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A ] 3 S T R A C T  

The  uptake of radioactively labeled albumin, inulin, leucine, and glucose by Acanthamoeba 
castdlanii (Neff strain) was measured. The  uptake is linear with time and appears to be 
continuous under  the conditions of these experiments. Uptake  is abolished at 0°C. No 
evidence for saturation of the uptake mechanism was obtained with either albumin or 
leucine. Each of the four tracer molecules enters the ameba at a similar rate when the 
uptake is calculated as volume of fluid ingested per unit  time. The  data suggest that  each 
of these molecules enters the cell by pinocytosis. The highest rate of uptake was obtained 
with celIs in their usual culture medium containing proteose peptone, glucose, and salts 
but  pinocytosis also continued at a reduced rate in a simple salt solution. The  calculated 
volume of fluid taken in during pinocytosis in culture medium was about 2 /A,/hr per 106 
cells. The  route of uptake was examined m the electron microscope using horseradish per- 
oxidase (HRP) as a tracer. H R P  activity was found exclusively within membrane  profiles 
within the cytoplasm, confirming the pinocytotic mode of uptake. An estimate of the rate 
of surface membrane  turnover due to pinocytosis was made using the biochemical and 
morphological data  obtained. This estimate suggests that the plasma membrane  turnover 
of one cell is on the order of several times an hour. 

I N T R O D U C T I O N  

Weisman and Korn  (29), while studying phago- 
cytosis by the small soil ameba, Acanthamoeba 
castdland, found evidence for a low rate of uptake 
of soluble molecules from the incubation medium 
The  uptake occurred in the presence or absence 
of particle uptake. We have now examined this 
slow uptake of solutes more closely to determine 
its mechanism. We  present here biochemical and 
morphological evidence that  the uptake of five 
quite different soluble molecules occurs by pino- 
cytosis in Acanthamoeba. Pinocytosis goes on con- 
tinuously and appears to be the feeding mecha- 
nism in a culture medium containing no particles. 
The  results further show that  although the total 

volume of medium ingested by pinocytosis is not  
large, the surface to volume ratio of most pino- 

somes is high. As a consequence, pinocytosis 

results in a high rate of surface internalizaUon in 

Acanthamoeba. 

M A T ] ~ R I A L S  A N D  M E T H O D S  

Cell Incubations 

Acanthamoeba castellam~ (Neff strain) was cultured 
axenically in a medmm containing 1.5% proteose 
peptone and 1.5% glucose as described by Korn 
(12). After 5-7 days of growth the cells weie harvested 
by low speed centnfugation and either resuspended in 
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culture medium at a cell concentration of 1 2 X 106 
cells/ml, or washed twice and resuspended in replace- 
ment medium at a concentration of 1.2 X l0 s ceils/ 
ml. Cell concentrations were determined by light 
scattering (28). 10 ml of the ceil suspension, in a 
total volume of 12 ml, were used in each experimental 
flask, giving a final cell concentration of l0 s cells/ml 
Cell protein content as determined by the Lowry 
method (13), using bovine serum albumin as a 
standard, was 0.53 mg/106 ceils. Osmolalities of 
suspending media were determined by freezing- 
point depression with an Advanced Instruments 
Osmometer (Advanced Instruments Inc., Newton 
Highlands, Mass.). 

The amebas were equilibrated for 15 rain on a 
reciprocal shaker (80 strokes/rain) at 30°(3, then the 
radioactive tracer was added and the incubation 
continued for the required length of time Duplicate 
2 ml samples from each flask were pipetted into 10 
ml of ice-cold wash solution (0.1 ~ NaH2PO4, 
Na2HPO4 buffer, pH 6.8) to terminate the incuba- 
tion. For the albumin uptake studies, the wash soIu- 
tion contained I mg/rrfl nonradioactive human 
serum albumin (Sigma Chemical Co,  St. Louis, 
Mo ). The presence or absence of nonradioactive 
inulin or leucine in the wash solutions had no effect on 
the measurement of the uptake of those two molecules 
The cells were washed three times with 5 ml of 
buffer in a refrigerated centrifuge and pelleted. The 
wash solution was removed and the pellet was &s- 
solved in 0.5 nfl NCS solubilizer (Amersham/Searle 
Corp., Arlington Heights, Ill.). The sample was then 
quantitatively transferred to scintillation vials and 
counted in 0.4% 2,5-diphenyloxazole in toluene. 
In the experinaents with albumin-lalI, the 
counts were corrected for the half-life of 131I. 

For collection of 14CO2 , a center well containing 
0.5 mI NCS was suspended from the stopper of the 
incubation flask. The incubation medium was 
acidified with HCI at the end of the incubation period 
to release CO2, and the NCS solution was quantita- 
tively transferred to a counting vial. 

For "zero time" samples, the tracer was mixed 
with the contents of the incubation flask, and dupli- 
cate samples were taken immediately. This procedure 
required about 60 sec. Zero time values for uptake 
were subtracted from the experimental values 

Tracer ~golecules 

Tracer molecules were. human serum albumin-13~I 
(Abbott Laboratories, North Chicago, Ill ), inulin- 
methoxy-3H, uniformly labeled D-glucose-14C, uni- 
formly iabeled L-leueineJ4C, and z-leueine-4,5-aH 
(aIl from New England Nuclear Corp., Boston, 
Mass.). The ablumln was filtered on a Sephadcx G-25 
column (Pharmacia Fine Chemicals Inc ,  Piscataway, 
N. J.) before use to remove unincorporated 131I. 

About 95~0 of the counts were recovered in the void 
volume, and this fraction was used for the experi- 
ments. The conceatration of albumin in the column 
fraction was determined from a standard curve by 
reading the absorption at 280 nm. Inulin counts 
ehromatographed in a single broad peak on Sephadex 
G-50 and were all in the void volume after filtration 
on Sephadex G-15; therefore, the inulin was used 
without purification. Glucose and lcueine were also 
used without further purification. 

Electron Microscopy 

For morphological studms on the uptake of horse- 
radish peroxidase (HRP), amebas were incubated in 
medium containing 1 mg/ml of HRP (type HPOD, 
Worthington Biochemical Corp,  Freehold, N. J.). 
After suitable intervals, the ceils were fixed for 1 hr by 
the addition of 2 vol of 3% glutaraldehyde in 0.1 ~z 
phosphate buffer, pH 6 8 For the demonstration of 
peroxidase activity the fixed cells were rinsed and 
incubated for 15 rain in the medium described by 
Graham and Karnovsky (10), postfixed in 1% OsO4, 
dehydrated in ethanol, and embedded in Epon 812 
(14). As controls, cells exposed to exogenous HRP 
were incubated in the Graham-Karnovsky medium 
containing 0.0I ~ NaCN, and cells not exposed to 
exogenous HRP were incubated in complete mediuin. 
In neither case was activity observed. 

R E S U L T S  

Albumin Uptake 

Pinocytosis was initially tested by using iso- 
topically labeled human  serum albumin as a 
marker for fluid uptake. Cells at a concentration 
of 10s/nil were incubated in culture medium con- 
taining about  0.02 m g / m l  of a l b u m i n J a I  plus 
nonradioactive albumin to make a total concen- 
tration of I mg/ml .  The uptake was examined as a 
function of time and temperature (Fig 1). The 
uptake at 30°C is linear for about  15 rain and 
begins to plateau after 30 rain There is no uptake 
at 0°C, indicating that  the uptake process is not 
simply a physical binding of albumin to the sur- 

face. 
The plateauing of the uptake curve after 30 

rain might  be due to cessation of uptake or to loss 
of label due to excretion of l a I  after metabolism of 
the ingested protein To  distinguish between 
these alternatives a second experiment  was per- 
formed with the results shown in Table I. In  
Experiment  B, cells were preincubated with 4 
m g / m l  of nonradioactive albumin for 15, 30, or 
45 rain and then a trace amount  of a lbumin- laI  
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TABLE I 

Albumm-IalI Uptake by Aeanthamoeba 

l J p t a k e  p e r  10 ~ cells  p e r  15 

r a in  

P r e m c u b a t t o n  m i l e  (rmn) c p m  /~g p r o t e i n  

Exper imen~A* 

None 432 0.04 
15 461 0 04 
30 439 0.04 
45 476 0.05 

Exper iment  B$ 

None 242 0 57 
15 258 0.60 
30 263 0.61 
45 281 0.66 

~0 17 m g / m l  albumin-l~lI  (1.8 X 106 cpm/ml )  
was added after  p re incuba t ion  in cul ture  med ium 
for the indica ted  times and  the uptake was de- 
te rmined after 15 rain. 
:~ Iden tmai  to Exper iment  A, except tha t  a lbumin-  
laiI was added after  p re incuba t ion  in cul ture  
medium conta in ing 4 m g / m l  of nonradioac t ive  
a lbumin.  Both Experiments  A and  B were per- 
formed with the same cell ba tch  

was added and  the uptake  measured over an  
interval  of I5 min. In  a parallel  experiment ,  
Exper iment  A, the cells were p re incuba ted  in 
culture med ium wi thout  the addi t ion of non-  
radmact ive a lbumin.  In  bo th  these experiments,  
the uptake  measured over 15-rain intervals is 
constant  for at  least 60 min.  The  f lat tening of the 
curve in Fig 1 then  can be a t t r ibuted  to loss of 
l a I  f rom the cells ra ther  than  to a d iminut ion  of 
a lbumin  uptake  wi th  t ime This  exper iment  also 
shows tha t  our  incuba t ion  conditions do no t  result  
m any decrease in celi activity over a per iod of an 
hour  

The  loss of isotope from cells was invest igated 
directly after preloading wi th  a l bumin - l a I  or 
mulin-3H for 15 rain. T he  ceils were washed free 
of external  isotope in the cold and  remcuba ted  in 
culture med ium a t  30°C. T h e  results of this ex- 
per iment ,  shown in Fig. 2, suppor t  the idea 
tha t  the prote in  may  be rapidly degraded after 
uptake, wi th  the consequent  loss of I a I  f rom the 
cells. Over  60,07o of the counts were lost f rom al- 
bumin- loaded  cells after 30 rain of remcubat ion ,  
as compared  wi th  only abou t  15% from inul in-  
loaded cells. 

The  uptake  of a lbumin  is near ly  l inear  wi th  

concent ranon ,  at  least to concentra t ions  as h igh  
as 10 m g / m i  (Fig. 3). ~¥e in terpre t  the  break  in 
the curve at  abou t  4 m g / m l  to signify a general  
inhtbi t ion of cellular activity by high concentra-  
tions of a lbumin  ra ther  than  any  sa tura t ion of 
a lbumin  uptake. This  inhibi t ion of uptake  in the 
presence of a lbumin  is also shown in Tab le  I 
Experiments  A and  B were performed wi th  tile 
same ba tch  of ceils and  the med ium conta ined  
identical  amounts  of radloactimty,  bu t  m this 
experiment ,  in the presence of 4 m g / m l  of albu-  
m in  total, uptake  is depressed to abou t  hal f  tha t  
wi th  trace amounts  of a lbumin.  Decrease in up-  
take of o ther  solute molecules in the presence of 
a lbumin  has also been observed, so this canno t  be 
in terpreted as overload of some t ranspor t  mecha-  
n ism specific for a lbumin,  bu t  is related to an  
unidentif ied effect of a lbumin  on cellular acuwty.  
Active t ranspor t  processes, which  are media ted  by  
enzymes, characterist ically show a l i m k m g  rate, 
or saturation,  of t ranspor t  wt th  increasing con- 
centrat ions of substrate The  inabil i ty  to obta in  
sa tura t ion of the uptake  mechan ism in this 
instance is therefore consistent with  a mechan i sm 
of bulk t ranspor t  for this molecule. 

Inulin Uptake 

Inul in ,  a polysaccharide of in te rmedia te  molecu- 
lar  weight  (5000-5500), is in general  no t  enzy- 
mat ical ly  degraded or actively t ranspor ted  by  
cells I t  therefore might  be expected to provide  a 
more convenient  marker  t han  a lbumin  for measur-  
ing uptake  processes in Acanthamoeba 

Experiments  similar to those wi th  a lbumin  were 
performed using inulin-3H as a t racer  molecule. 
Fig. 4 shows tha t  inulin,  like a lbumin ,  is removed 
fi'om the culture m e d i u m  at  a constant  rate.  
~¥e were not  a b l e  to do a meaningful  test of 
uptake  as a funct ion of concent ra t ion  wi th  inul in  
because of its l imited solubility. 

Up take  measurements  were rout inely carr ied 
out  wi th  amebas  in their  cul ture medium.  The  
culture m e d i u m  contains 1.5~o proteose-peptone 
and  1 5~vv 0 glucose as major  components .  The  effect 
of proteins and  amino  acids on s t imulat ing pino-  
cytosis in  the large amebas  has been well docu- 
men ted  (5), and  there is evidence in ano the r  
protozoan,  Tetrahymena, t ha t  proteose-peptone 
solution stimulates vacuole format ion and  fluid 
uptake  (24) In order to rule out  tha t  the proteose- 
peptone  solution migh t  be inducing  pinocytosis 
in Acanthamoeba, inul in  uptake  was measured  
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lqkGURE 1 Uptake of albumin as a function of incubation time and temperature. Cells were incubated as 
described under Methods with human se~arm albumin-t51I (1.9 X 105 cpm/ml). Nom'adioaetive albumin 
was added to obtain a concentration of 1 mg/mI. 

FmVRE ~ Loss of label fi.ona cells preloaded with albumln-lZlI (circles) or inulin-SH (triangles). Cells 
were prelabeled for 15 mln, washed free of external isotope, and re-incubated in culture medium. Each 
time point is per cent of initial cellular radioactivity. For albumin-loaded cells, initial radioactivity was 
1400 cpm/106 cells, and for inulin-loaded cells, 975 epm/106 cells. 

after washing the cells free f rom culture med ium 
wi th  0.02 M NaCI  conta ining 0.1 M glucose, or 
0.1 M glucose plus 0 001 ~ MgC12, or wi th  0 02 M 
NaCI  alone (Fig 4). In  each  case uptake  con- 
t inued.  T h e  rate  of uptake  found in the glucose- 
salt solution was within the range  of values we 
obta ined  wi th  ceils in  cul ture  medium,  so that ,  
for shor t - te rm experiments  at  least, the  ra te  is 
no t  significantly al tered from tha t  found in cul ture  
medium.  I n  the  salt solution alone, the ra te  was 

abou t  one-half  t ha t  found with the same ba tch  of 
cells in the salt solution plus glucose T h e  presence 
or  absence of small  amounts  of M g  ++ in the in- 
cubat ing  solution had  no effect. The  reasons for 
the  reduct ion in ra te  in the 0.02 ~ NaCI solution 
have not  been fur ther  explored, bu t  two obvious 
variables are the marked  change in osmolality, 
f rom 200 mosmols for the culture med ium to 40 
mosmols for the salt solution, and  the  lack of an  
energy source. In  any event,  these results show the 
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FlelYaE 8 Uptake of human serum albumin-131I as a function of concentration in the medium. Results 
from three experiments are plotted. Uptake was measured for 15 rain with total  concentrations of 
albumin of 0.08, 0.16, 0.~5, 0.50, 1~ 2, ~t, 6, and 10 mg/ml.  A constant amount  of radioactive albumin 
was used (about 18 Izg/mI), and the final concentration achieved with nom.adioactive human serum 
albumin In  the experiments described by the open symbols the  medium contained 1.9 X 105 cpm/mL 
In  the experiment described by  the closed triangles, the medium contained ¢.4 X 10 5 cpm/ml.  Protein 
taken up was calculated from the specific activity of the protein and the cpm found in the cells. 

I~OV~E 4 Uptake of inulin-3I-I. Three experiments are plotted: (a) the uptake of inulin by cells in 
culture medlttm (circles) ; (b) uptake in 0.02 ~ NaC1, O 1 g glucose, 0.001 M 2~gClz (open triangles) ; and 
(c) a comparison with the same cell batch of uptake in 0.0~ M NaCI, 0.1 5I glucose (closed triangles) with 
uptake in 0.0~ M NaC1 (squares). The concentration of imdin in these experiments was 0.9 X 10 - ~  M; 
1 X 10 G cpm/ml.  
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uptake process to be a continuous function that 
proceeds readily in a simple salt solution with an 
energy source The experiment shown in Fig. 2 
shows that the rate of loss of counts from cells 
which were preloaded with inulin-3H is only 
about 1/( 2 the rate of accumulation. This result 
contrasts with that  found for albuminAaq and is 
consistent with the presumed inability of amebas 
to metabolize inulin. The  experiment also indi- 
cates that  uptake as measured in the experiment 
m Fig. 4 is in fact a summation of the uptake and 
toss of label from the amebas. In  the case of inu- 
lin, the rate of loss is too low to affect the con- 
stancy of uptake over a period of 1 hr. 

Leucine and Glucose Uptake 

By analogy with other  ceils, small molecules such 
as amino acids and sugars might  be expected 
to be taken up by active-transport mechanisms. 
We therefore examined the uptake of L-leucineAaC 
and D-ghicose-l~C by Azantharnoeba. 

The  kinetics of leucine uptake are shown in 
Fig. 5 to be the same as for the uptake of albumin 
and inulin. Leucine is removed from the medium 
in a temperature-dependent  process that  is con- 
stant for at least an hour. Counts from leucine- 
1~C were rapidly incorporated into trichloroacedc 
acid-precipitable material  and thus loss of counts 
through metabolism was not observed during 
these short experiments. The  rate of leucine in- 
gestion is proportional to its concentration in the 
medium up to a concentration of 0 01 M (Fig. 6). 
At  0.1 ~ leucine, uptake is slightly depressed. This 
is presumably due to the high osmolality of the 
solution (300 mosmols), rather than to any satura- 
tion of an uptake mechanism. Osmolalities in 
this range have been shown to inhibit  particle 
uptake in Acanthamoeba (18, 29), and it is likely 
that  they wouId affect the uptake of soluble mole- 
cules also. The  absence of saturation kinetics 
with leucine, as with albumin, is evidence for 
bulk transport rather than active transport of 
this amino acid. 

The  data  for uptake of albumin, inulin, and 
leucine have been. given in terms of the amount  of 
radioactivity taken in per 10 6 cells per unit  t ime 
These tracer molecules were of different specific 
activities and were present in the medium in 
different concentrations. I f  it is assumed that  
each o[ them goes into the cell by a mechanism of 
bulk transport, then their uptake rates may be 
more directly compared by calculating the rate 
of uptake as the volume of medium ingested per 

106 cells per unit time. Values calculated in this 
way are identical for replicate flasks within a 
given experiment. For  example, four replicate 
flasks in an albuminA~tI experiment gave 0.42 ± 
0 01 ~1/106 cells per 15 min There was, of course, 
considerably greater variation between uptakes 
with different batches of cells. The  average up- 
take expressed m/~1/106 cells per 15 min for four 
different experiments with albumin-18q was 0 39 
4- 0.08; for seven experiments with inulin-SH 
was 0 59 4- 0.15; and for two experiments with 
teucineA4C was 0 65 (0.55 and 0.75) In  a single 
experiment with glucose-I4C, uptake for 15 min 
was equivalent to a rate of 0 47 /~1/108 cells per 
15 min. Radioactive CO2 collected during the 
incubation accounted for an addiuonal 10% 
uptake. This value of 0 5 #I/106 ceils per 15 rain is 
virtually identical with those found for the other 
molecules tested and indicates that glucose is 
ingested in the same manner. 

Thus, the rate of uptake, when expressed as 
volume of medium ingested per unit time, is 
the same regardless of the tracer used or its con- 
centration in the medium This finding points to a 
mechanism of uptake that does not involve selec- 
tive binding of the substance transported to the 
cell surface. In  other words, the uptake mechanism 
appears to be nonconcentrafive, and a true, 
nonspecific "gulping"  of the medium. 

Morphology of Pinoeytosis 

In  order to visualize the uptake process of 
Acanthamoeba in the electron microscope, we have 
used horseradish peroxidase (HRP) as the tracer 
molecule. Incubations were performed exactly 
as for the biochemical experiments, except that 
H R P  was added instead of a radioactive solute 
molecule and the incubations were terminated by 
the addition of fi afive. We used a very short 
incubation time (20 see) to at tempt to visualize 
the primary events of transport, but  have also 
used a variety of longer incubation times up to 1 
hr. As expected, all H R P  found within the cells 
was enclosed within membrane profiles, confirm- 
ing the pinocytotic nature of the uptake process. 

Figs. 7 and 8 illustrate some of the variety of 
labeled profiles observed in cells after a very 
brief exposure to tracer. ~ After longer incubation 

1 The HRP activity of the pinosomes most often is 
localized along the membrane of the vesicles rather 
than being uniformly distributed within them. Al- 
though this might appear contradictory to the con- 
clusion reached from the biochemical data that up- 
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I~GURE 6 Uptake  of leucine as a function of concentrat ion in the  medium. Replicate flasks were incu- 
bated for 15 min  with total  concentrat ion of 10 - 1  to 10 - 6  ~ leueine. :Each flask contained the  same amoun t  
of leucine-~H (~.1 M 106 e p m / m l ;  0 4 N 10 _6 ~) with nonradloaetive leueine added to make  the  required 
concentration. 

pe r iods  t h e  i m a g e s  a re  s imi l a r  b u t  m o r e  n u m e r o u s ,  

a n d  t h e r e  is a re la t ive  inc rease  in  t h e  n u m b e r  of  

take of soluble molecules is nonconcent ra t ive ,  it 
should  be r e m e m b e r e d  tha t  the  newly  fo rmed  pino-  
some conta ins  a dilute solution wi th  too few large 
molecules to fo rm a gel on fixation. Thus ,  it is 
reasonable  to expect  tha t  the  react ion p roduc t  will 
no t  r e m a i n  in sztu t h r o u g h o u t  the  fixation, dehydra -  
tion, a n d  e m b e d d i n g  process, b u t  will only be 
visualized where  it ]s subsequent ly  b o u n d  to a surface 

i n t e r m e d i a t e  size (0 .3 -0  7 # m  d i a m e t e r )  p ro -  

files I n  i n c u b a t i o n  pemods  e x t e n d i n g  for severa l  

m i n u t e s  i t  is c lear  t h a t  sma l l  p i n o s o m e s  fuse 

w i th  larger ,  u n l a b e l e d  vesicles,  c a u s i n g  s o m e  
a m b i g u i t y  as to w h m h  are  t he  ini t ia l  u p t a k e  

vesicles.  Fo r  this  r ea son  we  h a v e  looked  m o s t  

ca re fu l ly  a t  cells exposed  to t r ace r  for  on ly  20 

see, t he  m i n i m u m  t ime  for a r e a s o n a b l e  a m o u n t  of  

l abe l  to go in to  t he  ceils, I n  o rde r  to i l lus t ra te  t he  

r a n g e  of  profi le  sizes obse rved  a n d  thew f r e q u e n c y ,  
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FIGVR~ 7 Section of Acanthamoeba cytoplasm showing small HR1)-containing vesicles (arrows). The cell 
was exposed to HRP for $0 sec before fixation. Section is stained with lead citrate and tu'anyl acetate. 
PM, plasma membrane; DV, digestive vacuole. X 81,500. 
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:FI~vRn 8 a-c Shows the range of I-IRP-labeled profiles found in cells exposed ¢o Ht~P for g0 sec. Sections 
are unstained. PM~ plasma membrane; DV, digestive vacuole. X ~9~000. 
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FmcRE 9 The frequency of the sizes of profiles containing HRP activity measured in thin sections d 
cells tha t  were exposed to HRP for ~0 see a t  30°C. In  order to compare HRP-labeled profiles of irregular 
shape and to simplify plotting, the average of the major axis (e a) and the minor axis (~ b) was used for 
nonch-cular profiles when ~ a was not greater than twice ~ b. :For more eccent14c profiles, the diameter was 
calculated as the diameter of a ch'cle of equivalent area (~ ~¢Zab). 

we measured  all the labeled profiles in a n u m b e r  
of micrographs  from three different 20-see up-  
take experiments.  T he  results are plot ted as a 
h i s togram in  Fig. 9. This  is not a statistically 
valid,  r a n d o m  sample because the n u m b e r  of 
labeled vesicles wi th in  any  th in  section was so 
small  t h a t  i t  was no t  feasible to obta in  a t rue 
r a n d o m  sample. T h e  micrographs  were obta ined 
by  scanning the  sections and  photograph ing  the 
labeled profiles observed. Vesicles of large size 
m i g h t  be  overrepresented,  if  anything,  because 

sites on the surface are p robab ly  engaged in 
pinocytosis within any  given dine interval.  

The  image seen in Fig. 8 c has  some special 
characteristics. I t  is found close to the edge of 
the cell and  has the appearance  of a narrow, 
highly convoluted invaginat ion,  often with cyto- 
plasmic protrusions in the center. We  have in- 
cluded these images in the frequency chart ,  b u t  
feel tha t  they probab ly  do not  contr ibute  signifi- 
cant ly  to uptake. In  unpubl ished observations of 
cells incuba ted  at  0°C and  exposed to H R P  for 

of the i r  grea ter  visibility as compared  with vesicles 15 min,  we found a n u m b e r  of similar channels 
of 120 n m  diameter .  

T h e  his togram indicates tha t  the most  frequently 
observed profile is a round  120 n m  in diameter ,  
wi th  a whole spec t rum of sizes extending up 
to abou t  2.5 # m  in d iameter  occurring m u c h  less 
frequently. T he  smaller vesicles were usually 
spherical  or cucumber-shaped,  while the larger  
profiles were often more i r regular  in shape. 
Some of t hem appear  to be profiles f rom finger- 
like invaginafions of the surface (Fig. 8 c), others 
f rom flat tened spheroids (Fig. 8 b). Most  of the 
labeled profiles were shapes of h igh surface to 
volume ratio, t ha t  is, qui te  small, or, if large, 
flattened, or spindle-shaped. 

Labeled  vesicles often occurred in clusters 
(Fig. 7), and  single vesicles or clusters were fre- 
quent ly  seen at  one or two widely separated sites 
a round  the per iphery  of a single cell. This  ap- 
pearance  suggests t ha t  one or  more r a n d o m  

labeled with H R P ,  but  in ,s imilar  experiments 
we find no  measurable  uptake  of radioactive 
molecules at  0°C. T h e  volumes of such invagi- 
nat ions may  be very small or they may represent 
incompletely closed-off channels  in the  surface 
f rom which t rapped  molecules can be removed 
by extensive washing (as in the experiments with 
radioact ive tracers). 

D I S C U S S I O N  

W e  have examined the uptake  of four quite 
different kinds of molecules by Acanthamoeba. 
Serum a lbumin  is a large prote in  wi th  a molecular  
weight of 65,000 and a net  negat ive charge at  
the pH of these experiments.  Inu l in  is a neutra l  

sugar, Intermediate  in  molecular  weight (5000- 

5500). Glucose (mol we 180) and  ]eucine (mol 

wt 131) are small  molecules tha t  enter  readily 
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into the metabolism of the ameba. Each one of 
this diverse group of tracers was cleared from the 
medium at a similar rate in a temperature- 
dependent process. The  uptakes do not show 
saturation kinetics as would be expected if they 
depended upon an active transport process 
These data, instead, are consistent with a mecha- 
nism of bulk transport that appears to be noncon- 
centrative in nature. Electron microscope data 
support this conclusion and show that the tracer 
molecule, horseradish peroxidase, goes into 
cells by way of surface invaginations and vesicu- 
lations, with no evidence of general surface 
binding. 

The  vesicular uptake, or pinocytosis, was 
measured in most cases in the regular culture 
medium for the amebas Under  these conditions 
pinocytosis appears to be continuous and the 
rate is reproducible from experiment to experi- 
ment  In  a medmm containing only salts, there 
is a decrease in the rate of uptake, but  this may 
well be a nonspecific effect such as failure to ad- 
just to changed osmotic conditions, or lack of a 
readily available energy source Pinocytosis 
then results in a small but  steady accumulation of 
material from the exmrnal medium. Using the 
values for uptake obtained in this study, the up- 
take of organic material from the culture medium 
by pinocytosis is calculated to be about 60/~g/106 
cells per  hr  This is equivaIent to approximately 
7% of the cellular dry weight (3) per hour and all 
the cell weight in about 15 hr. Fluid ingestion is 
equivalent to about 21% of a mean cell volume 
in an hour. Pinocytotic uptake does not  impose 
an excessive water load on the ameba since it 
possesses a contractile vacuole for water excre- 
tmn Pinocvtosls is undoubtedly" the mechanism 
by which the cetI normally ingests the culture 
medium and is the membrane property that  
allows ttus ameba, whmh is highly specialized 
for phagocytosis (29), to be cultured axenicalty 
on soluble culture medium The slow doubling 
time of Acanthamoeba (20-40 hr) is consistent with 
this relatively inefficient mechanism of bulk trans- 
port. 

Pinocytosis has been most extensively studied in 
those ceil types that can be obtained in homoge- 
neous populations amebas, polymorphonuclear  
leucocytes, macrophages, and cultured mam- 
malian cells The  results obtained with Acantha- 
rnoeba differ in several respects from those ob- 
tained with other cell types 

Some of the earliest and most extensive in- 

vestigations on pinocytosis have been carried out  
with two large amebas, Chaos chaos and Amoeba 
proteus (11) Those amebas have in common a 
prominent  mucoid surface coating (15, 17). They 
can be induced to pinocytose intensively for 
short periods of time by certain cations and 
other positively charged molecules (5) which 
appear to initiate pinocytosis by interacting with 
the mucoid coat (4, 15, 16) The  cells are also 
capable of concentrative uptake of proteins and 
other materials that  bind to the mucoid coat 
(5, 15, 23). In  induced pinocytosis the amebas 
characteristically cease locomotion and a number  
of protuberances are formed on the surface. A 
channeMike invagination forms in each pro- 
tuberance and pinches off vesicles at its terminus 
that are large enough to see with the light micro- 
scope (5) Induced pinocytosls in these amebas 
appears to be a highly artificial state (25) Al- 
though some spontaneous or "pe rmanen t"  
pinocytosis may occur in the culture medium (30) 
the amebas cannot be cultured axenically. Thus, 
the rate or extent of this permanent  pinocytosis is 
presumably insufficient to support satisfactory 
growth. In  Acanthamoeba, on the other hand, we 
have not been able to demonstrate a surface 
coat in thin-sectioned material  (2), nor have we 
any evidence that  surface binding of molecules 
plays a major role in their ingestion Further-  
more, pinocytosis appears to be a continuous 
process in agitated cultures and is not  enhanced 
by molecules (e.g., serum albumin) that induce 
pinocytosis in Chaos chaos or Amoeba proteus. Finally, 
the morphology of uptake appears somewhat 
different in Acanthamoeba than in the large amebas 
There are obvious limitations to the interpretation 
of static images, but  our electron microscope 
images suggest that the most common mode of 
ingesuon is by vesiculations that are too small to 
be seen with the light mmroscope 

Although there is a plethora of morphological 

observations on pinocytosis in a variety- of cell 

types, there are relatively little kinetic data Most  

of these data come from mammal ian  cells, and 

some of the data that are directly comparable 

to values we have obtained with Acanthamoeba 
are tabulated in Table  I I  In  each instance listed 

in the table, the uptake is at least an order of 

magnitude lower than that found for A, antha- 

moeba. This result is perhaps not surprising since 

pinocytosls seems to perform no significant nu- 

tritional function in mammal ian  cells (9, 21, 27), 
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'I'A B H.; II 

Rales of Pinocytosi.~ in Acanthamoeba and Other Cells 

Cell type 

Acanthamoeba 

F, hrl ich ascites 

Sarcoma 18{1 

Chinese hamster  
cell line (Ale V I I I )  

Guinea pig PMN 

Nh}leculcs/ 
Tracer  (cone.) cell/hr 

Albumin- la l l  ({}.4t:~ t; M 10 7* 
Inu l in -an  

Albumin- la l l  (0.5~i {~ X 104 

Albumin- t aq  ({}.4'/~,) I; X 10 4 

Chondroi t in  
Sulfatc-aaS 

Inulin-14(1 

nl/1 {1~ cells/hr 

1600 240{){ 

48114  

21 31 

Reference 

Ryser, 1963 (19) 

Ryser, 1963 (19) 

Saito and Uzman ,  
1971 (22) 

Bcrger and Karnov-  
sky, 1966 (1) 

Abbrevia t ion:  PMN, polymorphonuclear  leucocytes. 
* Value from Fig. 3. 
{ Range observed with a lbumin and inulin. 

and indeed its flmction is not  well understood 
(20). 

Tile electron microscope images show that  a 
major  pa thway in pinocytotic uptake is by quite 
small vesiculations. Some images suggest tha t  
these vesiculations occur directly at  the surface 
(Fig. 8 a), others, tha t  they may form from tim 
breakup of surface channels  or larger vesiculations 
(Fig. 8 b). Perhaps both  occur. In any event  the 
images suggest a high surface to volume ratio in 
the pinocytotic uptake event.  Tim largest vesicular 
profiles with pinocytotic content  were found 
infrequently and  we are uncer ta in  as to their  
significance in the uptake process. Even though  
they are not  numerous in the small sample ob- 
tained with the electron microscope, they could 
account  for the largest par t  of the volume of 
uptake. In spite of these uncertainties,  it is pos- 
sible to make a reasonable estimate of the rate of 
internal izat ion of surface m e m b r a n e  due to 
pinocytosis in Acanthamoeba, using the quant i ta -  
tive data  on fluid uptake and knowledge of the 
range of vesicle sizes involved in tha t  uptake. We 
have previously (3) obtained an estimate of about  
2200 # m  2 for the surface area of the average 
ameba.  

A min imum value for surface tu rnover  is ob- 
tained by assuming tha t  the entire uptake  occurs 
by spherical vesicles of a d iameter  equivalent  to 
the largest observed ( ~ 2 # m ) .  This  assumption 
results in a value for turnover  of about  2.7 times 
an hour. At  the other  extreme, if it is assumed 

that  the 120 nm d iameter  vesicles account  for 
the bulk of tile uptake, then the rate of tu rnover  
increases to about  4{) times an hour. It  is p robab le  
tha t  the initial pinosomes are not  un i lbrm in size, 
but  with the present da ta  we have no accurate  
way of assessing their  relative contr ibutions.  
Nevertheless, a turnover  rate of 2 10 times an 
hour  seems a reasonable estimate, of the true value. 

The  postulated high rate of smfacc tu rnover  is 
consistent with one in terpre ta t ion  of the experi- 
ments  by Ulsamer,  Smith,  and  Korn  (26) con- 
ccrning the cfl'ect of phagocytosis on m e m b r a n e  
synthesis in Acanthamoeba. Amebas  were incuba ted  
under  conditions in which they took up two to 
six times their  surface in about  30 min by phago- 
cytosis, and  the rate of incorporat ion of radio- 
active precursors into cell phospholipids was 
compared  with the rate in nonphagocytos ing 
cells. W h e t h e r  measured as incorpora t ion into 
whole cell lipids (26) or into lipids of isolated 
plasma membranes  (A. G. Ulsamer  and  E. I). 
Korn,  personal communicat ion) ,  the rate was not  
appreciably affected by phagocytosis. This would 
be tile expected result if pinocytosis in nonphago-  
cytosing cells results in such a high surface turn-  
over rate tha t  it would not be appreciably  different 
in cells forced to phagocytose. Studies on tile 
effect of phagocytosis on pinocytosis (Bowers, 
unpubl ished)  show a proport ional  decrease in 
pinocytosis with increasing amounts  of phago-  
cytosis, so tha t  tim two events are not  addit ive 
with respect to surface turnover.  
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T h e  rapid deletion of the cell surface suggests 
t ha t  i t  is no t  all replaced by  de novo synthesis, bu t  
instead points to some recirculat ion of surface 
m e m b r a n e  components.  T h e  na tu re  of the postu- 
la ted recirculat ing un i t  is entirely unknown  
a l though  Chlapowski  and  Band (7) have  sug- 
gested, mainiy  on morphological  grounds,  t ha t  
"col lapsed vesicles" commonly  seen in the  closely 
related a m e b a  they studied may  be vehicles for 
m e m b r a n e  transfer. In  Acanthamoeba, we note tha t  
similar collapsed vesicles (Fig. 8 a) appea r  to be 
related to pinocytot ic  uptake  bu t  we have  no 
evidence on  the possibility of reinsertion into the 
m e m b r a n e  as suggested by  Chlapowski  and  Band 

T h e  est imated rate  of ingestion of surface 
m e m b r a n e  by  Acanthamoeba of several times an  
hour  is h igh  in compar ison wi th  estimates f rom 
some other  cells t h a t  exhibi t  pinocytosis. For  ex- 
ample,  Cohn  (8) has calculated t ha t  the  macro-  
phage  m ay  interiorize 50% of its surface in 2-5  
h r  dur ing  active pinocytosis. Chapman-Andresen  
(6) estimates t h a t  up  to 50% of the surface of 
Amoeba proteus m ay  be  ingested dur ing one pino- 
cytotic cycle (15-30 min) ,  bu t  there is a required 
rest period before a new cycle can  be initiated. 
Thus  surface tu rnover  in Acanthamoeba is remark-  
able no t  only for its h igh  rate, bu t  also for the 
fact tha t  i t  appears to be cont inuous unde r  our 
cul ture  conditions 

We are grateful to Dr. Edward D. Korn for his 
counsel throughout this study, and for a helpful 
reading of the manuscript. 

Reeewed for publieatwn I December 1971, and in revzsed 
form 7 Februmy 1972. 
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