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Summary. Monolayers of hypoxanthine phosphoribosyl transferase-deficient and their 
corresponding wildtype cells have been placed adjacent to each other with a newly described 
method. Autoradiographs from such preparations after incubation with 3H-hypoxanthine 
allow the direct visualization of gradients of incorporated radioactivity at the border between 
the two cell types. The gradients can be described by an exponential function, and the 
amount of radioactivity incorporated decreases to less than 1% at a distance of 1 mm 
from the wild-type cells. A possible mechanism to convert exponential gradients to linear 
ones over a certain concentration range is discussed. 

Gradients of diffusible substances have been considered as being re- 
sponsible for the phenomenon of polarity in orderly development of 
multicellular organs and organisms (Morgan, 1905; Child, 1928; Law- 
rence, Crick & Munro, 1972). That such gradients do exist and act 
in the expected manner has still not been proven. It has been pointed 
out, however, that an ensemble of cells connected by communicative 
junctions can provide the space, where such gradients could build up 
without too much interference from the extracellular environment (Loe- 
wenstein, 1968a, b). Gradients of induced intracellular electrical potential 
have been demonstrated in salivary glands of Drosophila larvae (Loewen- 
stein & Kanno, 1964), salivary glands and Malpighian tubules of Chirono- 
rnous larvae (Loewenstein et al., 1965) and mouse liver tissue (Penn, 
1966; Loewenstein & Penn, 1967). 

The discovery of metabolic cooperation between tissue culture cells 
(Subak-Sharpe, Bfirk & Pitts, 1966) has offered the possibility of measur- 
ing the transfer of diffusible substances from cell to cell without the 
aid of electrical measurements, provided a mutant blocked in the meta- 
bolism of an easily traceable molecule is available. In such a system 
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containing mutants, that are unable to incorporate radioactive hypoxan- 
thine into nucleic acids by themselves (IPP-),  gradients of hypoxanthine- 
derived radioactivity have been observed occasionally in a few consecutive 
mutant cellsconnected to one wildtype cell (Subak-Sharpe, Btirk & Pitts, 
1969). Metabolic cooperation appears also to depend on communicative 
junctions, since it cannot be detected in cells in which these are lacking 
(Azarnia, Michalke & Loewenstein, 1972; Gilula, Reeves & Steinbach, 
1972). In this paper a method is described which allows direct visualiza- 
tion of a gradient of diffusible substance, using metabolic cooperation 
in a monolayer of epithelioid cells. A few examples of gradients are 
demonstrated, and a mechanism is proposed for converting the obtained 
exponential gradients into almost linear ones for a concentration range 
of two orders of magnitude. This mechanism might operate in natural 
cell populations. 

Materials and Methods 

Cel/s 

The following cells have been used. Rat liver epithelial cells (RLB) (Borek, Higashino 
& Loewenstein, 1969); a hypoxanthine phosphoribosyl transferase (HPRT) negative mutant 
of RLB (RLB HPRT-)  isolated by U. Friedrich in this laboratory; rabbit lens epithelial 
cells (lens) (Shapiro et aL, 1969). 

Media and Culture Conditions 

Modified medium F 12 was prepared according to Ham (1972). It was used supplemented 
with 10% fetal calf serum (Grand Island Biological Corporation) for subcultivation of 
cell lines as well as for experiments. When labelling with radioactive hypoxanthine (Amer- 
sham Buchler) was required, the concentration of nonradioactive hypoxanthine added 
to the medium was reduced at least one day before the experiment to 10 7M or to 
10 6M. These are both lower concentrations than that of the added radioactive hypoxan- 
thine. 

For subcultivation and experiments, the cells were incubated in surface coated plastic 
Petri dishes (Greiner, Ntirtingen) at 37 ~ and equilibrated at pH 7.3 in a COz-air mixture 
of 95% relative humidity. 

Arrangement of Cells for Transfer Experiments 

Two or more different cell types were seeded into four wells on a 5 cm plastic petri 
dish. The wells were formed with the aid of a flat piece of plastic (Sylgard 184, Dow 
Chemicals) placed on the bottom of the petri dish. Four square holes of approximately 
50 mm/ size were cut into the plastic with a piece of razor blade, leaving a thin (0.44).8 ram) 
plastic cross bar which separated the four holes. The silicone plastic bars adhered well 
enough in most cases to separate the four compartments completely. Leaky preparations, 
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as judged from the microscopical observation of more than one cell type per compartment 
or by the appearance of cells underneath the silicone, were not used. The cells seeded 
into the different compartments were allowed separately to adhere to the bottom of the 
dish overnight. They were then rinsed gently with phosphate buffered saline and the Petri 
dish was filled with enough medium F12 to cover the silicone piece (at least 5 ml). In 
this condition the cells were allowed to grow until a dense monolayer was formed. No 
multilayering occured with any of the cell lines used. After careful removal of the silicone 
piece, the cells at the new free edge started to crawl into the free space and to proliferate, 
and came into contact with cells from the neighboring compartment after 10-20 hr, depend- 
ing on the size of tile separation zone. Two or four days after the first contact formation 
3H-hypoxanthine was added at 1 gCi/ml (specific activity 570 mCi/mmole), and the cultures 
incubated overnight (16-24 hr). 

Fixation and Autoradiography 

At the end of an incubation period, the cells were rinsed twice with 5 ml of phosphate- 
buffered saline (PBS) and incubated for an additional 30 rain in F12. Rinsing with PBS 
was then repeated and the cells were fixed overnight with 0.5% glutaraldehyde in PBS 
at 4 ~ The fixed cells were rinsed several times with tap water, ice-cold trochloracetic 
acid, and distilled water and were air dried thereafter. The dry dishes were covered with 
a film from a 1:1 mixture of water and nuclear track emulsion NTB-3 (Kodak). After 
exposure for one week or more, the film was developed with D19 (Kodak) for 3 rain, 
rinsed with tap water and fixed for 4 rain and rinsed again with tap water for 10 min 
and air dried. 

Staining and Observation of the Preparations 

The cells in the dried dishes were stained with a 1:15 dilution of Giemsa's azur-eosin- 
methyleneblue solution in distilled water, rinsed, air dried and covered with coverslips 
for microscopical observation. Photographs from the border region between neighboring 
compartments were taken with a Ultraphot I[ Photomicroscope (Zeiss). Bright-field illumi- 
nation was used to distinguish cell types, whereas dark-field illumination on the same 
region was used to show the silver grains only. 

The silver grains of the dark-field photographs were either counted or, in most eases, 
measured photometrically in a ehromatogram scanner. Grain counts were performed on 
photographs obtained with 400 to 800-fold magnification, whereas for the scanning 100-fold 
magnification was used. The slit of the scanner was 1 cm high and 0.1 cm wide; thus, 
1 cm broad tracks could be scanned on sections of the photographs. The tracing produced 
this way gave the distribution of silver grains along the direction of scanning. Thus, the 
distribution of radioactivity per unit area across a border between two adjacent cell types 
could be obtained. 

Results 

The Border between Mutant and Wildtype Liver Cells 

M o n o l a y e r s  o f  n o r m a l  l iver  cel ls  ( R L B )  a n d  the  h y p o x a n t h i n e  phos -  

p h o r i b o s y l  t r a n s f e r a s e - d e f i c i e n t  m u t a n t  cells ( R L B  H P R T - )  were  p l a c e d  

a d j a c e n t  to  each  o t h e r  as de sc r ibed .  T h i s  p r e p a r a t i o n  was  i n c u b a t e d  
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with radioactive hypoxanthine for one day and processed for autoradio- 
graphy. The resulting autoradiographic picture showed heavy labelling 
over the RLB cells and no labelling above background at the position 
of the RLB HPRT-  cells. The border between the two monolayers 
did not show a sudden change in the intensity of labelling, but it decreased 
gradually over several cell diameters from RLB towards RLB HPRT- .  

Photographs taken from such a border region with bright-field and 
dark-field illumination are shown in Fig. 1 c and d, respectively. The 
silver grains appear bright in dark-field illumination, and are the only 
feature seen there. The border between RLB and RLB HPRT-  runs 
vertical at the position of the arrowhead. Its exact position cannot be 
given using this pair of cell types, because there are no outstanding 
morphological differences between single RLB and RLB HPRT-  cells. 
However, there is a clear border and not an intermixing of labelled 
and unlabelled cells which would result in a more mottled appearance 
of the border region. Wild-type cells, for instance would then have been 
found in the monolayer of RLB HPRT-  at some distance from their 

own monolayer, and these cells would give rise to islets of stronger 
labelling. The small spots of stronger labelling in the monolayer of RLB 
HPRT-  seen in Fig. l d are due to heavier labelling of the nuclei in 
some of the cells. Although single cells cannot be distinguished unambi- 
guously, it should be noted that the two monolayers do have a somewhat 
different appearance, and the position of the border can be recognized 
by a slight orientation parallel to its direction in this region of the 
otherwise isotropic cells. In addition, the position of the silicone barrier 
where the border will develop can be marked on the petri dish. 

To explore the situation further, one day after joining of the mono- 
layers of the two cell types a scratch was made along their border, scraping 
away about seven rows of cells (about 200 gm), thus separating the 
two cell types again. Fig. l a and b show an autoradiograph of such 
a preparation after incubation with 3H-hypoxanthine overnight. Cytocha- 
lasin B has been used during the incubation period at a concentration 
of 4 gg/ml to inhibit cell migration and closure of the gap which would 
have occurred otherwise during this time. Fig. lc and d are from an 
unscraped border region of the same petri dish and may therefore be 
compared directly with Fig. l a and b. 

No single labelled or islets of labelled cells are found in the monolayer 
of RLB HPRT-  after its separation from RLB. This can be taken as 
an indication against a broader zone of intermixing of the two cell types. 

Now it can be deduced from Fig. 1 b and d that RLB HPRT-  cells 
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touching RLB wildtype cells show incorporation of radioactivity from 
3H-hypoxanthine, which the H P R T -  mutants cannot incorporate when 
seeded alone or in greater distance from RLB. This is in accordance 
with the earlier observation (Azarnia et al., 1972), that contact with 
RLB leads to incorporation of hypoxanthine-derived radioactivity into 
polyoma transformed BHK 21 cells deficient in inosine pyrophosphory- 
lase (BHK PyY IPP-) ,  and in accordance with the first observation of 
such an effect between BHK 21 wild-type and BHK PyY IPP-  cells, 
which has been called metabolic cooperation (Subak-Sharpe et al., 1966). 

In the preparation shown in Fig. 1 c and d, RLB H P R T -  cells located 
some cell diameters away from wild-type RLB cells show incorporation 
of radioactivity to a lesser degree; this relatively short range of metabolic 
cooperation has also been observed in previous cell mixing experiments 
between a single BHK 21 cell and a short row of BHK PyY IPP-  
cells connected with it (Subak-Sharpe et al., 1969). 

No noticeable increase of grain counts above background can be 
found in mutant  RLB cells more than 2 mm away from the border 
to wild-type. It cannot be decided for the Cells used here whether the 
nucleotides derived from hypoxanthine, or an activator of hypoxanthine 
phosphoribosyl transferase, or the enzyme itself is transferred from one 
cell interior to the next. Cell separation experiments with other cell 
types seem to rule out the last possibility (Cox et al., 1970; Pitts, 1971). 
A similar experiment has been performed here. As mentioned above, 

�9 separating the cell types by a scratch immediately before (1-5 rain) addi- 
tion of radioactive hypoxanthine, prevented the incorporation of any 
radioactivity into RLB H P R T - .  This can be taken as indication against 
the hypothesis that the enzyme itself is transferred since it is stable 
in vitro, the reaction measured in the enzyme test (Harris & Cook, 
1969) proceeds with the same speed for several hours (U. Friedrich, per- 
sonal communication), and should thus still be present in the RLB H P R T -  
cells, unless it is much more unstable in vivo. Not much can be said 
against the hypothesis that a small activator molecule is transferred from 
cell to cell, if the maintenance of the concentration of this molecule 
in the H P R T -  cells were dependent on a continuous supply from the 
wild-type cells. For H P R T -  mutants in other cell systems, the possibility 
has been discussed that they arise through regulatory defects rather than 
through defects in the structural gene for this enzyme (e.g., DeMars, 
1974), and this possibility cannot be ruled out for the mutant  investigated 
here. The hypothesis that purine nucleotides derived from hypoxanthine 
are transferred is compatible with all observations made on metabolic 
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Fig. 1. Autoradiographs from the border between RLB and RLB H P R T -  monolayers. 
Monolayers of RLB and RLB H P R T -  were placed adjacent to each other as described. 
One day after first contact between monolayers of different ceil type a scratch, about 
200 gm broad, was made along their border. Care was taken to scrape away RLB I t P R T -  
predominantly. It took 1~4 rain to scrape a stretch of 1 cm, depending on the discernibility 
of the border line. Immediately thereafter 3H-hypoxanthine was added as described and 
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in addition Cytochalasin B (4/~g/ml) was added to reduce cell movement and retard closure 
of the gap. (a) and (c) are bright-field pictures of scratched and intact border regions 
respectively from the same petri dish; (b) and (d) are dark-field pictures from the same 
regions. The RLB monolayer is on the right side of the pictures. The black and white 
arrowheads point to corresponding points; in (c) and (d) they point to the border which 

runs about vertical on the pictures. The length of the calibration bar is 100 i~m 
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Fig. 2. Distribution of incorporated radioactivity derived from hypoxanthine across the bor- 
der between RLB and RLB HPRT- cells. (a): Negative of a dark-field picture of an 
autoradiograph from the border region. (b): Tracing of the photometric scan along this 
negative. (c): The lower plateau value of the trace produced by the chromatogram scanner 
was substracted from the values at different positions of the decreasing part of the trace 
and plotted vs. this position. Under the conditions used an intensity change of 10D 
unit resulted in a 76 mm deflection of the pen of the recorder, as determined with 
calibrated grey glasses supplied with the instrument. RLB HPRT-  is on the left side, 
the border to RLB is at 1.2 ram. I n s e t :  Tracing produced by scanning along superposed 

stripes cut from the negative of Fig. lb 
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cooperation so far, and the following results will be described in terms 
of this hypothesis, without the implication that it offers the only correct 

explanation. 
The present method of placing a monolayer of one cell type adjacent 

to another allows a quantitative evaluation of the range of interaction 
between the two cell types. The segment shown in Fig. 2a crosses the 
main direction of the border between RLB and RLB H P R T -  perpendicu- 
larly. The spectrophotometrical scan along this segment (Fig. 2b) shows 
a high optical density at the position of RLB. It has been observed 
several times, but not always, that the label at the position of the border 
is even higher than at the position of the HPRT § cell type, and it 
appears that in these cases the newly grown cells show more incorporation 
than the ones which filled the compartments before the plastic obstacle 
was removed. Progressing into the RLB H P R T -  monolayer, the optical 
density begins to decline and reaches a plateau of low optical density 
after several hundred ~tm. This low optical density was substracted from 
the higher values at 20 gm intervals (this equals 2 m m  on the microphoto- 
graph and the recording of the spectrophotometer) and the resulting 
differences were plotted on a logarithmic scale vs. the distance along 
the segment. This plot resulted in a straight line which ended in a plateau 
when apparently the monolayer of RLB was reached (Fig. 2c). From 
the inset in Fig. 2b, which shows a trace obtained from the negative 
of Fig. lc, it can be seen, as already from the photograph itself, that 
no such gradual decrease of radioactivity is observed when the contact 
between RLB and RLB H P R T -  is interrupted. 

The exponential decrease of radioactivity in the RLB H P R T -  mono- 
layer with increasing distance from the monolayer of RLB can be de- 
scribed by 

N/No= e -kr) (1) 

where No is the amount  of radioactivity incorporated per unit area into 
RLB at the border ,  and N the amount  per unit area incorporated into 
RLB H P R T -  at a distance D from the border between the two cell 
types. The value k describes the steepness of the exponential gradient. 
In the example presented in Fig. 1, the value of k is 3.7 m m - a  which 
means that the space constant (the distance along which N/No falls 
by a factor e-  a) is 0.27 mm in this case. 

Comparison o f  Grain Counts and Photometric Scan 

Monolayers of RLB and RLB H P R T -  were placed adjacent to each 
other as described. Six days after first contact 3H-hypoxanthine was 
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added and a transfer experiment performed as described. Dark-field pic- 
tures from the same region of the RLB-HPRT-  monolayer close tc 
the border between the two cell types were taken with 720 and 100-fold 
magnification. A stripe from the latter was evaluated photometrically 
while on the corresponding (bigger) stripe obtained with higher magnifi- 
cation the autoradiographic silver grains were counted. 

Both measurements gave high values close to the RLB monolayei 
and decreased with increasing distance from it until they approximated 
a plateau. As previously, this was taken as background and subtracted 
from the preceding measurements. The natural logarithms of the differ- 
ences were plotted vs. the distance on the stripe of monolayer from 
which the pictures were derived (Fig. 3). From there it can be seen 
that both measurements resulted in almost the same slope for the gradient 
of radioactivity from the border into the monolayer of RLB HPRT- .  
The calculated k values [see Eq. (1)] were 3.9 + 0.18 ram-1 for the grain 
count, and 3.5 _+ 0.11 ram- 1 for the photometric scan. Fig. 3 also demon- 
strates that the photometric method can be used on high grain densities 
were counting becomes quite impractical. This has been inferred from 
the fact that, even beyond the point were grain counting was stopped: 
the optical density of the stripe continued to increase exponentially: 
i.e., linearly on this semilogarithmic plot, without a sign of saturatior 
up to at least 2 0 D .  A linear plot of values from the photometric scar~ 
vs. corresponding grain counts resulted in a straight line and a correlatior~ 
coefficient of 0.98 was found. So the photometric evaluation of darkfiel~ 
photographs of autoradiographs seemed justified and was used predomi- 
nantly. The plots in Fig. 3 from both measurements show deviations 
from linearity close to the background. It has not been determined il 
this is due to inaccurate determination of the background, or if it repre. 
sents a true characteristic of the system. 

The Border between R L B  H P R T -  and Lens 

Similar experiments as described above were performed also with 
rabbit lens cells as donors of radioactivity, because these could be dis- 
tinguished unambiguously from RLB H P R T -  and the border between 
the two cell types could be determined exactly. 

Fig. 4 shows that lens cells from rabbit can transfer radioactivity 
from 3H-hypoxanthine to the HPRT deficient rat liver cells. This confirms 
electrical measurements which had already demonstrated the possibility 
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Fig. 3. Comparison of grain count and optical density measurement on a gradient of 
autoradiographically produced silver grains. Experiments and measurements are de- 
scribed in the text. (a) Grain counts: NB= number of grains in a standard area 
(27.8x 100 lam) at background labelling intensity in the monolayer of RLB HPRT-. N --- 
number of grains per standard area in the gradient. The natural logarithm o.f (NNB) 
is plotted v s .  the position (.ram) of the standard area from which N was derived (o). 
(b) Photometric scanning: As in Fig. 2c, the optical density values (ram on the tracing 
produced by the chromatogram scanner; 76 mm represent 10D unit) read from the tracing 
were plotted semilogarithmically (o). The straight lines were calculated with the method of 

least squares 

o f  exchange  o f  molecules  be tween  lens cells and  R L B  wild type  (Micha lke  

& Loewens te in ,  1971). 

The  slope o f  the rad ioac t iv i ty  grad ien t  should  be the same as in 

the p rev ious  example  if  the coupl ing  proper t i es  o f  the cells in the m u tan t  

m o n o l a y e r  were not  inf luenced  by the ad jacent  cell type.  In fact,  the 

gradient  shown  in Fig. 4 happens  to  be s teeper  than  the ones in Figs. 2 

and  3, bu t  f r o m  the  da ta  shown in Tab le  1 it appears  tha t  the mean  

space cons t an t  is the same for  gradients  s tar t ing f r o m  ei ther  R L B  or 

f r o m  tens cells. This  means  that ,  us ing the  descr ibed  me thods ,  no  in- 
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Fig. 4. Distribution of incorporated radioactivity derived from hypoxanthine across the 
border between lens and RLB HPRT cells. (a): Negative of a dark-field picture of an 
autoradiograph from the border region. (b): Tracing of the photometric scan along this 
negative. (c): Semilogarithmic plot of points read from the tracing. RLB HPRT- is on 

the left side, the border to lens is situated at 0.55 mm 
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Table 1. Steepness of different gradients in monolayers of RLB HPRT cells 

13 

Segment No. Two days after Four days after Cell type used as donor 
first contact first contact of radioactivity 

2 250 90 
3 260 90 
5 150 310 
6 140 270 
8 130 230 
9 130 240 

RLB 191 _+ 76 
(mean and so) 

2 160 280 
3 180 280 
5 130 290 
6 160 105 
8 160 170 
9 200 180 

lens 19 l _+ 60 
(mean and SD) 

mean and SD 171 211 
+ 45 • 82 

The values shown in the table are distances (~tm) along the exponential part of the gradient 
over which the labelling intensity falls by a factor e-1 (space constant). (sD=standard 
deviation). 

fluence regarding the extent of  coupling reaching from lens cells into 

the RLB H P R T -  monolayers could be detected. If  such an influence 

should exist, its effect on cell to cell communicat ion is masqued by 

the observed local fluctuations in cell communication.  

In the segment shown in Fig. 4, the border between the two cell 

types is at 0.55 ram. Hence per unit area more radioactivity is incorpo- 

rated into the RLB H P R T -  cells at the border than into the neighboring 

lens cells. In this respect Fig. 4 does not show an exceptional example, 

but such a situation can be found at many places along the border 

lens to RLB H P R T - ,  al though not everywhere. An example of a larger 

region can be seen in Fig. 5, which also demonstrates the morphological 

differences between the two cell types. Fig. 5 is typical in the way that 

regions of RLB H P R T -  with high incorporat ion per unit area seem 

to alternate with regions of  less incorporation along the border to the 

lens cells. 

An interesting possibility, to explain the stronger labelling of the 

HPRT-deficient cells, would be a higher rate of  nucleic acid synthesis 

in these cells. But one still has to consider the more trivial possibility 
that the RLB H P R T -  cells are just thicker, so below the nuclear track 
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Fig. 5. Distribution of incorporated radioactivity derived from hypoxanthine along the 
border between lens and RLB HPRT- cells. (a) Bright-field illumination. (b) Dark-field 

illumination. RLB HPRT is on the left side. Calibration bar 500 tam 

emuls ion  there  is m o r e  r ad ioac t ive  ma te r i a l  per  R L B  H P R T -  cell su r f ace  

but  its c o n c e n t r a t i o n  per  cell v o l u m e  is not  so d i f ferent ;  because  o: 

the w e a k  ene rgy  of  the r a d i a t i o n  f r o m  T r i t i u m  this  a r g u m e n t  w o u k  
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be possible for cell thickness below 2 gm (Sidman, 1970). This argument  
would imply, however, that  the weakly labelled RLB H P R T -  cells are 
more flat than their more strongly labelled neighbors. No indication 
for this can be found in the intensity of  the Giemsa stain in the respective 
areas. So the stronger labelling in some areas could indeed be a result 
of  more incorporat ion of hypoxanthine-derived radioactivity per cell vol- 

ume, and one would have to assume a higher rate of nucleic acid synthesis 
in the respective areas of  the RLB H P R T -  monolayer,  compared to 
the rate of nucleic acid synthesis in the lens cells. 

Gradients in Different Segments of a Monolayer 

Table 1 shows space constants of gradients of radioactivity measured 
in segments on two preparations of different age. On the same dish RLB 
and lens cells were used to form monolayers  of H P R T  + cells, each of 

which was bordering upon the same monolayer  of RLB H P R T - .  Two 
and four days after first contact of  the monolayers,  transfer experiments 
were started. Dark-field photographs from both border regions were 
cut into segments and scanned photometrically. The traces obtained were 
converted to semilogarithmic plots as described, f rom which slopes of 
the gradients and space constants were calculated. 

It can be seen from Table 1 that segments from a series, which origi- 
nate f rom the same area in a dish, give quite different space constants. 
The fluctuation is large in the two day as well as in the four day old 
preparat ion and occurs on the borders to both HPRT + cell types. These 

fluctuations do not  appear tO be systematic, since the mean values of 
space constants for gradients starting f rom the monolayer  of RLB or 
lens are more or less the same, and also the mean values for the two 
and four day old preparations do not appear significantly different. 

Since the determination of the slope of a single segment is not suffi- 
ciently inaccurate to explain such large unsystematic fluctuations, it may 
be concluded that in different segments of  a seemingly homogeneous 
monolayer  metabolic cooperat ion is not equally efficient. It should be 
mentioned in this connection, however, that even the low space constant 
of  90 gm (Table 1) could be regarded as substantial metabolic cooper- 
ation, since it would mean that 72 % of label has been found in a H P R T -  
cell neighboring a H P R T  § cell with 100% radioactive label, assuming 
a cell diameter of  30 ~tm. 
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Discussion 

Decreasing amounts  of radioactivity derived from hypoxanthine are 
found incorporated into a monolayer of HPRT-deficient rat liver cells 
with increasing distance from its border to a monolayer of wild-type 
liver or rabbit lens cells. The gradient of radioactivity thus formed can 
be described by an exponential function of the form e -kD, where D 
is the distance from the monolayer of wild-type cells, and k describes 
the slope of the gradient. Its value is about 5 ram-1;  i.e., only 0.5% 
of the radioactivity incorporated into the wild-type cells is found in 
the H P R T -  cells at 1 mm distance from their border to the wild type. 

These gradients can arise the following way. Radioactive purine nu- 
cleotides generated from radioactive hypoxanthine in the wild type can 
reach the H P R T -  cells by intercellular diffusion. There they are progres- 
sively diluted by nonradioactive de novo synthesized purine nucleotides. 
Loss of nucleotides on their way from cell to cell to the outside medium 
as well as incorporation into nucleic acids both decrease the amount 
of radioactive material free to diffuse from cell to cell. Thus, nucleotide 
pools with decreasing specific activity correlated with increasing distance 
from the wild-type cells are established. Nucleic acids synthesized from 
these pools in the HPRT deficient cells thus contain decreasing amounts 
of radioactivity, which leads to the observed autoradiographic pictures. 
Various factors, like nucleotide pool size, rate of nucleic acid synthesis, 
and possibly pool expansion as a result of the introduction of hypoxan- 
thine to the outside medium are expected to influence the slope of  the 
gradients, besides the number and quality of the communicative junc- 
tions, which are assumed to offer the path for the diffusion of  radioactive 
material from cell to cell (Azarnia et al., 1972 ; Gilula et al., 1972). 

A number of organs and organisms in which such gradients of diffusi- 
ble substances might be responsible for orderly development have a 
size on the order of 1 mm (Wolpert, 1969). The concentration of radioac- 
tive material in the model gradients described here would change by 
a factor of about 100 over this distance. This should be well within 
the sensitivity range of a hypothetical concentration sensor within the 
cells. If a substance capable of regulating development is generated prefer- 
entially at a particular locus in the embryo or tissue, a system of cells 
connected by communicative junctions can indeed serve as space for 
diffusion gradients of such substances. 

It can be assumed that the first step in the action of a small molecule 
of the regulation of development is presumably its binding to a macromo- 
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lecular receptor, which upon binding of the small diffusible ligand 
changes its activity. This change in activity (supposedly important  in 
a developmental process) depends on the amount  of complex formed, 
which in turn depends on the concentrations of its components  and 
its dissociation constant. 

How does the concentration of such a complex change along an 
exponential concentration gradient of one of its components,  i.e., 
the ligand which can diffuse from one cell interior to the next and 
build up such a gradient? The following simplefying assumptions are 
made to explore this question: (1) The total concentration of macromolec- 
ular receptor, [Bo], is the same in all cells along the gradient. This mole- 
cule cannot diffuse from cell to cell. (2) The dissociation constant KD 
is of the same order of magnitude as the concentration of the freely 
diffusible molecule, [A]. The total concentration of free and bound diffusi- 
ble molecule 

[A,o,] = [A] + [AB] (2) 

can be higher. For the diffusible molecule a sufficient source is assumed 
so that [Atotl can always become higher than [Bo]. Now the concentration 
of complex, [AB], can be easily calculated for different concentrations 
of A along the gradient according to the law of mass action. 

[A] .  [B] 
KD. (3) 

lAB] 

In Fig. 6, for example, the value of Ko has been chosen to be 10-5 M, 
and [A] ranges from 10-4M to 10-6M along the gradient. For the 
total concentration of macromolecular receptor in the cell, with and 
without ligand 

[Bo] = [ABI + [B], (4) 

three values are chosen arbitrarily (10-4M, 6 x 1 0  -5 M, and 10-5M). 
Formula (3) and (4) can be combined and rearranged to calculate the 
concentration of complex, [AB], for any chosen concentration [A] and 

[B0]. 

[Bo] 
= ( 5 )  

In Fig. 6 over the distance of 1 mm where [A] is assumed to fall 
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Fig. 6. Concentration change of receptor ligand complex AB along an exponential concentra- 
tion gradient of ligand A. To construct Fig. 6, [A] (the concentration of A) has been 
assumed to decrease exponentially from 10-4M to 10-6M over the distance of l mm 
( . . . . .  ). The dissociation constant of the complex has been assumed to be 10 .5 M, which 
is equal to [A] at 0.5 ram. [AB] is plotted for three arbitrarily selected concentrations 

of receptor B0 (10 4M, 6x 10 5 M, and 10 -s  M) ( - - - - )  

exponentially f rom 10-4M to 10 6 M, the calculated [AB] is shown 
on the same plot. The concentrat ion of  complex plotted vs. the distance 
shows a "S" - shaped  curve, which approaches linearity when [A] is of  
the same value as K D. At the same position where [A] is equal to KD, 
the gradient of  complex AB is steepest. This position does not depend 
on [Bo], as long as the supply of diffusible molecule A is not limited. 
I f K v  is changed to 10 .6 yl for example, the steepest part  of the gradient 
of AB will be at the position where [A]=10 -6 Ivi, i.e., 0.5 m m  more 
distant from the source of A than in Fig. 6. 

With different combinations of  parameters,  e.g., limitations in the 
supply of A, several interesting situations can be constructed which will 
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not  be discussed here in any detail. Only one more property of a system 
like this shall be mentioned. 

If the concentration [B0] of receptor molecule is high, compared 
to [A] and K D, at any time a substantial amount  of ligand will be bound 
to the receptor and not free to diffuse from cell to cell before dissociation 
of the complex. In this way it can take much longer, than estimated 
by taking only free diffusion into account, until a gradient of A and 
as a consequence of A B  becomes stable at its final position. During 
this time, the steep part of the gradient A B  will continue to migrate 
away from the source of A. Relative slow change of a gradient of positional 
information has been observed, for example, in transplantation and 
regeneration experiments with hydra (Wolpert et al., 1972). 

These considerations about gradients of diffusible molecules have 
an appealing corollary concerning the described experiments, as they 
allow us to construct an argument (although not a very strong one) 
against the hypothesis that in the presented experiments some activator 
of the enzyme HPRT, and not the radioactive purine nucleotides them- 
selves, diffuses from cell to cell. This hypothetical activator, assumed 
to be distributed in an exponential gradient, would have to form a 
complex with the enzyme HPRT (or something else in the cell) to act. 
The concentration gradient of this complex is then expected to be reflected 
by the amount  of incorporation of 3H-hypoxanthine into different regions 
of the monolayer of H P R T -  cells, and this, according to the calculation 
above, would not result in an exponential decrease of hypoxanthine 
derived radioactivity with increasing distance from the monolayer of 
the HPRT + cells. 
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