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1  |  INTRODUC TION

Angiogenesis is a complex, highly coordinated process whereby 
an interplay between metabolic and mechanical stimuli promotes 

expansion of an existing microvascular network.1 This process is 
an essential component of postnatal adaptive remodelling, provid-
ing the microvascular capacity to support adequate tissue oxygen-
ation. Clinical observations and experimental approaches highlight 
the importance of maintaining a healthy microcirculation in skeletal 
muscle, where expansion of the capillary bed accompanies improved 
fatigue resistance,2-4 while capillary rarefaction is associated with 
functional impairment.4-10 Further, the distribution of capillaries 
within muscle has a significant bearing on the functional capacity, as 
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Abstract
Objective: Adequacy of the microcirculation is essential for maintaining repetitive 
skeletal	muscle	function	while	avoiding	fatigue.	It	is	unclear,	however,	whether	capil-
lary remodelling after different angiogenic stimuli is comparable in terms of vessel 
distribution and consequent functional adaptations. We determined the physiologi-
cal	consequences	of	two	distinct	mechanotransductive	stimuli:	(1)	overload-mediated	
abluminal	stretch	(OV);	(2)	vasodilator-induced	shear	stress	(prazosin,	PR).
Methods: In situ	EDL	fatigue	resistance	was	determined	after	7	or	14	days	of	interven-
tion, in addition to measurements of femoral artery flow. Microvascular composition 
(muscle	histology)	and	oxidative	capacity	(citrate	synthase	activity)	were	quantified,	
and	muscle	PO2 calculated using advanced mathematical modelling.
Results: Compared	to	controls,	capillary-to-fiber	ratio	was	higher	after	OV14	(134%,	
p	<	.001)	and	PR14	(121%,	p	<	.05),	although	fatigue	resistance	only	improved	after	
overload	(7	days:	135%,	14	days:	125%,	p	<	.05).	In	addition,	muscle	overload	improved	
local capillary supply indices and reduced CS activity, while prazosin treatment failed 
to alter either index of aerobic capacity.
Conclusion: Targeted capillary growth in response to abluminal stretch is a potent driver 
of improved muscle fatigue resistance, while shear stress-driven angiogenesis has no 
beneficial	effect	on	muscle	function.	In	terms	of	capillarity,	more	is	not	necessarily	better.
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increasing heterogeneity of capillary spacing is predicted to reduce 
tissue oxygenation, hence compromising muscle endurance.11-13 
Consequently, interactions between different levels of organization 
may determine functional capacity, for example, those involving ad-
equate capillary density, optimal vessel spacing, and efficient tissue 
oxygenation.

Multiple, potentially synergistic angiogenic signalling pathways 
regulate the onset and cessation of capillary growth.14 The drivers 
for adaptive remodelling can be complex, for example, angiogenesis 
as a result of exercise training or indirect electrical stimulation15 may 
involve functional hyperemia, as well as metabolic or mechanical 
signals.1 While distinct morphological differences exist in formation 
of new capillaries induced by elevated shear stress (splitting angio-
genesis)	and	canonical	capillary	growth	(sprouting	angiogenesis),	up-
regulation	of	VEGF	is	common	to	both	pathways.16-18 The capillary 
network of skeletal muscle is markedly expanded following impo-
sition of mechanical overload,17,19-21 with consequent improvement 
in fatigue resistance.4 Angiogenesis in response to mechanotrans-
duction of the imposed stretch involves proliferation of endothelial 
cells and basement membrane degradation after upregulation of 
pro-angiogenic	VEGF	 and	 its	 principal	 signalling	 receptor	 Flk1,	 al-
lowing sprouting filopodia to direct vessel formation.16,18,20,22 No 
significant changes in muscle fiber type, oxidative capacity or arte-
rial blood flow are observed in this process,4,23,24 indicating that mi-
crovascular proliferation is the key determinant of enhanced fatigue 
resistance. This primarily mechanically mediated angiogenic stimu-
lus contrasts with the effects of active training whereby an interact-
ing combination of functional hyperemia, metabolic and mechanical 
factors induce angiogenesis and remodelling in skeletal muscle.14

Chronic administration of vasodilators leads to an expansion of 
the microvascular system within skeletal muscle.25,26 Angiogenesis 
induced by prazosin, an α1-blocker, is nitric oxide dependent and 
driven by an increase in vascular shear stress.16,17,25 Fine struc-
tural changes in capillaries allow for longitudinal divisions of vessel 
lumen to produce new functioning capillaries, with an orientation of 
daughter vessels in the same direction as existing vessels.22 These 
morphological changes are maintained by continued exposure to the 
hyperemic stimulus, but are reversible as vessel rarefaction rapidly 
follows cessation of treatment.25 Given the low metabolic cost of 
this form of mechanotransduction-induced angiogenesis, involving 
a low cellular turnover rate, it is considered an efficient form of mi-
crovascular expansion.22,25 Nevertheless, as there is little evidence 
for any change in muscle phenotype (and hence altered metabolic 
feedback),	prazosin-induced	angiogenesis	has	been	assumed	to	re-
sult in “luxury” tissue perfusion, that is, supra-normal capillarity, with 
hitherto equivocal functional implications.27

Better understanding of the differential response to over-
load-induced longitudinal stretch and prazosin-mediated shear 
stress may be important for developing effective angiotherapies 
designed to alleviate symptoms of chronic diseases involving a com-
promised microcirculation such as coronary artery disease, periph-
eral artery disease, diabetes etc. While attempts to provide direct 
pro-angiogenic treatments via	 modulation	 of	 the	 VEGF	 signaling	

cascade have produced mixed results,28 established models of an-
giogenesis	 (muscle	 strain-	 or	 shear	 stress-driven)	may	 be	 utilized	
to quantify the efficacy of capillary growth in response to more 
integrative	 stimuli.	 It	 is	notable	 that	 the	 functional	 consequences	
of these distinct vascular growth processes are poorly understood 
and only limited data is available on the interplay between capillar-
ization, muscle performance and blood flow,4 confounding compar-
isons of the relative efficacy of potential angiogenic therapies for 
restoring impaired muscle performance. We hypothesized that the 
endurance	(fatigue	resistance)	of	skeletal	muscle	is	dependent	upon	
the	mechanism	driving	adaptive	angiogenesis	(new	vessel	growth).	
By quantifying the effect of different mechanical stimuli—muscle 
stretch	 (overload)	 or	 elevated	 shear	 stress	 (prazosin	 administra-
tion)—on	histological,	biochemical	and	 functional	determinants	of	
muscle performance, we demonstrate that angiogenesis drives im-
provements only after provision of an appropriately targeted stimu-
lus working in concert with relevant local tissue feedback (ie, stimuli 
associated with increased muscle activity; localized metabolic sig-
nals	and	tissue	oxygen	status).

2  |  MATERIAL AND METHODS

2.1  |  Ethics

All	procedures	were	approved	by	University	of	Leeds	Animal	Welfare	
and Ethics Committee and were performed in accordance with UK 
Animals	(Scientific	Procedures)	Act	1986.

2.2  |  Animals

Male Wistar rats were housed on a 12 h light/dark cycle with ad 
libitum access to food and water and randomly assigned to one of 
five groups: control (CT; N = 10; Mb	 =	 245	 ±	 25	 g);	muscle	 over-
load	for	seven	 (OV7;	N	=	10;	Mb	=	254	±	14	g)	or	14	days	 (OV14;	
N = 5; Mb	=	271	±	17	g);	prazosin	treatment	for	seven	(PR7;	N	=	10;	
Mb	=	285	±	23	g)	or	14	days	(PR14;	N	=	5	Mb	=	272	±	25	g).

2.3  |  Overload surgery

Surgical	anesthesia	was	induced	and	maintained	using	isoflurane	(5%	
and	2%,	respectively,	in	100%	O2;	IsoFlo

®).	An	incision	was	made	along	
the distal two thirds of the TA, toward the lateral side of the muscle. 
Covering facia was cleared to expose the TA, allowing surgical release 
of the tendon and dissection from the lateral surface of the tibia. This 
procedure induces a functional overload leading to hypertrophy of 
the	 synergist	 EDL,	 an	 angiogenic	 response	 mediated	 via upregula-
tion	of	VEGF	 and	Flk-1,18,19 and altered metabolic profile.21,24 Post-
operative analgesia (buprenorphine: 0.015 mg kg−1;	Vetergesic®, Ceva, 
Amersham,	 UK)	 and	 antibiotic	 (Enrofloxacin:	 2.5	 mg	 kg−1; Baytril®, 
Bayer,	Reading,	UK)	were	provided	for	two	days.
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2.4  |  Prazosin supplementation

Prazosin was provided by ad libitum access to supplemented drinking 
water. This solution was made up by dissolving prazosin hydrochlo-
ride	powder	(Alfa	Aesar,	Ward	Hill,	MA,	USA)	at	40°C	(50	mg	L−1)	in	
water sweetened to improve palatability.

2.5  |  In situ experiments

Following	induction	of	anesthesia	using	isoflurane	(4%	in	100%	O2),	the	
descending jugular vein was catheterized to allow constant infusion 
(30–35	mg	kg−1 h−1)	of	alfaxalone	(Alfaxan,	Jurox,	Crawley,	UK)	to	main-
tain the surgical plane. A catheter connected to a pressure transducer 
(AD	Instruments,	UK)	was	 implanted	 in	the	carotid	artery	to	facilitate	
monitoring of blood pressure and heart rate throughout the experiment, 
thereby ensuring that normal cardiovascular condition was maintained. 
A tracheotomy was also performed to allow spontaneous breathing.

2.6  |  Muscle performance and hindlimb blood flow

If	not	in	an	overload	group,	the	intact	TA	was	removed	to	allow	unim-
peded	access	to	the	EDL.	Muscle	force	was	quantified	by	attaching	the	
distal	tendon	of	the	EDL	to	an	ergometer	lever	arm	(305B-LR,	Aurora	
Scientific	 Inc.,	Ontario,	Canada).	The	peroneal	 (lateral	popliteal)	nerve	
was exposed and indirectly stimulated using stainless steel electrodes 
sutured parallel to the nerve axons. Muscle length and current delivery 
were optimized to generate maximal isometric twitch force before the 
onset	of	fatigue	experiments.	The	EDL	were	fatigued	by	a	protocol	that	
applied	bilateral	10	Hz	stimulation	 (pulse	width	0.3	ms,	 supramaximal	
voltage)	 for	 three	minutes.	A	 fatigue	 index	 (FI)	was	calculated	as	 final	
tension/peak tension × 100, using five consecutive twitches in each case.

The proximal femoral artery was freed from surrounding tissue 
to enable application of a perivascular flow probe (0.7PSB, Transonic, 
Ithaca,	NY).	This	enabled	simultaneous	measurement	of	arterial	blood	
flow and development of muscle force. Blood flow is presented at two 
timepoints:	resting	(ie,	before	onset	of	fatigue	protocol)	and	end-stim-
ulation	(ie,	immediately	before	the	cessation	of	stimulation).

2.7  |  Tissue preparation

Animals used exclusively for histology were culled through concussion 
and cervical dislocation, while animals under terminal anesthesia for 
in situ experiments were euthanized through cervical dislocation. The 
EDL	muscles	were	carefully	dissected	and	divided	 into	three	pieces.	
Proximal and distal portions were snap frozen in liquid nitrogen for 
enzyme assays, while the muscle mid-belly was snap frozen in liquid 
nitrogen cooled isopentane for muscle histology. All frozen tissue was 
stored	at	−80°C	until	point	of	assay	or	sectioning.	Serial	cryostat	sec-
tions	(10	µm)	were	cut	at	−20°C	and	attached	to	polysine	coated	slides	
(VWR	International)	and	stored	at	−20°C	until	staining.

2.8  |  Citrate synthase assay

Snap	frozen	proximal	and	distal	portions	of	the	EDL	(~30	mg)	were	ho-
mogenized	in	a	reaction	medium	(100	mM	Tris	Buffer	(pH	8),	100	μM 
5,5 -́dithiobis	(2-	nitrobenzoic	acid),	300	μM	acetyl-CoA)	using	7	mm	
ball	bearings	in	a	bead	mill	(Qiagen,	TissueLyser	LT).	CS	activity	was	
measured through a change in optical density at 412 nm,29 measure-
ments were taken from the most linear portion of the curve.

2.9  |  Immunohistochemistry, morphometric 
analysis and PO2 modelling

Capillaries were identified using Griffonia simplicifolia	 lectin-1	 (Vector	
Laboratories,	UK)	due	to	its	binding	affinity	to	proteoglycans	in	the	gly-
cocalyx of the microvasculature. Four fields of interest (each 0.145 mm2)	
were	taken	across	the	heterogeneous	EDL.30 Global morphometric in-
dices for capillary supply were calculated (capillary-to-fiber ratio, C:F; 
capillary	 density,	 CD).	 Individual	 capillary	 locations	were	 digitized	 to	
generate a binary distribution and used to calculate local capillary sup-
ply	regions	and	model	tissue	PO2.31 Briefly, the local geometric tissue 
supply	regions	(capillary	domain	area,	CDA)	were	calculated	as	the	area	
closest to an individual capillary, with the domain border placed equidis-
tant between adjacent capillaries. Spatial heterogeneity of the domain 
area follows a log-normal distribution, and an appropriate index of vari-
ance is provided by the standard deviation of the logarithm of domain 
areas	(LogSD).	Tissue	PO2	and	MO2	were	calculated	using	the	Oxygen	
Transport Modeler.31 Briefly, tissue oxygen consumption was modelled 
via Michaelis-Menton kinetics,10 using histology derived distributions of 
capillaries and typical skeletal muscle oxygen demand values.32,33 We 
also	modelled	tissue	PO2	using	MO2 values derived from CS activity.9

2.10  |  Statistical analysis

All	data	are	expressed	as	mean	±	standard	deviation.	Individual	num-
bers of animals for each group are presented within figure legends 
(n).	 Significant	 differences	 (p < .05) between groups were deter-
mined	by	one-way	analysis	of	variance	 (ANOVA)	with	Tukey	post-
hoc	tests	in	SPSS	(v.25).

3  |  RESULTS

3.1  |  Longitudinal stretch and shear stress are 
potent drivers of skeletal muscle angiogenesis

Both muscle overload and prazosin supplementation significantly in-
creased	capillary	content	within	the	EDL	following	14	days	of	treat-
ment	(Figure	1).	C:F	was	higher	in	OV7	(1.90	±	0.18,	p	<	.05)	and	OV14	
(1.92	±	0.10,	p	<	.05)	compared	to	CT	(1.43	±	0.06),	while	prazosin	sup-
plementation	led	to	a	higher	C:F	after	14	days	(1.73	±	0.15,	p	<	.05).	
Using	an	area-based	descriptor	of	vascular	supply,	CD	(Figure	1B),	the	
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angiogenic response to muscle overload presents as a dynamic event, 
significantly	elevated	at	seven	days	(1108	±	91	mm−2, p	<	.05)	com-
pared	to	control	 (904	±	115	mm−2),	 returning	toward	control	 levels	
at	14	days	(804	±	179	mm−2).	The	adjustment	in	CD	at	14	days	is	due	
to a significant hypertrophy of muscle fibers in response to muscle 
overload (2522 ± 567 µm2 vs.	1629	±	210	µm2, p	<	.05).	In	contrast,	
both seven and 14 days of prazosin supplementation failed to signifi-
cantly	elevate	CD	(Figure	2B),	partly	due	to	the	larger	fiber	CSA	of	the	
animals	at	seven	and	14	days	(Figure	1C).

3.2  |  Global supply does not predict 
functional outcomes

Resting	hindlimb	blood	flow	was	unchanged	in	OV7	(p	=	.998)	and	OV14	
(p	=	 .889)	 (Figure	2A),	and	was	similar	to	CT	 (1.26	±	0.10	ml·min−1).	

Prazosin supplementation resulted in a higher resting blood flow in 
PR7	(1.84	±	0.39	ml·min−1, p	<	 .05)	and	PR14	(1.81	±	0.37	ml·min−1, 
p	<	.05).	Hindlimb	blood	flow	immediately	following	the	fatigue	pro-
tocol did not differ significantly across the five experimental groups 
(Figure	2B);	however,	the	control	 (56%,	p	<	 .05)	OV7	(63%,	p	<	 .05)	
and	OV14	(83%,	p	<	.05)	were	all	significantly	increased	from	baseline,	
while	PR7	(17%,	p	=	.97)	and	PR14	(31%,	p	=	.134)	were	not.	Overload	
improved muscle fatigue resistance compared to CT at 7 (p	=	 .004)	
and 14 (p	=	.041)	days,	with	a	35	and	26%	increase	in	FI,	respectively	
(Figure	2C).	However,	despite	a	significant	increase	in	microvascular	
content	(Figure	1A)	there	was	no	effect	on	muscle	fatigue	resistance	
in PR7 (p	=	1)	or	PR14	(p	=	.938)	(Figure	2C).	It	appears,	there	may	be	
a relationship between the available functional hyperemia response 
and	 the	 resistance	 to	 fatigue	 (Figure	2D);	 however,	 there	 is	no	 sig-
nificant relationship in the overload (R2 = .01, p	=	 .779)	or	prazosin	
(R2 = .02, p	=	.892)	animals.

F I G U R E  1 Angiogenic	response	to	longitudinal	stretch	and	increased	luminal	shear	stress.	Change	in	capillary-to-fiber	ratio	(C:F)	of	
the	EDL	(A),	capillary	density	(CD)	(B)	and	fiber	cross-sectional	area	(CSA)	(C).	Mean	±	SD,	unmatched	lower-case	letters	denote	statistical	
significance (p	<	.05).	CT	(6),	OV7	(5),	OV14	(4),	PR7	(5)	and	PR14	(4)	[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  2 In situ arterial blood flow 
and muscle fatigue resistance. Hindlimb 
blood	flow	at	rest	(A)	and	immediately	
following	three	minutes	of	stimulation.	(B)	
EDL	fatigue	index	following	three	minutes	
of indirect electrical stimulation at 10 Hz. 
(C)	Scatter	plot	presenting	individuals	
fatigue index against functional hyperemia 
(percentage increase in femoral blood 
flow	from	rest).	(D)	Scatter	data	presented	
as	control	(gray	circles),	OV7	(blue	circles)	
OV14	(blue	triangles),	PR7	(red	circle)	
and	PR14	(red	triangles).	Mean	±	SD,	
unmatched lower-case letters denote 
statistical significance (p	<	.05).	CT	(5),	
OV7	(5),	OV14	(5),	PR7	(5)	and	PR14	
(5)	[Colour figure can be viewed at 
wileyonlinelibrary.com]

www.wileyonlinelibrary.com
www.wileyonlinelibrary.com
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3.3  |  Functional capacity is associated with 
changes in local distribution of capillaries

Capillary domain area and heterogeneity of supply are effective predic-
tors	of	tissue	PO2	(Figure	3).	Capillary	domain	area	was	smaller	in	OV7	
compared	to	CT	(893	±	86	µm2	vs.	1138	±	141	µm2, p	<	.05,	Figure	3C)	
with	 a	 10%	 decrease	 in	 LogSD	 (0.158	 ±	 0.010	 vs.	 0.174	 ±	 0.015,	
p	=	.251,	Figure	3D).	Local	tissue	remodelling	of	capillary	supply	was	
linked	with	a	greater	capacity	to	deliver	and	utilize	O2	(Figure	3E-F).	
In	contrast,	hypertrophy	of	muscle	fibers	in	OV14	(Figure	1C)	lead	to	
normalization	of	 capillary	 supply	area	 (Figure	3A,C,D)	 characteristic	
of a further dynamic response, that may be associated with a slight 
reduction in fatigue resistance. Conversely, neither PR7 or PR14 had 
any	significant	change	in	average	capillary	domain	area	(Figure	3C)	or	
distribution	of	capillaries	(Figure	3D).	Mathematical	modelling	of	tis-
sue	PO2	indicated	that	capacity	to	deliver	or	utilize	O2 was unaffected 
by	prazosin	treatment	(Figure	3E-F).

3.4  |  The differential response of muscle oxidative 
demand to longitudinal stretch and elevated 
shear stress

A dynamic shift in muscle metabolic profile follows overload, but is not 
present	with	prazosin	treatment.	Decreased	CS	activity	(20.27	±	3.15	

vs.	11.06	±	3.63	IU,	p	<	.05,	Figure	4A)	and	reduced	calculated	muscle	
oxidative	demand	(0.0028	±	0.0009	vs. 0.0017 ± 0.0001 ml.ml−1·s−1, 
p	<	.05,	Figure	4B)	was	observed	in	OV7,	which	resulted	in	reciprocally	
higher	tissue	PO2	compared	to	CT	(10.8	±	1.7	vs.	20.8	±	0.9	mmHg,	
p	<	 .05,	Figure	4C).	This	metabolic	 shift	was	almost	completely	at-
tenuated	 in	 OV14	 with	 a	 restoration	 of	 CS	 activity	 (17.78	 ±	 6.80	
vs.	20.27	±	3.15	IU,	p	=	.908,	Figure	4A),	although	calculated	tissue	
oxygen demand still remained lower than CT (0.0025 ± 0.0002 vs. 
0.0028	±	0.0009	ml.ml−1·s−1, p	<	.05,	Figure	4B).	CS	activity	was	not	
different from CT in PR7 (p	=	.936)	and	PR14	(p	=	.743,	Figure	4A),	
despite evident decrease in modelled muscle oxygen demand 
(Figure	4B),	the	tissue	oxygenation	profile	(Figure	4C)	was	similar	to	
CT in PR7 (p	=	.352)	and	PR14	(p	=	.055).

4  |  DISCUSSION

In	this	paper,	we	have	highlighted	the	functional	implications	of	dif-
ferential angiogenic stimuli that harness morphologically distinct 
vessel	growth	(Figure	5).	Specifically,	overload-driven	angiogenesis	
improves functional capacity of the muscle through changes in local 
capillary supply, while angiogenesis induced by elevated shear stress 
lacks the specific adaptive remodelling required to improve fatigue 
resistance of skeletal muscle. Critically, we demonstrate that global 
capillary indices do not sufficiently predict functional capacity of 

F I G U R E  3 Local	capillary	supply.	Change	in	distribution	of	capillary	domain	area	following	seven	(solid	line)	and	14	days	(dashed	line)	of	
overload	(A,	blue)	and	prazosin	(B,	red)	vs.	control	(gray).	Average	capillary	domain	area	(C)	and	LogSD.	(D)	Histological	based	mathematical	
modelling	of	PO2	(E)	and	average	tissue	PO2	(F).	Mean	±	SD,	unmatched	lower-case	letters	denote	statistical	significance	(p	<	.05).	CT	(5),	
OV7	(5),	OV14	(4),	PR7	(5)	and	PR14	(4)	[Colour figure can be viewed at wileyonlinelibrary.com]

www.wileyonlinelibrary.com
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skeletal muscle, and that local capillary supply should be quantified 
to improve assessment of the consequences for microvascular com-
position in adaptive remodelling, and aid characterization of disease 
prognosis.30,34

The potent angiogenic potential of muscle overload and pra-
zosin supplementation was reaffirmed in this study, with compa-
rable increases in C:F to published overload4,20 and prazosin35,36 
data. Similarly, the dynamic nature of the overload model has 
been highlighted, where a substantial hypertrophic response 
presents after the initial angiogenic burst.4,20 This combined 
adaptive remodelling complicates interpretations of abluminal 
driven angiogenesis and its influence on function, as hypertrophy 
of muscle fibers confound area-based indices of vascular supply, 
like	 that	 of	CD.34,37 However, our comprehensive overview and 
use of non-scalar indices challenges the concept that more is bet-
ter because, despite similar C:F changes to those observed with 
prazosin treatment, only overload improved fatigue resistance. 
Quantification of in situ vascular function demonstrated that pra-
zosin supplementation, but not overload,19 significantly altered 
vascular tone by enhancing resting hindlimb blood flow.36 This 
increase in resting flow was not functionally relevant to muscle 
performance, as a similar arterial blood flow during stimulation 
existed between groups. Therefore, absolute functional hyper-
emia as measured by feed artery blood flow does not determine 
differences in fatigue resistance in these models, which instead 
are associated with targeted adjustments in microvascular topol-
ogy within the muscle.

Through a novel combination of non-scalar indices and math-
ematical modelling, we sought to characterize the coordinated 
angiogenic response and identify the driving mechanism for im-
proved functional capacity.13,34,38	Indeed,	following	muscle	over-
load there was a subtle shift in local capillary indices to a more 
homogeneous distribution with a significantly reduced supply 
area, indicative of an angiogenic response at the local tissue level 
coordinated	to	better	match	O2 supply and demand.34	Decreased	
CS activity reduced oxidative demand of the skeletal muscle, and 
consequently	increased	tissue	PO2	in	OV7.	Decreased	CS	activ-
ity is indicative of either a decreased mitochondrial volume or 
reduced cristae density,9 and we speculate that this acute, re-
active response may prevent excess oxygen delivery associated 
with increased capillarity, prior to the dynamic hypertrophy re-
sponse elicited after 14 days of overload.20,24,39 This is consis-
tent with the recovery of CS activity after 14 days of longitudinal 
stretch	 and	 corroborated	 by	 the	 restoration	 of	 modelled	 PO2. 
These time-dependent adaptations may emphasise support-
ing tissue oxygenation prior to optimization of tissue function 
(such as a shift to slower phenotype seen after three weeks of 
muscle overload, unpublished data).	 Conversely,	 prazosin	 treat-
ment failed to significantly affect the local capillary distribution 
(domain	 area	 and	 LogSD),	 corroborated	 by	 an	 unaltered	 tissue	
PO2 profile. The lack of influence on CS activity and predicted 
PO2	 (associated	 with	 altered	 oxidative	 demand)	 indicates	 that	
the elevated microvascular supply following non-physiological 
hyperemia appears to lack the necessary feedback control from 

F I G U R E  4 Adjustments	in	metabolic	profile.	Changes	in	citrate	synthase	(CS)	activity	(A)	and	consequence	on	calculated	muscle	MO2.	(B)	
Effect	of	altered	tissue	MO2	on	whole	tissue	PO2.	(C)	Mean	±	SD,	unmatched	lower-case	letters	denote	statistical	significance	(p	<	.05).	CT	
(5),	OV7	(5),	OV14	(4),	PR7	(5)	and	PR14	(4)	[Colour figure can be viewed at wileyonlinelibrary.com]

F I G U R E  5 Overview	of	the	dynamic	
response to overload- and prazosin-
induced angiogenesis. Modulation of 
capillary-to-fiber	ratio	(C:F),	capillary	
domain area, capillary distribution 
(LogSD),	citrate	synthase	activity	
(CS),	hindlimb	blood	flow	and	muscle	
fatigue index after two weeks of muscle 
overload	(A)	or	prazosin	supplementation	
(B)	[Colour figure can be viewed at 
wileyonlinelibrary.com]
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the tissue to direct neovascularization that augments fatigue 
resistance.

As elevated shear stress associated with functional hyperemia 
evoked during endurance training clearly recruits an angiogenic 
response commensurate with the increased metabolic demand,40 
this strongly indicates the absence of necessary feedback control 
elements	 in	 prazosin	 treatment.	 Our	 data	may	 therefore	 explain	
why previous studies utilizing α-adrenergic blockers to drive angio-
genesis have seen only limited functional benefits. Terazosin sup-
plementation in healthy humans has been used to increase skeletal 
muscle microvasculature, but with only a subtle improvement in 
tissue oxygen extraction.41 This may be in part due to a lack of 
improved local capillary supply,30,41 associated with a stochastic 
angiogenic response. Similarly, prazosin treatment in a diabetic ro-
dent model proved to be less effective than exercise in restoring 
impaired glucose homeostasis, emphasizing that the lack of spe-
cific tissue feedback hinders adaptive remodelling.42	Interestingly,	
glucose uptake is improved by prazosin-mediated vessel prolifera-
tion in a healthy rat model,43 indicating that disease and the conse-
quent extent of the existing capillary bed (NB. capillary rarefaction 
is typically observed in diabetes42)	may	determine	 the	 functional	
change in response to prazosin administration. While both prazosin 
and exercise promote angiogenesis,30,41 pharmacological-driven 
angiogenesis seems to lack the required control mechanisms pres-
ent during exercise needed to coordinate adaptive remodelling, 
and why the combination of prazosin with exercise training proved 
to have an additive benefit to microvascular expansion and met-
abolic regulation.42 Recent experimental work further supports 
the importance of local feedback to drive improvements in mus-
cle performance: microsphere-induced vascular rarefaction led to 
greater capillary supply area, with a detrimental effect on fatigue 
resistance.4 These effects were alleviated with mechanical over-
load through a targeted distribution of neovasculature, detectable 
through improved local capillary distribution.

The divergent functional response to different angiogenic 
stimuli highlights the potential pitfall in pharmacologically in-
duced	vascular	 expansion.	Of	 course,	 such	 interpretation	 comes	
with the caveat that this experimental work used healthy, young 
animals; contrasting results may be found after pharmacological 
expansion of the capillary bed in muscle that exhibits a compro-
mised	microcirculation	due	to	diseases	like	COPD,44 heart failure6 
or spinal cord injury.45	In	this	case,	even	stochastic	vessel	growth	
might	 prove	 beneficial	 in	 replacing	 otherwise	 lost	 capillaries.	 In	
conclusion, our data suggest that in the context of skeletal muscle 
microvascular supply, more does not necessarily mean better, and 
that the spatial distribution of vascular supply is a key determinant 
of functional capacity.

4.1  |  Perspective

Skeletal muscle microvascular rarefaction occurs in many diseases 
including	COPD,	heart	 failure	and	SCI,	but	optimal	angiotherapy	

remains unclear. This research identified the critical importance of 
local capillary indices in predicting skeletal muscle performance, 
and how these should be considered when characterizing the 
effects of disease on skeletal muscle, and consequently the ef-
ficacy of rehabilitation angiotherapies. We may then be able to 
appropriately characterize dysfunction and develop targeted in-
terventions. Although pharmacologically induced shear stress in 
healthy tissue was shown to be ineffective for restoring muscle 
performance, there remains a possibility that stochastic capillary 
growth in instances of severe microvascular rarefaction may offer 
therapeutic benefits.

ACKNOWLEDG EMENTS
This research was funded by a British Heart Foundation Project 
Grant	(PG/14/15/30691).

CONFLIC T OF INTERE S T
None declared.

AUTHOR CONTRIBUTIONS
RWPK completed histological staining, analyses, PO2 modelling and 
drafted the manuscript. PGT completed surgical work, in situ experi-
ments,	 statistical	 analyses	 and	drafted	 the	manuscript.	NED	com-
pleted the citrate synthase assay. AAS assisted with PO2 modelling. 
SE conceived the research, assisted experimental work and helped 
draft the manuscript.

E THIC AL S TATEMENT
We confirm that we have read the Journal's position on issues in-
volved in ethical publication and affirm that this report is consistent 
with those guidelines.

DATA AVAIL ABILIT Y S TATEMENT
The datasets used and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

ORCID
Roger W. P. Kissane  https://orcid.org/0000-0001-9385-2584 
Abdullah A. Al-Shammari  https://orcid.
org/0000-0002-4512-1151 
Stuart Egginton  https://orcid.org/0000-0002-3084-9692 

R E FE R E N C E S
	 1.	 Hudlicka	O,	Brown	M,	Egginton	S.	Angiogenesis	in	skeletal	and	car-

diac muscle. Physiol Rev.	1992;72(2):369-417.
	 2.	 Hudlicka	 O,	 Brown	 M,	 Cotter	 M,	 Smith	 M,	 Vrbova	 G.	 The	 ef-

fect of long-term stimulation of fast muscles on their blood flow, 
metabolism and ability to withstand fatigue. Pflügers Archiv. 
1977;369(2):141-149.

	 3.	 Deveci	D,	Egginton	S.	Muscle	ischaemia	in	rats	may	be	relieved	by	
overload-induced angiogenesis. Exp Physiol.	2002;87(4):479-488.

	 4.	 Tickle	PG,	Hendrickse	PW,	Degens	H,	Egginton	S.	Impaired	skeletal	
muscle performance as a consequence of random functional cap-
illary rarefaction can be restored with overload-dependent angio-
genesis. J Physiol.	2020;598(6):1187-1203.

https://orcid.org/0000-0001-9385-2584
https://orcid.org/0000-0001-9385-2584
https://orcid.org/0000-0002-4512-1151
https://orcid.org/0000-0002-4512-1151
https://orcid.org/0000-0002-4512-1151
https://orcid.org/0000-0002-3084-9692
https://orcid.org/0000-0002-3084-9692


8 of 9  |     KISSANE Et Al.

	 5.	 Schaufelberger	M,	 Eriksson	 BO,	 Grimby	 G,	 Held	 P,	 Swedberg	 K.	
Skeletal muscle fiber composition and capillarization in patients 
with chronic heart failure: relation to exercise capacity and central 
hemodynamics. J Cardiac Fail.	1995;1(4):267-272.

	 6.	 Duscha	BD,	Kraus	WE,	Keteyian	SJ,	et	al.	Capillary	density	of	skel-
etal muscle: a contributing mechanism for exercise intolerance in 
class	II-III	chronic	heart	failure	independent	of	other	peripheral	al-
terations. J Am Coll Cardiol.	1999;33(7):1956-1963.

	 7.	 Kindig	CA,	Musch	TI,	Basaraba	RJ,	Poole	DC.	Impaired	capillary	he-
modynamics in skeletal muscle of rats in chronic heart failure. J Appl 
Physiol.	1999;87(2):652-660.

	 8.	 Nusz	DJ,	White	DC,	Dai	Q,	et	al.	Vascular	rarefaction	in	peripheral	
skeletal muscle after experimental heart failure. Am J Physiol-Heart 
Circul Physiol.	2003;285(4):H1554-H1562.

	 9.	 Hauton	D,	Al-Shammari	A,	Gaffney	EA,	Egginton	S.	Maternal	hy-
poxia decreases capillary supply and increases metabolic inef-
ficiency leading to divergence in myocardial oxygen supply and 
demand. PLoS One.	2015;10(6):e0127424.

	10.	 Hauton	 D,	 Winter	 J,	 Al-Shammari	 AA,	 Gaffney	 EA,	 Evans	 RD,	
Egginton S. Changes to both cardiac metabolism and perfor-
mance accompany acute reductions in functional capillary 
supply. Biochimica et Biophysica Acta (BBA)-General Subjects. 
2015;1850(4):681-690.

	11.	 Piiper	 J,	 Scheid	 P.	 Diffusion	 limitation	 of	 O2	 supply	 to	 tissue	
in homogeneous and heterogeneous models. Respir Physiol. 
1991;85(1):127-136.

	12.	 Degens	H,	Deveci	D,	Botto-van	Bemden	A,	Hoofd	LJ,	Egginton	S.	
Maintenance of heterogeneity of capillary spacing is essential for 
adequate oxygenation in the soleus muscle of the growing rat. 
Microcirculation.	2006;13(6):467-476.

	13.	 Al-Shammari	AA,	Gaffney	EA,	Egginton	S.	Modelling	capillary	oxy-
gen supply capacity in mixed muscles: capillary domains revisited. J 
Theor Biol.	2014;356:47-61.

	14.	 Olfert	 IM,	 Baum	 O,	 Hellsten	 Y,	 Egginton	 S.	 Advances	 and	 chal-
lenges in skeletal muscle angiogenesis. Am J Physiol-Heart Circul 
Physiol.	2016;310(3):H326-H336.

	15.	 Hudlicka	O,	Brown	MD.	Adaptation	 of	 skeletal	muscle	microvas-
culature to increased or decreased blood flow: role of shear stress, 
nitric oxide and vascular endothelial growth factor. J Vasc Res. 
2009;46(5):504-512.

	16.	 Rivilis	 I,	 Milkiewicz	 M,	 Boyd	 P,	 et	 al.	 Differential	 involve-
ment	 of	 MMP-2	 and	 VEGF	 during	 muscle	 stretch-versus	 shear	
stress-induced angiogenesis. Am J Physiol-Heart Circul Physiol. 
2002;283(4):H1430-H1438.

	17.	 Williams	JL,	Cartland	D,	Hussain	A,	Egginton	S.	A	differential	role	
for nitric oxide in two forms of physiological angiogenesis in mouse. 
J Physiol.	2006;570(3):445-454.

	18.	 Williams	J,	Weichert	A,	Zakrzewicz	A,	et	al.	Differential	gene	and	
protein expression in abluminal sprouting and intraluminal splitting 
forms of angiogenesis. Clin Sci.	2006;110:587-595.

	19.	 Egginton	 S,	 Hudlicka	 O,	 Brown	 M,	 Walter	 H,	 Weiss	 J,	 Bate	 A.	
Capillary growth in relation to blood flow and performance in over-
loaded rat skeletal muscle. J Appl Physiol.	1998;85(6):2025-2032.

	20.	 Egginton	 S,	 Badr	 I,	Williams	 J,	 Hauton	 D,	 Baan	 GC,	 Jaspers	 RT.	
Physiological angiogenesis is a graded, not threshold, response. J 
Physiol.	2011;589(1):195-206.

 21. Ballak SB, Busé-Pot T, Harding PJ, et al. Blunted angiogenesis and 
hypertrophy are associated with increased fatigue resistance and 
unchanged aerobic capacity in old overloaded mouse muscle. Age. 
2016;38(2):39.

	22.	 Egginton	S,	Zhou	A-L,	Brown	M,	Hudlicka	O.	Unorthodox	angiogen-
esis in skeletal muscle. Cardiovasc Res.	2001;49(3):634-646.

	23.	 Frischknecht	 R,	 Vrbová	 G.	 Adaptation	 of	 rat	 extensor	 digito-
rum longus to overload and increased activity. Pflügers Archiv. 
1991;419(3–4):319-326.

	24.	 Baldwin	 K,	 Valdez	 V,	 Schrader	 L,	 Herrick	 R.	 Effect	 of	 functional	
overload on substrate oxidation capacity of skeletal muscle. J Appl 
Physiol.	1981;50(6):1272-1276.

 25. Egginton S, Hussain A, Hall-Jones J, Chaudhry B, Syeda F, Glen KE. 
Shear stress-induced angiogenesis in mouse muscle is independent 
of the vasodilator mechanism and quickly reversible. Acta Physiol. 
2016;218(3):153-166.

	26.	 Mandel	 ER,	 Dunford	 EC,	 Trifonova	 A,	 et	 al.	 Prazosin	 can	 pre-
vent glucocorticoid mediated capillary rarefaction. PLoS One. 
2016;11(11):e0166899.

	27.	 Baum	O,	Vieregge	M,	Koch	P,	et	al.	Phenotype	of	capillaries	in	skel-
etal	muscle	of	nNOS-knockout	mice.	Am J Physiol Integrat Comparat 
Physiol.	2013;304(12):R1175-R1182.

 28. Mac Gabhann F, Qutub AA, Annex BH, Popel AS. Systems biol-
ogy	of	pro-angiogenic	therapies	targeting	the	VEGF	system.	Wiley 
Interdiscip Rev Syst Biol Med.	2010;2(6):694-707.

	29.	 Eigentler	 A,	 Draxl	 A,	 Wiethüchter	 A,	 Kuznetsov	 A,	 Lassing	 B,	
Gnaiger	E.	 Laboratory	protocol:	 citrate	 synthase,	 a	mitochondrial	
marker enzyme. Mitochondrial Physiol Network.	2012;17(04):1-11.

	30.	 Kissane	RW,	Egginton	S.	Exercise-mediated	angiogenesis.	Curr Opin 
Physiol.	2019;10:193-201.

	31.	 Al-Shammari	AA,	Kissane	RWP,	Holbek	S,	et	al.	Integrated	method	
for quantitative morphometry and oxygen transport modeling in 
striated muscle. J Appl Physiol.	2019;126(3):544-557.

	32.	 Wüst	RC,	Gibbings	SL,	Degens	H.	Fiber	capillary	supply	related	to	
fiber size and oxidative capacity in human and rat skeletal muscle. 
In	Oxygen transport to tissue XLI.	Springer;	2009:75-80.

	33.	 Sullivan	SM,	Pittman	RN.	In	vitro	O2	uptake	and	histochemical	fiber	
type of resting hamster muscles. J Appl Physiol.	1984;57(1):246-253.

	34.	 Egginton	 S,	 Gaffney	 E.	 Experimental	 physiology-review	 article:	
tissue	 capillary	 supply–it's	 quality	 not	 quantity	 that	 counts!.	 Exp 
Physiol.	2010;95(10):971-979.

	35.	 Zhou	A-L,	 Egginton	 S,	Hudlicka	O,	Brown	M.	 Internal	 division	 of	
capillaries in rat skeletal muscle in response to chronic vaso-
dilator treatment with α1-antagonist prazosin. Cell Tissue Res. 
1998;293(2):293-303.

	36.	 Fulgenzi	G,	Graciotti	L,	Collis	M,	Hudlicka	O.	The	effect	of	alpha1 
adrenoceptor antagonist prazosin on capillary supply, blood flow 
and performance in a rat model of chronic muscle ischaemia. Eur J 
Vasc Endovasc Surg.	1998;16(1):71-77.

	37.	 Egginton	 S.	 Morphometric	 analysis	 of	 tissue	 capillary	 supply.	 In	
Vertebrate gas exchange.	Springer;	1990:73-141.

	38.	 Al-Shammari	 A,	 Gaffney	 E,	 Egginton	 S.	 Re-evaluating	 the	 use	 of	
voronoi tessellations in the assessment of oxygen supply from cap-
illaries in muscle. Bull Math Biol.	2012;74(9):2204-2231.

	39.	 Degens	 H,	 Veerkamp	 JH,	 Van	 Moerkerk	 HT,	 Turek	 Z,	 Hoofd	
LJ,	 Binkhorst	 RA.	 Metabolic	 capacity,	 fibre	 type	 area	 and	 cap-
illarization of rat plantaris muscle. Effects of age, overload and 
training and relationship with fatigue resistance. Int J Biochem. 
1993;25(8):1141-1148.

	40.	 Laughlin	M,	Roseguini	B.	Mechanisms	for	exercise	training-induced	
increases in skeletal muscle blood flow capacity: differences with 
interval sprint training versus aerobic endurance training. J Physiol 
Pharmacol.	2008;59(Suppl	7):71.

 41. Mortensen SP, Egginton S, Madsen M, et al. Alpha adrenergic recep-
tor	blockade	increases	capillarization	and	fractional	O2 extraction 
and lowers blood flow in contracting human skeletal muscle. Acta 
Physiol.	2017;221(1):32-43.

	42.	 Dunford	 EC,	 Leclair	 E,	 Aiken	 J,	 et	 al.	 The	 effects	 of	 voluntary	
exercise and prazosin on capillary rarefaction and metabo-
lism in streptozotocin-induced diabetic male rats. J Appl Physiol. 
2017;122(3):492-502.

	43.	 Akerstrom	 T,	 Laub	 L,	 Vedel	 K,	 et	 al.	 Increased	 skeletal	 muscle	
capillarization enhances insulin sensitivity. Am J Physiol Endocrinol 
Metab.	2014;307(12):E1105-E1116.



    |  9 of 9KISSANE Et Al.

	44.	 Gouzi	 F,	Maury	 J,	 Bughin	 F,	 et	 al.	 Impaired	 training-induced	 ad-
aptation	of	 blood	pressure	 in	COPD	patients:	 implication	 of	 the	
muscle capillary bed. Int J Chron Obstruct Pulmon Dis. 2016;11: 
2349-2357.

	45.	 Kissane	 RWP,	 Wright	 O,	 Al'Joboori	 YD,	 Marczak	 P,	 Ichiyama	
RM, Egginton S. Effects of treadmill training on microvascu-
lar remodeling in the rat after spinal cord injury. Muscle Nerve. 
2019;59(3):370-379.

How to cite this article: Kissane	RW,	Tickle	PG,	Doody	NE,	
Al-Shammari	AA,	Egginton	S.	Distinct	structural	and	functional	
angiogenic responses are induced by different mechanical 
stimuli. Microcirculation. 2021;28:e12677. https://doi.
org/10.1111/micc.12677

https://doi.org/10.1111/micc.12677
https://doi.org/10.1111/micc.12677

