
Biochimica et Biophysica Acta 1850 (2015) 681–690

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bbagen
Changes to both cardiac metabolism and performance accompany acute
reductions in functional capillary supply
David Hauton a,⁎, James Winter b, Abdullah A. Al-Shammari c,d, Eamonn A. Gaffney c,
Rhys D. Evans e, Stuart Egginton f

a School of Food Science and Nutrition, University of Leeds, Woodhouse Lane, Leeds LS2 9JT, United Kingdom
b Cardiovascular Physiology, The Rayne Institute, King's College London, London SE1 7EH, United Kingdom
c Mathematical Institute, University of Oxford, Woodstock Road, Oxford OX2 6GG, United Kingdom
d Department of Mathematics, Faculty of Sciences, Kuwait University, P.O. Box 5969, Khaldiya 13060, Kuwait
e Department of Physiology, Anatomy and Genetics, Sherrington Building, University of Oxford, South Parks Road, Oxford OX1 3PT, United Kingdom
f School of Biomedical Sciences, University of Leeds, Clarendon Way, Leeds LS2 9JT, United Kingdom
Abbreviations:CD, capillarydensity;HR,heart rate;KH
anterior descending coronary artery; NN, nearest neighbo
gen; RPP, rate-pressure product; SAN, sino-atrial node.
⁎ Corresponding author. Tel.: +44 113 3430685.

E-mail address: d.hauton@leeds.ac.uk (D. Hauton).

http://dx.doi.org/10.1016/j.bbagen.2014.12.014
0304-4165/© 2014 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:

Received 25 June 2014
Received in revised form 14 November 2014
Accepted 12 December 2014
Available online 18 December 2014

Keywords:
Working heart
Microspheres
Cardiac performance
Metabolism
Arteriole occlusion
Capillary domain

Background: The relative importance of arteriole supply or ability to switch between substrates to preserve car-
diac performance is currently unclear, but may be critically important in conditions such as diabetes.
Methods: Metabolism of substrates was measured before and after infusion of polystyrene microspheres in the
perfused working heart to mimic random capillary loss due to microvascular disease. The effect of acute loss of
functional capillary supply on palmitate and glucosemetabolism together with functionwas quantified, and the-
oretical tissue oxygen distribution calculated from histological samples and ventricular VO2 estimated.
Results:Microsphere infusion led to a dose-dependent decrease in rate-pressure product (RPP) and oxygen con-
sumption (P b 0.001). Microsphere infusion also increased work/unit oxygen consumption of hearts (‘efficiency’)
by 25% (P b 0.01). When corrected for cardiac work palmitate oxidation remained tightly coupled to very low
workloads (RPP b 2500mmHg/min), illustrating a high degree of metabolic control. Arteriole occlusion bymicro-
spheres decreased the density of patent capillaries (P b 0.001) and correspondingly increased the average capillary
supply area by 40% (P b 0.01). Calculated rates of oxygen consumption declined from 16.6± 7.2ml/100ml/min to

12.4± 9ml/100ml/min following arteriole occlusion, coupledwith increases in size of regions ofmyocardial hyp-
oxia (Control = 22.0% vs. Microspheres = 42.2%).
Conclusions: Cardiac mechanical performance is very sensitive to arteriolar blockade, but metabolite switching
from fatty acid to glucose utilisation may also support cardiac function in regions of declining PO2.
General significance: Preserving functional capillary supply may be critical for maintenance of cardiac function
when metabolic flexibility is lost, as in diabetes.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The heart has a high and unremitting demand for energy derived
largely from oxidation of lipids, with a lesser contribution from glucose
[1]. Lipid oxidation requires an adequate supply of oxygenated blood to
facilitate maximum ATP production from the fewest molecules of sub-
strate. However, complete oxidation of glucose yields more ATP per
molecule of oxygen consumed, and is hence more efficient where oxy-
gen availability may be limiting. Indeed, inhibition of fatty acid β-
, KrebsHenseleitbuffer; LAD, left
ur; PO2, partial pressure of oxy-
oxidation with trimetazidine led to increased glucose oxidation,
coupled with increases in cardiac mechanical work despite no changes
in oxygen consumption for both rat [2] and human hearts [3], suggest-
ingmore efficient ATP production. Given the relationship between oxy-
gen consumption and coronary flow [4], substrate selection by the
working heart may be dictated by the availability of oxygen and/or cor-
onary flow. Hence, conditions such as compensated cardiac hypertro-
phy that are characterised by regions of tissue ischaemia within the
myocardium [5] exhibit increased glucose oxidation and decreased
fatty acid β-oxidation [6]. Further compromise to oxygen supply, e.g.
during decompensated cardiac failure and ischaemic injury, leads to
an increased reliance on glycolysis, enabling production of ATP without
requiring oxygen [7]. This is inefficient in terms of substrate use,
characterised by the heart transitioning from being a net importer of
lactate to the synthesis and export of excess lactate [8]. Therefore,
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capillary supply of oxygenated blood is critically important to the opti-
misation ofmyocardial ATP production. Thismay be of particular conse-
quence following rarefaction of capillary supply to the heart, as occurs in
conditions such as diabetes [9] and hypertension [10].

Recent experiments document the heterogeneous nature of blood
flow distribution within the adult heart in vivo, suggesting that not all
capillaries are continuously perfused. Indeed, periods of reduced myo-
cardial flow may be a normal cardiac phenomenon, largely controlled
by arteriolar autoregulation [11]. Other factors may influence oxygen
delivery beyond arteriolar dilatation, and hence perfusion. For example,
diabetes led to a thickening of myocyte capillary basement membranes
in both rats [12] and humans [13] with resulting increases in capillary
diffusion distance presenting physical barriers to oxygen exchange
[14]. Furthermore, increases in cardiac muscle fibre diameter (as typi-
fied by cardiac hypertrophy) lead to increased intercapillary distance
[15] and reduced cardiac performance [16]. In addition, heterogeneity
of capillary supply may be an independent variable in limiting oxygen
delivery [17], with increases in heterogeneity associated with greater
severity of cardiac impairment [18].

Decreased perfusion of cardiac muscle and impaired coronary flow
reserve may predict mortality in humans [10] with microvascular dis-
eases such as diabetes [11], as a close correlation between oxygen de-
mand and capillary distribution normally matches delivery with
utilisation [19]. We therefore postulated that if microvascular units
(an individual arteriole and its associated capillaries supplied down-
stream) are responsible for local provision of oxygen to the myocardi-
um, loss of functional capillaries by occlusion of individual arterioles
would decrease work performed by the heart, and hence decreased
total metabolism, without altering the balance between lipid and
glucose metabolism for the remaining muscle fibres as no ‘spillover’
of oxygen into adjacent capillary domains may occur. Conversely, if
diffusion of oxygen over wider distances supports metabolism in
neighbouring fibres/capillary domains then metabolism will be al-
tered to improve the efficiency of ATP production through ‘metabolic
flexibility’. This response involves switching of substrate use to effi-
ciently exploit the prevailing oxygen supply, exemplified by a de-
crease in fatty acid oxidation and increased reliance on glucose
metabolism.

The isolated crystalloid-perfused heart offers the best method to in-
vestigate the effects of altered functional capillary supply in the heart.
This overcomes autoregulation of coronary arterioles by perfusing
with a high oxygen partial pressure yet low contentmedium [20,21] en-
abling the contribution of individual, maximally-dilated arterioles to
contractile performance and regional metabolism in the myocardium
to be investigated. Exploitingmicrospheres, we selectively occluded ar-
terioles in the perfused heart from naive rats. Histological analysis was
used to discriminate between patent capillaries and those with
microsphere-occluded flow to estimate degree of occlusion, and corre-
late this with myocardial function andmetabolism as well as calculated
tissue oxygenation.
2. Materials & methods

2.1. Materials

3H-[9,10]-oleic acid and [U-14C] glucose were purchased from
Amersham Biosciences (Chalfont, UK); polystyrene microspheres
(15 μm mean diameter) from Molecular Probes (Eugene, Oregon,
USA); fatty acid-free bovine albumin and all buffer salts from
Sigma (Poole, UK); fluorescein-labelled lectin was purchased from
Vector laboratories (UK), Cy3-labelled anti-α-smooth muscle actin
antibody from Sigma (Poole, UK). All solvents were ANALAR grade
and purchased from Fisher Scientific (Loughborough, UK). Ventricu-
lar balloons were constructed ‘in house’ using SaranWrap polythene
film.
2.2. Methods

2.2.1. Animal maintenance
All experiments were carried out in accordance with the UK Home

Office, Animal Scientific Procedures Act (1986) and were approved by
the University of Birmingham local ethics committee. Male Wistar rats
(265 ± 11 g) were maintained and housed at 22 °C 12 h light/12 hr
dark with ad libitum access to food (Lillico RM3, rat chow) and water
throughout the experiment. A total of 35 untreated rats were used.

2.2.2. Tissue isolation and heart perfusion
Hearts were prepared from fed rats as outlined previously [22].

Briefly, anaesthesiawas inducedwith halothane (4% in oxygen) and fol-
lowing thoracotomyheartswere excised and the aorta cannulated (16G
cannula), then perfused in retrograde fashion [23]. A small flexible non-
elastic balloonwas inserted into the left atrium through themitral valve
and into the left ventricle. This fluid-filled balloonwas attached to a fine
plastic catheter and connected to a pressure transducer and a graduated
syringe (0–1000 μl: Hamilton, Nevada, USA). Hearts weremaintained at
37 °C and perfused at a constant pressure (100 cm H2O) with a Krebs–
Henseleit crystalloid medium (KH) supplemented with glucose
(10 mM) and CaCl2 (1.3 mM) gassed with oxygen/CO2 (95:5). Devel-
oped pressure (peak—end diastolic pressure) was measured following
isovolumic contraction and recorded to computer using a digital inter-
face (AD Instruments, Chalgrove, Oxford, UK). The initial balloon
volume was adjusted until measured end-diastolic pressure was
0 mm Hg and the systolic pressure was recorded. Balloon volume was
increased in incremental steps (50 μl) until the peak systolic pressure
developed exceeded 200 mmHg and developed pressure was recorded
in real time. Coronary flow was estimated from timed collections of a
known volume of perfusate and expressed as volume/time/unit mass
of cardiac tissue. Preliminary experiments were undertaken to establish
a single concentration of microspheres needed to produce a significant
decrease in cardiac work. For selected experiments, 1 × 105–1 × 107mi-
crospheres (mean diameter 15 ± 0.2 μm, appropriate to block terminal
arterioles) were suspended in KH-bovine albumin solution (4% w/v)
andwere infused directly into the aortic perfusion line. Given the retro-
grade nature of this perfusion technique microspheres were infused di-
rectly into the coronary circulation. A period of stabilisation (10 min)
followed prior to repetition of the performance estimation (Supplemen-
tal Fig. 1A). Ventricular performance was calculated off-line as detailed
previously [23].

For separate perfusions quantifying ‘steady-state’ functional param-
eters of the heart, heartswere perfused as detailed abovewith intraven-
tricular balloon incorporated in the LV [23]. The LV balloon volumewas
adjusted to give an end-diastolic pressure (EDP)= 10mmHg until EDP
was stable (typically 5 min). Estimates of systolic pressure, developed
pressure and heart rate were calculated and performance was calculat-
ed as above [23].

2.2.3. Perfused working heart
Working hearts were perfused as previously described [22]. Atrial

filling pressure was fixed at 10 cm H2O with an afterload fixed at
100 cm H2O. Hearts were perfused with KH, together with glucose
(10 mM supplemented with U-14C-labelled glucose 0.185 MBq/perfu-
sion) and palmitic acid (0.4 mM pre-bound to bovine albumin + 3H
palmitic acid 5.55 MBq/perfusion). All hearts were unpaced. Metabo-
lism was estimated from timed collection of perfusate and effluent
gases (see below) for 45 min to quantify utilisation of glucose and pal-
mitate (Supplemental Fig. 1B). The heartwas then returned to perfusion
in Langendorff mode and microspheres in KH infused directly into the
aortic line and the heart retrograde perfused for a further 3 min to en-
sure transfer of microspheres into the coronary circulation. Hearts
were then returned to ‘working mode’ and perfused through the left
atrium at fixed pre- and afterload, as above. Timed collections of both
perfusate and effluent gases were then continued for a further 45 min
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(Supplemental Fig. 1B). At termination of the experiment LV free wall
was dissected and frozen (see below) to determine the degree of arteri-
ole occlusion with microspheres. Hearts that did not maintain contrac-
tile activity throughout both phases of the protocol were excluded
from estimates of metabolism.

2.2.4. Estimates of oxygen consumption
For selected experiments myocardial oxygen extraction was esti-

mated from real-time arterial and coronary venous oxygen partial pres-
sure using a ‘flow-through’ Microx TX2-AOT oxygen microsensor
(Presens, Precision Sensing-GmbH, Germany). A 2-point calibration
was undertaken (oxygen-saturated KH buffer and oxygen-free KH buff-
er) prior to the experiment. Oxygen content of theKHperfusatewas cal-
culated with reference to the Bunsen solubility coefficient for oxygen
(22.7 μl O2/ml at 1 atm) and oxygen extraction was calculated from
the coronary flow/unit cardiac mass. Cardiac efficiency was calculated
as rate-pressure product (mm Hg/min/g heart)/oxygen consumption
(μmoles O2/min/g heart) to estimate work generated/unit oxygen con-
sumed (mm Hg/μmole O2).

2.2.5. Quantitation of perfusate tritiated water
For selected experiments, metabolism of palmitate was estimated

from quantitation of 3H2O production, as previously described [22].
Briefly, aliquots of perfusate (1.0 ml) were extracted with chloroform:
methanol (2:1) and metabolism was estimated in the aqueous fraction
by scintillation counting. Metabolism was calculated with reference to
the specific activity at the start of the experiment.

2.2.6. Glucose metabolism
For selected hearts perfusate glucosewas supplementedwith U-14C-

labelled glucose (as above). Effluent gases were collected from a gas-
tight perfusion apparatus into ethanolamine/ethylene glycol (2:1) solu-
tion [24] and samples of perfusate were recovered to estimate the liber-
ation of 14C-labelled CO2 as CO2 or bicarbonate, as previously detailed
[22].

2.2.7. Lactate flux
Aliquots of perfusate were combined with perchloric acid (PCA;

0.6 N) to deproteinise the sample and stored for later analysis. For
neutralised PCA-treated perfusate samples lactate was estimated enzy-
matically, following the conversion of lactate to pyruvate and quantify-
ing NADH absorbance at 340 nm [25]. Rates of lactate accumulation
were estimated from timed collections of perfusate, and linear regres-
sion analysis of lactate synthesis used to estimate the rate of lactate
production.

2.2.8. Estimates of acetyl-CoA synthesis
To give an estimate of ‘total metabolism’, rates of acetyl-CoA synthe-

sis were calculated from the rates of metabolism for glucose and palmi-
tate measured from the perfusate. Briefly, estimates were based on the
assumption that metabolism of 1 mole of glucose by complete metabo-
lism yields 2moles acetyl-CoA, and completemetabolism of 1mole pal-
mitate yields 9 moles acetyl-CoA [26].

2.2.9. Perfusate lactate dehydrogenase (LDH) activity
Ischemia-induced damage to the myocardium was estimated from

perfusate LDH activity. Briefly, aliquots of perfusate were recovered
and frozen immediately before addition ofmicrospheres and 45min fol-
lowing microsphere infusion to quantify ischemic injury. LDH activity
was subsequently measured [5] in the presence of excess NAD
(10 mg/ml final concentration), using lactate (5 mM final concentra-
tion) as a substrate. Rates of NADHproductionwere calculatedwith ref-
erence to the molar extinction coefficient for NADH (340 nm =
6220 M−1 cm−1) and expressed with reference to cardiac mass.
2.2.10. Capillary density
Tissues were mounted onto cork disks (22 mm: R.A. Lamb,

Eastbourne, East Sussex, UK) in Tissue-Tek OCT compound (Sakura,
Torrance, CA) before freezing in liquid nitrogen-cooled isopentane.
Cryostat sections (10 μm) were cut and fixed onto glass slides. Capil-
laries were visualised using fluorescein-labelled Griffonia simplicifolia
lectin (Vector Laboratories, UK) and arterioles were quantified from
Cy3-labelled anti-α-smooth muscle actin antibody using a Ziess
Axioskop microscope [27]. Vessel density was quantified from digital
images (magnification ×200) in regions of known area for four non-
consecutive sections using Image J (NIH) image analysis software. A
minimum of six fields were counted per section; three sections for
each heart were quantified. Sections were counted at random and the
viewerwas blinded to the origins of the tissue. Data is expressed as cap-
illary profiles/mm2 cross-sectional area.

2.2.11. Estimation of arteriolar occlusion
To estimate degree of arteriole occlusion (to correlate with the dec-

rement in performance andmetabolism) left ventricle sectionswere cut
from perfused hearts and embedded in OCT before freezing in liquid
nitrogen-cooled isopentane. Cryostat sections of left ventricle free wall
were air dried, fixed with phosphate-buffered formalin, stained with
C3 conjugate-labelled anti-α-smooth muscle actin (C6198, Sigma, UK)
and mounted in Vectorshield containing DAPI as nuclear counter stain
(Vector Laboratories, UK). From each heart 4 sections not less than
200 μm apart were counted through the vertical thickness of the LV
(sampling a total of at least 600 μm). For each section, 4 regions of epi-
cardium and 4 regions of endocardium were counted. DAPI staining
allowed for correction for areas containing no myocardium (Supple-
mental Fig. 3). All sections were counted at low magnification (×100
image). Arterioles andmicrospheres were counted from the same fields
and expressed as percentage occlusion. For each heart themean of the 4
sections (sampled at 4 different depths of LV) was calculated and this
represents the percentage arteriolar occlusion for an individual heart.
Hence, for each heart 16 non-consecutive fields of epi- and endocardi-
um were quantified to estimate the degree of arteriolar occlusion.

2.2.12. Visualisation of patent capillaries
For selected hearts at the end ofmicrosphere perfusion FITC-labelled

Dextran (MW ~500,000: 20 mg/ml in 4% bovine albumin) was infused
into the coronary circulation via a 3-way tap inserted into the aortic per-
fusion, prior tomounting on cork disks in OCT. Coronary perfusion pres-
sure was maintained at 100 cm H2O throughout. Care was taken not to
introduce air bubbles into the coronary circulation. Hearts were intact,
apex upper-most and frozen as above. Hearts were cryostat-sectioned
(25 μm thickness) in subdued light to prevent photo-bleaching of the
FITC-Dextran. Sections were then fixed and counterstained as above
with rhodamine-lectin (Vector Laboratories, UK) and viewed under
fluorescence microscopy (Ziess Axioskop). Images were taken from
the mid-wall of the LV (magnification ×200) and overlaid using Image
J to estimate the distribution of patent capillaries. Total capillary supply
was visualised with lectin (red) whilst patent capillaries, possessing
flow after infusion of microspheres, contained FITC-Dextran (green).

2.3. Oxygen diffusion calculations

Binary images of total and patent capillary supply for identical re-
gions were taken (above). The shortest distance between adjacent cap-
illaries was calculated by Delaunay triangulation, producing a value for
the summed influence of all nearest neighbours [28], to determine the
variance in capillary supply in the normal state and following arteriole
occlusion with microspheres. Domain area was calculated following
Voronoi tessellation of digitised images, to produce non-overlapping
polygons centred around an individual capillary, whose boundaries
were defined as a point equidistant between two adjacent capillaries,
i.e. representing the half-maximal distance between ‘nearest
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neighbours’ [16]. The coefficient of variationwas calculated for capillary
density, domain area, and nearest neighbour distance (NN) as standard
deviation/mean × 100.

Spatial distributions of tissue oxygen tension (PO2) and consump-
tion rate (MO2)were generated using a two-dimensional circular region
within a cross section of heart muscle tissue. This wasmodelled as a ho-
mogeneous tissue composition, with an array of capillaries of circular
cross-section (with radius, rcap = 2 μm) supplying O2 to the tissue
with Michaelis–Menten consumption kinetics [51]; O2 transport within
the myocardium was therefore described by the equation

αD∇2p− M0p
pþ pc

¼ 0; ð1Þ

where p is tissue PO2, α is tissue O2 solubility, D is tissue O2 diffusivity,
M0 is themaximum tissueO2 demand, and pc is tissue PO2whenO2 con-
sumption is half of the demand. At each capillary–tissue interface, the
flux is proportional to the difference in PO2 across this wall, and was
thus described by the boundary condition

n � αD∇p½ �−k pcap−p
� �

¼ 0; ð2Þ

where pcap is the transversely averaged intercapillary PO2, k is the mass
transfer coefficient, andn denotes the outward unit normal vector. Also,
at the exterior boundary a no-flux condition was assumed

n � aD∇p½ � ¼ 0; ð3Þ

though the analysed region of interest is sufficiently far from the exter-
nal boundary to ensure insensitivity to the details of the boundary con-
dition. Eqs. ((1)–(3)) were solved to determine tissue PO2 using the
finite element method, implemented using Matlab (The MathWorks
Inc., Natick, MA)with a nonlinear solver based on a Gauss–Newton iter-
ation, with adaptive meshing to resolve areas of rapid change in oxygen
partial pressures.

In the simulations, we used capillary densities estimated from each
tissue cross section (control density = 1661 capillaries/mm2; occluded
density = 1200 capillaries/mm2) which fixed the physical domain size
for a given number of capillaries. As suggested by [21], we also use the
following biophysical parameters

α ¼ 4:42 x 10‐3 ml O2 � 100 ml‐1 �mm Hg‐1;
D ¼ 8:7 x 10‐4 cm2 �min‐1

; pcap ¼ 40 mm Hg;
k ¼ 5:16 x 10‐2 ml O2 �min‐1 � cm‐2 �mm Hg‐1;
M0 ¼ 0:2286 ml O2 �ml‐1 �min‐1

; rcap ¼ 2 μm;

where a cut-off of pc=0.5mmHgwas used to describe regions of tissue
hypoxia [29].

2.4. Statistical analysis

As all experiments involved consecutive measurements within the
same heart following intervention a paired t-test was used to compare
the impact of microsphere infusion on metabolism of the heart pre-
and post-arteriole occlusion with microspheres. Data represents
mean ± standard deviation. Curve fitting analysis and estimation of
mathematical functions were undertaken with appropriate computer
software (CurveExpert 1.4-2009). Correlation coefficients were calcu-
lated using Spearman's rankmethod and ‘best fit’was estimated assum-
ing a linear relationship, with statistical significance calculated using
Student's t-test. P b 0.05 was taken to indicate statistical significance.
3. Results

3.1. Histological analysis

Arteriolar density was not significantly different between epicardi-
um and endocardium for perfused hearts (NS, Supplemental Table 1).
In these hearts, capillary density of the endocardium was 12% lower
than the epicardium (P b 0.05, Supplemental Table 1), but the average
number of capillaries supplied by one arteriole was similar in epicardi-
um and endocardium of perfused hearts (NS, Supplemental Table 1). In-
fusing a single dose of microspheres (3 × 105/heart) led to 40%
reduction in number of capillaries perfused (P b 0.001, Fig. 1A), with
the coefficient of variation in myocardial capillary density increasing
20% followingmicrosphere infusion (CV=19.2%untreated vs. 25.8% oc-
cluded). Using Voronoi tessellation to estimate capillary domain size
showed a 60% increase in supply area (P b 0.01; Fig. 1B), coupled with
a 20% increase in distance to the nearest capillary neighbour (P b 0.01;
Fig. 1C).
3.2. Microsphere occlusion and cardiac performance

3.2.1. Langendorff hearts
Arteriolar occlusion with microspheres led to a decline in cardiac

performance (estimated as RPP) for Langendorff-perfused hearts with
intraventricular balloon. The curvilinear decrease in HR was steepest
when occlusion was N30% (Supplemental Fig. 2A). RPP showed a linear
decline with increasing occlusion, with 50% decrease following 30% oc-
clusion of arterioles (R2 = 0.820; Supplemental Fig. 2B). Furthermore,
cardiac RPP showed a positive correlation with coronary flow (R2 =
0.821; Supplemental Fig. 2C). Estimates of cardiac pressure–volume re-
lationships showed diastolic performance were preserved in perfused
hearts, with reductions only in developed pressures manifest, as de-
creased systolic performance for balloon volumes b350 μl (P b 0.01;
Supplemental Fig. 2D). For balloon volumes N350 μl systolic pres-
sures were preserved. RPP declined 50% (P b 0.001) following infu-
sion of a fixed dose of microspheres (Supplemental Fig. 2E). To
confirm maximal dilatation of coronary vessels in hearts perfused
with KH-buffer, sodium nitroprusside (SNP-100 μM final concentra-
tion) was infused and no change to mean coronary flow was noted
(control = 7.5 ± 1.0 ml/min/gm vs. SNP = 7.4 ± 1.12 ml/min/gm,
NS).
3.2.2. Perfused working heart
Increasing arteriolar occlusion with microspheres led to an expo-

nential decline in mechanical performance of the perfused working
heart, with a 50% decline in RPP noted for 10% arteriolar occlusion
(Fig. 2A). Infusion of microspheres led to a decline in coronary flow
with a corresponding decrease in oxygen consumption by the heart
(r2 = 0.888: Fig. 2B). However, for cardiac efficiency (cardiac work/
unit oxygen consumed) an inverse correlation was noted, implying
that efficiency of the myocardium increased following decreases in ox-
ygen consumption (r2 = −0.879: Fig. 2C). Prior to infusion of micro-
spheres, cardiac output was preserved for the initial 40 min of the
perfusion period (Supplemental Fig. 3). Following infusion of micro-
spheres cardiac output (CO) decreased 60% at 45 min (P b 0.001; Sup-
plemental Fig. 4) and continued to decline further for the remainder
of the perfusion period. This decline fell to 20% of control values but
was not significantly different from CO at 45 min (NS; Supplemental
Fig. 4). A fixed dose of microspheres added to Langendorff-perfused
hearts (3 × 105 microspheres/heart) led to a 30% decline in mean RPP
(P b 0.001; Fig. 3A) and a 40% decline in mean oxygen extraction (P b

0.001; Fig. 3B). However, following estimation of cardiac efficiency, in-
fusion of microspheres increased the efficiency of oxygen consumption
for the myocardium by 25% (P b 0.01; Fig. 3C).



Fig. 1.Histological estimates of total capillary supply and patent capillaries following infusion of 3 × 105microspheres. Total capillary supply was estimated by rhodamine-labelled lectin-
staining of capillaries (red colour). Patent capillaries followingmicrosphere infusionwere estimated by inclusion of FITC-labelled dextran (green colour) to highlight only those capillaries
possessingflow.Heterogeneity of capillary supplywithin the sameheartwas estimated fromcoefficient of variation for analysis of different regions of LV freewall froman individual heart.
Images represent 384 μm × 304 μm of myocardium, thus encompassing 0.116 mm2. Data represents mean ± SD (n = 7 non-consecutive sections isolated for a single heart). Statistical
significance indicated as effect of microsphere infusion ** P b 0.01, *** P b 0.001.
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3.3. Rates of metabolism

For perfused hearts, microsphere infusion decreased cardiac palmi-
tate oxidation rates by 50% (P b 0.001, Fig. 4A) and increased glucose ox-
idation rates by 25% (P b 0.01, Fig. 4B). In addition, infusion of
microspheres decreased lactate flux to b10% of that for untreated hearts
(P b 0.001; Fig. 4C).

3.4. Estimated rate of acetyl-CoA production

For control hearts, infusion of a fixed dose of microspheres de-
creased acetyl-CoA synthesis rates by 30% (P b 0.001; Fig. 5A). Estimates
of differential substrate utilisation in perfused hearts indicated that 67%
of total ATP was obtained from palmitate, 33% obtained from glucose
oxidation (Fig. 5B); following infusion of microspheres, the source of
acetyl-CoAwas calculated as 45%derived frompalmitate, the remainder
from glucose (all P b 0.001, Fig. 5B).

3.5. Arteriolar occlusion and performance of the working heart

Microspheres were distributed throughout the left ventricle homo-
geneously, providing ~20% occlusion of available arterioles throughout,
with no difference between endocardium and epicardium (NS; Supple-
mental Fig. 4). Since performing differing degrees of cardiac work re-
quires appropriate levels of ATP production, the work performed by
each heart was normalised by calculating the metabolic index (MI =
substrate utilisation per unit time / unit work performed / unit time)
to provide estimates of metabolism undertaken to support a defined
quantity of work for fixed time period (Fig. 6). For these normal hearts
palmitate MI remained unchanged until RPP had fallen to about 5% of
maximum values (Fig. 6), indicating that for a given unit of work
equivalent amounts of palmitate underwent β-oxidation, despite an
overall decline in total cardiac work. This subsequently increased
steeply with further declining work (Fig. 6). For glucose oxidation,
however, MI was unchanged until RPP reached approximately
10,000 mm Hg/min, thereafter describing a linear increase with de-
creasing workload (Fig. 6). Despite occlusion of arterioles with mi-
crospheres no increase in perfusate lactate dehydrogenase
activities was noting suggesting limited ischemic injury to
cardiomyocytes (NS; Supplemental Fig. 5).

3.6. Effects ofmicrosphere occlusion on calculated oxygen diffusion distance

Calculated myocardial PO2 was sensitive to occlusion of arterioles
leading to a decrease in oxygen consumption (control = 16.6 ± 7.2
ml/100 ml · min vs. microsphere occluded = 12.4 ± 9.0 ml/
100 ml · min; Fig. 7), and an increase in the fractional area of hypoxic
regions (control = 22.0% hypoxia vs. microsphere occluded = 42.2%;
Fig. 7).With a recalculation to include the contribution frommyoglobin,
oxygen consumption was calculated to be: control 16.7 ± 7.1 ml/
100ml ·min (Maximum22.6,Minimum3.67 × 10−6);microsphere oc-
cluded 12.5 ± 8.9 ml/100 ml min (Maximum 22.6, Minimum
7.58 × 10−7). Myoglobin had insignificant contribution to lowering tis-
sue hypoxia.

4. Discussion

Thepreservation ofmyocardial arteriole supply is essential formain-
tenance of cardiac performance, and we demonstrate that progressive
occlusion with microspheres led to a decline in cardiac work. We also
show that modest degrees of arteriole occlusion (20%) led to a doubling
of capillary domain area despite only increasing measured distances



Fig. 2. Effect of microsphere infusion on the mechanical performance of the perfused rat heart. Declining cardiac work with increasing arteriole occlusion in the working heart (n = 10
hearts) (A) Effect of declining coronary flow on cardiac oxygen consumption in Langendorff hearts (n= 8 hearts) (B) and effects of declining oxygen consumption on cardiac efficiency
in Langendorff hearts (n=8hearts) (C). Perfusateswere supplementedwith glucose (5mM)andpalmitate (0.4mM)pre-bound to albumin (1%w/v). The coefficient of determination (r2)
is shown for linear relationships.
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between ‘nearest neighbour’ capillaries by 20%. We also show that nor-
mal hearts demonstrate somemetabolic plasticity to the regional tissue
hypoxia, manifest as a transition from palmitate oxidation to glucose
oxidation. This suggests that preservation of capillary supply may be
critical to cardiac performance but also that the flexibility to switch be-
tween differentmetabolic substrates, and the subsequent overlap in nu-
trient supply between adjacent capillaries, may help sustain contractile
performance of the remaining viable myocardium. We speculate that
the stimulus for this switch is decliningmyocardial PO2. We present ev-
idence to support this hypothesis as microsphere occlusion of arterioles
led to both a decline in cardiac work and oxygen consumption, while
the efficiency of oxygen use (work done per unit oxygen consumed)
Ra
te

-p
re

ss
ur

e 
pr

od
uc

t 
(m

m
Hg

/m
in

/g
 h

ea
rt

)

***

(n=8)

O
xy

ge
n 

co
ns

um
p�

on
 

(μ
m

ol
es

/m
in

/g
 h

ea
rt

)

(n=8)
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mean ± SD (n = 8 hearts). Statistical significance indicated as effect of microsphere infusion *
increased, supporting the switching of substrate utilisation to glucose
to improve rates of ATP synthesis for the available oxygen supply.

4.1. Oxygen kinetics

We demonstrate that for the isolated heart, arteriole occlusion by
microspheres led to decreased cardiac work coupled with a decrease
in oxygen consumption and a theoretical difference in tissue PO2. Fur-
thermore, this is characterised by an increase in both the size of the cal-
culated regions of hypoxia and an increase in the heterogeneity of
capillary domains. This increased heterogeneity in capillary supply ac-
companies a decline in cardiac performance and a shift in metabolism,
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Fig. 4. Absolute rates of metabolism of palmitate (A), glucose (B) and lactate (C) for perfused, working hearts before and after microsphere infusion. Data represents mean ± SD (n=10
hearts). Statistical significance indicated as effect of microsphere infusion ** P b 0.01, *** P b 0.001.
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favouring increases in efficiency of oxygen consumption (greater
glucose oxidation). Together, these observations suggest that one deter-
minant for substrate selection may be the efficiency of ATP production
withinmitochondria, utilising the available oxygen. Recent experiments
suggest that the mean mitochondrial PO2 for Langendorff-perfused
hearts is ~25 mm Hg, yet the major fraction of mitochondria are
~5 mm Hg [30], suggesting that our calculated values likely reflect PO2

in the intact perfused heart. Furthermore, acute declines in mitochon-
drial PO2 (10–13 mm Hg) did not decrease the mitochondrial
respiration rate, implying that this threshold is sufficient to support ox-
idative metabolism [31]. Indeed, previous observations suggest that ox-
idative phosphorylation requires similar oxygen tensions (12 mm Hg)
[32,33]. Interestingly, isolated mitochondria show peak oxygen con-
sumption rates at 1.5 mmHg yet demonstrate a P50= 0.4 mmHg, sug-
gesting that despite arteriole occlusion by microspheres and loss of
functional capillary supply, significant regions of themyocardiummain-
tain some level of oxidativemetabolism [34]. Mathematicalmodels pre-
dict that oxygenation of the crystalloid-perfused rat heart is only
adequate at high coronary flow rates (N10 ml/min/g) [21], equivalent
to the current observations prior to infusion of microspheres, indicating
that we likely generate regions of hypoxia within the myocardium fol-
lowing infusion of microspheres. While cardiac tissue PO2 declined dis-
tal to the site of microsphere injection into the pig coronary circulation,
this was sensitive to microsphere size, with 15 μm microspheres
(trapped in the terminal arterioles) decreasing tissue PO2, whilst
10 μm microspheres (trapped within individual capillaries) had no ef-
fect [35]. This implies that both decreased oxygen transport and also in-
creased minimum diffusion distances for oxygen following infusion of
the larger microspheres. These observations support the validity of
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Fig. 5. Estimated rates of acetyl-CoA production before and after microsphere infusion. Rates o
synthesised from exogenous palmitate and glucose (B). Rates of acetyl-CoA synthesis were estim
maximum rates of acetyl-CoA synthesis were calculated. Data represents mean ± SD (n = 10
using microspheres to occlude terminal arterioles, and also suggest
that occlusion of individual capillaries with the smaller microspheres
contributes little to changing oxygen delivery [35] because loss of avail-
able surface area for gaseous exchange from one capillary is minute as a
proportion of the total. In addition, individual capillary blockages may
be readily compensated by anastomoses. However, for occluded termi-
nal arterioles only collateral circulation connecting the different micro-
vascular units of blocked and unblocked arterioles are potentially
relevant. Moreover, each such anastomosis will supply less than one
capillary's perfusate flux to a blocked arteriole's microvascular unit.
Thus, whilst we have not considered anastomoses/collateral circulation
in detail, and indeed measuring their contribution to redistribution of
flow in the heart is difficult using the analytical approach outlined
here, such effects are likely to be subordinate, for instance if the capillary
bed downstream of an arteriole is sufficiently large.

4.2. Cardiac performance

Our initial experiments showed that heart rate reduction required a
profound degree of arteriole occlusion and might reflect differences in
coronary flow between the sino-atrial node (SAN) and ventricularmus-
cle, or the relative insensitivity of SAN to this form of acute hypoxic in-
sult [36].We used thismechanistic information to quantify the numbers
of microspheres needed to produce a modest degree of arteriole occlu-
sion, affecting inotropy alone, as a direct relationship between heart rate
and oxygen consumption is seen [37]. Interestingly, cardiac mechanical
range and diastolic performance were not altered following infusion of
microspheres, supporting the notion that, acutely, the greatest impact
is manifest on energy-dependent systolic function.
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Of interest is the gradual, curvilinear decline for RPP with increasing
degree of arteriole occlusion, suggesting that we have maintained elec-
trical conductivity among cardiomyocytes. A striking observation is that
this model of ‘global, moderate-flow ischaemia’ induced by micro-
spheres appears more detrimental to cardiac mechanical performance
Fig. 7. Variation in capillary domain distribution of control and occluded samples of rat myoca
domain areas after arteriolar occlusion increased by 72.2% in this sample with mean values of
spatial profiles of tissue oxygen tension (B & E) and consumption rate (C & F) show heterogen
occlusion of control perfusedworking rat hearts. Representative images documenting both tota
applied in conjunction with estimates of the diffusivity of oxygen from capillaries to the surrou
than coronary artery ligation: occluding 10% of arterioles with micro-
spheres led to a 50% reduction in RPP implying a high degree of sensitiv-
ity for mechanical work to changes in coronary perfusion. By contrast,
LAD ligation in rats to produce an infarct of 50% of the LV free wall
yielded only a 10% decrease in cardiac mechanical performance [38].
This may reflect the limited contribution from spillover into adjacent
capillary domains. As a consequence small, non-contractile regions of
myocardium, produced following microsphere infusion, may yield an
increase in muscle tension through an inability to release actin-
myosin cross-bridges as a consequence of declining ATP levels. This
may increase local internal work and decrease contractile efficiency.
However, for the LAD-ligated heart sufficient myocardium may remain
unaffected to maintain adequate cardiac work, while regional loss of
electrical conductivity may decrease the contractile contribution to
ATP consumption. Interestingly, we also note no increase in perfusate
lactate dehydrogenase activities following microsphere infusion (Sup-
plemental Fig. 5) possibly indicating the impairment of electrical cou-
pling within the myocardium rather than direct ischemic injury to
cardiomyocytes as may be anticipated following, for example, LAD
ligation.

4.3. Cardiac metabolism

Normal hearts display substrate flexibility, switching from palmitate
to glucose metabolism following arteriole occlusion. We speculate that
this reflects ‘spillover’ in terms of O2 supply between adjacent capillary
rdium (A & D). Noting the logarithmic normal distribution of capillary domains, capillary
log10 domain area 3.26 ± 0.14 μm2 for control vs. 3.38 ± 0.22 μm2 for occluded. Predicted
eity in tissue PO2 across sections of myocardium before (A,B,C) and after (D,E,F) arteriolar
l and patent capillary supply (Fig. 1) were digitised and finite element computations were
nding myocardium to computationally predict tissue PO2.
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domains sufficient to support glucose oxidation (but not fatty acid oxi-
dation). However, this may represent an increase in work done by seg-
ments of normally-perfused myocardium adjacent to regions for which
arteriole supplywas occludedwithmicrospheres. A ‘mild-global ischae-
mia’model, with coronary flow and cardiac work rates similar to those
achieved in the current study, demonstrated preserved rates of fatty
acid oxidation and modest reductions in cardiac efficiency during a
40% reduction in coronary flow [26], suggesting a marked reduction of
coupling between O2 consumption and mechanical work. This differs
from the current study that demonstrated regional hypoxia and areas
of normal perfusion in adjacent regions, thus facilitating the potential
for ‘spillover’ of oxygen. Furthermore, glycolysis may also contribute
limited ATP to support cardiac mechanical performance without the
consumption of oxygen, thus helping to increase the calculated cardiac
efficiency. We cannot exclude the possibility that for the declining cor-
onary perfusion pressure of the working heart following microsphere
infusion, occlusion of some arterioles may actually improve perfusion
of the remaining arterioles, supporting improved performance of
these regions. However, given the high partial pressure and low oxygen
content in the perfusatewe anticipatemaximumdilatation of arterioles,
abolishing any local autoregulation of perfusion [20,21], as demonstrat-
ed following addition of SNP to the perfusate.

Utilisation of ATP within the heart may be linked to two separate
phenomena: maintenance of cardiomyocyte viability and the support
of mechanical performance. The reduced estimates for acetyl-CoA syn-
thesis (and hence ATP production) following microsphere infusion are
likely a consequence of less mechanical work carried out by the heart.
Indeed, our evidence suggests that for the perfused heart as much as
one-third of the ATP production is required to maintain viability of
cardiomyocytes, even when not contributing to contractile work.
When normalised (μmoles metabolism/unit RPP) palmitate oxidation
is tightly coupled to cardiac work, and for the current protocol this
most likely represents the decline in ATP synthesis as a consequence
of decreased O2 delivery limiting the work done by the heart [39]. This
suggests close coupling of oxidative phosphorylation, and a high degree
of mitochondrial efficiency. As oxygen is the terminal electron acceptor
in oxidative phosphorylation such a relationship was anticipated, given
that estimates of [3H]palmitatemetabolism are calculated from the pro-
duction of tritiated water. However, no such direct coupling with glu-
cose metabolism exists. As the synthesis of CO2 is not exclusively the
result of oxidative phosphorylation, from [14C]glucosewemay estimate
increases in metabolism that produces reducing equivalents (NADH &
FADH2) that may yield electrons not producing ATP. In effect, at low
workloads glucosemetabolismmay increase the proton gradient across
the inner mitochondrial membrane, although this effect is likely to be
modest. Alternatively, increased glucose metabolism at very low work-
loads may also reflect maintenance of metabolism by cells that are ade-
quately perfused yet poorly coupled electrically. Indeed, previous
experiments show that hypoxia led to loss of contractile activity in pap-
illary muscle through loss of the intracellular potassium gradient from
cardiomyocytes [40], although this was better maintained with an ade-
quate supply of glucose [41].

4.4. Experimental limitations

Our observations are made with a high partial pressure, low-oxygen
content perfusionmedium [20] and very high coronary flow rates. Oxy-
gen delivery for the blood-perfused heart may be less sensitive to mod-
est changes to coronary flow [42], despite lower rates, as supply is
uncoupled from flow rate [43]. However, previous studies modelling
the spatial patterns of capillary supply for human hearts suggest similar
oxygen supply (domain) areas to those we measured for the untreated
rat heart [16]. Furthermore, followingmicrosphere occlusion a decrease
in the regularity of functional capillary spacing is noted (increased coef-
ficient of variation), with increases in domain areas similar to that for
patients with ischaemic cardiomyopathy [16,18]. This heterogeneity of
capillary supply may leave regions of poorly-oxygenated, non-
contractile myocardium contributing to a decrease in mechanical per-
formance and increased internal work for the heart. Previous experi-
ments postulate diffusion of oxygen from other elements of the
vasculature (arterioles) [44]; however given the very high flow rates
in perfused hearts coupledwith the short length of arterioleswe predict
that diffusionwill be almost entirely through the capillary network [45].

As glycogen contributes significantly to glucose turnover in aerobic
conditions [46,47], and these small stores are anticipated to last only
short periods during ischaemic periods, they probably contribute little
to maintaining cardiac performance [48] under the current experimen-
tal conditions.Moreover, in the absence of arteriole perfusion-O2 supply
to adjacent tissue, glycogen will make a modest and rapidly declining
contribution to overall ATP synthesis. The use of labelled glucose
throughout the perfusion period means that 14C-glucose incorporated
into glycogen prior to microsphere infusion may subsequently be
utilised in the post-occlusion phase, although previous studies also
show that this contribution will be small [49].

The oxygen diffusion modelling was undertaken using images from
perfused hearts and we therefore cannot exclude changes to architec-
ture of the heart caused by tissue oedema. However, care was taken to
minimise this effect by using untreated and microsphere-infused sam-
ples that had been perfused for the same (short) duration and are there-
fore representative of the experiment.

5. Conclusions

Graded loss of arteriole supply led to a reduction in both coronary
flow and cardiac work. Metabolism was also decreased as a conse-
quence of arteriole occlusion and the heart demonstrated a capacity to
switch between substrates, from palmitate to glucose, to improve both
the efficiency of oxygen consumption and sustain cardiac work. Our
data suggests that the decline in performance noted for the heart in
chronic diabetes may not be solely metabolic in origin but could result
from capillary rarefaction and microvascular disease, secondary conse-
quences of diabetes, that lead to a regional inadequacy in oxygenation
of the myocardium. Diabetic metabolic restrictions would further limit
compensatory cardiac responses to reduced PO2. This may be of rele-
vance for the diabetic myocardium, given the increased consumption
of oxygen to fuel both basal metabolism and excitation–contraction
coupling [50].
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