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Abstract

As loss of contractile function in heart disease could often be mitigated by increased
cardiomyocyte humber, expansion of cardiomyocyte endowment paired with increased vascular
supply is a desirable therapeutic goal. Insulin-like growth factor 1 (IGF-1) administration increases
fetal cardiomyocyte proliferation and heart mass, but how fetal IGF-1 treatment affects coronary
growth and function is unknown. Near-term fetal sheep underwent surgical instrumentation and
were studied from 127 to 134 d gestation (term=147 d), receiving either IGF-1 LR3 or vehicle.
Coronary growth and function were interrogated using pressure-flow relationships, an episode of
acute hypoxia with progressive blockade of adenosine receptors and nitric oxide synthase, and by
modeling the determinants of coronary flow. The main findings were that coronary conductance
was preserved on a per-gram basis following IGF-1 treatment, that adenosine and nitric oxide
contributed to hypoxia-mediated coronary vasodilation similarly in IGF-1-treated and Control
fetuses, and that the relationships between coronary flow and blood oxygen contents were similar
between groups. We conclude that IGF-1-stimulated fetal myocardial growth is accompanied by
appropriate expansion and function of the coronary vasculature. These findings support IGF-1 as a
potential strategy to increase cardiac myocyte and coronary vascular endowment at birth.
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INTRODUCTION

Heart disease is the leading cause of death in the United States despite advanced medical
and interventional therapies (1). The push to develop regenerative therapies for the adult
myocardium has so far been unsuccessful because cardiac myocytes are non-proliferative
after the perinatal period, and establishing a differentiated electrical syncytium from stem
cells with necessary interstitial and vascular cells and structures has proved challenging (2).
Young age has been found to be key to stimulating abundant, healthy proliferation of
working cardiac myocytes and expansion of the coronary vasculature (3-10), therefore
therapies to stimulate therapeutic myocardial expansion might first be successful in fetuses
or infants at risk for heart failure. We have shown that insulin-like growth factor 1 (IGF-1)
increases fetal myocyte proliferation and heart mass (11-13), and is a potential therapeutic
agent to increase myocyte endowment and strengthen the perinatal heart (14-16). How
IGF-1 affects coronary growth and function in the fetus is currently unknown.

New myocardium requires concomitant establishment of adequate vascular supply (17), as
appropriate coronary vascularity is critical for life-long function and health (18-22).
Inadequate coronary supply contributes to angina, cardiac syndrome X, impaired cardiac
function, impaired healing, and cellular necrosis and apoptosis. Although regulation of
vascular growth is a very complex process, IGF-1 is a good candidate for initiating coronary
growth in the fetus as it stimulates endothelial and vascular smooth muscle growth and
regulates vascular function in other models (23-26). Alternatively, new cardiac muscle may
itself stimulate vascular growth in the IGF-1-treated fetus. Therefore, we hypothesized that
vascular supply would grow to match myocardial growth and coronary function would be
normal in these hearts.

The purpose of this study was to determine how IGF-1 treatment to increase fetal cardiac
mass affects coronary growth and function in near-term fetal sheep. Three main
experimental approaches were used to investigate coronary function in IGF-1-treated fetal
sheep. First, we evaluated pressure-flow relationships before and after treatment to
determine fundamental characteristics of coronary hemodynamics such as autoregulation
and reserve (27). Second, at the end of the IGF-1 treatment, we created an episode of acute
hypoxia to determine metabolic control of coronary flow and the signaling molecules
responsible (27). Third, we simultaneously sampled arterial and coronary sinus blood under
variable coronary flow conditions, including during spontaneous prelabor uterine
contractions, to determine if IGF-1 changed variability in fetal coronary flow.

MATERIALS AND METHODS

Experimental model

Animal protocols were approved by the Institutional Animal Care and Use Committee, and
conducted according to Guide for the Care and Use of Laboratory Animals (28). An
experimental schematic is shown in Figure 1. Fasted ewes were given intramuscular atropine
(7.5 mg) to control secretions, and anesthesia was induced with intravenous ketamine (400
mg; Fort Dodge Animal Health, Overland Park, KS, USA) and diazepam (10 mg; Abbott
Laboratories, Abbot Park, IL, USA). Ewes were intubated and ventilated with oxygen (O5)-
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nitrous oxide (2:0.7) and isoflurane (1.5-2.0%). Fetal sheep were surgically instrumented
with vascular catheters (Scientific Commodities, Lake Havasu City, AZ, USA), inflatable
occluders (In Vivo Metric, Healdsburg, CA, USA) on the inferior vena cava and post-ductal
thoracic aorta, and a transit-time flow probe (Transonic, Ithaca, NY, USA) on the circumflex
coronary artery. At the conclusion of fetal surgery, ciprofloxacin (2 mg) and penicillin G
(1,000,000 units) were injected into the amniotic sac. After abdominal closure, catheters
were placed in the ewe’s main femoral artery (micropolyurethane tubing, 0.066 in inner
diameter, 0.095 in outer diameter; Scientific Commodities, Lake Havasu City, AZ, USA)
and trachea (standard bore extension set through a 3 mm punch biopsy hole; B. Braun
Medical Inc, Bethlehem, PA, USA); penicillin G (1,000,000 units) was instilled into the
subcutaneous space after placement of the tracheal catheter. Ewes received subcutaneous
buprenorphine (0.3 mg; Bedford Laboratories, Bedford, OH, USA) immediately and twice
daily for 2 days thereafter. Surgical recovery was 6.4+1.5 d.

Ewes were housed in metabolic pens that permitted standing or lying down at will, and
received food and water ad /ibitum. Very low-flow heparinized lactated Ringer’s solution
was infused into fetal catheters (Minipuls 3, Gilson, Middleton, WI, USA) to keep them
open for continuous pressure recording. In-line transducers (Transpac, Abbott, Abbott Park,
IL, USA) were connected to a bridge amplifier and recorder (PowerLab, ADInstruments,
Colorado Springs, CO, USA) from which continuous hemodynamic data were recorded.
Pressures were corrected daily for transducer voltage drift. Vascular pressures were
normalized to intra-amniotic pressure. Heart rate was determined from the arterial
waveform. Approximately an hour of early morning recorded hemodynamic data was
averaged to determine daily hemodynamic parameters (Fig. 1). Arterial blood gas and
content samples, and coronary sinus samples if available, were analyzed immediately on a
Radiometer ABL 825 (Radiometer America, Cleveland, OH, USA). Fetuses received IGF-1
LR3 (6.6 ug hr~1 kg1 based on estimated fetal weight at surgery and adjusted daily
thereafter; Gropep Bioreagents, Thebarton, SA, Australia) or saline (volume matched, ~30
mL day~1) from 127 d gestational age (gestational length = 147 days) until 134 d gestational

age (Fig. 1).

Thirty-three ewes and fetuses had surgery, of which 6 fetuses did not survive surgical
recovery. At the beginning of the study period, 3 fetuses were noted to be spontaneously
hypoxic and excluded, while 24 in good health were randomized to a study group. Of these,
20 completed the IGF-1 or vehicle treatment protocol. Litter size and fetal sex were
randomized between treatment groups and not different. Seven fetuses were singletons and
13 were twins (only one of any twin pair was instrumented and studied). Eleven fetuses were
male and 9 were female.

At the conclusion of the experiment, animals were humanely euthanized with an overdose of
a commercial sodium pentobarbital solution, the fetuses weighed, and fetal tissues rapidly
processed for analysis (Fig. 1). A catheter was placed in the coronary artery at the level of
the flow probe and secured. Evan’s blue dye was instilled into the myocardium, and the area
served by the artery dissected and weighed.
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Explanation of hemodynamic parameters

Cardliac work is heart rate multiplied by the difference between mean arterial pressure and
mean venous pressure, and is expressed as mmHg beat min~1.

Coronary conductance is the relationship between coronary flow and perfusion pressure,
normalized to weight of myocardium perfused, expressed as mL min~ g=2 mmHg=1.

Coronary reserve is the degree to which, at a given pressure, flow can be increased through
vasodilation, which allows metabolic activity to rise above baseline. It is expressed as fold
difference. Reserve was calculated based on flow at each fetus’ resting pressure on the day
of study, with and without adenosine.

O, delivery is the O, brought to the myocardium in arterial blood. It is calculated as
coronary flow multiplied by CaO, (where arterial O, content = CaO,). We express it per
work as mL g~ beat™? mmHg™1.

O, consumption is the O, taken up by the myocardium. It is calculated as coronary flow
multiplied by the difference between CaO, and CvO, (where coronary sinus O, content =
CvOy,), and expressed as mL min~t g~1. We also expressed it per cardiac work as mL g1
mmHg~1 beat™1.

O, extraction ratio is the proportion of oxygen that is brought to the myocardium which is
taken up. It is calculated as the CaO, and CvO, difference divided by CaO», and is
expressed as a percent. We also discuss the raw value of O, extracted from arterial blood,
expressed as mL dL~1.

Coronary pressure-flow relationship

On days 0 (prior to initiation of IGF-1 or vehicle treatment) and 7 (Fig. 1), the relationship
between perfusion pressure and circumflex coronary flow was measured (Fig. 2). Heart rate
was controlled with propranolol (1 mg kg™1) and atropine (0.5 mg kg™2). Over
approximately 10 seconds, arterial pressure was ramped up by progressive inflation of the
aortic occluder, or down by progressive inflation of the occluder on the inferior vena cava.
After releasing the occluder, pressures, heart rate and flow were allowed to return to normal
before repeating the pressure ramp to achieve a total of three reproducible ramps up and
three down. A dose-response relationship was then established between adenosine (5 mg mL
~1), infused into the coronary circulation via the left atrial catheter, and coronary flow. For
most fetuses, an infusion of 478 ug min~1 adenosine caused maximal coronary flow without
a change in systemic pressure. Pressure-flow relationships were again determined with
adenosine.

Coronary flows were corrected to mass of myocardium perfused in each animal. On day 7,
the mass was measured directly by staining with Evan’s blue and dissection, as described
above. For day 0, mass was imputed from previously published heart growth rates from the
same herd (5), using the assumptions that the ratio of myocardium represented by the stained
weight to total heart weight was proportional on days 0 and 7, and that the IGF-1-treated
group had an average heart weight on day 0.
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Coronary metabolic adaptation during acute hypoxia

On day 7, following the pressure-flow relationship study, an acute hypoxia study was
conducted in the 10 Control fetuses and 7 IGF-1-infused fetuses (Fig. 1) of ewes with
functional tracheal catheters. Heart rate continued to be controlled with propranolol (1 mg
kg™1) and atropine (0.5 mg kg™1). Maternal and fetal hypoxia were caused by infusion of
nitrogen gas into a maternal tracheal catheter in the awake, calmly resting ewe. Maternal and
fetal blood gases were measured every 5 minutes, while fetal hemodynamics were
continuously recorded. Once a stable plane of hypoxia was reached (half normal maternal
saturation), it was maintained throughout the experiment (547 min). Theophylline, to block
adenosine receptors (AR), was given as a bolus followed by continuous infusion into the
right atrium at three increasing rates (10 mg + 0.25 mg min~1, 20 mg + 0.75 mg min~1, 30
mg + 1.5 mg min~1). Nitric oxide synthase (NOS) was blocked with Neo-Nitro-L-arginine
methyl ester (L-NAME), also given as a bolus followed by continuous infusion (30 mg + 6
mg min~1). As the results were the same whether L-NAME was given first or last, the data
are presented as progressive blockade bins regardless of order. Some values are missing in
some analyses as two ewes did not complete the full hypoxia experiment (because e.g. their
tracheal catheter dislodged) or because fetal coronary sinus catheters stopped functioning.

Simultaneous analysis of arterial and coronary sinus blood during variable coronary flow

Two approaches were used to analyze mediators of fetal coronary flow. The variability of
fetal coronary flow was analyzed over approximately 6 hours starting at 9 am or 9 pm on
days -1 and 6 (to avoid confounding by the experimental manipulations on days 0 and 7;
Fig. 1). Elevations from baseline flow in the same sampling period were manually identified,
and characteristics of the elevations were noted and compared with immediately adjacent
baseline periods.

An analysis was undertaken to understand the relationships between putative mediators,
including IGF-1 treatment, and coronary flow. Simultaneous arterial and coronary sinus
blood samples were drawn at various times, and analyzed together with the hemodynamic
values recorded from the same seconds during which the samples were drawn. Sampling
periods included during spontaneous flow variations in the normal, conscious animal, as
well as during experimental interventions such as during maximal coronary vasodilation
with adenosine, during acute hypoxia, and during acute hypoxia with AR and NOS
blockade. The relationship between coronary flow and these factors were explored by mixed
effects gamma regression.

Statistical analysis

Coronary pressure-flow conductances were calculated using linear regression. Coronary
hemodynamic measurements during the period of maternal nitrogen breathing were tested
for the presence of a linear trend. Daily blood gas and hemodynamic values, and those
obtained during the hypoxia study, and coronary conductances were analyzed by two-way
repeated measures analysis of variance (ANOVA), or two-way mixed effects analysis (if
there were missing values), followed, if justified, by the Holm-Sidak multiple comparisons
test. Spontaneous variability of coronary flow was analyzed by three-way mixed model
ANOVA. Differences from a hypothetical value were assessed by one-sample t-test for
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normally distributed data or Wilcoxon signed rank test otherwise. Mixed effects gamma
regression with a logarithmic link function was used to investigate the relationship between
coronary flow and putative regulators for data where AR and NOS blockade were absent. A
gamma model was selected due to the continuous, positive, and right-skewed dependent
variable and provided better fit for these data than log transformation. A random intercept
term was included to address clustering of observations within sheep. Variable selection for
fixed effects was conducted with backward selection based on Bayesian information
criterion. Variables cardiac work, CaO,, CvO,, myocardial lactate production, intracoronary
adenosine, maternal hypoxia, IGF-1 treatment, systolic pressure load, and study day were
considered for inclusion as were interaction terms between CaO, and CvO5 as well as IGF-1
treatment and study day. All continuous predictors were mean-centered and scaled;
quadratic terms were also evaluated to allow for curvilinear relationships. Model diagnostics
were used to assess model fit, violations of model assumptions, and identification of
influential observations. Coefficients and bootstrapped 95% confidence intervals were
estimated from the final model along with the intraclass coefficient for clustered Gamma-
distributed data (29). For analyses other than the mixed effects model, significance was
determined at P<0.05; exact P-values are given for values of 0.1 or less. Data are displayed
as mean + SD. Statistical analyses were carried out using Prism (GraphPad Software, La
Jolla, CA, USA, Version 8.3.0 for Mac OS X) and SAS (SAS Institute Inc., Cary, NC, USA,
\ersion 9.4).

Effects of IGF-1 on fetal physiology and growth

IGF-1 or the vehicle solution was given intravenously to fetal sheep for 7 days, between
gestational days 127 and 134 (Fig. 1). Heart rate decreased with gestational age in Control
fetuses as expected, but was elevated by IGF-1 treatment (Table 1). Coronary flow, both raw
flow and flow normalized myocardial mass of the flow probe distribution area, was greatly
increased by IGF-1 treatment, but it was also highly variable. Partial pressure of carbon
dioxide (CO») in arterial blood was elevated by IGF-1 treatment (Table 2), while partial
pressure of O, was decreased. Consequently, CaO, was decreased. Circulating arterial
glucose levels were lower following IGF-1 treatment. IGF-1 did not have any statistically
significant effect on coronary sinus blood gas or chemistry values (Table 2).

At the end of the treatment period, body weight was not significantly different between
Control and IGF-1-treated fetuses (Table 3), but heart weight was 20% greater in the IGF-1
group. There was a trend for all cardiac chamber walls to be heavier in IGF-1-treated
fetuses, although these differences individually only reached statistical significance for the
right ventricular free wall and interventricular septum.

Coronary pressure-flow relationships

Coronary pressure-flow relationship experiments were conducted to explore fundamental
characteristics of coronary hemodynamics. The slopes of the conductance relationship, per
gram of myocardium, were significantly greater during adenosine-mediated hyperemia than
during autoregulation (baseline). Neither at baseline nor during hyperemia were
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conductances different between groups on day 0 (Fig. 3A) or 7 (Fig. 3B). Although not
significantly different between groups, coronary reserve was reduced within the IGF-1-
treated group by 43% on day 7 compared to day O (Fig. 3C). Coronary reserve is calculated
from coronary autoregulation relationships obtained under autonomic blockade.

Coronary metabolic adaptation during acute hypoxia

On the last experimental day, animals were subject to a period of acute hypoxia during
autonomic blockade to determine coronary metabolic adaptation and regulatory roles for
endogenous adenosine and nitric oxide. Maternal inspired O, was reduced by infusion of
nitrogen into the trachea, depressing maternal arterial O, levels by about half (Table 4).
Hypoxia was maintained at this level by nitrogen breathing for the remainder of the
experiment (less than an hour).

Fetal CaO, decreased but was similar between the Control and IGF-1 groups after onset of
maternal hypoxia (Fig. 4A). CvO, decreased 60% in both groups with onset of hypoxia (Fig.
4B), while maximal AR and NOS blockade during hypoxia decreased CvO, by a further
40%. The Ca0,-CvO, difference was reduced ~50% by onset of hypoxia, and was ~28%
less for IGF-1-treated fetuses overall (Fig. 4C). The percent of O, extracted from fetal
arterial blood by the heart was similar between groups, rising from 53% at baseline to 68%
at maximal AR and NOS blockade during hypoxia (Fig. 4D).

Coronary conductance was not significantly different by treatment group, despite an
apparent tendency to be greater with IGF-1 treatment (Fig. 4E). Similarly, there were no
differences between the IGF-1-treated and Control groups with respect to cardiac work,
myocardial O, delivery per work, O, consumption, and O, consumption per work (Fig. 4F-
1). As fetal CaO, fell with the onset of maternal nitrogen breathing, fetal coronary flow
increased (Table 5) and coronary conductance more than doubled in both groups (Fig. 4E).
Each successive dose of AR or NOS blockade reduced conductance by ~15%. The reduction
in conductance did not impair cardiac work, indeed, work increased with onset of hypoxia
and with each successive dose of AR and NOS blockade (Fig. 4F). Consequently, O,
delivery (the amount of O, presented to the myocardium by arterial blood relative to cardiac
work), which remained the same with onset of hypoxia, was reduced ~15% by each
successive dose of AR or NOS blockade (Fig. 4G). Further, O, consumption, which
remained the same with onset of hypoxia, was substantially reduced after maximal AR and
NOS blockade (Fig. 4H-1). This was true whether O, consumption was expressed as a raw
value (Fig. 4H) or normalized to cardiac work (Fig. 41).

Variable coronary flow

Coronary flow in the fetal sheep was variable. Often, spontaneous transient increases in fetal
coronary flow immediately followed an increase in amniotic pressure (Fig. 5). The
magnitude of these contractions did not differ by IGF-1 treatment, gestational age, or time of
day, and were ~0.6 mmHg higher during a high coronary flow episode than during normal
coronary flow (P<0.001 different from 0 mmHg difference). Although amniotic pressure
was not greater during all periods of increased coronary flow, it was greater in 70% of those
periods (P<0.001 different than 50%, which would be expected by chance). Between ~126 d
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gestational age and ~133 d gestational age, time spent in periods of high coronary flow
increased from 22% to 29% (P<0.001). This was due to an increase in episode frequency
from 1.4 per hour to 1.7 per hour (P=0.037) rather than episode duration (9.8 £ 2.8 min),
which was unaffected by age, treatment, or time of day.

Factors potentially contributing to changes in coronary flow were explored by visualizing
data from simultaneously acquired blood samples. CvO5, sampled from the coronary sinus,
reflects the myocardial O, level, and under normal conditions, during variable flows, it
closely follows CaO, (Fig. 6A). In a visual representation of the relationship between
coronary flow and CaO», it can be seen that most values from the Control and IGF-1-treated
groups at rest, during hypoxia, and during hypoxia with AR and NOS blockade display a
curvilinear relationship in which flow increases as O, content falls (Fig. 6B). During
adenosine treatment, values were shifted to both a higher CaO5, and flow rate. A similar
relationship appears to hold between coronary flow and CvO», although here it can be seen
that in some cases adenosine administration increases CvO, to values higher than normal
(Fig. 6C). This relationship appeared to persist when the fetal heart was subjected to acute
hypoxia alone as well as with AR and NOS blockade. However, hyperemia induced by
intracoronary adenosine administration appeared to shift the relationship such that CvO,
increased at a greater rate as CaO, increased. When coronary flow is plotted against the
difference of CaO, and CvO,, all physiological states and treatment groups measured
exhibit a curvilinear relationship relating lower extracted O, to higher flow (Fig. 6D). In
these data visualizations, the distribution of data points from IGF-1 treated and Control
fetuses appear similar.

These factors, and others, which contributed to changes in coronary flow were explored by
mixed effects regression (Table 6). Supporting the data visualization, IGF-1 treatment was
not associated with variation in coronary flow. In this exploratory analysis, intracoronary
adenosine, cardiac work, CvO5, and CaO», linear and squared terms were significantly
associated with increased coronary flow (Table 6). Of the endogenous factors, CvO, exerted
the strongest influence on fetal coronary flow followed by cardiac work and CaOs.
Experimentally imposed intracoronary adenosine, which acts directly on the coronary
vasculature, had a strong impact on coronary flow. Net myocardial lactate production, used
to estimate anaerobic glycolysis, was not significantly associated with fetal coronary flow
nor were experimental factors, maternal hypoxia, systolic pressure load, or study day.

DISCUSSION

We showed in this study that when we gave IGF-1 to increase fetal cardiac mass by
stimulating cardiomyocyte proliferation, we also proportionally increased coronary vascular
supply, and coronary auto-regulation remained normal. IGF-1-treated fetuses responded
normally to acute hypoxia by increasing coronary conductance and myocardial O,
extraction, and had a normal O delivery rate per cardiac work. IGF-1 treatment did not
change the adenosine- and nitric oxide-dependence of the coronary conductance response,
blockade of which reduced both coronary conductance and thus myocardial O,
consumption. These results showing normal coronary regulation at rest and during hypoxia
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in IGF-1-treated fetuses demonstrate the potential of IGF-1 as a therapeutic agent to
augment healthy myocardial growth in the late-term fetus.

Regulation of coronary growth

We did not determine in this study if the coronary vascular growth induced by IGF-1 was via
direct action on vascular cells, but a direct effect is possible given the known vascular role of
IGF-1. It is known to play a significant role in angiogenesis through promotion of
endothelial migration and tube formation, expansion of endothelial progenitor cells (23,
30-33), and induction of vascular smooth muscle proliferation (34). IGF-1 deficiency
contributes to hypertension-associated microvascular rarefaction (35). While direct action on
endothelial and smooth muscle cells is a possible means of coronary vascular growth during
fetal IGF-1 treatment, it is notable that coronary vascular growth closely matched
myocardial growth. Using a published growth model from the same flock (5), we calculate
that the Control fetuses put on 3.7 g heart weight over the treatment period, while the IGF-1-
treated fetuses put on 10.2 g, indicating a growth rate 2-3 fold greater. Despite this, coronary
conductance per gram of myocardium was similar between IGF-1-treated and Control
fetuses during maximal hyperemia, indicating anatomical equivalence in the vascular-
myocardial relationships.

Although coronary function was similar between Control and IGF-1-treated fetuses, we did
note that coronary reserve was reduced within the IGF-1 group between 0 and 7 days (Fig.
3C). This may reflect an increase in utilization of reserve at rest (increased coronary flow) to
offset the slight reduction in arterial CaO5 following IGF-1 treatment. Thus, while there was
an increase in coronary growth to match myocardial growth, IGF-1-stimulated coronary
growth was not sufficient to also offset the slight decrease in arterial O, found in those
fetuses.

Regulation of coronary function

CaO, does not vary appreciably in healthy adults at rest, while spontaneous CaO» variation
in the at-rest fetus likely reflects changes in placental perfusion, for example during non-
laboring uterine contractions. Two primary mechanisms enable the adult myocardium to
obtain enough O to support contraction when arterial O, levels decrease or exercise
increases myocardial O, demand: increased coronary flow and increased myocardial O,
extraction (36, 37). We found similar mechanisms regulate fetal coronary flow. During
experimental hypoxia fetuses responded with both substantially increased coronary flow
(Table 5) and decreased CvO, (increased O, extraction) (Fig. 4D). The coronary
conductance response depended on endogenous adenosine and nitric oxide signaling
blockade (Fig. 4E). In response to decreased coronary flow during AR and NOS blockade,
O, extraction increased (Fig. 4D).

Spontaneous prelabor uterine contractions are brief, periodic episodes that cause mild
relative hypoxia and stimulate fetal activity and maturation (38-41). In addition to
investigating coronary flow regulation during experimental hypoxia, we studied these
episodes as they represent normally-occurring episodes of fetal hypoxia and variation in
coronary flow (Fig. 6, Table 6). IGF-1 treatment was not found to be a contributing factor to
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coronary flow variation. We found that regardless of treatment, the strongest endogenous
predictor of fetal coronary flow is CvO, (Fig. 6B, Table 6), which reflects the myocardial O,
level. Together with the results of blockade during experimental hypoxia, these data
illustrate the essential relationship between intra-cardiomyocyte O, and coronary
vasodilation, communicated by adenosine and NO. To the best of our knowledge, we are the
first to demonstrate that the fetal heart relies on endogenous adenosine and nitric oxide for
metabolic coronary adaptation.

An apparent paradox

During the acute hypoxia experiment at the end of the treatment period, the relationship
between cardiac work and myocardial O, consumption was not the tightly controlled
relationship we expected after AR and NOS blockade (Fig. 41). There are some possibilities
to explain this finding. Our estimation of cardiac work was heart rate multiplied by arterial
pressure less venous pressure. It is possible that true cardiac work is not captured by this
measurement. For example, it does not include factors such as the rate of contraction and
relaxation, which may have been reduced through blockade of AR (42). It has also been
found that nitric oxide acts directly at the mitochondrial complex to improve myocardial O,
efficiency (43), and in contrast to our findings we would expect to see reduced efficiency if
L-NAME was an influencing factor. Another explanation is that a large component of O, use
in the fetus is devoted to growth, which can be 1.5-5 fold basal O, consumption in
mammalian cells (44). Oxygen free radical formation also uses oxygen taken up from
arterial blood. The apparent paradox may thus be explained if cell growth ceases abruptly in
response to reduced O, availability, or if mitochondrial efficiency increases. However, if the
O, consumption attributable to growth was so apparent in our measurements, we would have
expected baseline O, consumption per work to be higher in the IGF-1 treatment group (Fig.
41) as IGF-1 increased cardiac growth rate more than 2-fold (Table 3).

Other changes due to IGF-1 treatment

IGF-1 treatment reduced O, and glucose, and increased CO; levels, in blood sampled from
the fetal ascending aorta, similar to other reports in which IGF-1 was given to healthy
fetuses (11, 45). Consistent with a known action of IGF-1, the decrease in circulating
glucose has been attributed to increased glucose uptake into tissues (45). In that study, fetal
oxygen and glucose uptake, and placental perfusion, were maintained with IGF-1 infusion,
suggesting that nutrient transfer to the fetus was unimpaired. Consequently, it is unlikely that
the changes in fetal arterial blood gases and glucose represent reduced placental efficiency.
Although blood returning from the placenta is preferentially distributed to the left ventricle
(46) and ejected into the aorta, fetal arterial blood is mixed with venous blood. Therefore,
the changes in blood gases and glucose in IGF-1-treated fetuses may represent a greater
admixture of venous blood in the left ventricle, but more likely represent metabolic changes
in fetal tissues reducing O, and glucose, and increasing CO», in the blood returning to the
heart from the body.
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CONCLUSIONS

In this study we found that IGF-1 treatment in the late fetal period increases coronary
vascular growth in parallel with myocardial growth, and that coronary function in IGF-1-
treated fetal hearts appears normal during experimental and spontaneous hypoxia. CvOs is
the strongest endogenous fetal variable determining coronary flow. We also determined that
endogenous adenosine and nitric oxide contribute to the fetal coronary vascular response to
acute hypoxia. Interestingly, in both normal and 1GF-1-treated fetuses, O, consumption per
cardiac work decreased substantially in the context of acute hypoxia with progressive AR
and NOS blockade with no reduction in cardiac work.
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Figurel.

The experimental timeline.
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Figure 2. Coronary pressure-flow relationship example.
A pressure-flow relationship example from an IGF-1-treated fetal sheep. At day 0 (127 d

gestational age [GA]) and at day 7 (134 dGA, term=147 dGA\) after chronic IGF-1
treatment, autonomic responses were blocked and vascular occluders were used to
transiently increase or decrease coronary driving pressure. Then a maximally-vasodilating
dose of adenosine was administered to the coronary circulation, and the pressure
manipulations were repeated. The slope of each relationship is the coronary conductance,
and the difference between the slopes at a given pressure, on a given day, is the coronary
reserve.
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Figure 3. Coronary pressure-flow relationships.
The coronary conductance, normalized to weight of myocardium perfused, was not different

between groups at resting “baseline” flow, or maximal hyperemia on A) day 0, or B) day 7
of IGF-1 or vehicle treatment. C) Coronary reserve was reduced within the IGF-1 group
between days 0 and 7. Control n=12, IGF-1 n=8. Data were analyzed by 2-way repeated
measures ANOVA followed, if justified, by the Holm-Sidak multiple comparisons test
(P<0.05). Different from *same-group day 0. Data are shown as mean + SD.
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Figure 4. Blood O contents and coronary hemodynamics during acute hypoxia on study day 7.
A) Arterial O, content (CaO») in Control and IGF-1-treated fetal sheep during acute

hypoxia, and with adenosine receptor (AR) and nitric oxide synthase (NOS) blockade. B)
Coronary sinus O, content (CvO») during acute hypoxia and maximum AR and NOS
blockade. C) The difference between CaO, and CvO,, which is the O, extracted by the
myocardium. D) Coronary extraction ratio, the percent of O, extracted from arterial blood
by the myocardium. E) Coronary conductance during acute hypoxia. F) Cardiac work,
calculated as the double product. G) Myocardial O, delivered as a function of cardiac work
during acute hypoxia, and with AR and NOS blockade. H) Myocardial O, consumption, and
I) myocardial O, consumption per work. Number of animals is shown within symbols.
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Different from *Control, tHypoxia timepoint within-group by the Holm-Sidak multiple
comparisons test following a significant interaction term by 2-way mixed effects analysis (a
symbol and bar denotes differences at this level), and significant flinear trend across
columns (P<0.05). Data are shown as mean + SD.
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Figure 5. Example of spontaneoustransient increasesin circumflex coronary flow in afetal
sheep.
A LabChart window displaying (top-bottom) fetal amniotic pressure, arterial pressure

(corrected for amniotic pressure), venous pressure (corrected for amniotic pressure), raw
coronary flow, mean coronary flow, and heart rate in a fetus of an awake, calmly resting ewe.
In this example, fetal coronary flow rises, following an elevation in amniotic compartment
pressure (peak-peak interval approximately 4.5 min). Flow is elevated for approximately 11
minutes. Note that perfusion pressure and work did not change, as both arterial and venous
pressures followed amniotic pressure, and heart rate did not increase. Time scale for right
window, 1 division = 0.5 s; on left 1 division = 60 s.
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Figure 6. O, contents and coronary flows obtained during simultaneous sampling of arterial and
coronary sinus blood, and measurements of hemodynamics.

A) The relationship between arterial O, content (CaO,) and coronary sinus O, content
(CvOy). Coronary flow as a function of B) CaO, and C) CvO,. D) Coronary flow as a
function of the difference in between CaO, and CvO». Individual measurements are plotted
as raw data.
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Table 1.
Daily study hemodynamic values.
Day of study P-value
0 7 Interaction Day  Group
Arterial pressure (mmHg)
Control 416 +05 439+0.8
NS 0.029 NS
IGF-1 41.3+£33 423+43
Venous pressure (mmHg)
Control  2.9+0.6 27+0.8 NS
0.061 NS 0.003
IGF-1 33+1.1 43+13 '
Heart rate (beats min~1)
Control 17319  152+137
0.002 - -
IGF-1 175+16 196 + 2577
Circumflex flow (mL min™%)
Control 7.6 +4.0 83+34
0.017 - -
IGF-1 54+14 189+17.271"
Circumflex flow (mL min~t g1
Control 1.6+0.8 15+0.7
0.008 - -
IGF-1 1.0+0.2 27+19%

Control n=12; IGF-1-treated n=8. Data analyzed by 2-way repeated measures ANOVA.

*
Different within-day from Control

fwithin-group from day 0 (P<0.05). Data shown as mean + SD.
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Table 2.
Daily study blood gas and chemistry values.
Day of Study P-value
0 7 Interaction Day  Group
Fetal arterial blood
pH
Control  7.341+£0.031 7.321 £+ 0.040
NS NS
IGF-1  7.338+0.017 7.324+0.025 0.070
CO, partial pressure (mmHg)
Control 51.9+34 51.8+2.9
0.002 - -
IGF-1 51.0+2.3 54.1+207
O, partial pressure (mmHg)
Control 196+3.1 19620
0.026 - -
IGF-1 20.2+1.7 170+ 247
Total Hemoglobin (g dL™1)
Control 101+16 104+23
0.042 - -
IGF-1 10614 9.6+1.9
0, content (mL dL™?)
Control 7211 71+15
0.013 - -
IGF-1 78+ 1.4 53+17°7
Glucose (mM)
Control 09+0.2 09+0.2
0.011 - -
IGF-1 1.0£03 07+027
Lactate (mM)
Control 15+0.3 15+0.3
NS NS NS
IGF-1 15+£03 27+28
Hematocrit (%)
Control ~ 34.6%6.0 35275 NS
0.07 NS NS
IGF-1 36.4+49 33.2+6.8 :
Fetal coronary sinus blood
pH
Control  7.322+0.035 7.292 + 0.052
NS NS NS
IGF-1 7.308 +£0.017 7.304 +0.025
CO, partial pressure (mmHg)
Control ~ 55.8+2.4 58.0+3.8 \s NS NS
IGF-1 58.7 + 2.6 60.0+2.2 0.061  0.054
O, partial pressure (mmHg)
Control 12920 11.7+14
NS 0.015 NS
IGF-1 11.7+£19 106 £2.2
0, content (mL dL™1)
Control 35+1.0 28+1.1 NS 0.022 NS
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Day of Study P-value

0

IGF-1 29+11
Glucose (mM)

Control 0.8+0.2

IGF-1 0.8+0.3
Lactate (mM)

Control 1.3+0.2

IGF-1 1.0+0.3

7 Interaction Day  Group
22409

0.6+0.2

NS 0.001 NS
05%0.2
1.2+05

NS NS NS
25+31

Page 24

Arterial values, Control n=12 (except O2 saturation n=10) and IGF-1-treated n=8. Coronary sinus values, Control n=9 and IGF-1 n=8 on day 0, and
both groups n=7 on day 7. Arterial values analyzed by 2-way repeated measures ANOVA. Coronary sinus values analyzed by mixed-effects
analysis. If justified, further analysis was by the Holm-Sidak test.

*
Different within-day from Control

fwithin—group from day 0 (P<0.05). Data shown as mean + SD.
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Necropsy weights.

Table 3.

Control
Body (kg) 3.9+0.8
Heart (g) 24.045.7
Left ventricular freewall (g) 6.1+1.5

Right ventricular freewall (g) 5.8+1.8
Interventricular septum (@) 4.7+1.3

Atrial freewall and septum (g)  3.9+1.3

IGF-1
4.4+04
30.5+4.4
7.7+1.9
8.2+1.2
6.1+1.3
5.1+0.9

P-value
NS
0.013
NS 0.061
0.005
0.036
NS 0.056

Control n=12, except cardiac components n=9; IGF-1 n=8. Groups compared by Student’s unpaired t-test.

*
Different from Control (P<0.05). Data shown as mean + SD.
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Jonker et al.

. . . a
Results from mixed effects gamma regression of fetal coronary flow regulation.

Table 6.

Variable Exp(B)
Intracoronary adenosine 2.69
Cardiac workb 116

Coronary sinus O, content? 132
Arterial O, content? 0.49

Squared arterial O, content?  1.12

(95% Confidence Interval)
(2.16 -3.77)

(1.11-1.20)
(1.11-151)
(0.45 - 0.56)

(1.09 - 1.20)

a : - S T
Intraclass correlation coefficient = 0.210, indicating 21.0% of the total variation is accounted for by sheep fetus

b . .
Variables are mean-centered and scaled to represent a one unit change.
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