
(initial mean weight 409 g), and alco- 
hol infusion to a weight loss of 11.9 

percent (initial mean weight 390 g). 
The mean amount of alcohol solu- 

tion drunk over the 14 days by the 
two groups shows a very large differ- 
ence (Fig. 1). The group treated with 
alcohol drank an average 22.22 ml, 
whereas the group infused with water 
drank 0.78 ml (F=9.24, P<.02 in a 
repeated measures analysis of vari- 
ance). When specific comparisons are 
made within the design of the repeated 
measures analysis of variance (5) be- 
tween the alcohol rats and the largest 
drinker in the control group, five rats 
are significantly different from the 
largest control (P<.01) and two are 
not significantly different (P>.05). 
There was no significant change in al- 
cohol consumption during the 14 days 
of observation (repeated measures 
analysis of variance, F 1.19, P > .05). 
Two of the alcohol drinkers drank 
45.9 ml of 10 percent alcohol per day 
(averaged over 14 days). They had 
been infused with 45.9 ml per day of 
the same solution initially. 

There is large individual variation 
among rats in susceptibility to our 
treatment, which may be related to the 
difference in the rate at which toler- 
ance to alcohol develops in various 
individuals. That tolerance to alcohol 
is apparent on gross observation. While 
the infusion of 50 ml of 10 percent 
alcohol initially produces ataxia and 
sluggishness, with an occasional lapse 
into unconsciousness, the rats that 
drink this amount volitionally after 
they have been treated cannot be dis- 
tinguished from normal rats in terms 
of their gait and alertness. We have 
observed two rats for 11 weeks and, 
while their daily alcohol intake has 
averaged 29.8 and 32 ml, respectively, 
without any sign of diminution, their 

general health continues to be excellent 
and their appearance is quite normal. 
We have also attempted to see if alco- 
hol intake can be diminished by with- 

holding alcohol for a number of days. 
Five rats, whose average 5-day intake 
was 31.1 ml before a "drying-out" 
period of 5 days, averaged 29.9 ml for 
5 days after alcohol was again pre- 
sented. This diminution is not signifi- 
cant (F = 0.24, P > .05 in a repeated 
measures analysis of variance). Marked 
restlessness (increased motor activity) 
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(at least in the psychological sense) 
can be produced without orosensory 
exposure to the drug, demonstrates a 
convenient and speedy method for the 
study of alcohol addiction with a view 
to its possible pharmacological control. 
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2. The gastric cannulas were made from Silastic 
tubing [inner diameter 0.040 inch (1.016 mm); 
outer diameter 0.085 inch (2.159 mm)]. A 
piece of Marlex mesh was attached to the 
tube about 1/3 inch (0.85 cm) from one end 
with RTV Silastic glue. A knob of glue was 
placed between the mesh and the end of the 
tube. After a midline incision was made the 
stomach was gently lifted from the peritoneal 
cavity. A small hole was made in a relatively 
unvascularized portion of the fundus of the 
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When actinomycin D, an inhibitor 
of RNA synthesis, is injected intra- 

cranially into the pericranial fluid of 
goldfish immediately after training, re- 
tention of a conditioned response is 
diminished (1). While an amnestic ef- 
fect of intracerebrally injected actino- 

mycin has since been claimed in rodents 
(2) and in chicks (3), such injections 
of the drug into the brain substance 
can produce morphological (4) and 

physiological (5) changes. It also has 
been reported that actinomycin pro- 
duces behavioral effects not attributable 
to a block of memory (6). Although 
the goldfish experiments indicate that 

intracranially injected actinomycin spe- 
cifically affected memory formation, the 
recent availability of a less toxic and 
more reversible inhibitor of RNA syn- 
thesis prompted this further investiga- 
tion on the putative relation of RNA 
synthesis and memory in the fish. Camp- 
tothecin is a plant alkaloid (7) known 
to possess anticancer activity (8) and 
to inhibit synthesis of high molecular 
weight nucleic acids (9, 10). In HeLa 
cell cultures, it inhibits nonmitochon- 
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stomach. The tube was inserted through the 
hole in the stomach until the mesh was flush 
with the stomach wall. A loop of 5-0 silk 
thread tied the tissue around the tube. Two 
anchor stitches were made from the mesh to 
the stomach wall. The other end of the tube 
was threaded through the peritoneal muscle 
near the stomach's normal resting position and 
under the skin to the back of the neck. 
Another small piece of Marlex mesh was put 
around the tube and placed under the skin at 
the point at which the tube exits. The rats were 
allowed to recover for at least 5 days. Perito- 
nitis rarely occurred. 

3. The Bowman restraining cage is made by 
connecting stainless steel rods between two 
Plexiglas endpieces. The rat is enclosed and 
supported by the rods. The rat cannot move for- 
ward or backward but can twist around so 
that he lies on his back. The cage and a full 
description are available from Nuclear Supply 
and Service Co., Washington, D.C. 

4. The pump was a ten-veined Buchler Dekastaltic 
pump. 
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drial nucleic acid synthesis: synthesis 
of heterogeneous nuclear RNA and 
of 45S nucleolar RNA is blocked as 
is the appearance of 28S and 18S 
ribosomal RNA in the cytoplasm. While 
the inhibition of synthesis includes 

messenger-like RNA and DNA, syn- 
thesis of 5S RNA is not affected by 
the drug. The DNA isolated from 

camptothecin-treated cells is of signifi- 
cantly lower molecular weight than 
control DNA (10), but direct addition 
of the drug to isolated DNA has no 
effect. Whatever the mode of action 
of the drug, its effects are rapidly re- 
versed within minutes after removal of 

camptothecin from a cell culture me- 
dium. 

We measured the labeling of brain 
RNA in common goldfish (Carassius 
auratlis, 8.5 to 12 g body weight, ob- 
tained in weekly shipments from Ozark 
Fisheries) at various times after the 
intracranial injection of 50 /ig of 
sodium camptothecin (11) dissolved 
in 10 pul of 0.15M NaCl, followed 
after various intervals by a similar 
intracranial injection of 15 [c of [5- 
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Camptothecin Blocks Memory of 

Conditioned Avoidance in the Goldfish 

Abstract. Intracranial injection of 10 to 75 lzicrogiramns of canmptothecin, a 

plant alkaloid that blocks RNA synthesis in eucaryotic cells, blocks incorporation 
of tritiated uridine into RNA in the goldfish brain. Injection of 10 to 50 micro- 

grains of the drug within 1.5 hours of training results in greatly diminished 
nmemory, tested 1 week later. Injection of the drug 5 or 24 hours after training 
produces no measurable effect on retention of the learned response. 
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Fig. 1. Effect of intracranial injection of 
50 jug of camptothecin on RNA (open 
circles) and protein labeling (open 
squares). For RNA studies, 16 fish re- 
ceived camptothecin intracranially at zero 
time, followed by 15 /c of [3H]uridine at 
each time point indicated. Fish were killed 
1 hour after isotope injection and two pools 
of eight brains were analyzed. Lines indi- 
cate the range of the two determinations. 
In control groups, the trichloroacetic acid 
supernatant contained a mean of 1.70 X 
10' disintegrations per minute (dpm) per 
fish and the RNA hydrolysate contained 
2.33 X 10; dpm per fish. For protein label- 
ing, 15 Ac of ['H]leucine were injected in- 
traperitoneally into two groups of eight fish 
1, 3 (one group), 6, 14, and 24 hours after 
injection of 50 /ug of camptothecin or 1 
and 3 hours after 25 ,ug of camptothecin 
(filled squares, dashed line). Fish were 
killed 0.5 hour after injection of the iso- 
tope. Five groups of eight control fish 
each received saline intracranially. The 
trichloroacetic acid supernatant of the 
control fish contained a mean of 8.63 X 
10' dpm per fish and the protein precipi- 
tate contained 1.65 X 10' dpm per fish. 
The drug effect on ratios was in each in- 
stance accounted for by reduction of radio- 
activity in the macromolecular (RNA or 
protein) fractions, with no effect on the 
supernatant radioactivity. 

'H]uridine (25.7 c/mmole). Fish were 
decapitated 1 hour after the second 
injection, and groups of eight brains 
were pooled and were rinsed thorough- 
ly, then homogenized in 5 ml of water. 
The RNA was hydrolyzed from a 
washed trichloroacetic acid precipitate 
by heating and stirring for 4 hours at 
37?iC in 1N KOH (1). After acidifica- 
tion and precipitation of DNA and 
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protein with 6M perchloric acid, 0.5 
ml of the supernatant was added to 
12 ml of a scintillation counting fluid 
containing 26 percent Triton X-100 in 
toluene, 2,5-diphenyloxazole, and 1,4- 
bis-[2-(4-methyl-5-phenyloxazolyl) ]-ben- 
zene. A 0.5-ml portion of the original 
trichloroacetic acid supernatant was 
counted under the same conditions. 
The RNA synthesis was calculated as 
the ratio of radioactivity in the RNA 
hydrolysate to that in the trichloroace- 
tic acid supernatant, and the inhibition 
was calculated from this ratio compared 
with one obtained after a similar label- 
ing for 1 hour in control fish that had 
been injected intracranially with saline. 
Injection of 50 tg of camptothecin in- 
hibited RNA labeling very rapidly, but 
substantial recovery occurred within 4 
hours, and by 8 hours the rate of RNA 
labeling had returned to control levels 

(Fig. 1). This rapid inhibition and 

Table 1. Effect of camptothecin on retention of a conditioned avoidance response in goldfish; 
A, achieved; P, predicted; S.E., standard error. 

Day 1, Treatment after Day 8, number of avoidance responses acquisition correct responses a cquisiti on correct responses (? S.E.) during acquisition 
N ____________________________ _______________ _________________ Retention 

Trials Trials Trials D Campto- A, , deficit 
I to 11 to 21 to Delay thecin trials trials A - P 1 to 11 to 21 to thecin 
10 20 30 (hr) 31to 31to 

40 40 

85 1.04 2.66 4.55 6.41 * 
(? .15) (? .32) (? .34) (? .27) 

38 1.00 3.16 5.21 0 50 3.42 6.23 - 2.81 
(?.22) (? .39) (? .52) (? .45) (? .18) (? .45)$ 

24 1.58 4.50 6.62 1.5 50 5.46 6.66 - 1.20 
(? .34) (? .62) (? .68) ( .58) (? .20) (? .52) 

35 1.31 3.60 6.00 5 50 5.60 6.38 - 0.78 
(? .24) (? .59) (? .58) (? .51) (?.20) (? .52) 

34 1.03 3.09 4.60 24 50 6.65 6.33 0.31 
(? .24) (? .55) (+ .57) (? .50) (? .18) (? .40) 

23 0.78 1.44 3.78 0 25 3.30 5.75 -2.45 
(? .24) (? .38) (? .69) (? .69) (? .26) (? .68) 

20 0.80 1.45 3.60 0 10 4.10 5.19 - 1.09 
(? .26) (? .39) (?.60) (? .58) (? .27) (? .43)t 

* The multiple regression values obtained from this group were used to predict the number of correct 
responses for other groups in this experiment (15). t P < .05, one-tailed t-test. P < .005, 
one-tailed t-test. 
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recovery of RNA synthesis in brain is 
consistent with the reported activity 
of camptothecin in cell cultures and is 
in contrast to the protracted course of 
inhibition achieved with actinomycin 
in the goldfish brain (1). 

To explore the possible effect of 
camptothecin on protein labeling, fish 
were injected intracranially with 50 
/ig of the drug and at various times 
later with 15 /Cc of L-[4,5-3H]leucine 
(35.5 c/mmole) in 50 tl of 0.15M 
NaCI administered intraperitoneally 
(12). Fish were decapitated 30 minutes 
later, and eight brains were pooled and 
were homogenized in water. A portion 
was dried on a filter paper disk, and 

protein was precipitated with 10 per- 
cent trichloroacetic acid. Disks were 
washed with 5 percent trichloroacetic 
acid at 80?C, then ethanol and ether 
prior to scintillation counting (13). 
Protein labeling and its inhibition were 
calculated from the ratio of radioactivi- 

ty in the precipitated protein to radio- 

activity remaining in the trichloroacetic 
acid supernatant in drug-injected fish 
compared with the ratio in control fish 
injected intracranially with saline (12). 
Inhibition of protein labeling after a 
50-aug dose of camptothecin was great- 
est (31 percent) 6 hours later, whereas 
the block in RNA labeling developed 
much more rapidly and was more pro- 
found (Fig. 1). However, while RNA 

labeling rapidly returned to control 
levels, protein labeling remained de- 

pressed for more than 14 hours. The 
relation between the two curves sug- 
gests, as has been concluded from 
studies in cell cultures (9, 10), that the 
effect of camptothecin on protein syn- 
thesis is secondary to the disruption in 
RNA metabolism. A dose-response 
study (Fig. 2) showed a measurable 
decrease of RNA labeling (32 percent) 
with as little as 10 /g of camptothecin 
and that 77 percent inhibition could 
be produced with 75 /ug of the drug. 
A higher dose, 100 [kg, produced no 
additional inhibition of RNA labeling. 

Having established the efficacy of 

camptothecin as an inhibitor of brain 
RNA labeling, we examined its effects 
on retention of a conditioned avoidance 

response when injected after training. 
Goldfish were conditioned to avoid a 
shock, administered through the water, 
by swimming across a barrier after 

presentation of a light stimulus on the 
same side of a two-way shuttlebox (1, 
14). Each 60-second trial consisted of 
20 seconds of light presentation fol- 
lowed by 20 seconds of light and shock 

SCIENCE, VOL. 179 



and 20 seconds of darkness. Crossing 
the barrier was detected by photocells 
and terminated the trial. If the fish 
crossed during the light-only presenta- 
tion, an avoidance response was re- 
corded, whereas if fish crossed the 
barrier after the intermittent electrical 
shock was presented, an escape re- 
sponse was recorded. The sequence was 
controlled and recorded by means of a 
PDP-8S computer that also recorded 
latencies (14). Fish were given 30 
trials on day 1 of an experiment and 
then were returned to home storage 
tanks. Retention was tested during ten 
trials administered 7 days later. Memory 
deficits were calculated as the differ- 
ence between the achieved scores on 
day 8 and a predicted score obtained 
from multiple regression analyses based 
on control animals run during the 5- 
week period during which the experi- 
mental animals were trained (15). 

When 50 jsg of camptothecin were 
injected intracranially immediately after 
training on day 1, a mean deficit of 
-2.81 avoidance responses was ob- 
served on retraining on day 8 (Table 
1). Fish that were returned to their 
home tanks after training and then 
given 50 utg of camptothecin 90 min- 
utes later had a considerably smaller 
deficit on retraining. When the interval 
between the end of training and injec- 
tion was 5 or 24 hours, significant 
memory loss did not occur. As has 
been observed with inhibitors of pro- 
tein synthesis (14), as well as with 
actinomycin (1), memory of the shock 
avoidance response was resistant to 
disruption a few hours after the acquisi- 
tion trials. Injection of as little as 10 
tug of camptothecin immediately after 
trial 30 resulted in a measurable re- 
tention deficit and 25 jtg seemed al- 
most as effective as 50 ,tg. When 75- 
and 100-utg doses were administered 
24 hours after training, residual effects 
of the drug injection on performance 
were assumed to be present on re- 
training, since these animals showed 
decreased responding. In contrast, de- 
layed injection of lower doses pro- 
duced no effect. 

From this study, it would appear 
that camptothecin is a suitable drug 
for investigation of the role of RNA 
in brain function. Although actinomy- 
cin had been shown previously to pro- 
duce an effect on retention of condi- 
tioned avoidance in fish, the confirma- 
tory effect with camptothecin, a drug 
having a completely different molecu- 
lar basis of action (9, 10), is useful. 
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Camptothecin injected (,ug) 

Fig. 2. Dose response of RNA labeling to 
camptothecin. Camptothecin (10, 25, 50, 
or 75 4g) was injected intracranially 1 
hour prior to injection of [H]uridine. 
One hour later the fish were killed, and 
two pools of eight fish brains each were 
analyzed as in Fig. 1. 

Although we have not measured the 
effect of camptothecin on DNA syn- 
thesis in the goldfish brain, we previ- 
ously found that a DNA synthesis in- 
hibitor, arabinosyl cytosine, had no 
measurable effect on retention of shock 
avoidance conditioning in the goldfish 
(16). The small but prolonged effect 
of camptothecin on protein synthesis, 
rather than the block of RNA syn- 
thesis, could mediate the observed ef- 
fect on memory: However, studies with 
puromycin and acetoxycycloheximide 
indicate that low levels of inhibition, 
such as were observed in our study 
with camptothecin, do not produce ef- 
fects on retention (17). Furthermore, 
25 /ug of camptothecin produced a re- 
tention deficit (Table 1) when RNA 
labeling was depressed 47 percent, while 
the block in protein synthesis was even 
smaller and more transient than that 
observed with 50 ,ug. 

It remains possible that the effect of 
camptothecin on retention is not specif- 
ically related to memory but to some 
other neurological or behavioral param- 
eter affecting performance on the re- 
training day. For example, Nakajima 
(6) has indicated in maze training of 
rats that a delayed proactive effect of 
actinomycin can explain a performance 
decrement. It is extremely unlikely, 
however, that proactive effects play a 
role in our experiments with the gold- 
fish treated with either actinomycin or 
with camptothecin, since the inject- 
retrain intervals are very long com- 
pared with the rate of development of 
drug insusceptibility (consolidation). 

The significance of this first report 
of an effect of camptothecin on the 
nervous system may reside as much in 

differences between the mode of action 
of this drug and actinomycin as in 
their similarities. Camptothecin appears 
more selective than actinomycin in its 
action on nuclear RNA species, is 
rapidly reversible, and does not signifi- 
cantly affect purified Escherichia coli 
or crude eucaryotic RNA polymerases 
(9, 10). Also, we found that campto- 
thecin was less toxic (18). Whether 
camptothecin exerts its effect by block- 
ing an inductive process such as growth, 
by lowering the level of a rapidly turn- 
ing over macromolecule, or by some 
other mechanism, its effect on be- 
havior, on the basis of present knowl- 
edge, suggests a role for the cell nu- 
cleus in long-term memory formation. 

J. H. NEALE 
P. D. KLINGER 

B. W. AGRANOFF 
Mental Health Research Institute and 
Neurosciences Laboratory, University of 
Michigan, Ann Arbor 48104 
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more than five avoidances or failures to 
escape during the first ten trials (about 20 
percent of the animals) were excluded from 
further study. 

16. L. Casola, R. Lim, R. E. Davis, B. W. 

Sa are escape latencies measured as the num- 
ber of shocks (40 per minute) administered 
during trials 1 to 10, 11 to 20, and 21 to 30. 
One-half of the fish receiving 25 /ug of campto- 
thecin and all of the fish receiving 10 A.g of 
camptothecin were from a group of fish in 
which the control animals had low responding 
rates. For these fish, P = 4.518 + .233 A1 - 
.409 A,, + .573 A3 - .0198 S1 - .0013 S, + 
.0118 S,. Fish that failed to show an avoidance 
response during acquisition training or had 
more than five avoidances or failures to 
escape during the first ten trials (about 20 
percent of the animals) were excluded from 
further study. 

16. L. Casola, R. Lim, R. E. Davis, B. W. 

of analgesics. 

The efficacy of analgesic agents for 
pain in humans has been studied ex- 
tensively in the laboratory by using the 
sensory threshold as an index of sensi- 

tivity to pain, but, as in other areas of 
behavioral research, this index has 
proved to be unreliable. As Goldia- 
mond (1) noted, the threshold reflects 
both sensory sensitivity to stimulation 
and response bias (willingness to re- 

port the experience of the stimulation). 
Thus, an elevated pain threshold fol- 

lowing drug administration may reflect 
changes in either or both of these 
factors. Recently, an alternative meth- 
odology based on signal detection 
theory (SDT) has been applied to the 

problems of quantifying human pain in 
the laboratory in terms of sensory and 
response factors (2). Our purpose in 
this report is to demonstrate the useful- 
ness of SDT methodology in assessing 
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the analgesic effects of agents com- 
monly used to relieve pain. We chose 
nitrous oxide because in a concentra- 
tion of 33 percent, its analgesic effects 
are well documented (3) and it still 
permits subject control and coopera- 
tion. 

The Hardy-Wolff-Goodell dolorime- 
ter was used to deliver potentially 
painful intensities of radiant heat rang- 
ing from 0 to 500 mcal sec-l cm-2 
to ink-blackened spots on the skin for 
3-second periods. We defined four in- 
tensities for each subject: zero (stimu- 
lus 1), pain threshold minus 60 mcal 
sec-1 cm-2 (stimulus 2), pain thresh- 
old (stimulus 3), and pain threshold 
plus 60 mcal sec-l cm-2 (stimulus 4). 

Fourteen male subjects participated 
individually in two 1-hour sessions on 
different days (4). Each subject was 
randomly assigned to one of two groups 

Fig. 1. (a) Repre- 
sentation of sensory 
events that occur in 

•< \. ~ ~response to stimuli 
along the hypotheti- 

Pain cal subjective con- 
tinuum. (b) Loca- 
tion of a simple 

Rate response criterion 
False affirmative corresponding to a 

rating scale category 
along the hypotheti- 
cal continuum. 
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to determine whether he would receive 
33 percent nitrous oxide in the first or 
the second session. Before the first 
session, we introduced the dolorimeter 
and explained its function as we blacked 
five areas (each about 3 cm in diam- 
eter) on the volar surface of each of 
the subject's forearms. An estimate of 
the subject's pain threshold was ob- 
tained by using the method of limits, 
and the heat and pain stimuli were 
calculated on the basis of this esti- 
mate. 

Before the first experimental session, 
subjects were instructed to assign each 
stimulus experienced to one of six 

categories: nothing, warm, hot, faint 

pain, moderate pain, and strong pain. 
We did not restrict how often each 
category could be used, nor did we 

say how many heat intensities would 
be employed or that one intensity was 
zero. 

During each session, 200 stimuli were 
delivered sequentially: 50 trials were 

given at each intensity level with the 
levels interspersed according to a ran- 
dom schedule. We introduced a brief 
rest and measured the subject's skin 

temperature after every 50 trials. 
The supine subject wore an airtight 

anesthesia mask in each testing session, 
breathing a mixture of 33 percent ni- 
trous oxide with oxygen in one session 
and room air in the other (5). He in- 
dicated responses on the rating scale 

by finger signals. Before the session 

involving 33 percent nitrous oxide, the 

gas was administered for a 15-minute 

period to ensure that the subject was at 
a stable level of intoxication (6). 

The methodology of SDT (7) may 
be used as an alternative to the un- 
reliable pain threshold employed in 

early work with the dolorimeter. While 
the threshold provides a single index 
of sensitivity to stimulation, SDT meth- 
ods yield two dependent variables: (i) 
a relatively pure index of perceptual 
sensitivity, d', and (ii) an index of re- 

sponse bias which reflects the willing- 
ness of the observer to categorize the 
stimulation in a certain way, for ex- 

ample, as painful. It is the uncontrolled 
interaction of these two factors which 
led to the unreliability of the older 
dolorimeter research. We used the 
threshold only to adjust the demand 
characteristics of the experimental task 
to each subject. 

A discrete stimulus experience is 
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A discrete stimulus experience is 

represented in SDT as a sensory event, 
x, along a hypothetical subjective con- 
tinuum such that the intensity of the 
stimulus determines the location of x 
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Analgesic Strength of 33 Percent Nitrous Oxide: 
A Signal Detection Theory Evaluation 

Abstract. Radiant heat stimulation was applied to volunteers and rating scale 
responses were obtained to assess the analgesic properties of 33 percent nitrous 
oxide. The methodology of signal detection theory was applied to the data to 
demonstrate that nitrous oxide reduces both sensitivity to pain and willingness 
to report pain. This method is superior to threshold estimation for the evaluation 
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