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Epinephrine, Norepinephrine, and 
Acetylcholine as Conditioned 
Stimuli for Avoidance Behavior 

Abstract. Conditioned leg-flexion re­
sponses in dogs were developed with elec­
tric shock as an unconditioned stimulus 
and intestinal stimulation or the effects of 
injections of various drugs as conditioned 
stimuli. It is concluded that physiological 
effects can play a role in the development 
and maintenance of conditioned avoidance 
behavior. 

Many investigators have suggested 
the importance of physiological corre­
lates of behavior (7). However, few 
workers have considered the possible 
role of physiological changes as stimuli 
(2). The studies reported here were con­
ducted to determine whether physiolog­
ical changes produced by /-epinephrine, 
/-norepinephrine, acetylcholine, or stim­
ulation of a Thiry-Vella jejunal loop 
can become conditioned stimuli in avoid­
ance conditioning. 

Beagles, surgically prepared with 
Thiry-Vella jejunal loops, were re­
strained in a harness in a soundproof 
chamber. A balloon inserted into the 
Thiry-Vella loop could be inflated re­
motely with 10 cm-Hg pressure. The 
conditioned stimulus was a balloon in­
flation lasting 2 seconds, terminated by 
the unconditioned stimulus, a brief elec­
tric shock (of intensity sufficient to 
cause leg flexion) delivered to the left 
hind leg. After an appropriate number 
of trials, balloon pressure alone con­

sistently produced leg flexion, the con­
ditioned avoidance response. 

Other experiments were conducted to 
determine whether physiological changes 
produced by pharmacological agents 
could also act as conditioned stimuli in 
avoidance conditioning. A polygraph 
simultaneously recorded respiration, 
electrocardiogram, and intestinal activ­
ity of Thiry-Vella jejunal loops. The 
electrocardiographic recordings were 
made with surface electrodes fixed over 
the heart apex and the right paraver­
tebral line (modified CIU, lead) in order 
to minimize artifacts from gross body 
movements (5). Two fine polyethylene 
catheters were inserted into the external 
saphenous vein of the right hind leg 
and attached to syringes outside the 
soundproof chamber. These catheters 
permitted the injection of /-epinephrine, 
/-norepinephrine, or acetylcholine un­
der remote control. 

In each conditioning trial, electric 
shock was delivered to the left hind 
limb 30 seconds after the start of the 
injection. Injections were spaced 5 to 10 
minutes apart, to allow time for physi­
ological responses to return to normal 
levels. No stimuli, other than the physi­
ological effects produced by the injected 
agents, preceded the shock. Preliminary 
experiments demonstrated that the mon­
itored physiological responses were gen­
erally maximal 30 seconds after injec­
tion. Leg flexions occurring within the 
30-second interval automatically pre­
vented the shock. Prior to conditioning, 
none of the agents studied produced 
leg flexion. The effects of /-epinephrine 
(10 fxg/kg), /-norepinephrine (10 ^g/kg), 
or acetylcholine (20 fxg/kg) came to 
serve as conditioned stimuli for the 
avoidance response after an appropriate 
number of training trials. 

Figure 1 shows representative curves 
for the development of avoidance be­
havior with the various types of con-
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Fig. 1. Representative avoidance acquisition curves for each type of conditioned stimulus; 
each curve represents the results obtained with a single animal. Conditioned stimuli: 
A, tone; B, acetylcholine; C, /-norepinephrine; D, jejunal pressure; E, /-epinephrine. 
Different dogs were used in each experiment. Each point represents the percentage of 
conditioned leg flexions occurring in blocks of ten successive trials. 

[.-EPINEPHRINE 
(10,0 mcg/Kgti.v.) 

Fig. 2. Polygraphic record showing a trial 
in which the dog avoided shock. The leg 
flexion (avoidance response) followed the 
compensatory bradycardia and decreased 
intestinal motility produced by the injec­
tion of epinephrine. 

ditioned stimuli. For comparative pur­
poses, other dogs were conditioned to 
an auditory stimulus (tone) as the con­
ditioned stimulus. Differences in rates 
of acquisition are apparent; however, 
direct comparison of these rates is lim­
ited because the patterns of stimuli vary, 
due to differences in dose and in the 
intensity of effects. Figure 2 is a poly­
graphic recording of a representative 
trial, showing physiological effects and 
conditioned leg-flexion avoidance re­
sponse. Jejunal activity, respiration, and 
electrocardiograph were monitored for 
indications of the occurrence of physi­
ological changes and the temporal re­
lationships of these changes to condi­
tioned leg flexion. It was observed that 
physiological changes consistently pre­
ceded the occurrence of the avoidance 
response. 

After dogs had been conditioned to 
the effects of 10 ^g of /-epinephrine per 
kilogram, doses of 1 or 2.5 fxg of /-
epinephrine per kilogram could produce 
avoidance responses. In a similar man­
ner, dogs conditioned to 20 ^g of ace­
tylcholine per kilogram manifested 
avoidance responses after the injection 
of 10 pg of acetylcholine per kilogram. 
Saline, in comparable volumes, was in­
jected on a random basis with all drug 
injections through the second catheter; 
saline injections never produced an 
avoidance response. These control in­
jections eliminate the possibility that 
local sensation at the site of injection 
or volume changes acted as the con­
ditioned stimulus. Injections of glucose 
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( 5  or 10 m g / k g )  also failed to produce 
conditioned avoidance responses in 
dogs conditioned with 1-epinephrine. 

This type o f  conditioning can be due 
to peripheral physiological effects hav- 
ing an afferent influence centrally, or to 
direct drug effects on  the central nervous 
system, or to aspects o f  both (4). The 
experiments involving pressure in jejunal 
Thiry-Vella loops suggest that peripheral 
stimulation alone can act as a condi- 
tioned stimulus. Physiological effects 
produced by I-epinephrine, I-norepine- 
phrine, or acetylcholine can play a role 
in the development, as well as the main- 
tenance, o f  a conditioned avoidance 
response in dogs. 

LEONARD COOK, ARNOLD DAVIDSON, 
DIXON J. DAVIS, ROGER T .  KELLEHER 

Researclz and Developnzent Division, 
Smith Kline and French Laboratories, 
Philadelphia, Pennsylvania 
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Glucose-6-Phosphatase and 
the Exchange of Glucose 
with Glucose-6-Phosphate 

Abstract. An equation is presented 
which makes it possible to estimate the 
exchange activity of  glucose-6-phosphatase, 
as a percentage o f  the hydrolytic activity, 
for a given concentration o f  substrate and 
acceptor. The quantitative significance o f  
the exchange-inhibition phenomenon is 
discussed. 

Hepatic microsomal glucose-6-phos- 
phatase catalyzes the exchange o f  glu- 
cose with glucose-6-phosphate (G-6-P) , 
and this exchange is correlated with an 
inhibition o f  the hydrolytic activity ( I  ) . 
The purpose o f  this communication is 
to evaluate, in so far as possible, the 
significance o f  this exchange-inhibition 
phenomenon. Neither the exchange nor 
the inhibition appears to be quantita- 
tively significant for normal hepatic 
carbohydrate metabolism, but the ex- 
change activity could be important in 
liver slice experiments o f  the type 
described by Cahill et al. ( 2 )  where 
high concentrations o f  glucose have 
been used and where it has been as- 
sumed that the conversion o f  glucose 
to G-6-P is carried out solely by an 
enzymatic phosphorylation using a 

phosphate donor such as adenosine 
triphosphate. 

The exchange activity equals the in- 
hibition o f  the hydrolytic activity, and 
the inhibition can be estimated by 
using Eq. 1 (3, 4 )  or, for a typical set 
o f  conditions, from Fig. 1 .  

where v is the velocity in the absence 
o f  inhibitor; vi is the velocity in the 
presence o f  inhibitor; S is the substrate 
concentration; I is the inhibitor con- 
centration; K m  is the Michaelis con- 
stant; K,' is the concentration o f  in- 
hibitor that gives 50 percent inhibition 
when S = co; and k,/k,  is the dis- 
sociation constant o f  the enzyme-sub- 
strate complex. 

It should be pointed out that Knz 
(6.1 X 1 0 - ] M ) ,  K,' (8.8 X 10-2M),  
and k , /k ,  (8.3 X 10-9 were deter- 
nlined at pH 6.0, which is the pH opti- 
mum o f  glucose-6-phosphatase. The 
assumption that these constants can be 
used to estimate the exchange-inhibition 
phenomenon in situ (pH o f  7 .4 )  is 
based on the observation that the per- 
cent inhibition by glucose is constant 
over a wide pH range ( 3 ) .  In sum- 
mary, Eq. I can be used to calculate the 
percentage activity for a given concen- 
tration o f  substrate and inhibitor. The 
absolute quantity o f  inhibition (ex- 
change) would also require an estimate 
o f  the velocity o f  the hydrolytic activity 
( v  or v i ) .  

The inhibition by glucose o f  hepatic 
glucose-6-phosphatase in the rat, using 
the data o f  Steiner and Williams (5) 
for G-6-P (normal, 0.47 pmole/gm; 
diabetic, 0.13 pmole/ gm) and glucose 
(normal, 5.9 pmolelgm; diabetic, 30 
pmole/gm), would be 1.3 percent in 
the normal and 5.0 percent in the dia- 
betic. Even i f  glucose-6-phosphatase 
were the limiting step in gluconeogene- 
sis, this estimated inhibition does not 
appear to be significant. Under these 
conditions the exchange activity would 
also be unimportant, since the transfer 
o f  a phosphoryl group from one glucose 
to another is o f  no consequence. Mole- 
cules which are structurally related to 
glucose also act as acceptors and in- 
hibitors, but glucose is the best naturally 
occurring inhibitor and acceptor. Fur- 
thermore, the "glucose analogues," 
known to be present in liver, are pres- 
ent in low concentrations, and their 
6-phosphate esters can be formed more 
readily by other pathways. 

In the presence o f  C1"G-6-P or (2x4- 

glucose, the exchange reaction catalyzed 
by glucose-6-phosphatase (Eq. 2) would 

Fig. 1. Inhibition o f  glucose-6-phosphatase 
by glucose at different concentrations of  
G-6-P. The open circles, solid circles, and 
half-open circles represent data obtained 
in the presence o f  1 x lo-", 8.0 X 
10-%M, and infinite G-6-P, respectively. 
Values at an infinite concentration of  
G-6-P were obtained from the ordinate 
intercept o f  a Lineweaver-Burke plot (re- 
ciprocal velocity versus reciprocal substrate 
concentration). The experimental data 
used for this figure have been taken from 
the results for the microsomes prepared 
from an alloxan-diabetic rat given in 
Fig. 3 of  a previous publication ( 3 ) ,  but 
the inhibition data for microsomes from 
diabetic and normal animals are indistin- 
guishable. 

be indistinguishable from the hydrolysis 
o f  G-6-P by glucose-6-phosphatase (Eq. 
3)  or the phosphorylation o f  glucose by 
a kinase (Eq. 4). 

G*-6-P + Glucose e 
Glucose* + G-6-P (2)  

G-6-P + H20 -+ 

Glucose + orthophosphate ( 3 )  

Glucose + ATP -+ 
G-6-P f ADP (4)  

The  actual net effect o f  the exchange 
reaction on the rate o f  transfer o f  
labeled G-6-P to glucose (Eq. 3 )  would 
be negligible, since the transfer by the 
exchange reaction is effectively can- 
celed by the concomitant inhibition o f  
the hydrolytic activity. The conversion 
o f  glucose to G-6-P by the exchange 
reaction, however, would be an ap- 
parent kinase (Eq. 4 )  and the contribu- 
tion o f  the exchange reaction to the 
total apparent kinase could vary from 
a minor to a major rate, depending 
upon the conditions. It also should be 
emphasized that the net transfer o f  
labeled material per unit time, with an 
exchange reaction, depends upon the 
difference in specific activity between 
the donor and acceptor. 
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