
levels of streptozotocin-diabetic rats was not 19. S. Tamura er al., J. Biol. Chem. 259, 6650 hydrostatic pressure head created by the 
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Physiol. 245, H969 (1983). 18 June 1984; accepted 26 December 1984 resulting waveform approximates a 

square wave. The shear stresses are 
comparable to those estimated to be 
present in the circulation (13). 

Flow Effects on Prostacyclin Production by Cultured During an experiment, samples of cir- 
culating medium were drawn every 5 to 

Human Endothelial Cells 30 minutes, and the flow circuit was 
simultaneously replenished with fresh 

Abstract. Endothelial cell functions, such as arachidonic acid metabolism, may be medium to maintain a constant circulat- 
modulated by membrane stresses induced by bloodflow. The production ofprostacy- ing volume of 20 ml. Radioimmunoassay 
clin by primary human endothelial cell cultures subjected to pulsatile and steadyflow for 6-keto-PGF,,, the stable hydrolysis 
shear stress was measured. The onset offlow led to a sudden increase in prostacyclin product of PG12, was performed on each 
production, which decreased to a steady rate within several minutes. The steady- sample in triplicate (14, 15). These con- 
state production rate of cells subjected to pulsatile shear stress was more than twice centrations were used to calculate the 
that of cells exposed to steady shear stress and 16 times greater than that of cells in cumulative production of PG12 with re- 
stationary culture. spect to time (15). At the end of each 

experiment, cells were photographed 
Hemodynamic shear stresses have an cultured cells (11) to well-characterized and counted. 

important role in both the normal physi- shear (Fig. 1). The apparatus consists of The onset of flow led to a sudden 
ology and the pathobiology of the vascu- two reservoirs situated one above the increase in production of PG12, which 
lar endothelium. Morphologic and cyto- other with a parallel-plate flow chamber decreased to a constant rate within sev- 
skeletal changes occur in cultured endo- positioned between them. The flow eral minutes. By means of a Marquardt 
thelial cells subjected to shear stress (1) through the chamber is driven by the nonlinear regression analysis, measure- 
that closely mimic those in vivo (2). 
Furthermore, functional responses to 
shear stress have also been reported, Fig. 1. Schematic dia- 
such as increases in histamine-forming gram of the flow 
capacity (3) and transient increases in chamber, showing the 
fluid endocytosis of cultured endothelial polycarbonate plate, 
cells in response to step changes in shear the rectangular Silas- 

tic gasket, and the 
stress (4). One feature of the endotheli- glass slide with the at- 
um that appears to be readily influenced tached endothelial 
by shear stress is the production of pros- monolayer. These are 
tacyclin (PGI3 (5, 6). PG12 is a potent held together by a 

vasodilator and the most potent endoge- vacuum maintained at 
the periphery of the 

nous inhibitor of platelet aggregation 

f 
slide, forming a chan- 

known (7); thus, it may contribute to the nel of parallel-plate 
nonthrombogenicity of the endothelial geometry. The poly- 

lining of the vessel wall and to the regula- carbonate plate has 
two slits through 

tion of local blood flow. Because PG12 which medium enters 
has a short half-life (3 minutes) and is and exits the channel. 
produced in low amounts by unstimulat- Chart recorder The flow rate is con- 
ed cultured endothelial cells (8, 9), there trolled by either ad- 

is controversy over the concentrations of justing the relative 
distance between the 

circulating PG12 that exist under physio- two reservoirs or via 
logic flow conditions in vivo (10). We a Harvard hemodialy- 
now describe our study of the production sis clamp upstream of 
rates of PG12 in vitro by primary cultured the chamber. The 
human endothelial cells subjected to 

- flow rate is monitored 
pump by an electromagnetic 

steady and pulsatile shear stresses. flow probe. The medium is recirculated from the lower reservoir to the upper reservoir by a 
To simulate the hernodynamic envi- roller pump. The channel depth was 220 Fm, and the area of cells exposed to flow was 16 cm2. 

ronment of the circulation and to exam- The entire circuit was kept at 37'C by an air curtain incubator. The pH was maintained at 
physiologic levels by gassing the medium with a humidified mixture of 95 percent air and 5 ine the effect of various fluid shear percent COz. Medium samples were taken from the lower reservoir, thereby avoiding any 

stresses on the endothelium, we have disturbance of the flow field. The medium residence time in the flow chamber and its tubing for 
developed a flow apparatus to subject the experiments was 15 seconds. 
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Table I. Rates of PG12 production (picograms per 106 cells per minute) by replicate cultures of 
endothelial cells subjected to pulsatile, steady, and near-zero shear stress. Pulsatile shear stress 
had a square waveform (frequency, 1 Hz; range, 12 to 8 dynelcm2). Steady and near-zero shear 
stresses were 10 and 0.016 dynelcm2, respectively. Values are the mean of three experiments 
(k S.E.M.). The steady-state production rate of PG12 was given by parameter D, the peak 
production rate by BC + D, and the production decay constant by C-' (Eq. 2). 

Shear 
stress 

Production rate Decay 
constant 

Steady state Peak (minutes) 

Pulsatile 161 * 56 412 t 155 7.4 t 5.6 
Steady 66 * 18 368 * 120 25.8 t 10.4 
(Ratio)* (2.4) (1.1) (0.28) 
Near-zero 11 * 0.5 

*Ratio of pulsatile and steady shear stress values. 

ments of cumulative production of PG12 
were fitted to a four-parameter equation 
(Eq. 11, 

where PC is the cumulative production of 
PG12, T is time, and A,  B, C, and D are 
the parameters to be determined. By 
taking the time derivative of Eq. 1, a 
smooth expression for the rate of pro- 
duction (P) as a function of time is ob- 
tained (Eq. 2). 

The parameters calculated by the regres- 
sion analysis can be related to the kinet- 
ics of the rate of production. The param- 
eter D represents the steady-state or 

long-term production rate (SSR), and C 
is a measure of the rapidity of decay of 
the initial transient burst in production of 
PG12. Furthermore, the peak production 
rate can be expressed as the rate of 
production at time zero (BC + D). 

The SSR of endothelial cells subjected 
to steady flow was 61 + 8 pg of PG12 per 
lo6 cells per minute [mean r standard 
error of the mean (S.E.M.); n = 111, and 
cells subjected to pulsatile flow pro- 
duced 136 & 26 pg per lo6 cells per min- 
ute (n = 7). The SSR of cells exposed to 
pulsatile shear stress was thus 2.2 times 
greater than that for cells exposed to 
steady shear stress (two-sided Wilcoxon 
test; P < 0.005). To eliminate variations 
due to individual donors and monolayer 

Table 2. Comparison of the steady-state pro- 
duction rates of PG12 (picograms per lo6 cells 
per minute) induced by pulsatile and steady 
shear stress in the same monolayer of endo- 
thelial cells. 

Ex- Shear stress 
peri- Ratio* 
merit Pulsatile Steady 

1 167 80 
2 55 22 
3 283 93 

Mean 168 66 2.5 
S.E.M. 64 16 

*Ratio of pulsatile and steady shear stress values. 

age, we ran a concurrent series of dual 
flow-loop experiments. Identical flow 
loops were assembled, in which one 
monolayer was subjected to steady flow 
and the other to pulsatile flow. Replicate 
cell cultures from the same umbilical 
cord were used, and sampling was done 
simultaneously (Fig. 2). The ratio of the 
mean SSR of endothelial cells subjected 
to pulsatile flow versus that from cells 
exposed to the same average shear stress 
under steady flow was 2.4 (Table 1). The 
ratio of peak production rates (Table 1) 
of pulsatile versus steady shear stress 
was not significantly different from unity 
(1.1). Therefore, the peak production 
rates for steady and pulsatile shear stress 
from equal mean flow were essentially 
the same. For comparison of the effects 
of steady and pulsatile shear stress on 
the same cell monolayer, cells were first 
exposed to steady flow for 2 hours and 
then to pulsatile flow for 4 hours (Fig. 3). 
Pulsatile flow was introduced by turning 
on the flow oscillator without stopping 
the flow. The ratio of the SSR during 
pulsatile flow to that during steady flow 
was 2.5 (Table 2). 

The rate of basal release of PG12 from 
human umbilical vein endothelial cells 
under quiescent culture conditions was 
10 pg per 106 cells per minute. In experi- 
ments designed to control the conditions 
in the flow chamber, cell monolayers in 
the chamber were perfused at a near- 
zero shear stress (0.016 dyne/cm2) and 
produced 11 * 0.5 pg of PG12 per lo6 
cells per minute. 

Comparison of the light micrographs 
of the cell cultures before and after each 
experiment revealed no significant 
changes in cell number or morphology. 

. . - . . -. . - . . -. . - . . -. . -. . -. . -. . - . . -. . - . . 
0 . 0 1 . "  . . " 8  T ime (minutes)  ~urthermore, continuous video micros- 

0.0 100 200 300 400 
Fig. 2 (left). (A) The composite cumulative copy and time-lapse recording during 

Time (minutes) production profiles (nanograms of PG12 per experiments did not indicate any visible 
lo6 cells) of replicate cultures subjected to pulsatile (-), steady (- - -), and near-zero (- . . -) cellular alterations during flow for these 
flow. The curves were constructed from the averaged parameters given in Table I .  (B) The relatively short exposure times. Ibupro- 
composite rate of production of PGI, (nanograms per lo6 cells per minute) by cells subjected to fen (250 ,,m was used to inhibit cy- 
pulsatile, steady, and near-zero flow. Fig. 3 (right). (A) The cumulative production of PG12 
(nanograms per 106 cells) by cells subjected for 2 hours to steady flow and then to pulsatile flow cloOxygenation of arachidonic acid 'and 
(see experiment 2 in Table 2). (B) The rate of production of PG12 (nanograms per lo6 cells per prevented PGI2 production induced by 
minute). either steady or pulsatile flow. 
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A possible interpretation of the pro- 
files for the production rates is that the 
onset (or the cessation) of flow and its 
subsequent continuation stimulate the 
cells by two independent mechanisms. 
This is best seen qualitatively in the 
expression for the production rate (Eq. 
2). The first term represents a transient 
decay in production after the initial per- 
turbation, with the rapidity of decrease 
determined by the time constant C - I .  

The step change in shear stress at the 
onset of flow may represent an acute 
stimulation in which cell response atten- 
uates within several minutes. The sec- 
ond term (D)  represents a constant pro- 
duction rate that dominates at long times 
(large values of CT). The continuation of 
flow provides a continuous stimulus, the 
degree of which is a function of the 
qualitative nature and possibly the mag- 
nitude of the flow. This may explain why 
the peak production rates for the two 
flow profiles with identical mean shear 
stresses were the same yet led to differ- 
ent steady-state rates. 

Using a nonrecirculating flow system, 
Grabowski et al. (5) found that cultured 
bovine aortic endothelial cells subjected 
to a step change in steady shear stress 
responded with a burst in the PG12 pro- 
duction rate that decayed within min- 
utes. Furthermore, the peak production 
rate was a function of the magnitude of 
the step change in the shear stress (5). 
These findings are consistent with our 
data. 

Our results suggest that production of 
PG12 by the vascular endothelium under 
physiologic flow conditions may be sig- 
nificantly higher than that reported in 
studies based on cells cultured under 
stationary conditions (9). Furthermore, 
the lower concentrations of PGIz report- 
ed for veins relative to arteries may be 
due to the relative lack of pulsatile flow 
and the lower shear stress in veins. Our 
findings provide further evidence that 
the qualitative nature of blood flow may 
have a controlling role in endothelial cell 
function. 
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Xylem-Tapping Mistletoes: Water or Nutrient Parasites? 

Abstract. Most mistletoes parasitize higher plants by tapping the xylem (a 
conduction tissue) of their hosts. Field observations of diurnal gas exchange 
parameters and carbon isotope ratios in xylem-tapping mistletoes from three 
continents support the hypotheses that water use eficiency and carbon isotope 
composition are related and that mistletoes which are parasitic for water are also 
nutrient parasites, differing in their water use eficiency relative to that of their hosts 
on the basis of host nitrogen supply in the transpiration stream. 

Mistletoes are obligate epiphytic para- 
sites of higher plant species (1). While a 
few mistletoes derive substantial nutri- 
tional benefits by connecting directly to 
the host's phloem tissues, most mistle- 
toes tap only the xylem tissues and de- 
rive no nutritional benefit from their 
hosts other than the small amounts of 
organic carbon and nutrients carried in 
the transpiration stream (1-3). 

While much is known about the anato- 
my and systematics of xylem-tapping 
mistletoes (1, 3, 4), less is known about 
their carbon, water, and nutrient rela- 
tions (3), and several unusual physiologi- 
cal features of mistletoes have not been 
adequately explained (5). One such fea- 
ture is that mistletoe leaves tend to have 
transpiration rates several times higher 
than those of their hosts (1, 3, 5, 6). 
Another is that they accumulate large 
amounts of calcium, potassium, and 

phosphorus and smaller amounts of ni- 
trogen (1, 3, 5, 9. This holds true for 
autoparasitic mistletoes as well (8). Be- 
cause xylem-tapping mistletoes exhibit 
high species diversity in arid and semiar- 
id regions of the world (I), it is possible 
that this type of parasitism evolved prin- 
cipally as a means of water acquisition in 

'water-limited habitats. However, many 
of these regions are also extremely nutri- 
ent-poor, and xylem-tapping parasitism 
may have evolved principally as a means 
of nutrient acquisition. 

In this report we provide evidence, 
from many xylem-tapping mistletoe spe- 
cies at different global locations, that 
supports the hypothesis of Schulze et al. 
( 3 ,  namely that the unusually high tran- 
spiration rates of these mistletoes are in 
part a mechanism to acquire nitrogen, 
the nutrient potentially most limiting to 
their growth. To do this we compared 
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