the

ROA density) and the frequency of Ca2+ events (ROA frequency)

were significantly higher at each time point after water intoxication.

Conversely, Ca2+ signaling remained unchanged in Aqp4�/� mice after

the hypo-osmotic challenge.

In vitro experiments have shown that the astrocytic response to

hypo-osmotic challenge is heterogeneously distributed across the cel-

lular subcompartments (Eilert-Olsen et al., 2019). Therefore, we mea-

sured ROA density and frequency in the three distinct astrocytic

subcellular compartments – somata, glial processes, and endfeet – to

assess which regions of the astrocyte were the most active after

water intoxication. In WT mice, Ca2+ activity in the glial somata was

unchanged during edema, while both processes and endfeet

displayed a significant increase in signaling. In Aqp4�/� mice, no sub-

cellular compartments showed any increase in Ca2+ activity during

edema, while a small but significant reduction in Ca2+ signal was

observed in somata and processes, but not in endfeet, in the first time

point after water intoxication. Overall, we have shown that the hypo-

osmotically induced increase in Ca2+ activity in astrocytes during

brain edema resides within the astrocytic processes and astrocytic

endfeet.

3 | DISCUSSION

In this work, we found perturbed capillary blood flow dynamics

in unanesthetized mice undergoing mild brain edema (Bordoni

et al., 2020). Moreover, the removal of AQP4 water channels

played a beneficial role for microvascular blood flow, in addition

to its general effects on edema formation, affecting how the

capillary network adapts to changes in blood flow to support

tissue oxygen availability. Finally, we demonstrated brisk

AQP4-dependent Ca2+ signaling in the astrocytic endfeet, poten-

tially shedding light on the mechanistic underpinnings of the

observed vascular dysfunction.

Using fluorescence bolus-tracking by 2PLSM (Gutiérrez-Jiménez

et al., 2016), we estimated capillary flow (MTT), homogeneity of flow

(CTH), and the relationship between these two measures (RTH).

Despite a similar MTT in the two genotypes, the capillary flow

distribution (CTH) was highly different in the two groups as edema

progressed. In WT mice, CTH increased by about 50% compared to

baseline, whereas in Aqp4�/� mice, no time points were different from

baseline. The increase in MTT without a concomitant increase in CTH

produced a faster and lasting reduction in RTH in Aqp4�/� mice,

which together with the increased capillary linear density, likely mir-

rors active regulatory mechanisms that preserve capillary flow dynam-

ics and improve oxygen extraction.

In the late stage of pathological conditions associated with severe

flow-restriction, as within the ischemic penumbra in stroke, low RTH

values may indicate widespread collapse of the capillary network

(Engedal et al., 2018). Also during brain edema, elevated ICP even

within a moderate range (15–22 mmHg) could reduce the number of

perfused brain microvessels (Bordoni et al., 2021; Bragin et al., 2011).

We were not able to accurately detect capillary stalling in our study,

and future studies using more high throughput imaging modalities like

optical coherence tomography should be performed (Bordoni

et al., 2021). It is unlikely that the lower RTH we observed in Aqp4�/�

mice originates from widespread microvascular collapse, since the

reduction in RTH and low CTH occurred early in the edema progres-

sion, prior to any significant pathological increase in ICP. Moreover, in

WT mice, which do experience a pathological increase in ICP earlier

than Aqp4�/� mice, we saw an increase in CTH, not a reduction

(Engedal et al., 2018).

We demonstrate a pronounced increase in astrocytic Ca2+ signal-

ing during edema, which is an important signaling pathway involved in

cellular volume regulation, and likely plays a role in the control of cap-

illary flow (Krogsgaard et al., 2022; Mishra et al., 2016). Our findings

are consistent with a previous study using synthetic Ca2+ indicators in

anesthetized mice (Thrane et al., 2011). However, we found a consid-

erably higher level of Ca2+ activity, further stressing the importance

of studying mice without the confounding effects of anesthesia. We

cannot rule out dilutional effects of intracellular Ca2+ levels or

GCaMP6f levels in our model, but believe the effect is marginal

because of the relatively mild osmotic challenge and because the

baseline for detecting Ca2+ signals is calculated for each of the Ca2+

imaging recordings, compensating for slow drifts in baseline fluores-

cence throughout the experiment. Future studies quantitatively asses-

sing intracellular Ca2+ concentrations are warranted.

F IGURE 3 Linear regression of ICP and
capillary flow parameters after water intoxication
for WT (black) and Aqp4�/� mice (blue). Sample
size is the same as in Figure 1f,g. For every MTT,
CTH and RTH measurements, we calculated the
predicted ICP based on the time after edema of
each bolus tracking scan.
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We find a reduction in microvascular diameters during edema in

WT mice, but not in Aqp4�/� mice, which may represent either a

structural compression of the microvasculature or altered microvascu-

lar blood flow regulation. In our Ca2+ imaging recordings, we were not

able to directly assess endfoot volume changes. However, it is known

that astrocytic endfeet swell in brain edema, compressing the capillary

lumen and impeding RBC passage (Amiry-Moghaddam et al., 2003;

Bullock et al., 1991; Manley et al., 2000). The consequences of such

swelling is illustrated by the beneficial effect of treating brain edema

with intravascular hyperosmolar solution, an effect that has been

F IGURE 4 Astrocytic Ca2+ signaling during brain edema is most clearly confined to glial processes and endfeet. (a) Example field-of-view at
150 μm below the brain surface in somatosensory cortex. 3 weeks prior to water intoxication, mice were transfected with rAAV-GFAP-GCaMP6f
(green). The vasculature was outlined by 70,000 MW Texas Red-labeled dextran (red). Scale Bar: 30 μm. (b) Astrocytic Ca2+ signals were analyzed
with the event-based ROA method (Bjørnstad et al., 2021). Adjoining active voxels in space and time were joined and visualized in a 3D rendering
with Ca2+ activity in red. As brain edema develops the density of ROAs increases. (c–d): ROA density (percent active voxels within a
compartment) and frequency (number of events/100 μm2/min). Both ROA density and frequency were significantly higher than baseline for any
time after edema in WT (gray), but not in Aqp4�/� mice. (e) ROAs within manually drawn regions-of-interest (ROI) defining astrocytic somata,
processes, and endfeet around capillaries. For c–e, Data are presented as estimates ± standard error. WT: N = 9 mice, Aqp4–/–: N = 8 mice, 1
FOV per mouse for both genotypes. ROIs for WT and Aqp4�/� respectively: n = 616 and 421 somata, 231 and 201 processes, 673 and
575 endfeet. Statistics were performed with generalized linear mixed models analyses, where ROA density and frequency were considered the
response variables, and time from water intoxication, genotype, and subcellular region (only in e) were considered fixed effects, and mouse
identity was considered a mixed effect. *p < .05; **p < .01; ***p < .001.
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shown to be dependent on perivascular AQP4 (Nakayama

et al., 2016). In the present study, we localized for the first time

increased AQP4-dependent Ca2+ signaling to the astrocytic capillary

endfeet, suggesting a signaling mechanism in addition to structural

compression that can be involved in perturbed capillary flow dynamics

in edema. It is tempting to speculate that the endfoot Ca2+ signaling

is triggered by endfoot swelling, for instance activating the stretch-

sensitive Ca2+ channel transient receptor potential vanilloid 4 (TRPV4)

(Benfenati et al., 2011).

Anesthesia is not only detrimental for astrocytic signaling, but also

represents a grave challenge for physiological homeostasis in rodents.

The combined effects of surgical trauma, unphysiological blood gas

values, and inaccurate temperature control could severely perturb any

brain process, in particular blood flow control (Slupe & Kirsch, 2018). In

this study, we aimed to lift these confounding effects by studying

awake-behaving mice with chronic surgical implants and, to the best of

our knowledge, this is the first study measuring ICP in un-anesthesized

mice. Surprisingly, we found a highly non-linear relationship between

ICP and rCBF. This uncoupling between ICP and CBF may be explained

by cerebral autoregulation mechanisms (Bragin et al., 2016; Johnston

et al., 1973), which are known to be affected by anesthesia in a dose-

dependent manner (Slupe & Kirsch, 2018). Together with recent studies

chronically measuring ICP on awake rats (Eftekhari et al., 2020; Guild

et al., 2015), our observations underscore the importance of studying

mice without the confounding effects of anesthesia whenever possible.

In this study using mild water intoxication, not only did we confirm

in non-anesthetized mice that the removal of AQP4 reduces the overall

brain water increase and ICP accumulation during brain edema, but we

also observed a significantly more homogeneous capillary blood flow

given any level of ICP increase. Altogether, these findings suggest that

inhibition of AQP4 activity during the formation of brain edema could

improve capillary flow dynamics and tissue oxygenation. Our quantifica-

tion of Ca2+ signals in astrocytes suggests a potential role for endfoot

Ca2+ signaling in regulating microvascular flow dynamics in edema. Sev-

eral mechanisms during the development of edema can collectively

impede the function of brain microvessels, and to elucidate their indi-

vidual contribution and kinetics should be a subject of future studies. In

particular, assessing the effect of the selective AQP4 inhibitors TNG-

020 (Toft-Bertelsen et al., 2021) and the newly developed AER-271

(Farr et al., 2019) on microvascular blood flow is warranted.

4 | MATERIALS AND METHODS

4.1 | Animals

Male C57BL6/J from Janvier Labs (WT mice) and Aqp4�/� mice of 13–

22 weeks of age (weight: 25–33 g) (Thrane et al., 2011) were used.

Mice were housed in controlled conditions of humidity (1–3 mice per

cage), temperature, and with a standard light–dark cycle (8:00–20:00),

and had ad libitum access to food and water. The home cages were

enriched with running wheels, biting sticks, and cardboard tubes. All

procedures were carried out in accordance with the European Animal

research law (Directive 2010/63/EU) and with approval from Norwe-

gian Food Safety Authority (Mattilsynet – FOTS 12006).

4.2 | Mild water intoxication and endpoint
measurements

Mice underwent mild water intoxication (WI) as previously described

(Bordoni et al., 2020). Briefly, mice were injected with a 30.8 mM

NaCl solution (1:5 dilution of saline in MilliQ water), 10% body weight

intraperitoneally. Sham mice received 10% body weight of saline. WI

solution was kept at 37�C and administered over 30 s under brief iso-

flurane anesthesia. Mice were monitored for 1 h after the hypoosmo-

tic infusion and then euthanized by decapitation during anesthetic

overdose (ZRF: 18.7 mg Zolazepam, 18.7 mg Tiletamine, 0.45 mg

Xylazine and 2.6 μg fentanyl, 300 μL). Before euthanasia, an arterial

blood sample was obtained to measure plasma sodium (ABL 90FLEX,

Radiometer, Denmark). Brain water content was measured with wet

weight/dry weight ratio, after separation of brain stem, mechanical

homogenization using a spatula on a glass coverslip, and a 24 h 110C

desiccation protocol.

4.3 | Surgery and virus transduction

Animals were anesthetized with isoflurane (3% for induction and

1.25%–1.5% for maintenance) using a mixture of room air and pure

oxygen (50% pure oxygen, 50% room air) and buprenorphine,

(0.1 mg/kg i.p.). After induction, the mouse was fastened in a stereo-

taxic frame on a nose cone (Model 963, KOPF Instruments). Body

temperature was maintained at 37�C by a temperature-controlled

heating pad. Eyes were protected with ointment and the surgical area

was disinfected with iodine solution (2%). Local analgesia (bupiva-

caine, 5 mg/mL) was injected subcutaneously at the site of surgery.

The skull was exposed, cleaned from connective tissue, and

grooves were carved on all exposed periosteum with a scalpel in a

checkerboard pattern to strengthen the adhesion between bone and

cyanoacrylate glue. A craniotomy of 2.5 mm diameter was made as

previously described (Enger et al., 2017), centered at 2.0 mm lateral

and 1.5 mm posterior from Bregma. The skull was carefully drilled

using a dental drill with intermittent soaking.

The production of rAAV-GFAP-GCaMP6f was done as previously

described (Bojarskaite et al., 2020; Tang et al., 2015). The virus was

stereotactically injected via a glass capillary (70 nL at 35 nL/min) in

two locations at 150 μm depth from the brain's surface.

The craniotomy was sealed differently in the 2PLSM and ICP-

measurement mice. In 2PLSM mice, a cranial window made of 2 layers

of circular coverslips (2.5 mm and 3.5 in diameter for lower and upper

layer) glued together by ultraviolet-curing glue (Norland Optical Adhe-

sive No. 61) was positioned on the exposed dura (Huber et al., 2012).

The glass window was fixed to the skull by cyanoacrylate-gel glue

(Loctite-super glue gel) and reinforced with dental cement (Meliodent,

Kulter).
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In ICP-LD mice, a custom hollow PLA screw (outer diameter:

3 mm, inner diameter: 0.51 mm, Shaft: 0.2 mm) was attached to a

5 mm long polyethylene tube (PE 50, Intramedic Clay Adams) with

dental cement (GC Fuji PLUS) and filled with sterile saline. After the

removal of the bone flap, the screw was positioned over the brain

until clear, heart-rate driven pulsations from epidural ICP were

observed in the liquid interphase inside the tube. The outer perimeter

of the screw was glued to the skull with cyanoacrylate glue and sealed

with impression material (Take 1 Advanced, Keer Dental). After seal-

ing of the craniotomy, a layer of liquid cyanoacrylate glue (Loctite)

was applied to all exposed areas of the skull. Before complete air-

curing, a plastic probe holder (Model: PH 07-7, Perimed) for LD mea-

surements was positioned on the contralateral hemisphere above the

right-middle cerebral artery (ML: +3 mm, AP: +2 mm). A titanium

head bar was fastened over the occipital bone with cyanoacrylate

glue. All implants were firmly secured to the skull with dental cement

(Meliodent, Kulter).

Postoperative analgesia (meloxicam, 2.4 mg/kg, and bupremor-

phine, 0.1 mg/kg) was administered once per day for 3 days after sur-

gery. Habituation started 7 days after surgery for LD-ICP animals and

14 days after surgery for 2PLSM animals. Each mouse underwent 4–8

habituation sessions of 20 min. Training was concluded when mice

reached a secure running pace and no gait instability on the

rotating disc.

4.4 | ICP and rCBF measurements

Mice were briefly (<15 min) prepared for the experiment under

isoflurane anesthesia (2%) and buprenorphine (0.1 mg/kg). The

lumen of the PE 50 tube was gently flushed with saline until

heart-beat driven ICP pulsations were observed. Isoflurane was

discontinued and the mouse was head-fixed for 30 min before any

measurement.

ICP was sampled at 500 Hz with a pressure telemeter (PA-C10,

Data Science International – DSI). Data were recorded on DataQuest

ART 4.31. Accuracy of the measured ICP trace was improved by

barometric-adjustment with an Ambient Pressure Reference (APR-2,

DSI) and by adjusting the pressure sensor offset before each experi-

ment. The ICP probe was inserted into the probe holder and the tip of

the pressure sensor was carefully advanced through the epidural can-

nula until dura was reached. To avoid potential misplacements of the

probes and pressure loss, the whole skull was covered with impres-

sion material (Silagum Mono, DMG). Measurements started 30 min

after probe insertion. The tip of the implant was re-gelled and steril-

ized with 1% Terg-A-Zyme solution after each experiment.

rCBF was sampled at 32 Hz sampling rate by a LD probe

(PF 5010, Periflux System 5000, Perimed). Data was recorded with

PeriSoft (Perimed). Before the experiment, a small amount of vaseline

was applied on the tip of LD fiber optic probe (Probe 407, Perimed) to

facilitate the insertion in the PH 07-7 probe holder on the mouse

skull. Data were recorded with PeriSoft (Perimed).

Infrared-sensitive video and wheel movements were simulta-

neously recorded using a LabVIEW interface (National Instruments).

Recording protocol: (1) Baseline (40–60 min); (2) Immobile baseline

(10–15 min); (3) mild WI (60 min).

ICP, rCBF, locomotion and video traces were processed in

MATLAB. rCBF and ICP traces were resampled from 500 and 33 Hz

to 1 Hz and smoothed with a median-moving window over 60 s. The

rate of change was calculated as the first derivative of single ICP and

rCBF traces over a 60 s timespan, smoothed with a median-moving

window over 5 min The first derivative was then average over every

10 min time blocks from mild-WI initiation.

4.5 | 2PLSM

Imaging experiments were performed in one single session per mouse

3–4 weeks after surgical recovery. Before imaging, mice were lightly

sedated with isoflurane. Buprenorphine (0.1 mg/kg) was administered

intraperitoneally. For vascular imaging, a heparin treated saline filled

(5% heparin, LEOPharma) catheter (30G needle connected to a poly-

ethylene PE10 tube) was inserted in the tail vein after application of

local analgesia (bupivacaine, 5 mg/mL). 50 μL of filtered (0.22 μm

pore size) 70,000 MW Texas Red-labeled dextran (0.5%, Thermo-

Fisher Scientific), were injected intravenously and the mouse was

head-fixed. Before imaging, mice were lightly sedated with isoflurane

and buprenorphine (0.1 mg/kg).

2PLSM microscopy was performed with a Bruker/Prairie Ultima-

IV, previously described in detail (Enger et al., 2017). We used a

water-immersion Nikon �16 (0.8 NA) objective (CFI75 LWD 16XW).

FOVs of 862 � 862 μm2 were used for bolus tracking and Z-series,

132 � 132 μm2 for particle velocimetry, and 246 � 246 μm2 for

Ca2+ imaging. We used an excitation wavelength of 900 nm

(Spectra-Physics InSight DeepSee laser). Surveillance video and disc

movement were recorded using a LabVIEW interface (National

Instruments).

To distinguish arteries, capillaries and veins, a bolus of 50 μL of

0.5% 70,000 MW Texas Red-labeled dextran was injected during a

�6.5 frame per second time-scan of pial blood vessels, followed by a

400 μm volumetric angiogram starting from the pial surface for the

reconstruction of vessel anatomy.

We used a fluorescent-bolus tracking approach for quantification

of capillary flow dynamics (Gutiérrez-Jiménez et al., 2016). This

method relies on the acquisition of a concentration-time curve (CTC)

of an intravenously injected fluorescent tracer during its passage from

arterial input to venous output. A scan path was defined passing

through pial vessels, arterioles, venules and capillaries. One bolus

tracking consisted of 30 μL 70,000 MW Texas Red-labeled dextran

injected intravenously during line scans acquisition (line period: 8–

12 ms). Seven bolus tracking scans were performed on the same FOV

over the entire protocol (3–4 h) at the following timing: two at base-

line (�60 and �30 min before WI) and four after WI every

10 min. Astrocytic Ca2+ signals were acquired at 30 Hz. A FOV was
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imaged at baseline (100–200 μm below surface) and every 15 min

after mild-WI.

4.6 | Post processing of bolus tracking data

MTT and CTH were obtained from modeling the concentration-

time-curves (CTC) from the bolus tracking scans, as previously

described in detail (Gutiérrez-Jiménez et al., 2016). Briefly, the signal

intensity from paired artery–vein CTC curves were modeled with a

vascular transport function which parametrizes the amount of fluoro-

phore reaching the venous output as a function of time after a theo-

retically instantaneous arterial passage (Gutiérrez-Jiménez

et al., 2016). From each vascular pair's gamma distribution, we

extracted the mean plasma transit time within the capillary network

(MTT = αβ, an inverse index of mean capillary flow) and the variance

of transit times, referred in our work as blood flow heterogeneity

(CTH =
ffiffiffi

α
p

β) (Gutiérrez-Jiménez et al., 2016; Rasmussen et al., 2015).

All image analyses were done in MATLAB (version R2017a; Math-

Works, Inc.). Capillary flow parameters were defined as follows: MTT

is a direct estimate of microvascular CBF, to which it is related by the

central volume theorem (MTT = Vcap/CBF. Vcap: cerebral capillary vol-

ume) (Angleys et al., 2015). CTH is a measure of the variability of

erythrocyte transit times during their passage through the same capil-

lary network, which expresses the degree of flow heterogeneity of

the microvascular bed. We estimated the coefficient of variance

(RTH = CTH/MTT) to evaluate the active regulation of the capillary

flow distribution following changes in MTT.

4.7 | Processing of microvascular line scan data

We used particle velocimetry to quantify individual capillary hemody-

namics parameters (RBC flux, and velocity) and arteriolar flow

(Stefanovic et al., 2008). Four FOVs with 2–6 capillaries each, randomly

selected (depth: 100–200 μm) and one FOV with 1 penetrating arteri-

ole (first branching order, depth: 80–120 μm) were scanned in each

mouse. Both estimations were done on MATLAB with a sliding window

approach of 500 ms time segments with an overlap of 90%. Noise arti-

facts were reduced using a 2-D median-filter on the raw data and out-

liers were removed using a moving standard deviation threshold (5 SD)

on the calculated velocities and flux values. Linear density was calcu-

lated from the ratio mean RBC Flux/mean RBC velocity for every

unique capillary. Linear density values above 400 cells/mm, were

removed as this represents an unrealistic erythrocytes / plasma ratio

(Gutiérrez-Jiménez et al., 2016). Coefficient of variance for RBC flux

and velocity was calculated between vessels per time point.

4.8 | Quantification of astrocytic Ca2+ signaling

All astrocytic Ca2+ signal and behavioral analyses were performed

with MATLAB (version R2017a; MathWorks). Imaging time series

were corrected for motion artifacts using the NoRMCorre movement

correction algorithm (Pnevmatikakis & Giovannucci, 2017). We then

analyzed astrocytic Ca2+ transients using the event-based astrocytic

Ca2+ signaling region-of-activity (ROA) algorithm from the Begonia

toolbox (Bjørnstad et al., 2021; Bojarskaite et al., 2020). Four times

the median standard deviation of the variance stabilized data plus the

baseline value for a pixel was then used to calculate a threshold for

signal detection for each pixel. Once the time series had been binar-

ized into signal and non-signal, adjoining x–y–t voxels were connected

to ROAs. ROAs with a spatial extent of less than three pixels per

frame and duration of less than three frames in time were not

included in the analyses.

We calculated the extent of Ca2+ activity in astrocytic subcellular

compartments by measuring ROA frequency and density in manually-

drawn ROIs over astroglial somata, processes, and endfeet. Only end-

feet ensheathing capillary vessels, and not arterioles or venules, were

selected. We only analyzed astrocytic Ca2+ signaling from quiet wake-

fulness of at least 5 s duration, defined as absence of whisking and

locomotion.

4.9 | Statistical analyses

Brain water content and ICP-rCBF data were compared with a two-

way ANOVA and reported as mean ± SEM. All 2PLSM derived data

were analyzed with generalized linear mixed models (GLMM) using a

gamma distribution, fixed effect: time from water intoxication, random

effect: mouse identity. GLMM results are reported as GLMM esti-

mates of the central tendency ± standard error. Significance is

indexed as follow: *p < .05; **p < .01; ***p < .001.
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