
cies. At stations 5 and 6 the deficiencies 
were especially pronounced, reaching 
values nearly 10 dpm per 100 liters lower 
than parent 2 2 6 ~ a  activities. Radon defi- 
ciencies at stations 7 and 8 were rnea- 
sured after the main front had passed and 
were smaller, although considerably 
deeper, than at stations 5 and 6. 

Radon depletions found on the west- 
central Florida shelf resembled or ex- 
ceeded the most intense radon degassing 
reported by the GEOSECS expeditions 
(13). At 29 GEOSECS stations in the 
Atlantic and Pacific, the maximum depth 
of radon depletion was 50 to 90 m; the 
west-central Florida shelf had depletions 
at depths of 50 to 95 m. However, maxi- 
mum GEOSECS radon deficiencies were 
about -6 dpm per 100 liters, whereas the 
west-central Florida shelf showed sub- 
stantially greater radon depletions. But 
the percentage depletions of 2 2 2 ~ n  below 
equilibrium with its parent 2 2 6 ~ a  were 
reasonably similar for the two data sets. 
Using values from Table 2, we found that 
the maximum percentage depletions at 
stations 5 through 8 were 24 to 50 per- 
cent, which fall in the middle of the 
GEOSECS range for maximum percent- 
age radom depletion: 10 to 70 percent 
(average value, 29 percent). 

To be certain of the cause of the high 
radon degassing on the west-central 
Florida shelf, one would need more hy- 
drographic and circulation data than are 
currently available. However, it is quite 
reasonable to suggest that the storm 
front encountered on the March cruise 
played an important role by enhancing 
turbulence, gas exchange, or the sinking 
of radon-deficient surface waters. Since 
the standing crops of 2 2 2 ~ n  on the west- 
central Florida shelf are much larger 
than reported elsewhere in the ocean, it 
is also possible that storms across the 
shelf produce a larger transport of radon 
to the atmosphere per unit area of sea 
surface than found elsewhere. 

KENT A. FANNING 
JABE A. BRELAND I1 

ROBERT H. BYRNE 
Department of Marine Science, 
University of South Florida, 
St. Petersburg 33701 
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Cytoplasmic Calcium in the Mediation of Macula Densa 
Tubulo-Glomerular Feedback Responses 

Abstract. Within each nephron of the mammalian kidney, a feedback mechanism 
operating between the macula densa segment of the distal tubule and the afSerent 
arteriole participates in the regulation of glomerular $filtration rate. Retrograde 
microperfusion studies in rats were conducted to test the hypothesis that activation 
of macula densa cytoplasmic calcium is involved in the transmission of feedback 
signals to the vascular elements. Pe$usion into distal tubules with a hypotonic 
solution (70 milliosmolar) elicited moderate decreases in glomerular pressure of 6 i= 
0.8 millimeters of mercury. With the addition of a calcium ionophore (A23187) 
glomerular pressure decreased by 16 k 1 .I millimeters of mercury. When a solution 
devoid of calcium but containing A23187 was used, the feedback response was 
inhibited. Thus, cytoplasmic calcium within the receptor cells may participate in the 
transmission of feedback signals to the contractile cells. 

In each nephron of the mammalian 
kidney, the macula densa segment of the 
distal tubule is in close proximity with 
the vascular elements of its own glomer- 
ulus. One intrinsic system regulating re- 
nal vascular resistance at the level of the 
single nephron involves an interaction 
between these structures. This mecha- 
nism has been termed tubulo-glomerular 
feedback. It is generally considered that 
the macula densa cells of the distal tu- 
bule detect changes in tubular fluid com- 
position and then transmit signals to the 
glomerular vasculature causing changes 
in vascular tone (1). 

In the tubular fluid flowing by the 
macula densa cells, the concentration of 
sodium chloride (NaCl) and the total 
solute concentration (osmolality) are 
usually about one-third of the plasma 
concentrations. As the rate of flow 
through the loop of Henle increases, the 
NaCl concentration and osmolality also 
increase (2). The macula densa cells ap- 
pear to be responsive to flow-related 
alterations in the concentration of tubu- 
lar fluid and, by effecting alterations in 
the glomerular filtration, participate in 
the regulation of fluid flow along the 
nephron. Thus, in response to extrinsic 
situations that cause increases in glomer- 
ular filtration rate (GFR), the fluid flow 
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rate and tubular fluid electrolyte concen- 
trations at the macula densa increase, 
thereby leading to feedback-mediated in- 
creases in afferent arteriolar resistance 
and a return of GFR toward normal. 

There is some controversy regarding 
the specific constituent of the tubular 
fluid that is sensed by the receptor sys- 
tem. Our studies have indicated that the 
feedback receptor mechanism does not 
have a specific requirement for either 
sodium or chloride concentration and 
that the receptor system may be respon- 
sive to the osmolality of the tubular fluid 
(3). However, other investigators (4) 
have suggested that chloride concentra- 
tion is important. 

The sequence of cellular events that 
transmit the signal from the luminal re- 
ceptor system across the macula densa 
cells and through the extraglomerular 
mesangial cells to the vascular contrac- 
tile elements remains unknown. We rea- 
soned that one means for the transduc- 
tion of signals by the macula densa cells 
might involve an alteration in the con- 
centration of an intracellular messenger 
system. Since previous studies have es- 
tablished the importance of cytoplasmic 
calcium as a coupling agent in many 
stimulus-response mechanisms (5) ,  we 
considered the proposal that intracellular 
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calcium participates in the transmission 
of macula densa feedback signals. 

For these studies the calcium iono- 
phore A23187 was introduced into the 
tubular lumen, specifically to increase 
the receptor cell luminal membrane per- 
meability to calcium (6). Although the 
calcium activity within the macula densa 
cells has not been measured, presumably 
it is within the range of ~ o - ~ M  to ~ o - ~ M  
that has been reported for other cells (7). 
The A23187 was introduced by retro- 
grade perfusion into an early distal tu- 
bule with a solution also containing calci- 
um (4 meqlliter) to ensure substantial 
entry of Ca2+ into the macula densa 
cells. To the extent that intracellular 
ca2+ constitutes an intermediary step in 
the transmission of feedback signals, we 
predicted that elevations in intracellular 
Ca2+ would augment the tubulo-glomer- 
ular feedback responses observed during 
perfusion with a solution that normally 
produces only minimal responses. 

Experiments were performed on anes- 
thetized rats prepared for microperfu- 
sion studies. The left kidney was placed 
in a plastic cup and tubular segments 
were visualized through a binocular mi- 
croscope. A solid immobile wax cast was 
inserted into a middle proximal tubule 
segment and the intratubular pressure 
from an early proximal tubule of the 
same nephron was measured with a mi- 
cropressure servo-null system (Fig. l). 
Once the tubule had been blocked with 
wax, intratubular pressure increased for 
1 to 2 minutes until an equilibrium was 
reached between the pressure in the 
glomerular capillaries and the intratubu- 
lar stop flow pressure (SFP). Under 
these conditions, changes in SFP are a 
direct reflection of changes in glomerular 
capillary pressure. A second wax block 
was placed in a late distal tubule segment 
of the same nephron and an oil-contain- 
ing pipette used to collect tubular fluid 
was positioned in a late proximal tubular 
segment downstream from the wax 
block. After measuring SFP in the ab- 
sence of microperfusion, we inserted a 
pipette containing the perfusion solution 
into the earliest accessible surface distal 
tubular segment and perfusion was initi- 
ated at 15 nllmin. The fluid appearing in 
the late proximal tubular segment was 
aspirated with the collection pipette in 
order to allow uninterrupted flow 
through the perfused segment. Perfusion 
was maintained for 2 to 5 minutes and 
SFP was averaged over this period. Sub- 
sequently we withdrew the perfusion pi- 
pette, thus terminating the perfusion so 
that SFP could be evaluated for recov- 
ery. 

Although the direction of perfusion in 
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Wax blocking Collection 
Pressure pipette pipette pipette 

Fig. 1. Diagram of a nephron illustrating the in 
vivo microperfusion technique. Only proxi- 
mal and distal tubules are present on the 
surface of the rat kidney and can be punctured 
with micropipettes. By insertion of wax in the 
middle proximal and late distal tubular seg- 
ments, it is possible to obtain solid immobile 
blocks for the duration of the microperfusion 
procedure. Pressure in the upstream tubular 
segment is measured with a micropressure 
system (Instrumentation for Physiology and 
Medicine, San Diego) and the signal recorded 
on a polygraph (Grass Instruments). The early 
distal tubule is perfused with the use of a 
variable speed microperfusion pump (built by 
Walter Klotz, Munich, West Germany) capa- 
ble of accurate delivery of fluid in the nano- 
liter range. 
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these experiments is opposite to the nor- 
mal flow of fluid along the nephron, the 
retrograde microperfusion technique has 
the advantage of the perfusion site being 
very close to the macula densa area, thus 
minimizing changes in the composition 
of the perfusate reaching the receptor 
site. The perfusion solutions tested 
were: (i) an isotonic NaCl solution (290 
mOsm/kg), (ii) a hypotonic solution with 
a low amount of NaCl and an osmolality 
of 70 mOsm/kg, (iii) the hypotonic solu- 
tion with the addition of 5 x ~ o - ~ M  
A23187 calcium ionophore (8), .and (iv) 
the hypotonic solution with 5 x ~ o - ~ M  
A23187 but containing no calcium. The 
first three solutions contained 4 meq of 
Ca2+ per liter. The statistical signifi- 
cance of the differences obtained be- 
tween groups was analyzed with the un- 
paired t-test. 

Figure 2A shows that with the isotonic 
NaCl solution (top panel) SFP decreased 
by 12 mmHg upon initiation of distal 
nephron perfusion. In contrast, during 
perfusion with the hypotonic solution (70 
mOsm1kg) (middle panel) the feedback 
mediated decrease in SFP was only 5 
mmHg. However, when the hypotonic 
solution included A23187 (bottom panel), 
the magnitude of the feedback mediated 
decrease in SFP was markedly en- 
hanced; in this particular nephron, SFP 

B Hypotonic 
lsotonic Hypotonic solutlon 
solutlon solutlon wlth A23187 

Fig. 2. (A) Examples of feedback-mediated decreases in stop flow pressure (SFP) obtained 
during perfusion with the isotonic solution, hypotonic solution, and hypotonic solution 
containing A23187. The SFP values measured before initiation of perfusion were similar. 
Perfusion was stopped by removal of the pipette, and in each tubule SFP returned to the 
previous control values. (B) The average decreases in SFP obtained with the solutions 
indicated. For each tubule, the decrease in SFP was calculated as the difference between the 
control value and the SFP value obtained during perfusion. The decrease in SFP obtained with 
A23187 (N = 17 tubules) was significantly greater than that obtained with the hypotonic 
solution (N = 13) or with the isotonic solution (N = 9). The decrease in SFP in tubules 
perfused with the isotonic solution was significantly greater than the decrease in the tubules 
perfused with the hypotonic solution. 



decreased by 20 mmHg. Figure 2B pre- 
sents the average decreases in SFP ob- 
tained during retrograde perfusion with 
these three solutions. During perfusion 
with the isotonic solution SFP decreased 
from 39 2 1.2 to 27 + 1.1 mmHg. The 
hypotonic solution elicited decreases in 
SFP from 42 + 1.2 to only 36 + 1.1 
mmHg. With the hypotonic solution con- 
taining A23 187, SFP decreased from 
41 & 0.7 to 25 + 1.1 mmHg. The aver- 
age decrease in SFP obtained when the 
calcium ionophore was present was sig- 
nificantly greater than the average SFP 
feedback responses obtained with either 
the hypotonic solution alone or with the 
isotonic NaCl solution. In all cases, the 
responses were reversible upon termina- 
tion of perfusion, and SFP returned to 
36 2 1.1 mmHg in the isotonic solution 
series, 42 + 1.1 mmHg in the hypotonic 
solution series, and 40 + 1.1 mmHg in 
the A23187 series. 

The return of SFP to preinfusion levels 
after perfusion with the hypotonic solu- 
tion containing A23 187 is important 
since it indicates that the reduction in 
SFP cannot be attributed to nonspecific 
cellular damage caused by A23187 and 
high intracellular Ca2+ concentration. 
Also, the same pattern of SFP feedback 
responses could be demonstrated by re- 
peatedly perfusing the same nephron two 

to four times. This suggests that A23187 
was not causing cell damage and that the 
functional integrity of the feedback 
mechanism was being maintained over 
periods of 15 to 30 minutes. 

The ionophore A23187 not only en- 
hances cell membrane permeability to 
calcium but can also lead to alterations in 
the transport of other ions (9). To deter- 
mine if the accentuation of SFP respons- 
es was due to a specific calcium mediat- 
ed effect, we evaluated feedback re- 
sponses during perfusion with the hypo- 
tonic solution containing A23187 but in 
the absence of calcium. Control SFP 
averaged 39 + 0.6 mmHg, and during 
perfusion SFP decreased to only 34 + 
1.5 mmHg (N = 14 tubules). In one half 
of the tubules tested, SFP did not change 
in response to perfusion or decreased by 
only 1 to 2 mmHg. These results are thus 
consistent with the view that the large 
decrease in SFP during perfusion with 
the solution containing A23 187 and calci- 
um is associated with the cellular entry 
of calcium and is not due to some non- 
specific effect. 

Cytoplasmic calcium controls or regu- 
lates many cellular processes. In certain 
systems, intracellular calcium functions 
as an intracellular messenger system, 
serving as a link between a specific 
extracellular or plasma membrane stimu- 

step 1: 

Flow re la ted  alterations in 
luminal fluid concentration 

Step 2: 
Activation of 
cytoplasmic Ca2' 
system 

Step 3: 
Ca2+ mediated 
stlmuius-respons 

coupling to  
ef fector  system 

Fig. 3. Composite drawing of the macula densa juxtaglomerular apparatus reconstructed from 
electron micrographs (13,14). The space at the top of the illustration represents the lumen of the 
distal tubule. Below the lumen there are three layers of cells. The first is a single layer of macula 
densa cells. Below that are several layers of extraglomerular mesangial cells. Adjacent is the 
afferent arteriole with its lumen. The four general steps involved in the transmission offeedback 
signals from the tubular epithelial cells to the contractile elements are described in the text. 

lus and a cellular effector mechanism 
(10). Our studies suggest that the macula 
densa intracellular calcium receptor sys- 
tem may be another example of this type 
of mechanism. Activation of the effector 
mechanism, as assessed by changes in 
SFP, presumably resulted from an 
A23187 mediated influx of Ca2+ into the 
macula densa cells. The elevation in 
macula densa cytoplasmic Ca2+ could 
have been responsible for the transmis- 
sion of signals to the mesangial or 
smooth muscle cells leading to the large 
decreases in SFP. With the termination 
of perfusion, SFP returned to preinfu- 
sion levels. During this part of the proce- 
dure we observed the collapse of the 
distal tubular lumen which resulted from 
the continued absorption of fluid after 
cessation of perfusion. The absence of 
additional reabsorbate probably led to a 
reduction in calcium influx, and intracel- 
Mar Ca2+ returned toward normal levels 
by means of the intracellular Ca2+ regu- 
latory mechanisms (11). 

Although these experiments support 
the suggestion that changes in intracellu- 
lar Ca2+ may be important in mediating 
macula densa feedback responses, it is 
unlikely that normal feedback responses 
to changes in tubular fluid concentration 
actually require influx of Ca2+ into the 
macula densa cells. Previous microper- 
fusion studies have shown that isotonic 
solutions devoid of Ca2+ are capable of 
producing normal feedback responses 
(12). Thus, it seems likely that increases 
in luminal fluid concentration directly 
elicit alterations in the level of cytoplas- 
mic Ca2+ without necessitating the entry 
of calcium from the luminal fluid. 

Figure 3 shows that four general steps 
are postulated to occur during the trans- 
mission of feedback signals. Under this 
scheme, alterations in the cytoplasmic 
calcium of the recepter cell (step 2) serve 
to link changes in distal tubular solute 
concentration (step 1) to the 'vascular 
contractile response (step 4). This pro- 
cess also includes a ca2+ mediated stim- 
ulus-response coupling between the re- 
ceptor cells and the vascular contractile 
elements (step 3). However, the nature 
of this signal transmission step which 
involves passage through the extraglo- 
merular mesangial cell layer remains un- 
known. 

There are several potential mecha- 
nisms for the coupling of changes in 
tubular fluid concentration to changes in 
cytoplasmic calcium concentration. It is 
possible that changes in luminal fluid 
concentration could alter cellular fluid 
volume which in turn might affect 
changes in cytoplasmic calcium concen- 
tration. However, it is equally possible 
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that changes in membrane electrical po- 
tential difference or changes in the trans- 
port of specific ions into the receptor 
cells might serve a similar function in 
influencing the level of intracellular cal- 
cium. The present studies do not provide 
sufficient information to distinguish be- 
tween these various alternative mecha- 
nisms. Nevertheless, our results indicate 
that the activity of the intracellular calci- 
um system of the recepter cell serves a 
critical role in coupling the events occur- 
ring within the distal tubular lumen with 
the resultant alterations in glomerular 
vascular resistances. 
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Neutrophil Activation Monitored by Flow Cytometry: 
Stimulation by Phorbol Diester Is an All-or-None Event 

Abstract. The population dynamics of single-cell stimulation was analyzed by 
monitoring autoJZuorescence by flow cytometvy. Stimulation of the respiratory burst 
in human neutrophils by 12-0-tetradecanoyl phorbol-13-acetate (TPA) caused a 
decline in highly fluorescent cells (characteristic of resting neutrophils) and a 
corresponding increase in the number of weakly jhorescent cells (characteristic of 
activated neutrophils). Increasing concentrations of TPA caused increasing numbers 
of cells to shift from the highly fluorescent population to the weakly fluorescent 
population without the appearance of intermediate populations. Thus the neutrophil 
respiratory burst, a component of neutrophil cytotoxic response, is triggered in an 
all-or none fashion. 

Phagocytosis of foreign bodies by 
macrophages and neutrophils is associat- 
ed with a respiratory burst of superoxide 
( 0 2 7  production because of the activa- 
tion of a membrane-bound pyridine nu- 
cleotide oxidase. Superoxide, or subse- 
quently formed "active oxygen" species 
such as hydrogen peroxide, hydroxyl 
radicals, and possibly singlet oxygen, 
participate in the oxidative cytotoxic 
mechanisms of these cells. These oxida- 
tive mechanisms are used by phagocytic 
cells to kill foreign organisms [for re- 
view, see (1-3)]. The formation and re- 
lease of 0 2 -  from activated immunologic 
cells also appears to play a role in the 
pathology of autoimmune and arthritic 
diseases (4). For these reasons, the 
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mechanism and control of this response 
have been the subjects of intense investi- 
gation. 

Triggering of the respiratory burst 
does not require phagocytosis since sur- 
faces that are coated with immunoglob- 
ulin (3 (IgG) and that do not undergo 
phagocytosis trigger the response (5). 
The response is also triggered by certain 
soluble agents such as chemotactic pep- 
tides, anionic detergents, calcium iono- 
phore A23 187, concanavalin A, and vari- 
ous phorbol diesters. In general, increas- 
ing concentrations of stimulating sub- 
stances cause an increased mean meta- 
bolic response of a cell population (1-3, 
6). It has not been known whether this is 
due to a dose-dependent increase in the 

metabolic response of all cells, or wheth- 
er individual cells are quantized in com- 
pletely activated or resting modes and 
vary in the concentration of agonist re- 
quired for activation. 

To test whether the metabolic re- 
sponse in neutrophils is quantized, we 
monitored cell autofiuorescence by flow 
cytometry. In principle, any fluores- 
cence change due to metabolic stimula- 
tion could be monitored. We chose exci- 
tation wavelengths in the region of 350 
nm and monitored emission > 425 nm in 
order to observe the decreases in intra- 
cellular reduced pyridine nucleotides 
[NAD(P)H] that have been reported to 
occur after stimulation of the neutrophil 
respiratory burst (7-9). The fluorescence 
of reduced pyridine nucleotides is much 
greater than that of the oxidized species 
and fluorescence changes have previous- 
ly been monitored in intact cells (10). 

As shown in Fig. la,  the fluorescence 
distribution of neutrophils is clearly bi- 
modal (11). Most of the cells belong to 
the highly fluorescent population. The 
fraction of weakly fluorescent cells var- 
ied between neutrophil preparations; in 
some cases, it was less than 0.05, in 
others (see Fig. la) it was as great as 0.3. 
Both cell populations were viable as de- 
termined by analysis of propidium iodide 
exclusion (12). 

Next we added progressively increas- 
ing amounts of the respiratory burst 
stimulator 12-0-tetradecanoyl phorbol- 
13-acetate (TPA) to the cell suspension 
prior to incubation. As shown in Fig. 1, b 
to f, TPA caused a dose-dependent de- 
crease in the population frequency of the 
highly fluorescent cells and a corre- 
sponding increase in the population fre- 
quency of the weakly fluorescent cells. 
This result is consistent with the expect- 
ed decrease in the ratio of reduced to 
oxidized pyridine nucleotides in meta- 
bolically stimulated neutrophils (7-9). 
No decrease in fluorescence was ob- 
served when the cells were incubated 
with TPA at 0°C. The lower fluorescence 
intensity of the stimulated neutrophils 
was similar in magnitude to that of the 
initial variable subpopulation of neutro- 
phils with low fluorescence intensity. 
The presence of weakly fluorescent cells 
in the initial unstimulated neutrophil 
preparation may be due to stimulation of 
a fraction of the neutrophils in vivo or 
during the cell purification procedure. 

Analysis of these results yielded addi- 
tional information about the mechanism 
of stimulation of individual cells. A 
downward shift in fluoresceace intensity 
of the entire neutrophil population as the 
concentration of TPA is increased would 
indicate that higher TPA concentrations 

0036-8075/8210205-0673$01.0010 Copyright 0 1982 AAAS 673 




