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Table 1. Analysis of variance of the mean 
number of seconds of handling received 
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Source df MS F 

Between litters 39 
Pup strain (P) 1 421.83 9.38* 
Foster parent 

strain (F) 1 439.72 9.78* 
P X F 1 10.43 .23 
Error (between) 36 44.97 

Within litters 360 
Days (D) 9 128.55 14.98t 
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D X F 9 19.15 2.23t 
D X P X F 9 11.56 1.35 
Error (within) 324 8.58 
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pans (95/8 by 5?2 by 23/4 in.) with 
cedar shavings as a nesting material. 

The measurement of parental han- 
dling began on the day after the litters 
were switched and continued for 10 
successive days. On each test day the 
foster parents were removed from the 
nesting cage and placed in an empty 
cage nearby. The pups were taken from 
the nest and placed in the opposite 
end of the nesting cage. The foster par- 
ents were then returned to the nest- 
ing cage. During the succeeding 5 min- 
utes the total number of seconds of 
handling of the pups by the foster par- 
ents was recorded on an electric timer 
which was activated by the experi- 
menter. Handling was defined as the 
carrying, dragging, or oral manipula- 
tion of a pup by either of the foster 
parents. 

The total number of seconds of han- 
dling recorded for a litter on each day 
was divided by the number of pups 
in the litter to yield a measure of the 
average amount of handling received 
per pup during each test session. The 
interobserver reliability of this measure 
for a sample of 50 sessions was found 
to be .98 by product-moment correla- 
tion. 

Table 1 presents an analysis of vari- 
ance of the average amount of han- 
dling received per pup. Significant ef- 
fects were found to be due to the strain 
of the pups and to the strain of the 
foster parents. The BALB/c parents 
handled both strains of pups more than 
the C57BL/10 parents did, and the 
BALB/c pups received more handling 
from both strains of parents than the 
C57BL/10 pups did. In addition, the 
amount of handling showed a signifi- 
cant decline with successive days of 
testing (D), and the magnitude of the 
effects of pup strain (P) and foster- 
parent strain (F) decreased over the 
course of the 10-day period, as reflected 
by the significant D X P and D X F 
interactions. The effects of pup strain 
and foster-parent strain as functions of 
day of testing are shown in Fig. 1. 

These results indicate that there is 
a difference in the amount of handling 
received by two strains of mice during 
infancy. The difference in parental han- 
dling due to the strain of the pups can- 
not be regarded as stemming from a 
genetic difference between the two 
strains of parents. Rather, the strain of 
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behavior of the two strains (irrespective 
of the strain of the pups) may itself be 
due not to a genetic difference but to 
a difference in the way the parents were 
handled as infants. 

In general, behavioral differences be- 
tween strains observed in adulthood 
should not necessarily be attributed to 
genetic rather than early environmental 
variation (3). 
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Tracers, Transfer through 
Membranes, and Coefficients 
of Transfer 

Abstract. The rate of flow of a tagged 
species of a material substance through 
a permeable membrane is proportional 
to the rate of flow of the substance it- 
self when, and only when, the species 
mole fraction of the substance is the 
same on both sides of the barrier. The 
ratio of the osmotic transfer coefficient 
of a substance in a particular barrier to 
the exchange coefficient, determinable 
with a tracer, is greater than 1. 

The relation between the rate of flow 
of a substance h, and the rate of flow 
of a tagged species of the substance, 
ns', across a plane of observation lo- 
cated within the barrier of the linear- 
transfer system phase a, membrane, 
phase a3 has been derived (1). A more 
general but less awkward derivation of 
the same equation is given later in this 
report (2). 

The general equation for the rate of 
flow of s across a plane of observation 
may be written 
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Here the Msk's are the generalized ad- 
mittance coefficients of a barrier and 

d/sk/dx is the algebraic representation 
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of the chemical potential gradient of a 
neutral molecule, or the electrochemi- 
cal potential gradient of an ion in the 
barrier of a linear transfer system. The 
summation is to include all the kinetic 
species present at the plane of observa- 
tion (3). An outline of the derivation 
of Eq. 1 from Newton's first and second 
laws of motion applied to steady-state 
transfer systems, and a demonstration 
of the validity of the Onsager reciprocal 
relations Ms =- Mks, based upon New- 
ton's third law of motion, have also 
been presented (4). 

Suppose the transfer system to be 
closed to s. Imagine that the substance 
s is composed of two subspecies, s' and 
s", whose kinetic properties are iden- 
tical. Let s' and s" have some property 
by which they can be distinguished but 
which has no effect on their motions. 
The species mole fraction of the two 
subspecies and other relations among 
them can be written as follows: 

n.s = Nn, , also N1 + N2 = 1 
hN = N1is + n.,N dN1- =-dN. (2) 

The equations for the flow rates of the 
two subspecies across the plane of ob- 
servation may be obtained by writing 
Eq. 1 in greater detail. They are 

-*s' M, d, + M d -2 + - M-: duk 

,, d^a , ,/ d^2 , -f ,.- dtA 
-lis, -M21 - + M2,2 4- + M2, d dx dx k=3 dx 

(3) 

The flow rate of the substance s is the 
sum of the flow rates of the two sub- 
species, or 

-h, = (Mnl + M12) -d + (M12 + M22) d 2 

s 
+ z (MI, + M,.) dk (4) 

k. 3 dx 

when use is made of the Onsager re- 
ciprocal relations. Let dl2/ dx and 

dp12/dx in Eqs. 3 and 4 be zero. The 
following equations then hold: 

-n-- =-Nxih = NN 2 (Mi-k + M27) dx 
k=3 x 

-= 2 NiMsj- s-== 2 Mu7 d (5) k=3 dx k=3 dx 
since the (d/kk/dx)'s cannot produce an 
N1 or an N2 because of the presumed 
identical kinetic properties of s' and s". 
Eqs. 5, therefore, require that 

aM1= N2 M =, = N1MA,k also M-- N, (6) M971! - (6) 

The relations of the chemical poten- 
tial gradients of the two subspecies to 
the chemical potential gradient of the 
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species s and the gradient of mole frac- 
tion are known (1). These may be 
written 

dt1 _ dM, +T dnN dA,, RTdN, 
dx dx dx dx N1 dx 

d_2.- dpi dInN2 ds _ RT dNt 
dx dx RTdx dx - N d x 

(7) 

Replacing the chemical potential gra- 
dients in Eq. 4 by their equivalents, 
as given by Eq. 7, yields 

-As = (MA! + 2M12 + M2) -dx + 
d d 

[Mn + M.-! (M12 + M22) RT dx+ 
s dMd g AM!. dX (8) 

k=3 x 

Now the gradient, dlnNl/dx, cannot 
affect hs since n.s and n.s, are presumed 
to have identical kinetic properties. 
Thus, in order for Eq. 8 to be exact, 
the following relation must hold. 

N1 
M1 +- MA2 =-.- (M1 A2 + M2.2) (9) 

and nh, is given by 

dM, 
-hS = (Mn11 2M2 +- M22) d - + 

kz M."7- (10) 

By substituting the relations given in 
Eqs. 7 back into the first member of Eqs. 
3 and using the relations given by Eqs. 
6 and 9, we may now write fhi' as 

-si, = -N [(M,, +4 2MI2 J+ M22) dx + 

s dY,-k l Ml M22.M--M-12\ 
k:= A!M12 + 22 / 

dx 

On comparing this equation with Eq. 
10 it may be seen that 

--hs, =--NiNi,s + M,, RT dlnN (12) 
dx 

Here Mox, designated as an exchange 
coefficient, is taken as equal to 

(M,1 M.22 - Ml 2)/ (M- + M22). 

Equation 12 is the basic equation for 
the relation of the rate of flow of a 
tagged species across a plane of obser- 
vation to the rate of flow of the species 
itself, and it may be applied to an ac- 
tual experiment if the tagged sub- 
species does not differ materially in 
molecular mass or density from the 
second subspecies. In the majority of 

biological experiments the errors intro- 
duced by assuming identical kinetic 
properties for two subspecies containing 
isotopes of the same chemical element 
are usually much smaller than the ex- 
perimental errors; therefore, neglecting 
isotope effects is entirely proper. As 
Eq. 12 implies, the flow of the tagged 
material is proportional to the flow of 
the substance itself when, and only 
when, the mole fraction of the species 
is the same in the two phases adjacent 
to the barrier. 

In the usual tracer experiments the 
tracer is added to one phase or the 
other in "weightless" amounts when 
radioactive isotopes are used as tags, 
or in small amounts when stable iso- 
topes are employed. This means that 
N,, the species mole fraction of the 
tracer at the plane of observation, ap- 
proaches zero, and that the observed 
flow of the tracer bears little relation 
to the flow of the substance concerned. 
Such was the case, for example, in the 
experiments performed by Ussing (5) 
and by Durbin, Frank, and Solomon 
(6). In the experiments of Prescott and 
Zeuthen (7), N1 was appreciable, and 
then the flow of the substance con- 
cerned did have a measurable effect 
on the flow of tracer. Most tracer ex- 
periments allow one to determine only 
the magnitude of Mex for a particular 
substance in a particular membrane. 

If separate experiments of the proper 
kind are carried out on a particular 
membrane, the ratio Mos/Mex, where 
Mo* is defined as equal to M1 -+ 2Mi2 
+ M22 (see Eq. 10) should be greater 
than 1, for 

Mos - (M - + 2M12, +- M22) (M12 + M .2)> 
Mx l M22 - M122 

(13) 

since MA1 M22 - M1.2 is positive. The ex- 
periments of Hevesy, Hofer, and Krogh 
(8) on the frog's skin yielded "unex- 
plained" ratios of 3 to 5, and the ratios 
obtained for certain artificial mem- 
branes by Mauro (9) were several 
hundred times these values. 

LESLIE F. NIMS 
Biology Department, 
Brookhaven National Laboratory, 
Upton, New York 

References and Notes 

1. L. F. Nims, Yale J. Biol. Med. 31, 373 
(1959). 

2. The research discussed in this report was 
carried out at the Brookhaven National Lab- 
oratory under the auspices of the U.S. 
Atomic Energy Commission. 

3. H. S. Harned and B. B. Owen, The Physical 
Chemistry of Electrolytic Solutions (Rein- 
hold, New York, 1958), p. 19. 

131 



4. 1.. }:. Nims. Am. J. Physiol. 201, 995 (1961). 
5. H. Hi. Ussing, in Metabolic Aspects of Trans- 

port Across Cell Meibranes, Q. R. Murphy, 
Ed. (Univ. of Wisconsin Press, Madison, 
1957), pp. 39-56. 

6. R. P. 1)urbin, 11. Frank, A. K. Solomon, 
J. Gen. Physiol. 39, 535 (1956). 

7. 1). M. Prescott and E. Zcuthen, Acta. Phy.siol. 
Sceail. 88, 77 (1953). 

8. C. V. Hevesy, E. Hotcr, A. Krogh, Skand. 
Archi. Physiol. 72, 199 (1935). 

9. A. Mauro, Science 126, 252 (1957). 

8 March 1962 

High-Speed Cinematography of 

Muscle Contraction 

Abstract. Motion pictures of the 
"twitch" of an excised frog gastrocnemius 
muscle taken at rates of 6000 frames per 
second provide a means of very accurately 
timing the phases. The extreme "slow mo- 
tion" reveals surface phenomena not ob- 
servable by other techniques. Evidence of 
"active relaxation" is suggested by re- 
suilts of frame-by-frame analysis. 

High-speed cinematography (frame 
rates in excess of 500 per second) has 
had wide application in researches in 
the fields of engineering and tech- 
nology. Very limited application has 
been made to the study of rapid bio- 
logical phenomena. Farnsworth et al. 
(/), Prinzmetal et al. (2), and Zorg- 
niotti et al. (3) have strikingly dem- 
onstrated the value of the technique in 
the analysis of various motion phe- 
nomena in human subjects. 

The phases of a simple muscle twitch 
(latency, contraction, relaxation) have 
been accurately timed by various elec- 
tronic and photographic techniques. 
None of these, however, has provided 
the experimenter with '5a continuous 
pictorial representation of the muscle 
during the events. 

The excised muscle preparation, 
illuminated with incandescent light 
(24,000 ft-ca) was photographed with 
a "Fastax" camera operating at 6000 
frames per second (4). The motion 
pictures were studied by projection at 
normal (24 frames per second) speed 
and were also subjected to frame-by- 
frame analysis. The muscle was stimu- 
lated to contract by a single shock from 
an electronic stimulator, and an electro- 
magnetic signal marker was included 
in the camera field to indicate the in- 
stant of stimulation. The muscle was 
loaded with a shortened Harvard-type 
muscle lever and a 10-g weight. The 
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and were also subjected to frame-by- 
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lated to contract by a single shock from 
an electronic stimulator, and an electro- 
magnetic signal marker was included 
in the camera field to indicate the in- 
stant of stimulation. The muscle was 
loaded with a shortened Harvard-type 
muscle lever and a 10-g weight. The 

muscle was marked by a "tattooing" 
technique. This consisted of placing a 
series of black dots at intervals on the 
surface of the muscle to provide dis- 
tinct reference points in the frame-by- 
frame analysis. The muscle prepara- 
tion was photographed against a grid 
background. 

Direct observation of the projected 
motion pictures reveals several inter- 
esting features. It may be easily seen 
and proved that the mass inertia of the 
lever system causes the lever move- 
ment to lag considerably behind the 
movement of the dots on the muscle ex- 
cept during the latter portion of the re- 
laxation phase. Frame-by-frame anal- 

ysis of a typical twitch provides data 
regarding the duration of the phases as 
indicated by the movement of the mus- 
cle dots and by the movement of the 
lever system (Table 1). 

Careful observation of the projected 
film shows certain expected changes 
in the diameter of the muscle during 
contraction and relaxation. These are 
not, however, as simple in form as one 
might have expected. They appear as 
bulges traveling downward during con- 
traction and upward during relaxation. 
Their movement is extremely rapid. 
Attempts to ascertain the velocity of 
these contraction and relaxation waves 
by frame-by-frame analysis were not 
considered valid because of the diffi- 
culty of exactly tracing and measur- 
ing the muscle image from projected 
single frames. This difficulty is due to 
an inherent lack of image definition 
in many high-speed motion pictures. 

Both by simple viewing of the pro- 
jected film and by the frame-by-frame 
analysis it is readily shown that the ini- 
tial portion of the relaxation phase is 
extremely rapid. A plot of the move- 
ment of the tattoo marks on the muscle 
shows this part of the relaxation phase 
to be as rapid as, if not more rapid 
than, any portion of the contraction 
phase. No definite physiological con- 
clusions are drawn from this, but it sug- 
gests an "active" type of relaxation. 
Later portions of the relaxation phase 
were slow by comparison, and the 
muscle did not return to its fully re- 
laxed state until the lever system had 
caught up with it in time. Exact true 
relaxation time, therefore, could not be 
determined. 
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culty of exactly tracing and measur- 
ing the muscle image from projected 
single frames. This difficulty is due to 
an inherent lack of image definition 
in many high-speed motion pictures. 

Both by simple viewing of the pro- 
jected film and by the frame-by-frame 
analysis it is readily shown that the ini- 
tial portion of the relaxation phase is 
extremely rapid. A plot of the move- 
ment of the tattoo marks on the muscle 
shows this part of the relaxation phase 
to be as rapid as, if not more rapid 
than, any portion of the contraction 
phase. No definite physiological con- 
clusions are drawn from this, but it sug- 
gests an "active" type of relaxation. 
Later portions of the relaxation phase 
were slow by comparison, and the 
muscle did not return to its fully re- 
laxed state until the lever system had 
caught up with it in time. Exact true 
relaxation time, therefore, could not be 
determined. 

Table 1. Duration of phases of a simple mus- 
cle twitch of an excised frog gastrocnemius 
as shown by frame-by-frame analysis of high- 
speed (6000 frames per second) motion pic- 
tures. 

Latency Contraction Relaxation 
(sec) (sec) (sec) 

Movement of dots (true time) 

0.003 0.037 ? 
Movement of lever (apparent time) 

0.007 0.044 0.052 

Extreme slow-motion projection of 
the film suggests one further phenomena 
which is noteworthy but unsubstanti- 
ated by concrete evidence. There ap- 
pears to be an undulatory movement 
over the surface of the muscle during 
both its contraction and its relaxation. 
This phenomenon, if it actLiually occurs, 
is extremely rapid and not at all dis- 
tinct. It is suggested that it could be a 
high-frequency surface vibratory move- 
ment and, if this is the case, might 
be a purely physical result of tension 
developed in an elastic system rather 
than anything of physiological signifi- 
cance. 

The data giving accurate time re- 
lationships in the simple muscle twitch, 
as well as the surface phenomena ob- 
served when action is slowed by a 
factor of 250, clearly indicate the appli- 
cability of high-speed cinematography 
to the study of muscle activity. Fur- 
ther experiments of this type should 
not only improve the techniques but 
provide data of important physiological 
significance (5). 
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