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Intravital microscopic observation
of the microvasculature
during hemodialysis in healthy rats

B. G. H. Janssen®27:#* Y, M. Zhang'%58, |. Kosik?*8, A. Akbari%*® & C. W. McIntyre%®

Hemodialysis (HD) provides life-saving treatment for kidney failure. Patient mortality is extremely
high, with cardiovascular disease (CVD) being the leading cause of death. This results from both a

high underlying burden of cardiovascular disease, as well as additional physiological stress from

the HD procedure itself. Clinical observations indicate that HD is associated with microvascular
dysfunction (MD), underlining the need for a fundamental pathophysiological assessment of the
microcirculatory consequences of HD. We therefore successfully developed an experimental small
animal model, that allows for a simultaneous real-time assessment of the microvasculature. Using
in-house built ultra-low surface area dialyzers and miniaturized extracorporeal circuit, we successfully
dialyzed male Wistar Kyoto rats and combined this with a simultaneous intravital microscopic
observation of the EDL microvasculature. Our results show that even in healthy animals, a euvolemic
HD procedure can induce a significant systemic hemodynamic disturbance and induce disruption of
microvascular perfusion (as evidence by a reduction in the proportion of the observed microcirculation
receiving blood flow). This study, using a new small animal hemodialysis model, has allowed direct
demonstration that microvascular blood flow in tissue in skeletal muscle is acutely reduced during HD,
potentially in concert with other microvascular beds. It shows that preclinical small animal models
can be used to further investigate HD-induced ischemic organ injury and allow rapid throughput of
putative interventions directed at reducing HD-induced multi-organ ischemic injury.

Abbreviations

BUN  Blood urea nitrogen

Crea  Creatine

CVD Cardiovascular disease
EDL  Extensor digitorum longus muscle
FOV  Field of view

HD  Hemodialysis

HR Heart rate

IR Infra-red

IVM  Intravital microscopy
MAP  Mean arterial pressure

MD  Microvascular dysfunction
RBC  Redblood cells

SAD  Sum of absolute differences
SPF  Specific pathogen free

uv Ultraviolet
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Patients suffering from severe chronic kidney disease (CKD) rely on hemodialysis (HD) for renal replacement
therapy. It provides life-saving treatment for kidney failure for around three million people globally, typically
consuming 5-10% of total healthcare budgets in the developed world. Quality of life in patients is poor and
mortality is exceptionally high; one in three patients will die within a year of starting dialysis, with cardiovascular
disease (CVD) being the leading cause of death"?. This huge excess of CV mortality directly results of an elevated
prevalence of an underlying CV disease in patients with kidney disease®*. Although HD treatment improves
patients’ overall health and reduces CVD morbidity and mortality®, a significant portion of CKD patients on HD
will still be confronted with elevated risks to develop severe cardiovascular complications during and between
dialysis treatments. this is further exacerbated by additional physiological stress from the HD procedure itself.
More importantly, it has now been recognized that HD acts as an independent risk factor for de-novo and
recurrent heart failure®, signifying that in a significant portion of HD patients, without any pre-existing cardiac
disease, will develop CVD directly resulting from the recurrent HD procedure itself.

HD causes recurrent and cumulative ischemic injury to the heart (driving cardiac sudden death and the
development of heart failure)” and other vulnerable vascular beds-resulting in brain injury (cognitive impair-
ment)?, liver injury (reduced toxin clearance) and kidney injury (reduced residual renal function)®. Multimodal
imaging studies during HD have confirmed a reduction in organ perfusion both early in the treatment session
(blood contacting the extracorporeal circuit) and later, as a consequence of fluid removal and hypotension®°.
These early reductions in tissue perfusion occur before significant circulatory stress has been applied and in
combination with observed effects of HD on children and adult patients with acute kidney injury (without a
background of CKD), strongly suggest a significant effect on microcirculatory flow during the HD procedure''~*?.

Microvascular dysfunction (MD) involves the maldistribution of blood flow in the tissue, leaving sig-
nificant areas under-perfused. MD develops rapidly and can be observed during several pathophysiological
circumstances'*’, suggesting that MD constitutes a standard feature found in a range of different pathologies.
MD is associated with activation of platelets, resulting in the formation of microthrombi reducing effective tissue
perfusion?'. MD is commonly found in critically ill patients, interfering with adequate blood flow to tissue and
organs, ultimately leading to irreversible tissue damage and multiple organ failure®?. Often the heart is separately
affected reducing myocardial microvascular perfusion and overall cardiac contractile function®, compounding
the effects of MD in tissues. Recent observations indicate that dialysis procedure directly leads to a functional
reduction of microvascular perfusion throughout the body, while investigations in the cutaneous perfusion,
effectively detect HD-induced acute myocardial ischemic injury?*-%.

Direct experimental visualization and quantification of MD are usually done using intravital video micros-
copy (IVM), allowing for a detailed visualization and investigation of the microvascular blood flow in surgically
exposed tissue in a living animal, and as such, can be used to investigate the development of MD under different
pathophysiological circumstances?~%.

To our knowledge, no pre-clinical small animal model currently exists that allows for the direct observation
of the microvascular perfusion during a HD procedure. The significance of such a model is that it would greatly
facilitate the investigation in how changes in treatment procedure, dialyzer design, or new pharmacological
treatment strategies, affect hemodialysis and its effects on microvascular perfusion. In this study we describe
and present a novel small animal dialysis model and utilize it to demonstrate the negative effects of HD directly
on microcirculatory function.

Materials and methods

Experimental animals. All experimental animal work described in this study was performed in accord-
ance with the legal guidelines and regulations set by the Canadian Council of Animal Care (CCAC) and approved
by the Animal Care and Use Committee (ACUC) of Western University, London, Ontario, Canada. All animal
work in the study was carried out in compliance with the ARRIVE guidelines (https://arriveguidelines.org)®.

Thirteen male Wistar Kyoto rats (weight approx. 250-300 g, SPFE, Charles River, Wilmington, MA, USA) were
housed under standard conditions, i.e., water and food ad libitum, 12/12 light-dark cycle at room temperature.
Animals were allowed to acclimatize for at least 72 h after arrival at our animal facility before entering the experi-
mental procedures. All were fully anaesthetized with an isoflurane oxygen mixture (induction 4% isoflurane) and
free breathing during the experiment. Anesthesia was tapered (2%) to minimize its effects on blood pressure®"2.

Body temperature was maintained at 36.5 °C using a rectal probe and an infrared lamp connected to an auto-
mated temperature monitor (TCAT-2 Temperature Controller, Physitemp Instruments Clifton NJ). A catheter
was placed in the carotid artery and connected to a pressure transducer, to monitor mean arterial blood pressure
and heart rate using a rodent blood pressure analyzer (DMSI-400, Micro-Med Inc, Louisville KY USA).

Minimal perfusion with heparinized (2 U/ml) dialysate fluid was used to ensure the carotid catheter’s patency
during the complete procedure (approximately 6 h). Pump rate was set to such a level that allowed for a limited
inflow of arterial blood into the catheter. Keeping the blood-fluid boundary in a constant position in the cath-
eter, indicated that both blood pressure and pump rate were in close equilibrium with only a minimal amount
of fluid being infused.

To establish extracorporeal blood flow, two indwelling catheters were placed; one in the left femoral artery
as to enable the blood supply towards the dialyzer unit, while a second indwelling catheter was placed in the left
femoral vein to allow the blood to return into the systemic blood circulation (Fig. 1A).

Once these catheters were securely placed and connected to the dialyzer unit, the hemodialysis procedure
was initiated, using an extra-corporeal peristaltic pump (P720, Instech Lab., Plymouth Meeting, PA, USA), with
a single-lumen tubing (FL-093S-LL, Instech Lab., Plymouth Meeting, PA, USA).
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Figure 1. Dialysis setup and mini-dialyzer. (A) Schematic overview of dialysis setup. a: catheter left femoral
artery, b: catheter left femoral vein, c: the bypass shunt used for sham procedure. Blood pumps, 1 & 2 dialysate
pumps. Blood is pumped (pump 3) from the femoral artery through the dialysis unit to the tail vein, while
dialysate is counter-currently pumped through the dialysis-unit. Blood flow is set at 2 ml/min/kg body weight,
dialysate flow 1 ml/min. (B) 75 fiber dialyzer unit (for details see Table 1) (image produced by B(GH) Janssen).

Surgery-muscle microvasculature. Microvascular observations were performed on EDL muscle as pre-
viously described®. Subsequently, the tissue is left for an acclimatization period of 30 min before the baseline
intravital microscopic observations are made. Observations were made using an inverted microscope (Nikon
Eclipse-Ti, Nikon Instruments, Melville, New York, USA), using an adapted microscope stage. The EDL tissue
was trans-illuminated (100 W xenon light-source, PTI LPS 220, Horiba Scientific, Piscataway NJ, USA), com-
bined with an optical light guide (Thorlabs, Newton, NJ, USA) and 400-550 nm bandpass filter to prevent any
tissue damage related to both the UV and IR light emanating from the xenon light source. An additional filter,
(450 nm/20 nm band-pass filter; 450BP20; Omega Optical, Brattleboro, VT, USA), was placed directly in front
of the camera to enhance the visualization of red blood cells (RBC).

Intravital microscopic images (1200 x 1920 pixels; 16 bit) of the EDL microcirculation were acquired using
a multispectral multi-camera imaging system (MSMC-23-1-A, Spectral Devices Inc., London, Canada), and
subsequently stored on a hard drive for later oft-line analysis.

Micro-dialyzer unit. The microdialyzers used in the experiments were assembled using conventional poly-
sulphone fibers collected from existing dialyzers (FX 600 Helixone, Fresenius, Canada) and placed in a polycar-
bonate tubular housing (Fig. 1B and Table 1). For each experiment a new micro-dialyzer was produced accord-
ing to these specifications.

In-vivo hemodialysis combined with intravital microscopy. In-vivo dialysis. Prior to the in vivo
dialysis procedure, the dialyzer and all connected fluid lines were thoroughly flushed and filled with freshly
prepared dialysate fluid. The total volume of the extracorporeal circulation (i.e., dialyzer unit and catheters) was
2.28 ml. Simultaneous dialysate flow (countercurrent to the blood flow in the microfibers), was established us-
ing two separate, peristaltic infusion pumps (Sigma Spectrum V8 Infusion System, Baxter, Deerfield, Ill, USA).
Pump rates in both dialysis fluid pumps was set at approximately 1 ml/min. Dialysate pump rates were adjusted
based on the baseline systemic hematocrit, to ensure an euvolemic HD procedure.

Since approximately 7% of the bodyweight in rats can be attributed to blood volume®, we estimate that the
systemic blood volume of the animals in our study varies between 17.5 and 21 ml. Consequently, during the
hemodialysis procedure, 11-14% of the rat’s systemic blood will be redistributed over the total extracorporeal
volume of the mini-dialyzer (2.28 ml).

Although rats appear to be relatively resilient to changes in systemic blood volume either during hemorraghic
shock®*%, or cardiopulmonary bypass and extracorporeal membrane oxygenation®’*, involving significantly
larger extracorporeal volume than used in our investigations. However, it cannot be excluded that in our experi-
ments the additional volume of the fully primed extracorporeal circuit can exert a cardiovascular effect during the
HD procedure. As such, we included a SHAM procedure, in which a bypass with the same internal volume as the
mini-dialyzer (290 pl) is used alongside the min-dialyzer for 1 h, after which blood flow is switched to be pumped
through the dialyzer. This allows the animal to become physiologically adjusted to a additional extracorporeal
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Material outer housing PMMA
Length 150 mm
Diameter (internal) 6.4 mm
Number of microfibers 75

Material Polysulphone
Fiber internal diameter 210 um
Internal volume dialyzer fibers 260 pl

Total internal volume dialyzer 590 ul

Active length? 100 mm
;Froet:l effective membrane exchange 49.5 cm?
Dialysate flow approx. 1 ml/min
Dialyzer blood flow 2 ml/min kg
Total extracorporeal priming volume | 2.28 ml

Table 1. Technical specifications of the micro-dialyzers used in the experiments. All components have been
built and designed in-house, polysulphone fibers were harvested from conventional clinical hemodialyzers.
*Length of dialyzer fibre section involved in fluid/solute exchange.

fluid volume, as well as and minimizes the effect of a volume change during HD, since this would only involve
the internal volume of the mini-dialyzer.

During the HD procedure, blood is pumped through the dialyzer fibers for 2 h (pump rate: 2 ml/kg/h).

Subsequently blood samples (250 ul) were taken at baseline, after 1 h sham and at 1 and 2 h during HD.
Baseline and sham blood samples were taken directly from the dialyzer inflow, while later samples were taken
from both the inflow as well as the outflow of the dialyzer unit.

Samples were analyzed using a VetStat point of care blood gas analyzer (VetScan i-STAT-1 Handheld Analyzer,
Abaxis, Union City, CA USA) in combination with an iStat Chem8+ cartridge (Abbott, Princeton, NJ USA)
respectively, which allow to measure electrolytes (Na*, K*, Cl, ionized Ca*"), hematocrit and hemoglobin, and
Urea (BUN) and Creatinine (Crea) in the collected blood samples. An equivalent volume of sterile dialysate fluid
was injected to compensate for the change in blood volume. Baseline blood samples were taken during 13 HD
experiments; due to unexpected clotting in the extracorporeal dialyzer circuit 11 blood samples were taken at
sham and the 1-h HD timepoint, while 9 samples were taken at the 2-h HD timepoint.

Intravital microscopy during hemodialysis.. In this study we describe the ability to perform an HD procedure
combined with an IVM procedure. Successful IVVM observations were performed in 10 animals during base-
line and sham. Some animals were lost during the HD procedure, therefore, at the 1-h and 2-h HD procedure
observations were successfully made in 8 and 7 animals respectively. For this, the muscle was surgically prepared
and placed under the microscope. After a 30-min acclimatization period, a baseline observation was made from
the microvasculature in the muscle, and a selection is made of several adjacent fields of view (FOV). During the
following sham and HD procedure, each pre-selected FOV was repeatedly microscopically investigated (once
each hour), which allowed to observe the change in perfusion index (i.e., the number of perfused microvessels)
during the experimental procedure.

Video analysis. Captured IVVM images were stored on a hard drive for later off-line analysis; all intravital
observations consisted of a recorded image sequence of 60 s (framerate: 30 frames per second). All images were
processed using the in-house written Matlab based software, (Matlab 2020a, the Matworks Inc, Natrick, MA
USA; https://www.mathworks.com).

This approach, partially based on algorithms as described earlier*, allows identification of vessels that are
actively perfused by flowing RBC; by registering the absolute value of light intensity changes in the associated
pixels due to the movement of the RBC. Adding up these values, creates (sum of absolute intensity differences;
SAD) images, which visualize actively perfused microvessels. Since the same FOV is observed at subsequent time
points, it is possible to identify the change over time in the number of perfused blood vessels. To quantify the
number of perfused vessels, the subsequent images were super-imposed, ensuring that for each observed FOV
the same tissue area is observed, while final assessment of tissue perfusion using a recently developed two-step
machine learning algorithm, capable to identify which vessels segments in the observed microvasculature are
actively perfused. In short, this algorithm analyses video data by processing the SAD image in relation to am
10x 10 grid and assessing whether the intersections between grid and the vascular geometric structure are associ-
ated with vascular blood flow. For this, the algorithm analyzes each individual intersection with the associated
recorded video to assess if blood flow is present or not. Not only does this significantly expedite the analysis of
the large video data sets associated with intravital video microscopy, it also ensures a more consistent analysis
of the video data compared to a manual analysis step*’.

Statistical analysis. Statistical testing was done with GraphPad Prism (Prism 9 for macOS (Version 9.2.0
(283), GraphPad Software, San Diego, California USA, http://www.graphpad.com). All hemodynamics (mean

Scientific Reports |

(2022) 12:101 | https://doi.org/10.1038/s41598-021-03681-2 nature portfolio


https://www.mathworks.com
http://www.graphpad.com

www.nature.com/scientificreports/

Figure 2. Video still images from IVVM observation of the EDL microvasculature. These images are acquired
at baseline, before the start of the HD procedure. The cut-out in (A) represents a part of the total field of view
(233 um x 373 um) shown in (B) (93 pum x 149 pm) (see the associated videos in supplemental data: S1-Fig. 2A
and S2-Fig. 2B)” (image produced by B(GH) Janssen).

arterial blood pressure and heart rate) are all analyzed either using the Ordinary one-way Anova (Dunnet cor-
rection for multiple comparisons) for unpaired data, or the mixed-effect analysis (Dunnet correction for multi-
ple comparisons) for paired data. The number of grid-points indicating vessel-perfusion, are analyzed using the
Ordinary one-way Anova (Dunnet correction for multiple comparisons). Blood chemistry values were analyzed
using a one-way Anova (Bonferoni correction for multiple comparisons).

Results

Intravital microscopy. Figure 2 shows still images of a microscopic observation of the EDL muscle micro-
vasculature in the rat during a baseline observation, just prior to the start of the HD procedure (see Supple-
mental video data). These results show the technical feasibility to observe the microvasculature during a HD
procedure, and functionally analyse microcirculatory blood flow.

Figure 3 depicts SAD images showing how tissue perfusion changes during a HD procedure. By observing
the same tissue area at different time points during a HD procedure, and process the captured video images to
visualize the geometry of the perfused vessel structure, it is possible to assess the change in tissue perfusion dur-
ing HD. While during baseline observations the tissue is well perfused (see Supplemental video data), at later
time points during the HD procedure, microvascular perfusion in a significant portion of the observed tissue
significantly impaired. The red rectangles in the SAD images (Fig. 3A-D), representing the same tissue areas in
the EDL muscle, show that during the HD procedure less microvessels are actively perfused and remaining tissue
perfusion is more sluggish compared to control observations (see Supplemental video data).

Further functional analysis of the intravital microscopic videos using two-step algorithms based on a recently
developed machine learning algorithm, capable to identify which vessels segments in the observed microvas-
culature are actively perfused. Analysis of the video data shows that microvascular perfusion is significantly
reduced during the HD procedure. Intravital microscopic observations in 10 animals showed that the number
of intersections compared to baseline (n=47 FOV; mean: 139; range 16-304), indicating the level of tissue perfu-
sion, had significantly reduced during the 1-h sham procedure (n =46 FOV; mean: 104, range: 16-188), and 2-h
hemodialysis procedure (n =23 FOV; mean: 84; range: 5-229) (respective p-values; 0.0192 and 0.0035; Ordinary
one-way Anova with Dunnet correction for multiple comparisons), while compared at 1-h hemodialysis (n =35
FOV; mean: 119; range: 13-336), no significant difference with baseline was observed (Fig. 4).

Hemodynamics. Analysis of the hemodynamic data showed that the sham procedure resulted in a moder-
ate and transient reduction in mean arterial blood pressure (Fig. 5A). Compared to baseline t=0 min, MAP
(mean: 82.5 mmHg, range 74-87.3 mmHg) was significantly lowered at 10 min (mean: 72.7 mm Hg; range
64.2-78.5 mmHg), 15 min (mean: 68.9 mm Hg; range 46.9-57.8 mmHg), 20 min (mean: 71.1 mm Hg; range
57.8-80.1 mmHg), 25 min (mean: 70.2 mm Hg; range 46.3-81.5 mmHg) and 30 min(mean: 72.2 mm Hg; range
47.5-83.0 mmHg) into the HD procedure (p-values: <0.0001, 0.0014, 0.0005, 0.0152, and 0.0465 respectively;
mixed-effect analysis with Dunnet correction for multiple comparisons), while MAP recovers back to baseline
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Baseline Sham 1 hour hemodialysis 2 hour hemodialysis

Figure 3. Tissue perfusion during hemodialysis. SAD images from an IVVM observation of the EDL
microvasculature at different timepoints during HD (tissue area of 233 um x 373 pm). (A): Baseline SAD image.
(B): SAD image at 1 h sham procedure. (C): SAD image at 1 h hemodialysis procedure. (D): SAD image at 2 h
hemodialysis (see the associated inverse videos in supplemental data: S3-Fig. 3A, S4-Fig. 3B, S5-Fig. 3C and S6-
Fig. 3D) (image produced by B(GH) Janssen using Matlab 2020a, the Matworks Inc, Natrick, MA USA; https://
www.mathworks.com).

Number of intesections

200
Kk
| I ns
| % .
150
2
E E
]
Q
- —
Q
&
T
§ 100
-
o
=
@
o
£ .
S
z
50—
0 T T T T
Baseline Sham 1Hr 2 Hr

Hemodialysis time

Figure 4. Tissue perfusion of the EDL microvasculature during HD as indicated by the number of grid
intersections at different timepoints. Compared to baseline, the number of grid intersections was significantly
reduced in the sham group and after a 2-h HD procedure (0.0192 and 0.0035 respectively; Ordinary one-way
Anova with Dunnet correction for multiple comparisons) (image produced by B(GH) Janssen using; Prism 9 for
macOS (Version 9.2.0 (283), GraphPad Software, San Diego, California USA, http://www.graphpad.com).
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Effect of Sham Procedure on Mean Arterial Pressure and Heart Rate
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Figure 5. Effect of a 1-h sham procedure on: (A) mean arterial pressure and (B) heart rate. Sham was started at
(timepoint 0 min) and recorded continuously during the experiment (n=9 animals; mixed-effect analysis with
Dunnet correction for multiple comparisons. (*): p <0.05, (**): p<0.01), (***): p<0.001 (****): p<0.0001 (image
produced by B(GH) Janssen using; Prism 9 for macOS (Version 9.2.0 (283), GraphPad Software, San Diego,
California USA, http://www.graphpad.com).
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Figure 6. Effect of total experimental hemodialysis procedure on: (A) mean arterial pressure and (B) heart rate.
Hemodialysis started following the sham procedure (timepoint 60 min) and recorded continuously during the
2-h hemodialysis. (n=9 animals; Ordinary one-way Anova with Dunnet correction for multiple comparisons;
(*): p<0.05, (**): p<0.01), (***): p<0.00. (Image produced by B(GH) Janssen using; Prism 9 for macOS
(Version 9.2.0 (283), GraphPad Software, San Diego, California USA, http://www.graphpad.com).

well before the start of the HD procedure. Heart rate during baseline, ranged from 234 to 381 bpm (mean
335 bpm) and was not significantly affected during the 1-h sham procedure (Fig. 5B).

In 9 animals we were able to successfully monitor MAP and heart rate during the complete HD procedure.
The results show that following the 1-h sham procedure blood pressure (Fig. 6A) dropped significantly from
baseline (mean: 82.5 mmHg, range: 74 to 87.3 mmHg) to (mean: 66.0 mmHg, range: 60.8 to 72.6 mmHg) and
(mean: 58.5 mmHg, range: 39.7 to 69.4 mmHg) after an HD procedure of respectively 1 and 2 h (p-values; 0.0126
and 0.0001 respectively; One-way Anova with Dunnet correction for multiple comparisons). Heart rate showed
a significant increase after a 2-h HD procedure; from 335 bpm (range: 234 to 381 bpm at baseline, to 397 bpm
(range: 342 to 499 bpm); p-value: 0.0291 (One-way Anova with Dunnet correction for multiple comparisons).
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Dialysis (1 Hr) Dialysis (2 Hr)
Baseline Sham Loy =gl
(n=13) (n=11) Pre-dialyzer Post-dialyzer Pre-dialyzer Post-dialyzer
Ca?* (mmol/L) 1.22 1.12 1.17 1.13 1.15 1.12
(1.12-1.27) (1.14-1.28) (1.07-1.29) (1.05-1.26) (1.06-1.28) (1.04-1.24)
Na (mmol/L) 138 137 137 136 136 135
(139-140) (135-138) (33-1139) (133-138) (135-137) (133-138)
5.5% (a) 5.5 3.5 (b) 6.0%* (a) 3,900 (b)
K (mmol/L) 49 (4.5-5.5) (4.7-6.4) (3.5-7.6) (3.0-4.1) (5.1-7.2) (3.5-4.8)
Glu (mg/dL) 298 187 159.0 128.0 ** ® 122.0* @ 113.0
& (137-295) (136-260) (84-228) (92 -1780) (56-182) (73-155)
TCO2 33.1 31.8 31.8 33.3 30.9* @ 332.2
(mg/dL) (31.0-34.0) (26.0-34.0) (29.0-35.0) (28.0-37.0) (29.0-34.0) (27.0-36.0)
35.7 34.2 36.0 37.8 34.4 37.3
0y
HCT (%PCV) (31.0-38.0) (32.0-40.0) (32.0-39.0) (28.0-46.0) (30.0-39.0) (30.0-49.0)
22.9 29.4%0 @ 31.0* @ 14,20+ ®) 347 @ 18.60* ®
BUN (mg/dL) (14.0-29.0) (23.0-36.0) (9.0-42) (9.0-20.0) (20.0-42.0) (11.0-29.0)
Crea (mg/dL) 0.44 0.59 0.7 0.37* ® 0.96* @ 0.53% ®
& (0.20-0.70) (0.4-0.90) (0.20-1.5) (0.20-0.60) (0.4-1.50) (0.20-1.00)

Table 2. Blood analysis (Vetscan Chem8+). Mean (range), (n=number of measurements). One-way Anova
(Dunnet correction for multiple comparisons). (*): p<0.05, (**): p<0.01), (**): p<0.001, (****): p<0.0001.
(a): compared to baseline sample, (b) compared to pre-dialyzer sample.

Heart rate showed a significant increase after a 2-h HD procedure (Fig. 6B); from 335 bpm (range: 234 to
381 bpm at baseline, to 397 bpm (range: 342 to 499 bpm); p-value: 0.0483 (Kruskal-Wallis test with Dunn’s cor-
rection for multiple comparisons).

Blood analysis.  Since for this study only healthy animals with intact kidney function were used, initial mean
baseline levels of the blood solutes (Table 2) were all within the normal range reported for healthy rats*. The
dialysate fluid used in our experiments is based on a standard composition used in clinical practice (Table 3).
Analysis of the blood samples taken at different timepoints during the HD procedure show that the sham proce-
dure resulted in significantly increased levels of K+ and BUN, while Crea levels were also elevated, yet not statis-
tically significant. However, during the procedure we find that systemic K+, BUN and Crea levels, as represented
by pre-dialyzer plasma levels, significantly increased when compared to their respective baseline values, while
glucose levels were significantly reduced likely due to the lack of glucose in the dialysate. The mini-dialyzers
effectively lowered plasma levels of K+ BUN, Crea and glucose during passage through the mini-dialyzer at 1 h
and 2-h HD.

Discussion

General. In this initial study we describe a new small animal model, which allows for an in-vivo investiga-
tion of microvascular perfusion during a hemodialysis procedure. Using in-house developed and assembled
miniaturized dialyzer units with a very low extracorporeal volume, we can effectively dialyze the small animals
and clear in-vivo small molecular solutes directly from the blood.

Our results show that HD is capable to induce a significant disruption in tissue perfusion as observed in the
exteriorized EDL tissue in healthy rats during a 2-h hemodialysis procedure, showing that even in the absence
of an underlying renal pathology, an euvolemic hemodialysis procedure can directly affect the quality of micro-
vascular perfusion in-vivo.

Our results show that an HD procedure performed with the mini-dialyzers is associated with a significant
decrease tissue perfusion when observing the microcirculation in the EDL muscle tissue of healthy animals. The
absence of any underlying pathology clearly indicates that a (euvolemic) HD procedure itself directly affects the
quality of microvascular perfusion in-vivo.

During an HD procedure, blood is guided from the central blood stream into the dialyzer circuit to mitigate
the systemic build-up of excess fluid and metabolic waste materials associated with renal failure. Our studies
clearly show that microvascular perfusion is directly affected by a 2-h hemodialysis procedure, showing micro-
vascular perfusion in the selected FOVs, as indicated as the by number of grid intersections representing the
number of perfused microvessel segments.

Our results further underline the importance for an in-vivo research model that allows for the direct inves-
tigation of the in-vivo correlation between HD and MD. The small size of the animals in this study, facilitates
a clear and detailed observation of microvasculature in the EDL muscle, both before, as well as during the HD
procedure. So far experimental HD studies have mainly been performed in larger animals like goat*>*4, pigs**,
sheep*, foals¥, cats and dogs***° and have never involved any simultaneous intravital microscopic observation
of the microvascular perfusion.

The challenge of producing stable severe chronic kidney failure in larger animals (in contrast to several well-
developed methods in rats) combined with the technical complexity of performing a HD in a small animal, has
resulted in a paucity in the number of studies which describe the microvascular maldistribution of tissue blood
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Na* 137 mmol/l
K* 3.00 mmol/l
Ca? 1.25 mmol/l
Mg* 0.50 mmol/l
ClI- 106.5 mmol/l
HCO*" 33.0 mmol/l
CH3COO~ 4.00 mmol/l
Glucose 1.00 g/l

CD 13.745 mS/cm

Table 3. Composition dialysate (freshly made prior to each experiment).

flow during HD in small laboratory animals®**!. The technical challenge involves the manufacturing of a mini-
hemodialyzer small enough to perform a successful HD in animals under 300 g, as well as the technical skill to
simultaneously perform intravital microscopic observations in the tissue.

To our knowledge, this is the first systematic investigation describing the feasibility of a small animal model
to study the in-vivo effect of HD on microvascular perfusion. The ability to investigate the development of MD
during a HD procedure, allows to study the pathophysiological conditions that cause the HD associated disrup-
tion of microvascular blood flow as well as investigate treatments that will mitigate these adverse responses.

The sham procedure and microvascular perfusion.  Our intravital microscopic results show that dur-
ing the sham procedure, the number of grid intersections representing the level of microvascular perfusion was
reduced by approximately 25%, indicating that the additional extracorporeal priming fluid volume reduces tis-
sue perfusion in the observed EDL muscle microvasculature. Although this outcome may directly result directly
from a dilution-effect due to the infusion of the priming fluid entering the systemic circulation, however, this
notion is not supported by our observation that systemic HCT values, which can be used to assess the fluid bal-
ance during HD>*>*, remain unchanged during the experiment.

The sham procedure was introduced in our model to facilitate the physiological adaptation of the animal
to the additional extracorporeal priming volume of the hemodialysis circuit, which comprises approximately
11-14% of the rat’s systemic blood volume. The results from our investigations show that this procedure appears
to be hemodynamically well tolerated by the animal, inducing only a moderate and transient decrease in mean
arterial pressure between 10 and 30 min into the sham procedure. Furthermore, since also heart rate during
the sham procedure remains unchanged, we infer that despite changes in the EDL microvascular blood flow,
myocardial tissue perfusion is likely not significantly affected by this procedure. Studies have shown that rats
appear to be relatively resilient to changes in systemic blood volume either during hemorrhagic shock®*, or
cardiopulmonary bypass and extracorporeal membrane oxygenation®’ ¥, often involving significantly larger
extracorporeal volumes than used in our investigations. Our results are in line with observations from a study
describing the effect of a mock model of an extracorporeal membrane oxygenation device in rats, involving an
extracorporeal priming volume of 2.5 ml. Similar to our investigations, researchers showed only a limited reduc-
tion in mean arterial blood pressure starting shortly after the start of the procedure, while remaining constant
during the 8 h observation®.

The hemodialysis procedure and microvascular perfusion. Following the start of HD, we observe a
continuing decline of the tissue’s microvascular perfusion. Although not statistically significant, after a 1-h HD
procedure, microvascular perfusion was found to be below baseline, yet not different compared to the 1-h sham
procedure. Continuing the HD procedure shows that between 1 and 2 h, microvascular tissue perfusion con-
tinued to deteriorate significantly by approximately 40% compared to baseline value. In addition, we observed
a concomitant and consistent decline in MAP and increase in heart rate during the 2-h procedure. Since the
HD procedure in our investigations clearly affects the quality of microvascular perfusion of a skeletal muscle,
it is likely that perfusion in other microvascular beds e.g., the myocardial microcirculation, would also become
affected.

Other investigations have shown that tissue perfusion can be affected by HD, and subclinical perfusion
disturbances due to hemodialysis have been reported throughout the entire body?***>*. HD has been shown to
induce cardiac stunning in patients due to the maldistribution of myocardial blood flow, which ultimately cause
irreversible structural change of the myocardium®. Using sidestream-dark-field-imaging, it was recently shown
that the sublingual microcirculation was significantly decreased during HD, indicating a direct link between
hemodialysis and changes in tissue perfusion resulting in MD. Detailed observations using photon-emission
computed tomography revealed that in 70% of patients with no pre-existing coronary pathology, HD would
induce myocardial perfusion defects®®, which due to their subclinical nature, often go undetected®*”*.

It is unclear what causes the intradialytic microvascular defects; although a change in the patient’s fluid status
can be a contributing factor, it was found that these blood flow disturbances occur early during an HD proce-
dure, and do not coincide with any decrease in blood volume due to ultrafiltration®®. Research has shown that
due to the bio-incomparability of the material of the dialysis membranes and extracorporeal circuit, can result
in activation of leukocytes which are subsequently sequestered in the lung microcirculation®°. It has also been
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shown that formation of microbubbles is a common phenomenon during HD, likely resulting from the fluid
dynamic turbulence in the extracorporeal circuit and which can cause damage to tissues by inducing an inflam-
matory response, complement activation of and coagulation®'. Since this would directly impede microvascular
blood flow in the alveolar microvasculature, it could explain the observed reduction of oxygen uptake®? and
oxygen saturation levels in hemodialysis patients®*®*. In most HD patients a decline in blood pressure can found
during hemodialysis, which cannot be attributed to the removal of fluid from the central circulation®. Studies
show that intradialytic reduced oxygen levels are closely associated with intradialytic hypotension®¢7 as well
as patient survival®®. Both interdialytic MD as well as a reduction in oxygen saturation, would affect myocardial
function and consequently blood pressure, further exacerbating any developing perfusion disturbances in other
tissues throughout the body. It was shown that in patients without any pre-existing coronary pathology, the HD
procedure itself diminishes the myocardium’ ability to accommodate the required workload by diminishing the
coronary flow-reserve®. In fact, it was found that severe intradialytic hypotension occurs in 20-30% of patients
undergoing HD”%"2, likely resulting from a fluid imbalance due to ultrafiltration, leading to a hypovolemic state
and a reduction of cardiac output and overall tissue perfusion®. Studies indicate that dialysate cooling effectively
reduces the incidence of the intradialytic hypotensive episodes and improves the hemodynamic tolerability of
the HD procedure. Cooled dialysate will lower the patient’s body temperature, resulting in an autoregulatory
vasoconstrictive response in the peripheral and cutaneous circulation, and improvement of cardiac output and
hemodynamic stability during HD”’. However, the animal’s body core temperature (as measured continuously
using a rectal probe during the procedure) is maintained at 36.5 °C, and although the dialysate is kept at ambient
room temperature (24 °C), the animals show no signs of hypothermia. It indicates that in our set-up any transient
cooling of blood flowing through the mini-dialyzer, does not affect the core body temperature of the animal. Since
in our investigations the fluid status of the animals remains unchanged, the changes in blood pressure cannot be
attributed to a hypovolemic state, but more likely point to a bioincompatible interaction between the membrane
material and the blood flowing through the dialyzer fibres. Studies in pigs show that a selective extracorporeal
cooling down to 20 °C during hemofiltration can be done safely, without affecting blood coagulation or leukocyte
activation’, in fact some investigations suggest that specific cooling of the hemodialysis filter may improve the
membrane’s biocompatibility”>7°.

The repetitive nature of the HD procedure, ensures that these blood flow disruptions may result in a recurring
accumulative ischemic injury in the tissue and ultimately leading to irreversible changes in the affected organs.
Whereas MD is a systemic condition it can also affect other microvascular beds throughout the body, and it is
therefore reasonable to assume that changes observed in the cardiac microvasculature, may also occur in other
anatomical locations. Since the microvascular blood flow is critical for oxygen delivery to the tissue, any disrup-
tion would directly affect tissue metabolism and function.

Such a maldistribution of blood flow could explain why in our experiments renal filtration appears to become
less efficient during HD. While in the heart this would result into cardiac and hemodynamic failure and arrhyth-
mia, in the brain and liver ischemic injury would lead to cognitive impairment’” and a reduced toxin clearance’,
respectively. Furthermore, it was found that a hemodialysis procedure affects the renal functionality, ultimately
resulting in a decline in residual renal function”.

Although both Crea and BUN are effectively cleared from the blood when passing the mini dialyzer, during
the in-vivo HD procedure both metabolic waste products significantly increase during the procedure, although
plasma levels are still within normal range**. These results show that even in healthy animals, renal filtration
and functionality are significantly affected by the HD procedure. Moreover, since even the HD procedure itself
can result in a reduction of renal perfusion and subsequent filtration, it is possible that this would be the reason
for the increase of levels of Crea and BUN in our studies. Eventually, if kidney function would become affected
and less efficient since the recurrent reduction of renal blood flow could ultimately result in tissue injury and
off-set any residual clearing capacity’. Interestingly, our results also suggest that some microvascular beds may
be more susceptible to HD -associated circulatory disruptions; during the sham procedure plasma levels of BUN
and Crea significantly increase, suggestive for a less effective circulatory perfusion and renal clearance, while
cardiac function reflected in MAP and heart rate are not affected.

Limitations of the study. Although this investigations primary goal was to corroborate the feasibility
of an experimental model that allows to directly investigate microvascular tissue perfusion in tissue during
an HD procedure, the results in our study also clearly show how this procedure affects tissue perfusion. Since
only healthy animals were used in this investigation, the results can only be interpreted as to the effect of HD in
animals with normal kidney function, without any confounding effects of an underlying renal pathology. More
studies in animal models with induced kidney failure are needed to further appreciate the impact of disease on
HD associated MD.

Although the intravital microscopic observations were made in the EDL, a skeletal muscle in the hind limb of
a rat, the results in our study also indicate that other microvascular beds may be affected as well. It is important
to note that the machine learning algorithm used to assess the overall maldistribution of blood flow to assesses
the tissue’s overall perfusion®!, and does not analyze local hemodynamic changes in microvascular vessel seg-
ments in the tissue. As such, it cannot be excluded that the observed microvascular disruption later in the HD
procedure may be preceded by hemodynamic changes in the individual vessel segments.

Conclusion. In this study, we present an animal model that allows us to directly investigate the perfusion
of the microvasculature during a HD procedure. The versatility of this animal model potentially allows for test-
ing of different membrane materials, treatment protocols, and pharmacological interventions in both healthy
and diseased animals. As such, it will benefit both a mechanistic understanding of HD-induced ischemic organ
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injury as well as allow a pre-clinical evaluation of candidate interventions to reduce HD-associated harm to
inform the design and delivery of human-based studies.
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