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A B S T R A C T  

The attachment to the surface of the ameba (Chaos chaos L. (Pelomyxa carolinensis, Wilson)) 

of two proteins, ribonuclease and ferritin, and two colloidal suspensions, thorium dioxide 

anff gold, was studied in the electron microscope. The initial step in the pinocytosis of 

ferritin and thorium dioxide particles by amebas is shown to be the attachment of these 

substances to the "hairlike" extensions of the plasmalemma. Ribonuclease caused alterations 

in the structure of the plasmalemma, but on account of its relative lack of density, it could 

not be definitely localized. Colloidal gold did not appear to be active with respect to pino- 

cytosis in amebas. Since molecules in solution and particles in suspension are taken up by 

the same mechanism, the first step of which is their at tachment to the cell surface, it is 

suggested that a single mechanism underlies phagocytosis, pinocytosis, ropheocytosis, 

cytopempsis, and potocytosis. 

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

Pinocytosis or "cell drinking" was described first 

by Lewis (26) from observations on living mam- 

malian cells in tissue culture. Lewis suggested that 

pinocytosis was a phenomenon distinct from phag- 

ocytosis, for he reasoned that this process is appar- 

ently a mechanism by which cells internalize 

fluid droplets rather than particulate material. 

In 1934, Mast and Doyle (30) reported that 

pinocytosis occurred in the free-living fresh water 

ameba, Amoeba proteus. Using this cell they began 

to explore some of the parameters of pinocytosis. 

From their data, it is apparent that pinocytosis is 

not directed by simple osmotic forces; in general, 

salts and proteins in the culture medium stimulate 

the amebas to exhibit pinocytosis, whereas 

carbohydrates do not. These results have been 

confirmed and extended by the work of Chapman-  

Andresen (10-12), Holter and Marshall (24), 

Brandt (5), and Schumaker (49) using a variety 

of techniques on free-living amebas. 

Lewis (27) followed by others (3, 9, 15, 17, 18, 

23) continued to describe pinocytosis from observa- 

tions on mammalian  cells made by using various 

light microscopic techniques. More recently, on 

the basis of electron microscopic studies, it has 

been suggested that pinocytosis is a normal 

activity of mammalian  cells in situ (6, 14, 33, 

36-38). The morphological criterion by which 

cells were adjudged to be active with respect to 

pinocytosis was the presence of small vesicles in 

the cytoplasm. These vesicles found near, and 

sometimes continuous with, the cell membrane 

are approximately 500 A in diameter, and about 

100 times smaller than the pinocytosis "vacuoles" 
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seen in living cells with the light microscope. If 

the criterion used in the electron microscopic 

observations is correct, it can be concluded that  

pinocytotic activity is a normal and almost uni- 

versal attribute of animal cells. It may therefore 

be an important  factor in the transfer of substances 

into the cell. 

Studies on free-living amebas by Brandt (5) and 

Schumaker (49) have demonstrated that  the 

earliest phase in pinocytosis is the a t tachment  of 

the pinocytosis-stimulating agent to the cell 

surface. Brandt (5), using a fluorescent antibody 

technique, demonstrated that  proteins that  

stimulate pinocytosis are initially attached to the 

cell surface and apparently concentrated to some 

extent by the at tachment.  The cell membrane,  

with its at tached "solute," is then incorporated 

within the cytoplasm, forming the wall of the 

pinocytosis vacuole. Schumaker (49) studied the 

rate of uptake of isotope-tagged proteins, under 

various conditions of protein concentration and 

temperature.  He concluded, from the reversibility 

of the early phase of uptake, that  protein is first 

bound to the cell surface and secondarily incorpo- 

rated within the ameba. This second phase of 

uptake is not reversible. Schumaker demonstrated 

that  the initial, reversible, binding phase resulted 

in the concentration of the protein by as much as 

fifty times. Pinocytosis, for amebas at least, is 

therefore a mechanism for the transfer of solute 

into the cell, and also a mechanism for concen- 

trating the solute. 

Although an important  step in pinocytosis is 

the a t tachment  of solute to the ameba plasma- 

lemma (5, 49), the limited resolution of the earlier 

light microscopic studies prevented the precise 

site of the a t tachment  from being visualized. 

Work by Odor  (36) suggested that  a similar surface 

a t tachment  can be observed in mammal ian  cells 

with the aid of the electron microscope. She was 

able to follow the movement  of dense "submicro- 

scopic" particles from the peritoneal cavity into 

the cells which line it. 

The work reported here is concerned with 

demonstrat ing the precise locus at which pino- 

cytosis-stimulating agents attach to the ameba 

plasmalemma. To demonstrate these loci, amebas 

were exposed for various times before fixation, to 

one of several solutes or colloidal suspensions, 

some of which are relatively opaque to an electron 

beam. After fixation the cells were processed and 

then examined in the electron microscope. 

M A T E R I A L S  AND M E T H O D S  

Methods for the Culture of Chaos chaos L. (Pelomyxa 

earolinensis Wilson) : The giant, multinucleated 

ameba Chaos chaos, used in this study was grown in a 

culture solution which can be described as an arti- 

ficial spring water. This culture solution was con- 

siderably higher in salt concentration than those 

usually employed (45) because the paramecia used 

to feed the amebas were grown in a comparatively 

salty medium. The final culture medium for the 

amebas represented a compromise between a highly 

dilute spring water and the culture medium of the 

paramecia. The ameba culture solution was com- 

posed of 6 ~M sodium chloride, 0.75 /~M potassium 

nitrate, 0.85 /~M magnesium sulfate, 0.165 /~M 

monobasic calcium phosphate, and 0.2 per cent 

spring water as a source of trace ions. It was made up 

in ion-free water produced by passage of distilled 

water through a column of Amberlite MB-1, and it 

was adjusted to pH 6.5 with 1.0 N sodium hydroxide 

solution. 

Mass cultures of amebas were grown in 8-inch 

finger bowls. The culture fluid was changed each 

day, and living Paramecium aurelia was added as food. 

The paramecia were grown in 5-gallon carboys ac- 

cording to the technique of Preer (44). The parame- 

cia were harvested from large volumes of their cul- 

ture fluid with a mechanical cream separator, which 

collected the paramecia in the dirt trap. The para- 

mecia were washed, by passing a liter of ameba cul- 

ture fluid through the separator, and then were 

transferred to a beaker. The thickly concentrated 

paramecia obtained in this manner could be kept in 

good condition for several days. Before being fed to 

the amebas, the paramecia were lightly packed in a 

centrifuge, the supernatant was discarded, and the 

cells were resuspended in ameba culture fluid. 

Methods for Fixation and Embedding Amebas." One 

to twenty amebas were pipetted directly from the 

experimental solution, or from a wash solution con- 

sisting of culture fluid, into the fixative, which con- 

sisted of 1 per cent osmium tetroxide buffered to pH 

8.6 by 1/140 M veronal acetate solution. This con- 

centration of buffer appeared to cause the least os- 

motic damage during the process of fixation. The 

amebas were fixed for 5 minutes at 0°C. They were 

kept in each step of the graded alcohol series for 5 

minutes at a temperature of -- 10°C. After dehydra- 

tion, several amebas were placed in each gelatin 

capsule (size 00) which was then filled with the 

methacrylate mixture consisting of 10 per cent 

methyl and 88 per cent butyl methacrylate, 2 per 

cent Lupercol (50 per cent 2,4-dichlorobenzoyl 

peroxide with dibutyl phthalate, Wallace Tiernan 

Inc., Buffalo, N. Y.), and 0.1 per cent uranyl nitrate 

(51). The block was polymerized overnight in an 

oven set at 43°C. Thin sections (40 to 80 m/~) were 
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cut on a Porter-Blum microtome and examined in 

an R C A  E M U  3C electron microscope. 

Methods for the Preparation of the Experimental Solutzons: 

Ribonuclease solution was prepared by dissolving 

0.1 mg. /ml ,  of ribonuelease (Worthington Biochem- 

ical Corp.) in ameba culture solution. The resultant 

solution was used immediately as the test solution. 

Thor ium dioxide suspensions were obtained by 

dialyzing Thorotrast  (Testagar and Co.) against 

ion-free water. The dialyzate was changed until all 

impurities were diluted at least 106 times. The re- 

sultant solution (pH 6.5 to 7.0) contained 25 per 

cent thor ium dioxide stabilized with 25 per cent 

dextrin. This solution was diluted from 50 to 500 

times with ion-free water at pH 6.5 before the amebas 

were exposed to it. 

Colloidal gold suspensions were prepared by dialyz- 

ing Long Colloidal Gold Solution (Magar Chemicals, 

Inc., Cornwall Landing,  N. Y.) against ion-free 

water of p H  6.5. 

Ferritin was isolated from horse spleen according 

to the method of Laufberger (28) as modified by 

Wissig (52). The  final preparat ion was dialyzed 

against 0.01 M Krebs  phosphate  buffer, p H  7.4, 

until the final dilution of dialyzable impurities had 

been reduced 106-fold. The solution was dialyzed 

further against ion-free water, pH  7.0, until the phos- 

phate buffer solution had been diluted at least 106 

times. This solution was used directly as a test solu- 

tion for the amebas or diluted up to 10 times with 

ion-free water. 

R E S U L T S  

The Attachment of Pinocytosis-Stimulating Agents 

to the Ameba Plasmalemma 

It  has  been  es tabl ished tha t  p ro te ins  i n t r o d u c e d  

into the  cu l ture  m e d i u m  become  a t t a ched  to 

the a m e b a  m e m b r a n e  pr ior  to be ing  taken up  into 

pinocytosis  vacuoles  (5, 22, 49). P a p p a s  (40), w h o  

first descr ibed  the  "ha i r - l ike"  extensions  of  the  

FIGURE 1 

An electron micrograph showing the hairlike (/Tar) extensions of the p lasmalemma of the ameba 

Chaos chaos. The  extensions are 50 to 80 A in diameter,  and vary between 1000 and 2000 A in length. 

Profiles of of parts mitochondria  (M) can be seen in the cytoplasm. The  dense bodies (B) are fre- 

quently found associated with membranes,  and are believed to be artifacts of fixation. X 55,000. 
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FIGURE 

An electron mic rograph  which  shows a port ion of an  a m e b a  treated in vivo with r ibonuclease.  T h e  

n u m b e r  of hairlike extensions of the  p l a s m a l e m m a  is greatly reduced.  T h e  remain ing  p l a s m a l e m m a  

extensions arc considerably thicker (300 to 450 A in diameter)  t h a n  usual,  a l though their length  is 

unchanged .  T he  mi tochondr ia  (M) arc apparent ly  swollen. The  cristae are farther apart ,  and  they 

tend to be localized more  in one end. T h e  alveolar s tructures (A) in the cytoplasm are widely sepa- 

ra ted  and  somewha t  " r agged"  in appearance.  X 21,000. 

p l a s m a l e m m a ,  sugges ted  t h a t  these  s t ruc tu re s  m a y  

be t he  site of  the  a t t a c h m e n t  of  p inocy tos i s - s t imu-  

l a t i ng  agents .  Fig. 1 is a n  e lec t ron  m i c r o g r a p h  of 

the  p l a s m a l e m m a  of Chaos chaos s h o w i n g  the  

ex tens ions  of  t he  m e m b r a n e .  T h e  " h a i r s "  a re  

a p p r o x i m a t e l y  50 to 80 A in d i a m e t e r ,  a n d  v a r y  

b e t w e e n  1000 to 2000 A in l eng th .  

A m e b a s  were  p laced  in one  of  four  test  so lu t ions  

in  o rde r  to d e t e r m i n e  w h i c h  r eagen t s  s t i m u l a t e d  

p inocytos is ,  a n d  also w h i c h  r e a g e n t s  b e c a m e  

FIGURE 3 

An electron mic rograph  of a section th rough  the convolut ions of a pinocytosis t unnc  

(T)  formed by the  invaginat ion of the  cell m e m b r a n e  (at top of figure). T h e  invagina ted  

p l a s m a l e m m a  is l ined with a t tached tho r ium dioxide particles. T h e  tunne l  is 2 /~ or 

less in d iameter  and  of inde te rmina te  length.  T h e  pinocytosis vacuoles (V) in the  cyto- 

p lasm are more  densely packed with t ho r ium dioxide particles t han  the  tunnel ,  and are 

the  result of another  earlier exposure to the  test suspension.  A contracti le vacuole (CV) 

can  be seen at right.  It  is typically su r rounded  by mi tochondr ia  (M). T h e  numerous  

dense bodies (B) frequent ly associated with the  mi tochondr ia ,  or other  membranes ,  are 

not  t ho r ium dioxide particles and  are believed to be artifacts of fixation. X 13,000. 
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FIGURE 4 

A high magnif ica t ion  of the p l a s m a l e m m a  with a t tached tho r ium dioxide particles. The  inner  third 

of the a t tached layer of particles (2000 A) is more  concent ra ted  t han  the  outer  two-thirds.  T h e  orienta-  

tion of the particles in rows no rma l  to the  plane of the  m e m b r a n e s  implicates the hairlike extensions 

as the under ly ing  structures to which  the  particles are a t tached.  T h e  hairs are not  visible, bu t  are 

obscured by the  a t tached particles. It  is suggested tha t  adsorpt ion forces at the  m e d i u m - m e m b r a n e  

interface are responsible for the  a t t achment .  A mi toehondr ion  (M) can  be seen in the  cytoplasm.  

T h e  r a n d o m  scattering of a few tho r ium dioxide particles in the  cy toplasm is believed to be artifact. 

T h e y  were probably  displaced from the p l a s m a l e m m a  by the passage of the  knife t h rough  the  block. 

X 38,000. 

a t t a c h e d  to the  cell surface.  R i b o n u c l e a s e  h a d  

been  used  by S c h u m a k e r  (49) to s t u d y  q u a n t i t a -  

t ively p ro te in  u p t a k e  in a m e b a s  d u r i n g  pinocytosis .  

E v e n  t h o u g h  th is  p r o t e i n  is no t  pa r t i cu l a r l y  

o p a q u e ,  it  was  used  in this  s t u d y  because  i n f o r m a -  

t ion  on  its site of  a t t a c h m e n t  cou ld  be  cor re la ted  

w i t h  the  q u a n t i t a t i v e  d a t a  on  its up t ake .  

A m e b a s  were  fixed af ter  a 4 0 - m i n u t e  exposu re  

FIGURE 5 

An electron mic rograph  of a port ion of the a m e b a  p l a s m a l e m m a  which  demonst ra tes  

the  a t t achmen t  of ferritin molecules to the  hairlike extensions. The  extensions of the  

p l a s m a l c m m a  are of no rma l  length (1500 A). T h e  ferritin appears  to bc fixed at the 

ends of the  hairs ; unde r  the  exper imenta l  condit ions used, it rarely seems to penet ra te  

deeply into this layer. The  section is th rough  a very irregularly shaped  port ion of the  

ameba .  Cross sections (X) as well as longi tudinal  sections (L) of pseudopods can  be 

seen. T h e  visible "cell body"  consists mostly of two unidentif iable  vacuoles (UV). 
X 35,000. 
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to a 0.1 mg . /mh  solution of ribonuclease. During 

the exposure approximately 10 per cent of the 

amebas dissolved or cytolyzed. Fig. 2, which is an 

electron micrograph of the plasmalemma of a 

ribonuclease-treated ameba, shows a considerable 

decrease in the number of the hairlike components. 

Although the remaining plasmalemma extensions 

are of normal length (1000 to 2000 A), they are 

much thicker (300 to 450 A). This thickening of 

the remaining hairs could be due to the accretion 

of protein or to clumping. 

By using relatively opaque molecules or colloidal 

particles, the site of attachment to the plasma- 

lemma of some of the pinocytosis-stimulating 

agents was demonstrated. Amebas were immersed 

for 20 minutes in various concentrations of ferritin, 

thorium dioxide, and colloidal gold. Subsequently 

the cells were washed very briefly and then fixed. 

Essentially similar results were obtained with 

solutions of ferritin and suspensions of thorium 

dioxide. Ameba fixed 20 minutes or longer after 

exposure were found to contain numerous vacuoles 

(V) filled with the test solution (Fig. 3). Therefore, 

both were judged active with respect to pinocy- 

tosis. However, when amebas were treated with 

colloidal gold suspensions, gold particles did not 

become attached or incorporated. 

The attachment of thorium dioxide particles 

to the plasmalemma can be seen in Fig. 3. The 

depth of the attached layer (5000 A) is almost 

three times the length of the normal hairs of the 

ameba membrane. The cytoplasm and mitochon- 

dria appear to be normal, particularly when 

compared with the swollen mitochondria and 

ragged cytoplasm of the ribonuclease-treated 

amebas (Fig. 2). Fig. 4 is a higher magnification 

of the plasmalemma and attached thorium dioxide 

particles. The inner one-third of the attached 

layer (2000 A) is more concentrated than the 

outer two-thirds. The orientation of thorium 

dioxide particles in rows normal to the plane of 

the plasmalemma indicates that the hairs are the 

FIGURE 6 

An electron micrograph showing the splitting off of the "hair" component of the plasmalemma after 

the heavy accumulating of thorium dioxide particles. (X 8000) 
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underlying structures to which the particles are 

attached. The hairs which are not visible are 

probably obscured by the attached particles. 

The ferritin experiments differ from the thorium 

dioxide experiments in that the former are based 

on true solutions whereas the latter are based on 

colloidal suspensions. Ferritin molecules appear to 

attach less strongly to the plasrnalemma than do 

the thorium dioxide particles. Fig. 5 is an electron 

micrograph of the plasmalemma demonstrating 

the at tachment of ferritin. The ferritin molecules 

may be recognized by their diameter (60 A) and 

density. Ferritin seldom penetrates deeply into 

the hair layer in contradistinction to the thorium 

dioxide particles, but remains fixed near the ends 

of the hairs. Fig. 5 represents the plasmalemma of 

a very irregular part of the cell surface. It  was not 

possible to demonstrate the at tachment of ferritin 

to the smoother, more exposed portions of the 

plasrnalemma. This, as well as its lesser penetration 

into the hair layer, suggests that ferritin is more 

loosely attached to the plasmalemma than the 

thorium dioxide particles. It  is possible, therefore, 

that ferritin attaches to the more exposed portions 

of the plasmalemma and is subsequently removed 

during the fixation and dehydration. 

Figs. 3, 4, and 5 show the at tachment of ferritin 

and thorium dioxide particles when opt imum 

concentrations of these substances are used. The 

opt imum concentration of ferritin was between 

1.0 per cent and 2.0 per cent. Higher concentra- 

tions were not tested and concentrations of 0.1 

per cent resulted in considerably less attached 

material. The opt imum concentration of thorium 

dioxide was found to be 0.1 per cent; Figs. 3 and 4 

were taken from experiments using this concen- 

tration. Other  concentrations of thorium dioxide 

suspensions led to quite different results. Con- 

siderably lower concentrations (0.01 per cent) 

resulted in the at tachment of fewer particles to 

the plasmalemma. The lower concentrations were 

also less effective in causing the amebas to pino- 

cytose the particles. While concentrations of 0.1 

per cent resulted in a large number  of membrane-  

attached particles, concentrations of 0.25 to 5.0 

per cent often showed no membrane-at tached 

particles. Fig. 6 demonstrates that the higher 

concentrations of thorium dioxide resulted in such 

massive accumulations of particles on the hairs 

that these structures were split off the membrane 

and left it bare in places. Such a splitting off of a 

membrane component in the presence of attached 

proteins has been reported previously (5). 

D I S C U S S I O N  

The Relationship of the Cell Surface to Pinocyto- 

sis-Stimulating Agents 

Morphological evidence is presented in this 

report supporting the concept that solute attaches 

and concentrates on the cell membrane from the 

surrounding medium. Figs. 3 to 5 show the 

at tachment of ferritin and thorium dioxide parti- 

cles to the surface of the amebas. It  appears that 

the thorium dioxide attached to the plasmalemma 

is more concentrated than the 0.1 per cent test 

suspension. The at tachment (5) and concentration 

(49) of proteins on the plasmalemma of amebas 

has been demonstrated previously by light 

microscopy and autoradiographic techniques. 

Odor  (36) reported that thorium dioxide particles 

attach to the surface of mesothelial cells of the 

abdominal cavity after an injection of the suspen- 

sion into the cavity. Hampton  (20) demonstrated 

a similar attachment of particles to the surface of 

liver cells when thorium dioxide suspensions were 

injected into the venous system. Pappas et al. (41) 

showed the at tachment of thorium dioxide parti- 

cles to the surface of the ciliary epithelium after 

the injection of this substance into the posterior 

chamber of the eye. Tennyson (50) demonstrated 

that thorium dioxide particles attach to the surface 

of the choroid plexus epithelium when it is intro- 

duced into the lateral ventricle of the telencepha- 

lon. Ferritin attaches to the surface of the eryth- 

roblast prior to being taken up into minute 

cytoplasmic vesicles. In this latter case, the au- 

thors (2, 43) described the process as being related 

to pinocytosis, but called it "ropheocytosis." In 

all these studies the subsequent uptake of the par- 

ticles into small cytoplasmic vesicles was reported. 

An important role in the binding of particles 

to the cell surface may be played by the "extra-  

neous" coats of the cell membrane. Chambers 

(7, 8) and Kopac (25) demonstrated that the sea 

urchin egg possesses several superficial coats 

which can be removed without causing the egg to 

cytolyze. They termed these removable coats 

"extraneous" for, although they are components 

of the cell membrane,  they do not represent the 

diffusion barrier or plasma membrane. These 

findings (7, 8, 25) and other evidence (46-48), 

suggest that the plasma membrane is about 70 A 
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thick and lies adjacent to the cytoplasm beneath 

the extraneous coats. 

Certainly the plasmalemma hairs do not repre- 

sent the diffusion barrier of the ameba cell mem- 

brane, and therefore they may be considered extra- 

neous. In fact, this PAS positive material (4, 39) 

can be almost completely removed from the 

membrane by treating the amebas with versene- 

lysozyme solutions (4, 29), or by splitting it offwith 

excess thorium dioxide. "Extraneous" coats may 

operate as more than just a mechanical buffer 

protecting the delicate plasma membrane beneath, 

as suggested by Chambers (8). They also may act 

as an "adsorbing" surface in certain instances. 

The suggestion that proteins are attached to 

the surface of the plasmalemma by nonspecific 

forces of adsorption (5) is consistent with certain 

thermodynamic considerations. Adsorption is a 

phenomenon which occurs at interfaces such as 

must exist between the aqueous environment  and 

the cell membrane. The cell membrane may be 

considered a separate nonaqueous phase (13) of a 

plastic nature, for it separates two aqueous phases, 

and it can be separated by mechanical means from 

the other cell components (1, 32, 35, 42). 

Adsorption as a step in the process of active 

transport is not a new concept. H6ber (21) 

suggests such an interpretation for the active 

transport of such dyestuffs as phenol red through 

the kidney tubule epithelium. He states (p. 619) 

concerning a curve depicting phenol red excretion 

plotted against plasma concentration: "The 

curve resembles an adsorption isotherm with its 

increments decreasing with increasing concen- 

tration, until  an adsorption maximum has been 

attained, possibly indicating a saturation of the 

surface of the adsorbent." Schumaker's data (49) 

on protein uptake by amebas, when plotted as 

concentration against uptake, also resemble an 

adsorption isotherm. In  an earlier section of the 

same chapter H6ber (21) reviews the concept that 

the actual transport of these dyestuffs through the 

cytoplasrn may be in "carriers" such as submicro- 

scopic vesicles. The only link missing in his con- 

ceptualization was the evidence from electron 

microscopic studies relating the adsorption of 

particles or solute on the cell membrane to the 

formation of submicroscopic pinocytosis vesicles. 

Historically it is interesting to note that Meltzer 

(3 I), writing in 1904, postulated that the transport 

of fluids across the capillary endothelium may 

occur in submicroscopic vacuoles. He related this 

postulated mechanism to phagocytosis, but  

termed it "potocytosis." Palade (38) recently 

published evidence in support of Meltzer's concept. 

The interface in a complex biological system is 

probably not homogeneous, and several types of 

adsorption sites may be available. Chemisorption 

is usually not reversible; therefore, Schumaker's 

demonstration (49) of the reversibility of the 

initial protein uptake suggests that proteins are 

adsorbed on the cell membrane of amebas by van 

der Waals forces. 

It  is less satisfactory to explain the pinocytosis- 

stimulating effect of solutes such as sodium, 

potassium, and li thium chlorides (5, 10, 12) on 

the basis of physical adsorption. These solutes as 

a class are generally negatively adsorbed, i.e., 

they leave the vicinity of an aqueous-solid inter- 

face. However, this effect can be reversed by strong 

electrostatic forces (19). 

The cell surface may have electrostatic force 

fields, due to structural proteins, as well as fields 

directed by van der Waals forces. A heterogeneity 

of forces could be most significant if adsorption is 

a part of the active transport mechanism of cells. 

Many different types of molecules are actively 

transported by cells, and not a few are the products 

of chemists (21). Indeed a "universal" hypothesis 

of active transport, based on the initial adsorption 

of the substrate, may explain the enigma surround- 

ing the variety of biological and nonbiological 

substances which are actively transported by cells. 

An important corollary of adsorption is the 

concomitant decrease in the surface tensions 

forming the interface. When amebas are exposed 

to ribonuclease for short periods of time, some of 

the plasmalemma hairs appear to be removed. 

Longer exposures seem to dissolve the cell mem- 

brane, although there is no reason to suspect that 

ribonucleic acid is a structural component of the 

plasmalemma. This action of ribonuclease may 

not be a specific enzymatic function, but  brought 

about by its strong adsorption causing the disper- 

sion of the plasmalemma. In  the respect the 

action of ribonuclease would be as nonspecific as 

the action of a detergent. 

When amebas are exposed to thorium dioxide 

suspensions, the depth of the attached layer of 

particles is up to three times the length of the 

normal hairlike extensions of the plasmalemma. 

In  Fig. 4 the depth of the inner, more concentrated 

layer (2000 A) roughly corresponds to the normal 

hair length, and the outer, less concentrated layer 
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to the additional length. The increased length of 

the hairs accompanying the adsorption of particles 

may be correlated with a decrease in their surface 

tension. Schumaker (49) reported a "break"  in 

the plot of protein uptake against concentration, 

which he suggested was caused by the appearance 

of new binding sites on the plasmalemma. The 

break in the curve may be correlated with an 

increase in the surface area of the plasmalemmal 

extensions following the initial adsorption of 

material. 

The Relationship of Pinocytosis to Phagocytosis 

Pinocytosis was distinguished from phagocytosis 

by Lewis (26) because cells were observed to take 

up globules of fluid when no known particles, 

which could have been a stimulus for phagocytosis, 

were present. However,  the two phenomena have 

much in common--perhaps  too much to maintain 

the distinction (12, 22). 

Both pinocytosis and phagocytosis result in the 

internalization of solute or particles surrounded 

by a derivative of the cell membrane;  both appear 

to be greatly dependent on surface factors. Evi- 

dence for the dependence of pinocytosis on 

surface factors has already been discussed. I t  has 

long been recognized that the sticking of particles 

to the cell surface may be an important step in 

phagocytosis (16, 34). The effect of opsonins and 

surface tension factors on phagocytosis suggested 

to Mudd et al. (34) that surface reactions are of 

paramount  importance in this phenomenon. 

Protein opsonins increase the rate at which 

bacteria are phagocytosed, perhaps primarily due 

to the ability of the cell surface to adsorb the 

protein-coated bacteria more readily than the poly- 

saccharide capsule or cell wail. 

The definition given pinocytosis by Lewis (26) 

seems to depend, in the light of present knowledge, 

more on the condition of the substrate than on 

the reaction of the cell. It  is true that cells will 

take up globules of fluid. However, this may be 

only the most obvious component of pinocytosis 

and not the most significant in terms of the 

quanti ty of materials carried into the cell or in 

terms of the stimulus to the cell to react to the 

external fluid. The solute concentrated by adsorp- 

tion on the membrane may not only stimulate the 

cell to pinocytose but also may result in the 

transport of considerably more solute than that 

trapped as fluid in the vacuole (5, 49). 

It  is suggested that the mode by which cells 

take up large particles or solutes into vacuoles is 

a continuum. At one extreme, large insoluble 

particles are said to be "phagocytosed," and at 

the other extreme, solute molecules are said to be 

"pinocytosed." Since between these two extremes 

are dispersion classes which shade into the ex- 

tremes, a definition of uptake cannot depend on 

the condition of the substrate. Until  some distinc- 

tion in the mechanism initiating pinocytosis and 

phagocytosis can be made, the two classifications 

of uptake must be considered as a single phenom- 

enon. 

I t  is apparent that this single category also 

includes "ropheocytosis" (2, 43), "potocytosis" 

(31), and "cytopempsis" (33). Ropheocytosis 

was differentiated from pinocytosis by Policard 

and Bessis (2, 43) because they observed the 

at tachment of ferritin to the cell membrane 

prior to the uptake of this substance. Since this 

at tachment often accompanies pinocytosis, it is not 

necessary to consider ropheocytosis a special class 

of uptake. 

Moore and Ruska (33) observed that pinocytosis 

vesicles lined both the luminal surface and the 

basal surface of the capillary endothelial cells. 

They suggested that fluid was transferred across 

the endothelium in these vesicles, and they 

differentiated such a transcellular process from 

pinocytosis because it could not "benefi t"  the 

cell as pinocytosis might. They termed the process 

"cytopempsis" although it is identical with the 

"potocytosis" mechanism suggested by Meltzer 

(31). Such a hypothetical mechanism can only 

be maintained as a special class of transport if 

the following criteria can be satisfied: (a) It  can 

be shown that intact vesicles cross the endothelium; 

(b) the process does not, as they suggest (33), 

benefit the cell; (c) it can be shown that the stimu- 

lus to the cell to form the vesicles differs from that 

of pinocytosis. Since these criteria have not been 

satisfactorily demonstrated, cytopempsis and 

potocytosis may be considered only as hypothetical 

transport mechanisms based on pinocytosis. 

Palade, who first described pinocytosis in endo- 

thelial cells, also suggests fluid may be transported 

across the endothelial cells in vesicles. However, 

he does not distinguish the formation of these 

vesicles from pinocytosis (37). 

P. W. BRANDT AND G. D. PAPPAS Pinocytosis. I 685 



R E F E R E N C E S  

l. BAIRATI, A., and LEHMAN, F. E., Structural and 

chemical properties of the plasmalemma of 

Amoeba proteus, Exp. Cell Research, 1953, 5, 

220. 

2. BESSm, M., Erythropoiesis, as seen with the elec- 

tron microscope, in The Kinetics of Cellular 

Proliferation, New York, Grune and Strat- 

ton, Inc., 1959. 

3. BLANDAU, R. J., DE MARStf, Q. B., and RALPH, 

P. H., Studies of normal living blood cells 

as observed with the phase contrast microscope 

I. Peripheral blood, Anat. Rec., 1953, 115, 

445. 

4. BRANDT, P. W., A study of the mechanism of 

pinocytosis, M.S. Thesis, University of Penn- 

sylvania, 1957. 

5. BRANDT, P. W., A study of the mechanism of 

pinocytosis, Exp. Cell Research, 1958, 15, 300. 

6. CAESAR, R., EDWARDS, G. A., RUSKA, H., Ar- 

chitecture and nerve supply of mammalian 

smooth muscle tissue, J. Biophysic. and Bio- 

chem. Cytol., 1957, 3 ,867.  

7. CHAMBERS, R., The physical state of protoplasm 

with special reference to its surface, Am. 

Naturalist, 1938, 72, 141. 

8. CHAMBERS, R., The relation of the extraneous 

coats to the organization and permeability of 

cellular membranes, Syrnp. quant. Biol., 1940, 

8, 144. 

9. CttAPMAN-ANDRESEN, C., Some observations on 

pinocytosis in leucocytes, Exp. Cell Research, 

1957, 12, 397. 

10. CHAPMAN-ANDRESEN, C., Pinocytosis of inor- 

ganic salts by Amoeba proteus (Chaos difftuens), 

Compt. rend. Lao. Carlsberg, 1958, 31, 77. 

11, CItAPMAN-ANDRESEN, C., and HOLTER, H., 

Studies on the ingestion of 14C glucose by 

pinocytosis in the amoeba Chaof chaos, Exp. 

Cell Research, 1955, 3 suppl., 52. 

12. CItAPMAN-ANDRESEN, C., and PRESCOTT, D. M., 

Studies on pinocytosis in the amoebae Chaos 

chaos and Amoeba proteus, Cbmpt. rend. Lab. 

Carlsberg, 1956, 30, 57. 

13. DANIELLI, J. F., The cell surface and cell physi- 

ology, in Cytology and Cell Physiology, (G. 

H. Bourne, editor), Oxford, Clarendon Press, 

1951. 

14. DE ROBERTm, E. P, D., and BENNETT, H. S., A 

submicroscopic vesicular component of 

Schwann cells and nerve satellite cells, Exp. 

Cell Research, 1954, 6, 543. 

15. FREDERIC, J., and CHEVREMONT, M., Recherches 

sur les chondriosomes de cellules vivantes par 

la microscopic et la microcinematographie en 

contraste de phase, Arch. Biol., 1952, 63, 131. 

16. FLOREY, SIR HOWARD, Chemotaxis, phagocy- 

tosis and the formation of abscesses, General 

Pathology, 2nd ed., Philadelphia, W. B. 

Saunders Co., 1958. 

17. GEY, G. O., Some aspects of the constitution 

and behavior of normal and malignant cells 

maintained in continuous culture, Harvey 

Lectures, Ser. 50 (1954-55), New York, Aca- 

demic Press Inc., 1956. 

lg. GEV, G. O., SttAPRAS, P., BANG, B. F., and GEv, 

M. K., Some relations of inclusion droplets 

(Pinocytosis-Lewis) and mitochondria be- 

havior in normal and malignant cells, Fine 

Structure of Cells, Groningen, Noordhoff, 

1955. 

19. GLASSTONE, S., Surface phenomena, Textbook 

of Physical Chemistry, 2nd ed., New York, 

D. Van Nostrand Co., Inc., 1946. 

20. HAMPTON, J. C., An electron microscope study 

of the hepatic uptake and excretion of sub- 

microscopic particles injected into the blood 

stream and into the bile duct, Acta Anat., 

1958, 32, 262. 

21. HOBER, R., Some remarks about the energetics 

of the active transfer, the transferring devices, 

and their mechanics, Physical Chemistry of 

Cells and Tissues, Philadelphia, The Blakiston 

Press, 1945, 

22. HOLTER, H., Pinocytosis, Internat. Rev. Cytol., 

1959, 8, 481. 

23. HOLTER, H., and HOLTZER, H., Pinocytotic 

uptake of fluorescein-labeled proteins by 

various tissue cells, Exp. Cell Research, 1959, 

18,421. 

24. HOLTER, H., and MARSHALL, J. M., Studies on 

pinocytosis in the amoeba Chaos chaos, Compt. 

rend. Lab. Carlsberg, 1954, 29, 7. 

25. KOPAC, M. J.,  The physical properties of the 

extraneous coats of living cells, S~mp. quant. 

Biol., 1940, 8, 154. 

26. LEWIS, W. H., Pinocytosis, Bull. Johns Hopkins 

Hosp., 1931, 49, 17. 

27. LEWIS, W. H., Pinocytosis by malignant cells, 

Am. J. Cancer, 1937, 29, 666. 

28. LAUFBERGER, V., Sur la eristallisation de la 

ferritine, Bull. soc. calm. biol., 1937, 19, 1575. 

29. MARSHALL, J. M., SCHUMAKER, V. N., and 

BRANDT, P. W., Pinocytosis in amoebae, Ann. 

N. Y. Acad. Sc., 1958, 78, 515. 

30. MAST, S. O., and DOYLE, W. L., Ingestion of 

fluid by amoeba, Protoplasma, 1934, 20, 550. 

31. MELTZER, S. J.,  Edema. A consideration of the 

physiologic and pathologic factors concerned 

in its formation, Am. Med., 1904, 8, 191. 

32. MITCHEL, P., and MOYLE, J., Osmotic function 

and structure in bacteria, in Symposia of 

686 THE JOURNAL OF BIOPHYSICAL AND BIOCHEMICAL CYTOLOGY - VOLUME 8, 1960 



Society of General Biology, Vol. 6, Cam- 

bridge, Cambridge University Press, 1956. 

33. MOORE, D. H., and RUSKA, H., The fine struc- 

ture cf capillaries and small arteries, 3". Bio- 

physic, and Biochem. Cytol., 1957, 3, 457. 

34. MUDD, S., McCuTcHEON, M., and LUCKE, B., 

Phagocytosis, Physiol. Revs., 1934, 14, 210. 

35. NGRTHCOTE, D. H., and HORNE, R. W., The 

chemical composition and structure of the yeast 

cell wall, Biochem. J., 1952, 51, 232. 

36. ODOR, L. D., Uptake and transfer of particulate 

matter from the peritoneal cavity of the rat, 

J. Biophys#. and Biochem. C~vtol., 1956, 2 suppl., 

105. 

37. PALADE, G. E., Fine structure cf blood capil- 

laries, J. appl. Phys., 1953, 24, 1424. 

38. PALADE, G. E., Transport in quanta across the 

endothelium ef blood capillaries, Anat. Rec., 

1960, 136, 254. 

39. PAPPAS, G. O., Structural and cytochemical 

studies of the cytoplasm in the family Amoe- 

bidae, Ohio J. Sc., 1954, 5¢, 195. 

40. PAPPAS, G. D., Electron microscope studies on 

amoebae, Ann. N. Y. Acad. Sc., 1959, 78, 448. 

41. PAPPAS, G. D., SMELSER, G. K., and BRANDT, 

P. W., Studies on the ciliary epithelium and 

the zonule, II. Arch. Ophth., 1959, 62, 959. 

42. PARPART, A. K., and DZIEMIAN, A. J.,  The chem- 

ica composition of the red cell membrane ,  

Symlp. quant. Biol., 1940, 8, 17. 

43. POLICARD, A. and BESSlS, M., Sur un mode d'in- 

corporation des macromolecules par la cellule, 

visible au microscope electronique : La ropheo- 

cytose, Compt. rend. Acad. Sc., 1958, 246, 3194. 

44. PREER, J. R., Personal communication, Biology 

Dept., University of Pennsylvania, Phila- 

delphia, Pa. 

45. PRESCOTT, D. M., and .]AMES, T. W., Culturing 

of Amoeba proteus on Tetrahymena, Exp. Cell Re- 

search, 1955, 8, 256. 

46. ROBERTSON, J. D., A molecular theory of cell 

membrane structure, 4th International Con- 

ference on Electron Microscopy, Berlin, 

Springer-Verlag, 1958. 

47. ROBERTSON, J.  D., The ultrastructure of cell 

membranes and their derivatives, Biochem. 

Soc. Syrup., 1959, 16, 3. 

48. ROBERTSON, J. D., Structural alterations in 

nerve fibers produced by hypotonic and hyper- 

tonic solutions, J. Biophysic. and Bioehem. Cytol., 

1958, 4, 349. 

49. SCHUMAKER, V. N., Uptake of protein from solu- 

tion by Amoeba proteus, Exp. Cell Research, 

1958, 15, 314. 

50. TENNYSOr% V., An electron microscopic study of 

newborn choroid plexus from normal and 

hydrocephalic rabbits, Anat. Rec., 1960, 136, 

290. 

51. WARD, R. T., Prevention of polymerization dam- 

age in methacrylate embedding media, or. 

Histochem. and Cytochem., 1958, 6, 398. 

52. Wlssm, S., Personal communication, Dept. 

Anatomy, University of California Medical 

Center, San Francisco, Calif. 

P. W. BRANDT AND G. D. PAPPAS Pinocytosis. I 687 


