
component was observed in the ERG. 
In this respect the parietal eye resem- 
bles the eye of the scallop, Pecten ir- 
radians, which has a vigorous "off" 
response but lacks an "off" component 
in the ERG (11). 

Further investigation of the parietal 
eye, which has only two neural cell 
types (photoreceptors and ganglion 
cells), may contribute to a clearer un- 
derstanding of retinal processes. Tech- 
niques are now being developed to 
study the action spectra of the eyes and 
to isolate the responses of single units 
(12). 
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Abstract. Featuring an interlocking 
bridge amplifier, our new method measures 
cardiac output in animals from man to the 
rat, and one can perform many multiple 
assays with safety in the same animal with 
accuracy and reliability as reported, using 
room-temperature saline, whether the ani- 
mal is in the normal or hyperthermic 
condition. 
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Thermodilution Method for 
Measuring Cardiac Output of Rats 
by Using a Transistor Bridge 

Abstract. Featuring an interlocking 
bridge amplifier, our new method measures 
cardiac output in animals from man to the 
rat, and one can perform many multiple 
assays with safety in the same animal with 
accuracy and reliability as reported, using 
room-temperature saline, whether the ani- 
mal is in the normal or hyperthermic 
condition. 

Numerous workers (1, 2) have estab- 
lished the thermodilution method to be 
sufficiently accurate and reliable for 
measuring the cardiac output of dogs, 
it being comparable to the Fick and 
dye-dilutions methods. However, the 
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limited sensitivity of these methods has 
required a relatively large quantity of 
very cold saline for injection, which 
limits their use to larger animals for 
study. Our method features significantly 
greater sensitivity, requires only 0.05 ml 
of room-temperature (about 25?C) 
saline for injection, and can be used 
with animals as small as a rat or even 
a mouse or hamster. Although the prin- 
ciple has been utilized for recording 
dilution curves in dogs and human 
beings (3), this report describes the in- 
strumentation and more exacting proce- 
dure required for the study of the albino 
rat. 

The circuit employed is a transistor- 
amplified dual interlocking bridge as 
shown in Fig. 1, with an amplification 
of 20 to 90, depending on the transistor 
selected. Both interlocking bridges are 
balanced simultaneously by the 1000- 
ohm, ten-turn potentiometer. The out- 
put connects to a medium- or high-gain 
commercial d-c amplifier and recorder 
of almost any type. 

The switch S-1 can be turned to 
either the calibrating or recording posi- 
tion, so that by placing the thermistor 
in a solution of measured temperature 
one can adjust the 5000-ohm poten- 
tiometer to give an identical pen posi- 
tion on the recorder for that selected 
temperature, such as 37.4?C, for ex- 
ample. The switch S-4 momentarily 
shorts the output to null to verify accu- 
rate bridge balance, and the other 
switches, S-2 and S-3, are the contacts 
of a multiple switch to simultaneously 
connect the power supplies. 

Any of several transistors can be used 
for Q-1 if they are PNP types of rela- 
tively high gain. For example, CK722, 
CK721, 2N107, 2N190, 2N1265, and 
2N 109 have been found satisfactory by 
test, especially the 2N109. Exhaustive 
experimentation has shown the circuit 
to be remarkably stable and linear if a 
reasonable precaution is used to select 
a transistor with low noise and a low 
open-circuit current. Transistor testing 
devices are useful, but trial tests in the 
circuit are more practical and pertinent. 
It should be especially observed that the 
transistor input connection is not, and 
should not be, grounded. There should 
be a single ground connection at the 
output as indicated. It may be desirable 
to adhere the case of the transistor to 
a. metal plate, or embed it in plastic 
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Fig. 1. Diagram of the preamplifier and 
interlocking bridge used with the measure- 
ment of cardiac output by thermodilution. 

tends to damp and integrate any tem- 
perature fluctuations of the transistor 
over long measurement periods. 

When a Sanborn Twin-viso d-c am- 
plifier and recorder was used, at full 
gain setting (X1), a temperature change 
of 0.05?C gave a 40-mm deflection (80 
percent of full scale). Other ranges can 
be used for calibration or measure- 
ments; a 1.0OC temperature change gave 
a 40-mm deflection with a gain attenua- 
tion of X20. Our temperatures were 
calibrated with a Bureau of Standards 
thermometer. With assays of different 
thermistors, we found that thermistors 
rated at about 2000 ohms (500 to 
5000) at 25"C were most effective and 
efficient in this particular circuit, when 
used in the tip of a PE-10 polyethylene 
plastic tubing. The time constant of a 
well-constructed 2000-ohm thermistor 
was 0.4 sec, well beyond the required 
response speed for cardiac output meas- 
urements. 

Fifty albino rats, weighing 350 to 550 
g and anesthetized with pentobarbital 
sodium (24 mg/kg) injected intraperi- 
toneally, were used in the animal 
studies. With each animal a 6-cm-long 
PE-50 catheter was inserted in the jugu- 
lar vein to the right atrium, and the 
PE-10 thermistor-tipped tubing was 
passed down the right carotid artery to 
the aorta. For each assay, 0.05 ml of 
normal saline at room temperature was 
injected into the right atrium. This 
venous catheter was allowed to fill with 
blood before each injection, and a 
volume correction was made for this 
dead space. Between injections, the cir- 
culating blood was allowed to equili- 
brate thermally. Calculations of cardiac 
output were made by using the modified 
and corrected formula of Fegler (1). 

The cardiac outputs of the total 
group of animals ranged from 196 to 
299 ml/min per kilogram, and averaged 
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238 ml/min per kilogram. In 
of 14 animals where 15 ass 
cardiac output in each anii 
2-minute intervals were measi 
serial succession, the animal of 
variation was _?6 percent fr 
mean output of 133 ml/min, 
from 126 to 141 ml/min, whic 
onstrates considerable reliability 
method. 

In a more critical series o 
assays, 63 successive measuren 
cardiac output were made at 2 
intervals in each rat. The aver 
diac output was 249 ml/min p 
gram, and the maximum rano 
the mean for each animal was 
cent, with a standard deviatio 
percent. The last seven assz 
animal showed a cardiac out 
animal only 4 percent greater t 
output on the initial seven ass, 
difference was not significant. V 
method, only about 3 ml of sali 
added to the circulating blood 
more than 2 hours. The values c 
favorably with those of our othi 
and with other techniques (4). 

A practical feature of this c 

238 ml/min per kilogram. In 
of 14 animals where 15 ass 
cardiac output in each anii 
2-minute intervals were measi 
serial succession, the animal of 
variation was _?6 percent fr 
mean output of 133 ml/min, 
from 126 to 141 ml/min, whic 
onstrates considerable reliability 
method. 

In a more critical series o 
assays, 63 successive measuren 
cardiac output were made at 2 
intervals in each rat. The aver 
diac output was 249 ml/min p 
gram, and the maximum rano 
the mean for each animal was 
cent, with a standard deviatio 
percent. The last seven assz 
animal showed a cardiac out 
animal only 4 percent greater t 
output on the initial seven ass, 
difference was not significant. V 
method, only about 3 ml of sali 
added to the circulating blood 
more than 2 hours. The values c 
favorably with those of our othi 
and with other techniques (4). 

A practical feature of this c 

Table 1. Effects of microwave hypertl 
cardiac output of albino rats. The rat 
370 to 530 g. Cardiac output is ex) 
ml min per kilogram of body weight. 

Control Experimental 
rats rats 

Rectal temperature 40.0?C 
221 273 
226 283 
263 343 
240 304 
244 295 
208 268 
214 269 
242 302 

Av. 232 292 

Rectal temperature 40.50C 
228 400 
196 332 
226 336 
227 422 
224 346 
229 393 
267 420 
268 429 
275 459 
245 418 
268 434 
269 426 

Av. 242 401 

Rectal temperature 41.0?C 
249 357 
232 381 
247 362 
248 344 
254 360 
224 362 
268 386 
234 326 

Av. 244 359 
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a series that it can be balanced to any tempera- 
says of ture within physiologic range, including 
mal at hyperthermia. To demonstrate the abil- 
ured in ity to measure under normal and hyper- 
f widest thermic conditions, we studied 28 rats 
om the before and after exposure to 2450-Mcy 
ranging microwaves. Individual exposures were 
:h dem- maintained until rectal temperatures 
for the were increased to 400, 40.5?, and 41?C. 

Each animal served as his own control 
kf serial and three measurements were made 
ients of before and after each thermogenic ir- 
,-minute radiation. The data are summarized in 
age car- Table 1. The average cardiac output 
'er kilo- increased 26 percent at 40?C, 65 per- 
Ye from cent at 40.5?C (demonstrating the high- 
-9 per- est elevation of output), and 47 percent 
)n of 6 at 41?C. These three separate condi- 
ays per tions were significantly different at a 
put per 1-percent level of confidence or better. 
than the The heart rate and arterial blood pulse 
ays; the pressures were also elevated above the 
Vith our control level in the three hyperthermic 
ne were conditions. 
Iduring To further test accuracy and reli- 
:ompare ability, we constructed a physical system 
er series so that saline at 37?C flowed by an 

injection site for room-temperature 
'ircuit is saline, with a sensing thermistor down- 

stream to measure flow rate by thermo- 
dilution, the latter being calibrated by 

iermia on a graduated cylinder receptacle. With 

ressied in an average fluid flow of 34.9 ml/min, 
the measured flow by our thermodilu- 

Increase tion was 35.1 ml/min, a difference of 
Increase 

(%) 0.2 ml/min, or 0.6 percent, which was 
not significant. 

23 The described thermodilution method 
25 is practical to measure cardiac outflow 

27 in very small animals, being sensitive, 
21 accurate, and reliable. It offers the new 
29 possibility of numerous successive as- 
27 says in the same animal, is practical for 
26 larger animals such as dog and man, 

and is inherently safe to employ (5). 
~~75 ~ALFRED W. RICHARDSON 
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All-or-None versus Incremental 

Learning of Errorless Shock 

Escapes by the Rat 

Abstract. Investigation showed that in 
a two-choice correction procedure the 
probability of an errorless response in 
those rats which have consistently made 
errors is not constant, as required by the 
all-or-none model, but increases with trials. 
Even an all-or-none model which provides 
for accidental error and accidental success 
is inadequate. 

The growth function of Hullian and 
more recent linear models of learning 
assumes that successive reinforcements 
add increments of probability of re- 
sponse which are a constant fraction of 
what potentially remains to be learned, 
that is, 

Pn + -- P. =Xo(a -P,), 

where 0 is a constant and a is the 
asymptotic value approached by Pn. 
The solution of this difference equation 
is given by 

P + a - a(l -1 )" 

for i - 0, 1, 2, .., n. Such a function 
adequately describes group data, for ex- 
ample, proportions of subjects succeed- 
ing on each successive trial (for in- 
stance, see Table 1), but the fit to indi- 
vidual data has been questioned. The 
behavior of individual subjects may be 
more consistent with a discontinuous 
all-or-none principle, each successive 
trial affording the same, constant proba- 
bility of a subject's forming the appro- 
priate habit. The proportion of subjects 
with their first conditioned eyelid re- 
sponse, and first correct paired asso- 
ciate, remains constant from trial to 
trial (1). However, these data came 
from human subjects. It is possible that 
this flip-flop nature of the probability 
of success might be peculiar to thinking 
and talking subjects: eyelid and verbal 
responses may develop with positive 
feedback, similar to the feedback pro- 
vided for the galvanic skin response 
(2). To test this possibility we exam- 
ined the conditioning of rats, which 
appear to have at most only one 
postural symbol or idea at any given 
time (3). 

In experiment 1, 112 Sprague Daw- 

ley and hooded rats were individually 
restrained with their heads extending 
over photoelectric cells (4). Shock cur- 
rent (a-c) through the tail was in- 
creased toward a maximum of 5 ma 
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