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Summary. A sensitive method for assaying aggregation of dissociated cells has been 
developed which allows the determination of the mean number of cells per aggregate of a 
cell population. We have demonstrated that exposure of dissociated 6- or 7-day chick 
embryo neural retinal cells to trypsin in calcium-free solution renders them unable to 
aggregate for a half hour in stirred cell suspensions. Aggregation was noticeable first at 
30 to 40 minutes and progressed to the formation of massive compact aggregates. Because 
the half-hour aggregation lag occurred both in the absence of serum and in medium re- 
claimed from aggregated preparations, the possibilities were excluded that it was due 
either to an inhibitor of aggregation in the serum, or was the time required for release into 
the medium of soluble aggregation-promoting materials emanating from the cells them- 
selves. Cells dissociated by divalent cation withdrawal (Ca + +, Mg + +-free saline with 
EDTA) aggregated without a lag. The trypsin-induced lag does not appear to be the 
result of trypsin adsorbed to the surfaces of dissociated cells, as the lag is not abolished 
by addition of trypsin inhibitors to the aggregation medium. Microelectrophoresis of 
dissociated cells did not reveal changes in surface charge density during recovery from 
trypsinization. A variety of proteins and calcium ion, if present during trypsinization, 
protect the cells against the trypsin-induced aggregation lag. If the temperature was re- 
duced from 37 to 6 ~ aggregation of fully adhesive cell populations came to a complete 
halt within 2 to 3 minutes. Aggregation resumed with a 5 to 10 minute delay when the 
temperature was returned to 37 ~ The rapidity of onset and reversal of inhibition of aggre- 
gation by low temperature treatment militates against the hypothesis that the low-tempera- 
ture inhibition of aggregation acts by suppressing the synthesis of cell surface components 
necessary for adhesion. The abolition of the aggregation lag in trypsinized cells was also 
shown to be temperature-dependent; a 20-minute cold pulse administered in the middle 
of the lag period extended the length of the lag by exactly 20 minutes. 

Adhesiveness  of  cell surfaces is required  so tha t  cells can cons t ruc t  coher-  

ent  tissues. A p r o b l e m  basic  b o t h  to cell b io logy and  to deve lopmenta l  
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biology is the mechanism of intercellular adhesion. The following study is a 
report on a method for studying mechanisms of cellular adhesion which em- 
ploys aggregation of dissociated cells as an assay for adhesiveness. In this 
study, two procedures are described whereby dissociated cells can be rendered 
reversibly nonadhesive. The purpose of the present study is to describe these 
procedures in detail and to present the results of initial experiments utilizing 
these procedures to study basic mechanisms of cellular adhesion. 

Two different treatments are commonly used to effect dissociation of 
animal tissues into suspensions of isolated cells. One method involves in- 
cubation of the tissue in a medium from which divalent cations have been 
removed, while the other involves treatment of the tissue with a proteolytic 
enzyme such as trypsin. For many tissues, the most effective method for 
tissue dissociation involves combination of the two treatments (Steinberg, 
1967). 

If placed in the proper environment, disaggregated cells are usually able 
to aggregate with each other to establish masses of adhering cells (Holtfreter, 
1943; Moscona & Moscona, 1952; Townes & Holtfreter, 1955; Steinberg, 
1958; Armstrong, 1966). In the following study, a comparison is made be- 
tween the rates of aggregation of embryonic chicken ceils dissociated either 
by removal of divalent cations from the environment by ethylene-diamine 
tetra acetate (EDTA) or by the proteolytic enzyme trypsin. It is observed that 
EDTA-dissociated cells are able to aggregate as soon as they are placed under 
the appropriate environmental conditions while trypsin-dissociated cells 
show a pronounced half-hour lag period before aggregation begins. The 
first portion of the study that follows represents an analysis of the aggrega- 
tion lag of trypsin-treated cells. 

The second portion of the present report details studies of a second 
method for rendering cells reversibly nonadhesive. Trypsin-dissociated cells 
maintained at 37 ~ C for 70 to 100 min (a period of time adequate to over- 
come the trypsin-induced aggregation lag) aggregate rapidly. Aggregation 
of these same cells does not occur at low temperatures. The low temperature- 
induced prevention of aggregation shows a rapid onset(2 to 3 min) and is com- 
pletely reversible. 

Hopefully, if one knew why cells are not adhesive during the first half 
hour following exposure to trypsin and the nature of the changes that take 
place during this period that allow cells to recover adhesiveness, the infor- 
mation would be directly applicable to problems of the mechanisms of adhe- 
sion. Similarly, it is desirable to know why cells are nonadlaesive at low tem- 
peratures because this knowledge should shed further light on fundamental 
mechanisms of adhesion. 
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Materials and Methods 

Cell Dissociation 

Neural retinas were dissected from 6- or 7-day chicken embryos in cold Hanks '  saline. 
CMF-dissociated cells were prepared by incubating neural retinas in C M F  Hanks '  solu- 
tion, p H  7.4, containing 0.1% NazEDTA at room temperature. Trypsin dissociation was 
carried out in a 0.1% or 0.25 % crude trypsin (Difco 1:250) solution or a 3 % crude trypsin 
(Difco 1:250)-1% pancreatin (Difco) mixture made up in CMF Hanks '  (with or without 
0.1% NazEDTA) (Steinberg, 1962). Trypsin solutions were at a p H  of 7.8 to 8.0 and the 
tissues were treated for 25 rain at 37 ~ DNase plus Mg ++ was added to digest any slime 
formed during the course of trypsin treatment (Steinberg, 1963). In all cases, the actual 
dissociation was accomplished using the shear produced by stirring with a mechanical 
test tube stirrer (" Cyclomixer",  Clay Adams Co., New York). 

Cell Aggregation 

Following dissociation, the cells were pelleted, washed, and resuspended in Eagle's 
minimal essential medium (Eagle, 1959). In most cases, the culture medium contained 10 % 
horse serum (" M E M  + HS" )  but in other cases, serum was omitted ( " M E M " )  or was 
replaced by soybean trypsin incubator (type l-S, 2 • tryst-Sigma) ( " M E M + S T I " ) .  
Aggregation was carried out at 37 ~ in 10 or 25 ml Erlenmeyer flasks. Cell suspensions 
were stirred on a gyratory shaker at 70 rpm. Cell concentrations in the range of 1 to 4 • 
106/ml were employed. 

In most experiments, aggregation was quantitated by measuring the average number of 
cells per aggregate using a technique employing membrane filters (Armstrong, 1966; 
Steinberg & Granger, 1966). At  the beginning of aggregation and at various times after- 
wards, 0.1-ml samples of culture medium and cells were withdrawn from the aggregation 
vessels. The cells in these aliquots were filtered onto the surface of a Millipore filter and 
were then fixed withBouin's solution. The filterwith cells was then stained withhematoxy- 
lin and eosin or azure A-naphthol yellow, dehydrated in ethyl alcohol, cleared in toluene 
and mounted on a microscope slide with Permount (Millipore Filter Corp., 1964). Loss 
of cells and cell aggregates from the filter was negligible. Cell aggregation was assayed by 
counting the number of ceils in each of at least 1,000 aggregates per slide, sampled at 
random. (An "aggregate"  was defined as a single cell or a cohering group of cells.) The 
parameter used to express the degree of cell aggregation was the average number of ceils 
per aggregate. In other cases, the degree of aggregation was ascertained by measuring 
with an ocular micrometer the sizes of aggregates within flasks. 

Cell Electrophoresis 

The electrophoretic mobili ty of dispersed cells was determined in a Bangham micro- 
scopic electrophoresis apparatus (Bangham, Flemans, Heard & Seaman, 1958; Armstrong 
1966). In most cases, the suspending medium was 0.145 M NaC1, buffered to p H  7.2 to 
7.3 with 3 m ~  NaHCO3. Cells were washed free of tissue culture medium by centrifuga- 
tion and resuspension in the 0.145 U NaC1 solution. Temperature was 25 ~ 

Estimation of Protease Activity 

The trypsin-inhibiting activity of various cell culture media was tested using a photo- 
graphic film assay system. Trypsin solutions were serially diluted in the various culture 
media and several 10-1atiter aliqnots of each dilution were placed on the emulsion side of 

7* 
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premoistened pieces of exposed Kodak Plus X Pan photographic film. These were incu- 
bated for 12 hr at 37 ~ in a moist chamber. Trypsin activity was shown by dissolution of 
the gelatin of the developed photographic emulsion. Although the assay system is only 
semi-quantitative, reproducible differences in trypsin inhibiting activities of the various 
culture media could readily be detected. 

Results and Conclusions 

Reversible Nonadhesiveness Following Treatment with Proteolytic Enzymes 

Temporary Nonadhesiveness of Trypsin-Dissociated Cells. The kinetics of 

aggregat ion  of t rypsin-dissociated cells f r o m  the neural  re t ina  of the chick 

embryo  are presented in Fig. 1. The  t rypsin-dissociated cells show a ha l f -hour  
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Fig. 1. Aggregation kinetics of trypsin-dissociated, 6-day neural retinal cells. Cell suspen- 
sions in Eagle's M E M +  10% horse serum at 37 ~ were stirred (70 rpm) on a gyratory 
water-bath shaker. The degree of aggregation in the cell suspension is expressed as the 
average number of cells per aggregate. Trypsin-dissociated cells began aggregating only 

after a half hour in culture 
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refractory period, followed by the onset of rapid aggregation. Addition of 
small, pre-formed aggregates to the cell suspension to serve as nucleation 
sites did not reduce the refractory period. Although the results presented in 
Fig. 1 represent a single experiment, this experiment has been repeated many 
times with the same results: trypsin-dissociated cells invariably show a re- 
aggregation lag of about a half hour. 1 

In Fig. 1, and in most of the aggregation data that follow, the parameter 
employed to express the degree of aggregation is the mean number of cells 
per aggregate (determined by counting the number of cells in each of a thou- 
sand or more aggregates chosen at random). The raw data summarized 
in Fig. 1 are presented in Table 1. As is clear from Table 1, aggregation in 
stirred cell suspension involves the formation of quite large aggregates even 
at times when a majority of "aggregates" contain only one cell. Thus, by the 
time the mean number of cells per aggregate has risen to 1.5 or 2.0, a sub- 
stantial amount of aggregation visible to the eye has occurred. 

Is the Aggregation Lag Due to a Temporary Inadequacy of the Culture 
Medium ? In an initial attempt to account for the aggregation lag, the possi- 
bility was examined that the lag represents the time required for the disso- 
ciated cells to "condition" the culture medium to a degree sufficient to enable 
it to support cell aggregation. Conditioning could be of two sorts: (1) aggre- 
gation inhibitors present in fresh medium might need to be removed or in- 
activated, or (2) the dissociated cells might need to add aggregation-promo- 
ting substances to the culture medium. As an example of  the first case, certain 
preparations of blood serum have been shown to contain high levels of 
aggregation-inhibiting proteins (Curtis & Greaves, 1965). If this is true in 
the present case, then the lag might represent the time necessary for the 
dissociated cells to inactivate or remove these inhibitory molecules. However, 
in the present case, the lag does not appear to be caused by inhibitory factors 
in the serum since it also occurs if trypsin-dissociated cells are allowed to 
aggregate in serum-free medium (Fig. 2). The extent of the aggregation lag 
is the same (30 to 35 rain) in serum-free medium as in complete medium. 

In addition, trypsin-dissociated cells allowed to aggregate in medium 
that has previously supported aggregation (and which can thus be presumed 
both to be devoid of aggregation-preventing factors present in fresh medium 
and to contain any required aggregation-promoting materials contributed by 
the cells themselves)show the same aggregation lag as cells aggregated in fresh 

1 A similar lag has been observed with trypsin-dissociated 4-day limb bud, 7-day heart 
and 7-day liver. Dissociation with crystalline trypsin, crystalline alpha-ehymotrypsin or 
pronase results in a lag similar to that produced by crude trypsin. 
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Fig. 2. Trypsin-dissociated, 6-day neural retinal cells showed an aggregation lag in serum- 
free culture medium similar to that shown in medium containing horse serum (compare 

with Fig. 1) 

medium (Fig. 3). Thus, the aggregation lag cannot be explained as a conse- 
quence of a requirement for conditioning of either the first kind (removal of 
aggregation inhibitors) or of the second kind (addition of aggregation-pro- 
moting materials to the medium by dissociated cells). 

Is the Aggregation Lag Due to an Effect of Trypsin upon the Cells ? If the 
aggregation lag is not a result of alteration of the culture medium, then it may 
be a direct result of the procedure used to effect disaggregation of the tissue. 
To examine this possibility, 6-day chick embryo neural retina was dissociated 
in the absence of trypsin, using CMF treatment. As shown in Fig. 4, CMF- 
dissociated cells show no detectable aggregation lag: cells aggregate as soon 
as they are placed in culture. It appears, then, that the aggregation lag is 
induced by treatment with proteolytic enzymes. 

Time-Course of Recovery of Adhesiveness by Trypsinized Cells. While the 
evidence presented so far demonstrates the onset of adhesiveness in trypsin- 
ized ceils at about a half hour after the cells are cultured, it does not reveal 
how much time is required for the cells to develop their full adhesive poten- 
tials as determined by measurement of rates of cell aggregation. In an effort 
to answer this question, a procedure was developed in which trypsin-disso- 
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Fig. 4. Six-day neural retinal cells dissociated by withdrawal of divalent cations (in Ca ++ , 
Mg++-free saline) aggregate without a detectable aggregation lag (compare with Fig. 1) 
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ciated cells were maintained in culture, but were prevented from aggregating 
by the application of strong shearing forces administered at regular inter- 
vals (every 5 rain). The shearing forces were produced by stirring the stock 
cell suspension vigorously with a vortex-type test tube stirrer. Most adhesions 
formed in the interval between successive stirrings were broken. The aggre- 
gative ability of these "preincubated cells" was then tested at regular inter- 
vals. Aliquots of preincubated cells were removed from the stock suspen- 
sion, placed in shaker flasks and allowed to aggregate for 13 min. At 
the end of this period, the cells were removed from culture and the degree of 
aggregation in the 13-rain interval was assayed using the standard pro- 
cedures. 

The results of such a study are presented in Fig. 5. The time when aggrega- 
tion is begun with each aliquot is plotted on the abscissa and the extent of 
aggregation of the aliquot during the 13-min test interval is plotted on the 
ordinate. The latter value is a measure of the extent to which cells have 
recovered their ability to aggregate during the preincubation and test periods. 
Cell aliquots preincubated for zero minutes or 10 min and assayed at 13 and 
23 rain, respectively, did not aggregate. Cell aliquots preincubated for 20 to 
60 rain (assayed from 33 to 73 min, respectively) showed increasing but sub- 
maximal levels of aggregation during the 13-rain test period. Cell populations 
preincubated for 70 min aggregated at the same rate as cells prewarmed for 
80 or 90 min and presumably had fully recovered from the effects of tryp- 
sinization, at least insofar as their ability to initiate mutual adhesions is con- 
cerned. From these studies, and from those presented in Fig. 1, it can be 
concluded that these trypsinized cell populations showed the first signs of 
recovery of adhesiveness at about 30 min and had recovered completely by 
about 70 to 80 min. Trypsinized cells preincubated until recovery was 
complete aggregated rapidly without any sign of an aggregation lag 
(Fig. 6). 

CMF-dissociated cells showed no detectable aggregation lag (Fig. 4). 
However, simple kinetic curves, as shown in Fig. 4, do not show whether 
freshly dissociated CMF-treated cells are maximally adhesive (i. e., are able 
to aggregate as rapidly as cells maintained for a period of time in culture). 
The same preincubation procedure applied to trypsinized cells detailed above 
was used to examine this question: in marked contrast to trypsin-dissociated 
cells, CMF-dissociated cells aggregated as rapidly at time zero as at any later 
time (Fig. 7). Moreover, although aggregation rates in different experiments 
are not as comparable as those within a single experiment, their aggregation 
rate was found to approximate the maximal rate attained by trypsinized cells 
after preincubation to maximal adhesiveness (Fig. 8). 
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Fig. 5. Time-course of recovery of adhesiveness by trypsJnized cells. A stock population 
of suspended, trypsin-dissociated cells at 37 ~ was discouraged from aggregating by the 
periodic application of shearing forces to break whatever adhesions had been made. At 
regular intervals, aliquots of this cell suspension were removed and tested for their ability 
to aggregate in conventional gyratory culture for 13 min. The top graph shows degree of 
aggregation of each aliquot at the beginning (" INITIAL") and end (" FINAL") of the 
13-min test period. Note that the prevention of aggregation in the stock celt suspension 
is not complete. The bottom graph shows the degree of aggregation achieved during the 
test period (FINAL minus INITIAL) as a function of time in culture. Cells are maximally 

adhesive after a 70-rain prewarming period 

Is the Aggregation Lag Caused by Trypsin Adsorbed onto Cell Surfaces ? 
Since the aggregation lag has been shown to be caused by trypsin t reatment ,  

and since the lag cannot  be explained as the t ime necessary for  a condi t ioning 
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Fig. 6. Trypsinized cells preincubated for a sufficient period aggregate without an aggrega- 
tion lag. A population of trypsin-dissociated cells was divided into two aliquots. One was 
allowed to aggregate and the other was preincubated (with periodic shearing) for 107 min 
before being allowed to aggregate under standard conditions. The directly cultured portion 
of the cell population aggregated only after the usual half-hour lag period (same data as 

for Fig. 1), whereas the 107-min preincubated cells aggregated without a lag 

of the culture medium, then it must be supposed that the lag represents the 

time necessary to repair some alteration of the cell produced by protease 
treatment. One plausible possibility is that enzymatically active trypsin 

adsorbs to the surfaces of dissociated cells and, by virtue of its proteolytic 
activity, prevents their subsequent adhesion in tissue culture. This hypothesis 

would account for the aggregation lag as the time necessary for deadsorption 
or inactivation of this surface-adsorbed trypsin. There is evidence that cells 
can adsorb enzymatically active trypsin onto their surfaces. Trypsin adsorbs 
to a variety of substances (Kobamoto,  L6froth, Camp, Van Amburg & 
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Fig. 7. CMF-dissociated cells are maximally adhesive even without preincubation. The 
same procedure employed in the experiment shown in Fig. 5 was applied to CMF-disso- 
ciated cells. Whereas trypsin-dissociated cells only gradually acquire the capacity to es- 
tablish adhesions at the maximal rate, CMF-dissociated cells initiate adhesions at their 

maximal rate from the very start of aggregation 

Augenstein, 1966), and cells treated with trypsin are subsequently able to digest 
extracellular proteins (Rosenberg, 1960; Moscona, Trowell & Willmer, 1965, 
p. 55; Poste, 1971) presumably as a result of surface-adsorbed trypsin. In the 
last case cited, this ability to digest extracellular protein was abolished by 
treatment with trypsin inhibitor. Barnard, Weiss and Ratcliffe (1969) have 
reported that a substantial reduction in the electrophoretic mobility of iso- 
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Fig. 8. The rate of aggregation of maximally adhesive preincubated trypsinized cells 
(taken from Fig. 6) was the same as the rate of aggregation of CMF-dissociated cells 

(taken from Fig. 4) 

lated neural retinal cells follows treatment with diisopropylfluorophosphate- 
inactivated trypsin, and attribute this reduction in mobility to adsorption of 
trypsin to the ceil surfaces. In addition, adhesion of trypsin-treated L-cells to 
glass does not occur unless these cells are treated with a trypsin inhibitor 
(Hebb & Chu, 1960). Both soybean trypsin inhibitor and serum trypsin inhib- 
itor were effective in the latter system. 

To test the role of surface-adsorbed trypsin, we examined the effect of 
various trypsin inhibitors on the trypsin-induced reaggregation lag (Table 2). 
There was no consistent difference in the aggregation kinetics of cells incu- 
bated in MEM alone, MEM +horse serum or MEM +soybean trypsin in- 
hibitor. Both of the latter solutions are strongly inhibitory to the proteolytic 
activity of trypsin (see Table 3). There was no detectable protease activity in 
MEM +HS even at 4000 rtg/ml added trypsin. In the presence of 0.5 mg/ml 
soybean trypsin inhibitor, detectable proteolytic activity was lacking at 10 l~g/ml 
trypsin. With MEM or Sorensen's phosphate buffer, protease activity was 
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Table 2. Reaggregation of trypsin-dissociated 6-day chick embryo neural retinal cells: 
Effect of trypsin inhibitors on the aggregation lag 

Culture medium Increase in average number of cells per aggregate 

20 min a 40 min 60 min 80 min 100 min 

Experiment ~ 1 : Average number of 
MEM c 
MEM-b 10% HS 
MEM + STI 0.009 

cells per aggregate at zero time = 1.047 

0.052 b 0.102 0.150 0.519 
0.069 O. 116 0.222 0.423 
0.026 O. 121 O. 272 

Experiment ~ 2: Average number of 
MEM 
MEM + 10 % HS 
MEM + STI - -  0.030 

cells per aggregate at zero time = 1.063 

0.060 0.147 0.367 0.276 
0.014 0.103 0.154 0.209 
0.018 0.069 0.170 0.338 

Experiment ~ 3: Average number of 

MEM 
M E M +  10% HS 
MEM + STI - -  0.009 

cells per aggregate at zero time = 1.052 

0.028 0.043 0.223 0.342 
0.005 0.072 0.129 0.276 
0.018 0.040 0.174 0.488 

a The time in culture at 37 ~ Cell suspensions (2 x 106 cells/ml; 3 ml of medium per 
flask) were stirred on a gyratory shaker at 70 rpm. 
b Degree of aggregation is expressed as increase in the average number of cells per aggre- 
gate over that observed at the start of the experiment. 
e MEM = Eagle's minimal essential medium. HS = horse serum. STI = soybean trypsin 
inhibitor. Inhibitor concentration in Experiments ~ 1 and @ 2 is 0.5 mg/ml and in experi- 
ment ~ 3 is 1 mg/ml. 

detectable  by  the assay system even at  dilutions of  0.04 to  0.01 gg/ml  trypsin.  

The  pro tease  assay system used revealed at  least a 104-fold difference in 

t rypsin inhibi t ing ability of M E M  + H S  as c o m p a r e d  with M E M ,  yet  the 

cellular aggregat ion  kinetics were the same in these two tissue cul ture media .  

We conclude tha t  the lag does not  represent  t ime necessary for  the inact iva-  

t ion of cell surface b o u n d  trypsin.  

Is the Aggregation Lag a Result of Altered Pseudopodial Activity ? Aggre-  

gat ion of dissociated cells m a y  depend  on an  abili ty to m a k e  pseudopod ia l  

project ions  (Pethica, 1961; Lesseps,  1963). Thus,  the t ryps in- induced aggre-  

gat ion lag m a y  be the result  of a t e m p o r a r y  (i. e., ha l f -hour)  loss in the abil i ty 

of cells to p ro t rude  pseudopods .  T ime- lapse  movies  were m a d e  of t rypsin-  

dissociated 6-day neural  ret inal  cells as a means  to test  this hypothesis .  T ryp -  

sinized cells suspended in M E M  + 10% HS were placed on detergent-  and  

a lcohol-c leaned mic roscope  slides. Coversl ips  were sealed on  with  Vasel ine 

and  the assembly  was placed at  37 ~ C in a Wild  H o t - a n d - C o l d  Mic roscope  

Stage fitted to a Wild M 20 microscope.  F i lming was init iated immedia te ly  
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Table 3. Relative trypsin-inhibitor activities of various culture media a 

111 

Protease b Amount of protease activity e in: 
(in lag/ml) 

Sorensen's MEM MEM + STI a MEM + 10 % HS 
phosphate 
buffer, pH 7 

4,000 
400 
100 
40 
10 
4 

4 e 

3 21/2 2 
3 3 2 
2 2 1 
2 2 0 
2 11/2 - -  

i 1 1 / 2  2 - 

0 . 4  1 0 - 
0.1 0 0 - 
0.04 0 -- - -  

0 . 0 1  - -  0 - -  

0 . 0 0 1  - -  - -  - 

a S e e  footnote c of Table 2. 
b Protease was 3 % Difco 1 : 250 Trypsin + 1% 1 : 75 Pangestrin dissolved in CMF Hanks 
+ 2  mM EDTA and diluted first 1 : 10 in Sorensen's buffer, and then in the various media 
to give the indicated concentration. 
e Conditions of incubation: (1) Photographic film was soaked overnight in Sorensen's 
buffer and blotted dry; (2) 10 2 of solution was used for each assay; (3) Incubation was in 
a humid chamber at 37 ~ for 12 hr. At the end of incubation, the film was washed in 
water with rubbing, dried, and the results were tabulated. 
a STI is soybean inhibitor (cryst.) at 0.5 mg/ml. 
e Intensity of reaction of protease with film emulsion: 4: Very strong protease activity; 
emulsion digested through to cellulose backing; area of emulsion digested greatly ex- 
ceeded the area of the initial drop. 3: Strong activity;area of emulsion digestion somewhat 
greater than area of initial drop. 2: Moderate activity; area of emulsion digested about 
that of initial drop. 1 : Weak activity; emulsion was digested to cellulose backing in only 
small portions of the area covered by the initial drop. 0: Very weak activity; surface of 
emulsion merely etched. -- indicates no reaction. 

and continued for 2 hr at 6 or 10 frames/min, with magnifications of 24 or 

49 x. Films were analyzed with an L/W stop-action projector. Each cell in 
the field was assigned a number, and its behavior was analyzed throughout 
the period of culture. Neural retinal cells stuck to the glass very weakly or not 
at all during the observation period, so it is believed that their behavior in the 
present situation is similar or identical to their behavior in shaker-flask culture. 
Sixty cells were studied. Behavior was as follows: 

19 cells showed moderate to vigorous pseudopodial activity at all times. 
Pseudopods were large blunt lobopods; 35 cells were relatively quiescent at 
all times. These cells appeared to be alive and well but formed very fine short 
pseudopods rather than large ones; 1 cell was quiescent early and then devel- 
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oped pseudopodial activity later; 1 cell showed active pseudopods initially 
and later became quiescent; 1 cell showed pseudopodial activity early, and 
then became bipolar, apparently due to adhesion to the substrate via filopods 
at each end of the cell; 3 cells were quiescent early and became bipolar later. 

These observations do not support the hypothesis that recovery of adhe- 
siveness depends on a recovery of pseudopodial activity. A majority of cells 
(54/60) showed no change in surface activity over the period of culture. 

B is likely that trypsinization alters the composition of the cell surface, 
either by inactivation or removal of materials necessary for adhesion or by the 
induction of a rearrangement of surface components. Cells so altered might 
well be nonadhesive during the period necessary for replacement of lost or 
inactivated surface components or for re-ordering of the disarranged compo- 
nents. This hypothesis is attractive since it raises the possibility that further 
study of the aggregation lag might allow one to correlate changes in the compo- 
sition or structure of the cell surface with the reacquisition of adhesiveness. 
The lag could thus be used as a tool for exploration of the nature of intercellular 
adhesion itself. In what follows, we report some initial attempts to understand 
the nature of possible cell surface changes occurring during the lag period. 

Is the Aggregation Lag Due to an Altered Cell Surface Charge ? Electro- 
phoresis is a means for studying the composition of surfaces, and in partic- 
ular, surface net electrostatic charge (Abramson, Moyer & Gorin, 1942; 
Seaman & Heard, 1960; Haydon, 1961; Glaeser, 1963). We hoped by this 
means to correlate possible changes in the composition of the cell surface 
with the observed adhesive changes, thus gaining information bearing upon 
the chemistry of cellular adhesion. 

To examine the possibility that the cell surface during the lag period is 
characterized by an altered net surface charge, the electrokinetic mobilities of 
freshly dissociated, trypsinized cells were compared to those of cells which 
had been incubated in culture medium (" preincubated") for a period of time 
sufficient to allow cellular adhesiveness to be re-established (using the same 
procedure for "preincubating" cells as was described previously). Only two 
of five trials showed a statistically significant difference, by Student's t test, 
between mean values of mobility of unincubated cells and of cells incubated 
for 90 to 130 min (Table 4). Thus, there was no consistent difference between 
the electrokinetic mobility of the nonadhesive, unincubated cells and that of 
the adhesive, incubated cells. 

We recognized the possibility that labile surface changes occurring during 
the course of incubation could be reversed or obscured by the 0.145 M NaC1 
suspending medium used in the above electrophoresis experiments. Conse- 
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Table 4. Electrophoretic mobility n of trypsin-dissociated chick embryo neural retinal cells 
immediately following trypsin treatment and after varying periods of incubation at 37 ~ 

in minimum essential medium, Eagle, containing 10 % horse serum 

Suspension Anodal mobility Mobility difference between Statistical 
medium immediately incubated and unincubated significance 

following trypsinized cells of 90 to 130 min 
trypsinization (incubated minus unincubated) difference 
(l~lsec/V/cm) 

40 to 50 min 90 to 130 rain 
of incubation of incubation 

0.145 M NaC1 0.919 --0.030 --0.006 p>0.2 
0.878 -- 0.021 + 0.017 p > 0.2 
0.841 -- 0.002 + 0.145 p < 0.01 
0.902 + 0.018 + 0.040 p > 0.2 
0.861 + 0.087 + 0.094 p <0.02 

MEM+HS 0.913 -- +0.041 p<0.1 

Conditions for electrophoresis: 25 ~ pH 7.3. 

quently, M E M  + H S  was employed as the suspending medium for electro- 

phoresis in one trial (Table 4). The change in electrophoretic mobility upon 
incubation in this case was on the borderline of statistical significance and 
was small at best. On the other hand, the mobility difference between EDTA- 

dissociated and trypsin-dissociated (nonincubated) neural retinal cells is rather 
considerable. In our hands, the former had a mobility (towards the anode) 

of 1.36 +0.03 (SE) 2 ~t/sec/volt/cm and the latter a mobility of 1.03 +0.03 (SE). 

This is an easily detectable difference and is much greater than any observed 

in the comparison between incubated and nonincubated trypsin-dissociated 

cells. In summary, the recovery of adhesiveness by trypsinized ceils is not 

accompanied by marked changes in net surface charge; moreover, EDTA- 
dissociated cells and prewarmed, trypsin-dissociated cells differ markedly in 
net surface charge but initiate adhesions at identical rates. 

Reduction of the Aggregation Lag by Modification of the Trypsinization 
Procedure. In a second attempt to investigate the possibility that the restora- 
tion of adhesiveness occurs by resynthesis or rearrangement of lost or dis- 

ordered surface components, the effects of alterations in the trypsinization 
procedure were studied. In these experiments, a semi-quantitative visual 
assay for degree of aggregation was substituted for the more quantitative 
Millipore filter assay technique. Rather than enumerating the number of cells 

per aggregate, aggregation was followed by measuring the sizes of aggregates 

2 Our value of - 1.36 ~t/sec/V/cm for EDTA-dissociated cells is smaller than the value of 
- 1.70 reported by Barnard et al. (1969). The reasons for this discrepancy are not clear. 
S J.  Membrane  Biol. 13 
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P R O T E C T I V E  E F F E C T  OF SERUM DURING T R Y P S I N I Z A T I O N  
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Fig. 9. Chicken serum present during trypsinization partially protects cells from the 
trypsin-induced aggregation lag. The aggregation kinetics of CMF-dissociated retinal cells 
(no lag) are compared with the aggregation kinetics of cells dissociated in 0.25 % trypsin 
(half-hour lag) or in 0.25 % trypsin -t-2 % chicken serum. In the last case, the aggregation 
lag was considerably shortened. A period of no aggregation (between 0 and 5 min) was 
followed first by a period of slow aggregation (between 5 and 20 min) and then by a period 
of more rapid aggregation. In the experiments illustrated here and in Fig. 9, the extent of 
aggregation was recorded as the diameter of the largest prominent class of aggregates 
present in the population, rather than as the average number of cells per aggregate 

using an ocular micrometer. This method was sufficiently accurate for the 

purpose of these experiments. For example, using this technique, the half- 

hour aggregation lag of trypsinized cells and the immediate onset of aggrega- 

tion of CMF-dissociated cells could both be readily demonstrated. The results 

of these experiments show that the addition of certain proteins (see Coon, 

1966; Roth & Weston, 1967; Roth, 1968; Orr & Roseman, 1969) or calcium 
ion to the trypsin-containing dissociation medium interferes little with the 

ability of trypsin to dissociate neural retinal tissue but does result in the 
abolition or reduction in length of the reaggregation lag once the dissociated 

cells are placed in culture. 

The effect of chicken serum added to the trypsin solution used to effect 
dissociation is presented in Fig. 9. The aggregation lag has been shortened 

but not altogether abolished in treated cells. It was found that to exert any 
protective effect, chicken serum must be present during the period of expo- 
sure to trypsin; pretreatment or post-treatment of trypsinized cells with 

serum is ineffective in reducing the lag. Serum at a concentration as low as 
(but not much lower than) 0.5 % reduced the length of the lag induced by 
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Fig. 10 Calcium ion present during trypsinization protected cells from the trypsin-induced 
aggregation lag. Each curve represents the aggregation kinetics of a retinal cell population 
dissociated with trypsin within the presence of a given concentration of Ca ++. At 1.26 or 
0.42 mu Ca ++ (o), the aggregation lag is not present. In the presence of lower concentra- 
tions of Ca + + [0.13 mM (o) or 0.042 m~ (l)], the aggregation lag is shortened. In the absence 
of Ca ++, the usual half-hour aggregation lag was evident. At 0.04 or 0.13 mM Ca  ++, the 

lag was shortened. At 0.42 or 1.26 mM Ca ++, the lag was abolished 

0 .1% 1 : 250 trypsin in C M F  saline. Horse  serum, as well as various proteins  

added  to  the trypsin solution, had  an effect similar to tha t  of chicken serum. 

Pro tec t ion  has been demons t ra ted  also with f ibrinogen,  serum albumin and  

casein. I t  was found  that  chicken serum and fibrinogen,  at least, can pro tec t  

cells dissociated in chymotryps in  or  pronase  as well as in trypsin. 

Ano the r  agent  which can pro tec t  cells against a t rypsin- induced lag is 

Ca ++ (Fig. 10). When  present  dur ing trypsinizat ion (0.1% 1:250 trypsin),  

Ca + + at 1.3 mM or  0.42ram total ly prevented  the aggregat ion lag. At  0.I3mM, 

8* 
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partial protection was afforded. Mg ++ did not substitute for Ca ++. it 
appears that the protection afforded by proteins is not due solely to Ca ++ 
contaminants, since fibrogen dialyzed against an EDTA-containing solution 

was almost as effective as the undialyzed protein. 

Temperature Dependence of Adhesiveness and of its Recovery 
by Trypsinized Cells 

In the prewarming experiments cited before, the culture temperature was 
always 37 ~ It has previously been demonstrated that cell aggregation is 
inhibited at reduced temperatures (Moscona, 1961b; Steinberg, 1962; Mos- 
cona & Moscona, 1966; Jones & Morrison, 1969). It was concluded earlier 
that the effect of warmth in promoting aggregation " . . .  persists only as long 
as the warm temperature is maintained" (Steinberg, 1962). The sensitive 

techniques of the present study permit this conclusion to be examined more 
closely than has heretofore been possible (Fig. 11). Trypsinized cells, pre= 

EFFECT OF TEMPERATURE UPON THE 
MAINTENANCE OF THE ADHESIVE STATE 
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Fig. 11. The effect of temperature on cell aggregation. When a maximally adhesive cell 
population (trypsinized cells preincubated 100 rain) was cooled to 6.5 ~ during the course 
of aggregation, aggregation ceased within a few minutes. The cessation of aggregation was 

reversible after rewarming to 37 ~ with a 5 to 10 min delay 
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Fig. 12. Low temperature treatment administered during the lag period postponed the 
reacquisition of adhesiveness in trypsinized cells. A population of trypsinized ceils was 
divided into two aliquots. One was maintained at 37 ~ throughout (o) while the other 
was maintained at 37 ~ for 20 min, then cooled to 6.5 ~ for the next 20 rain, and finally 
rewarmed to 37 ~ (0). The 20-min cold pulse during the lag period prolonged the lag by 

20 rain 

incubated with periodic dispersal for 100 min to ensure maximal adhesive- 

ness, were allowed to aggregate for 20 min at 37 ~ and were then rapidly 

cooled to 6.5 ~ in a refrigerated water bath shaker, a Aggregation ceased 

within a few minutes. The cessation of aggregation was reversible: when the 

flask was quickly rewarmed at 40 min to 37 ~ aggregation again became 

noticeable after a lag of a few minutes. r This result shows that the aggrega- 

tion of adhesive cells can be turned on and off by manipulation of the temper- 

ature, with a delay in response of a few minutes. Reduced temperature inhi- 

bits not only the ability of already adhesive cells to aggregate, but also, as 

shown in the next experiment, the recovery of adhesive properties of cells 
rendered temporarily nonadhesive through trypsinization. In this experiment 

(Fig. 12), the population of trypsinized cells was divided into two subpopula- 

3 Using a sensitive thermistor inserted into the shaker flask, we have determined that 
cooling or rewarming takes about 2 min. 
4 This lag was observed every time chilled cell suspensions were rewarmed. 
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tions. The control subpopulation (solid circles) was allowed to aggregate under 
standard conditions and displayed the usual half-hour aggregation lag. The 
experimental subpopulation (open circles) was maintained at 37 ~ for 
20 min and then, while still in the lag phase, was rapidly cooled to 6.5 ~ for 
another 20 min before being warmed again to 37 ~ The 20-min cold-pulse 
administered in the middle of the lag phase postponed the initiation of aggre- 
gation by just 20 min. 

Discussion 

The Trypsin-Induced Aggregation Lag 

In the present study, a number of characteristics of aggregating cell 
populations have been established. Although dissociated cells prepared from 
embryonic chick neural retina by withdrawal of divalent cations are able to 
aggregate as soon as they are placed in the appropriate conditions, cells 
treated with trypsin in the absence of divalent cations exhibit a half-hour 
aggregation lag which precedes the period of aggregation. If Ca + § or protein 
(chicken or horse serum, serum albumin, casein, fibrinogen) are present 
during trypsinization, dissociation is not markedly impaired but the disso- 
ciated cells are partially or even completely protected from the trypsin- 
induced lag. Although trypsin-dissociated retinal cell populations show the 
first sign of aggregation in about a half hour, maximal rates of aggregation 
are not achieved by these populations until approximately 70 to 80 min of 
incubation. Since the duration of the lag period is not affected by inclusion 
of potent trypsin inhibitors in the culture medium, it appears that the lag is 
not due to the adsorption of active enzyme onto cell surfaces. Electrophoretic 
studies of trypsinized cells were conducted in an attempt to gain information 
regarding changes in cell surface composition (i. e., changes in the density of 
ionogenic groups on cell surfaces). Reproducible differences in net negative 
surface charge density were not detected between freshly trypsinized, non- 
adhesive cells and trypsinized cells that had been maintained in culture for a 
sufficient time to allow full recovery of adhesiveness; but these latter cells 
exhibited a distinctly lower net negative surface charge density than EDTA- 
dissociated cells that aggregate at an identical rate. Clearly, the changes in cell 
surface composition that these electrophoretic measurements reflect are not 
in the constituents directly responsible for initiating intercellular adhesions. 
Barnard et al. (1969) report a marked increase in electrophoretic mobility 
(from - 1.09 to - 2.06 rt/sec/V/cm) that occurs over a period of 24 hr when 
trypsin-dissociated chick embryo neural retinal cells are placed in culture. 
However, the increase they observed over the first 2 hr in culture (i. e., the 
period of time of interest in the present study) was only 0.1 unit. 
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Using the sensitive assay system devised to study the kinetics of cell ag- 
gregation, we have demonstrated that low temperature very rapidly (2 to 
3 rain) and reversibly inhibits aggregation of fully adhesive cell populations. 
The rapidity of onset of this effect militates against the idea proposed by 
Moscona (Moscona, 1961b; Moscona &Moscona, 1966) that the low- 
temperature inhibition of aggregation acts by suppressing the synthesis of 
cell-surface components necessary for adhesion. We propose that the 
initiation of adhesions between cells requires a particular configuration of 
surface molecules, and that low temperature alters this configuration. 

In addition to suppressing aggregation of already-adhesive cell popula- 
tions, a pulse of low temperature treatment during the lag-period extends the 
lag-period by an equal length of time. We conclude that the lag-period is a 
time during which a temperature-sensitive process necessary for the re-estab- 
lishment of adhesiveness is carried out, and that low temperature arrests 
this process but does not reverse it. 

Comparison with Other Studies 

Cell Aggregation Studies. Studies of cell aggregation in stirred cell sus- 
pensions have employed a variety of procedures to quantify rates and extents 
of aggregation under various conditions. Techniques used include the deter- 
mination of final sizes of aggregates (Moscona, 1961b; Humphreys, 1963; 
Kuroda, 1963; Glaeser, Richmond & Todd, 1968; Lilien, 1968; Gershman, 
1970); the determination of the rate of disappearance of single cells from cell 
suspensions (utilizing direct enumeration: Curtis & Greaves, 1965; Ede & 
Agerbak, 1968; Dunn, Owen & Kemp, 1970; or Coulter-counter determina- 
tion: Orr & Roseman, 1969); direct enumeration of number of particles in 
suspension (Curtis, 1970); determination of particle size using turbidometric 
methods (Knight, Jones & Jones, 1966; Kemp, Jones, Cunningham & James, 
1967; Kemp, 1970); determination of the rate of adhesion of dissociated cells 
to "collecting aggregates" (Roth & Weston, 1967; Roth, 1968; Roth, 
McGuire & Roseman, 1971); and determination of the mean number of cells 
per aggregate by direct counting (Armstrong, 1966; Steinberg & Granger, 
1966; the present study). Of these, the last-mentioned gives the most direct, 
complete and readily interpretable data for study of the early stages of aggre- 
gation, because only this method presents and utilizes all of the data on the 
distribution of cells in the various aggregate size classes (see Table 1). This 
procedure, however, is very tedious in practice and is most accurate in the 
early stages of aggregation. Its decreasing accuracy in later stages of aggrega- 
tion is due to the manner in which aggregation proceeds in stirred suspension: 
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since large aggregates have a larger collision-radius than small aggregates, 
they increase in size very rapidly (Steinberg & Roth, 1964). In practice, once 
the average number of cells per aggregate exceeds about 2.5, the particle 
distribution is one with a large number of single cells, a few small aggregates, 
and a small number of very large aggregates (see Table 1). Under these condi- 
tions, the determination of the degree of aggregation by the direct counting 
procedures is markedly affected by the number of these rare, large aggregates 
that happen to be included in the sample that is counted. 5 

Published figures of Jones, Kemp and their co-workers, depicting the 
kinetics of early aggregation of trypsinized cells, reveal what appears to be 
an aggregation lag (Jones, 1966; Kemp, 1969; Jones & Kemp, 1970; Jones, 
Kemp & Groschel-Stewart, 1970). These authors, however, interpret this 
observation in a different way. Orr and Roseman (1969) observed immediate 
aggregation after trypsinization. In this case, however, 2% chicken serum 
was present in the trypsin solution. In our experiments, inclusion of 2% 
chicken serum reduced the lag from a half hour to 5 min. Where calcium 
removal was employed to effect dissociation, an aggregation lag was absent 
under most (Giudice, 1965; Armstrong, 1966; Kleinschuster & Moscona, 
1972) but not all (Curtis & Greaves, 1965) conditions. Amphibian embryo 
cells aggregating in stationary culture showed no lag when citrate was used 

to dissociate tissues but showed an infinite lag (i. e., cells never aggregate) 
following trypsin treatment (Townes, 1953; Feldman, 1955). 

Treatment of cells with trypsin or other proteases affects not only their 
ability to adhere to each other in culture, but also their ability to adhere to 
solid substrates. It has been reported (Weiss & Kapes, 1966) that RPMI # 41 
cells (an established cell line derived from a human osteogenic sarcoma) do 
not make firm adhesions to glass for up to 4 to 6 hr following treatment with 
crude trypsin (Difco 1:250) or alpha-chymotrypsin. Crystalline trypsin or 
elastase pretreatment decreased the strength of adhesion to glass for shorter 
periods (1/2 to 1 hr). Neuraminidase had no effect. Hebb and Chu (1960) 
and Fischer, Puck & Sato (1958) report that trypsinized cells are unable to 
attach to glass unless trypsin inhibitors are included in the culture medium. 

5 Accurate data for the later stages of aggregation could, in principle, be obtained by a 
variant of the membrane filter method. If equal volumes of an aggregating cell suspension 
are deposited on filters of equal area, the number of cells per unit area of the filter will 
remain constant as the number of cells per aggregate increase. Therefore, number of 
cells per aggregate will be directly proportional to area per aggregate, a parameter that 
can be accurately measured during the late stages of aggregation, and should be unaffected 
by the size distribution of the particular aggregates that happen to fall within the area 
chosen for measurement. Due to inequalities in cell settling, sampling and cell distribution 
on the filters, we were never able to perfect this method. 
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However, Kolodny (1972) has reported that trypsinized 3T3 cells adhere to 
plastic dishes as rapidly in the absence of serum as in its presence. 

Effects of Proteolytie Enzymes on Living Cells. The cause of the aggrega- 
tion lag is still uncertain. Our data indicate that the lag does not represent the 
time necessary for dissociated cells to condition the culture medium before 
aggregation can begin (as has been reported, for example, by Curtis and 
Greaves, 1965). Rather, the lag seems to represent the time necessary to re- 
pair changes in dissociated cells caused by their exposure to proteases. The 
nature of the changes induced by trypsin and the nature of the cellular repair 
processes are both questions of considerable interest. Knowledge of these 
processes might provide insight into the basic process of cellular adhe- 
sion. 

Since cells contact one another at their surfaces during the establishment 
and maintenance of intercellular adhesions, it is generally assumed that 
the composition and activities of cell surfaces are of the most direct bearing 
upon the mechanisms of intercellular adhesion. Consequently, attempts to 
elucidate the biochemistry of intercellular adhesion through a study of the 
aggregation lag would hold the greatest promise if it could be demonstrated 
that the changes responsible for the initial inability to aggregate were caused 
by an effect of trypsin directly upon the cell surface. It is generally assumed 
that trypsin is prevented by the plasma membrane from entering the cyto- 
plasm of intact cells (Northrop, 1926). Certainly trypsin and other proteases 
are capable of altering the chemical composition of cell surfaces. Effects in- 
clude removal of plasma membrane sialomucopeptides (Cook, Heard & 
Seaman, 1960; M/ikel/i, Miettinen & Pesola, 1960; Langley & Ambrose, 1964; 
Shea & Ginsburg, 1968; Kemp, 1969; Codington, Sanford & Jeanlog, 1970; 
Price, 1970; Forstner, I971), alteration of the distribution of receptor sites 
for lectins (Burger, 1969; Inbar & Sachs, 1969; Sela, Lis, Sharon & Sachs, 
1970; Moscona, 1971; Kleinschuster & Moscona, 1972; Nicolson, 1972; 
Nicolson & Blaustein, 1972) and anti-glycolipid antibodies (Hakomori, 
Teather & Andrews, 1968), and a reduction in electrophoretic mobility (Pon- 
der, 1951 ; Engel, Pumper & Joseph, 1968; Kemp, 1969; Barnard et aL, 1969; 
the present study). The last effect is due, at least in erythrocytes, to a removal 
of cell surface sialic acid (Cook et al., 1960). Treatment with EDTA causes 
a release of cell surface materials (Edidin, 1966; Kemp et al., 1967; Neville, 
1968; Allen&Snow, 1970), but no change in electrophoretic mobility (H~iyry, 
Penttinen & Sax6n, 1965; Brent & Forrester, 1967; Barnard et al., 1969) and 
does not detectably alter the distribution of lectin-binding sites of nontrans- 
formed cells (Inbar & Sachs, 1969). 
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In parallel with observed changes in cell-surface composition, trypsin- 
treated cells show altered behavioral characteristics. Included in these are 
reduced adhesion of cells to solid substrates (Easty, Easty & Ambrose, 1960; 
Weiss, 1963) and to each other (Moscona, 1952; 1963; Steinberg & Granger, 
1966; Steinberg, 1967; Wiseman, Steinberg & Phillips, 1972); more rapid 
emigration of cells from explants (Simms & Stillman, 1937; Lefford, 1965); 
reduced binding of cytophilic antibodies (Kossard & Nelson, 1968), viruses 
(Zajac & Crowell, 1965), and sperm (Aketa, Onitake & Tsuzuki, 1972); 
altered carbohydrate uptake and metabolism (Kuo, Holmlund & Dill, 1966; 
Phillips, 1967); a release from postconfluence inhibition (Martz & Steinberg, 
1972) of growth in vitro (Burger, 1970; Sefton & Rubin, 1970; Poste, 1971); 
increased deformability of the cell surface (Weiss, 1966); and animalization 
(Moore, 1952) and activation (Jensen, 1948) of unfertilized sea urchin eggs. 

Sign~icance and Expectations 

Our initial attempt to look for surface changes accompanying reacquisi- 
tion of adhesiveness is represented in the electrophoretic studies, used to 
measure densities of ionogenic groups at cell surfaces. Since ionogenic groups 
may be important in intercellular adhesiveness (Steinberg, 1958; Weiss, 1960; 
Pethica, 1961; Curtis, 1962; Armstrong, 1966; Collins, 1966; Kiremidjian & 
Kopac, 1972), we hoped to detect changes in cellular surface charge during 
the recovery of adhesiveness following trypsinization. However, meaningful 
correlations between electrophoretic mobility and cellular adhesiveness were 
not found. 

A problem with electrophoretic measurements is that they do not reveal 
the distribution of ionogenic groups over the surface of cells (Weiss, 1963). It 
has been demonstrated recently that certain cell-surface components may 
occur in clusters (Nicolson, Hyman & Singer, 1971 ; Nicolson & Singer, 1971 ; 
Smith & Revel, 1972). Adhesion of the cells used in the present study may 
occur only between specialized surface patches displaying high densities of 
the surface components responsible for cell adhesion. Fine-structural studies 
of cell aggregates show that cells are closely approximated over only limited 
areas of their surfaces (Armstrong, 1970, 1971). If adhesion does require a 
particular arrangement of surface components in the plane of the cell surface. 
then the aggregation lag-period may be not a period for replacement of mate- 
rials lost from cell surfaces during trypsinization but rather a period for re- 
arrangement of materials in the plane of the membrane. Trypsinization 
may redistribute the molecules required for adhesion, and the lag may 
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represent the time required for their return to a normal arrangement. 
Similarly, other conditions that promote reversible loss of adhesiveness [i. e., 
low temperature (the present study) and metabolic inhibitors (Kemp et al., 
1967)] may act by causing a reversible redistribution of surface components 
incompatible with the establishment of new adhesive junctions. The rapidity 
of onset and reversal of the loss of adhesion under conditions of low-temper- 
ature treatment reported in the present study argues in favor of a redistribu- 
tion process and against a mechanism involving a loss and resynthesis of sur- 
face components necessary for adhesion, such as has been proposed by 
Moscona (1961 b). 

Direct evidence consistent with the hypothesis that low temperature and 
protease treatment cause a reversible loss of adhesiveness via an effect on the 
distribution of components in the plane of the cell's surface is provided by 
electron-microscopic studies of the distribution of components in the plasma 
membrane and in the cell surface. Protease treatment alters the distribution 
of surface lectin receptors (Nicolson, 1972) and intramembranous particles 
revealed by the freeze-etch technique (Engstrom, 1970, cited in Branton & 
Deamer, 1972). Following protease treatment, lectin receptor sites are clus- 
tered rather than dispersed. Intramembranous particles are initially caused to 
cluster, but with prolonged treatment they subsequently disperse and are 
eventually lost. The intramembranous particles revealed by the freeze-etch 
technique protrude onto the cell surface as receptor sites for influenza 
virus, wheat germ agglutinin and A- and B-blood group antibodies (Pinto 
da Silva, Douglas & Branton, 1971a, b; Tillack, Scott & Marchesi, 1971). 
Similarly, alteration of the distribution of antibody and lectin receptor sites 
in the plane of the cell surface is produced by low temperature treatment 
(Smith & Revel, 1972). 

The cell surface is a fluid entity capable of rapid rearrangement (Frye & 
Edidin, 1970; Pinto da Silva, 1972; Singer & Nicolson, 1972). If the reacqui- 
sition of adhesiveness depends upon a rearrangement of ionized groups, then 
this would not be detectable by cell electrophoresis. If the temporary non- 
adhesiveness induced by trypsin is the result of disarrangement of components 
within the cell surface, then the protecting activity of calcium or proteins 
introduced into the trypsin preparations used for dissociation might well 
depend upon their ability to stabilize the surface against disarrangement. In 
the present context, it would be of considerable interest to attempt to correlate 
conditions which affect cellular adhesiveness [divalent cation removal (Arm- 
strong, 1966); trypsinization and low temperature, as detailed in the present 
paper] with their effects upon the fine-structural arrangement of cell surface 
components. It would also be of interest to study the effect on cellular adhe- 
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siveness of external condit ions known to alter the ar rangement  of cell surface 

componen ts  (i. e., low p H ;  Pinto da Silva, 1972). 

This study was supported by N. S. F. Grants Nos. GB-2315, GB-5759 X (to M. S. S.) 
and GB-30751 (to P. B. A.). 
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