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ABSTRACT Lucifer Yellow CH (LY) is an excellent probe for fluid-phase pinocytosis. It accu- 
mulates within the macrophage vacuolar system, is not degraded, and is not toxic at concen- 
trations of 6.0 mg/ml. Its uptake is inhibited at 0°C. 

Thioglycollate-elicited mouse peritoneal macrophages were found to exhibit curvilinear 
uptake kinetics of LY. Upon addition of LY to the medium, there was a brief period of very 
rapid cellular accumulation of the dye (1,400 ng of LY]mg protein per h at 1 mg/ml LY). This 
rate of accumulation most closely approximates the rate of fluid influx by pinocytosis. Within 
60 rain, the rate of LY accumulation slowed to a steady-state rate of 250 ng/mg protein per h 
which then continued for up to 18 h. Pulse-chase experiments revealed that the reduced rate 
of accumulation under steady-state conditions was due to efflux of LY. Only 20% of LY taken 
into the cells was retained; the remainder was released back into the medium. Efflux has two 
components, rapid and slow; each can be characterized kinetically as a first-order reaction. 
The kinetics are similar to those described by Besterman et al. (Besterman, J. M., J. A. Airhart, 
R. C. Woodworth, and R. B. Low, 1981, J. Cell Biol. 91:716-727) who interpret fluid-phase 
pinocytosis as involving at least two compartments, one small, rapidly turning over compart- 
ment and another apparently larger one which fills and empties slowly. 

To search for processes that control intracellular fluid traffic, we studied pinocytosis after 
treatment of macrophages with horseradish peroxidase (HRP) or with the tumor promoter 
phorbol myristate acetate (PMA). HRP, often used as a marker for fluid-phase pinocytosis, was 
observed to stimulate the rate of LY accumulation in macrophages. PMA caused an immediate 
four- to sevenfold increase in the rate of LY accumulation. Both HRP and PMA increased LY 
accumulation by stimulating influx and reducing the percentage of internalized fluid that is 
rapidly recycled. A greater proportion of endocytosed fluid passes into the slowly emptying 
compartment (presumed lysosomes). These experiments demonstrate that because of the 
considerable efflux by cells, measurement of marker accumulation inaccurately estimates the 
rate of fluid pinocytosis. Moreover, pinocytic flow of water and solutes through cytoplasm is 
subject to regulation at points beyond the formation of pinosomes. 

It is established that fluid-phase pinocytosis occurs by the 
interiorization of  plasma membrane as vesicles. The fluid 
trapped in these vesicles, or pinosomes, is delivered to lyso- 
somes. Several types of  mammalian cells are capable of inter- 
nalizing a large volume of  medium by this method. Steinman 
et al. (14) have calculated that murine resident peritoneal 
macrophages internalize the equivalent of  their own cell sur- 

face area in pinosomal membrane every 33 min and 25% of 
their own volume in fluid per hour. Since this considerable 
influx is a continuous process, and since cells such as macro- 
phages maintain fairly constant dimensions, there must be 
some return flow. Internalized membrane and protein recep- 
tors therein have been shown to return to the cell surface, 
presumably in vesicle form (16). Pinocytosed fluid presents a 
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different problem. The continuous gulping of medium brings 
into the cytoplasm not only nutritive solutes but also Na +, 
which most metazoan cells work hard to keep outside. Excre- 
tion of these ions could occur either in vesicle form by 
returning pinosomes to the cell surface or by ion-pumping 
across lysosomal or plasma membranes. The contributions of 
these alternative pathways to the regulation of water balance 
and net flow of solutes in cells have not been determined. 

Fluid-phase pinocytosis is usually studied by measuring the 
cellular accumulation of a soluble and impermeant probe. 
Steinman and Cohn (15) used horseradish peroxidase (HRP) 1 
as a fluid-phase marker in flbroblasts and peritoneal macro- 
phages. They found that accumulation is linear for several 
hours and that there is no appreciable exocytosis. It has since 
been shown that cells containing surface mannose-receptors 
pinocytose HRP by adsorptive mechanisms (6), and a large 
percentage of HRP uptake by thioglycollate-elicited mouse 
peritoneal macrophages (thio-macrophages) is via these recep- 
tors (18). Therefore, uptake of HRP reflects both adsorptive 
and fluid-phase pinocytosis in these cells. 

Besterman et al. (4) used [14C]sucrose as a probe for pino- 
cytosis. They found accumulation to be nonlinear, with a 
considerable effiux of [~4C]sucrose and fluid from cells. Using 
kinetic evidence they proposed that accumulation is the sum 
of several processes, which include the filling of two different 
compartments and exocytosis from both. 

In this paper we examine the regulation of pinocytic flow 
through cytoplasm and try to resolve apparent contradictions 
between the results of Steinman and Cohn (l 5) and Besterman 
et at. (4). Are the kinetics of probe accumulation linear or 
curvilinear? 

Miller et al. (8) used Lucifer Yellow (LY) to label lysosomes 
and suggested that it reaches those organelles by pinocytosis. 
Here we describe LY as a probe for fluid-phase pinocytosis 
and use it to analyze the constitutive pinocytic flow into and 
through cells. We show that accumulation is curvilinear dur- 
ing the first hour of uptake, then linear thereafter. Further- 
more, we find that accumulation misrepresents pinocytic rate, 
as a considerable effiux of fluid and solutes accompanies 
pinocytosis. Finally, we examine the effects of HRP or the 
tumor promoter phorbol myristate acetate (PMA) on LY 
influx and effiux. 

medium per Costar well for various periods of time. Dishes were drained and 
then immersed sequentially, first in two l-liter volumes of PD with I mg/ml 
BSA, then in two l-liter volumes of PD, all at 4"C. The wells were drained 
again, and 0.50 ml Triton X-100 (0.05%) was added to each well to lyse cells. 
Adherent cellular debris was scraped from wells with a rubber policeman. 

To measure fluorescence, 0.35 m] of lysate was brought to 1.60 ml in 0.05% 
Triton X-100 containing 0.1 mg/ml BSA (Triton/BSA). Fluorescence was 
measured on a Perkin-Elmer MPF-44A fluorescence spectrophotometer (Per- 
kin-Elmer Corp., Norwalk, CT) with excitation at 430 nm (bandwidth = l0 
nm) and emmission at 540 nm (bandwidth = 18 nm). Standard curves of LY 
were prepared in Triton/BSA and were found to be linear from 0.1 to 100 ng/ 
ml and could resolve 0.05 ng LY. (Since LY binds to glass, it was necessary to 
prepare standard curves using plasticware and medium containing 0.1 mg/ml 
BSA.) 

Protein was determined using the method of Lowry et al. (7). As Triton 
caused a flocculent precipitate to form in the samples used for protein deter- 
mination, we centrifuged samples (300 g)before reading at 750 nm. Protein 
standards were prepared in 0.025% Triton from BSA stock (l mg/ml) and 
similarly spun before reading. 

Uptake was calculated for each well as nanograms of LY per milligram of 
protein. Each time point was done in duplicate or triplicate and expressed as 
the mean _+ SD. The apparent fluorescence of lysate from cells unexposed to 
LY was subtracted from other fluorescence values to determine the cell- 
associated fluorescence of LY. 

Pulse-Chase Experiments: To measure rates ofeffiux, cellsin Costar 
wells were incubated in LY for various times and washed in PD/BSA and PD 
as described above. 0.25 ml of cold MIOF (plus 10 mM HEPES, pH 7.2) was 
added to each well, and the cells were then incubated at 37"C for a "chase" 
period. Each time point of chase required a separate dish of cells. At the end of 
the chase period MIOF was aspirated from the wells, the dish was rinsed once 
more in ice-cold PD, and the cells were lysed in 0.50 ml Triton X-100 (0.05%). 

Microscopy: Cells were plated at 37"C onto 12-mm-diam circular 
coverslips (7.5 × l04 cells per coverslip), rinsed, and cultured similarly to those 
in Costar wells. Macrophages were incubated for various periods with 1 mg/ml 
LY in M IOF, rinsed with cold PD, then observed either living or after fixation 
with 3.7% formaldehyde in PD. Fixed cells were rinsed with PD, mounted in 
glycerol, and immediately examined with a 100x oil-immersion lens in a Zeiss 
Photomicroscope III equipped with fluorescence optics (fluorescein filter set). 
Cells were photographed using Tri-X film (ASA set for 3200). 

Other Methods: Chromatography was carried out using Sephadex G- 
25 (Pharmacia Inc., Piscataway, N J; fine grade) in a 20-cm column (bed volume 
= 7 ml). Cell viability was measured with 0.1% trypan blue in PD. HRP was 
measured using H202 and o-dianisidine according to Steinman and Cohn (15) 
and Sung et al. 08).  PMA was dissolved in dimethylsulfoxide at a stock 
concentration of 0.3 mg/ml and was added to cells at a final concentration of 
l0 ng/ml in M IOF. Phorbol dibutyrate was dissolved in dimethylsulfoxide at 3 
mg/ml and was added to cells at 500 ng/ml. HRP, LY, and PMA were 
purchased from Sigma Chemical Co. (St. Louis, MO). 

RESULTS 

MATERIALS AND METHODS 

Cells: Female, white mice (ICR, Trudeau Institute, Saranac Lake, NY; 
or NCS. The Rockefeller University) were injected with thioglycollate broth 4 
d before harvest. Mice were killed by CO~ asphyxiation. Their peritoneal cavities 
were rinsed with 5 ml cold, divalent cation-free, phosphate-buffered saline (PD); 
then the cells suspended in this PD were washed twice by centrifugation. 6-8 
x l0 s peritoneal cells in 1 ml of Eagle's minimum essential medium with 10% 
heat-inactivated fetal bovine serum (M 10F) were plated into each well of 24- 
well Costar dishes (Costar, Data Packaging, Cambridge, MA). After 2 h at 37"C, 
dishes were washed with cold PD to remove nonadherent cells. 1 ml of MIOF 
was added to each well, and these cultures were maintained at 37°C in a 5% 
CO2 atmosphere. Experiments were carried out 18-24 h after harvest of 
peritoneal cells. 

Measurement of Pinocytosis: Lucifer Yellow CH (reference 17) 
was dissolved in M 10F at 0.1-1.0 mg/ml (usually 0.5 mg/ml) and then filtered 
just before the experiment. Cells were incubated with 0.45 ml LY-containing 

Abbreviations used in this paper: LY, Lucifer  Ye l low  CH;  H R P ,  
horserad ish  peroxidase ;  PMA,  pho rbo l  myr i s t a t e  acetate;  PD, d iva l en t  
ca t ion-f ree  pbospha te -buf fe red  sal ine,  M 1 OF, m i n i m u m  essent ia l  me-  
d i u m  wi th  10% hea t - inac t iva ted  fetal b o v i n e  se rum;  th io -macro -  
phages,  th ioglycol la te -e l ic i ted  m o u s e  pe r i tonea l  macrophages .  

Thioglycollate-elicited mouse peritoneal macrophages (thio- 
macrophages) in medium that contained LY continually ac- 
cumulated the fluorescent probe. The rate of accumulation 
was initially rapid but after 60 min reached a slower, steady- 
state rate that remained constant thereafter (250 _+ 43 ng/mg 
protein per h at 1.0 mg/ml; Fig. 1A). Longer incubations in 
LY revealed that the steady-state rate could continue for 18 
h, after which accumulation was reduced (Fig. l B). Very little 
uptake occured at 0*C. Metabolic inhibitors such as KCN and 
2-deoxyglucose slowed but did not stop accumulation (Fig. 
1A). 

LY was not toxic to the macrophages. More than 95% of 
cells incubated for 6 h in medium containing 6 mg/ml LY or 
for 72 h in medium with 0.3 mg/ml LY excluded trypan blue, 
and there was no change in their morphology as observed by 
phase-contrast microscopy. 

Cells pulsed 5 min with LY, washed, fixed with formalde- 
hyde, and then observed by fluorescence microscopy exhibited 
punctate fluorescence near the cell periphery (Fig. 2A). Longer 
incubations (60-120 min) yielded additional fluorescence in 
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FIGURE 1 (A) Pinocytosis of LY by thio-macrophages. Ceils were 
incubated in 0.3 mg/ml LY in M10F for various times. O, 37°C; A, 
37°C with 50 mM 2-deoxyglucose and 1 mM KCN; O, 0°C. (B) 
Long time-course o f  pinocytosis. Cells were incubated in 0.3 mg/ 
ml LY for the indicated times, washed, and lysed. 

larger vacuoles, presumably the inclusions characteristic of 
thio-macrophages (Figs. 2, B and C). When live cells were 
examined after long incubations, the fluorescent compart- 
ments often appeared string-like or tubular. Addition of fix- 
ative caused fragmentation of the tubules into punctate vesi- 
cles. Cells pulsed for one hour and chased for two before 
fixation exhibited a noticeable reduction in the finely partic- 
ulate peripheral fluorescence with little change in the fluores- 
cence of the larger LY-containing vacuoles. The LY was 
always in discrete compartments, and there was no indication 
of LY diffusion into the cytoplasm. 

Uptake Is Not Adsorptive 
Accumulation was directly proportional to the probe con- 

centration; cells in 1.0 mg/ml LY accumulated l0 times as 
much as cells in 0.1 mg/ml LY (Fig. 3). This observation, 
coupled with the observed cessation of uptake at 0*C, sug- 
gested that there was no adsorptive component to uptake. 
When LY (l mg/ml) was added to cells and immediately 
removed (0-time incubation), very little LY remained cell 
associated (< l0 ng LY/mg protein). 

To test whether LY uptake reflects binding to some serum 
component that might enter by adsorptive pinocytosis, we 
measured pinocytosis in the presence of various concentra- 
tions of fetal bovine serum. Cells incubated in serum-free 
Eagle's minimum essential medium plus LY exhibited the 
same biphasic uptake as cells in 5, 10, or 20% serum, with 
the same initial rate of uptake (Fig. 4). Steady-state rates of 
accumulation increased slightly as the serum concentration 
was increased (Fig. 4). To determine whether LY remained 
bound to cell protein after endocytosis, cells incubated for 3 
h in Eagle's minimum essential medium with 1 mg/ml LY 
were washed, then lysed in Triton X-100, and that lysate was 
analyzed by Sephadex G-25 gel permeation chromatography 
at pH 5.0. 900 ng of LY were accumulated per milligram of 
cell protein, and of that, 8% was associated with high molec- 
ular weight material. Thus, since (a) the rate of fluid uptake 
was independent of the concentration of LY in the medium, 
(b) kinetics of accumulation were similar at different serum 
concentrations, and (c) there was little binding of LY to large 
molecules from cell lysates, we conclude that LY is a fluid 
marker. 

L Y Is Not Degraded 

The apparent biphasic kinetics of uptake could reflect deg- 
radation of the LY. To examine this possibility, we measured 

FIGURE 2 Fluorescence images of LY inside thio-macrophages 
(fixed cells). (A) 5-rain pulse of 1.0 mg/ml LY. (B) 60-rain pulse. (C) 
60-min pulse + 120-rain chase, x 100. 

the stability of the probe's fluorescence following various 
periods of intracellular residence. Macrophages were incu- 
bated in LY, washed, and then reincubated in PBS + BSA 
for various periods of time (chase periods). The chase medium 
was collected, and the cells were rinsed with two more vol- 
umes of isotonic saline. The chase medium and rinses were 
pooled, and the fluorescence was measured. In addition, the 
cells attached to the dish were lysed in Triton X-100 as 
described, and the dish-bound fluorescence was measured. 
Although dish-bound LY declined with reincubation time, 
the total amount of LY (dish-bound plus chase medium) 
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FIGURE 3 (A) Concentration dependence of uptake. Thio-macro- 
phages were incubated in LY for the times indicated, l ,  0.1; ©, 0.3; 
i ,  0.5; E3, 0.8; &, 1.0 mg/ml LY in M10F. (B) Linear rates of 
accumulation vs. LY concentration. Rates were calculated by linear 
regression of the uptake curve from 60 to 180 min. Plots of nano- 
grams LY per milligram protein vs. LY concentration for each loading 
time also yielded straight lines that passed through the origin (not 
shown). 
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FIGURE 4 Effect of serum on LY uptake. Incubations contained 0.5 
mg/ml LY and Eagle's minimum essential medium with various 
serum concentrations: l ,  O; ©, 5; I I ,  10, and [], 20% serum. 

remained unchanged. Thus, as measured by fluorescence 
yield, LY was not degraded over this 5-h chase period (Fig. 
5). 

Exocytosis 
To measure exocytosis, cells were incubated for various 

times in LY-containing M10F, washed at 0*C, reincubated in 
LY-free MIOF (plus 10 mM HEPES, pH 7.2) for various 
times, washed again, and lysed. Fluorescence of  the lysate 
represents cell-associated LY. Exocytosis o f  LY exhibited 
biphasic kinetics: regardless of  loading time (pulse), there was 
an immediate and rapid release upon return to 37"C in chase 
medium (Fig. 6). In addition to the rapid exocytosis there was 
a slower egress, which only became apparent in chases of  60 
min or longer. The longer the loading time, the greater the 
amount of  LY that left the cell during a given chase period. 
The release could be blocked by incubation at 0*C (data not 
shown). 

When rates of  efflux were measured after various loading 
times, we found that as the rate of  accumulation declined 
toward steady state, the rate of  exocytosis increased. The 
actual rate of  pinocytosis could be estimated for any time 
point on the accumulation curve by adding the initial rate of  
efflux to the slope of  the accumulation curve (Fig. 6). By such 
calculations it is evident that although initial accumulation 
was curvilinear, the rate of  internalization (uptake plus efflux) 
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FIGURE 5 Efflux of LY from macrophages. Cells incubated for 12 
h in 0.3 mg/ml LY in M10F were washed at 0°C, then reincubated 
for the indicated times in 0.50 ml PBS (+ 0.1 mg/ml BSA). At the 
end of that period, chase medium was collected and two rinses of 
cold PD (0.55 ml each) were added and then saved. Chase medium 
and rinses were pooled and their fluorescence was measured (0, 
medium). Cells remaining on the dish were lysed in Triton X-100 
and this dish-associated fluorescence was measured (O, dish- 
bound). II, total (medium fluorescence plus dish-bound fluores- 
cence). 
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FIGURE 6 Pulse-chase measurements of LY uptake and release 
from thio-macrophages. Efflux was measured after various periods 
of incubation of thio-macrophages with 1.0 mg/ml LY. The initial 
rate of uptake was estimated as the tangent to the uptake curve at 
time 0 (line i). Subsequent rates of influx (e.g., line t) were calculated 
for various pulse times by addition of the rate of efflux (the tangent 
of the efflux curve at the start of each chase, line e) to the slope of 
the accumulation curve (line a). The solid line equals accumulation 
with no chase, dotted lines equal efflux, measured as amount 
remaining in cells. The values obtained by these methods are shown 
in Table I (control). 

was nearly constant (Table I). When accumulation became 
linear, 80% of  the internalized LY was returning to the 
medium (Table II, control). The cells accumulated 220 ng 
LY/mg protein per h (at 1.0 mg/ml  LY), but internalized the 
dye at 1,200 ng/mg protein per h (Fig. 6). Assuming there are 
5 × 10 6 cells/rag protein, this converts to an actual pinocytic 
rate of  240 r/cel l  per h. 

The amount of  LY that left the cells during any chase 
period was directly proportional to the concentration of  LY 
used during loading and thus reflects a fluid flow. Fig. 7A 



TABtE I TAmE II 

Effect of PMA on Rates of Fluid Influx and Efflux* Effect of HRP on Rates of Fluid Influx and Efflux* 

Accumula-  
Cond i t ion  Pulse t ion* Efflux* Total* 

Cont ro l  

PMA 

min 

0 1,650 0 1,650 
5 820 470 1,300 

15 460 630 1,090 
30 360 700 1,060 
60 280 820 1,100 

120 220 980 1,200 
0 3,200 0 3,200 
5 1,600 570 2,170 

15 950 1,100 2,150 
30 890 860 1,750 
60 930 1,060 1,990 

120 930 920 1,850 

* Rates of uptake and efflux of 1 mg/ml LY in M10F. Calculations are from 
curves shown in Figs. 6 and 11. 

* The rates reported for accumulation and efflux are the tangents to the 
respective curves (line a and line e) at the times indicated. (The values for 
total are from line t.) For instance, the rate of accumulation of LY at 15 min 
in control cells is the slope of the tangent to the solid line in Fig. 6 at the 
15-min point. Similarly the rate of efflux at this time is the slope of the 
tangent to the dotted line in Fig. 6 at the 15-min point. We have expressed 
slopes as nanograms LY per milligram protein per hour. 

shows the efflux from cells loaded 120 min with various 
concentrations of LY. The curves become superimposable 
when replotted as percentage of internalized LY remaining in 
cells (Fig. 7B). 

The kinetics of uptake and of exocytosis we observe with 
LY are similar to those observed by Besterman et al. (4), using 
[~4C]sucrose as a probe. Interpreting their data by compart- 
mental analysis, they described pinocytosis as the sum of two 
rates of uptake and two first-order rates of emptying. One 
kinetically defined compartment (compartment 1) is of rela- 
tively small volume, fills rapidly by pinocytosis, and rapidly 
returns a large portion of its contents to the medium by 
exocytosis. The remainder passes on to a second compart- 
ment, one which is apparently larger, fills more slowly, and 
returns fluid to the medium slowly. Besterman et al. (4) 
described a method of curve-peeling to analyze the two rates 
of efflux. When the percent of internalized probe remaining 
in cells is plotted on a log scale as in Fig. 7B, the slow rate of 
efflux is described by a straight line. The y-intercept of that 
line indicates the percentage of probe at the beginning of the 
chase that will ~exit at the slow rate (compartment 2). The 
remainder is the percentage of probe at the beginning of the 
chase that will exit rapidly (compartment 1). (If there were 
only one first-order rate of exocytosis, the y-intercept would 
be 100%.) Using these curve-peeling methods (4) we have 
calculated the approximate volume of the first compartment 
(48 fl/cell) and its half-time of emptying (t~/2 = 6 min). We 
infer from our data that the first compartment has reached 
steady state by 60 min and that the subsequent linear accu- 
mulation of LY by the cells reflects only the net accumulation 
of the dye in the second compartment. 

Effect of HRP on Pinocytosis of LY 
In contrast to the kinetics observed with LY, initial accu- 

mulation of HRP by thio-macrophages is linear (reference 15 
and Fig. 8A). A portion of the HRP uptake is adsorptive, as 
thio-macrophages contain mannose receptors at their surfaces 
and HRP contains mannose residues (13, 18). We used LY 

Accumula-  
Cond i t ion  Pulse t ion* Efflux* Total* 

Cont ro l  

HRP 

min 

0 2,200 0 2,200 
30 560 1,100 1,660 
60 340 1,160 1,500 

120 230 1,020 1,250 
240 230 1,050 1,280 
360 230 1,330 1,560 

0 3,200 0 3,200 
30 1,700 1,540 3,240 
60 800 1,620 2,420 

120 440 1,760 2,200 

* Rates of uptake and efflux of 1 mg/ml LY in M10F. Calculations are from 
curves shown in Fig. 9. (accumulation, line a; efflux, line e; total, line t.) 
Rates were determined as shown in Fig. 6. 

* Nanograms LY per milligram protein per hour. 

to examine the effects of HRP as a ligand on fluid influx and 
efflux. LY accumulation was immediately stimulated by the 
presence of HRP in the medium. Early LY accumulation was 
linear (Fig. 9). With longer incubations (___3 h) the rate of 
accumulation decreased. 

To be sure that the observed stimulation was of fluid uptake 
and not due to LY adsorption to HRP, we examined the 
HRP-stimulated accumulation of LY in the presence or ab- 
sence of 10 mg/ml mannan. Mannan competitively inhibits 
adsorptive uptake of HRP and reduces the rate of HRP 
accumulation by 40% (reference 21 and Fig. 8A). However, 
the presence of mannan had little effect on the HRP-stimu- 
lated accumulation of LY (Fig. 8B). We also examined di- 
rectly the binding of LY to HRP by analyzing a mixture of 
LY and HRP by gel permeation chromatography. From an 
initial mix of 0.1 mg/ml LY and 1.0 mg/ml HRP, <1 mol of 
LY (457 mol wt) per 400 mol HRP (40,000 mol wt) separated 
with the high molecular weight fraction (HRP). This same 
mixture of LY and HRP enters cells by pinocytosis at a molar 
ratio of 8.5:1 (LY/HRP). Thus the binding of LY to HRP 
cannot account for the enhanced uptake of the dye in the 
presence of this protein. 

Pulse-chase measurements of LY pinocytosis were carried 
out in the presence and absence of 1.0 mg/ml HRP (Fig. 9). 
Total pinocytic rate, calculated as in Fig. 6, was increased by 
HRP 1.67-fold, from 1,650 _+ 350 to 2,760 _+ 460 ng LY/mg 
protein per h. The rate of efflux was stimulated as well (1,090 
_+ 60 ng LY/mg protein per h increased 1.50-fold to 1,640 + 
90 ng LY/mg protein per h). Because the changes in rates of 
influx and efflux were disproportionate, the rate of accumu- 
lation increased more than did the rate of pinocytosis (Table 
II). 

Stimulation of Pinocytosis by PMA 
The tumor promoter PMA induces a two- to fourfold 

increase in accumulation of HRP by thio-macrophages. Con- 
geners without tumor-promoting activity do not stimulate 
HRP uptake in these cells (11). This increase in HRP uptake 
reflects enhanced fluid-phase and not adsorptive pinocytosis 
(18). For this reason, we examined the effect of PMA on LY 
uptake. Fig. 10 shows that the rate of accumulation of LY 
was stimulated sevenfold immediately upon the addition of 
PMA or its water-soluble congener, phorbol dibutyrate. The 
accumulation rate remained high for several hours (data not 
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FIGURE 7 Efflux of LY 
from thio-macrophages. 
(A) Cells loaded for 120 
min with either 0.3 (O), 0.6 
(1), or 1.0 (I-I) mg/ml LY in 
M10F were washed in the 
cold and then reincubated 
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time. (B) Data for each of 
the three curves shown in 
A are replotted as the per- 
centage of the initial LY (at 
chase time 0 min) remain- 
ing in the cells. For all three 
concentrations, the recal- 
culated points for each 
chase time are superim- 
posable and therefore de- 
scribe the same line. 
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FIGURE 8 Pinocytosis of HRP and LY. (A) Accumulation of HRP 
(1.0 mg/ml) in the presence (O) or absence (0) of 10 mg/ml mannan. 
HRP accumulation appears linear and is inhibited 40% by mannan. 
The presence of LY in these incubations did not affect the accu- 
mulation of HRP (not shown). (B) Accumulation of LY. LY accumu- 
lation is stimulated the same extent with or without mannan in the 
medium. O, 0.5 mg/ml LY, 1.0 mg/ml HRP, 10 mg/ml mannan; 0, 
LY + HRP; A, LY alone. One set of samples was used for both the 
HRP measurement and the LY measurement. 
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shown). When PMA was present throughout the experiment, 
the initial uptake kinetics more nearly approximated a straight 
line from the origin (Fig. l 1). An initial curvilinear uptake 
phase was still measurable. Using the pulse-chase methods 
described above, we dissected this stimulation and found that 
after PMA treatment pinocytosis (the rate of accumulation 
plus the rate of exocytosis) was actually increased only 1.6 
times. However, since the rate of exocytosis was only slightly 
increased, a greater percentage of the pinocytosed LY was 
retained, and the small increase in LY uptake was greatly 
amplified in the accumulation curve (Fig. l0 and Table I). 
Moreover, compartmental analysis of the efflux indicated that 
the amount that emptied rapidly (compartment l) was un- 
changed with PMA treatment. Thus, it was the flow into the 
slow compartment (compartment 2) that was stimulated by 
PMA. 

Cells examined live after pinocytosis of LY in PMA ap- 
peared more spread out on the substrate. The morphology of 
the fluorescent, LY-containing organelles was similar to that 
of unstimulated cells, but the long, tubular organelles were 
more prominent. They often extended from the vicinity of 
the nucleus (or cytocenter) toward the cell periphery as radial 
spokes (Fig. 12). The thinnest edges of the cell were dark. 
Upon addition of fixative (formaldehyde) the tubular organ- 
elles fragmented to form a pattern identical to that described 
for lysosomes by Phaire-Washington et al. (10). (The long 
tubules remained fluorescent after reincubation of cells in 
medium lacking LY, thus suggesting that these organelles 
were part of the slowly emptying compartment.) 

DISCUSSION 

Studies with various soluble probes (1, 9, 14) have defined 
pinocytosis as the linear accumulation of fluid and solutes 
and their irretrievable transit to the lysosomes. The great 
quantities of HRP pinocytosed by macrophages and fibro- 
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FIGURE 10 Phorbol esters immediately stimulate rates of  LY ac- 
cumulation. 10 ng/ml PMA (dotted line) or 500 ng/ml phorbol 
dibutyrate (O) in M10F was added at the time indicated by the 
arrow. Filled circles on the solid line indicate control rate of uptake 
(0.5 mg/ml LY in M10F). 
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FIGURE 11 Pulse-chase measurement of LY pinocytosis in the 
presence (0) or absence (O) of  10 ng/ml PMA. Cells were preincu- 
bated 60 rain in PMA before LY was added. Solid lines indicate 
accumulation with no chase, dotted lines indicate efflux. Values 
obtained are shown in Table I. 

blasts prompted Steinman et al. (14) to suggest a return flow 
of membrane from pinosomes or lysosomes to the cell surface. 
However, if some fluid returns to the surface with recycling 
membrane, uptake kinetics should not be strictly linear from 
the origin. They should instead show rapid accumulation of 
marker at early time points, with subsequent slowing of 
accumulation as membrane recycling carries fluid and marker 
out of the cell. 

Like Besterman et al. (4), we found the initial rate of  
pinocytosis to be curvilinear, rather than linear from the 
origin. We also found that internalized LY exits the cell at 
two rates, rapidly and slowly, both with first-order kinetics. 
From the conclusions of many published morphological stud- 
ies of pinocytosis and from our fluorescence microscopic 
observations of  these cells, we infer that the kinetically de- 
fined, rapidly filling and rapidly emptying compartment in- 
cludes pinocytic vesicles, endosomes, and vesicles destined for 
the plasma membrane (16). By similar logic we identify the 

FIGURE 12 Living thio-macrophages incubated with 10 ng/ml 
PMA. (,4.) Phase-contrast image of 60-rain loading of 1.0 mg/ml LY 
(+ PMA). (B) Same cell as in A, fluorescence image. (C) 60-min load 
of LY (+ PMA), then 120-rain chase (+ PMA). Note the long, linear 
fluorescent organelles, x 100. 

slowly filling, slowly emptying compartment as lysosomes. 
Accumulation of LY is curvilinear because the population of 
pinosomes (compartment 1) is filling and returning a signifi- 
cant proportion of  the internalized medium to the surface 
rapidly, reaching steady state by 60 rain. Meanwhile lyso- 
somes (compartment 2) are filling and emptying more slowly, 
and account for the long, linear accumulation of LY. 

The rate of  probe accumulation by thio-macrophages is a 
poor indicator of  the pinocytic rate. The linear rate of LY 
accumulation at steady state is five times less than the actual 
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rate of influx, largely because so much fluid is leaving the 
cells. Pinocytosis is best measured in the first few minutes of 
uptake or, more elaborately, by adding the rate of efflux to 
the rate of accumulation (Fig. 6). The rate of LY influx as 
measured by this more elaborate method appears slower than 
that measured at initial time. It may be that, because of the 
brief time required at the beginning of the chase period for 
the washed culture dishes to warm from 4* to 37"C, we are 
underestimating the initial rates of effiux. The finding that 
efflux remains constant at all dye concentrations (Fig. 7) 
suggests that LY is not affecting the uptake rate. 

Morphological studies indicate that lysosomes receive fluid 
from pinosomes (1, 14), and there is kinetic evidence to 
support this concept (4). If compartment 2 received its fluid 
from compartment 1, then its rate of filling would depend on 
the efficiency of transfer from compartment 1. If the efficiency 
of transfer of solute from compartment 1 to 2 were increased, 
less fluid would leave the cell by rapid exocytosis and more 
would go to the slowly emptying compartment. The net effect 
would be that as the efficiency of transfer increased, the overall 
rate of accumulation would increase, and the uptake kinetics 
would more nearly describe a straight line from the origin, 
without requiring any change in the rate of internalization 
(pinocytosis). The nearly linear accumulation by PMA-stim- 
ulated thio-macrophages reflects such a change in efficiency 
of transfer, although in that case there is an increase in both 
pinocytic rate and flow to lysosomes. 

Berlin and Oliver (2) used fluorescein isothiocyanate-dex- 
tran as a fluid-phase marker to measure pinocytosis in the 
murine macrophage-like cell line J774.2 and found accumu- 
lation to be linear with incubation time. Using LY, we also 
found linear uptake, but only after an initial period of more 
rapid and curvilinear accumulation. Pulse-chase experiments 
comparing J774.2 with thio-macrophages revealed that J774.2 
cells have a greater rate of accumulation because a greater 
percentage of fluid coming into the cell is retained in lyso- 
somes (i.e., enters compartment 2; data not shown.) 

The compartmental analysis described by Besterman et al. 
(4) provides a useful approach to dissecting the component 
fluxes of pinocytic accumulation. However, we hesitate to use 
these methods to calculate pinocytic rate because of limita- 
tions we have found: (a) The method of curve-peeling, in 
which the rates of exocytosis are used to measure compart- 
ment dimensions, does not accurately estimate the size of 
compartment 1, but rather the size of that portion of the 
compartment that will exit rapidly. The portion of compart- 
ment 1 that moves on to compartment 2 is by such calcula- 
tions included in compartment 2 from the beginning. If the 
efficiency of transfer from compartment 1 to 2 were to 
increase, the apparent size of compartment 1, as measured by 
curve peeling, would shrink, when in fact the real compart- 
ment dimensions may not change at all. (b) If compartment 
2 is lysosomal, then it is likely that probe molecules are 
concentrated therein. Concentration of the probe precludes 
kinetic measurements of compartment size. This then pre- 
vents calculation of a rate constant for slow exocytosis and 
therefore also makes it difficult to quantify the actual rate of 
pinocytosis by compartmental analysis. Because of these dif- 
ficulties, we have instead chosen to estimate pinocytic rate by 
adding the efflux rate to the rate of accumulation. 

In thio-macrophages, HRP altered the kinetics of LY move- 
ment. Accumulation was increased and linear for several 
hours. Upon dissection of the process we found two expla- 
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nations: (a) The total pinocytic rate, the sum of the accumu- 
lation curve and the initial efflux rate, was increased. Part of 
the HRP uptake in these cells is known to be receptor medi- 
ated (6, 18), and this process may increase fluid uptake by the 
formation of more pinosomes. (b) At early time points after 
HRP addition, a smaller percentage of the fluid entering the 
cells returned outside quickly. Receptor-ligand interactions 
involving HRP may direct more pinosomes on to lysosomes 
and fewer back out to the surface, thereby increasing the 
amount of probe retained and straightening the uptake curve. 
In a washout experiment, Steinman and Cohn (15) could 
detect no efflux of HRP from macrophages. We conducted a 
similar experiment, loading thio-macrophages for 3 h with 1 
mg/ml HRP and 1 mg/ml LY, then measuring effiux as in 
Fig. 5. We found that while measurable quantities of LY 
appeared in the chase medium, no comparable efflux of HRP 
was detectable, even after accounting for the rate of enzyme 
degradation (data not shown). Most likely, as Steinman and 
Cohn (15) originally suggested, pinocytosed HRP goes directly 
to lysosomes and is degraded. 

The stereological study of pinocytosis by Steinman et al. 
(14), using HRP as a morphological probe in mouse resident 
macrophages, should be reconsidered in light of the effects of 
HRP reported here. In a simple comparison, making general 
assumptions about pinosome size (surface area = 0.25 #m 2 
and volume = 0.02 # m  3 [141) and cell size (surface area = 
1,000 #m ~ and volume = 450 # m  3 [10]), we find membrane 
and fluid turnover at steady state to be slightly faster than 
that measured by Steinman et al. (14). Thio-macrophages 
internalize the equivalent of their surface area every 20 min 
and their volume every 116 rain. A rigorous comparison will 
require another stereological analysis with a nonadsorptive 
probe. 

PMA dramatically alters pinocytosis by thio-macrophages. 
Accumulation was nearly linear and was four to seven times 
the steady-state rate of accumulation by unstimulated cells. 
An important finding of these studies is that the actual pino- 
cytic rate was stimulated only 1.6 times by PMA. However, 
since the rate of exocytosis changed very little, the net effect 
was a dramatic increase in LY accumulation. This effect is 
shown diagramatically in Fig. 13. Further characterization of 
exocytosis showed that although LY was still leaving the cell 
at two rates, a greater percentage of it was in the slowly 
emptying compartment (compartment 2). It is likely, then, 

FIGURE 13 Accumulation of probe is a misleading indicator of 
pinocytic rate. Circles represent molecules of LY that enter the cell 
by pinocytosis. Open circles indicate LY that exits the cell. Filled 
circles indicate retained LY. (A) At steady state in the unstimulated 
cell, for every 10 molecules of LY that enter per unit t ime (pinocy- 
tosis), 8 leave. The net gain per unit t ime (accumulation) is two. (B) 
At steady state in the PMA-treated cell, the rate of pinocytosis has 
increased 1.6-fold to 16 molecules per unit time. Since the rate of 
exocytosis is unchanged (8 molecules per unit time), then 8 mole- 
cules remain in the cell and the rate of accumulation has increased 
fourfold over control rates. 



that treatment with PMA either changed pinosome sorting 
such that the rapid recycling of fluid decreased and flow to 
lysosomes increased, or stimulated a qualitatively different 
type of pinocytosis which carried fluid straight to the lyso- 
somes. 

Kinetic arguments predict that in a compartment of con- 
stant dimensions that is both filling and emptying, the accu- 
mulation of LY should be curvilinear, eventually reaching 
some capacity. Steinman et at. (14) have shown that the 
lysosomal compartment dimensions remain constant. We and 
others have shown that accumulation of fluid-phase markers 
is linear. How can this apparent paradox be resolved? Bester- 
man et al. (4) suggest that there might be a third compartment, 
receiving fluid from the second and returning none to the 
surface. When we looked at the fluorescence in cells we found 
compartment 2 to be made up of long tubules and many 
small organelles. If recycling lifespans were limited some 
organelles could eventually slow their rates of efflux and 
become permanent compartments. The morphologically de- 
scribed residual bodies (5) would be likely candidates for this 
endstage compartment. The long-term linearity of accumu- 
lation would thus result from a continual supply of new 
lysosomes, each recycling fluid and membrane for a few hours, 
then maturing to a less active, residual organelle with LY 
trapped inside. Alternatively, linear accumulation could sim- 
ply reflect an increase in the dimensions of compartment 2. 
There is a limit to the linear accumulation. As mentioned 
above, accumulation slowed after 18 h in LY. This slowing 
may indicate that compartment 2, whose effiux is very slow 
(hi2 -- 5-8 h), has reached capacity. 

Actual fluid flow through cells may be difficult to measure. 
By the very nature of the investigation, cells must be exposed 
to an unusual encounter with large quantities ofa nondegrad- 
able and impermeant molecule. Concentration of probe into 
lysosomes quite possibly distorts the normal flow into and 
through that compartment. Understanding the process there- 
fore requires both kinetic and morphological studies, and LY 
is a good probe in both regards. 

Our model of fluid-phase pinocytosis, based on the present 
studies and on the published work of others (12, 16), has flow 
into and through cells subject to regulation at several points. 
Most of what comes in goes back out. Internalized fluid either 
leaves quickly or is transferred to lysosomes. This must be a 
critical point for the regulation of traffic, as suggested by 
Besterman et al. (3). Ligation of mannose receptors by HRP 
or treatment with PMA appears to direct more flow to lyso- 
somes. Once there, impermeant solutes not degraded by hy- 
drolytic enzymes must be concentrated. Some return with 
membrane to the surface, possibly in small vesicles (19), while 
most remain within the tysosomes as the organelles mature. 

The re-routing of fluid toward lysosomes brought about by 

ligands or phorbol esters could consequently affect cellular 
salt and water balance. The concentrative mechanisms of 
lysosomes may bring pinocytosed water and Na + into the 
cytosolic space, thus increasing both the flux of water through 
that space and the work of the Na+/K + ATPases in the plasma 
membrane. Since PMA increases flow to (and through) lyso- 
somes, it should in turn increase the ionic load on the cyto- 
plasm. 
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