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Abstract

Microvascular perfusion dynamics are vital to physiological function and are frequently
dysregulated in injury and disease. Typically studies measure microvascular flow in a few selected
vascular segments over limited time, failing to capture spatial and temporal variability. To quantify
microvascular flow in a more complete and unbiased way we developed STAFF (Spatial Temporal
Analysis of Fieldwise Flow), a macro for FIJI open-source image analysis software. Using high-
speed microvascular flow movies, STAFF generates kymographs for every time interval for every
vascular segment, calculates flow velocities from red blood cell shadow angles, and outputs the
data as color-coded velocity map movies and spreadsheets. In untreated mice, analyses
demonstrated profound variation even between adjacent sinusoids over seconds. In
acetaminophen-treated mice we detected flow reduction localized to pericentral regions. STAFF is
a powerful new tool capable of providing novel insights by enabling measurement of the complex
spatiotemporal dynamics of microvascular flow.
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3. Introduction

The microvasculature plays a fundamental role in physiology, ensuring effective tissue
perfusion under changing conditions. Since vascular dysfunction underlies some of the most
pervasive diseases of the modern world, vascular function has become a primary parameter
of interest for a wide range of biomedical investigations. While a variety of techniques are
used to evaluate tissue perfusion, only intravital microscopy provides the temporal and
spatial resolution necessary to characterize blood flow at the level of individual capillaries in
a living animal.

Intravital studies of microvascular function were among the first applications of light

7th century to observe

microscopy, having been used by van Leeuwenhoek in the late 1
capillary blood flow in frogs!. Microvascular function has remained a primary application of
intravital microscopy, with a recent literature search indicating that over 40% of biomedical
publications that include the term “intravital microscopy” also include the terms

“microvascular” or “microcirculation”.

The most common approach to intravital microscopy of microvascular flow utilizes epi-
fluorescence following intravenous injection of fluorescent markers. Studies are then
conducted using confocal or multiphoton microscopy (for imaging at depth in tissues) or
wide-field epifluorescence (for thin preparations or superficial layers of organs). In either
case, speed of microvascular flow necessitates high-speed image collection, typically >60
frames per second (fps). For laser scanning confocal and multiphoton microscopes this
speed is generally accomplished only by limiting the field of view, sometimes down to
single scan lines. In contrast, even inexpensive wide-field digital microscopes can collect
full-frame images at speeds exceeding 100 fps, supporting data collection across entire
microscope fields over time. The problem then becomes extraction of the quantitative
information contained in the massive image datasets.

Here we describe and demonstrate STAFF, novel software implemented as a macro toolset
for the FIJI implementation of ImagelJ, that enables efficient analyses of microvascular flow
over time throughout entire microscope fields collected at high-speed.

4. Methods

Experimental animal model and surgical procedures

Studies were conducted using 9-10 week-old male C57BL/6 mice (Jackson Labs). Following
delivery, animals were acclimated at least 4 days before studies. Surgical preparations were
conducted as previously described?:3. All animal experiments were approved and conducted
according to Institutional Animal Care and Use Committee guidelines of Indiana University,
and adhered to the NRC guide for care and use of animals.
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Intravital microscopy

Microscopy studies used a Nikon TiE inverted epifluorescence microscope equipped with
Nikon Perfect Focus System, Xenon arc lamp, Sutter Lambda 10-3 filter controller and
Hamamatsu Orca Flash 4.0 CMOS detector. Images were collected at 97.5 fps, unbinned, at
0.65 um/pixel (Figures 2,3) or binned 2x2 to 1.3 um/pixel (Figure 4). All studies used a
Nikon Plan Fluor 20X, NA 0.75 multi-immersion objective, water immersion mode. Since
the STAFF macro measures microvascular flow in a fixed set of regions, organ stability is
crucial. Organ immobilization methods for intravital microscopy are described in our
previous publications2*. Field of view may shift briefly during respiration, but returns to its
original position after each respiration, allowing reliable measurements.

Obtaining, installing and using the STAFF software

STAFF is a macro written to run in the FIJI distribution of ImageJ>. FIJI can be downloaded
from https://imagej.net/Fiji#Downloads. and STAFF can be downloaded from https://
github.com/icbm-iupui, along with a User’s Guide. (The STAFF macro and User’s Guide is
currently included as Supplemental Material, but will post to the download site after
acceptance). The STAFF User’s Guide contains step-by-step instructions for installation and
use of the STAFF macro and detailed information on parameter selection and interpretation
of program output.

Digital image analysis

We conducted digital image analysis using the FIJT implementation of ImageJ. The STAFF

macro requires two input files, (1) the time-lapse image sequence and (2) a binary image of
the centerlines, or skeleton of the vascular network. Skeletonized images were derived from
either a manually generated line drawing of the vasculature or from segmented vasculature.
The STAFF User’s Guide describes both procedures.

5. Results

An overview of our approach to measuring microvascular flow is presented in schematic
form (Figure 1). Following surgical exposure, the organ surface is repeatedly imaged at a
high frame rate (Figure 1A). The ability to measure microvascular flow across an entire field
requires collection of images of the field at rates sufficient to resolve an individual red blood
cell’s (RBC’s) trajectory in space-time kymograph images of individual vessel segments.
Under ideal circumstances, the fastest speed that can be resolved in a kymograph is one in
which an RBC shadow is displaced by one unit of time (one pixel) over the length of the
segment. Thus, the maximum measurable speed is a function of both frame rate and segment
length, with a theoretical upper limit being the product of segment length and frame rate.
However, this limit pertains to ideal data; in practice, approaching this limit depends upon
the signal-to-noise ratio in the images.

For most applications, frame rates required for measuring microvascular flow can only be
accomplished with field-imaging systems such as wide-field or spinning disk confocal
microscopy. Although resonant scanning systems support image capture at 30 fps, for most
samples, image quality is poor at these rates. Even in the best case, measurements of RBC
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velocities in the range of the highest rates previously reported, nearly 2000 pm/sec®, would
be limited to segments more than 66 microns in length, significantly longer than a large
fraction of sinusoid network segments.

In our preliminary studies of mouse liver microvasculature labeled with fluorescent dextran,
we compared image series collected at 30, 60, 100 and 200 fps. We found the best trade-off
between segment length and signal-to-noise was obtained when image collection was
conducted at 100 fps, which provides the theoretical capability to measure velocities up to
2000 um/sec in segments as short as 20 microns. In our studies in mouse liver, RBC
velocities over 1000 pm/sec were seldom observed.

We analyze flow velocities for every vascular segment in the image field over multiple time
intervals throughout the period of the video. Vascular segments are identified as the lengths
of vasculature between branch points or terminating in a free end (point where a vessel
leaves the image plane). Time intervals are specified by the user; here we specify time
intervals as the period during which the image remains steady between short periods of
motion that commonly occur during respiration (Figure 1B, white arrows). The region-of-
interest (ROI) that represents each vascular segment is obtained by skeletonization of either
a line drawing or segmented vasculature (Figures 1C and STAFF User’s Guide Sections on
Additional Information about Analyze Skeleton and generating skeleton files, Hand editing
simple networks, and Supplemental Figure 17). STAFF then analyzes the skeleton ’
assigning a unique identifying number to each segment and saving it in an ROI manager file
along with the line drawing of that ROI and its spatial location.

For each vascular segment over each time interval, STAFF creates a kymograph by plotting
intensity from the original image sequence along the ROI (Figure 1B, middle panel, yellow
box) for all images of that time interval. RBC flow along that line segment is visible in the
kymograph as light and dark angled lines that correspond to RBC distance traveled (d) and
time elapsed (t). Using the Directionality plugin in FIJI 8 angles in the kymograph are
detected and a histogram is produced with a peak at the dominant orientation (Figure 1B,C).
A Gaussian distribution is fitted to the highest peak in the histogram and the angle at the
center of the distribution is reported. From this angle and the spatial and temporal calibration
for the image, STAFF calculates RBC flow velocity along that vascular segment. STAFF
then generates a spreadsheet file containing all segment velocities for each time interval,
supporting examination and quantitative analysis in separate statistical analysis software.
STAFF also generates a color-coded velocity map for each time interval that can be viewed
as a time sequence or as a 3D volume, allowing intuitive visual exploration of the full
spatiotemporal dataset.

The major value of STAFF lies in its ability to efficiently quantify microvascular flow in
large and complex networks collected over extended periods of time. While microvascular
flow can be measured manually, the time required to analyze a single kymograph
representing one vascular segment over one time interval (~5 minutes for manual
kymograph analysis, or ~30 minutes for tracking individual cells) is such that manual
approaches are practical only for analyses of small numbers of vascular segments over
limited periods of time. For analyses of the kinds of microvascular networks shown here,
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which consist of 300-500+ segments imaged over 30-100+ time periods, manual kymograph
analysis could require over a year at 40 hours per week, and manual tracking analysis could
take over 7 years. In contrast, STAFF completes this analysis in less than a day.

Measurements of RBC velocity in the microvasculature of the mouse liver

Using STAFF, we analyzed microvascular flow in the mouse liver (Figure 2). A mouse was
placed on the stage of a wide-field microscope following intravenous injection with
fluorescein dextran and surgical presentation of the left lobe of the liver. Following
equilibration, a series of fluorescence images was collected over three minutes at 97.5 fps.
Resulting data (~18,000 images) were then analyzed using STAFF. The first twenty seconds
of the time series is depicted as a volume with time represented as depth (Figure 2A).
Inspection of the first ten seconds of this time series (Videol, plays 1/3' actual speed), show
that profound variability exists in hepatic microvascular flow. Sinusoidal segments with
vigorous flow can be found immediately adjacent to segments where flow has completely
stopped, with higher flow rates overall in pericentral regions. This spatial variability is
particularly apparent in the color-coded velocity map (Figure 2B). This time series also
demonstrates surprising amounts of temporal variability in microvascular flow, with flow in
an individual segment changing dramatically, or even stopping and restarting, over seconds.
This temporal variability is apparent when velocity maps for each inter-respiratory interval
are evaluated in time series (Video 2), or as volume renderings (Figure 2C).

STAFF also provides velocity measurements for all segments over all time intervals in a
spreadsheet, which can be further summarized and analyzed. The mean of all velocities in
the field over the 3-minute period of image collection was 325.02 um/sec (s.e.m. 2.01,
n=25489) a value that was stable over time. We also plotted a histogram for all segments
over all time intervals during the 3-minute period of image collection (Figure 2D). This
histogram demonstrated a bimodal distribution of velocities; one in the range greater than
zero but less than 100 pm/sec and a second, broader distribution of values centered around
450 pm/sec. This bimodal distribution of velocities is similar to the velocities distribution
predicted from simulations of blood flow in model liver lobules”. When velocities from
individual segments are plotted as a function of time interval, velocity changes in individual
segments over time can be evaluated. Examples are shown of a segment maintaining a high
rate of flow throughout the time series and a segment with relatively turgid flow punctuated
by occasional stoppages (Figure 2E) and of two sinusoidal segments whose velocities sum to
the velocity of the single downstream segment into which the two flow (Figure 2F).

The process of analyzing this volume demonstrated a few features of the analysis process
that may need particular scrutiny. First, the quality of the region-of-interest map is critical.
Since images are collected from a single focal plane in a 3-dimensional network, some
apparently simple segments may contain hidden nodes where undetected vessels connect
from above or below. Such segments are characterized either by bidirectional flow,
emanating away from or converging towards the node, or by a change in flow velocity at the
node. Measurements obtained from such segments thus misrepresent the flow of one or the
other contributing segments. Since the direction and magnitude of flow are identified from
the most prominent angle in the kymograph, small shifts in the image field can cause the
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detected maximum to spuriously shift between the velocities of the two contributing
segments. These problems can be avoided by carefully evaluating the region-of-interest map
prior to STAFF analysis. Furthermore, since STAFF provides each segment with an
identifying number that is listed in both the spreadsheet and the region-of-interest map,
interesting or aberrant behaviors of individual segments can (and should) be evaluated after
analysis.

Stability of organ preparation is critical. The investigator must prevent lateral tissue
displacement and also ensure tissue stability relative to the plane of focus. Since vascular
segments occupy different depths in tissue, even subtle changes in focus can compromise
imaging of a few segments in a field. Indeed, in the study described above, inspection of the
velocity map uncovered a segment whose flow rates appeared to fluctuate between 0 and
1000 pm/sec, before stopping altogether. Inspection of the time series demonstrated that this
apparent loss of flow reflected the point at which this segment departed the focal plane of
the objective. (This later interval was omitted from data presented in Figure 2). Subtle
changes in focus can be difficult to detect visually, and since they may affect only a small
fraction of vascular segments may likewise be difficult to detect in measured results.
However, the tools provided by STAFF for inspection of individual segments make it
relatively simple to identify and evaluate questionable segments.

It was critical to us to be able to use the same skeleton over the entire period of analysis to
give us the ability to examine data from individual segments over time. Thus, we limited our
analyses to inter-respiratory periods where the field returned to the same location after
respiration. For fields with just a small x,y drift over time images can simply be repositioned
in X,y. Our tests of image registration by cross-correlation frequently failed, presumably
because of the large displacement during respiration and the high proportion of the image
that was in motion in inter-respiratory periods. Ultimately, even with these limitations,
STAFF returned more data over a larger area over a longer period of time than was possible
without STAFF.

Validation of STAFF measurements of RBC velocities

We verified the accuracy of the measurements obtained from STAFF by comparing them
with results obtained by manually tracking individual RBCs and by manually evaluating
kymographs. We performed manual analyses for every tenth segment from the first time
interval from the dataset shown in Figure 2. The validation measurements were done blind,
without knowledge of the corresponding STAFF measurements. STAFF measurements of
RBC velocities closely agree with velocities obtained by either manual method (Figure 3).
We also qualitatively verified STAFF results (for the first time interval) by visually
comparing flow of every segment to measurements obtained from STAFF. Visual assessment
of whether flow speed in a segment was fast, medium, slow or stopped (defined as velocities
<1 pm/sec) agreed well with STAFF analysis. STAFF velocities did not match visual
assessment in 2 segments out of 334. The first anomaly was caused by a region-of-interest
that was misplaced over the edge of a vessel, and the second reflected a vessel that was out-
of-focus.
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STAFF analysis of the effects of acetaminophen on microvascular flow in the mouse liver

Previous studies demonstrated that acetaminophen (APAP, or Paracetamol) acutely alters
microvascular flow in mice liver, quantified as the fraction of perfused sinusoids per
microscope field!%!1. APAP hepatotoxicity occurs primarily in centrilobular liver regions
suggesting that effects of APAP on microcirculatory flow might likewise manifest in the
regions immediately surrounding the central veins.

To test the ability of STAFF to detect such localized effects, we applied the techniques
described above to studies of mice four hours after intraperitoneal injection of 250 mg/kg
acetaminophen or vehicle. Treatment with vehicle had no apparent effect on appearance of
the liver microvasculature, which, similar to Figure 2, shows relatively homogenous
distribution of fluorescent dextran throughout the microvasculature (Figure 4A) with minor
accumulation around the portal regions. In contrast, fluorescent dextran appears to
accumulate in regions surrounding the central veins in a mouse treated with APAP (Figure
4B). Consistent with this appearance, comparison of microvascular flow in time-series
images from vehicle and APAP-treated mice demonstrate profoundly reduced pericentral
microvascular flow in the APAP-treated mouse (Video3).

The qualitative impression that APAP reduces microvascular flow in pericentral regions is
supported by quantitative STAFF analysis. Whereas pericentral vessels show some of the
highest velocities in the field in a vehicle-treated animal, in APAP treated mice pericentral
vessels are characterized by turgid flow (Figures 4C,D). When integrated across the entire
field over a period of one minute, effects of APAP appear subtle. APAP treatment reduced
mean RBC velocity from 359 to 314 um/sec (4.07 s.e.m., n=5934; 5.17 s.e.m., n=4087) an
effect that appears to largely result from increasing the percentage of segments with
velocities of 0-100 pm/sec (Figures 4E and 4F). However, with analysis restricted to
pericentral vessels, the effect of APAP becomes more apparent. Figures 4G and 4H show the
results of analysis of eight pericentral segments from the circled regions of Figures 4C and
4D, respectively. In this pericentral region, APAP reduced RBC velocity from 483 to 193
um/sec (s.e.m. 23.7, n=357; s.e.m 22.3, n=143) and increased the percentage of segments
with velocities between 0-100 um/sec from 35% to 70%.

6. Discussion

Intravital studies have been conducted using wide-field microscopy for hundreds of years.
Recent studies increasingly turn to laser scanning confocal or multiphoton systems, whose
capability to eliminate out-of-plane fluorescence and (in multiphoton microscopy) to
penetrate deep into scattering tissues is better suited to imaging intact, living tissues.
However, the low frame rate of raster-scanning systems, generally limits studies of
microvascular flow to measurements of single capillaries!2-16. Clever approaches developed
to compensate for the slow rate of image capture in raster scanning systems support
measurement of microvascular flow throughout a field! 7-1° but are limited in their capability
to continuously monitor microvascular flow.

Although wide-field microscopy is compromised by poor rejection of out-of-focus
fluorescence, even inexpensive systems can collect images at hundreds of fps. This high
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speed makes them uniquely capable of continuously monitoring flow throughout a two-
dimensional microvascular network in thin tissues such as the mesentery, or at the surface of
organs. Multiple approaches exist to measure RBC velocities in wide-field intravital images
of microvascular flow that are typically based upon measuring displacement of RBC shadow
in microvasculature labeled with fluorescent dextran or fluorescently labeled cells. RBC
velocities are then generally quantified utilizing either cross-correlation analysis of image

20-23 or measurement of the angles of RBC shadows in space-time images derived

24-26

sequences
from image sequences

However, none of these approaches exists in a form that is easily implementable by most
biomedical researchers for more than a limited number of selected segments per animal. For
this reason, we developed STAFF. Designed for two-dimensional images collected at high
rates (~100 fps), STAFF image processing and analysis workflow is implemented in a FIJI
macro toolset, providing investigators with a simple-to-use approach for automatically
measuring microvascular network flow continuously across an entire image field. STAFF
expedites extraction of rich information that is latent in high-speed time series images of the
microvasculature. In the proof-of-principle studies shown here, STAFF exposed hitherto
unobserved levels of spatial and temporal variability in microvascular flow in mouse liver.

As discussed previously, measurements of microvascular flow depend upon the quality of
the time-series images. In addition to signal-to-noise ratio, flow measurements are
susceptible to the effects of periodic image “flicker”, from contamination by external light
sources or from instability in epi-illumination, encountered in lamps reaching the end of
their useful lifetime. Even if the angle produced by RBC flow in kymographs is obvious to
the human eye, periodic flicker produces horizontal bands in kymographs, resulting in
directionality values at zero degrees. If the zero angle peak is the major peak, the
directionality plugin reports a value very near zero degrees, resulting in velocity
measurements that are impossibly high. If the zero angle peak is not the major peak, it still
influences curve fit and shifts results towards higher velocities. To address this problem,
STAFF provides the option to ignore angles occurring at zero degrees (“Flicker correction”).
Close inspection of Video3 shows that the images collected to studies the effects of
acetaminophen were compromised by lamp flicker. Evaluations of histograms generated
with and without flicker correction demonstrated that the flicker correction option was
effective at removing artifactual values from the directionality histograms without affecting
legitimate angle measurements (Supplementary Figure 20).

While powerful, this approach is limited in a few respects. First, like any form of intravital
microscopy, data is captured from a limited region of an organ, typically tens of microns
deep and less than a millimeter in diameter. Caution must be employed extrapolating from
such small regions. Second, data is captured for a single plane, providing a limited window
into the underlying three-dimensional microvascular network. Flow in three-dimensional
networks can be characterized by combining images collected in time series from different
focal planes?3-23, or from different orientations and scan speeds'®. However, data from
different regions that are not collected contemporaneously may generate inaccurate three-
dimensional flow maps in systems with significant temporal variability. Light sheet
microscopy, a high speed optical sectioning method, is capable of three-dimensional image
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capture fast enough to characterize the heartbeat of zebrafish embryos?, but the geometry of
these systems are generally incompatible with imaging mammalian organs in vivo.

Despite these limitations, this approach has provided us with unique insights into the
dynamics of microvascular flow in mouse liver that, in some ways, require a rethinking of
how we measure microvascular flow. The spatial and temporal variability detected here
demonstrate that overall characterizations of microvascular flow cannot be based upon
measurements obtained from a few capillaries at a single time point, but rather require
measurements obtained from capillary networks, obtained over time, ideally across multiple
time scales. The raw data necessary for continuous measurement of microvascular flow
throughout a two-dimensional network can be easily obtained using wide-field microscopy.
The STAFF image analysis workflow provides an indispensable tool that greatly simplifies
the daunting task of converting raw data of this volume and complexity into quantitative data
that can be evaluated and interpreted.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Non-standard abbreviations and acronyms:

STAFF Spatial Temporal Analysis of Fieldwise Flow
F1JI FIJI Is Just ImageJ

RBC Red blood cell

APAP Acetaminophen (Paracetamol)

ROI Region of interest

fps frames per second

pm/sec microns per second
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Highlights

STAFF simplifies converting capillary flow movie data into quantitative data.

The STAFF macro toolset is implemented in FIJI Image].
Color coded velocity map movie output enables intuitive data exploration.

Spreadsheet output enables further quantitative analyses.
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Figure 1. STAFF analysis of microvascular flow.
a, Schematic diagram of the process of time lapse imaging of the liver of a living mouse on

the stage of an inverted microscope system. The surgically exposed liver is placed onto the
glass coverslip of a 40 mm coverslip bottomed dish, which is then mounted on the warmed
stage of an inverted epifluorescence microscope system. Epifluorescence images are then
collected at ~100 fps using a high-speed CMOS detector. b, The resulting time series
displayed as a three-dimensional volume, in which time is the third dimension. The volume
shows that the field is stable, except during respirations which are indicated with arrows.
RBC velocity measurements are determined for each vessel segment for each inter-
respiratory interval based upon the predominant angle in the kymograph. ¢, Measurements
of RBC velocities for all vascular segments are obtained from kymographs obtained from
line segments throughout the volume. In this example, a semi-automated method was used to
generate a “skeleton” of all vascular segments, whose nodes are then identified and used to
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distinguish individual segments for quantification. Identifying numbers are associated with
each segment in both a map and in the output spreadsheet data file to support inspection and
evaluation of individual segment results.
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Figure 2. Measurement of RBC velocity in the microvasculature of the mouse liver.
High-speed video microscopy was used to collect images of microvascular flow in the liver

of a living mouse at the rate of 97.5 fps, following IV injection of fluorescein-dextran. a,
Volume rendering of the first twenty seconds of the time series, with time depicted as depth
in the volume. CV, central veins; PT, portal triads. Field is 663 microns across. A ten second
sample of the time series is presented in Videol, which plays at approximately 1/3,4 actual
speed. b, Image depicting RBC velocities during one inter-respiratory interval. Velocities are
encoded as colors according to the color bar at the bottom of the image. The time series of
the velocities obtained for each of the 81 inter-respiratory period is presented in Video2. c.
Volume rendering of the RBC velocities over the 81 inter-respiratory periods, with time
depicted as depth in the volume. d. Histogram of RBC velocities obtained from all segments,
over all time intervals. (Note the break in the y-axis). e. Examples of RBC velocities plotted
as a function of interval number (approximately 2 seconds apart) obtained from a segment
with a high RBC velocity and from a segment experiencing intermittent flow stoppages. f.
Example RBC velocity traces of two segments (red and blue) that merge together upstream
of a third segment (green).
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Figure 3. Validation of STAFF measurements.
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Measurements of RBC velocity obtained from 33 segments over the first time interval of the

dataset shown in Figure 2 were compared to measurements obtained by either a, manual

tracking of individual cells or b, manual measurement of kymograph angles. STAFF

measurements agreed well with results provided by either manual technique in both

correlation and in having slopes within 2% of unity.
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Figure 4. STAFF analysis of effects of acetaminophen on microvascular flow in the mouse liver.
High-speed video microscopy was used to collect time series images of microvascular flow

in the livers of living mice 4 hours after intraperitoneal injection of either 250 mg/kg
acetaminophen or vehicle. a. and b. Volume renderings of the first twenty seconds of the
time series (time depicted as depth) for vehicle and APAP-treated mice, respectively. CV,
central veins; PT, Portal triads. Field is 663 microns across. A five-second sample of the two
time series is presented in Video3, which plays at approximately 1/3,4 actual speed. ¢. and
d. Images depicting RBC velocities during one inter-respiratory interval for vehicle and
APAP-treated mice, respectively. Velocities are encoded as colors according to the color bar
at the bottom of the image. e. and f. Histograms of RBC velocities obtained from all
segments, over all time intervals for vehicle and APAP-treated mice, respectively. g. and h.
Histograms of RBC velocities obtained from the pericentral regions circled in images c. and
d., over all time intervals for vehicle and APAP-treated mice, respectively.
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