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Abstract
Objective—Regional blood flow to the diaphragm muscle varies with the workload of
inspiration. To provide anatomical insight into coupling between muscle fiber recruitment and
oxygen supply, we tested whether arterioles are physically associated with motor nerve branches
of the diaphragm.

Methods—Following vascular casting, intact diaphragm muscles of C57BL/6 and CD-1 mice
were stained for motor innervation. Arteriolar networks and nerve networks were mapped (~2 μm
resolution) to evaluate their physical proximity.

Results—Neurovascular proximity was similar between muscle regions and mouse strains. Of
total mapped nerve lengths (C57BL/6, 70±15 mm; CD-1, 87±13 mm), 80±14% and 67±10% were
≤ 250 μm from the nearest arteriole and associated predominantly with arterioles ≤ 45 μm in
diameter. Distances to the nearest arteriole encompassing 50% of total nerve length (D50) were
consistently within 200 μm. With nerve networks repositioned randomly within muscle borders,
D50 values nearly doubled (P<0.05). Reference lines within anatomical boundaries reduced
proximity to arterioles (P<0.05) as they deviated from the original location of motor nerves.

Conclusion—Across 2 strains of mice, motor nerves and arterioles of the diaphragm muscle are
more closely associated than can be explained by chance. We hypothesize that neurovascular
proximity facilitates local perfusion upon muscle fiber recruitment.
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Introduction
The diaphragm is the largest and most important muscle of breathing, expanding the lungs
as it contracts during inspiration. Whereas the costal region of the diaphragm muscle is
responsible primarily for ventilation, the crural region serves further to prevent
gastroesophageal reflux (28, 30). As shown in dogs, selective activation of respective
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regions exerts differential effects on the rib cage and abdominal pressure (8). Dissociation
between costal and crural diaphragmatic function is required during swallowing, esophageal
distention and emesis. As shown in cats, such differential behavior is regulated reflexively
through vagal afferents via selective inhibition of the crural muscle region (24, 29). Such
distinct anatomical and functional properties have led to the diaphragm being considered as
two muscles in one (8, 18, 30). The diaphragm can also be divided anatomically and
functionally into complementary hemidiaphragms. In humans, distinctive motions of
respective hemidiaphragms were most apparent during postural changes and during
expiration in the lateral decubitus position (19). Further, with unilateral paralysis, pulmonary
ventilation may be compromised through dissociating the functional integrity between
hemidiaphragms (21, 34).

Across rodents, domestic and farm mammals, the diaphragm muscle is comprised of a
mixture of fiber types, with mice exhibiting the highest ATPase and succinic dehydrogenase
activities while having low phosphorylase activity (7). Independent studies staining for
myosin ATPase isoforms in diaphragm muscles of young adult (2–4 month) C57BL/10 mice
revealed a composition of ~10% Type I, ~30 % Type IIa and ~60% Type IId/x fibers (14,
15). In diaphragms of young adult C57BL/6 mice, mitochondrial volume density approaches
33% (12). These histochemical and ultrastructural profiles indicate a muscle that is able to
contract forcefully with great capacity for continuous activity. Nevertheless, even with
similar fiber types recruited throughout the muscle, regional heterogeneity in diaphragmatic
blood flow has been attributed to corresponding differences in the workload during
inspiration in rats (37), dogs (18) and ponies (27). The diaphragm can therefore be described
as a single muscle comprised of distinct functional entities having both unique and
complementary properties.

For limb muscles of rodents, motor nerves and feed arteries typically enter the muscle and
branch away from centrally-located neurovascular pedicles (4, 35). Such physical
coincidence may foster neurovascular proximity as respective structures branch to control
and supply muscle fibers. For the diaphragm muscle, left and right phrenic nerves enter the
thorax along ipsilateral thoracic arteries and respective structures branch to supply costal
and crural regions (see Fig. 1). However the diaphragm also receives numerous vascular
inputs from feed arteries located around its periphery and their arteriolar networks
anastomose with each other as they branch centripetally into the muscle. In light of such a
diverse topology between innervation and blood supply, it is unknown whether
diaphragmatic blood flow may be influenced through a physical association between its
motor innervation and its vascular supply. In so doing, the response of diaphragmatic
arterioles to signals associated with muscle fiber activation [e.g., neurotransmitter release
(31, 39, 40) or changes in PO2 (13)] would facilitate rapid adjustments in oxygen delivery to
support the aerobic production of ATP (13, 39).

Using the mouse as a model system, we tested the hypothesis that motor nerves and
arteriolar networks of the diaphragm muscle physically approximate each other more closely
than can be explained by chance. Our findings suggest that neurovascular proximity within
the diaphragm may facilitate vasoactive signals arising from motor unit recruitment to be
‘sensed’ by nearby arterioles.

Materials and Methods
All procedures were approved by the Animal Care and Use Committees of the John B.
Pierce Laboratory and the University of Missouri and were performed in accordance with
the Guide for the Care and Use of Laboratory Animals of the National Research Council (8th

Ed., 2011)
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Vascular casting and nerve staining
To determine whether relationships under investigation were representative of the species, 2
strains of mice (C57BL/6 and CD-1; 4 males each) were studied when 3 months old. Each
mouse was anesthetized with pentobarbital sodium (60 mg/kg, intraperitoneal injection) and
the chest was opened using a midline incision above the xiphoid process. Upon
pneumothorax, the diaphragm muscle assumed a ‘flattened’ position maintained by radial
tension exerted by the chest wall. A 20-gauge needle was inserted through the left ventricle
into the ascending aorta and secured for perfusion-fixation of the vasculature followed
immediately by perfusion with a silicone-based casting compound (Microfil; Flowtech,
Carver, MA) that was allowed to set overnight at 4 °C (4). While viewing through a
stereomicroscope, the entire diaphragm muscle was excised while preserving the costal and
crural insertions and then pinned to approximate in situ dimensions during pneumothorax.
Motor axons were stained with Sudan Black B and preparations were cleared in glycerin for
3 days while maintained at 4 °C (35).

Motor end plate staining
To determine the pattern of motor endplate distribution, diaphragm muscles from 4
additional male mice (2 each for C57BL/6 and CD-1) were pinned at in situ dimensions and
motor end plates were stained for cholinesterase activity after staining motor nerves with
Sudan B black. Following staining, muscles were immersed in 50% glycerin for 4 days at 4
°C to clear the tissue and facilitate visualization of motor axons and NMJs on individual
muscle fibers (35).

Network mapping
Vascular and neural networks were imaged on a Nikon microscope (E600; Tokyo, Japan)
using 10X and 20X objectives (numerical aperture, 0.30 and 0.50 respectively) coupled to a
cooled charge-coupled device megapixel camera (Optronics Microfire; Goleta, CA). The
imaging system was interfaced to a motorized stage (Ludl; Hawthorne, NY) for 3-
dimensional mapping using a Neurolucida system (Microbrightfield; Williston, VT). Images
were displayed on a digital monitor at final magnification 380X and 760X respectively.
Briefly, arteriolar networks were mapped beginning with the entry of each feed artery into
the muscle and included all arteriolar branches through the terminal arterioles; completeness
of vascular casts was confirmed visually by the absence of blunt ends. Complete motor
nerve networks were mapped beginning with association of the phrenic nerve onto the
thoracic surface of the diaphragm and nerve branches were followed up to single axon
divisions near motor endplates. Vascular and nerve networks were mapped on the same day
to ensure that spatial relationships between respective networks were maintained throughout
data acquisition for each preparation. Respective networks were thereby digitized into X-Y-
Z coordinates with a spatial resolution of ≤2 μm (4).

Proximity analysis
Proximity analysis between motor nerve and arteriolar networks was performed using
Neurolucida software (4). Briefly, at each micron along the nerve network, the software
calculates the distance to the nearest arteriole and its diameter at that site. User-designated
intervals define the relationship for separation distance and vessel diameter relative to the
total length of the mapped nerve network. In accord with proximity analyses of locomotor
muscles from C57BL/6 mice (4), the intervals for arteriolar diameters were 15 μm while
those for separation distance was 50 μm.
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Anatomical boundary controls
To test whether the proximity analysis between neural and vascular networks represented
actual association with each other or were simply a consequence of both networks
constrained to the same anatomical boundaries, two sets of control analyses were performed.

Repositioned nerve networks—Proximity analyses were repeated for each muscle after
the entire nerve network was repositioned in its original tissue plane within muscle
boundaries while maintaining the vascular network in its original location. Analogous to the
EC50 in a concentration-response curve, cumulative frequency plots (ogives) were
constructed to determine values for “D50“ to represent the distance to nearest arteriole
within which 50% of the total nerve length occurred (4). For statistical analyses, D50 values
determined for actual network maps were compared to those for repositioned network maps.

Independent reference lines—A set of nine parallel reference lines, each representing
~75% of total nerve length associated with the costal region of the left hemidiaphragm, were
oriented with respect to the “tissue planes” in which nerves and vessels were actually
located (illustrated in Figures 6A and 6B). The positioning of these reference lines
corresponded to: (a) adjacent to the thoracic surface of the muscle (i.e., closest to the plane
in which the phrenic nerve network coursed); (b) midway through the muscle thickness
(corresponding to the plane in which arteriolar networks coursed); and (c) adjacent to the
abdominal muscle surface, corresponding to the deepest plane of the muscle. Within each
tissue plane, reference lines were positioned along or below the corresponding segment of
the phrenic nerve, or were shifted laterally by 45% and by 90% of the distance to the costal
boundary of the muscle. Proximity analysis was performed for each reference line relative to
the vascular network within that region of the muscle and respective D50 values were
compared with reference to the D50 value determined for actual nerve networks.

Statistical analyses
Data were analyzed using SigmaStat software (Systat Inc., San Jose, CA). Student’s paired
and unpaired t-tests were used to compare total nerve lengths between C57BL/6 and CD-1
mice and for comparing D50 values before and after repositioning nerve networks. Analysis
of Variance with Holm-Sidak post hoc tests were used to compare D50 values for
independent reference lines. Summary data are presented as means ± S.D. Differences were
accepted as statistically significant with P < 0.05.

Results
Topology of motor innervation and vascular supply

A representative illustration of a mouse diaphragm preparation viewed from the thoracic
surface is shown in Figure 1; motor endplate bands revealed with cholinesterase staining are
superimposed on arteriolar and neural networks. In light of regional differences in the
anatomical and functional properties of the diaphragm, respective networks were analyzed
with respect to the entire diaphragm muscle, for left and right hemidiaphragms, and for
costal versus crural regions.

General features—The left and right phrenic nerves contact the diaphragm near the mid-
region of the muscle (Fig. 1, blue arrows) then divide into respective costal (anterior and
posterior) and crural branches, which course along the thoracic surface. Motor nerve
branches typically course along the midline of each muscle region, perpendicular to the
muscle fibers. The width of the motor endplate band reflects terminal axons extending
laterally in each direction as they branch from the nerve bundle to form neuromuscular
junctions. Thus nerve networks approximate the ‘midline’ of the distribution of
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neuromuscular junctions. Distinguishing features of the vascular supply include multiple
feed arteries entering around the muscle periphery with numerous anastomoses between
respective arteriolar networks as they branch centripetally. Respective feed arteries arise
from the musculophrenic and pericardiophrenic branches of the superior phrenic artery
(supplying the costal region) and branches of the inferior phrenic arteries (supplying the
posterior crural region). Once feed arteries enter the muscle, they give rise to arteriolar
networks whose primary branches lie approximately mid-way through the muscle thickness
(~200 μm); i.e. arteriolar networks are located in a plane ~100 μm below that of phrenic
nerves if preparations are viewed on edge (not shown).

Proximity analysis—Three-dimensional plots illustrate relationships among the
separation distance between nerve fibers and their nearest arteriole with respect to vessel
diameter. As shown for C57BL/6 mice (Fig. 2) and for CD-1 mice (Fig. 3), the majority of
nerve length is associated with arterioles < 45 μm in diameter and located within ~200 μm.
These associations are apparent in all muscle regions (Figs. 2 and 3, panels B–E). Overall, a
similar pattern of neurovascular proximity was found between mouse strains as well as
between respective muscle regions within each strain. In the crural region of all
preparations, a smaller peak of nerve length associated with vessel diameters of 60–75 μm
corresponded to the inferior phrenic arteries as they enter the muscle and cross to the costal
region near the crural branch of the phrenic nerve (Fig. 1).

Total lengths of phrenic nerve branches mapped for entire diaphragm muscles were 70 ± 15
mm (C57BL/6) and 87 ± 13 mm (CD-1). The majority of phrenic innervation was associated
with intermediate and distal arterioles 15–30 μm in diameter for both C57BL/6 mice (Fig.
4A) and CD-1 mice (Fig. 4B), with 84 ± 2% (C57BL/6) and 80±10% (CD-1) of total nerve
length associated with vessels ≤ 45 μm diameter (Figs. 4C and 4D, respectively). In C57BL/
6 mice, 80±14% of total nerve length was within 250 μm of the nearest arteriole while in
CD-1 mice 67±10% was within this distance (Fig. 4B); respective values were not
significantly different (P > 0.05) between strains.

Anatomical boundary controls
Repositioned nerve networks—The D50 value (i.e., the distance to the nearest arteriole
within which 50% of total nerve length resides) was 155±30 μm for C57BL/6 and 199±22
μm for CD-1 mice (Fig. 5). After repositioning the neural network within muscle boundaries
(with arteriolar networks maintained in their original position as mapped), respective D50
values nearly doubled (286 ± 77 μm and 386 ± 64 μm, respectively; both P<0.05 vs.
original, Fig. 5). There were no significant differences between mouse strains either before
or after repositioning networks (Fig. 5).

Independent reference lines—The positioning of reference lines is illustrated in Figure
6. Line 1 resulted in D50 values (144 ± 31 μm) similar to values determined for the actual
nerves (155 ± 30 μm), consistent with Line 1 approximating the position of the actual nerve
segments being referenced. Line 2 (located below line 1 midway through muscle thickness)
approximated the location of arterioles and had a significantly (P<0.05) closer D50 value (85
μm) than control. With the exception of reference Line 5 (lateral to Line 2 and diagonal to
Line 1), all other reference lines resulted in D50 values significantly greater (P<0.05) than
the actual innervation (Fig. 6C).

Discussion
The present study illustrates a physical association between motor innervation and arterioles
of the diaphragm muscle in 2 strains of mice. Neurovascular proximity apparent for the
entire muscle (Fig. 1) is maintained within each region of the diaphragm whether considered
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as costal versus crural or as respective hemidiaphragms (Figs. 2 and 3) and its consistency
between mouse strains implies that it is a general feature of the healthy murine diaphragm.
Neurovascular association was greatest for arterioles 15–30 μm in diameter that coursed
within 250 μm of the nearest motor nerve (Fig. 4). Importantly, neurovascular proximity
decreased significantly when nerve networks were repositioned within anatomical
boundaries (Fig. 5) or when an independent reference line was shifted within a muscle
region (Fig. 6). These findings indicate that the physical proximity between arterioles that
supply muscle fibers of the diaphragm and motor nerves that govern their contractile activity
is not the result of a random association between two independent networks within the
muscle. Instead, we hypothesize that neurovascular proximity may contribute to the local
control of blood flow during motor unit recruitment in the diaphragm muscle.

Neurovascular proximity
Physical association between nerves and blood vessels is promoted during development by
shared guidance molecules and complementary synthesis of growth factors. For example,
whereas vascular endothelial growth factor (VEGF) was discovered in light of its ability to
enhance permeability (36), it also promotes angiogenesis along with growth and survival of
neurons. In turn, nerve growth factor promotes endothelial cell growth and proliferation (5,
22). The physical associations between respective systems that are recognized in adult
mammals include the vascular supply to nerves [vasa nervorum (1)] and autonomic
innervation of the vasculature [nervi vasorum (23)], a relationship also guided by molecular
cues (26). In hamsters, ectopic reattachment of the spinal accessory nerve to the cheek
pouch retractor muscle resulted in axon sprouting and angiogenesis originating from the
implanted nerve stump and its vasa nervorum, with VEGF released from regenerating
microvessels promoting neurotization (3). Following spinal cord injury in the mouse, a
physical association between nerves and vessels was also apparent during the first 2 weeks
post-injury, where axon sprouts proliferated in proximity to newly-formed blood vessels
which appeared to exert a trophic effect on regenerating axons during this initial period of
recovery (9). Thus, respective systems in the adult respond to injury in a manner
complementary to that seen during development, thereby promoting mutual restoration of
function.

In studying spatial relationships among neuromuscular junctions and microvessels in the
cremaster muscle of hamsters, the mean distance between NMJs and arterioles was typically
~100 μm (31). While these earlier findings are consistent with the present observations, our
proximity analysis of mapping utilizes the entire motor nerve network as a continuous and
comprehensive reference (e.g., for determining D50 values in Figs. 4 and 5) in contrast
sampling discrete entities based upon stereological grids positioned over the tissue (31).
Further, maintaining the integrity of complete nerve and arteriolar networks enabled us to
perform boundary controls to ascertain whether their physical association could be explained
simply by chance.

Boundary controls
Nerves and vessels may be “forced” into physical proximity through being constrained to
the same anatomical boundaries. To determine whether the physical association apparent for
motor innervation and arteriolar supply observed throughout the diaphragm muscle simply
reflected a random association between the two networks within a defined space, two
approaches were employed. First, the nerve network was repositioned relative to the
vascular network within the anatomical boundaries of the muscle and within its native tissue
plane. Using D50 values for reference, separation distance nearly doubled after repositioning
(Fig. 5), reflecting a significant reduction in the association between respective networks.
Our second approach positioned an independent reference line within the left costal region
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of the diaphragm to explore the potential for a spatial gradient of association between motor
nerves and arterioles. For each muscle, the reference line approximated the length of the
nerve segment determined within that region of the diaphragm and was repositioned in 9
locations to encompass three anatomically defined planes at 3 defined distances across the
width of the muscle (Fig. 6). Our finding that Line 1 (which replicates the original location
of innervation) had D50 values similar those determined for actual nerves supports this
approach. Additional validation comes from Line 2, which was positioned below Line 1 in
the same plane as the arteriolar network and exhibited D50 values significantly less than
Line 1, as would be predicted by being artificially closer to arterioles than determined for
nerves in the actual muscle. With the exception of Line 5, the remaining reference lines
showed a progressive and significant increase in D50 relative to Line 1 (Fig. 6), consistent
with a spatial gradient of neurovascular proximity. In turn, the similarity in D50 for Line 5
compared to Line 1 is attributable to Line 5 being in the same plane as arterioles, albeit
lateral to Line 2. Complementary findings in both strains of mice (Fig. 5) imply that the
inherent proximity of respective networks is significantly closer than would be achieved by
random positioning within the anatomical boundaries of the diaphragm muscle.

Key features of neurovascular proximity in the mouse diaphragm
Using methods similar to those employed here, neurovascular proximity was apparent in
murine locomotor skeletal muscles having diverse morphology and neurovascular topology
(4). Limb muscles (e.g., the gracilis and gluteus maximus) tend to have divergent branching
arteriolar networks originating from feed arteries associated with their neurovascular
pedicles. An exception is the spinotrapezius muscle, which in addition to its neurovascular
pedicle, has multiple feed arteries around its periphery and extensive anastomoses between
arteriolar networks (4). As shown in Figure 1, a similar arrangement is apparent for the
diaphragm muscle, albeit on a larger scale. However, in contrast to locomotor muscles
studied thus far, the left and right phrenic nerves approach respective hemidiaphragms
surface well removed from the multitude of peripheral vascular inputs (Fig. 1). Thus the
physical association between diaphragmatic arterioles and motor nerves cannot be attributed
to the continuation of a pre-established relationship of respective structures prior to entering
the muscle.

Our regional analyses were performed to determine whether the association of motor nerves
and blood vessels varied according the multifunctional properties of the muscle (8, 18, 30).
Comparison of respective hemidiaphragms was based upon each having autonomous motor
innervation and thus capable of independent function (19, 34). A complementary analysis
divided the muscle in costal and crural regions based upon distinct functional roles during
ventilation (8, 18) and the unique role of the crural diaphragm in preventing
gastroesophageal reflux (28, 30). Remarkably, the physical association between motor
nerves and arterioles was found throughout the diaphragm irrespective of the muscle region
or its functional role. Thus, even with motor unit recruitment encompassing large regions of
the diaphragm muscle as shown in rats (20), the actual work done within respective muscle
regions is a principal determinant of blood flow and oxygen delivery (18, 27, 37). Additional
studies are required to determine whether neurovascular proximity illustrated here in the
mouse is manifest in larger species (8, 24, 27).

A notable feature of this study is the association of motor nerves predominantly with
arterioles having diameters of 15–30 μm (Figs. 4A and 4B). In contrast, for mouse limb
muscles the association of motor nerves with arterioles occurred over a broader range of
vessel diameters (15–60 μm) (4). Nevertheless, our observations in the diaphragm muscle
are consistent with limb muscles in that the majority of nerve length was located within
~200 μm of the nearest arteriole [Fig. 5 and (4)].
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Functional implications of neurovascular interaction
As with muscles of locomotion, the ability of the diaphragm to sustain contractile
performance depends critically upon blood flow to its active muscle fibers (16) and this
dependence increases with the demands of exercise (33). In addition to energy production
and metabolite removal, diaphragmatic blood flow is affected dramatically by changes in
length, tension and pressures it exerts during the respiratory cycle (2, 17, 32). The multiple
vascular sources entering the diaphragm collectively provide collateral sources of perfusion
to respective costal and crural muscle regions (6, 25). Indeed, the numerous arteriolar
anastomoses within the muscle (Fig. 1) are consistent with a dynamic vascular network that
can deliver blood to regions having the greatest energetic demand and mechanical advantage
(18, 27, 33, 37). As the present findings are based upon topological analyses of motor
innervation and arteriolar supply, the functional consequences of neurovascular proximity
remain to be defined. Nevertheless, the present anatomical data lead us to hypothesize that
nearby arterioles may sense the recruitment of muscle fiber activation [e.g., via
neurotransmitter release (31, 39, 40) or changes in PO2 (13)] as a stimulus contributing to
rapid adjustments of the resistance network in the local control of blood flow and oxygen
delivery.

The present study provides a novel reference for investigating how neurovascular proximity
may be altered in diseased states. Regional differences in blood flow to the diaphragm are
maintained during emphysema, where higher blood flows are associated with greater
energetic demands of ventilation at increased lung volumes (38). Similar responses are
predicted for hyperinflation accompanying diseases of the airways (21). Diaphragmatic
function is compromised in such neuromuscular disorders as muscular dystrophy and
myasthenia gravis, as well as by structural abnormalities of the chest wall or lungs (21).
Each condition would be expected to have differential effects on diaphragmatic contractile
function and regional blood flow. Moreover, in light of diabetic neuropathy of the phrenic
nerve (10, 11) and the pleiotropic actions of VEGF on neurogenesis and angiogenesis being
implicated in an array of neurological disorders (5), greater understanding neurovascular
topology may provide needed insight into the pathophysiology of these diseases as well as in
developing more effective therapeutic strategies.

Summary and conclusion
The recruitment of muscle fibers and the supply of oxygen are well coupled through a wide
range of contractile performance and energetic requirements. However the spatial
relationships between the control elements of respective systems have not been well defined.
The present findings are the first to investigate the proximity of motor innervation to
arteriolar supply in the mammalian diaphragm using the adult mouse as a model system.
Across 2 strains of mice, our findings illustrate that neurovascular proximity is manifest
throughout each region of the diaphragm muscle and this physical association cannot be
explained by random approximation of respective networks within anatomical boundaries.
Feed arteries enter at multiple sites around the periphery of the diaphragm and give rise to
anastomotic arteriolar networks within the muscle, indicating that each region of the
diaphragm can receive blood flow from multiple sources according to local demand. In
contrast to this peripheral origin of arteriolar networks, motor innervation originates
centrally from the phrenic nerves. Nevertheless, neurovascular proximity is established as
motor nerve branches project to neuromuscular junctions within each muscle region. Based
upon the anatomical relationships defined here, we hypothesize that the physical association
between motor innervation and arteriolar supply can promote local perfusion of the
diaphragm muscle according to the recruitment of its muscle fibers.
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Perspectives

The diaphragm muscle is the most important muscle for breathing yet the physical
association between motor innervation controlling diaphragmatic contraction and the
microcirculation controlling oxygen delivery to its muscle fibers is undefined. We
investigated whether physical proximity exists between motor nerves and arterioles
within diaphragm muscle. In 2 strains of mice, we find that motor nerves and arterioles
are more closely associated with each other than can be explained by chance, providing a
foundation for exploring how these relationships may influence blood flow control and
whether they are altered with injury, disease or aging.
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Figure 1. Diaphragm muscle preparation
Reconstructed image of the diaphragm muscle preparation from a C57BL/6 mouse as
viewed from the thoracic cavity. The vascular supply (arteriolar networks) is shown in red,
phrenic nerves in blue and motor endplate regions are shaded gray. Note numerous
anastomoses among arteriolar networks supplied by multiple feed arteries entering around
periphery of the diaphragm (yellow arrowheads) arising from respective branches of the
phrenic arteries. In contrast, left and right phrenic nerves enter near the central region of the
costal diaphragm and branch into respective muscle regions.
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Figure 2. Proximity analyses between motor nerves and arterioles for diaphragm muscle of
C57BL/6 mice
Separation distance between a nerve fiber and its nearest arteriole (Z axis) expressed as
percentage of total nerve length (Y axis) according to arteriolar diameter (X-axis).
Relationships are shown for: A. Entire diaphragm muscle; B. Costal muscle region; C.
Crural muscle region; D. Right hemidiaphragm; E. Left hemidiaphragm. Axes labels for A
apply to other panels; note difference in Y-axis and Z-axis scales. The greatest % of nerve
length is associated with arterioles ≤ 45 μm diameter within a distance ≤ 250 μm. The peak
for larger arterioles (diameter, 60–75 μm) in the crural region corresponds to entry of
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inferior phrenic artery into the diaphragm muscle. The height of each bar corresponds to the
mean of n=4 preparations. Error bars omitted for clarity; variability shown in Fig. 4.
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Figure 3. Proximity analyses between motor nerves and arterioles for diaphragm muscle of CD-1
mice
Separation distance between a nerve fiber and its nearest arteriole (Z axis) expressed as
percentage of total nerve length (Y axis) with respect to vessel diameter (X-axis).
Relationships are shown for: A. Entire diaphragm muscle; B. Costal muscle region; C.
Crural muscle region; D. Right hemidiaphragm; E. Left hemidiaphragm. Axes labels for A
apply to other panels; note difference in Y-axis scales. The greatest % of nerve length is
associated with vessels ≤ 45 μm diameter within a distance ≤ 250 μm. The peak for larger
vessels (diameter ≥ 60–75 μm) in the crural region corresponds to entry of inferior phrenic
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artery into the muscle. The height of each bar corresponds to the mean of n=4 preparations.
Error bars omitted for clarity; variability shown in Fig. 4.
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Figure 4. Neurovascular association in mouse diaphragm muscle
For each panel, summary data (means ± S.D.; n=4 per group) are presented for the entire
muscle and for respective muscle regions. A. The percentage of total phrenic nerve length
associated with arterioles of respective diameters in C57BL/6 mice. The majority of nerve
branches associate with arterioles 15–30 μm in diameter. B. As in A for CD-1 mice. For the
entire muscle, 84 ± 2% (C57BL/6) and 80 ± 10% (CD-1) of total nerve length associated
with arterioles ≤ 45 μm. C. Ogive for percentage of total nerve length in relation to distance
to the nearest arteriole in C57BL/6 mice. D. As in C for CD-1 mice. For the entire muscle,
80 ± 14% (C57BL/6) and 67 ± 10% (CD-1) of total nerve length is located within 250 μm
from the nearest arteriole. Legend in A applies to all panels.
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Figure 5. Distances to nearest arteriole within which 50% of total phrenic nerve length occurs in
mouse diaphragm muscles
The D50 obtained in control preparations (C57BL/6, 155 ± 30 μm; CD-1, 199 ± 22 μm)
nearly doubled after repositioning (R) nerve networks relative to respective control vascular
networks within muscle borders (C57BL/6, 286 ± 77 μm; CD-1, 386 ± 64 μm). *P < 0.05
for repositioned vs. control in both C57BL/6 and CD-1 mice.
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Figure 6. Independent reference lines for nerve position
A. Nine reference lines were positioned through the thickness (~200 μm) and across the
width (~8 mm) of the left costal region of each diaphragm muscle studied in C57BL/6 mice;
each line represented 75% of actual nerve length for that muscle region. Through the muscle
thickness, reference lines represent three planes: adjacent to thoracic surface (corresponding
to the nerve plane), midway through the muscle thickness (corresponding to the arteriolar
plane) and adjacent to abdominal muscle surface (deepest plane relative to nerve plane).
Within each reference plane, lines were positioned at 45% and 90% of the distance (Lateral
Offset) to the costal muscle boundary. B. End view illustrates position of reference lines
within muscle boundaries with mean respective D50 values determined according to Figure
5. For actual nerves, the D50 value was 155 ± 30 μm. C. Histogram showing D50 values
calculated for each reference line. *P<0.05 vs. actual nerves; ** P<0.01 vs. actual nerves.
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