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INTRODUCTION 

Previous studies of neuron changes during 
conditioning have involved either surgical and 
paralytic restraints (Yoshii and Ogura 1960; 
Kamikawa et al. 1964) or free behavior in 
chronic animals (Buchwald et al. 1966; Travis 
and Sparks 1967; Ellison et al., in press). The 
search for neural traces of critical changes in 
learning has thus been clouded by the surgical 
and paralytic procedures or confounded by the 
correlates of the new conditioned responses. 
There has also been confusion resulting from the 
sensitizing effects of the unconditioned stimulus 
(US) and from changes in attention level which 
occur as the conditioned stimulus (CS) becomes 
a sign of a more or less significant unconditioned 
stimulus. New techniques have permitted us to 
study conditioned neuron responses that were 
not correlated with new skeletal movements or 
with changing states of sensitization or arousal in 
animals that were neither anesthetized nor para- 
lyzed. 

Our object was to obtain evidence which 
might implicate structures of the hypothalamo- 
hippocampal system in temporary information 
storage and in anticipatory or other internal 
responses divorced from immediate skeletal and 
arousal patterns. Interest in the hippocampus 
and its related subcortical structures stemmed 
from several kinds of experiments which related 
it in one way or another to temporary infor- 
mation storage. There were first the observa- 
tions indicating a failure of some information- 
holding functions in humans after hippocampal 

1 These studies were supported by research grants 
from the U.S. Public Health Service. 

damage (Milner 1958). Second, there were diffi- 
culties (such as poor extinction, insufficient 
response variability, and excessive responding 
to the wrong stimulus) exhibited by animals with 
hippocampal lesions (Orbach et  al. 1960; 
Isaacson and Wickelgren 1962; Niki 1967). 
Third, there were observations of hippocampal 
"theta" rhythms during certain phases of learn- 
ing but not in the early period when the CS was 
entirely novel (Pickenhain and Klingberg 1967) 
and not in the later period if at that time the 
response to the stimulus was fully determined. 
Finally, there were stimulation studies implicat- 
ing hippocampus and its related structures in the 
control of drives (MacLean et al. 1962), consum- 
matory responses (Kawakami et  al. 1967), and 
positive and negative reinforcements (Ursin et 
al. 1966) which play a major role in marking 
information for storage or erasure. It seemed that 
if temporary information storage did occur in 
hippocampus, then hippocampal neurons might 
display temporary responses in the course of 
conditioning; and if anticipatory responses did 
occur in drive or reward "centers" then these 
might be observed during the period between the 
application of the conditioned stimulus and the 
application of the unconditioned stimulus. 

METHODS 

The subjects were fifteen rats. Each was pre- 
pared with 6-8 indwelling micro-electrodes and a 
reference lead as described by Olds et al. (1969). 

Recordings were made simultaneously from 4 
probes during 2 sec intervals which included a 
1 sec pre-stimulus interval and a 1 sec interval 
of auditory stimulation. 

The CS was a 600 c/sec tone applied for a full 
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second. The US was a 45 mg food pellet supplied 
by a noisy food magazine with which the animal 
was familiar. 

During a 500 trial, 3 days pre-conditioning 
experiment, habituation and pseudo-conditioning 
procedures were simultaneously employed. That 
is, the tone was presented repeatedly on a random 
basis with an average inter-trial interval of 4 min; 
recordings were made prior to and during the 
stimulus and movement during a CS application 
caused its termination. The US was presented 
repeatedly on a different random schedule with 
the same average inter-trial interval; there was no 
correlation between the CS and the US. 

During the following 300 trial, 2 days condi- 
tioning experiment, the conditions were the same 
in all respects except that the US was presented 
not on a schedule of its own but after the comple- 
tion of each 1 sec CS application. During this 
period, movement during the CS period or the 1 
sec pre-CS period caused a cancellation of the 
US. 

During the pre-conditioning and the condi- 
tioning experiments, the animals received all 
their food from the magazine. During condition- 
ing, the animal had to learn to stand still in order 
to be fed. The conditioning experiment was con- 
tinuous with the pre-conditioning experiment 
that preceded it; that is, there was no pause in the 
random 4 rain schedule at the time of changing 
from the pre-conditioning to the conditioning 
program. 

Neuronal activity was discriminated and 
counted automatically by a solid state device 
which has been described previosuly (Olds 1965, 
1967; see also Olds et al. 1969). 

The data presented are for the last 50 trials of 
the 500 trial pre-conditioning experiment, and 
for the last 50 trials of the 300 trial conditioning 
experiment; a comparison of these data taken 
before conditioning and after conditioning per- 
mitted detection of the changes caused by the 
conditioning procedure. 

The data are presented in terms of the changes 
in spike firing rate caused by the auditory stimu- 
lus; these were quantified in terms of an early 
"response" (during the first 300 msec of stimula- 
tion) and a late "response" (during the last 500 
msec of stimulation). In both cases the firing 
rates during early or late intervals were divided 

by firing rates during the last 500 msec period 
before stimulation and thus converted to a per- 
centage of the corresponding base rate. 

After the experiments, brains were sectioned 
and stained so that recording points could be 
localized. 

RESULTS 

Evoked responses 
There were changes in spike firing frequencies 

in response to the auditory stimulus before con- 
ditioning (see Table I). One-third of the units 
showed 20°/0 increments in rate during the first 
300 msec. This response was short lasting; during 
the last half of the stimulus only 3% of the neu- 
rons (out of a total of 71) showed such increments. 
There were decrements during both the early and 
late periods in hippocampus and preoptic area. 

The largest responses before conditioning 
were in dorsal reticular formation, where 43% 
of the neurons exhibited rate increments amount- 
ing to 40°/0 during the first 300 msec. In the ven- 
tral reticular formation, hypothalamus, preoptic 
area and hippocampus the proportion of cases 
with such increments was much lower (from 5 to 
lO%). 

Conditioned responses 
Conditioning caused many neurons which in 

pre-conditioning tests showed small increments 
(less than 20%) or decrements during the first 
300 msec to exhibit increments above 20°/0 or 
even above 40% after conditioning. This was 
particularly marked in the hippocampal and 
thalamic groups where conditioning caused at 
least a 5-fold increase in the number of units 
with firing rates augmented by 40 % or more. It 
doubled the number of such large increments in 
hypothalamus and preoptic area and reduced the 
number in reticular formation where these large 
increments were most numerous in the first place 
(see Table I). 

Conditioning also caused a large increase in 
the number of neurons whose rates were 20 or 
40°/,, above base rate during the last 500 msec of 
auditory stimulation (see Fig. 1). This was appar- 
ent in all groups except in those from the ventral 
reticular formation. The number of cases with 
"20 or 40%" responses during the late period 
increased 10-fold: before conditioning there were 
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TABLE I 

The number of units showing increments and decrements of different sizes caused by auditory stimulation before and after conditioning 

Rate increments Rate increments Rate changes of Rate decrements 
N of 40~ or more of 20% to 40~ --5% to +20% of 6~ormore  Number 

Brain area (units) Before After Before After Before After Before After of rats 
cond. cond. cond. cond. cond. cond. cond. cond. 

First 300 milliseconds 
Dorsal reticular 7 3 2 2 1 2 4 0 0 5 
Ventral reticular 10 1 1 3 6 6 3 0 0 8 
Thalamus 8 0 3 4 4 4 1 0 0 6 
Hypothalamus I0 I 2 2 2 6 5 I 1 6 
Preoptic 17 1 2 1 2 11 10 4 3 13 
Hippocampus 19 1 5 4 2 l 0 9 4 3 8 

Total 71 7 15 16 17 39 32 9 7 15 
Percentage 100 9.9 21.5 22.5 23.9 54.9 45.1 12.7 9.9 

Last 500 milliseconds 
Dorsal reticular 7 0 1 0 2 7 4 0 0 5 
Ventral reticular 10 0 0 0 0 9 1 10 0 8 
Thalamus 8 0 1 0 4 8 3 0 0 6 
Hypothalamus 10 0 1 1 3 7 5 2 1 6 
Preoptic 17 0 1 1 2 13 9 3 5 13 
Hippocampus 19 0 2 0 4 9 9 10 4 8 

Total 71 0 6 2 15 53 40 16 10 15 
Percentage 100 0 8.5 2.8 21.1 74.6 56.3 22.5 14.1 

2 such units  among  the 71 tested, after condi t ion-  SO 
ing there were 21. The relative incidence of units  
yielding firing rates of 20% or more above base- ro 

line dur ing the last 500 msec was increased by ~o 
condi t ioning  f rom 0 to 62% in the thalamic ~o 
group, 0 to 43% in the dorsal ret icular group, 10 :~ 50 

to 40°/o in hypothalamus,  0 to 30% in hippo- g 4o 
campus,  and from 6 to 18% in preoptic area 

(see Table I). z 30 

Even though hippocampus  was not  at the top 
of the list of areas yielding large responses after 20 
condit ioning,  the largest changes in response 
caused by condi t ioning appeared in hippo- io 
campus.  This is because there were many  decre- 
mental  responses in h ippocampus  prior to condi-  o 
t ioning, and  many  of these were changed to in- 
cremental  responses by condi t ioning.  The changes 
were quantif ied by subtract ing each score after 
condi t ioning f rom the corresponding score after 
pseudocondi t ioning control  tests (see Table II). 
There were average increments  in the early re- 
sponse in all areas except the dorsal reticular for- 
mat ion  where an average decrement  of 30% 
appeared (see Fig. 2). The largest early-response 

_m ol 
R>40% +20%>R>-5% 

+40%>R>+20% 

Fig. 1 

[ ]  BEFORE CONDITIONING 

[ ]  AFTER CONDITIONING 

m 
-5~,>R 

Changes in firing rates in last 500 msec of stimulation. 
Incidence of units with supra-normal firing rates of differ- 
ent percentages above baseline before and after condi- 
tioning. Symbols are as follows: R > 40 % ~ unit firing 
rates exceeded control rates by 40% or more; +40% > R 
> + 2 0 ~  : rates were 20--40~ above controls; +20% 
> R > --5 ~ = rates ranged from 5 % below to 20 % 
above controls; --5% > R = rates were 5 ~  or more 
below control rates. 

Electroenceph. clin. Neurophysiol., 1969, 26:159--166 



162 J. OLDS AND T. HIRANO 

TABLE II 

The mean increments or decrements in percentages caused by auditory stimulation before and after conditioning, with 
changes due to conditioning 

N 
Brain area (units) 

Early response Late response 
(first 300 msec) (last 500 msee) Number 

Before After Before After of rats 
cond. cond. Change cond. cond. Change 

Dorsal reticular 7 514-  44 21 ± 19 --30 h ±  43 104-  6 16 i 20 6 ± 20 5 
Ventral reticular 10 20 4- 15 26 ± 13 6 ± 14 4 4 -  8 7 ± 7 3 h !  3 8 
Thalamus 8 21 4- 11 32 a ± 14 l l  4- 9 64 -  6 18 4- 16 13 ~_ 16 6 
Hypothalamus 10 13 4- 14 22 ± 31 9 i 36 4 ±  9 l l  4- 26 8 4- 32 6 
Preoptic 17 7 4 -  27 10 4- 22 3 4- 27 1 4- 12 5 4- 19 4 h ±  23 13 
Hippocampus 19 8 4- 21 20 ± 25 13 4- 30 - -9  ± 13 12 b 4- 24 20 4- 25 8 

a Significantly different from pre-conditioning score, 0.05 level, Wilcoxon paired Matched Test. 
b Significantly different from pre-conditioning score, 0.01 level, Wilcoxon paired Matched Test. 
h Significantly different from hippocampal group, 0.05 level, Mann-Whitney U Test (Siegel 1956). 

STIMULUS 
PERIOD 

I FORE CONDITIONING 

DORSAL TER CONDITIONING 
RETICULAR 

I 
N = 7  

VENTRAL 
RETICULAR ~.1 
N = I0 

- - - - w - -  

THALAMUS ¢~ 
N=8 

HYPO° 
THALAMUS zo 

!N=IO .={ 
o~ 

I PREOPTIC 
N = I 7  

HIPPOCAMPUS 
N= 19 

- 5 0 0  0 +500 +lOkO0 
MILLISECONDS 

Fig. 2 
Averaged incremental or deeremental responses before 
and after conditioning. For each brain area, the rate from 
baseline for the first 300 and the last 500 msec was comput- 
ed as a percentage of the baseline rate for the 500 rnsec 
prior to stimulation. The average of these scores for the 
last 50 trials of pseudo-conditioning (before conditioning) 
and the last 50 trials of conditioning (after conditioning) 
were used. These scores were averaged for all units in 
each brain area. 

increments averaging 13% appeared in hippo- 
campus; these were reliably different from those 
of dorsal reticular formation on this score. In 
second place was an 11% increment in the tha- 
lamic group. 

All areas exhibited an average increment in 
the late response (see Fig. 2); however, this incre- 
ment was small in reticular formation, hypotha- 
lamus, and preoptic area where it ranged from 3 
to 8%. It was larger in thalamus and hippo- 
campus, amouting to 13 and 20% respectively. 
The hippocampal change in the late response 
was highly significant by statistical tests and it 
was significantly larger than the changes in ven- 
tral reticular formation and the preoptic group. 

Histological material showed that the hippo- 
campal units were all derived from the ridge of 
hippocampal pyramids, usually near the bounda- 
ry of the CA-1 and the CA-3 fields; the dorsal 
reticular units were about 1 mm lateral to the 
central grey at its widest point and almost on the 
boundary line between diencephalon and mesen- 
cephalon (see Fig. 3). 

DISCUSSION 

During conditioning, unit responses consist- 
ing of an increase in firing rate were increased in 
all areas but one, and decremental responses 
were attenuated or reversed. This was true for 
early components in all areas but the dorsal 
reticular formation, and for late components in 
all parts of the brain tested. Neuronal firing 
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H 

Fig. 3 
Histological preparations showing location of probes 
(.4: hippocampal, B: reticular) whose data are shown in 
Fig. 2. 

rates in hippocampus and thalamus presented, 
however, the greatest change; those in reticular 
formation were least affected. As to changes dur- 
ing the course of the 1 see waiting period, that is 
during the CS-US interval, there was no special 
tendency for neurons to become more active 

toward the point in time where the US would be 
presented. On the contrary, there was even at the 
end of conditioning a slight residuum of the 
initial trend in the opposite direction, that is for 
neurons to be more active at the onset of the CS 
than during its last half second. The changes 
induced by conditioning were, however, most 
marked in the late period. Many below baseline 
firing rates which characterized this period after 
habituation and pseudo-conditioning disap- 
peared and often the early excitatory response 
lasted into the late period. 

Because neuron responses were changed to- 
ward an increase in firing rate, suggestive of an 
excitatory trend, whereas the behavior called for 
was inhibitory, it would appear that the neuro- 
nal activity was not correlated with the amount of 
overt behavior or with newly learned skeletal 
movements. Because the stimulus was presented 
on a random time schedule, catching the animal 
unaware, it is unlikely that the neuronal activity 
changes were correlated with orientation responses 
or postures related to the conditioning. The 
question arises whether these changes might have 
been correlated with a tonic muscular state 
which mediated the behavioral inhibition; this is 
unlikely as the adoption of a tensed pose, when 
it was observed after the onset of a trial, regularly 
tripped the movement detector and caused can- 
cellation of the trial and the data. Because data 
were taken only for 2 sec periods during which 
no movement was exhibited, it might be supposed 
that the data were taken mainly during sleep 
periods. That the animals were not likely asleep 
during the conditioning trials was attested by the 
vigorous capture-response which occurred when 
the food magazine discharged. In any event, the 
changes observed were largely in the direction of 
increased responsiveness to peripheral stimula- 
tion, and changes from waking to sleep are 
regularly in the opposite direction (Evarts 1960). 
Thus there seems to be little evidence to suggest 
that any of the new responses observed are cor- 
relates of movements, postures, inhibitory pro- 
cesses, or states of sleep. One could, therefore, 
conclude tentatively that these changes in neuro- 
nal firing are correlates of some internal vegeta- 
tive or preparatory responses related to food, 
or are correlates of learned motivational or 
mnemonic traces evoked by the CS. Because the 
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hippocampal responses were suggestively similar 
to some of those observed during food waiting 
in a previous experiment (Olds et al. 1969), it 
seems that they might be interpreted in analogy 
to those data. From these, two characteristics of 
the hippocampal neuronal activity are relevant: 
(a) in view of the often large differences between 
food-waiting and water-waiting response the 
neurons appeared to be involved in specific antic- 
ipatory representations rather than in general 
activation, inhibition, or arousal; (b) a neuron 
might participate in an anticipatory response 
specifically related to food one day and to one 
specifically related to water several days later. 
This suggests that if these neuronal activity states 
are specific representations, they might also be 
temporary representations. It seems possible, 
that is, that the neurons involved, instead of 
bearing some innate relation to food preparatory 
responses, might be implicated as relatively 
neutral temporary memory registers which could 
hold different stimulus-response-reward config- 
urations on different days. 

In the quoted set of experiments, interesting 
accelerating response patterns were observed in 
the reticular formation, characterized by a 
crescendo during the last second prior to US 

b00,v 

L cs 

Fig. 4 
Dorsal reticular]unit activity before~'and after condition- 
ing. Changes are exemplified by two sample traces (above) 
and by the average rates for successive 50 msec intervals 
for each group of 50 trials (below). In I the averaged re- 
sponse curve, each point stands for the averaged response 
rate for a given 50 msec interval stated in arbitrary units; 
i.e., the digits along the Y axis are some multiple or sub- 
multiple of the observed average rates. 

application. The largest accelerating response in 
reticular formation in the present study was very 
small (see Fig. 4) and one should therefore con- 
elude that such accelerations were more related 
to the active pedal behavior or the absence of an 
explicit CS, which differentiated the two experi- 
mental studies, than to the "expectancies" which 
were common to the two experiments. 

If temporary representations are "localized" 
in hippocampus, what relation might these bear 
to the organization of behavior? One possibility 
is that mnemonic traces of a relatively emotional, 
automatic and temporary character dwell in 
hippocampal regions whereas another and newer 
memory system occupies some part of the 
neocortex. Emotional, automatic and temporary 
memories might be supposed to characterize the 
whole memory store among more primitive ani- 
mals; and in higher species, they might have an 
important role in constructing and in gating the 
more unemotional, disengaged and lasting traces. 

SUMMARY 

Changes in the firing rates of neurons in 
various subeortical structures induced by appli- 
cation of a 1 sec auditory stimulus were recorded 
in unrestrained animals during movement-free 
intervals. Pseudo-conditioning trials (500) were 
followed by conditioning trials (300). During the 
latter, a food pellet was presented to the animal 
by a dispenser after every stimulus, provided 
there was no detectable movement during the 
stimulus period. The difference between the re- 
sponse rates before conditioning and after condi- 
tioning was considered to be a measure of the 
effect induced by the conditioning procedure. 

1. Except for the early response in the dorsal 
reticular formation, responses consisting of in- 
cremental firing rate were increased in size and 
number and decremental responses were attenu- 
ated or reversed. Even in the dorsal reticular 
formation the neuronal activity rate during the 
last half of the stimulus was augmented. 

2. Before conditioning an increment in the 
firing rate of neurons appeared in most areas 
during the first 300 msec of stimulation after 
which the firing rate returned almost to control 
levels or even systematically below control levels 
in some areas. In most cases, conditioning proce- 
dures caused the early increment to be augmented 
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and the neuronal rate to stay elevated above 
control levels during the remainder of the 1 sec 
stimulus (thus reversing the decremental tenden- 
cy where it had appeared). 

3. Incremental changes were largest in hippo- 
campus. These changes were, on the basis of 
deductive arguments, considered to be independ- 
ent of skeletal and attentional components of 
the conditioned response on the one hand, and 
unrelated to sleep and waking or inhibitory pro- 
cesses on the other. It seemed possible therefore 
that the changes might be related to a short term 
or temporary trace of a motivationally signifi- 
cant event. 

RI~SUME 

RI~PONSES CONDITIONNI~ES DES NEURONES HIPPO- 

CAMPIQUES ET AUTRES 

Pendant des p6riodes sans mouvements chez 
des animaux non maintenus, sont enregistr6es 
au niveau des diverses structures sous-corticales, 
des modifications du taux de d6charge neuroni- 
que, induites par un stimulus auditif ~t 1 sec. Des 
essais pseudo-conditionnels (500) sont suivis 
d'essais conditionnels (300). Au cours de ces 
derniers, une tablette de nourriture est pr6sent6e 
~. l'animal par un distributeur apr6s chaque sti- 
mulus, fi la condition qu'il n 'y ait aucun mouve- 
ment d6celable pendant la p6riode de stimula- 
tion. La diff6rence entre les taux de r6ponse avant 
et aprbs conditionnement est prise comme mesure 
de l'effet induit par le processus de conditionne- 
ment. 

1. A part la r6ponse initiale du niveau de la 
formation r6ticulaire dorsale, les r6ponses con- 
sistant en accroissement de la fr6quence de d6- 
charge augmentent en taille et en hombre, alors 
que celles qui s 'accompagnent d'une diminution 
de la fr6quence sont att6nu6es ou invers6es. 
M~me dans la formation r6ticulaire dorsale, le 
taux d'activit6 neuronique est augment6 pendant 
la derni6re moiti6 du stimulus. 

2. Avant le conditionnement, un accroisse- 
ment de la fr6quence de d6charge des neurones 
s'observe dans la plupart des aires au cours des 
premi6res 300 msec de stimulation, apr6s les- 
quelles le taux de d6charge revient ~t peu prbs 
aux niveaux de contr61e ou m~me syst6matique- 
ment au-dessous de ces niveaux dans certaines 

aires. Dans la plupart des cas, les processus de 
conditionnement d6terminent l 'augmentation de 
l'accroissement initial, et le fait que le taux de 
d6charge neuronique reste au-dessus des ni- 
veaux de contr61e pendant le reste du stimulus 
1 sec (inversant ainsi la tendance d6croissante i~t 
06 elle 6tait apparue). 

3. Les variations de l'accroissement sont les 
plus grandes dans l'hippocampe. Ces change- 
ments sont, sur la base d'arguments d6ductifs, 
consid6r6s comme ind6pendants des composantes 
physiques et d'attention de la r6ponse condition- 
n6e d'une part et d'autre part, sans relation avec 
les processus de sommeil et de veille, ou d'inhibi- 
tion. I1 semble ainsi possible que ces changements 
puissent ~tre li6s b. une trace fi court terme ou 
temporaire d 'un 6v6nement significatif de moti- 
vation. 

The authors are grateful for technical assistance to 
G. Baldrighi, W. E. Wetzel, H. J. Frey and W. J. Allan, 
and for computer programming to P. 3". Best. 
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