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Abstract
The influence of transmembrane flux limitations on cellular metabolism of purine nucleosides was
assessed in whole organ studies. Transcapillary transport of the purine nucleosides adenosine
(Ado) and inosine (Ino) via paracellular diffusion through interendothelial clefts in parallel with
carrier-mediated transendothelial fluxes was studied in isolated, Krebs-Henseleit-perfused rabbit
and guinea pig hearts. After injection into coronary inflow, multiple-indicator dilution curves were
obtained from coronary outflow for 90 s for 131I-labeled albumin (intravascular reference tracer),
[3H]arabinofuranosyl hypoxanthine (AraH; extracellular reference tracer and nonreactive
adenosine analog), and either [14C]Ado or [14C]Ino. Ado or Ino was separated from their
degradative products, hypoxanthine, xanthine, and uric acid, in each outflow sample by HPLC and
radioisotope counting. Ado and Ino, but not AraH, permeate the luminal membrane of endothelial
cells via a saturable transporter with permeability-surface area product PSecl and also diffuse
passively through interendothelial clefts with the same conductance (PSg) as AraH. These parallel
conductances were estimated via fitting with an axially distributed, multi-pathway, four-region
blood-tissue exchange model. PSg for AraH were ~4 and 2.5 ml · g−1 · min−1 in rabbits and guinea
pigs, respectively. In contrast, transplasmalemmal conductances (endothelial PSecl) were ~0.2 ml ·
g−1 · min−1 for both Ado and Ino in rabbit hearts but ~2 ml · g−1 · min−1 in guinea pig hearts, an
order of magnitude different. Purine nucleoside metabolism also differs between guinea pig and
rabbit cardiac endothelium. In guinea pig heart, 50% of the tracer Ado bolus was retained, 35%
was washed out as Ado, and 15% was lost as effluent metabolites; 25% of Ino was retained, 50%
washed out, and 25% was lost as metabolites. In rabbit heart, 45% of Ado was retained and 5%
lost as metabolites, and 7% of Ino was retained and 3% lost as metabolites. We conclude that
endothelial transport of Ado and Ino is a prime determinant of their metabolic fates: where
transport rates are high, metabolic transformation is high.
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Adenosine (Ado) is important as a potential regulator of vasomotion in the heart, especially
during conditions of hypoxia or increased metabolic rate (9,22,47) and also appears to have
a cardioprotective role during myocardial ischemia (21,23). Endothelial cells play a major
role in the regulation of the vasoactive interstitial pool of Ado and the salvage of nucleoside
lost from the myocyte, functioning as both a physical and a metabolic barrier between the
vascular and interstitial space (35,48). Endothelial cells appear to dominate the uptake of
infused Ado (26,40) and exhibit a high rate of metabolism, converting vascularly infused
Ado to ino-sine (Ino), hypoxanthine (Hx), xanthine (Xa), uric acid (UA), and
phosphorylated compounds (1,8,24,26). Quantitative measures of nucleoside transport and
metabolism by endothelial cells are critical to understanding the regulation of interstitial
Ado concentrations and nucleoside salvage (35,48).

Cultured aortic and pulmonary endothelial cells exhibit carrier-mediated plasma membrane
transport of Ado (17,43). Indicator dilution studies of intact perfused lung (14,29) and
skeletal muscle (26) demonstrated that uptake of Ado is carrier mediated in in situ
endothelial cells and is blocked by dipyridamole. Because Moffett et al. (38) found that
endothelial serotonin uptake was high in rabbit lungs but zero in the heart, we know that
measures of transport and metabolism must be made explicitly in the setting for which the
values are needed and cannot be taken from another organ or species.

Wangler et al. (51) demonstrated that capillary endothelial cells of guinea pig hearts avidly
take up and metabolize [3H]Ado. Mohrman and Heller (39) reported, after conducting
steady-state, nontracer experiments in guinea pig and rat heart, that these two species
differed in the degree to which Ino competitively reduced Ado uptake and retention.
Although it is often assumed in tissue and isolated organ studies that substrate metabolism is
occurring in the parenchymal cells of the organ, in reality it may be the endothelial Ado
transport mechanisms that explain numerous species differences reported in the metabolism
on the physiological effects of Ado and its metabolites (30,52). Because endothelial cells
normally lie between the blood, on which the observations of effluent concentrations are
made, and the cardiomyocytes, it is important to characterize endothelial events accurately.

The capillary endothelium provides two possible parallel paths for purine nucleoside to
travel between blood and myocytes, the paracellular or interendothelial cleft pathway for
passive diffusion and the transcellular route crossing both luminal and abluminal surfaces of
the endothelial cell by a carrier-mediated, saturable transporter. Studies in isolated cells,
myocytes, or endothelial cells cannot predict the balance of fluxes occurring in vivo.

The present studies are designed to examine the conductances for Ino and Ado by the
nucleoside transporter of cardiac capillary endothelial cells in the intact heart functioning in
perfuso, using high-resolution multiple-indicator dilution (MID) tracer studies to obtain
estimates of the permeability-surface area products (PS) for the clefts separately from those
for the transporters. A further goal is to define the differences in nucleoside transport
between guinea pigs and rabbits, both of which are used in studies of cardiac ischemia,
reperfusion, or energy balance. The MID methodology is suited for eliciting information on
fast reaction rates or transfer rates when used in conjunction with modeling analysis for
blood-tissue exchange processes (5,6). It is the method giving the highest resolution for
endothelial studies.

The results show that although the overall capillary conductances for purine nucleosides are
similar in rabbit and guinea pig, the endothelial carrier-mediated component is an order of
magnitude higher in guinea pigs than in rabbits. This difference has a major impact on the
interpretation of physiological responses to the release of Ado from myocytes during
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hypoxia or ischemia and on the estimated interstitial concentrations reaching receptors on
smooth muscle cells.

Glossary

Fp Flow of solute-containing perfusate, ml · g−1 · min−1

PSg Permeability-surface area product for passive transport through gaps between endothelial cells, ml · g−1 · min−1

PSecl Permeability-surface area product for endothelial luminal or plasma surface, ml · g−1 · min−1

PSeca Abluminal endothelial permeability-surface area product, ml · g−1 · min−1 (assumed = PSecl)

PSpc Permeability-surface area product for parenchymal cells (myocytes), ml · g−1 · min−1

Gec First-order clearance by consumption or gulosity in the endothelial cell, without return of the reactant (Ado:
sum of rate constant for deamination reactions + Ado kinase reaction; Ino: rate constant for conversion to Hx
via purine nucleoside phosphorylase) ml · g−1 · min−1. Metabolic flux = Gec × intraendothelial concentration.

Gpc First-order clearance by consumption or gulosity in the parenchymal cell, without return, ml · g−1 · min−1

Vp Intracapillary volume, ml/g

Vec
′ Virtual endothelial cell volume of distribution, ml/g

Visf
′ Virtual interstitial fluid volume of distribution, ml/g

Vpc
′ Virtual parenchymal cell volume of distribution, ml/g

METHODS
Animal preparation

Adult guinea pigs (250–550 g) and New Zealand White rabbits (3–4 kg) were heparinized
and anesthetized with pentobarbital sodium (guinea pigs: 50 mg/kg ip; rabbits: 40 mg/kg iv).
Their hearts were rapidly excised and immersed in ice-cold modified Krebs-Ringer
bicarbonate buffer (KRB; in mM: 118 NaCl, 3.8 KCl, 1.2 KH2PO4, 2.1 CaCl2H2O, 0.70
MgSO4 · 7H2O, 0.1 EDTA, 11.0 glucose, and 25 NaHCO3 with 0.1% bovine serum
albumin). The aorta was cannulated, and the coronary arteries were perfused with KRB,
Langendorff style. The perfusate was preequilibrated with 95% O2-5% CO2 and maintained
at 37°C and pH 7.4 and was not recirculated. A side-hole catheter was inserted though the
apex of the right ventricle (RV) and secured in the pulmonary artery at a point ~2 in. above
the base of the heart for outflow collection from the coronary sinus, right atrium, and RV.
The cannula volume was ~0.1 ml, and the RV cavity was continuously emptied by the
suction caused by the weight of fluid in the cannula so that there was minimal delay to
efflux. The left ventricle was vented via a no. 22 needle through the thinnest point of the
apical myocardium to prevent ventricular filling by leakage through the aortic valve or
thebesian drainage. The perfusion rate was controlled with a roller pump on the inflow line,
and perfusion pressure and heart rate were measured with a transducer on the arterial
cannula. Hearts were electrically paced (guinea pigs: 300 beats/min; rabbits: 180 beats/min).
The preparation was allowed to stabilize for 20 min before the experiment began to wash out
all red blood cells and to allow the heart weight to reach steady state.

Experimental protocol
The single-pass MID technique was used to quantify the capillary extraction of Ino and
Ado. 131I-labeled albumin (mol wt = 68,000) was synthesized as described below and used
as the intravascular reference tracer to assess the delay in the arterial, capillary, and venous
vascular beds. To make 131I-albumin, bovine serum albumin (Sigma) was radioiodinated
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using chloramine T (Sigma) and sodium thiosulfate (Sigma) as described previously (37).
The reaction mixture was immediately chromatographed on a 3.9-mm × 30-cm Sephadex
G-25 column equilibrated with NaH2PO4 (pH 7.5), and fractions corresponding to peak
activity were collected. One milliliter of the collected effluent was dialyzed overnight at 4°C
(Spectrophor tubing) against one liter of KRB and vacuum filtered (0.2 µm) to remove
free 131I and any macroscopic albumin impurities.

Use of an analog of Ado that is restricted to the extracellular region, 9-β-D-arabinofuranosyl
hypoxanthine (AraH, mol wt = 267), allowed evaluation of the additional process of
permeation of the capillary wall via extracellular pathways and distribution in interstitial
fluid (ISF) volume. One millicurie of [U-3H]arabinofuranosyl adenine (10–20 Ci/mmol;
ICN) was evaporated to dryness and resuspended in one milliliter of phosphate buffer (50
mM; pH 7.5). Deamination was achieved by adding 120 units of Ado deaminase (Sigma
type III) and incubating at room temperature for 0.5 h. The deaminase was inactivated with
the addition of perchloric acid, and the solution was neutralized with KOH. The AraH
fraction was then isolated using HPLC. This fraction was evaporated to dryness at 45°C on a
vortex evaporator, stored at −20°C, and resuspended in KRB on the day of the experiment.
Lack of residual enzyme activity was verified spectrophotometrically.

Aliquots of [U-14C]Ino (378 mCi/mmol, mol wt = 268; Amersham) and [U-14C]Ado (515
mCi/mmol, mol wt = 269; Amersham) were purified on HPLC <72 h before experimental
use, dried, frozen, and redissolved in KRB on the day of the experiment. Contaminants in
the form of UA, Xa, Hx (and for Ado injections, Ino) constituted <2% of total in the injected
dose, and these can be detected in the first few samples of the outflow-dilution curves.

Indicator dilution curves were obtained by injecting a bolus [rabbits: 0.4 ml containing (in
µCi) ~4 albumin, 2.5 AraH, and 2.5 Ado or Ino; guinea pigs: 0.1 ml containing (in µCi) ~1
albumin, 0.7 AraH, and 0.7 Ado or Ino] into the aortic root. Immediately before this
injection, collection of outflow samples from the RV into 60 cold, tared test tubes was
begun. The sampling interval was 1 s for tubes 1–30 and 2 s for tubes 31–60. Tubes
contained 250 (samples 1–30) or 500 (samples 31–60) µl of “stop solution” composed of 32
µM dipyridamole (Persantin, gift from Boehringer Ingelheim) and 3 µM erythro-9-(2-
hydroxy-3-nonyl)adenine HCl (Burroughs Wellcome) to prevent the cellular uptake and
deamination of Ado, particularly by any red blood cells that might have remained in the
heart and washed out into the collection tubes. Control experiments verified that this
solution prevented degradation of Ado in collected effluent.

Ado and Ino indicator dilution curves were obtained in each heart, allowing 10 min between
injections to enable complete washout of labeled tracers from the heart. Additionally, in two
rabbit and two guinea pig hearts, bolus injections containing radiolabeled 131I-albumin,
[14C]sucrose (NEC 100× uniformly labeled, 500 mCi/mmol, mol wt = 344), and [3H]AraH
were made to test the validity of AraH as an extracellular, interstitial marker.

Sample processing
Outflow samples were shaken immediately after collection to mix the solution and effluent.
Each sample was then weighed, and a 100-µl aliquot was removed and placed in a labeled
counting tube for 10-min 131I counting in a gamma counter. Samples were kept ice cold
throughout processing. The remainder of the sample was frozen for separation of
nucleosides using HPLC techniques. Because samples contained metabolites, we could not
simply use the triple-label counting technique described previously (11), but that study gives
the details of our liquid scintillation counting methods. Duplicates of three dilutions of each
injected dose were made in collected effluent and processed identically.

Schwartz et al. Page 4

Am J Physiol. Author manuscript; available in PMC 2012 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



One hundred-microliter aliquots of collected samples and doses were assayed on a Waters
HPLC system using a 25-min isocratic method and C-18 stainless steel column (125-Å pore
size, 30 cm × 3.9 mm; µBondapak, Waters) at a flow rate of 1 ml/min (28). The mobile
phase consisted of 10 mM NH4H2PO4 (pH 5.5) and 100% methanol (10:1 vol/vol). The
eluted fractions corresponding to Ado, Ino + AraH (coeluted), Hx, Xa, and UA were
collected and added to scintillation cocktail Redisolv MP (11) for 10-min beta counting
(LS-5800, Beckman Instruments). Corrections were made for efficiency and, for the Ino +
AraH fraction, the overlap of 3H and 14C in the energy spectra of their emissions. Tracer
recoveries using these methods were 95–99.5%.

Data analysis
Each dilution curve was normalized with respect to injected activity and expressed as the
fraction of injected tracer emerging per second, h(t) (36). The area of the outflow dilution
curve and the mean transit time through the heart for each tracer were calculated from each
of the normalized h(t) curves. Extractions of AraH, Ado, and Ino were calculated using the
formula E(t) = 1 – hD(t)/hR(t), where E(t) is the instantaneous extraction at time t, hD(t) is
the fraction of permeating tracer exiting per unit time, and hR(t) is that for the intravascular
reference tracer. The values of E(t) were used to give a rough estimate of the capillary PS
(PSC) for the diffusible tracers using the Crone-Renkin equation

(1)

where Emax is the maximal instantaneous extraction, estimated by smoothing through the
peak of the curve of E(t). When there is no return flux from tissue to capillary perfusate, PSC
represents the sum of PSg + PSecl, that is, the sum of PS for the luminal surface of
endothelial cells plus that of the gaps between adjacent endothelial cells.

The indicator dilution curves underwent more precise analysis with a four-region, three-
barrier mathematical model of tracer transport that is described in detail elsewhere (6,26,51)
and augmented to account for transient interstitial binding of AraH. Bassingthwaighte et al.
(2) described the numerical methods. Parameters used in fitting the data are shown in the
schematic representation of the capillary unit (Fig. 1) and are defined in the Glossary.

For albumin, the model was described solely by hR(t) and the transport through the set of
parallel capillary tissue units without any exchange with the extravascular regions. The total
flows are measured and the heterogeneity taken as known from similar experiments in which
microsphere distributions were measured. Intravascular volume (Vp) was estimated from
vascular casting techniques to be ~0.07 ml/g in the heart (an approximation for capillary
density of ~3,000/ mm2 with average diameters of 5.6 µm, e.g., from Ref. 7). Wangler et al.
(51) showed that substantial variation in the value taken for Vp has little influence on the
estimates of the other parameters, so Vp was assumed to be constant: we used Vp = 0.06 ml/
g instead of 0.07 ml/g to compensate for the low perfusion pressures in the preparation. The
outflow albumin curve was deconvoluted via the intravascular model to define the input
concentration-time curves for all of the simultaneously injected tracers.

The other volumes were given fixed values in accord with the total water space of 0.83 ml/g:

, and  ml/g, smaller than in vivo (25), because of interstitial
swelling.

On the assumption that the regional flow heterogeneity was well approximated by a 20-
pathway truncated Gaussian distribution with a relative dispersion between 50 and 60%, the
albumin fit was used to define the input concentration-time curves of simultaneously
injected tracers by deconvolution. This approach has been described in the methods of
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Kuikka et al. (36), is based on the principles detailed by Bassingthwaighte and Goresky (3),
and makes use of the data on regional flows using the tracer microsphere technique (4).

The second phase of the modeling strategy was to fit the indicator dilution curve for the
extracellular reference, AraH, with a two-region capillary-ISF model, allowing permeation
only through the interendothelial cellular clefts and giving estimates of PSg. The values for

 in these KRB-perfused hearts are larger than those for the blood-perfused hearts of
Gonzalez and Bassingthwaighte (25), which averaged 0.18 ml/g. Extremely large values
were found for sucrose space by Vargas and Johnson (49,50), up to 0.45 ml/g in rabbit

hearts perfused without albumin in the perfusate. Because accuracy of the estimates of 
from AraH was compromised by the complication of interstitial binding of AraH and
because the sensitivity of transmembrane transport parameters of Ino and Ado is almost

unaffected by even 20% error in estimates of  (6), we used the value of 0.35 ml/g
without adjustment in the analysis. The AraH outflow curves required accounting for
additional delay and dispersion, which was accomplished by allowing for binding to an
extracellular interstitial site as described in the APPENDIX. This required two additional
parameters to be adjusted in the optimization to fit the AraH curves: one is BT/Kd, the ratio
of a binding site concentration to the dissociation constant for its binding with AraH. The
other is k1, the rate of association of AraH with the site, as seen in Eqs. A1 and A2. The k1
would not be needed if the association were rapid, as for near-equilibrium binding.

Finally, Ado and Ino dilution curves were fitted: the values for PSg(Ado) or PSg(Ino) were
taken to be those for PSg(AraH) because the molecular weights are similar and the expected
relative diffusion coefficients and permeabilities through the interendothelial clefts should
be the same. Because of the high rates of intraendothelial uptake or conversion of Ado and
Ino, values for the conductance across the abluminal surface of the endothelial cell (PSeca)
were impossible to determine accurately within the range from 1 to 10 times those of the
luminal surface (PSecl); consequently, we fixed PSeca = PSecl. The optimization routine
matching the model solutions to the observed dilution curves therefore adjusted only PSecl,
PSpc, and the values for the first-order consumption or gulosity (Gec and Gpc). Of these,
PSecl is well determined and Gec only slightly less so (2,6), whereas PSpc and Gpc are
estimated with less accuracy.

The optimization routine, SENSOP (15), running under the simulation interface XSIM, is an
improved Levenberg-Marquardt steepest-descent method that provides confidence estimates
on the values of the estimated parameters. The model programs, MMID4 from
Bassingthwaighte et al. (6) and GENTEX from Dr. Zheng Li, can be downloaded from the
National Simulation Resource website at http://nsr.bioeng.washington.edu, along with
XSIM. MMID4 is model #305, Gentex is #84 and both can be run over the web under the
simulation system JSim at www.physiome.org, or downloaded and run on one's own
computer.

RESULTS
Hemodynamic data

Mean perfusion pressure at the time of injection was 42 ± 1 mmHg in rabbits and 35 ± 2
mmHg in guinea pigs. Perfusate flow averaged 4.5 ± 0.2 ml · g−1 · min−1 for rabbits and 5.0
± 0.4 ml · g−1 min−1 for guinea pigs. These flows are suitable for providing oxygenation for
these beating hearts that do no external work, and the perfusion pressures are low enough to
minimize cardiac edema.
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Validation of AraH as an extracellular marker for estimating PSg

Four sets of indicator dilution curves were obtained after bolus injections of tracer albumin,
sucrose, and AraH, two in each species. Albumin, AraH, and sucrose recoveries were >98%
in both species, indicating that no metabolism of these substances occurred during the
measurement period. The relative PSg for AraH and sucrose can be estimated from the ratio
of their free diffusion coefficients (D). Calculating these from the square root of the
reciprocals of the ratio of their molecular weights gives the ratio D(Ado)/ D(Suc) at 1.12,
but this is not an accurate method. A better method is to estimate from the molecular shapes
and volumes [following Ref. 20, which gives D(Ado)/ D(Sucrose) = 1.2]. This should be
appropriate given that AraH does not enter cells. AraH is not taken up by erythrocytes in
either the presence or the absence of dipyridamole (26) and therefore does not use the purine
transporter or block the transporter (41). However, the model analysis of outflow curves
indicated that AraH has a high extravascular volume of distribution, as if it attaches to

surface sites in the interstitium. Values of this additional binding space, , were
found to be 0.70 ± 0.3 ml/g (n = 16). Values of the association rate (k1) were found to
average ~0.3 ± 0.4 M−1 · s−1 (n = 16); these rates are too slow to allow the simplification to
assume equilibrium binding. Because they are slow, there is some influence on the model
solutions; therefore, accounting for the slow exchange with the binding site did improve
their fits to the data.

Use of this accounting for the enlarged  in the model analysis gave estimates of
PSg for AraH of 1.2 ± 0.05 (n = 4) times those for sucrose. (These data support the use of
AraH as a reference marker because it accounts appropriately for permeation through clefts,
but accounting for the binding is a technical nuisance and reduces the efficiency of analysis
of the Ino and Ado data, so we have decided to use sucrose as the reference solute for future
experiments.) For analyzing these experiments, we have assumed that values of PSg for Ino
and Ado are identical to those for the AraH injected simultaneously.

Outflow dilution data for Ino and Ado
There were 16 sets of MID curves, 8 in rabbit hearts and 8 in guinea pig hearts. Table 1 lists
for these the flows and extraction maxima (Emax) of the smoothed curves for the
instantaneous extraction, E(t) = 1 – h(t)/hR(t), where h(t) is the normalized effluent dilution
curve for the test substance and hR(t) is that for the intravascular reference albumin. Emax is
a function of solute escape through both pathways, interendothelial cleft plus endothelial
transporter.

As a secondary feature of these studies, we have estimated the capillary PS by the Crone-
Renkin expression PSc = −F loge (1 – Emax) and by the full model. AraH had an average
Emax of 50 ± 5% for all eight rabbit studies (Table 1). For eight rabbits, PSc(AraH) averaged
3.08 ± 0.58 ml · g−1 · min−1. However, this calculation does not account for reflux from the
ISF to the capillary and therefore underestimates PSg. With the full model, PSg(AraH)
averaged 3.92 ± 0.88 ml · g−1 · min−1, that is, PSc underestimated PSg by a little over 20%,
even at these fairly high flows. In the eight guinea pig hearts, the peak extractions of AraH
were 38 ± 4% and PSc(AraH) averaged 2.39 ± 0.51 ml · g−1 · min−1, again lower than that
obtained by using the full model, PSg = 2.58 ± 0.59 ml · g−1 · min−1.

The percent recoveries of untransformed purine nucleoside tracer are also listed in Table 1.
In the rabbit, 89% of the injected Ino is recovered as Ino in the effluent but only 53% of the
Ado is recovered unchanged. In the guinea pig, the tracer recoveries are only 51% for Ino
and 41% for Ado. Although Emax are not greatly different between the two species, values
of Emax are governed not only by the sum of PSg (cleft) + PSecl (transporter) but also by
back-diffusion of either un-transformed or transformed tracer from ISF to capillary. Another
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potential influence is flow heterogeneity (34). Note that Emax for Ado and Ino are little
greater than those for AraH in rabbits but much greater in guinea pigs, in which the percent
tracer recoveries in the effluent are much lower. Modeling analysis is critical to analyze the
data from both species adequately.

The outflow dilution quantitation required HPLC separation of metabolites in each sample
so that the time course of metabolite appearance in the effluent and the fractional
transformation over the 1.5 min of data acquisition can be calculated. The fractions of the
injected Ino or Ado metabolized to each degradation product are shown in Table 2 for the
studies in which we acquired the data. In the rabbit, a little Ino is transformed to Hx, but the
recoveries of Xa and UA were indistinguishable from contamination by oxidation of the
injectate, as is expected in the absence of xanthine oxidase. For Ado in the rabbit, 3–5%
appears as Ino but almost one-half is still retained at the end of 90 s, presumably because
other intracellular reactions for Ado (e.g., AMP formation via Ado kinase) are more likely to
use Ado than is deamination to produce Ino.

In the guinea pig, the degradation through the pathway is much more important, because
20% of the Ino and 10% of the Ado appears as UA. Additionally, much more Ino is retained
in the guinea pig (27%) compared with 7% in the rabbit. This may reflect activity of the Hx
salvage pathway. As for Ado, the retention is higher yet (~50%), and because so little Ino or
UA is produced, most of this is probably phosphorylated by Ado kinase returned as
nucleotide, presumably ATP.

Ino outflow dilution data: rabbit
The normalized outflow dilution curve for one experiment in a rabbit heart is shown in Fig.
2. Albumin, the unextracted intravascular reference tracer, has a relatively high, narrow peak
and rapid decline relative to the permeating solutes. AraH, the extracellular marker, diffuses
into the ISF via the clefts between the endothelial cells. The escape of AraH from the plasma
space is reflected in the decreased peak height of the AraH outflow curve relative to albumin
and in the subsequent later crossover of the two curves. These phenomena are common to
solutes that have a total volume of distribution larger than Vp and which are not consumed.
Ino is extracted only slightly more than AraH, as evidenced by the Ino curve being almost
superimposable on the AraH curve. The minimal back-diffusion of Ino from the
extravascular space and the failure to cross over above the AraH curve after the peak
indicates that much of the Ino that entered the cells was either metabolized or retained.
However, metabolism of injected Ino was very low in rabbit hearts and recovery of tracer
Ino was 89 ± 2% (SD, n = 4). An additional 3 ± 1% of the tracer was recovered as Hx; the
levels of Xa and UA were not distinguishable from zero.

Peak extraction of Ino (Emax), occurring during the early upslope and peak phase of the
curve, averaged 53 ± 4% in rabbit hearts. Corresponding estimates of total capillary
PSC(Ino) from the Crone-Renkin equation averaged 3.38 ± 0.56, little different from values
for AraH, implying that the transporter protein is scarce on the rabbit endothelial luminal
surface (see Table 1). Accordingly, using the full model [where PSg(Ino) = PSg(AraH) by
assumption], the values of PSecl(Ino) averaged 0.1 ± 0.2 ml · g−1 · min−1 (see Table 3).

Ino outflow dilution data: guinea pigs
The normalized outflow dilution curves for one experiment in a guinea pig are shown in the
lower panel of Fig. 2. Although these are qualitatively similar to the corresponding set of
dilution curves in the rabbit, quantitative differences in Ino uptake and metabolism are
evident. The lower peak height for tracer Ino relative to AraH indicates its greater rate of
permeation of the endothelial surface in the guinea pig hearts. Ino had an average Emax of 53
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± 1%. The calculated PSC(Ino) averaged 3.70 ± 0.82, and, being larger than that for AraH,
showed substantial endothelial cell uptake of Ino in guinea pig hearts.

Ino was rapidly metabolized in the guinea pig heart; recovery of injected tracer Ino averaged
50 ± 3% (n = 4). Analysis of metabolic products appearing in the outflow samples indicated
that UA constituted the major metabolic product measured (18–23% of injected tracer). Hx
and Xa each made up ≤2% of the product of injected tracer.

Ado outflow dilution data: rabbits
The normalized outflow dilution curve for one rabbit experiment is shown in Fig. 3, left.
Although relatively small differences in peak height are evident between AraH and Ado,
there are large differences between the two tracers in the tails of the curves. Although the
ratio of PSC for Ado relative to AraH (1.09) indicates that little Ado is transported across the
luminal surface of rabbit endothelial cells, recovery of Ado was only 50%. About 40% of
the injected tracer Ado appeared in the outflow, 3% as Ino and 1% as Hx. Neither Xa nor
UA was recovered from the outflow in rabbit experiments, the data after the first 10 s not
being different from methodological noise; the initial low peaks for Xan and UA are caused
by contamination of the injectate by the oxidation products (UA and Xa), which appear
coincident with the albumin peak because of their low membrane PS (33). These curves
demonstrate the paucity of break-down products of Hx, as would be expected in an organ
lacking Xa dehydrogenase/oxidase.

Ado outflow dilution data: guinea pigs
The normalized outflow dilution curve for one experiment in a guinea pig heart is shown in
Fig. 3, right. The entire Ado curve is well below that of AraH, again indicating significant
cellular uptake and almost no return flux of the injected tracer Ado. The estimated PSC for
Ado (4.31 ± 1.1 ml · g−1 · min−1) was almost twice that of AraH (2.39 ± 0.51 ml · g−1 ·
min−1), suggesting that the PSecl was near 1.9 ml · g−1 · min−1. Ado recovery was 38 ± 4%;
the conversion to metabolites included Ino (2%), Hx and Xa (combined, 1–2%), and UA (1–
11%) detected in the outflow. The UA recovery was certainly incomplete, judging from the
form of its outflow dilution curve in Fig. 3. The retained fraction, just under 50%, is
presumably mainly in nucleotides.

Examination of the time course of the recovery of these metabolites (Fig. 3, bottom right)
indicates that conversion of Ado was rapid, with maximum concentrations of the first
metabolic product, Ino, occurring almost simultaneously with those of Ado. The peak of
[14C]UA, as an end product of tracer Ado metabolism, occurred ~15 s after injection. The
forms of the washout curves for UA appear compatible with the endothelial PS estimated by
Kroll et al. (33). The concentration of Hx is strikingly lower than in the rabbit data. Even
though there is a large UA efflux, the concentration of its precursor Xa is very low,
indicating either that its cell membrane permeability is very low or that it is not dissociated
from the enzyme before it is reacted to produce UA.

We summarize the metabolic data as follows. In the guinea pig heart, 10–15% of Ado was
metabolized to wash out into the effluent as Ino (2%), Hx (1%), Xa (1%), or UA (10%);
41% washed out unchanged and ~50% was retained, presumably as nucleotide or oligomeric
ATP. Of the injected tracer Ino, 51% washed out unchanged, 25% was metabolized (2% to
Hx, 1% to Xa, and ~20% to UA), and 25% was retained. In the rabbit heart, 45% of Ado
was retained, ~5% was metabolized to Ino and Hx, and none was metabolized to Xa and
UA. For inosine, 90% appeared unchanged in the outflow, ~3% metabolized to Hx, and ~7%
was retained. Rabbit hearts lack xanthine oxidase and do not degrade Hx to UA, but the
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guinea pig endothelium exhibits higher rates of transport and intracellular reaction for both
Ado and Ino.

Model transport parameters
Results of model fitting to the outflow dilution curves are exemplified for rabbit and guinea
pig hearts in Figs. 2 and 3. The parameter values for all hearts are summarized in Table 4.

The values for PSg and PSecl are estimated more accurately via the modeling analysis than
via the Crone-Renkin expression (PSc) because the back-diffusion is accounted for by fitting
the entire curve, including the tail, with the four-region blood-tissue exchange model. The
difference between PSc and the sum of PSg + PSecl was smaller for Ado than for Ino,
particularly in the guinea pig, because its cellular uptake is higher and its back-diffusion
smaller: uptake and retention by endothelial and parenchymal cells in the guinea pig
prevented almost all of the reflux from the ISF to plasma, and the observed E(t) remained
high throughout the data acquisition period. (The figures show that the Ado curves remain
below the albumin curves for the whole 80 s, indicating continued extraction.)

Because the volume of endothelial cells is so small, ~0.02 ml/g, solute entry alone does not
produce a fit to the data curves, which requires also endothelial cell metabolism and
retention of Ado (Gec). Adjusting values of the parameters describing parenchymal cell
transport (PSpc) and metabolism (Gpc) does not affect the early portions of the model curves;
these parameters are determined from the later portions of the curves. Values are reported in
Table 4: the estimates for the parenchymal cells in general are similar to those for
endothelial cells for Ado and Ino.

DISCUSSION
These experiments provide evidence that qualitative and quantitative differences exist in
endothelial nucleoside transport and metabolism between rabbit and guinea pig hearts. In
both rabbit and guinea pig hearts, the early extractions of Ado and Ino are higher than that of
a structural analog, AraH, that is not transported by the membrane nucleoside carrier. The
greater extraction of these nucleosides relative to AraH can only be explained by permeation
of the endothelial luminal plasma membrane. In rabbit hearts, the luminal endothelial uptake
of these nucleosides is small. Uptake of Ado and Ino by myocytes or through the abluminal
endothelial surface can occur after the substances reach the ISF, which reduces their back-
diffusion from ISF to plasma compared with that for AraH. However, such back-diffusion
has no significant influence on the apparent extractions during the up-slope to the peak of
the dilution curves, because the ISF concentration is still close to zero in the first few
seconds.

This qualitative analysis is supported by the quantitative analysis using a model that
accounts for endothelial cell uptake and metabolism of Ado and Ino. This model makes use
of the whole curves, rather than just early extraction, to estimate separately the contributions
of paracellular diffusional exchange through the interendothelial clefts and endothelial
cellular uptake. The guinea pig endothelial cell’s greater capacity for nucleoside transport
compared with that of rabbit endothelial cells reflects a quantitative rather than a qualitative
difference between the species but is most striking. In contrast, neither the rates of myocyte
transport nor those of the intracellular reactions appear to differ from those of endothelial
cells.

In the analysis, we used the fact that these are tracer experiments with high-specific-activity
radioactive compounds so that the chemical, nontracer concentration (C) of Ino or Ado is
presumably much lower than the Michaelis-Menten constant (Km) for the binding sites on
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the transporters or enzymes. When this is true, the equations are linear because changing the
tracer concentration has no influence on the binding process. The effective PS via the
transporter when there is competing substrate is PSecl(C) = VmaxS/ (Km + C), identifying the
PS as being concentration dependent, but when C = 0, then it is maximal and PSmax =
PSecl(C = 0) is equivalent to VmaxS/Km, where Vmax is a maximal flux (mmol per cm2

surface area per min) and S is surface area (cm2/g). Our tracer experiments cannot parse this
expression to distinguish Vmax from Km, and further experiments are needed to identify the
transporter kinetics to a deeper level.

A comment on AraH as an extracellular reference tracer is required. In the presence of
dipyridamole, a blocker of the Ado/Ino transporter, Bassingthwaighte and Sparks (5) noted
that there was no difference between the outflow curves for Ado and AraH. Measures of
AraH recovery by Gorman et al. (26) demonstrated high recovery. Our studies indicate that
in the absence of dipyridamole there is an enlarged interstitial volume of distribution for
AraH. This might be explained by a transient attachment to binding sites, such as transporter
sites (although it is not transported) or Ado receptor sites (although it does not activate
vasodilator receptors). Given such events occurring in the interstitium, one might suspect as
a corollary that there might be some transient attachment to sites on the endothelial luminal
surface; if so, then our estimates of PSecl would be slightly erroneously low. We cannot
repeat these experiments because of the difficulty in obtaining the precursor for AraH, but
the way to examine this question would be to make comparisons of estimates of PSecl for
sucrose and AraH in the presence and absence of dipyridamole. However, the potential for
such a bias has no influence on the conclusions regarding the differences between Ino and
Ado or between the species.

Although this model of capillary transport fits well the rising and peak portions of the
outflow curves, the tails of the nucleoside curves are less well fitted. The model curves tend
to be above the actual data points over the times from 60 to 100 s. This may be because the
model as presently constructed does not adequately describe the heterogeneity present in
isolated, perfused hearts. For example, we assume that although flow is heterogeneous, all
capillaries have the same PSg and PSecl; although PSg is fairly likely to be more uniform
simply because capillary densities are known not to have much variation, transporter
densities, and thus PSecl, may possibly vary regionally with flow. This has been observed for
fatty acid by Caldwell et al. (12). The small errors in fitting the tails of the nucleoside curves
do not influence our conclusions about species differences in endothelial cell uptake, which
are based on earlier portions of the curve where the fitting was quite good.

An assumption made for the purposes of the analysis was that the abluminal endothelial
transporter capacity and turnover were similar to those of the endothelial luminal surface,
i.e., PSeca = PSecl. This assumption was made because the curve fitting is not very sensitive
to different values of PSeca even though there is high sensitivity to PSecl; the reason is the
combination of the high intraendothelial consumption and the fact that uptake from the ISF
can be into both parenchymal cells and endothelial cells simultaneously. Gorman et al. (26)
had thought that PSeca might be as much as 10-fold greater than PSecl in canine skeletal
muscle, but Wangler et al. (51), studying guinea pig hearts, could not distinguish the effects
of PSeca from those of PSpc and therefore estimated only their sum. When they optimized
the model fits to their data, they found that an assumption of PSeca = PSecl and an
assumption of PSeca = 10 × PSpc gave equally good fits, thus affirming the relative
insensitivity to the effects of myocyte versus endothelial uptake from the interstitium.
Mohrman and Heller (39) estimated PSeca/PSecl to be ~1.4, judging from nontracer studies
of inflow-outflow concentrations in guinea pigs. In affirmation of the lower estimate of the
ratio, Dr. Keith Kroll and colleagues (in unpublished guinea pig studies done in our
laboratory at the University of Washington) estimated a ratio of 1.0. In their experiments,
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they blocked both Ado kinase and Ado deaminase, effectively reducing Gec to zero and
greatly increasing the sensitivity of the model fitting to the estimates of PSeca. However, this
issue should not be regarded as settled.

Several studies have suggested variability in the number of nucleoside transport sites among
species. Species variability in the binding of 8-(p-nitrobenzyl)-6-thioinosine (NBTI or
NBMPR), a potent and selective inhibitor of nucleoside transport, has been demonstrated in
erythrocytes (13,31,32) and in cardiac membrane preparations by Williams et al. (52). In the
study by Williams et al., the maximal binding capacity for guinea pig ventricle was more
than threefold greater than for rabbit ventricle. A subsequent study by this group (42), which
correlated the distribution of NBMPR binding sites with those for von Willebrand factor, an
endothelial cell marker, demonstrated in guinea pigs that the majority of the NBMPR
binding sites in the membrane preparation can be attributed to endothelial membranes mixed
in with the cardiomyocyte membranes.

Species differences in nucleoside transporter would account for differences seen in
endothelial cell accumulation of tracer Ado. Guinea pig studies show preferential uptake
into endothelial cells (16,40). Rabbit studies show little uptake by endothelial cells (53).

The second, and probably most important, difference between rabbits and guinea pigs is the
difference in nucleoside degradation in the two species. These studies suggest that guinea
pig endothelial cells, like human erythrocytes (44,45), are fully equipped for uptake and
degradation of Ado, the last stages being via Xa oxidase to UA, the most prominent
metabolic end product. In contrast, rabbit endothelial cells have poorer transport capacity
and apparently lack Xa oxidase; thus Hx is the metabolic end point measured in this species.
These data are in agreement with Downey et al. (18,19), who were unable to detect Xa
oxidase in rabbit myocardium, and Grum et al. (27), who reported that ischemic rabbit hearts
did not produce urate, just as we observed here in normoxic hearts. Differences in
expression may be as important as differences in the genes: even the same cell type behaves
differently in different locations: Moffett et al. (38) found avid endothelial uptake of
serotonin in rabbit lungs but not in heart.

These differences in endothelial nucleoside transport and metabolism are undoubtedly
reflected in other differences in purine metabolism among species. As examples of this,
Borgers and Thone (10) found in histochemical studies that the locations of 5′-nucleotidase
(hydrolyzes AMP to Ado) and purine nucleoside phosphorylase (Ino → Hx) were not
generally found in myocytes, with the exception that 5′-nucleotidase is found in rat
myocytes but not in human, dog, rabbit, or guinea pig myocytes. The nucleotidase is
dominantly extracellular, on the surface of pericytes, and on only endothelial cells of
arterioles. Borgers and Thone (10) give references to other aspects of purine metabolism
where species differences have been noted in the biochemistry.

Our overall conclusion is that care must be taken when generalizing about nucleoside
transport as well as metabolism. Differences between species and between cell types within
a species must be considered when evaluating the role of such agents as mediators in
pathophysiological processes of coronary artery vasomotion and myocardial ischemia.

APPENDIX

Interstitial Binding of AraH

The binding of a solute to a receptor augments the effective volume of distribution  so

that it is larger than its aqueous dilution space (Vd), so , where VB is the
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apparent excess space, a virtual binding space. If binding and unbinding are instantaneous,
so that there is an equilibrium, then VB = Vd · BT/(Kd + C), where BT is the concentration of
the binding sites (molar, equivalent to millimole of specific binding molecule per milliliter
of space), Kd is the equilibrium dissociation constant (molar), and C is the solute
concentration (molar). The effective volume is then as previously shown by Safford and
Bassingthwaighte (46)

For tracer-only experiments C is zero, so  .

Under these conditions we could have used the linear 1989 model (6) simply by allowing

 to be a freely adjusted parameter for AraH, but we did not dare to assume that AraH was
in equilibrium with the unidentified binding site and instead allowed the binding reactions to
be slow. The relevant differential equations augmented the 1989 model so that the interstitial
equations were

(A1)

(A2)

where BT = CB – B, the sum of the free (B) and complexed (CB) binding molecule. These
are included in a generalized nonlinear model for convection, diffusion, exchange, and
transformation, GENTEX, written by Dr. Zheng Li.
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Fig. 1.
Schematic of 4-region, 3-barrier model for blood-tissue exchange used for analysis of
indicator dilution curves. Parameter symbols are defined in Glossary. The analysis used a set
of such modules in parallel to account for flow heterogeneity.
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Fig. 2.
Coronary sinus outflow dilution curves for [14C]inosine ([14C]Ino), [3H]arabinofuranosyl
hypoxanthine ([3H]AraH), and 131I-albumin; model solutions are continuous lines.
Extractions and recoveries are listed in Tables 1 and 2. Parameters for model fits are in
Table 4; each estimate is given with its individual standard deviation. Top: data from an
isolated, perfused rabbit heart. Fp = 3.89 ml · g−1 · min−1. Bottom: data from an isolated,
perfused guinea pig heart. Fp = 3.57 ml · g−1 · min−1. Note that Ino curve is lower than AraH
curve, indicating higher values of PSecl in guinea pig compared with rabbit.
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Fig. 3.
Adenosine (Ado) transport and transformation in isolated, perfused rabbit (left) and guinea
pig (right) heart. Top panels: normalized outflow dilution curves for [14C]Ado and the 2
reference tracers, 131I-albumin (intravascular) and [3H]AraH (extracellular); model solutions
are shown by lines. Bottom panels: semilog plot of Ado and its metabolites, Ino,
hypoxanthine (Hx), xanthine (Xa), and uric acid (UA), in the outflow. The Ado curve is the
same as in panel above. Linesjoin data points and are not model solutions. Note striking
difference in shapes of effluent curves for metabolites in the 2 species. Curves labeled UA
and Xa from the rabbit (bottom left) are not quantifiable, isotope count rates being 10−5

times those of albumin curve.

Schwartz et al. Page 19

Am J Physiol. Author manuscript; available in PMC 2012 October 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Schwartz et al. Page 20

Ta
bl

e 
1

D
at

a 
su

m
m

ar
y

E
xp

t.
N

o.
N

uc
le

os
id

e
In

je
ct

ed
F

p,
m

l ·
 g

−1
 · 

m
in

−1

E
m

ax
, %

P
S c

, m
l ·

 g
−1

 · 
m

in
−1

%
 R

ec
ov

er
y

of
 I

nj
ec

ta
te

(A
do

 o
r 

In
o)

A
ra

H
In

o
A

do
A

ra
H

In
o

A
do

R
ab

bi
t

01
03

88
1

In
o

3.
89

45
48

2.
33

2.
54

91

25
02

88
4

In
o

4.
94

47
52

3.
14

3.
63

85

20
10

87
1

In
o

4.
43

58
57

3.
84

3.
74

94

20
10

87
2

In
o

4.
38

56
56

3.
60

3.
60

86

M
ea

n 
±

 S
D

 (
n 

=
 4

)
3.

38
 ±

 0
.5

6
89

 ±
 4

01
03

88
2

A
do

3.
83

43
47

2.
15

2.
43

50

25
02

88
5

A
do

5.
17

46
50

3.
19

3.
58

53

20
10

87
3

A
do

4.
41

52
54

3.
24

3.
42

51

20
10

87
4

A
do

4.
49

50
51

3.
11

3.
20

57

M
ea

n 
±

 S
D

 (
n 

=
 4

)
3.

16
 ±

 0
.5

7
53

 ±
 3

M
ea

n 
±

 S
D

 (
n 

=
 8

)
4.

4 
±

 0
.4

50
 ±

 5
53

 ±
 4

51
 ±

 2
3.

08
 ±

 0
.5

8

G
ui

ne
a 

pi
g

01
03

88
4

In
o

6.
41

37
52

2.
96

4.
70

51

25
02

88
1

In
o

3.
57

44
55

2.
07

2.
85

47

24
09

87
1

In
o

4.
87

32
56

1.
88

4.
00

50

24
09

87
2

In
o

4.
67

37
50

2.
16

3.
24

54

M
ea

n 
±

 S
D

 (
n 

=
 4

)
3.

70
 ±

 0
.8

2
51

 ±
 3

01
03

88
4

A
do

6.
65

39
59

3.
29

5.
93

39

25
02

88
2

A
do

3.
76

42
61

2.
05

3.
54

37

24
09

87
3

A
do

4.
97

41
56

2.
62

4.
08

39

24
09

87
4

A
do

5.
18

33
51

2.
07

3.
70

50

M
ea

n 
±

 S
D

 (
n 

=
 4

)
4.

31
 ±

 1
.1

41
 ±

 5

M
ea

n 
±

 S
D

 (
n 

=
 8

)
5.

0 
±

 1
.0

38
 ±

 4
53

 ±
 2

57
 ±

 4
2.

39
 ±

 0
.5

1

F p
, f

lo
w

 o
f 

so
lu

te
-c

on
ta

in
in

g 
pe

rf
us

at
e;

 E
m

ax
, m

ax
im

al
 in

st
an

ta
ne

ou
s 

ex
tr

ac
tio

n;
 A

ra
H

, 9
-β

-D
-a

ra
bi

no
fu

ra
no

sy
l h

yp
ox

an
th

in
e;

 I
no

, i
no

si
ne

; A
do

, a
de

no
si

ne
; P

S c
, c

ap
ill

ar
y 

pe
rm

ea
bi

lit
y-

su
rf

ac
e 

ar
ea

 p
ro

du
ct

ca
lc

ul
at

ed
 v

ia
 E

q.
 1

; n
, n

o.
 o

f 
ex

pe
ri

m
en

ts
.

Am J Physiol. Author manuscript; available in PMC 2012 October 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Schwartz et al. Page 21

Ta
bl

e 
2

M
et

ab
ol

ite
s 

in
 e

ff
lu

en
t

E
xp

t.
N

o.
In

je
ct

at
e

F
ra

ct
io

n 
of

 I
nj

ec
ta

te
 A

pp
ea

ri
ng

 a
s

In
je

ct
at

e
T

ot
al

A
do

In
o

H
x

X
a

U
A

R
ab

bi
t

01
03

88
1

In
o

91
3

0
1

94

25
02

88
4

In
o

85
5

1
1

92

20
10

87
1

In
o

94

20
10

87
2

In
o

86

M
ea

n 
±

 S
D

89
 ±

 4

01
03

88
2

A
do

50
3

1
0

0
54

25
02

88
5

A
do

53
3

1
0

0
57

20
10

87
3

A
do

51

20
10

87
4

A
do

57
5

1
0

0
63

M
ea

n 
±

 S
D

53
 ±

 3 G
ui

ne
a 

pi
g

01
03

88
4

In
o

51
1

1
20

73

25
02

88
1

In
o

47
2

1
23

73

24
09

87
1

In
o

50

24
09

87
2

In
o

54
2

1
18

75

M
ea

n 
±

 S
D

50
 ±

 3

01
03

88
5

A
do

39
1

1
0

8
49

25
02

88
2

A
do

37
3

1
1

11
53

24
09

87
3

A
do

39
56

24
09

87
4

A
do

50
2

0
0

1
53

M
ea

n 
±

 S
D

41
 ±

 6
53

 ±
 3

H
x,

 h
yp

ox
an

th
in

e;
 X

a,
 x

an
th

in
e;

 U
A

, u
ri

c 
ac

id
. B

la
nk

 s
pa

ce
s 

in
di

ca
te

 d
at

a 
no

t d
et

er
m

in
ed

.

Am J Physiol. Author manuscript; available in PMC 2012 October 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Schwartz et al. Page 22

Ta
bl

e 
3

C
ap

ill
ar

y 
w

al
l c

on
du

ct
an

ce
s

A
ra

H
In

o
A

do

P
S c

 (
E

m
ax

, F
)

P
S g

 (
M

od
el

)
P

S c
 (

E
m

ax
, F

)
P

S g
(=

 A
ra

H
)

P
S e

cl
 (

M
od

el
)

P
S c

 (
E

m
ax

, F
)

P
S g

 (
= 

A
ra

H
)

P
S e

cl
 (

M
od

el
)

R
ab

bi
t

   
 M

ea
n 

±
 S

D
3.

08
 ±

 0
.6

3.
92

 ±
 0

.8
8

3.
38

 ±
 0

.5
6

4.
27

 ±
 1

.0
0.

1 
±

 0
.2

3.
16

 ±
 0

.5
1

3.
58

 ±
 0

.7
0.

2 
±

 0
.1

   
 n

8
8

4
4

4
4

4
4

G
ui

ne
a 

pi
g

   
 M

ea
n 

±
 S

D
2.

39
 ±

 0
.5

1
2.

58
 ±

 0
.6

3.
70

 ±
 0

.8
2.

5 
±

 0
.5

1.
7 

±
 0

.4
4.

3 
±

 1
.1

2.
67

 ±
 0

.7
2.

0 
±

 0
.5

   
 n

8
8

4
4

4
4

4
4

Pa
ra

m
et

er
 v

al
ue

s 
(i

n 
m

l ·
 g

 −
1  

· m
in

−
1 )

 w
er

e 
ca

lc
ul

at
ed

 b
y 

m
et

ho
ds

 in
di

ca
te

d 
in

 p
ar

en
th

es
es

. P
S g

, P
S 

fo
r 

ga
ps

 b
et

w
ee

n 
ad

ja
ce

nt
 e

nd
ot

he
lia

l c
el

ls
; P

S e
cl

, P
S 

fo
r 

en
do

th
el

ia
l c

el
l l

um
in

al
 o

r 
pl

as
m

a 
su

rf
ac

e.

Am J Physiol. Author manuscript; available in PMC 2012 October 29.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Schwartz et al. Page 23

Ta
bl

e 
4

A
do

 a
nd

 I
no

 tr
an

sp
or

t i
n 

ra
bb

it 
an

d 
gu

in
ea

 p
ig

 h
ea

rt
s

E
xp

t.
N

o.
So

lu
te

C
le

ft
E

nd
ot

he
lia

l C
el

l
M

yo
cy

te

P
S g

 (
A

ra
H

),
m

l ·
 g

−1
 · 

m
in

−1
P

S e
cl

,
m

l ·
 g

−1
 · 

m
in

−1
G

ec
,

m
l ·

 g
−1

 · 
m

in
−1

P
S p

c,
m

l ·
 g

−1
 · 

m
in

−1
G

pc
,

m
l ·

 g
−1

 · 
m

in
−1

C
V

, %

A
ra

H
P

er
m

ea
nt

R
ab

bi
t

01
03

88
1

In
o

2.
98

0.
1 

±
 0

.0
2 

±
 4

36
 ±

 7
1.

4 
±

 0
.3

1.
1

2.
2

25
02

88
4

In
o

3.
94

0.
4 

±
 0

.1
3 

±
 2

36
 ±

 2
2.

5 
±

 0
.7

2.
8

7.
2

20
10

87
1

In
o

5.
18

0.
0 

±
 0

.0
0 

±
 0

27
 ±

 7
3.

5 
±

 0
.6

2.
7

8.
2

20
10

87
2

In
o

4.
96

0.
0 

±
 0

.0
0 

±
 0

26
 ±

 5
3.

8 
±

 0
.5

3.
1

6.
3

M
ea

n 
±

 S
D

4.
3 

±
 1

.0
0.

1 
±

 0
.2

1 
±

 2
31

 ±
 6

2.
8 

±
 1

.1

01
03

88
2

A
do

2.
57

0.
3 

±
 0

.2
6 

±
 5

19
 ±

 5
20

 ±
 5

3.
2

5.
0

25
02

88
5

A
do

3.
95

0.
2 

±
 0

.1
10

 ±
 2

5
29

 ±
 1

5
23

 ±
 1

0
3.

3
3.

2

20
10

87
3

A
do

4.
06

0.
1 

±
 0

.1
1 

±
 4

3
20

 ±
 7

62
 ±

 4
3

4.
3

4.
7

20
10

87
4

A
do

3.
75

0.
1 

±
 0

.1
4 

±
 2

3
29

 ±
 1

2
15

 ±
 5

2.
7

4.
1

M
ea

n 
±

 S
D

3.
6 

±
 0

.7
0.

2 
±

 0
.1

5 
±

 4
24

 ±
 6

30
 ±

 2
1

A
ll 

ra
bb

its
3.

92
 ±

 0
.8

8

G
ui

ne
a 

pi
g

01
03

88
4

In
o

3.
23

1.
9 

±
 0

.3
27

 ±
 2

2
76

 ±
 2

4
19

 ±
 6

4.
4

6.
2

25
02

88
1

In
o

2.
30

1.
5 

±
 0

.2
22

 ±
 5

36
 ±

 1
3

22
 ±

 1
3

6.
9

5.
1

24
09

87
1

In
o

2.
31

2.
0 

±
 0

.4
13

 ±
 9

99
 ±

 9
23

 ±
 9

5.
4

16
.5

24
09

87
2

In
o

2.
12

1.
3 

±
 0

.2
2 

±
 1

1
49

 ±
 1

1
49

 ±
 1

1
6.

1
5

M
ea

n±
SD

2.
5 

±
 0

.5
1.

7 
±

 0
.4

16
 ±

 1
1

65
 ±

 2
8

28
 ±

 1
4

01
03

88
5

A
do

3.
77

2.
7 

±
 0

.2
50

 ±
 2

9
77

 ±
 2

6
10

9 
±

 2
9

2.
3

8.
4

25
02

88
2

A
do

2.
39

2.
0 

±
 0

.2
14

 ±
 3

15
 ±

 3
17

 ±
 3

6.
5

10
.3

24
09

87
3

A
do

2.
36

1.
8 

±
 1

.4
14

 ±
 1

78
40

 ±
 1

28
56

 ±
 1

81
9.

5
10

.9

24
09

87
4

A
do

2.
17

1.
4 

±
 0

.2
83

 ±
 3

11
22

4 
±

 3
10

24
5 

±
 3

09
4.

4
8.

4

M
ea

n±
SD

2.
7 

±
 0

.7
2.

0 
±

 0
.5

40
 ±

 3
3

89
 ±

 9
3

10
7 

±
 1

00

A
ll 

gu
in

ea
 p

ig
s

2.
58

 ±
 0

.5
9

V
al

ue
s 

ta
ke

n 
fo

r 
PS

g 
fo

r 
In

o 
an

d 
A

do
 a

re
 th

os
e 

fo
un

d 
fo

r 
A

ra
H

. E
ac

h 
pa

ra
m

et
er

 is
 e

st
im

at
ed

 f
ro

m
 th

e 
m

od
el

 f
it 

to
 th

e 
da

ta
 s

et
 a

nd
 r

ep
or

te
d 

as
 m

ea
n 

±
 S

D
 o

f 
es

tim
at

e 
co

m
pu

te
d 

fr
om

 c
ov

ar
ia

nc
e 

m
at

ri
x

ca
lc

ul
at

ed
 f

ro
m

 lo
ca

l s
en

si
tiv

ity
 f

un
ct

io
ns

 f
or

 a
ll 

fr
ee

 p
ar

am
et

er
s.

 G
ec

 a
nd

 G
pc

, f
ir

st
-o

rd
er

 c
le

ar
an

ce
 b

y 
co

ns
um

pt
io

n 
or

 g
ul

os
ity

 in
 e

nd
ot

he
lia

l c
el

ls
 a

nd
 p

ar
en

ch
ym

al
 c

el
ls

 (
m

yo
cy

te
s)

, r
es

pe
ct

iv
el

y;
 C

V
,

co
ef

fi
ci

en
t o

f 
va

ri
at

io
n.

Am J Physiol. Author manuscript; available in PMC 2012 October 29.


