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The goal of these experiments was to determine the presence
and mechanistic basis of flow-induced dilation in mesenteric
artery from 3-d-old swine. In the first experiment, in vitro gut
loops were perfused from a blood-filled reservoir under con
trolled-flow conditions, and flow was progressively increased
from to 170% in six increments by manipulation of
pump speed. Under control conditions, vascular resistance sig
nificantly decreased after each step increase in flow rate. W
Monomethyl-t-arginine (LNMMA; 10- 4 M), an arginine analog
that blocks nitric oxide production, eliminated this flow-induced
dilation, but only for the step increases in flow at rates above the
baseline flow rate. For step increases below the baseline rate,
LNMMA caused a simple parallel shift of the resistance-flow
rate curve upward. Phenylephrine (10- 6 M), an (X l-agonist which
has no effect on nitric oxide production or half-life, did not
eliminate flow-induced dilation, but instead caused a simple
parallel shift of the resistance-flow rate curve upward across the
entire range of flows studied. In the second experiment, a 3-cm
segment of mesenteric artery was perfused with Krebs buffer at
two flow rates: 10 and 25 mU min. The effluent from the rnes-

Flow-induced dil ation is a vascular phenomenon wh erein
augmentation of flow rate through an artery results in vasodi
lat ion of that ves sel (1). Th e process was init ially described in
large conduit arteries and was presumed to be part of series of
va scular adjustments which facilitate oxygen delivery during
exercise (1, 2). In this sce nario, resistance vessels within the
microcircul ation of contrac ting muscle dil ate in response to a
metaboli c feedb ack signal, an action which decre ases down
stream vascular resista nce. This hemodynamic change in
creases flow rate through the co nduit vesse ls leading to the
muscl e. Th e stimulus of inc reased flow rate induces dilation of
the conduit vessels, an action which maximizes vascular con
duct ance. Subsequent studies hav e identified flow-induced di
lation within arterioles (3) and have establ ished that flow
induced dilation is an endothelium-dependent process, that is,
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enteric artery segment was suffused onto a deendothelialized,
phenylephrine-precontracted ring of swine carotid artery; relax
ation of this bioassay vessel served as an index of release of
relaxing factors from the mesenteric artery segment. Under
control conditions, increase in the mesenteric artery flow rate
caused a 60% relaxation of the bioassay vessel. This effect was
eliminated by the addition of LNMMA to the buffer (10- 4 M),
but not by the addition of indomethacin (10- 5 M). Flow-induced
dilation occurs in the mesenteric artery of 3-d-old swine. This
vascular phenomenon appears to be mediated by nitric oxide, but
only at flows above the baseline flow rate. The mechanism(s)
responsible for this phenomenon at lower flow rates is not clear.
(Pediatr Res 38: 783-791, 1995)

Abbreviations
NO, nitric oxide
LNMMA, W-monomethyl-i.-arginine
(a-v)02' arteriovenous oxygen content difference across the
intestine
ANOVA, analysis of variance

a process mediated by relaxing factors produced and released
by the vascular endo thelium (4), especially NO (5). Oth ers
have suggested that the actu al stimulus for flow-induced dil a
tion is wa ll shear stress, not flow rate per se (4, 6) . In this
paradigm, augmentation of flow rate increases wall shear
stress, a mech anostimulus for NO production; subsequent
flow-induced dil ation incr eases the vessel radius and restores
shear stress to baseline.

To our know ledge , the phenom enon of flow-induced dil ation
has not been described in newborn blo od vessels, although
there are at least two reasons to anti cip ate that the process
might participate in regulation of the newborn intestinal cir cu
lation. First, the endothelium-der ived relaxing fact or proposed
as the principal mediator of flow-induced dil ation , NO , is
present within the newborn intes tinal circulation and parti ci
pates in setting its basal vascular tone (7). Second, the resting
flow rate within the newborn intes tinal circulatio n is high when
compared with that noted dur ing later life, wh ereas the vascu
lar dimensions are obviously smaller (8); these cir cumstances
predict that wall shear stress will be substantial in newborn
intestine (4, 6).
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The goal of this investigation was to determine whether
flow-induced dilation occurs in newborn intestine. To this end,
in vitro gut loops from 3-d-old swine were perfused from a
blood-filled reservoir under controlled-flow conditions and the
effects of stepwise manipulation of flow rate on vascular
resistance and tissue oxygen uptake noted. This protocol was
conducted during infusion of LNMMA or phenylephrine to
determine the roles of NO and basal vascular tone, respec
tively, on flow-induced dilation. An additional protocol was
carried out to determine whether flow-induced dilation is me
diated by a transmissible factor released by the mesenteric
artery. To this end, buffer-perfused mesenteric artery segments
were mounted so that their effluent was suffused onto a deen
dothelialized carotid artery ring. Relaxation of the ring in
response to increased perfusion rate through the mesenteric
artery was accepted as evidence of flow-induced production
and release of a relaxing factor. This protocol was carried out
in the presence of indomethacin or LNMMA to characterize
the identity of the relaxing factor.

METHODS

Animal Acquisition and Handling

Animals were obtained from a local swine farm on the day
before use. The age range was 1-3 d old. Animals were fasted
for 12 h before induction of anesthesia with pentobarbital
sodium, 35 mg/kg intraperitoneally. Euthanasia was carried out
by i.v. injection of Uthol, 1 mLlkg. The experimental protocol
was approved by the Institution al Animal Care and Use Com
mittee of Childrens Hospital Research Foundation (protocol
0l093AR).

Blood-Perfused Gut Loop Experiments

Preparation. Study subjects were anesthetized, intubated,
and ventilated to maintain normal blood gas tensions. Heparin
(500 U/kg) was administered. A segment of proximal ileum
distal jejunum cm in length was isolated from the remain
der of the gut. This segment was cleansed by luminal instilla
tion of warm (38°C) saline, followed by air. The single artery
vein pair serving this segment was cannulated, and these
catheters were attached to a blood-primed extracorporeal per
fusion circuit. The segment was removed from the study
subject, weighed, and placed into a humidified plexiglass
chamber. Tissue temperature was maintained at 38°C by means
of an overhead heating element connected by a servomecha
nism to a luminal temperature probe. Arterial perfusion was
achieved by an extracorporeal circuit consisting of a collecting
flask, arterial and venous reservoirs, and a membrane lung
(Sci-Med 0.6 rrr') . Blood for this perfusion circuit was obtained
from a second animal approxim ately 120 d old (-35 kg). To
this end, blood donor subjects were anesthetized, intubated,
ventilated and heparinized as described for experimental sub
jects; thereafter, mL whole blood was removed while
simultaneously infusing swine plasma, obtained during a pre
vious study, at a rate equal to blood withdrawal. Thereafter the
donor subject was euthanized. The withdrawn blood was fil
tered (40 p,m) and placed in the collecting flask, which in turn

was placed in a water bath (39°C) situated over a stirplate.
Blood was continuously circulated (200 mlzmin) between the
collecting flask and the membrane oxygenator, which was
gassed with 21% Oz-5% COb balance Nz. This circulation
maintained blood gas tensions within the collecting flask at
12.0-16.0 and 4.5- 6.0 kPa for Poz and Pcoz, respectively. A
small volume of blood (- 20 mL) was continuously pumped
from the collecting flask to an arterial reservoi r, which was also
placed in the water bath. Flow from the arterial reservoir to the
gut loop could be achieved by two means: by pressurizing the
reservoir (controlled-pressure perfusion) or by directing the
arterial circuit through a Gilson Miniplus 4 pump (controlled
flow perfusion). The venous effluent from the gut loop was
collected in the venous reservoir and thereafter returned to the
collecting flask for recirculation. Gut blood flow was measured
by an electromagnetic flowmeter placed in the venous circuit.
Standard pressure transducers were connected to the arterial
and venous circuits by T-connectors to measure vascular pres
sures. Blood gas tension and oxygen content determinations
were made on samples withdrawn from the arterial and venous
circuits by means of a Corning Analyzer and Lex-Oy-Con,
respectively.

Protocols. The in vitro gut loop was initially perfused under
controlled pressure conditions with the arterial pressure set at
70 mm Hg to duplicate in vivo conditions. After the preparation
had reached steady state (generally min), baseline mea
surements were taken. Thereafter, perfusion was switched from
controlled pressure to controlled flow by directing the arterial
circuit through a pump, and the pump speed was initially set to
duplicate the preexisting flow rate. Shortly thereafter, the pump
speed was decreased so that gut flow rate was of the
baseline flow rate. This reduced flow rate was maintained until
pressure attained a new steady state value, which generally
took min. Repeat measurements were taken and the flow
was increased by - 30%. This process was repeated until
measurements had been taken at six flow rates which ranged
from to 170% of baseline. This protocol was con
ducted on two groups of study subjects. In the first group, the
flow ramp was carried out as described, and then flow returned
to baseline . Thereafter, an infusion of LNMMA was begun into
the arterial circuit at a rate sufficient to provide an arterial
concentration of 0.025 mg/mL (10- 4 M). This LNMMA dose
was chosen as it has been previously determined to fully block
NO production by newborn swine mesenteric artery (7). Once
hemodynamic variables had reached a new steady state values
the flow ramp repeated. The rate of LNMMA infusion was
adjusted with each flow change so that the arterial concentra
tion of the drug remained nearly constant. The second group of
study subjects underwent similar manipulation except that
phenylephrine was infused instead of LNMMA. The arterial
concentration of phenyleph rine was maintained at 0.0002
mg/mL (10- 6 M) during the flow ramp.

Buffer-Perfused Mesenteric Artery Experiments

Preparation. Subjects were anesthetized and thereafter ex
sanguinated. The entire mesenteric artery and a small segment
of carotid artery were removed and immersed in iced Krebs
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buffer. A 3-4-cm segment of the mesenteric artery was dis
sected free of neural, lymphatic, and connective tissues, and all
branch points were ligated with silk ties. The mesenteric artery
segment was mounted between inflow and outflow ports in a
water-jacketed glass chamber filled with Krebs buffer (Fig. 1).
Perfusion of this segment was achieved with Krebs buffer
pumped from a water-jacketed buffer reservoir. An electromag
netic flowmeter and standard pressure transducer within the
arterial circuit facilitated measurement of perfusion rate and
pressure, respectively. Vasoactive agents released from the
mesenteric artery segment were detected by means of bioassay,
using a precontracted ring of carotid artery as the bioassay
tissue. To this end, the effluent from the mesenteric artery
segment could be directly suffused onto the bioassay vessel
(transit time <1 s). To keep the rate of effluent delivery to the
bioassay vessel constant during manipulation of mesenteric
artery flow rate, a second pump (Fig. 1, P2) was added to the
effluent arm of the circuit. This pump was controlled by the
same potentiometer as that regulating mesenteric artery perfu
sion; thus, an increase in the perfusion rate resulted in an equal
increase in the rate of effluent diversion, so that delivery of the
effluent to the bioassay vessel remained constant at 3 mL/min.
The carotid artery bioassay vessel was de-endothelialized by
luminal passage of a silk tie. The bioassay vessel was mounted
between two wire stirrups, one fixed and the other tethered to
a Grass FT03 force transducer. This vessel was stretched to its
optimal length over a period of 1 h as determined by maximal
contraction to 20 mM KCI; thereafter, endothelial removal was
confirmed by noting > 50% reduction in tension after applica
tion of acetylcholine (10-7 M). During preparation of the
bioassay vessel (i.e. mounting and stretching), its suffusion was
derived from a separate water-jacketed buffer reservoir. The
bioassay vessel could be moved between this suffusion source
and the mesenteric artery effl uent by adjusting a micrometer on

Figure 1. The experimental apparatus used to perfuse in vitro mesenteric
artery segments with Krebs buffer. R, buffer reservoir; P, pump; T, pressure
transducer; F, flow probe; FT, force transducer; MB, movable base. Pump 1
provides luminal perfusion of the mesenteric artery segment, whereas pump 2
draws off a portion of the effluent, so the that rate of suffusion delivered to the
carotid artery bioassay vessel remains constant. The bioassay vessel can be
moved so that its suffusion is derived from the mesenteric artery effluent (as
pictured) or from a second buffer reservoir, R2.

the base of the apparatus. This movement could be carried out
without disturbing bioassay vessel tension or force transducer
calibration. All buffers were kept at 38°C by running warm
water through the water-jacketing system that surrounded all
reservoirs and chambers. The buffer reservoirs and the mesen
teric artery chamber were continuously aerated with 95%
O2-5% CO2.

Protocol. After mounting, the mesenteric artery segment
was perfused at 10 mL/min for 90 min. During this time the
effluent from the mesenteric artery was diverted away from the
bioassay vessel, so that the latter vessel could be prepared (i.e.
stretched). Phenylephrine was then added to both buffer reser
voirs (Fig. 1, Rl and R2) to a final concentration of 0.0002
mg/ml, (10-6 M). This action increased tension of the bioassay
vessel (i.e. precontraction). Thereafter, the bioassay vessel
position was adjusted so that it was suffused by the effluent
from the mesenteric artery segment. This circumstance was
maintained until the bioassay vessel achieved a new steady
state tension (generally - 3 min). Thereafter, the rate of mes
enteric artery perfusion was increased to 25 mL/min and the
effect of this perturbation on bioassay vessel tension noted.
This protocol was carried out on three groups of study subjects .
Group 1 (control) were treated as just described . Indomethacin
(10-5 M) was added to all buffers used in group 2; this dose
was chosen as it has been previously determined to fully block
cyclooxygenase activity in newborn swine mesenteric artery
(7). LNMMA (10-4 M) was added to all buffers used in group
3.

Reagents and Buffers

Krebs buffer of the following composition was used (in
mM): NaCI 118.06: KCI 4.76; NaHC03 24.97; CaClz 2.52;
MgS04 1.22; KHZP04 1.19; disodium EDTA 0.026; dextrose
11.09. This buffer had a pH of 7.4 when aerated with 95%
Oz-5% COz' LNMMA was obtained from Calbiochem and
prepared fresh on the day of use. Phenylephrine and indo
methacin were obtained from Sigma Chemical Co. Indometha
cin was initially dissolved in an equimolar solution of NaHC03

and then diluted with saline.

Statistical Methods

The principal endpoints for the blood perfusion studies were
arterial pressure and tissue oxygen uptake, each evaluated as a
function of flow rate, and two methods were used to analyze
the data. First, data were subjected to a 2-way ANOVA for
repetitive measures which used condition (control versus drug
treatment, i.e. LNMMA or phenylephrine) and time (i.e. flow
rate) as main effects. A significant f statistic indicated that the
effect of flow rate on the dependent variable was contingent
upon experimental conditions and was followed by post hoc t
tests with the Boneferroni correction to determin e the sites of
difference between conditions. Second, regression analysis was
carried out on flow rate versus resistance and oxygen uptake
for data within each condition (i.e. control, LNMMA, phe
nylephrine) to determine the relationships among these vari
ables. These regression analyses were carried out on data
collected at all flow rates, and also separately on data collected
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at flows above and below the baseline flow rate. These separate
regression equations were comp ared within and between con
ditions by ANOVA. The principal endpoint for the buffer
perfusion study was relaxation of the bioassay vessel. To this
end, relaxation was expressed as a percent change from pre
contraction tension. These data were subjected to a 2-way
ANOVA which used conditi on (control versus drug i.e.,
LNMMA or indomethacin) and flow rate as main effects. Post
hoc tests were carried out as just described.

RESULTS

Baseline hemodynamic data are shown in Tables 1 and 2.
Conversion from controlled pressure to controlled flow perfu
sion caused a modest increase in vascular resistance which did
not reach statistical significance. No other measured variables
were affected by the change in perfusion mode. Infusion of
LNMMA (10- 4 M) at the baseline flow rate increased vascular
resistance 27 :::t: 5% but had no effect on tissue oxygenation.
Infusion of phenylephrine (10- 6 M) at the baseline flow rate
increased vascular resistance 15 :::t: 4% and depressed tissue
oxygen uptake 13 :::t: 4%. This latter effect was secondary to a
phenylephrine-induc ed reduction in oxygen extraction by the
gut, which was most likely consequent to closure of precapil
lary sphincters, an established effect the (X l-agonist. The he
matocrit of blood within the extracorporeal circuit averaged 28
:::t: 1%, whereas the arterial blood gas and oxygen content
values averaged pH 7.39 :::t: 0.03, Poz 13.9 :::t: 0.8 kPa, Pcoz
5.1:::t:.8 kPa, and 4.6 :::t: 0.1 mM Oz/L, respective ly. These
values did not significantly change during the course of the
experiments.

In all instances, vascular resistance reached a new steady
state value within 1 min of a step increase in flow rate; no
difference in lag time was noted for flows above or below the
baseline flow rate. An inverse relationship between flow rate
and vascular resistance was noted under control conditions in
both LNMMA and phenylephrine groups (Figs. 2 and 3). Thus,
reduction of flow to - 40% of baseline resulted in a significant
rise in vascular res istance, whereas elevati on of flow to

170% of baseline caused a significant reduction in gut vas
cular resistance. The relationship between these variab les
could also be appreciated by regression analysis: for control
data from the LNMMA group, res ista nce = 1.08 
O.OOl{flow}, r2 = 0.44, p = 0.0069; for control data from the
phenylephrine group, resistance = 1.06 - 0.002{flow}, ,2 =
0.68, p < 0.0001). The relationship between flow and tissue

oxygen uptake was also similar in both groups: oxygen uptake
was independent of flow rate until flow was reduced below
75% of the baseline flow rate.

Administration of LNMMA (10- 4 M) caused significant
vasoconstriction of the intestinal vasculature at all flow rates,
although the effect was qualitatively and quantitatively more
dramatic at flow rates above baseline. Thus, increasing pump
speed above baseline during LNMMA infusion caused signif
icant vasoconstriction in place of the vasodilation noted under
control conditions (Fig. 2). The importance of flow rate on
LNMMA effect was also confirmed by conduct ing separate
regressions of resistance versus flow rate for data collected at
flow rates above and below baseline. For data collected at
flows below baseline, the slopes of the regression lines for
LNMMA and control data were similar: for LNMMA data,
resistance = 1.40 - 0.004{flow}, rZ = 0.94, p < 0.0001; for
control data from the LNMMA group, resistance = 1.25 
0.005{flow}, ? = 0.65, p = 0.0025. For data collected at flows
above baseline, the slopes of the regression lines for LNMMA
and control data were significantly different: for LNMMA data,
resistance = 0.004{flow} + 0.5, ? = 0.62, P = .0008; for
control data from the LNMMA group, resistance = 1.55 
0.005{flow}, ? = 0.58, p = 0.0059. Thus, LNMMA caused a
simple vertical shift of the resistance-flow rate curve upward at
flows below the baseline flow rate, whereas this agent signif
icantly altered the relationship between these variables at flows
above the baseline flow rate. LNMMA had no effect on the
relationship between flow rate and intestinal oxygen uptake
(Fig. 4).

Phenylephrine (10- 6 M) also caused significant intestinal
vasoconstr iction, but its effect was not contingent upon flow
rate. Instead, this agent induced a simple vertica l shift of the
resistance-flow rate curve upward throughout the entire range
of flows examined (Fig. 3). This effect was also evident by the
similarity of the regression lines which describe the relation
ship between resistance and flow for phenylephrine and control
data: for phenylephrine data, resistance = 1.33 - 0.003{flow},
? = 0.61, p < 0.0001; for control data from the phenylephrine
group , resistance = 1.06 - 0.002{flow}, rZ = 0.68, p <
0.0001. Separate regression analysis on data collected above
and below the baseline flow rate demonstrated similar slopes
for all equations. Unlike LNMMA, phenylephrine caused a
downward shift in the flow rate-oxygen uptake curve at all flow
rates; however, the qualitat ive relationship between these vari
ables was not affected by phenylephrine (Fig. 5).

Table 1. Hemodynamic and oxygenation data before and during LNMMA infusion within in vitro gut loops f rom 3-d-old swine, perfused
under controlled pressure conditions (CP) or controlled flow (CF) conditions

Arterial pressure (mm Hg)
Blood flow (mUmin/100 g)
Resistance (mm Hg/mU min/100 g)
(a-v)0 2 (mM 02/L)
Oxygen uptake (mM 0 2/min/100 g)

Mean ± SEM, n = 6 for all observations.
, p < 0.01 vs control.

CP

70 :': 1
101 :':3

0.71 :': 0.04
1.14 :': 0.06

11.33 :': 0.32

Control

CF

75 :': 2
100 :': 2

0.75:': 0.04
1.14 ± 0.06

11.39 ± 0.29

CP

94 ± 2*
100 ± 3

0.95 :': 0.07*
1.14 ± 0.11

11.23 :': 0.25

LNMMA

CF

97:': 3'
100 ± 3

0.97 :': 0.06'
1.14 ± 0.07

11.22 ± 0.21
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Table 2. Hemodynamic and oxygenation data before and during phenylephrine infusion within in vitro gut loops from 3-d-old swine,
perfused under controlled pressure conditions (CP) or controlledfiow (CF) conditions

CP

Arterial pressure (mm Hg)
Blood flow (mUmin/100 g)
Resistance (mm HgimUmin/100 g)
(a-v)Oz (mM OzlL)
Oxygen uptake (mM Oz/min/100 g)

Mean ± SEM, n = 5 for all observations.
* p < 0.01 vs control.

CF

71 ± 1
100 ± 2

0.70 ± 0.06
1.14 ± 0.06

11.31 ± 0.28

Control

CP

75 ± 1
100 ± 3

0.76 ± 0.04
1.05 ± 0.06

11.65 ± 0.40

Phenylephrine

CF

95 ± 2*
101 ± 2

0.95 ± 0.06*
0.96 ± 0.04*

10.01 ± 0.26*

CF

98 ± 2*
100 ± 3

0.98 ± 0.07*
0.94 ± 0.06*
9.56 ± 0.18*
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B = baseline flow rate
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Figure 2. The relationship between blood flow and vascular resistance in blood-perfused in vitro gut loops from 3-d-old swine before and during LNMMA
infusion (10- 4 M). Control data are shown as closed circles, whereas data collected during LNMMA infusion are shown as open circles. The f statistic for the
2-way ANaYA was p = 0.0213. Post hoc t tests were carried out within control and LNMMA data sets against baseline (B). and also between control and
LNMMA data sets at each flow rate. Data are given as mean ± SEM, n = 6 for all observations, *p < 0.01 vs B; tp < 0.01 vs control.

A representative tracing from a buffer-perfused mesenteric
artery experiment is shown in Figure 6. A slight reduction in
tension of the precontracted bioassay vessel was noted when
suffusion with effluent from the mesenteric artery was initiated.
Thereafter, increasing the luminal perfusion rate from 10 to 25
mlzmin caused a significant reduction in bioassay vessel tone.
Note that the pressure within the perfusion circuit remained
very low during the entire experiment and that pressure did not
significantly rise when perfusion flow rate was increased. This
stability occurred because no obstruction to buffer outflow was
offered in the effluent arm of the perfusion circuit. Combined
data are shown in Figure 7. Significant relaxation of the
bioassay ring was noted when flow rate was increased from 10
to 25 mlzrnin in control segments. Addition of indomethacin
(10-5 M) had no effect on this response. However, addition of
LNMMA (10-4 M) significantly attenuated dilation of the
bioassay ring.

DISCUSSION

Flow-mediated dilation was clearly evident within the intes
tinal circulation of 3-d-old swine as vascular resistance de
creased with each step increase in flow rate. This phenomenon
was noted throughout the entire range of flows studied, a range
which encompassed flows well below and above the baseline
flow rate characteristic of newborn swine intestine. It was
equally clear that the mechanism responsible for flow-mediated
dilation was different at high and low flow rates, inasmuch as
the qualitative effect of NO synthesis blockade was quite
different above and below the baseline flow rate.

Vasodilation noted in response to increments of flow above
the baseline flow rate were most likely mediated by NO
inasmuch as infusion of an arginine analogue replaced dilation
with significant vasoconstriction. The blocking agent used,
LNMMA, exerts its vascular effect by disruption of NO syn
thesis, as evidenced by the reversal of this effect by co-infusion
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Figure 3. The relationship between blood flow and vascular resistance in blood perfused in vitro gut loops from 3-d-old swine before and during phenylephrine
infusion (10- 6 M). Control data are shown as closed circles, whereas data collected during phenylephrine infusion are shown as open circles. Thef statistic for
the 2-way ANOYA was not significant (p = 0.2756), so that the effect of flow rate on vascular resistance was not contingent on phenylephrine infusion. However,
regression analysis of resistance vs flow rate was highly significant for both control and phenylephrine data sets (see text); furthermore, the within group main
effects for flow rate from the 2-way ANaYA were also highly significant (p < 0.0001). Simple 'l-way ANaYA were therefore conducted separately on control
and phenylephrine data sets to determine which data points were different from baseline; these points are delineated by an asterisk.
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Figure 4. The relationship between blood flow and oxygen uptake in blood-perfused in vitro gut loops from 3-d-old swine before and during LN MMA infusion
(10- 4 M) . Control data are shown as open circles, whereas data collected during LNMM A infusion are shown as closed circles. The f statistic for the 2-way
ANaYA was not significant (p = 0.6604), so that the effect of flow rate on oxygen uptake was not contingent upon the presence of LNMMA. However, the
within group main effects for flow rate from the 2-way ANOYA were highly significant (p < 0.0001). Simple l- way ANaYA were therefore conducted
separately on control and LNMMA data sets to determine which data points were different from baseline; these points are delineated by an asterisk.

of t -argmme (9, 10). It might be argued that the effect of
LNMMA was also contingent, in part, on the generalized
increase in vascular tone that this agent induced, inasmuch as
the interaction between flow and pressure can be dependent on
the basal tone of the vessel (11). This potential confounding
variable was clarified by the phenylephrine studies. Phenyleph
rine increased baseline vascu lar tone to a similar degree as
LNMMA, but, unlike LNMMA, its effect on resistance was not

dependent on flow rate. Phenylephrine is a pure acagonist
which has no effect on NO synthesis or half-life at the con
centration applied in this experiment (9). Thus, the effect of
LNMMA at flows above the baseline rate were contingent
upon its effect on NO production , not on its effect on vascular
tone per se. The potential role of NO was also confirmed by the
bioassay experiments. Mesenteric artery segments released a
transmissib le vasodilator in response to a 150% increase in
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the 2-way ANOVA was not significant (p = 0.0904) , so that the effect of flow rate on oxygen uptake was not contingent upon the presence of phenylephrin e.
However, the within group main effects for flow rate from the 2-way ANOVA were highly significant (p < 0.0001). Simple I-way ANOVA were therefore
conducted separately on control and phenylephrine data sets to determine which data points were different from baselin e; these points are delineated by an
asterisk.

6

E
4

c
0
'iii

2c
GI

tl-

t0

PE Move

30
'2

I20
.§.
:= 100
u::: t

0 Flow

Cl
::I:
E 2min.s

20:J
/I)

10/I)
Gl.. 0a.

Figure 6. A duplication of a portion of the strip chart recording from a buffer-per fused mesenteric artery experiment. Phenylephrine was added to the buffers
at the site marked PE; the bioassay vessel was moved into the mesenteric artery effluent at the site marked move; luminal perfusion rate delivered to the mesenteric
artery segment was increased from 10 to 25 mUmin at the site marked fiow.

flow rate; furthermore, this effect was blocked by LNMMA,
but not by indomethacin. Although most reports of flow
induced dilation suggest mediation by NO (3, 12, 13), some
have reported a role for endothelium-der ived eicosanoids (4).
Cyclooxygenase products did not appear to mediate this phe
nomenon in newborn intestine.

The mechanis m(s) responsib le for dilation in response to
step-increases in flow at rates below the baseline flow rate are

less obvious. Neither NO production or resting vascular tone
played a significant role in this process as evidenced by the
effects of LNMMA or phenylephrine; thus, these agents caused
an upward shift of the resistance flow rate curve, without
altering the qualitative relationship between these variables.
What other factors might have been operative? It is difficult to
implicate intrinsic metabolic vascular regulatio n in this pro
cess. The metabolic theory of local vascular control predicts
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Figure 7. The effect of luminal perfusion rate delivered to the mesenteric artery segment on tension in the phenylephrine-precontracted, deendothelialized
carotid artery ring (bioassay vessel). Data are expressed as percent relaxation from precontraction tension. Mean :r SEM, n = 7 for all observations; "p < 0.01
vs 10; p < 0.01 vs 0% change; tp < 0.01 vs control.

vasodilation in response to flow or pressure reduction when
tissue oxygenation is compromise d (14, 15). Based on the
flow-oxygen uptake curves generated herein, the metabolic
theory would predict maximal vasodilation when tissue oxy
genation was compromised, i.e. at the two lowest flow rates.
This predicted pattern is opposite that demonstrated experi
mentally; thus, the intestine demonstrated progressive vasodi
lation with each step increase in flow rate, even when these
increments had no effect on tissue oxygenation. It is also
difficult to implicate intrinsic myogenic vascular regulation.
The myogenic theory predicts vasoconstriction in response to
an increase in intravascular pressure (16), possibly mediated by
stretch-regulated ion channels in vascular smooth muscle (17).
Again, this predicted behavior was opposite that noted exper
imentally: vasodilation, rather than vasocons triction, was noted
as flow rate, and thus intravascular pressures were increased
under control conditions. In this context, it is interesting to note
that administration of LNMMA may have unmasked a myo
genic-based vasoconstriction in response to step-increases rates
above baseline, as dilation was replaced by constriction during
LNMMA infusion. This balance between myogenic-induced
vasoconstriction and NO-mediated, flow-induced vasodilation
has been recognized in other circulations (18).

Could reduction in the intensity of intrinsic vascular con
strictor mechanisms explain the progressive vasodilation noted
after each step-increase in flow at rates below the baseline flow
rate? Two candidates for this role are angiotensin and endo
thelin. Local (i.e. endothelial) production of these peptides has
been demonstrated in the mesenteric circulations of other
species (19, 20). More importantly, endothelial production of
angiotensin II and endothelin increases during local ischemia
and also when NO production is decreased; furthermore, the
constrictor effect of these peptides on vascular smooth muscle
is inversely related to the local concentration of NO (20- 23).
This interaction may serve to quickly and dramatically reduce

flow to specific circulations in the presence of systemic car
diovascular instability and so contribute to rapid restoration of
cardiac output and systemic perfusion pressure (23, 24). Might
a similar process -occur in newborn intestine? Clearly, the
present data offer only the opportunity for speculation. The
newborn intestinal vasculature demonstrated very pronounced
vasodilation in response to the initial step increases in flow
rate, well beyond that which might be anticipated based on
passive dilation of a relatively collapsed (i.e., blood volume
depleted, ischemic) circulation (9, 10). It is feasible that part of
this pronounced early vasodilation might represent reduction of
constrictor peptide production and action, modulated by the
increase in flow rate. This circumstance might explain the
relative tendency of the newborn intestinal vasculature to
constrict in response a reduction in flow rate or pressure (8), as
well as the pronounced vasodi lation noted herein during the
early step increases in flow rate.

Several limitations to data interpretation deserve mention.
First, the phenomenon of flow-induced dilation actually ap
pears to be mediated by the stimulus of wall shear stress (4, 6).
Shear stress is a tangential force exerted on the vessel wall
derived by the friction of flowing blood against the stationary
endothelium. In its most simplified version, shear stress is
given by the equation: T = 4 JLQ/7T? , where T is shear stress,
JL is viscosity, Q is flow rate, and r is vessel radius. Vasodi
lation increases vessel radius, and so restores shear stress. The
experimental design of the present study precluded measure
ment of vessel radius and so did not allow calculation of wall
shear stress. Althoug h it is quite certain that augmentation of
flow rate increased shear stress, the actual magnitude of this
increase is not known; this deficiency precludes estimation of
the gain between stimulus (i.e. , shear stress) and response (i.e.,
dilation). Second, the present data provide no insight as to the
site within the intestinal circulation where flow-induced dila
tion occurs, that is, the macrocirculation within the mesentery



FLOW-INDU CED DILATION IN NEWBORN GUT 791

versus the microcirculation within the wall of the intestine.
Such inform ation might suggest possible interactions between
flow-induced dilation and other vascular effectors that regulate
intestinal vasc ular tone. Third, the buffer perfusion studies
were not carr ied out in de-endothelialized mesenteric artery
segments. Attenuation of bioassay vessel relaxation after treat
ment with LNMMA strongly suggests a role for NO, which
would most likely be endothelium-derived under the present
experimental conditions. Absolute confirmation of the endo
thelial role in this process would requi re observations within an
endothelium-denuded mesenteric artery preparation. Attempts
to create such a circumstance proved unsuccessful , possibly
because of the multiple ligated branch points present on the
mesenteric artery segments. Removal of the endothelium prox
imal to the ligation ties could not be successfully accomplished
without causing excessive damage to the vessel. Finally, it is
possible that the bioassay vessel dilation noted after augmen
tation of flow rate was consequent to a "washout" of dilator
from the mesenteric artery . This action seems unlikely, how
ever, for two reasons. First, the bioassay vessel dilation was
eliminated by LNMMA, an agent whose sole vascular effect is
mediated by its action on NO synthesis (9, 10). Second , NO is
not stored after its production, but rather is immediately re
leased; furthermore, its half-life is very brief, being measured
in seconds (24, 25).

The presence of flow-induced dilation in the newborn intes
tinal circulation may be of physiologic relevance from the
perspective of splanchnic oxygen transport. The rate of oxygen
uptake by 3-d-old gut is nearly twice that noted during later
postnatal life. To maintain this increased rate of oxyge n uptake
the newborn intestine relies heavily on a brisk rate of blood
flow, and thus oxygen delivery; indeed, the oxygen delivery
:uptake ratio is actually higher and (a-v)Oz lower in newborn
intestine (8). These circumstances assure a generous capillar y
Poz within newborn intestine (8), which in turn has two
important consequences: first, it assures an adequate driving
force for oxygen diffusion from capillary-to-cell within the
intestine (15); second, it facilitates increased oxygen delivery
to the liver, inasmuch as portal venous Po; is relatively high
(26) . This entire circumstance is contingent upon preservation
of a very low vascular resistance in newborn intestin e. In this
context, the relationship between flow rate and endothelial NO
production in newborn intestine might represent a specific
vasc ular adaptation inasmuch as it would participate in main
tenance of gut vascular conductance during transition from
fetal to neonatal life, a time when the oxygen demand of the
intestine is enormous. If this speculation is correct, then factors
which disrupt endothelial cell funct ion (e.g. cytokines such as

tumor necrosis factor or platelet-activating factor, bacterial
toxins, and the ischemia-reperfusion cycle) could significantly
impair intestinal perfusion by attenuating an important mech
anism of flow control.
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