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Abstract

Objective—To investigate the terminal arteriolar network structure and function in relation to
circulating plasma cytokine levels in db/db, ob/ob and their genetic background control, C57/bl6
mice.

Methods—Arteriolar network size and erythrocyte distribution were observed in the resting
cremaster muscle (N=45, pentobarbital 50mg/kg i.p.). Structural remodeling and inflammatory
state was related to 21 plasma cytokine levels.

Results—db/db networks were shorter, had fewer branches and smaller diameters than C57/bl6
controls. ob/ob networks were longer, with similar branch numbers yet non-uniform diameters.
Shunting of erythrocytes to the specific terminal arteriolar branches of the network (functional
rarefaction) was prominent in db/db and ob/ob, with further evidence of shunting between
networks seen as no flow to 50% of ob/ob arteriolar networks.

Conclusions—Altered levels of plasma cytokines are consistent with structural remodeling seen
in db/db, and a pro-inflammatory state for both db/db and ob/ob. Differences in network structure
alone predict overall reduced uniform oxygen delivery in db/db or ob/ob. Shunting likely increases
heterogeneous oxygen delivery and is strain dependent.
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Introduction

Reduced oxygenation to peripheral tissues is associated with development of chronic ulcers
and poor wound healing for patients with diabetic peripheral vascular disease (78). There are
multiple structural and functional mechanisms to account for reduced tissue oxygenation.
Oxygen delivery requires sufficient volumetric blood flow, but as a flow limited solute,
oxygen delivery is a direct function of red blood cell flux, and hemoglobin saturation (8). In
addition, architectural features, such as microvessel density and organization, will impact
oxygen delivery by affecting the Krogh radius (39). In humans, diabetes and obesity are
associated with structural rarefaction (decreased microvessel density) (18,24,56). The db/db
and ob/ob mice are models of diabetes and obesity with the genetic modifications of absence
of the satiety hormone leptin in ob/ob, and absence of the key leptin receptor (LRb—) in db/
db (4,36); the C57/bl6 strain is the genomic background control for each. The db/db model
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displays structural rarefaction seen as a generalized loss of both capillaries and small
arterioles (9,13,25). Corresponding information is missing from the literature for the ob/ob
model, however, other rodent models of obesity show rarefaction (32,69). While structural
rarefaction has been noted as a generalized decrease in microvessel density, the architectural
organization of terminal microvascular networks has not been described for diabetic nor
obese animal models. The primary purpose of our study was to examine microvascular
network structure as an indicator of anatomic oxygen delivery capacity, in relation to
circulating plasma cytokine levels for these models of metabolic disorder as compared to the
C57/bl6.

The architecture of the terminal arteriolar networks was examined because the network
provides the final active control of oxygen delivery to the level of the capillary (7,30,71).
The branch arterioles arising from the central feed arteriole, directly empty into capillaries.
We hypothesized that terminal arteriolar networks in db/db and ob/ob mice (compared to
age-matched C57/bl6) would have decreased network size (length, number of branches, and
diameters) as evidence for remodeling that suggests structural rarefaction. In addition, we
hypothesized they would show functional rarefaction, seen as diminished red blood cell flux
into the network, with non-uniform flux to the branch arterioles, consistent with spatial or
temporal shunting. Lastly, we hypothesized that the db/db and ob/ob mice would show
decreased plasma levels of proangiogenic cytokines, and increased levels of pro-
inflammatory cytokines. This hypothesis is based on both the changes we observed in
network structure, and the literature suggesting that metabolic disorder is both
proinflammatory and associated with microvascular rarefaction.

Methods and Materials

Animal Preparation

All animal protocols were approved by the Institutional Animal Care and Use Committee of
Stony Brook University. Three different strains of mice were used in these protocols: C57/
bL6 (inbred, normal metabolism), ob/ob (obese, leptin deficient mice), or db/db (diabetic,
leptin receptor deficient mice, LRb—). All mice were obtained from Harlan Laboratories
(Somerville, NJ).

For architecture and erythrocyte flux observations, male mice (C57/bl6 n=34, db/db n=5, ob/
ob n=6), were anesthetized with pentobarbital sodium (50 mg/kg, i.p.) and maintained on
constant i.p. infusion to replace insensible fluid losses (volume flow of 0.1 mL/hr) and
maintain an appropriate anesthetic plane (20mg Nembutal / kg / hr). Tracheostomy was
performed to ensure a patent airway. Core temperature of the animal was maintained (37° —
38 °C) by conductive and convective heat sources. Respiratory rate and toe-pinch response
were recorded each 15 minutes; mean arterial pressure was not monitored. Immediately post
induction, blood samples were taken in triplicate via toe clip for blood glucose, plasma
cytokine and systemic hematocrit measurements (50 pL per tube). In a second set of animals
(C57/bl6 n=16, db/db n=12, ob/ob n=12) a blood sample was taken by toe clip immediately
upon induction for blood glucose, plasma cytokine and hematocrit measurement. Blood
glucose was measured using a clinical blood glucose meter (OneTouch Basic, LifeScan,
Milpitas, CA). Systemic hematocrit was measured using a micro-hematocrit reader (Hemata
Stat-I1, Separation Technology Inc., Altamonte Springs, FL). Blood glucose and systemic
hematocrit measurements were repeated from fresh blood samples (toe clip) at the end of the
experimental day and compared to the initial values. Systemic hematocrit was determined at
the start and end of these experiments as an indicator of the hydration state of the animals.
The finding of no increase in hematocrit would confirm that the volume replacement rate
(0.1 mL/hr) was sufficient to replace insensible fluid losses, e.g., due to respiration.
Demographic information for these two groups of animals is shown in Table 1.
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For architecture and erythrocyte flux observations (N=45), the right cremaster muscle was
prepared for direct observation of the microvascular network, using the method of Baez (3).
Briefly, after being freed from the scrotum, the cremaster muscle was incised longitudinally,
separated from the testis and epididymis, including severing of the deferential feed vessels,
cleared of connective tissue and gently extended over a glass pedestal by means of several
insect pins secured in SylGard 34 (Dow Corning, Midland, MI). The testis and epididymis
were gently placed into the abdominal cavity via the inguinal canal. The preparation was
continuously superfused with bicarbonate-buffered physiological salt solution (control
suffusate) containing (in mmol) 132 NaCl, 4.7 KCl, 2.0 CaCl,, 1.2 MgSOy, and 20 NaHCO3
(equilibrated with 5% CO,—95% N5 gas, pH 7.4 at 34°C). All chemicals were obtained from
Sigma Chemical (St. Louis, MO), unless otherwise noted.

Fluorescent labeling of RBCs for use as flow markers

Red blood cells (RBCs) were fluorescently labeled using a modified method after Sarelius
(63). Mice (male C57/bl6 27.3+2.7 gm, 105.6+22 days, N=36) were anesthetized with
pentobarbital sodium (50 mg/kg). Blood collection was performed via a heart puncture into
heparinized tubes (standard 7ml green top, Becton-Dickinson), centrifuged (2000 rpm, 5
min), and the plasma and buffy coat removed. Residual red blood cells were washed with
HEPES buffered physiological salt solution (HBS, pH 7.4), centrifuged, and the HBS
supernatant aspirated. Remaining red blood cells were mixed with 0.05 pg substituted
tetramethyl rhodamine isothiocyanate (XRITC, Molecular Probes, Eugene OR) first
dissolved in 60 uL DMSO and then combined with 25 mL HBS (pH 8.1) and incubated at
room temperature for 1 hour. These RBCs were washed seven times using HBS (pH 8.1)
with bovine serum albumin (BSA, 0.5g%), stored at 4°C in HBS (pH 8.1) with BSA (0.5g
%), and used within three days. Approximately 0.05 mL of 50% packed RBCs in saline was
injected into the right jugular catheter 30 minutes prior to data acquisition. Due to the
difference in animal weight, total volume injected into the animals was approximately 4% of
the total blood volume of a C57/bl6 mouse or 2% of an ob/ob or db/db mouse, using the
weight to estimate blood volume (16).

Experimental Protocol

The microcirculation was observed with transillumination using a modified Nikon upright
microscope (Nikon, Tokyo, Japan), using a 25x objective (Leitz, NA 0.35), and secondary
magnification of 1.5x (total optical magnification 37.5x) or with a 60% salt water immersion
objective (Nikon, NA 0.90) and no secondary magnification. Video images were produced
by using an intensified charge-coupled device (ICCD) video camera (Solamere
Technologies Group, INC., XR/ABF, Palo Alto, CA) and video recorded (Panasonic SVHS
AG7350).

During a 60 minute stabilization period, arteriolar tone was verified by confirming dilation
to topically applied 10™4 M adenosine (ADO, used to obtain maximal diameters) and
constriction to topically applied 1074 M phenylephrine (PE, used to obtain minimum
diameters). Tone ([peak diameter-baseline diameter]/baseline) was equivalent in each strain;
for the entrance to the feed arteriole the ADO response was: C57/bl6, 0.20+0.12; db/db,
0.14+0.11; ob/ob, 0.22+0.15; and the PE response was: C57/bl6, —0.23+0.15; db/db,
—0.13+0.14; ob/ob, —0.14+0.12 (meanzSD). At least 30 minutes was allowed after
adenosine and phenylephrine application before obtaining architecture and flux data.

All observations were made at defined locations along terminal arteriolar networks, shown
schematically in Figure 1. These networks were functionally defined using the description of
Sweeney and Sarelius for the hamster microcirculation (72). While the networks were
identified in the presence of adenosine to ensure that all anatomic branches were located, the

Microcirculation. Author manuscript; available in PMC 2012 April 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Georgi et al.

Page 4

functional data (flow) and associated architectural data (diameters and lengths) were
videorecorded at least 30 minutes after adenosine and phenylephrine application.
Observations were made at the entrance to the network, as the feed arose from the arcading
arteriole, and then at sequential branch points to the last branch, where both arterioles
terminated in only capillaries. In the single instance (in one db/db) that only a single
arteriolar bifurcation was present; it was designated as ‘last’. Sequential branch points were
videotaped for 30 seconds each, taking not more than 5 minutes to record a whole network.
A combination of brightfield and epifluorescence (Chroma G1A, Chroma Technology
Corp.) was used to obtain diameters and fluorescent cell flux simultaneously.

Architectural Measurements

Four different architectural measurements were obtained from each network: total network
length, inter-branch length, diameters, and number of bifurcations. Total network length and
inter-branch length were measured off-line directly from the video image using a flexible
ruler to follow the normal contours, and was calibrated using a micrometer, shown
schematically in Figure 1. To measure diameters, video images were converted to bmp
format (XCAP, Epix Inc, Buffalo Grove IL). The internal diameters were measured for the
feed before the branch, and the branch, within 1 tube diameter of center of mass of the
bifurcation (ImageJ, NIH).

Erythrocyte Flux Measurements

Video images were converted to uncompressed AVI 1.0 files (XCAP, Epix Inc, Buffalo
Grove IL). Erythrocyte (red blood cell, RBC) flux was measured as the number of
fluorescently labeled cells entering a bifurcation during a 30 second time period. The flux to
the branch and feed continuation segments was noted. The cell fraction of fluorescently
labeled cells within the total red blood cell population was determined at the end of the
experiment by sampling the blood (toe clip), and making a dilute blood smear on a glass
slide. This slide was videotaped at 10 locations using brightfield light (to identify total cells)
and epifluorescence (to identify fluorescent cells). Off-line, each video image was
examined, counting the fluorescent cells and total cells to provide the cell fraction, p; the
average value of p was 0.0313+0.0547 (mean+SD, N=45). Cell flux, F cells/sec, is given by
F =m/ p, where m is the number of fluorescent cells observed in vivo, and p is the
fluorescent cell fraction.

Plasma cytokine measurements

Whole blood from the post-induction toe clip was immediately centrifuged and the plasma
was collected. Blood plasma was stored at —20°C for not longer than 6 months. Blood
samples for cytokine measurement were pooled within strains to get the required volume of
0.5 mL for testing. Thawed plasma was pooled by mouse strain (2—4 animals per
determination), and diluted in standard serum diluent to previously determined optimal
incubation conditions. Plasma cytokines were measured (Beadlyte Mouse 21-Plex Cytokine
Detection System, Upstate Cell Signaling Solutions, Lake Placid, NY) using a Bio-Plex 200
System (Bio-Rad, Hercules, California) available as a core facility.

Statistical Analysis

All data are presented as mean+SEM. Student’s paired t-test and one-way analysis of
variance (ANOVA) with Tukey’s post-test were used in analysis. RBC flux data at each
bifurcation was normalized to the flux at the entrance to the network immediately
downstream of the arcade. Populations were considered significantly different when p <
0.05. Variability was analyzed by the coefficient of variation (C\VV=SD/mean); the ratio of
CV for the test group to the CV for the age-matched C57/bl6é mice (Table 3) is less than
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unity when the test group is less variable than the control group, and greater than unity when
the test group is more variable than the control group. (65)

Murine demographics

Demographic statistics for the three strains of animals are shown in Table 1. Both metabolic
disease strains are bred to express their respective disease phenotypes early in the course of
their lifespan, with the db/db phenotype beginning to revert to normal at 14 weeks of age
(35). We chose to perform our experiments at the peak of the phenotype expression in the
metabolic strains, and provide two groups of C57/bl6 for comparison: age-matched and
older mice.

As expected (52,59), the db/db and ob/ob mice were heavier than the metabolically normal
genetic background control animals, C57/bl6 (Table 1). The older C57/bl6 mice were also
heavier than the younger age-matched C57/bl6 mice. Baseline non-fasting blood glucose
was higher in both db/db and ob/ob compared to the age-matched mice, and was
significantly less (yet still within the normal range of 60 — 175 mg/dl (19)) in the older mice
for only the plasma cytokine group (Table 1). The acute experimental procedures lasted
334£74 minutes (meanxSD) for the architecture and flux group, and 327+94 minutes for the
plasma cytokine group, and were not different by age or strain. Both groups of C57/bl6 mice
showed lower blood glucose levels, as expected for a normal fasting mouse. However, both
the ob/ob and db/db animals continued to show elevated blood glucose levels post-protocol.

Post-induction hematocrit values were compared to those post-protocol to verify that the
mice were appropriately hydrated while anesthetized (see Methods). The C57/bl6 strain had
a significantly lower hematocrit post-protocol in both groups of animals, suggesting these
animals may have been dehydrated upon induction. Also post-protocol, the db/db mice in
the architecture and flux data group had an elevated hematocrit compared to the C57/bl6
mice, but this value was not elevated compared to the post-induction values for these same
animals. Otherwise, hematocrit did not differ across strains for post induction nor for post
protocol.

Network Structure

Total network length and number of branches are shown in Table 2. Diabetic (db/db) mice
had shorter networks and fewer branches per network than all other groups. The ob/ob mice
tended towards longer networks than the C57/bl6, but due to the variability in the ob/ob
network lengths, this was not significant (p=0.24). In order to determine if changes in
distance were equally distributed along the network, inter-branch lengths (the distances
between branches) were measured (Figure 2). Inter-branch lengths did not differ along
networks for any strain. Across strains, the the distance from the 279 to the 3" branches was
longer for the ob/ob mice compared to the others. Additionally, the variability, especially in
the ob/ob mice, was high, as seen by the very high standard deviations. Examining the
coefficient of variation for each strain, the variability in the total length was 32-35% lower
in either the db/db or the older C57/bl6 as compared to the younger C57/bl6 mice, while this
variability was 54% greater in the ob/ob mice compared to the younger age-matched
controls. Variability in the interbranch distances for db/db mice was likewise less than the
age-matched C57/bl6 mice (Table 3); in contrast, the variability in inter-branch distances for
the ob/ob mice was branch dependent with the highest variability (>50%) at the 15t
bifurcation. The older C57/bl6 animals followed the trends for the ob/ob mice. Thus, db/db
networks were uniformly shorter with more evenly spaced branches compared to C57/bl6. In
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contrast, ob/ob networks were highly variable in total length, with non-uniform spacing of
terminal branches along the length.

Internal resting diameters were measured for the feed arteriole (Figure 3) and each branch
(Figure 4) at sequential bifurcations for the 15t, 2nd, 3rd and last arteriolar branch points.
Diameters for the feed and branch in the db/db networks were smaller at the first bifurcation
compared to other groups. For both the feed and branches at all other locations, there were
no differences in diameter between the groups. The feed diameters were less variable for the
db/db, and in general, more variable for the ob/ob or older mice compared to age-matched
C57/bl6 mice, but again bifurcation dependent (Table 3). Thus, in the db/db networks the
feed diameter was uniformly smaller than in the other groups, while the networks from the
ob/ob or older mice were more variable upstream, specifically at the entrance to the network
vs. C57/bl6. Branch diameters were instead more variable at all branches in the db/db and
ob/ob mice vs. the age-matched C57/b16 mice, and at the 15t and 3" branches for the older
mice. Thus, there is evidence for structural remodeling for both the db/db mice (diminished
network length with decreased luminal diameters) and the ob/ob mice (similar branch
numbers with irregular-sized diameters spaced along a longer central feed). In either case,
the networks suggest an apparent sparse filling of the tissue area that occurs differently in
the db/db vs. ob/ob networks.

Network erythrocyte flux

Two factors are important in comparing total influx of cells to each network: the fraction of
networks without measurable erythrocyte flux over 30 seconds; and the variability in the
total influx for those networks with flow. Out of 29 networks in the age-matched C57/bl6
mice, 42% had no flux; of 5 older C57/bl6 mice, only 20% had no flux; of 5 db/db mice,
40% had no flux; of 6 ob/ob mice, 50% had no flux. The average baseline erythrocyte influx
to networks with flow is as follows: C57/bl6 networks had 134+90 cells/second (mean+SD);
older C57/bl6 networks had 85+67 cells/second; db/db networks had 44+19 cells/second*
(p<0.05 vs age-matched C57/bl6); ob/ob networks had 63+34 cells/second. Variability
(coefficient of variation) in the total influx was 57% more for the older mice, 26% less for
db/db mice and 8% less for the ob/ob each as compared to the age-matched C57/bl6 mice.
Thus, there is evidence of functional rarefaction across networks in the db/db seen as
decreased influx per network, while all of the age-matched mice showed similar fractions of
networks with negligible flow.

Erythrocyte distribution within the networks was determined as an indicator of altered
oxygen delivery (or altered Krogh cylinder radius) to specific locations (terminal branches)
within the networks. Raw erythrocyte flux (cells/second) and fractional flux to each branch
is shown in Figure 5. In C57/bl6 mice, successive branches received fewer erythrocytes,
with the 3" and last branches receiving significantly less than the 15t branch, and 35% of the
inflow passing to the anatomically larger of the last branches, designated as the Last Feed.
This Last-Feed vessel received more erythrocytes than did the 2™, 3, or last branches. This
trend was significant when examining the raw cells/second, and was mirrored when looking
at the fractional influx distribution (Figure 5, A vs. B). Thus in the control strain, over half
of the erythrocyte flux was distributed to the branch arterioles (nutrient flow), while 35%
was shunted through the network. This pattern was not seen in the older C57 mice, with
most inflow (45%) passing to the 15! branch, and the Last Feed receiving fewer cells than the
other groups.

For db/db mice, the 15t and last branches received a similar fraction of the inflow compared
to the age-matched C57/bl6 mice, but the total number of cells was significantly less, with
73% of the total influx passing to the Last-Feed. For the ob/ob mice, the 15t and 2"d branches
received a similar fraction of the total inflow compared to the age-matched C57/bl6 mice,
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but this was significantly fewer total cells to the 15t branch. The 3 and last branches for the
ob/ob group received significantly fewer cells than the upstream branches with most of the
erythrocyte flux (58%) being shunted to the Last-Feed vessel. Thus for both the db/db and
ob/ob, evidence of functional rarefaction was seen as increased shunting of erythrocytes to
the Last-Feed, to the extent that cells were stolen from some of the upstream branches.
While the fractional flux to the 15t branch was maintained, the total number of cells was
significantly less. Functional rarefaction within the network was additionally seen for the ob/
ob mice as a disparity in RBC flux distribution with upstream branches receiving more RBC
flux than the 39 and smaller last branches.

The variability in erythrocyte flux (Table 3) showed that the raw flux in cells/second for
both db/db and ob/ob was less than or as variable as flux for the age-matched C57/bl6 at all
branches except the 219 (ob/ob), while the fractional influx was more variable to the
branches, for these strains. The Last Feed vessel was instead more variable for the ob/ob
than the db/db mice. The older C57 mice instead showed a flux distribution that was as
variable as the younger C57, but the raw flux distribution was much more variable.

Plasma cytokine levels

Structural remodeling for the db/db mice (diminished network length with decreased luminal
diameters) and the ob/ob mice (similar branch numbers along a longer central feed) suggests
very different angiogenic changes for these two strains. To provide insight into potential
systemic mechanisms involved in the structural remodeling, we measured the plasma levels
of 21 cytokines for these murine models; these blood samples were taken immediately upon
induction of anesthesia. The results are shown in Table 4. First, the older vs younger C57/
bl6 mice showed very few significant differences in cytokine levels: the anti-inflammatory
IL-9 and IL-13 levels were significantly higher in the older mice. Otherwise, there were no
significant differences between these age groups. The db/db population had higher levels
than the age-matched C57/bl6 mice for IL-1alpha and KC, with lower levels for IL-1beta,
IL-2, IL-3, IL-4, IL-5, IL-9, IL-10, IL-12, IL-13, GM-CSF and IFNgamma. The ob/ob
population had higher levels than the age-matched C57/bl6 mice for IL-1alpha, IL-1beta,
IL-2, IL-5, IL-13, KC, RANTES and VEGF, with a highly variable MIP-1beta level.
Cytokines with lower levels in the ob/ob than those of the age-matched C57/bl6 mice
include IL-3, IL-9 and GM-CSF. Additionally, several cytokines differed between the db/db
and ob/ob populations, including IL-4, IL-5, IL-10, IL-12, IL-13, IL-17, GM-CSF,
IFNgamma, RANTES and VEGF. Finally, there were significant differences between the
older C57/bl6 population and the db/db or ob/ob, some, but not all, following the trend as for
the age-matched group, noted in Table 4, but their significance is not considered further.

Discussion

This study provides novel data regarding the peripheral microvascular phenotypes and
circulating cytokines levels for db/db and ob/ob mice. Structural remodeling suggestive of
rarefaction, is seen for both the db/db mice (diminished network length with decreased
luminal diameters) and the ob/ob mice (similar branch numbers along a long central feed
with irregular branch size), as compared to age-matched C57/bl6 mice. Functional
rarefaction is seen within networks in the db/db or ob/ob mice, as increased shunting of
erythrocytes through the network and unequal flux distribution to each branch. Shunting in
this sense could also be interpreted as a situation where a larger Krogh radius is required to
maintain oxygen delivery due to the decreased numbers of flow paths. Further, across the
networks for the age-matched C57/bl6, db/db and ob/ob mice, functional rarefaction is seen
as 40-50% of networks without perceptible erythrocyte flux, unlike the older C57/bl6 mice
for which only 20% of networks had no flow. Lastly, there are clear indications that the
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structural remodeling in db/db networks is associated with decreased plasma pro-angiogenic
cytokine levels.

Peripheral microvascular networks in db/db and ob/ob models

In humans, diabetes and obesity are associated with structural rarefaction (decreased
microvessel density) (18,24,56). In the present study, we examine the microcirculation of
db/db and ob/ob mice as models of diabetes and obesity, respectively. Rarefaction in rodent
models of obesity appears to be common (32,69); the present study is the first to report
structural rarefaction in ob/ob mice. Generalized structural rarefaction of capillaries and
small arterioles is documented for the db/db mice (9,13,25), yet the relationship to oxygen
delivery flow paths was not clear in those studies. In the present study we examined changes
in terminal arteriolar network structure and function to indicate remodeling in the db/db and
ob/ob mice. Terminal networks are the distal most location of active control of blood flow to
the level of the capillary (7,30,71). This is a different measure than examining a generalized
capillary or arteriolar density, but is a measure of alterations in potential control of oxygen
delivery to the level of the capillary.

We hypothesized that both the db/db and ob/ob networks would be shorter and with fewer
terminal branch arterioles than the C57/bl6 mice. Instead, two distinct phenotypes of
structural remodeling were found: db/db networks are significantly shorter with fewer
branches and decreased luminal diameter, while the ob/ob networks are significantly longer
on average, yet have comparable branch numbers as compared to their background genetic
control, C57/bl6 mice (Table 2). Considering that resistance to flow is proportional to the
length of a tube, and inversely proportional to the fourth power of the radius, our data
suggests that resistance is elevated within terminal arteriolar networks for both db/db and
ob/ob mice. Reducing the resistance term of the Hagen-Poiseuille equation (R =8 *
viscosity * length / m * radius?) to length divided by the 4™ power of the radius, the
estimated resistance along the central feed arteriole is increased 2.2 times for the db/db or
the ob/ob, compared to the age-matched C57/bl6 mice. The older population of C57/bl6
mice instead showed only a 50% increased resistance. Thus, the structural differences seen
in both metabolic models will potentially affect convective flow of blood to the terminal
branches of the networks, and possibly also oxygen delivery, yet though through different
structural features. While intravascular pressures were not measured here, this argument
suggests that the pressure gradient along these networks would need to be increased 2.2
times in the metabolic models to maintain mass flow along these networks. Evidence
suggests that mass flow was not maintained for the db/db nor ob/ob networks. Instead, using
erythrocyte flux to indicate flow, the db/db mice displayed 25% of the influx of the age-
matched C57/bl6, and the ob/ob displayed a highly variable 50% of the influx of the
controls. A notable caveat is that the Baez method (3) for preparing the cremaster muscle
requires severing of the deferential arteries, which results in decreased inflow pressures to
the cremaster and has been shown to alter tone in these larger arterioles (34,51), but it is
unclear what effect this has on flow into the terminal networks. For a complex network of
flow in series and in parallel, total inflow to individual networks may be diminished, the
numbers of perfused networks may be decreased, or the impact may be minimal at this level.
As all preparations here used the Baez method, and there were clear differences between the
groups regarding numbers of perfused networks, total influx and flux distribution, we limit
our interpretation to comparisons between our experimental groups and do not speculate
regarding the model itself.

Each phenotype suggests that there is increased heterogeneity of oxygen delivery (measured
as erythrocyte flux, Figure 5) due to structural and functional differences in the db/db and
ob/ob networks compared to the age-matched C57/bl6. Regarding capillarity, although
decreased capillary density is reported for the db/db mouse (9,25), it is unknown whether the
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size of the capillary groupings (modules) fed by each branch is uniformly decreased for each
branch, or whether there is a decreased capillary density occurring preferentially for those
capillaries fed by low-flow branches. The latter notion would be consistent with the well
known flow induced pro-angiogenic process (48), and the absence of flow being an early
signal for apoptosis (75). Here, we would hypothesize that capillary density preferentially
decreases in areas that are poorly perfused. We showed evidence of functional rarefaction
(shunting) of RBCs that is also consistent with increased heterogeneity of oxygen delivery
within the networks. Shunting of ~50% of the influx to the larger last branch was common
for the ob/ob mice. For the db/db mice, the network influx was statistically less than influx
for the C57/bl6 or ob/ob. Despite that the 15t branch in db/db mice received a similar
fraction of the influx as did the 15t branch in the C57/bl6 or ob/ob, the total flux (cells/s) to
that 15t branch was much less for the db/db. Lastly, db/db showed that a striking 73% of the
influx was diverted to the anatomically larger last branch, yet this was still statistically fewer
cells (hence less oxygen) than the larger last branch received in the other models. We have
reported shunting of RBCs of this magnitude to the anatomically larger last branch of
networks in a hamster model of systemic inflammation (50), and thus this may be a common
feature in peripheral inflammation. Shunting within the ob/ob networks was also seen with
the 15t and 2"d branches receiving significantly more flow than the 3 or last (anatomically
smaller) branches. Together this suggests heterogeneity of oxygen delivery within the
networks that is exaggerated in db/db and in ob/ob mice. Further, the ob/ob mice displayed
50% of networks having no flow, suggesting a broad heterogeneity of oxygen delivery
across the tissue. This indicates that half of the flow through this tissue, in both the
metabolically normal and metabolically altered animals, is likely to be non-nutritive (or the
Krogh cylinder must be larger), and for the db/db and ob/ob further suggests that a large part
of the tissue is underperfused. Remaining to be determined is the actual size of the capillary
bed fed by each branch.

Angiogenic cytokines in diabetes and obesity

Examining the literature, most of the cytokines we report are not found for the db/db or ob/
ob mice, and levels reported for these mouse models are age dependent, as expected, since
the models develop diabetes or obesity over time, and then revert to a metabolically normal
phenotype after 14 weeks of age (67). For instance, despite that IL-6 production is elevated
in isolated aortic endothelial cells harvested from db/db mice (unknown age) (68), plasma
IL-6 levels are not different from controls in 70 day old db/db (33), and are significantly
decreased in 168 day old db/db (55). Our data show IL-6 to be significantly decreased in
80-90 day old db/db. KC levels (mouse ortholog of IL-8) were increased in 84 day db/db
mice (26,68), similar to our findings. 1L-10 levels were found to be normal at 14 days, and
elevated by 70 days in db/db mice (14), while we report they are decreased significantly in
80-90 day old db/db. TNFalpha levels are similar in db/db and control mice at 70 days (33);
we report they are also similar. For ob/ob mice, plasma levels for several cytokines are
reported. IL-17 is decreased in ob/ob mice over 112 days (58); we report no change from
control in our 75-80 days old ob/obh. IFN-gamma is unchanged is ob/ob at 115 days (58), but
is significantly decreased at 210 days (47); we report no change from control. VEGF is not
different from control in normal chow fed ob/ob mice (168 days (31)); we report a
significant increase. IL-5 is decreased in 210 day ob/ob mice (47); we report no change from
control. IL-6 levels in ob/ob mice are double control at 119 days (23), and then significantly
reduced by 210 days (47); we report 1L-6 to be 40% greater than that of control by 75-80
days. IL-10 in ob/ob mice is significantly decreased by 112 days (23), and 210 days (47); we
report no difference from controls. Thus, insufficient information is found in the literature to
interpret our findings in light of the animal phenotypes and range of ages reported.
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The altered cytokine levels in db/db and ob/ob murine models do not follow levels of
circulating cytokines found uniformly in diabetic/obese humans, nor in other animal models.
For instance, other models of diabetes show increases in IL-1beta, GM-CSF, TNF-alpha and
IL-12 (49,62,64,67,76,81), while we show that these factors are decreased in db/db mice.
MIP-1b and RANTES are decreased in obesity (70), yet are increased in ob/ob mice. IL-3 is
increased in human diabetics (42), yet decreased in both ob/ob and db/db mice. Thus a direct
comparison of our findings to human or other models of diabetes or obesity is not
appropriate. Given these limitations, we have examined how the changes in microvascular
architecture for these genetically modified mice were related to plasma levels of pro-
angiogenic and pro-inflammatory cytokines.

Of interest to us is the variability in network structure seen for these two models. While db/
db networks were uniformly smaller in length and in diameter with evenly spaced branches,
the ob/ob networks were highly variable in total length and in branch diameter, yet retained
uniform spacing of terminal branches along the length. It is these architectural features that
we examined in relation to circulating plasma cytokine levels. Of the 21 cytokines we
measured, 12 are linked to pro-angiogenic actions and 3 are linked to anti-angiogenic
actions. Pro-angiogenic cytokines are: IL1alpha, IL-1beta, IL-17, GM-CSF, TNFalpha,
MCP-1, MIP-1b, VEGF, IL-3, IL-4, IL-6 and 1L-13 (2,10-
12,15,20,27,37,40,43,57,66,73,74,79). Anti-angiogenic cytokines are: IFNgamma, RANTES
and IL-2 (1,5,74).

For the db/db mice, eight pro-angiogenic cytokines were significantly decreased, three were
unchanged, TNFalpha (induces endothelial tube formation, M5), MIP-1b and MCP-1 (mural
cell recruitment, (2), and one was elevated, IL-1alpha. Thus, eight pro-angiogenic cytokines
are reduced in db/db mice; Importantly, VEGF was decreased, which is of course, essential
for angiogenesis (26,68). Further, patterns of cytokine levels suggesting a suppression of
angiogenesis are seen for the db/db mice, with a decrease in IL-1beta (stimulates I1L-6, (40)),
decrease in IL-6 (increases vascular smooth muscle production, (37), and enhances VEGF
production (17)), and a decrease in GM-CSF (stimulates VEGF production, (15); stimulates
IL-6 and MCP-1, (27)). Yet, two anti-angiogenic cytokines were decreased in the db/db
mice (IFNgamma, IL-2). Thus, the plasma cytokine levels for the db/db mice indicate that
angiogenesis (vascular remodeling) would be impaired in the db/db mice, and are consistent
with an overall decreased network size (present study), and decreased capillarity and
numbers of small arterioles in general (9,13,25).

For the ob/ob mice, the story is less clear. Several pro-angiogenic cytokines were elevated:
IL-1alpha, IL-1beta, VEGF, and IL-13. This may be related to the increased length of the
central feed in ob/ob networks. Other pro-angiogenic cytokines were decreased: GM-CSF
(stimulates IL-6 and VEGF, (15,27)) and IL-3 (stimulates endothelial cell tube formation,
(20)). Further, anti-angiogenic cytokines were elevated: RANTES and IL-2. Lastly, the
absence of leptin itself must be considered. Leptin, absent in the ob/ob mice, increases
length and tortuosity of microvessels (73), and synergistically with VEGF promotes
angiogenesis (11,73). The increased length of the central feed arteriole is therefore not
consistent with decreased leptin. Together this does not suggest a clear pattern, but does
support that angiogenic factors are dysregulated in ob/ob mice.

Inflammatory nature of cytokines

Cytokines induce structural and functional alterations in endothelial cells and this is
important both for angiogenesis and in the inflammatory response. There is a well
documented association between diabetes, endothelial dysfunction, rarefaction and a pro-
inflammatory state (41,56). Pro-inflammatory cytokines include: IL-1, IL-17, IFNgamma,
KC, TNFalpha, RANTES, IL-2 (required for the full immune response, (61)), IL-4, IL-6 and
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IL-12 (22,54,61,66,74). Evidence for a pro-inflammatory state in the db/db mice is
suggested by elevated IL-1 and KC, and in the ob/ob by elevated IL-1, IFNgamma, KC,
RANTES and IL-2. Anti-inflammatory cytokines include MIP-1b, IL-2, IL-4, IL-9, IL-10,
IL-12 and IL-13 (29,46,61,74). Further evidence of inflammation in the db/db mice is
suggested by decreased IL-2, IL-4, IL-9, IL-10, IL-12 and IL-13. Evidence of inflammation
in the ob/ob mice is suggested by decreased IL-9 only, with IL-2 (also pro-inflammatory)
and IL-13, instead, being markedly elevated. In general, the ob/ob mice show elevated pro-
inflammatory cytokine levels, while the db/db mice show diminished anti-inflammatory
cytokine levels; while both could be interpreted as pro-inflammatory states, the phenotypes
mediating the pro-inflammatory state are quite different for these two models.

An important question is how the inflammatory process affects angiogenesis. The balance
between inflammation and angiogenesis in endothelial cells is thought to be regulated by
Angiopoietin-1 and Angiopoietin-2 (Ang-2). Ang-2, by interaction with TNFalpha results in
inflammation while interaction with VEGF results in angiogenesis; further, Ang-1 is
responsible for maintaining the resting state of the endothelium (28,38). The evidence
suggests that over-expression of inflammatory cytokines could lead to the early expression
of angiogenic factors. For example, IL-1beta and TNFalpha both induce VEGF (45).
IL-1beta, TNFalpha, and GM-CSF stimulate neovascularization (6). A final consideration is
the role of elevated pro-inflammatory cytokines in association with endothelial dysfunction.
Little is published regarding endothelial dysfunction in the db/db mice, however there are
several reports of endothelial dysfunction in ob/ob mice (53,77). Cytokines associated with
protecting from endothelial dysfunction include: IL-1 (60), IL-4 (66), IL-6 (55) and IL-10
(21,80). Of these, IL-1alpha is elevated in both db/db and ob/ob, IL-4 IL-6 and IL-10 are
suppressed in db/db, and IL-1beta is elevated in ob/ob and decreased in db/db. IL-17, which
contributes to endothelial dysfunction (44) is increased in ob/ob compared to db/db. The
present study shows evidence of a proinflammatory state for both the db/db and ob/ob mice,
which may be both associated with endothelial dysfunction and contributory to rarefaction.

Conclusions

Our key data describes the architecture of the terminal arteriolar networks for db/db and ob/
ob mice, showing structural remodeling that appears to reduce oxygen delivery capacity that
is distinct in each, and associated with decreased pro-angiogenic cytokine levels in db/db.
Functional rarefaction is likewise present within the networks for both db/db and ob/ob, and
across networks for the ob/ob model based on variability of influx. Lastly, a pro-
inflammatory state is supported for both the db/db and ob/ob mice, based on the plasma
cytokine levels.
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Figure 1.

Schematic of network showing locations of architectural measurements. Branches are
numbered consecutively as they arise along the central feed. At the last bifurcation the
anatomically smaller diameter vessel is designated as the last branch, and the larger diameter
vessel is designated the feed continuation (F.C.). Inter-branch lengths (indicated by dotted
lines) are measured from the center of the previous bifurcation to the current bifurcation; the
total length is the sum of these values. Feed diameters are measured for each bifurcation one
feed tube diameter upstream (A) of the branch wall. Branch diameters are measured for each
branch one tube diameter downstream from the feed wall (B). Red blood cell influx to the
network is measured at the entrance to the network (C), and then at sequential branches.
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Figure 2.
Interbranch lengths for each strain (mean+SE: Age-match C57/bl6 n=29, Old C57/bl6 n = 5;

db/db n = 5; ob/ob n = 6). Distances from the entrance of the network to the first branch
(1st), first to second (2nd), second to third (3rd), and third to last (last) are shown. Branch 2
occurred in only a single db/db, and branch 3 occurred in no db/db mice. Most interbranch
distances did not differ by strain, however variability was different by strain (see text). *ob/
ob greater than age-matched C57, P<0.05.
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Figure 3.

Diameter of the feed segments measured one tube diameter upstream of the bifurcation
(1,2,3,last) for each strain (mean+SE: Age-match C57/bl6 n=29, Old C57/bl6 n = 5; db/db n
=5; ob/ob n = 6). *db/db less than age matched C57, P<0.05.
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Figure 4.
Diameter of the branch segments measured one tube diameter downstream of the bifurcation

(1,2,3,last) for each strain (mean+SE: Age-match C57/bl6 n=29, Old C57/bl6 n = 5; db/db n
=5; ob/ob n = 6). *db/db less than age matched C57, P<0.05.
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Figure 5.

Red blood cell (RBC) flux distribution to sequential branches (1,2,3,last) of the network for
each strain (mean=SE: Age-match C57/bl6 n=29, Old C57/bl6 n = 5; db/db n = 5; ob/ob n =
6). (A) RBC flux shown as cells/second; (B) RBC flux shown as the fraction of the total
network influx. *differs from Age-matched or Old C57 at that branch, #Old C57 less than
others at Last-Feed (panel A) or less than db/db (panel B); < differs from 15! branch within
that group; 3 differs from Last-Feed within that group, P<0.05.
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Table 2
Network Lengths and Number of Branches
Strain N Number of Total Network Length
Branches (um)
C57/bl6-Age-matched 29  3.4+0.12 454 + 33
C57/bl6-Old 5  4+032 637 + 76
db/db 5 202030 222 25"
ob/ob 6 41+0.30 728 + 179

Entries are mean + SEM;

*
differs from others, p<0.05
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Table 4
Plasma Cytokine levels
cytokine C57/bl6 C57/bl6 db/db ob/ob
(Age-matched)@ (Old)
IL-1alpha 213+47 35740 5yo+36bd  g58s189Dd
IL-1beta 169.5+231  1435:17.9 g14r14bd 2886+ 906 bd
IL-2 277+ 4.4 282£24  73,12bd  1828+1175D
IL-3 5.9+0.7 7512 17:02bd  35:06Dd
IL-4 34+04 54+07 19404 bd 4.9+ 1.6C
IL-5 18.4+6.1 217446  gor12b 534+ 30.6 C
IL-6 133+27 8.5+ 1.4 7.1£0.9 21,0452 Cd
IL-9 314£4.2 133+389  46:25Pd  gg+15bd
IL-10 37.4+54 643127  ggr3ghd  424+166C
IL-12(p40) 64.7+95 545+156 141+36bd  371+129C
IL-12(p70) 352100 319+85  79:26bd  §01+288C
IL-13 145£23 409+7.70  45:15bd  1225:67.70C
IL-17 51.6+ 20.7 165:24 g5y 15d 293+ 103 €
GM-CSF 38.8+ 3.6 46.1£65 1155419bd 2094 47bcd
IFNgamma 229+ 2.7 31.0+£4.8 9.0+ 1.5b.d 17.8+45C€
KCe 29.2+7.0 47.4+88  1310+685b0 3037+ 171500
TNFalpha 15.6+35 128+27  102+21 13.7+26
MCP-1 1245+153  187.9+29.2 1157+27.3  1335:213
MIP-lbeta ~ 253.9+¢37.9  299.6+519 157.0:+282 1302+ 979.2
RANTES 28.2+5.7 453+63 55899 14154 20bCd
VEGF 103+1.1 126+15  30:03bd  199+4.1bC

Page 25

Entries are mean+SEM, in pg/ml plasma. N=6 C57/bl6 (Old), N=10 C57/bl6 (Age-matched), N=12 db/db, N=12 ob/ob animals; serum was pooled

in same-strain groups of 2—4 animals per analysis.

aamge matched to db/db and ob/ob.

bp<0.05 vs. C57/bl6 95d

“p<0.05 db/db vs. ob/ob

d

p<0.05 C57/bl6 140d

eKC is the murine ortholog of IL-8
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