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OBJECTIVE: There has been little success in translating preclinical studies of mouse hind limb ischemia into benefit for patients
with peripheral artery disease. Using systematic strategies, we sought to define the injury and angiogenesis landscapes
in mice subjected to hind limb ischemia and ascertain whether published studies to date have used an analysis strategy
concordant with these data.

APPROACH AND RESULTS: Maps of ischemic injury were generated from 22 different hind limb muscles and 33 muscle territories
in 12-week-old C57BL/6 mice, based on loss or centralization of myofiber nuclei. Angiogenesis was similarly mapped
based on CD (cluster of differentiation) 31—positive capillary content. Only 10 of 33 muscle territories displayed consistent
muscle injury, with the distal anterior hind limb muscles most reliably injured. Angiogenesis was patchy and exclusively
associated with zones of regenerated muscle (central nuclei). Angiogenesis was not observed in normal appearing muscle,
necrotic muscle, or injury border zones. Systematic review of mouse hind limb angiogenesis studies identified 5147 unique
publications, of which 509 met eligibility criteria for analysis. Only 7% of these analyzed manuscripts evaluated angiogenesis
in distal anterior hind limb muscles and only 15% consistently examined for angiogenesis in zones of muscle regeneration.

CONCLUSIONS: In 12-week C57BL/6 mice, angiogenesis postfemoral artery excision proceeds exclusively in zones of muscle
regeneration. Only a minority of studies to date have analyzed angiogenesis in regions of demonstrably regenerating muscle
or in high-likelihood territories. Quality assurance standards, informed by the atlas and mapping data herein, could augment
data reliability and potentially help translate mouse hind limb ischemia studies to patient care.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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burden.? Its most serious manifestation, critical

limb ischemia, carries high risks of limb amputation
and death, despite advances in percutaneous and sur-
gical therapies.3* Accordingly, treatment innovations for
peripheral artery disease are actively investigated, includ-
ing strategies to augment angiogenesis.

Peripheral vascular disease is a worldwide health

See cover image

A common approach to investigating ischemia-
induced angiogenesis is a mouse model of hind limb
ischemia. In 1998, Couffinhal et al® reported such a
model wherein blood flow down the femoral artery was
surgically halted, leading to neovascularization of the
hind limb skeletal muscles. This experimental system has
since been adopted widely to study ischemia-induced
angiogenesis and evaluate proangiogenesis therapies.®”
Drugs, hormones, growth factors, progenitor cells, and
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biomaterials have been tested, many with positive find-
ings.®7'® This, in turn, has informed paradigms for patient
intervention.®'#'s However, despite preclinical successes
in the mouse, no proangiogenesis interventions have
proven to benefit patients with peripheral vascular dis-
ease.'*15720 This model-patient discordance constitutes
an example of a translational valley of death.?"?2

There are several potential explanations for the dis-
cordance between the preclinical and clinical outcomes.
These include the older age and coexisting chronic dis-
eases of individuals with peripheral artery disease,?®?
challenges in scaling local delivery strategies for
humans,®?® insufficient inclusion of female mice, and the
fact that new microvessels may not acquire the neces-
sary complement of vasomotor functions.?6-2¢

In addition to these considerations, it must also be rec-
ognized that the histological evaluation required to assess
angiogenesis could, itself, compromise data reliability.
Angiogenesis is a microscopic process, yet the skeletal
muscle territories in the hind limb are vast?®3° This chal-
lenges accurate data extraction, particularly with regional
heterogeneity in angiogenesis, as may arise from different
skeletal muscle metabolic subtypes®'=? and variable collat-
eral responses.® Different mouse strains and different inter-
ventions used to induce ischemia can further complicate
the sampling-based evaluation strategy.3*%® Appropriately
selecting microscopic territories from the immense muscle
landscape is critical not only for consistent results but also
accurate conclusions. For example, inadvertent mismatch-
ing of muscle zones for treatment and control intervention
groups could lead to concluding the existence of a treat-
ment effect where none exists. Given these concerns, it is
noteworthy that a comprehensive understanding of where
angiogenesis proceeds in the ischemic hind limb, and its
relationship to skeletal muscle pathobiology, is lacking.

Herein, we have undertaken a hybrid, experimental-
evaluative investigation of the vulnerabilities in a widely
used preclinical mouse model of limb ischemia, using sys-
tematic approaches. First, we generated a detailed atlas
of muscle injury zones and angiogenesis zones across 22
hind limb muscles of C57BL/6 mice subjected to femo-
ral artery excision. Second, we undertook an unbiased,
systematic review of 509 manuscripts, criteria selected
from 5147 nonduplicate publications of mouse hind limb
ischemia. From these manuscripts, we ascertained the
extent to which published investigations used an analysis
approach concordant with the mapping data. The findings
uncover substantial data risks for mouse hind limb isch-
emia studies and provide a quality assurance approach that
could strengthen the value of this preclinical animal model.

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467. DOI: 10.1161/ATVBAHA.120.315028

* Despite preclinical successes in the mouse hind
limb ischemia model of peripheral vascular disease,
no proangiogenesis interventions have proven to
benefit patients.

+ Full hind limb mapping in C57BL/6 mice subjected
to femoral artery excision revealed that skeletal mus-
cle injury and angiogenesis were inconsistent and
regionally variable, with the anterior distal hind limb
showing the most consistent and uniform responses.

* Angiogenesis in the hind limb skeletal muscle
occurred exclusively in zones of muscle regeneration,
not in border zones and not in noninjured muscle.

* A systematic review of the current published litera-
ture revealed that only a small minority of studies
have analyzed angiogenesis in demonstrably regen-
erating muscle or high-likelihood zones. Quality
assurance strategies, based on the principles dis-
cerned herein, could augment the reliability of this
widely used animal model and its translational utility.

MATERIALS AND METHODS

The data and methods that support the findings of this study
are available from the corresponding author on reasonable
request.

Mouse Model of Hind Limb Ischemia

Experiments were conducted in accordance with the University
of Western Ontario Animal Care and Use Subcommittee, which
follows the policies set out by the Canadian Council on Animal
Care. This study was also conducted in accordance with the
Animal Research: Reporting In Vivo Experiments guidelines for
transparent reporting of animal research®® and the 2018 con-
sensus guidelines for the use and interpretation of angiogenesis
assays.?® Cb7BL/6J (Jackson Laboratories, Bar Harbor, ME) and
CB7BL/6N (Charles River Laboratories, Wilmington, MA) mice
12 weeks of age were anesthetized with ketamine (80 mg/kg)
and xylazine (10 mg/kg) administered intraperitoneally. Male mice
were studied to reflect the currently used methodologies in the lit-
erature and recognizing their robust angiogenic response.®” Hind
limb ischemia was induced by ligating the right femoral artery
above and below the profunda femoris branch, recently retermed
the proximal caudal femoral artery,*® using 6-0O silk sutures and
excising the intervening 2- to 3-mm portion of artery.?"3> All hind
limb muscles were harvested after 10 days, a time point in which
capillary regeneration is known to be robust, and after 28 days,
when the process has stabilized?® Mice were housed in clear,
plastic cages containing standard bedding and maintained on a
12-hour light and dark cycle at 23°C and 50% relative humidity.
Mice were fed water and normal mouse chow diet (Diet 2018;
Harlan Teklad, Madison, WI), which were available ad libitum.

Laser Speckle Contrast Imaging Flow Analysis

Bulk blood flow to the distal hind limb was assessed using laser
speckle contrast imaging (moorFLPI-2; Moore Instruments,
United Kingdom). Relative limb perfusion was measured pre- and
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post-ischemia using regions of interest confined to the plantar
soles, as reported previously® Mice were lightly anesthetized
using isofluorane (1.3%—1.5% mixed with 100% oxygen at a rate
of 0.8 L/min) and placed on a heating pad, covered by a black
mat provided by the manufacturer, to maintain a body tempera-
ture of 36.620.5°C. The mice were acclimatized to the anesthetic
and heating pad for b to 7 minutes before imaging and flow data
collected according to manufacturer instructions. Image set-
tings were set to Temporal Measure Mode with a Temporal Filter
of 250 frames. Postprocessing of images and data extraction
were performed using moorFLPI Review V5.0 software (Moore
Instruments). Results are expressed as the ratio of perfusion in the
ischemic (right) limb versus the nonischemic (left) limb. Mice with
postoperative day O perfusion ratios that did not decline to 30%
of baseline or lower were excluded, in line with currently accepted
standards® and allowing for the higher spatial resolution of laser
speckle contrast imaging compared with laser Doppler imaging.

Tissue Preparation

For tissue harvesting, mice were subjected to isofluorane over-
dose and perfused sequentially with PBS and 4% paraformal-
dehyde via left ventricular cannulation at physiological pressure.
Whole left and right hind limbs were dissected, immersed in 4%
paraformaldehyde overnight, and then decalcified by immersing
in 6.56% EDTA solution (pH 7.0) for 10 days.?® Each hind limb
was embedded in paraffin and sectioned at 3 defined sites: the
proximal hind limb (2 mm beyond the distal suture at the femo-
ral artery excision site), the mid-hind limb (2 mm superior to the
mid-knee joint line), and the distal hind limb (the widest muscle
portion of the below-knee tissue region).

Histological Analysis—Ischemic Injury Mapping

Five-um-thick full cross sections of hind limbs were stained
for hematoxylin and eosin. Entire cross sections were digitally
scanned using a Leica Aperio AT2 Digital Pathology Slide
Scanner (Leica Biosystems, Germany) with 40x objective
engaged. Skeletal muscle injury areas were identified for all
muscles, categorized as either injury-necrosis or injury-regener-
ation, based on disrupted myofibers devoid of nuclei or regener-
ated myofibers with centralized nuclei, respectively.®*-*° Areas
were quantified using ImageJ (National Institutes of Health) and
Aperio ImageScope (version 12.3.2.8013; Leica Biosystems).
Maps were created based on the locations and the size (area) of
the injured territory within a given section (Figure 1). Areas were
averaged from 9 C57BL/6J mice at day 10 and 5 C57BL/6J
mice at day 28. A validation cohort of 5 C57BL/6N mice har-
vested at day 10 was similarly analyzed. A second validation
cohort of 32 inbred C57BL/6J male mice also subjected femo-
ral artery excision was analyzed, evaluating injury maps specifi-
cally in the tibialis anterior and distal gastrocnemius muscles.

Histological Analysis—Angiogenesis Mapping

The skeletal muscle vasculature was evaluated in sections
near-adjacent to those assessed above by immunostaining
for CD (cluster of differentiation) 31—positive endothelial
cells. Five-micrometer sections were subjected to antigen
retrieval (sodium citrate 0.01 M, pH 6.0 [Sigma], and heating
with pressure in a 2100 Retriever device [Prestige Medical])
and immunostained using rat monoclonal anti-mouse
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CD31 antibody (1:20, Clone SZ31; Dianova) and, in some
instances, with rabbit monoclonal anti-mouse Ki-67 anti-
body (1:400; Abcam). Bound primary antibody was detected
using Alexa Fluor-488 conjugated goat anti-rat IgG (1:100;
Thermo Fisher) and Alexa Fluor-5694 conjugated goat anti-
rabbit IgG (1:100; Thermo Fisher; Major Resources Table
in the Data Supplement). Nuclei were visualized with DAPI
Fluoromount-G (SouthernBiotech; 0100-20). Fluorescence
imaging was undertaken by widefield microscopy (Olympus
BX-51) using the Northern Eclipse image acquisition and
analysis software (EMPIX Imaging, Inc) and the Leica Aperio
VERSA Digital Pathology Slide Scanner (Leica Biosystems).
Capillary densities for all muscles were quantified in 5
equally spaced high-powered fields per muscle territory, using
Imaged (National Institutes of Health) or Aperio ImageScope.
Capillary densities were quantified within the injury zone, border
zone, and uninjured zone. The border zone was defined as a
single high-powered field of view (225-um wide) of myofibers
with peripheral nuclei, directly adjacent to the myofiber zone
with central nuclei. Angiogenesis was deemed to have occurred
if the capillary content was statistically significantly greater
than that in the matched contralateral control muscle territory.
Angiogenesis maps were generated based on this assessment.

Systematic Publication Review

A search of all publications related to C57BL/6 mouse hind limb
ischemia was performed using Medline, Embase, BIOSIS, and
Web of Science databases from their respective inceptions (1946,
1947, 1926, and 1900) to July 25, 2019. The initial search strat-
egy was designed to be as inclusive as possible and used the
following Medical Subject Headings: mice, ischemia, and hind limb.
Subsequently applied exclusion criteria were as follows: abstract-
only publications, non-English language publications, review arti-
cles, letters and commentaries, studies evaluating collaterogenesis
or arteriogenesis rather than capillary-level angiogenesis, mouse
models not using the C57BL/6 genetic background, ischemia
induced by a surgical technique other than femoral artery excision,
and studies that evaluated end points other than skeletal muscle
angiogenesis. Non-English articles, review articles, and arteriogen-
esis articles were identified and excluded based on manuscript
title and abstract review. The remaining exclusions were based on
a full review of the manuscript and its methods. The final studies
included English language peer-reviewed full manuscripts, with
histological evaluations of angiogenesis in ischemic skeletal mus-
cle following surgical excision of the femoral artery in C57BL/6
mice. The latter included mice receiving treatment interventions
and transgenic mice backcrossed to a C57BL/6 background, to
capture the breadth of the relevant studies.

All authors agreed on included and excluded studies. From
each of the 509 publications, 3 investigators (J.J.L, H.Y, and
J-M.A) extracted descriptive and methodologic data. This
entailed (1) the year of publication, (2) the age and sex of the
mice studied, (3) the vendor from which the mice were obtained
and the C57BL/6 substrain, (4) whether flow interruption was
confirmed by laser Doppler analyses, (5) the day postfemoral
artery excision angiogenesis was histologically analyzed, (6) the
specific muscle(s) evaluated for angiogenesis, (7) whether histo-
logical images were provided for control (no femoral artery exci-
sion) and injured (femoral artery excision) muscles, (8) whether
central/internalized myofiber nuclei were evident in images of
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Figure 1. Atlas of the hind limb skeletal muscles of C57BL/6J mice subjected to femoral artery excision.

A-C, Maps depicting the skeletal muscles in the proximal (A), mid- (B), and distal mouse hind limb (C). Adjacent to each map is a corresponding
hematoxylin and eosin—stained full cross section of the hind limb, 10 d after femoral artery excision. Varying intensities of muscle eosinophilia can
be seen; less intense staining is present in territories of ischemic injury. D, High-magnification images, corresponding to the outlined zones within
the proximal and distal hind limb, depicting normal (left) and injured (right) regions of the same muscle sections. The uninjured regions have
peripheral myofiber nuclei (arrowheads). The injured/regenerating regions have pale myofibers with centralized nuclei (arrowheads).

injured muscle from which angiogenesis was evaluated, and (9)
the consistency of central nuclei among all images of injured
muscles. There was a 99% agreement (506 of 509 articles) on
the extracted information. A fourth investigator (J.G.P) further
evaluated the data, and consensus was achieved.

Statistics

Descriptive data are presented as mean+SD. Comparative data
are presented as meantSEM. Normal distributions were con-
firmed using DAgostino and Pearson omnibus normality test-
ing. Comparisons were made by 2 tailed t tests or ANOVA with
Bonferonni post hoc test. Multiple ¢ test corrections were per-
formed using the false discovery rate approach with Q=5%."
The 2-stage step-up method of Benjamini et al*? was used.
Associations between the presence of angiogenesis and histolog-
ical muscle injury status were tested using %? analysis.® Data were
analyzed using Prism 8 (version 8.4.2.679; GraphPad Software),
and A<0.05 was considered significant unless otherwise stated.

RESULTS

Femoral Artery Excision Produces
Heterogeneous Ischemic Injury With Variable
Consistency

To investigate the consistency and distribution of skel-
etal muscle injury following a strong vascular insult, 9

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467. DOI: 10.1161/ATVBAHA.120.315028

CH7BL/6J mice were subjected to unilateral femoral
artery ligation and excision. In all mice studied, the post-
procedure ischemic to nonischemic hind limb perfusion
ratio, determined by laser speckle contrast imaging, fell
to at least 0.3 (0.21£0.05; Figure | in the Data Supple-
ment). Decalcified hind limbs were harvested in toto,
and full transverse sections across upper, mid, and dis-
tal hind limb territories were studied. This encompassed
33 distinct planes of 22 different muscles for a given
mouse (Figure 1A through 1C). Myofibers within each
cross section were evaluated, and subregions were
categorized as @) uninjured, @) injured-regenerated
(central nuclei), or (3) injured-necrotic (absent nuclei;
Figure 1D). This analysis was undertaken on 9 mice
harvested 10 days after injury and 5 mice harvested 28
days after injury, corresponding to 297 and 165 muscle
territories, respectively.

The cross-sectional areas of uninjured, injured-
regenerated, and injured-necrotic muscle zones for
each cross-sectional plane for every mouse studied are
presented in Tables | and Il in the Data Supplement.
Remarkably, for almost every mouse, there were more
muscle territories with no evidence for muscle injury
(normal myofiber morphology, no features of necrosis,
regeneration, fibrosis, or inflammation) than with injury.
On average, 14 of 33 muscle territories (£4.7) at day
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10 displayed injury, and 14 of 33 territories (£7.7) on
day 28 had injury zones. Interestingly, the inter-mouse
variability in injury (evident in Tables | and Il Data Sup-
plement) was not related to differences in perfusion.
Below the inclusion threshold perfusion ratio of 0.3,
there was no correlation between perfusion ratio and
the number of injured muscles (P=0.341; Figure IC in
the Data Supplement).

Using the averaged site-specific data, we next gen-
erated an atlas of skeletal muscle injury, comprised of
injury maps for the full transverse sections across upper,
mid, and distal hind limb territories, 10 and 28 days after
injury. Both the site and consistency of injury are depicted
(Figure 2). In the upper hind limb, 10 days after femo-
ral artery excision, a reproducible injury-regeneration

Risks in Assessing Angiogenesis in Ischemic Muscle

response, defined as present in at least 67% of the mice
studied, was found for only the vastus medialis, pectin-
eus, and adductor longus muscles. In the mid-hind limb,
muscle injury-regeneration was found but no muscle
territory displayed reproducible (=67% consistency)
injury. In the distal hind limb, there was more widespread
injury, with reproducible injury-regeneration evident in
8 muscles, namely the tibialis anterior, extensor digito-
rum longus, peroneus longus, flexor digitorum longus,
tibialis posterior, popliteus, soleus, and gastrocnemius
(Figure 2A). Foci of injury-necrosis could be seen within
injury-regeneration zones, most prominently in the distal
hind limb (Figure 2A).

The injury maps of tissues harvested 28 days after
surgery were similar for those of day 10. For the upper

A Day 10 Injury Map: C57BL/6J Mice

100 ¢ == C57BL/GJ (Day 10)
== C57BL/6N (Day 10)
80 4 == C57BL/BJ (Day 28) I

60 4

Proximal Mid Distal

Muscle Territories Injured (% total)

Hindlimb Hindlimb Hindlimb

Consistency of Injury
[] 0% (No Injury)
[]1-33%
[]134-66%

B 67 - 100%

[] Necrosis

Figure 2. Hind limb injury maps for C57BL/6 mice subjected to femoral artery excision.

A, Maps depicting the sites of muscle injury in proximal (left), mid- (middle), and distal (right) hind limb of C57BL/6J mice, 10 d after femoral
artery excision. Areas of injury/regeneration are shaded yellow or green, with the respective consistency of injury denoted by the shade. Dark
green zones are those with the most consistent injury/regeneration. Areas of injury/necrosis are shaded orange. Map data are based on n=9
mice. B, Maps depicting the sites and consistency of muscle injury in C57BL/6J mice, 28 d after femoral artery excision. Map data are based
on n=5 mice. C, Maps depicting the sites and consistency of muscle injury, 10 d after femoral artery excision in the C57BL/6N substrain
(Charles River). Map data are based on n=5 mice. D, Graph depicting the extent of muscle injury in each of the proximal, mid, and distal hind
limb for the different cohorts of mice analyzed. The proportion of injured distal hind limb muscles is greater than that for the proximal or mid-
hind limb (P<0.001) but, for a given hind limb zone, there are no differences among the mouse substrains or time of assessment post-injury
(P=0.648). Data are meantSEM. See Tables | through Ill in the Data Supplement for individual data values.
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and mid-hind limb, consistent injury-regeneration was
only evident for the vastus medialis muscle. In contrast,
in the distal hind limb, the 8 muscles consistently show-
ing injury-regeneration on day 10 also consistently dis-
played injury-regeneration on day 28. Necrotic foci were
also seen at day 28, but these zones were less promi-
nent than on day 10.

The injury zones in the distal hind limb occupied all
or all but the outer muscle edges of a given muscle, at
both 10 and 28 days after femoral artery excision. The
exception to this was the gastrocnemius muscle, where
much of the gastrocnemius muscle remained uninjured
and only deeper regions showed injury-regeneration
(Figure 2A and 2B).

Ischemic Injury Profiles in Validation Cohorts

To determine whether the foregoing injury profiles held
with C57BL/6 mice from a different vendor, we under-
took the same assessment on 5 mice obtained from
Charles River Laboratories. These mice are a substrain
of C57BL/6 mice (C57BL/6N) that have genomic and
phenotype differences with C67BL/6J mice.** Inter-
estingly, the 10-day injury response to femoral artery
excision in CB7BL/6N was highly similar to that of
CH7BL/6J mice, in terms of both the site and consis-
tency of muscle injury (Table 11l in the Data Supplement;
Figure 2C). The distal hind limb muscles were again the
most consistently injured, with the distal anterior hind limb
muscles, in particular, almost uniformly injured. We also
established that, for a given hind limb zone, the overall
proportion of muscle territories displaying injury was no
different among C57BL/6J mice harvested at 10 days,
Cb7BL/6N mice harvested at 10 days, and C57BL/6J
mice harvested at 28 days (P=0.648; Figure 2D).

We also assessed a second validation cohort of 32
inbred C57BL/6J male mice, examining the responses
specifically in the tibialis anterior muscle and the gas-
trocnemius muscle, 14 (n=21) and 28 (n=11) days
after femoral artery excision. Both muscles displayed
injury in 30 of 32 mice. However, the average rela-
tive muscle area occupied by injury-regenerated myo-
fibers in the tibialis anterior muscle was 93.8+4.3%,
whereas in the gastrocnemius muscle, this was only
66.0+5.9% (P<0.0001).

Together, these quantitative mapping data reveal that
in CB7BL/6 mice subjected to femoral artery excision,
most muscles display either no features of injury or are
partially and inconsistently injured. Consistent and rela-
tively widespread injury can, however, be found in the dis-
tal anterior hind limb.

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467.DOI: 10.1161/ATVBAHA.120.315028
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Angiogenesis Is Regional and Observed in
Zones of Injured-Regenerating Muscle

We next quantified angiogenesis in the hind limb mus-
cles of the mice subjected to femoral artery excision.
Angiogenesis was defined as a statistically significant
increase in capillary density, based on CD31 immunos-
taining, relative to the matched site of the contralateral
hind limb. This assessment was made in regions of unin-
jured muscle, injured-regenerated muscle, and injured-
necrotic muscle.

As depicted in Figure 3, angiogenesis was evident
within injured-regenerating skeletal muscle territories.
On day 10, all but 1 of 25 territories that displayed injury,
across the 3 hind limb planes, showed an angiogenesis
response. On day 28, 20 of 26 injury zones had statis-
tical evidence for angiogenesis (Figure 3B). The aver-
age 28-day capillary density in the injured-regenerating
zones was found to be less than that on day 10 (1362/
mm? versus 1034/mm?; R<0.0001), suggesting pruning
of the neocapillaries (Figure 3D). Notably, there was no
significant increase in capillary density in any of the non-
injured muscle territories on either day 10 or 28. Also, in
most of the injured-necrotic territories, there was a sta-
tistically significant decrease in capillary density, relative
to the contralateral muscle territory.

The finding of angiogenesis in injured-regenerating
zones but not in uninjured zones or injured-necrotic
zones was also observed in the C57BL/6N validation
cohort (Figure 3C).

Angiogenesis Is Exclusive to Injured-
Regenerating Muscle Zones

Because much of the hind limb was not injured after
femoral artery excision, we considered the possibil-
ity that increases in capillaries in at least parts of the
uninjured territories could be missed. For example,
angiogenesis might proceed in an injury border zone,
recognizing that such a site could be ischemic but with-
out overt muscle injury. To test this possibility, we quan-
tified the capillary density in a 225-pm zone directly
adjacent to those injury-regenerated regions around
which a border zone could be delineated. As depicted
in Figure 4, none of 14 border zones were found to
have quantitative evidence for angiogenesis. When
analyzed together with injured-regenerated zones,
injured-necrotic zones, and uninjured zones, contin-
gency analysis revealed an unequivocal and exclusive
relationship between angiogenesis and injured-regen-
erated muscle zones (P=0.0001; Figure 4A).

This exclusivity was particularly apparent in relatively
large muscles where both injured and uninjured territories
were present in similar proportions, such as the gastroc-
nemius muscle. As depicted in Figure 4B, there is a clear
demarcation of the edge of angiogenesis zone, and this
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A Day 10 Angiogenesis Map: C57BL/6J Mice
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Figure 3. Hind limb angiogenesis maps for C57BL/6 mice subjected to femoral artery excision.

A, Maps depicting the sites of angiogenesis and capillary loss in proximal (left), mid- (middle), and distal (right) hind limb of C57BL/6J mice,
10 d after femoral artery excision. Angiogenesis and capillary loss were determined based on a statistically significant increase or decrease

in capillary density, relative to the corresponding region in the contralateral control muscle, as determined by immunostaining for CD (cluster
of differentiation) 31. Injured/regenerating and injured/necrotic zones are overlaid in dashed lines. Dashed lines surrounding unshaded areas
correspond to territories of muscle injury in which a statistically significant increase in capillary density was not found. Map data are based on
n=9 mice. B, Maps depicting the sites of angiogenesis and capillary loss in the hind limb in C57BL/6J mice, 28 d after femoral artery excision.
n=5 mice. C, Maps depicting the sites of angiogenesis and capillary loss in the hind limb in C57BL/6N mice, 10 d after femoral artery excision.

Map data are based on n=5 mice. D, Graph of capillary densities in histologically defined muscle zones for the different cohorts of mice

analyzed (meantSEM).

edge is found precisely at the edge of injury-regeneration
zone, that is, the transition from central to peripheral myo-
fiber nuclei. This abrupt spatial transition in angiogenesis
was confirmed by quantifying capillary densities of the
respective adjacent zones (Figure 4C). As well, colabeling
with CD31 and Ki-67 showed no evidence of proliferat-
ing endothelial cells in the border zone, despite its abun-
dance in the injury-regenerated zone (Figure 4D).

Systematic Review: Widely Diverse Muscle
Regions Selected for Angiogenesis
Assessment

The foregoing data revealed that (1) there is a tight
and exclusive linkage between skeletal muscle
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injury-regeneration and skeletal muscle angiogenesis
and (2) only a subset of hind limb muscles consistently
undergo injury and regeneration after femoral artery exci-
sion. Given these results, we next determined the extent
to which published mouse hind limb angiogenesis stud-
ies undertook a strategy concordant with the findings.
Multidatabase structured searching yielded 5147 unique
articles from a total of 11886 article titles generated
from the Medical Subject Headings key word search of
4 databases (Figure b). Application of exclusion criteria
identified 509 articles, all of which studied angiogenesis
in hind limb skeletal muscle following femoral artery exci-
sion in C57BL/6 mice (Table IV in the Data Supplement).

The earliest of these 509 studies was the 1998 report
by Couffinhal et al® that introduced the mouse hind limb

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467. DOI: 10.1161/ATVBAHA.120.315028
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Figure 4. Angiogenesis following femoral artery excision occurs exclusively in injured/regenerating (Regen) muscle zones.
A, Contingency table relating the presence of angiogenesis with histologically defined muscle zones. Data from a total of 87 zones from 9
C57BL/6J mice subjected to femoral artery excision and harvested 10 d later are depicted. £<0.0001. B, Micrographs of gastrocnemius
muscle sections from a C57BL/6J mouse subjected to hind limb ischemia and harvested 10 d later, depicting the transition from injured

to noninjured muscle. Top, Capillary content, based on immunostaining for CD (cluster of differentiation) 31 (green) with 4’,6-diamidino-2-
phenylindole (DAPI) nuclear counterstain (blue). Bottom, Near-adjacent section stained with hematoxylin and eosin, illustrating the abrupt
transition from centralized to peripheral myofiber nuclei. C, Capillary densities in defined muscle zones of the injured gastrocnemius muscle.
*P<0.0001. D, Fluorescence micrographs of regions in the gastrocnemius muscle 10 d after surgery, immunostained for CD31 (green) and
Ki-67 (pink). Nuclei are visualized with DAPI. Bord indicates border zone; Cont, control; and Uninj, uninjured zone.

femoral artery occlusion model, providing a measure of
internal validity to the search strategy. As noted, all studies
undertook a femoral artery excision procedure, and most
studies used male mice (Figure 6A). Most (88%) stud-
ies performed perfusion analyses using a laser Doppler
technique. As per the selection criteria, all studies used
CB7BL/6 mice, and 35% were reported as being obtained
from either The Jackson Laboratory or Charles River Lab-
oratories (Figure 6B). The median age of mice was 10
weeks (interquartile range, 8—12 weeks). Most mice were
histologically analyzed for angiogenesis between 20 and
29 days after femoral artery excision (Figure 6C).

The specific skeletal muscles histologically analyzed
for angiogenesis are depicted in Figure 7. Over half of all
manuscripts evaluated angiogenesis in the gastrocnemius
muscle (194 of 509, 38%) or the adductor muscle bundle
(29%). In the current study, these muscles were inconsis-
tently injured and, when injured, the damage was localized.
In contrast, the tibialis anterior and extensor digitorum lon-
gus muscles, found in the mapping data to be consistently
injured and angiogenic, were an analysis site in only 7% of

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467.DOI: 10.1161/ATVBAHA.120.315028

manuscripts. Also notable was that 20% of studies did not
specify which muscles were analyzed for angiogenesis.

To control for any bias that might be introduced by there
being multiple studies from the same research group, we
repeated the analysis using only the most recently pub-
lished article from those with the same senior author. This
entailed 283 author-unique articles. The distribution of
specific muscles analyzed was not demonstrably altered
by this author-level adjustment (Figure 7B).

Systematic Review: Dissociation Between
Zones of Injury and Zones of Angiogenesis
Analysis

We next ascertained whether angiogenesis quantification
was undertaken at sites of injured-regenerated muscle
zones. For this, we evaluated the manuscript figures and
ascertained whether central nuclei were evident in the his-
tology images of postfemoral artery excision muscle. Most
of the 509 studies (94%) displayed hind limb histology
images in the main article or the supplemental material.
However, unequivocal evidence for central nucleiin at least
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Subject Search Terms:
Mouse, Limb or Hindlimb, Ischemia

Medline: 2272 articles Embase: 3744 articles

BIOSIS: 3074 articles

WOS: 2766 articles
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1 |

!

11,886 articles

> [ Duplicates (6739)
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> | Abstracts / Not full-text (1962)
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3,185 articles
Non-English articles (84)
Review articles (192)
Book sections, editorials,
methods, erratum, letters (157)
Non-relevant titles / abstracts (870)
Arteriogenesis assessment only (23)
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non-skeletal muscle (151)
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Figure 5. Systematic literature search strategy and manuscript yield.
Flowchart indicating Medical Subject Headings search terms, exclusions, and resulting yield of studies included for analysis. WOS indicates

Web of Science.

one of the postinjury hind limb images was present in only
40% of manuscripts and in 43% of those showing muscle
histology. The remaining majority of images showed myofi-
bers with exclusively peripheral nuclei orimages where the
nuclear location could not be interpreted, either because
of suboptimal image quality or the lack of a nuclear stain.
Furthermore, in only 15% of all articles, was there a con-
sistent depiction of central nuclei in all of the postinjury
hind limb images shown (Figure 8A). Author-level adjust-
ment did not impact these findings (Figure 8A).

We also ascertained whether the specific muscle ana-
lyzed for angiogenesis was related to the likelihood of
there being centralized nuclei in images. This proved to
be the case. In those minority of manuscripts that studied
distal anterior hind limb muscles, the probability of there
being centralized nuclei was high (odds ratio, 5.6 [95%
Cl, 1.3-25.4]; Figure 8B). In contrast, those manuscripts
that studied angiogenesis in either gastrocnemius and
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adductor muscles were likely not to show centralized
nuclei (odds ratio, 0.2 [95% Cl, 0.04-0.8]; Figure 8B).

Collectively, this body of curated manuscript data points
to a common discordance between the site of angiogen-
esis analysis and the probable site of angiogenesis.

DISCUSSION

We have undertaken a unique, hybrid investigation of the
widely used mouse model of ischemia-induced hind limb
angiogenesis. This entailed generating a comprehensive
atlas of muscle injury and angiogenesis and combining
this with a systematic review of the published literature.
We used the mapping data to inform a methodological
analysis of this large body of manuscripts. In so doing,
we have identified elemental vulnerabilities in the mouse
hind limb ischemia model that could hinder data reliability
and, potentially, clinical translation.

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467. DOI: 10.1161/ATVBAHA.120.315028
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Figure 6. Methodological metrics in published literature evaluating angiogenesis following hind limb ischemia.

A, Graph showing the distribution of manuscripts based on the sex of mice used for angiogenesis assessment. B, Graph showing the
distribution of manuscripts based on the vendor from which mice were procured. C, Distribution of manuscripts according to the time points at
which angiogenesis analysis following femoral artery excision was undertaken.

Systematic mapping of the muscle injury and angiogen-
esis landscapes was enabled by evaluating full transverse
sections across the decalcified hind limb at upper, mid,
and distal levels. This assessment revealed that, despite
pronounced loss of perfusion induced by femoral artery
excision, skeletal muscle injury was often inconsistent and
always regionalized. Regional variability was evident among
different muscles, but also within a given muscle, including
within the same cross-sectional plane. We also established
that all regions of muscle throughout the injured hind limb
could be classified as being in 1 of 3 states—uninjured,
necrotic, or regenerating. This proved to be critically impor-
tant for the study of angiogenesis. Uninjured muscle, which
constituted most of the hind limb, showed no angiogenesis
whatsoever. Necrotic muscle, found as small internal zones
in select muscles, displayed a reduction in capillary count.
Postinjury regenerated muscle, and only those zones, dis-
played angiogenesis. These conclusions were based on

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467. DOI: 10.1161/ATVBAHA.120.315028

the assessment of 691 hind limb muscle territories from
51 C57BL/6 mice. Moreover, the angiogenesis-regener-
ated muscle relationship existed for tissues harvested both
10 and 28 days after femoral artery excision and in mice
obtained from 2 different vendors.

Our finding of an irrevocable linkage between angiogen-
esis and postischemic regenerating muscle has important
implications for the assessment of angiogenesis. Because
the majority of the hind limb muscle was not regenerating,
there is a risk of harvesting tissue and evaluating angio-
genesis in a territory of muscle that will not have it. As well,
given the inconsistency and spatial heterogeneity of angio-
genesis, there is a risk of inadvertently mismatching tissue
regions harvested for control and treatment interventions.
Importantly, our mapping data provide 2 strategies with
which to mitigate these risks. First, central myofiber nuclei,
which denote regenerating skeletal muscle in injured
mice,® provide a natural strategy for identifying a suitable
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Figure 7. Breakdown of muscles analyzed in the published literature evaluating postischemia angiogenesis.

A, Graph showing the prevalence of the specific muscles used for histological angiogenesis evaluation and quantitation, among all manuscripts
analyzed (n=509 manuscripts). B, Graph showing the prevalence of the specific muscles used for histological angiogenesis evaluation, after author-
level adjustment to account for multiple manuscripts from the same research group (n=283 manuscripts). EDL indicates extensor digitorum longus.

zone for angiogenesis analysis. Second, the hind limb atlas
established that the distal anterior muscles of C57BL/6
mice have a high likelihood of injury and angiogenesis,
affording a strategy for site reliability.

The systematic manuscript review revealed that the
identified data acquisition vulnerabilities in the mouse
model are vulnerabilities that can play out in published
studies. We reviewed 509 manuscripts that studied hind
limb angiogenesis in C57BL/6 mice subjected to femoral
artery excision, conditions similar to those for generat-
ing the injury and angiogenesis maps. Remarkably, only
18% of manuscripts consistently assessed angiogen-
esis in regions of muscle that displayed regeneration, as
indicated by the presence of central nuclei in the corre-
sponding images. Furthermore, only 7% of the analyzed
manuscripts evaluated angiogenesis in muscles within
the distal anterior hind limb, that is, those with the greatest
likelihood of being injured and undergoing angiogenesis.
Although we cannot definitively link the sites analyzed
with the capillary content results, the disparities with the
mapping data highlight the potential for reproducibility

2464  October 2020

challenges and possibly inaccurate conclusions. For
example, if the site used to assess a test intervention
was a regenerating zone but the site used to assess the
control intervention was not, this could lead to reporting
a proangiogenesis effect of the intervention where one
actually does not exist (type | error). Conversely, if each
territory used to assess the control and test interventions
were not in fact subjected to ischemic damage, an angio-
genesis effect could be missed (type Il error). These are
theoretical scenarios that arise from our data analysis
but also tangible risks given the observed heterogeneity
within the vast muscle landscape and the sampling inher-
ent in the microscopic assessment of angiogenesis.

The systematic review established that the most com-
monly used muscles for angiogenesis analysis have been
the gastrocnemius muscle and adductor muscle groups.
This is not surprising as these are 2 large and easily
accessible hind limb muscle tissues.’®*%%¢ |t is notable,
therefore, that these muscles were also among those that
underwent variable and focal injury and angiogenesis.
Why the gastrocnemius muscle—a distal posterior hind

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467. DOI: 10.1161/ATVBAHA.120.315028
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Figure 8. Analysis of injured muscle zones depicted in the published literature evaluating postischemia angiogenesis.

A, Pie charts showing the distribution of manuscripts based on the state of the skeletal myofibers evaluated for postinjury angiogenesis, as
depicted in the representative histology images. Chart on the left is for all 509 manuscripts; chart on the right is for the 283 unique senior
author manuscripts. B, Depiction of the probability of there being centralized nuclei in histological images of tissues from mice subjected to
femoral artery excision, depending on the specific muscles analyzed. Data on right indicate the odds ratio (OR) and 95% Cls for there being

central nuclei present in the images.

limb muscle—was less reliably impacted than the distal
anterior muscles is unknown but could reflect collateral
network differences.®° Evaluating the most distal aspect
of the gastrocnemius muscle has been recommended
and may lessen the risk.® We propose that an analysis
strategy that is (1) oriented around centralized nuclei
and (2) takes into account any residual zones of necrosis
would be important to optimize the value of this muscle. In
fact, our data imply that this strategy should hold for any
muscle studied, including both oxidative and glycolytic.
Approaches to enhancing the reliability of angiogenesis
assessments have recently emerged. A seminal methods
report on mouse hind limb ischemia has been published,®

Arterioscler Thromb Vasc Biol. 2020;40:2454-2467. DOI: 10.1161/ATVBAHA.120.315028

as well as technical variations.”” An expert-guided con-
sensus document on the use and interpretation of several
angiogenesis assays has also been published.? To our
knowledge, the current study is the first to map all injury
and all angiogenesis zones in the entire hind limb and
the first to employ a systematic manuscript review algo-
rithm in the basic angiogenesis field. Systematic reviews
are uncommon for basic and preclinical research topics,
although recognition of their value is emerging.*-° Our
results add to a growing appreciation of the need for
quality assurance in preclinical studies, and they provide a
precision-based framework for optimizing the analysis of
the injured mouse hind limb.

October 2020 2465

dA - SIINIIIS JIsvE



[==)
=
1
(2]
Ll
(=]
]
[
(=]
o
=
(o]
=T
(==}

Lee et al

We restricted our de novo mapping study to young and
otherwise healthy mice. Older mice can be expected to
show more injury, and the angiogenesis responses could be
different23242” We also only mapped injury and angiogen-
esis in male mice, to align the data with existing literature.
Importantly, our systematic manuscript review quantified
the experimental sex bias in the field, establishing that only
10% of manuscripts assessed female mice. Reduced flow
recovery has been reported in female mice,*” and it will be
important to systematically assess for sex differences in
the angiogenesis landscapes. We note also that arterio-
genesis responses and the state of collateral vessels are
important determinants of the response to ischemia that
we have not investigated. 33475 Like angiogenesis, these
vascular responses are also challenging to quantify, and
we propose that the current hybrid mapping-evaluative
study of angiogenesis could inform a similar evaluation of
the complex feeder vessel response to ischemia.

We also limited the injury and angiogenesis mapping
to two commonly used CB7BL/6 mouse substrains.
Other mouse strains can be expected to have different
responses, as will mice subjected to superimposed met-
abolic and inflammatory challenges®*? The latter may
better reflect the human peripheral artery disease sce-
nario. That said, we propose that intramouse delineation
of skeletal muscle territories as either normal, necrotic, or
regenerating, and focusing the angiogenesis assessment
accordingly, could be a quality assurance tool that holds
across mouse strains, vascular risks, the metabolic pheno-
type of specific muscles, and modes of inducing ischemia.

Finally, it will be important to ascertain whether the
identified linkage between the state of the skeletal mus-
cle and angiogenesis also holds for humans with periph-
eral artery disease. In this regard, we recently identified
central skeletal muscle nuclei and evidence for angio-
genesis in tibialis anterior muscle samples in patients
with critical limb ischemia.®®

In summary, the mouse hind limb ischemia model is
an investigative mainstay for exploring therapeutic inno-
vations. However, we have established that evaluating
angiogenesis in this model carries substantial data risks.
Developing quality assurance parameters, based, in part,
on the mapping and review data herein, could augment
data reliability and potentially help translate mouse hind
limb ischemia studies to patient care.
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