ing along the opposite flank. The
growth rate on the compressed side
would increase, while that on the
stretched side would decrease, result-
ing in a bend in the opposite direc-
tion, as has been observed.

Another important property of this
growth response is that of adaptation;
though the growth rate deviates from
normal for 5 minutes after the change
in load, it subsequently returns to nor-
mal even though the load remains con-
stant. To test whether this adaptation is
complete, we compared growth rates
before and after the application of a
load, wusing the following procedure.
Before the hook was attached, the
growth rate was measured for 10 min-
utes. Then the load was applied for
60 minutes, removed for 60 minutes,
and finally reapplied for 60 minutes.
Average growth rates were obtained for
the 10-minute control period and the
last 10 minutes of each of the 60-
minute periods. We used only the last
10 minutes to reduce the contribution
of the growth response at the begin-
ning of each 60-minute period. Having
combined the data for loads of 5, 8,
10, and 20 mg, we obtained the follow-
ing average growth rates (percentage
of control rate): load applied first time,
74 #= 5 percent; load removed, 80 =7
percent; load applied second time, 79 =
5 percent (standard error of the mean
given). Thus, no significant effect of
load on growth rate was noted 50 min-
utes after the load was applied. This is
consistent with the observation that the
cell is mostly elastic, since one might
expect a cell with a large plastic com-
ponent to undergo continuous slow de-
formation when loaded and hence
show a greater growth rate with the
load applied than with it removed.

The ability of the sporangiophore
to adapt completely to the applied load
suggests that the deformation itself is
the stimulus or is closely related to it.
Since the sporangiophore is mostly elas-
tic, most of the deformation occurs
within a few seconds of the load’s be-
ing changed. Since little deformation
occurs thereafter, there will be no fur-
ther stimulus acting to affect the growth
rate as long as the load is constant.

We have also examined some of the
factors affecting the magnitude of this
growth response. We define the magni-
tude of the response as the ratio of
the total growth during the S5-minute
interval following the stimulus to the
total growth during the S-minute inter-
val preceding the stimulus. Thus a re-
sponse to an added load would be a
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number less than 1 (typically 0.6 to
0.8), and a response to a reduced
load would be a number greater than
1 (typically 1.3 to 1.6).

Two factors affecting the response
size are the length of the interval
between stimuli and light. If the inter-
val is shortened to 20 minutes, the re-
sponses are of smaller magnitude
than those when there is an interval
of 60 minutes between stimuli. Illumi-
nation with blue light causes a definite
but highly variable reduction of the
response’s magnitude; this inhibition is
largely removed by 60 minutes of dark-
ness.

The weight of the load also affects
the size of the response. In Fig. 3 are
presented the mean response magni-
tudes at stimulus loads varying from
0.3 to 8 mg. Although variability is

high, there is a rather sharp. threshold
at a load between 0.5 to 1.0 mg; at
0.5 mg and below there is no response,
and at 1.0 mg and above the response
is relatively large. The lack of response
at 0.5 mg is not due to a lack of
deformation, since at this load the total
deformation of the cell is 0.13 %= 0.02
mim.

DaAviD S. DENNISON

CAROLYN C. RoTH

Department of Biological Sciences,
Dartmouth College,
Hanover, New Hampshire
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Force, Shortening, and Work in Muscular Contraction:

Relative Contributions to Overall Energy Ultilization

Abstract. The amounts of energy used during muscular contraction under dif-
ferent loads have been compared by measurement of the total amount of dis-
turbance of the concentration of reduced nicotinamide-adenine dinucleotide dur-
ing the period of oxidative recovery. The results are in quantitative agreement
with the concept that three parameters determine the energy utilization: namely
the time-integral of the force development, the time-integral of the shortening

process, and the mechanical work.

When a muscle shortens against a
lever bearing a load, the amount of
energy expended in the process is
highly dependent on the load that is
moved. This was first pointed out by
Fenn in his studies on the heat devel-
oped during and after twitches and
short tetanuses (7). Until relatively re-
cently, three processes were thought
to account for this so-called Fenn ef-
fect: activation (and its maintenance),
shortening, and the performance of
mechanical work (2). We have found
that two parameters, the time-integrals
of the developed force (fP,) and of
shortening (fS,) suffice for the quanti-
tative description of energy used in iso-
metric and minimally loaded isotonic
contractions, respectively. In addition
these parameters, together with the
mechanical work performed, describe
the Fenn effect quantitatively. This
finding is at variance with the concept
that the activation energy is a major
contribution, independent of load, to
the total energy utilization (2-5). It
is also in disagreement with the con-
cept that the energy requirement for
shortening is linearly related, or very

nearly so, to the distance of shortening
(2, 5). But in contrast to other recent
results (3, 6), we find there is a major
contribution by the shortening process.

Energy utilization in various types
of contractions was compared on the
basis of changes in the amount of
mitochondrial reduced nicotineamide-
adenine dinucleotide (NAD) within
the muscle at rest. During oxidative
metabolism the average redox steady-
state of several members of the respira-
tory chain varies depending on the rate
of electron transport (7). A close cor-
relation exists between the amount of
reduced NAD at equilibrium, the rate
of oxygen uptake, and the rate of oxi-
dative phosphorylation. Thus, it is pos-
sible to monitor the metabolism during
recovery in an intact muscle after
contractile activity if the amount of
reduced mitochondrial NAD can be
measured. When the reduced form
of the coenzyme (NADH) is ex-
cited with light with a wavelength
of 366 my, the main part of the fluores-
cent light is emitted in the region of
400 to 500 my, with a broad maximum
around 460 mp. The intensity of the
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emitted light is related to the total
amount of NADH and, therefore, to
the reduced fraction of the total con-
centration of this coenzyme (8).

Excised sartorius muscles of tropical
toads (Bufo marinus) and bullfrogs
(Rana catesbiana) were prepared and
mounted in a fluorometer constructed
for the purpose (9). Rectangular cur-
rent pulses delivered between two stain-
less steel bars parallel to the muscle
provided massive, transverse stimula-
tion. The mechanical performance was
registered with an after-loaded lever
fitted with strain gages for the recording
of force and displacement. The stretch-
ing of the series-elastic component was
estimated by the quick-release method
of Jewell and Wilkie, and results from
both preparations were closely compar-
able to their published values for frog
sartoriuses (I0). The initial length of
the muscle was 100 to 105 percent of
its length in the body.

A temporary and partial oxidation
of NADH is noted when electron trans-
port is accelerated during the period of
increased oxidative metabolism that
constitutes the recovery from one
twitch. At 12°C, the entire cycle takes
about 10 minutes. Extensive experi-
mentation has shown that fluorescence
from mitochondrial NADH is greatly
enhanced, so that the contribution from
other NADH fractions and from re-

duced NAD phosphate can be neglected -

(11). The area under the fluorescence
cycles (fAFl), measured from the mo-
ment the trace departs from the base-
line to its return, varies directly with
the amount of recovery metabolism.
We proved this by comparing the re-
covery cycles in response to series of
different numbers of twitches in rapid
succession. Such experimentation at
12°C showed that the fAFI is directly
related to the number of contractions up
to five twitches at one per second (71).

We studied the relative energy utili-
zation for two different types of
contractions, isometric and isotonic. In
the first case, the muscle exerts force
against an immovable attachment point,
and tension rises and falls. In the second
condition, the muscle lifts a load; that
is, tension is constant while the muscle
shortens and lengthens again. We com-
pared the relative amounts of energy
used in contractions resulting from
different numbers of stimuli delivered
at a tetanic rate.

When separate trains of increasing
numbers of stimuli at constant fre-
quency are delivered to a muscle under
isometric conditions, twitch-like con-
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tractions result; these gradually become
larger until flat-topped, tetanic contrac-
tions are achieved. The isometric force
(P,) and the area under the myogram
(JP,) are shown in the top of Fig. 1
as a function of the number of shocks
in each train. Maximum tetanic tension
was about twice that of a single twitch
and was approached in response to
approximately eight stimuli. Save for
a small region near the origin, the area
of the myogram (fP,) is linearly
related to the number of stimuli for
up to 3 seconds of stimulation—the
maximum interval tested. The region
of curvature for the very small num-
bers of stimuli is rather variable but
has been noticed in all experiments.
Frequently, only the first two points are
nonlinear. The disappearance of the
curvature does not coincide with the at-
tainment of maximum tetanic tension.

In the bottom graph of Fig. 1 is
shown the correlation between the [P,
and the relative amount of recovery
metabolism, measured as the [AFlL. We
checked the linear relation of the fAFI
to the amount of energy expended by
measuring the recovery cycles induced
by one, two, or three twitches in rapid
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Fig. 1. The effect of various numbers of
stimuli at a tetanic rate on mechanical
and energetic parameters of isometric
contractions. (Top) The isometric force
(P,, filled circles) developed by the muscle,
and its time-integral (fP,, open circles) as
a function of the number of stimuli. (Bot-
tom) The time-integral of the fluorescence
cycle (fFl) as a function of the f(P,.
Filled circles: the same contractions as
shown in the top graph. Open circles:
cumulative effect of two, three, and four
single twitches in rapid succession (1
cycle/sec).

succession. These points are identified
by the open circles.

The relation between the two vari-
ables plotted in the lower part of Fig.
1 adheres to a straight line through the
origin. In other experiments this held
true regardless of the frequency of
stimulation, the animal used (frog or
toad), or the temperature. Since the
relation between [P, and the number
of stimuli is not linear, the aforemen-
tioned result is neither trivial nor re-
dundant. It is also important to note
that the fP, takes the entire contraction
cycle into account, the contraction and
relaxation phases contributing in pro-
portion to their contribution to the
total fP,.

The use of the fP, eliminates activa-
tion as a significant, fixed contribution
to the overall energy utilization. Since
the “activation heat” supposedly re-
flects a separate, initial process pre-
paratory to the mechanical contrac-
tion, the straight line connecting the
experimental points should transect the
ordinate at a value greater than zero.
This value should be that of the fixed
amount of energy that is postulated as
required for the achievement of the
“active state” (2, 5). Myothermic esti-
mates of the activation heat range
from eight- to nine-tenths of the total
heat of a single isometric twitch (3),
to 33 to 50 percent (2, 5) and to 40
to 45 percent (4). Interpretation of the
results of biochemical analysis of split-
ting of high-energy phosphate by the
frog sartorius has yielded another range
of values: 80 to 90 percent (3) and 60
percent (12). In the frog rectus ab-
dominis muscle no evidence was found
for any breakdown of high-energy phos-
phate by activation (I3), whereas it was
also shown that in the frog sartorius
some delayed hydrolysis of adenosine
triphosphate (ATP) occurred that was
not related to the development of ten-
sion (6, Fig. 2). This amounted to about
30 percent of that hydrolyzed in a 1.5-
second isometric tetanus. Interestingly
enough, under slightly different condi-
tions all hydrolysis of ATP appeared to
be related to the duration of the tetanic
stimulation: no evidence for a high rate
of ATP hydrolysis was apparent early
in the contraction (6, Fig. 1). The dis-
tribution of the data in experiments such
as shown in Fig. 1 might possibly allow
a variation in the intercept with the ordi-
nate of = 10 percent of the twitch
value. This is due to the experimental
error in the data, and it may conceal a
contribution from an activation process.
With this limitation in mind, we can
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make the generalization that adoption
of the (P, as the energy parameter of
muscle contraction eliminates activation
as a process contributing separately to
the overall energy utilization. Since a
sizable burst of heat preceding the ac-
tual contraction (2) can be measured,
the possibility does remain that this
“activation heat” may be compensated
by a reaction that later in the cycle
absorbs heat, presumably one in the
relaxation phase, However, no evidence
for such a reaction has been found as
yet in myothermic studies.

A typical result of similar experi-
ments under isotonic conditions is seen
in Fig. 2. The top graph shows the
total distance shortened (S,) and the
area under the displacement curve
(fS,) as a function of the number of
stimuli. Both curves are fairly represent-
ative of this type of experiment. There
is some variation, however, in the de-
gree of concavity of the lower portion
of the f§, curve. In a small number of
preparations the entire range adhered
to a straight line, but in none of the
experiments was the curve convex up-
ward. The lower graph of Fig. 2 shows
the relative energy utilization (fAFI)
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[e] 0.4 o8 12
fso (em-sec)

Fig. 2. The effect of various numbers of
stimuli at a tetanic rate on the mechanical
and energetic parameters of minimally
loaded isotonic contractions. (Top) The
shortening distance (S,, filled circles)
and its time-integral (S, open circles) as
a function of the number of stimuli.
(Bottom) The fAF! as a function of the
{S,. Filled circles: the same contractions
as depicted in the top graph. Open circles:
cumulative effect of two, three, four, and
six single twitches in rapid succession.
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as a function of the time-integral of
the shortening cycle, fS,. The deter-
minations for short tetanuses were
randomly interspersed with a few series
of two to four single twitches in rapid
sequence. The results of the latter are
represented by the open circles. It is
clear that a linear relation exists for
both multiple twitches and short tet-
anuses. The scatter of the experimental
points is usually greater than that in
isometric experiments, a fact that may
be partially caused by the smaller value
of fAFI for these isotonic conditions.
Nevertheless, the direct correlation be-
tween the two parameters appears to be
unmistakable. As in the previous ex-
periment, the straight line fitting the
points goes through the origin; that is,
no initial contribution of an activa-
tion process is discernible. Within the
limitations set by the experimental error,
the fS, suffices as a direct, linear index
to the total energy turnover in a mini-
mally loaded isotonic contraction.

Our data and conclusions are limited
to the transition region between twitch
and tetanus. During tetanuses that are
maintained for a long time other fac-
tors come into play and decrease the
rate of energy turnover (/4). On a plot
of fAFI as a function of the fP,, the
data suddenly deviate from the linear
relation through the origin. The new
relation is still linear with the fP,, but
it has a lesser slope. Extrapolation to
the zero ordinate yields, therefore, an
intercept with a sizable value of fAFI.
This later phase has been explored
thoroughly over the years. Aubert’s
monograph (I5) contains perhaps the
most extensive myothermal records, and
these appear to agree fully with our
interpretation based on the P, Maré-
chal and Mommaerts, and Sanberg and
Carlson have presented detailed studies
of phosphocreatine utilization in tetanic
contractions (/6). Their data show the
same general result. In long tetanuses
(> 1 second) it was demonstrated that
a linear correlation exists between break-
down of high-energy phosphate and the
fP, during the maintenance of stable
tension, but an extra amount of break-
down was found to occur in the rising
phase. The latter is the region we have
investigated. Together with these pub-
lished studies, our data show that the
fP, is an essential parameter having
two distinct values in the range between
the single twitch and a long-lasting
tetanus.

In Fig. 3, the variation of the total
energy utilization as measured from
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Fig. 3. Relative energy utilization in the
single twitch as a function of the force
developed during the contraction of toad
sartorius at 11°C with an initial load of
2.0g; all other loads are after-loaded. Four
cycles were recorded for the isometric
twitch; the bar shows the spread of the
data. Two cycles were recorded for the
minimally loaded isotonic condition; the
JAF! was virtually identical for these two
cycles.

fluorometric cycles is shown as a func-
tion of the load lifted by the muscle.
The curve is typical for single twitches
of the toad sartorius at about 12°C. It
is closely similar to a number of pub-
lished records of metabolic and heat
measurements under similar conditions
(11, 12) but disagrees with others (I,
2, 5, 12). In the latter, the left side
of the curve is shifted upward, the
energy utilization at minimal loads
being about equal to that at the high-
est load (that is, the isometric condi-
tion). The difference appears to be
related to the use of different muscles
and experimental temperatures.

The three parameters depicted in
Fig. 4 are the total work and the time-
integrals of shortenings (fS) and force
(JP) registered in the same experiment
as shown in Fig. 3. For each twitch the
outputs of the force and displacement
transducers were recorded separately.
At intermediate loads the force in the
muscle rises until a tension equal to the
load has been generated, whereupon
shortening commences. The tension re-
mains constant until the load returns
to its original, supported position; it
subsequently disappears. The areas un-
der the two parts of the myogram were
measured with a polar planimeter.

The curve for the total work is ob-
tained by adding the external and in-
ternal work. The former consists not
only of the product of the load and
the distance through which it is lifted,
but also of the work performed in
bending the lever (the stretching of the
chain and of other mechanical compli-

SCIENCE, VOL. 156



ances is negligible in this apparatus).
The lever has a linear stress-strain re-
lation, and so the work performed on
it by the muscle is one half the product
of total force and displacement of the
lever tip. The stretching of the series-
elastic component of the muscle, how-
ever, is not linear: relatively more
shortening occurs at low tension than
at high. From this stress-strain rela-
tion it was calculated that the internal
work amounts to approximately one-
fourth of the product of the final force
and the stretching of the series-elastic
component. We obtained the total work
curve (W) of Fig. 4 by adding the
two types of external work and the in-
ternal work obtained for each load
and plotting this as a function of load.

It is our hypothesis that the three
parameters fS, fP, and W, account
for the total energy expended in the
contraction. Since these parameters, as
well as the fAFI, are expressed in units
that cannot be interconverted at the
present time, it is necessary to find a
method of scaling them. As a first step,
we normalized the SAFI, designating
the averaged isometric value as 100.
These measurements of total energy
utilization are shown as the solid circles
in the top curve of Fig. 5.

At three points in the P scale (2.0,
48.3, and 97.5g) the numerical value
of fAFl was expressed as the sum of
the parameters:

t=ow
fAFlg,a dt —

t=0

t =
fg,,‘,, dt + Wrao = 56
=0

< i’f.fdzzo)
t=0

t=w t=w
f%l—:lf“ dt :f.?qu dt 4+ Wrs.s -+
t=w
fP,;s.s dt —= 93
t=o

t=w t = o
f%ljﬁym dt = Wrors +f1:91.g dt = 100

( Sw.sEO)
ft:m
t=o0

From these three equations the scaling
factors for fS, fP, and Wy can readily
be calculated. When these factors are
applied to each value of the points of
Fig. 4, they are scaled as shown by the
hollow squares in Fig. 5. The line
has been drawn from the addition of
the three curves fitting the experimental
points in the lower part of the figure.
The closeness of fit of the experimental
SAFI points (filled circles) to the cal-
culated line indicates that the hypoth-
esis is well borne out.
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We have performed similar experi-
ments with the bullfrog sartorius at
15°C using a four-stimulus tetanus. In
this case, the curve of energy utiliza-
tion as a function of the load (Fig. 3)
shows a more pronounced maximum
(about 1.4 times the isometric value),
and it occurs at a lower load (approxi-
mately 0.6 P,). Thus the curve resem-
bles more closely that of the frog at
low temperatures. Using the same
scaling techniques as before, we found
that the fP, fS, and W, curves fit
satisfactorily to this relation. A larger
relative contribution of the work curve,
because of greater shortening (espe-
cially at low loads), underlies both the
more pronounced maximum in the
total energy curve and its shift toward
a lower load as compared to the data
on the single twitch of the toad sar-
torius (14).

The use of the fP as a parameter of
energy utilization is reminiscent of the
tension-time index of cardiac physiol-
ogy (I7). In heart tissue, the tension-
time index apparently suffices as the
sole determinant of energy utilization
of cardiac muscle, as judged from the
studies of O, consumption. In skeletal
muscle, however, the total energy used
in an isotonic contraction is a complex
function of the work and the time-
integrals of shortening and tension pro-
duction. In 1921, Hartree and Hill ap-
plied the notion of a tension-time index
to isometric contractions of the frog’s
sartorius muscle and correlated it with
heat development (I8). The relations
appear similar in general, but the trans-
ition region between twitch and tetanus
was not studied. Since then, the ten-
sion-time parameter has been neglected
almost completely in studies of skeletal
muscle.

Our results show that the time-in-
tegrals of shortening and of force to-
gether with the total work can account
for the total energy expended in single
twitches and in short tetanuses. Several
important points emerge from this
novel account of the energy relations.

The concept of a sizable, fixed
amount of energy expended in “activa-
tion” of the muscle could not be veri-
fied by our experiments. If such a term
accounted for 80 to 90 percent of the
energy utilized in the isometric twitch
(3), a straight line would need to be
drawn across Fig. 5 at that level; no
significant contribution from fP could
be allowed, and it would be entirely
impossible to fit the total energy curve.
The same holds to a slightly smaller
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Fig. 4. Total work (Wr) and the time-
integrals of shortening (fS) and of force
(fP) as a function of the force developed
during the contraction. Data from the
same experiment as Fig. 3. The measure-
ments of most duplicate points were
virtually identical and could not be dif-
ferentiated in the drawing.

degree for other estimates of the acti-
vation energy: 60 percent (/2), 40 to
45 percent (4), 33 to 50 percent (2,
5), and 30 percent (6). Only if the
activation energy were 10 percent or
less, would a reasonable fit be main-
tained. Since there is considerable re-
semblance in the shape of the shorten-
ing (S) and the fS curves when plotted
as a function of the force, substitution
of f§ for the more conventional § rela-
tion is not the basis for the inadequacy
of the concept of a large, fixed “acti-
vation” heat in the approach presented
above.

120

Jan

Force (qg)

Fig. 5. Comparison of the energy utiliza-
tion (filled circles in upper curve) with
the summed Wr, fS, and fP parameters
after scaling (open squares). Same experi-
ment as Figs. 3 and 4. Filled squares,
Wr; filled triangles, fS; filled circles in
lower curve, (P.
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The substitution of f§ for the linear
shortening term (S§) as a parameter of
cnergy utilization is not as self-evident
as the introduction of the fP. The main
difference between the two curves is
a greater degree of curvature in the
case of fS. If shortening (S) is used in
Fig. 5 instead of fS, the small trough
at 7g is eliminated in the top curve, and
a continuously convex relation results.

Our evidence is in agreement with
the notion that muscle contraction can
be regarded as a series of sequential
chemical reactions (/4). Force arises
and is maintained as one step in this
sequence. Shortening may constitute
another such step occurring either in
series or in parallel to the reaction pro-
ducing the force. In the case of an
isometric contraction, in which shorten-
ing is practically zero and the internal
work is no more than 10 percent of the
total energy utilization, force produc-
tion is virtually the sole energy-con-
suming activity. Thus, tension may be
looked upon as the index to the inten-
sity and the time-course of one step in
the sequence of reactions initiated by
the action potential. For unbranching
systems of sequential, chemical reac-
tions it can be shown that the time-
integral of the increase and decrease in
concentration of one of the interme-
diates is linearly related to the total
amount of the final product resulting
from the overall reaction (I4). In the
case of muscular contraction, it is pro-
posed that shortening and production
of force can be treated as mechanical
manifestations of the time-course of
the concentration of two sequential in-
termediates or two reaction pathways
originating from a common intermedi-
ate.

Frans F. JoBsis
JaMEes C. DUFFIELD
Department of Physiology and
Pharmacology, Duke University
Medical School, Durham,
North Carolina
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Gen.

Oxygen Tension Changes
Evoked in the Brain
by Visual Stimulation

Abstract. Localized changes in oxy-
gen tension were recorded with plati-
num cathodes placed in the lateral
geniculate nucleus in both anesthetized
and awake cats. The amplitude of the
responses increased with increasing
stimulus intensity, but decreased with
increasing flash rate. Both increases and
decreases in cathode current were pro-
duced by steady illumination. The char-
acteristics of the responses suggest that
the responses reflect localized variations
in blood flow, produced in turn by
changes evoked in the tonic neural ac-
tivity of the lateral geniculate nucleus.

Localized temperature changes can
be evoked in the cat’s brain by natural
stimulation (I, 2). Light flashes evoke
thermal changes in the lateral geniculate
nucleus but not in the inferior col-
liculus, while auditory stimuli evoke
thermal changes in the colliculus but
not in the geniculate nucleus (). So-
matic stimulation evokes temperature
changes localized in the ventrobasal nu-
cleus in the thalamus (2). Elevations
in the temperature of the entire brain
during paradoxical sleep and arousal
have also been reported (3). Such tem-
perature changes may result from vari-
ations in cerebral blood flow and meta-
bolic heat output, and they are prob-
ably accompanied by variations in the
oxygen tension of the tissue. The oxy-
gen tension of tissue can be indirectly

assessed with bare oxygen cathodes
consisting of platinum wire negatively
biased with respect to a nonpolarizable
reference electrode. Such cathodes have
been used to determine variations in
the concentration of oxygen in brain
tissue during hypoxia and hyperoxia,
stimulation of the hypothalamus, and
during avoidance conditioning in un-
restrained cats (4). We here report
changes in oxygen tension in the lateral
geniculate nucleus (LGN) of cats. The
changes were evoked by visual stimula-
tion and were recorded by platinum
oxygen cathodes.

Twenty-one cats were anesthetized
with moderate doses (30 mg per Kkilo-
gram of body weight) of sodium pento-
barbital injected intraperitoneally; sup-
plementary doses were given when
necessary during the experiments, The
cats were held in a stereotaxic instru-
ment, and the cathodes were inserted
through a hole, 1 cm in diameter, tre-
phined through the skull. Recordings
were also taken from two unanesthe-
tized cats with cathodes permanently
implanted in the LGN. The unanesthe-
tized cats were allowed 1 week to re-
cover from surgery before they were
tested. Their line of vision was directed
toward the stimulus source by means
of a restraining box. In all animals,
the pupils were dilated with Cyclogyl
during testing, and the cathode place-
ments were verified by standard histo-
logical techniques.

The oxygen cathodes were made of
platinum—iridium wire (10 percent Ir),
0.5 mm in diameter, and insulated, ex-
cept at the tip, with Insul-X. The ref-
erence electrodes usually consisted of
large-area silver electrodes inserted un-
der the temporal muscles, and the cath-
ode bias ranged from 0.5 to 0.8 volt.
The current through the electrodes was
measured with Grass (7P1A) d-c ampli-
fiers. Light flashes were produced by a
Grass photostimulator (PS2D), with
flash rates in the range of 2 to 50 per
second, flash duration of 10 psec,
and estimated intensities at the cat’s
eyes of about 2.5 X 10° lux and
2 X 108 lux. Background intensity was
about 200 lux. :

Consistent increases in the cathode
current were evoked in the LGN by
flashing light in 11 of the anesthetized
cats and in both unanesthetized ani-
mals. The responses were approximate-
ly 5 percent above the base current,
with latencies of 5 to 10 seconds (Fig.
1). The cathode current increases were
usually maintained throughout the pe-
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