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INTRODUCTION 

In many studies of  hippocampal bioelectrical correlates of  behaviour special 
attention has been paid to two poles of  hippocampal electrical activity, the theta 
rhythm (4-7 c/sec) and the so-called desynchronized activity2,3, 8 11,13. In a few 

investigations emphasis has been put not on the presence or absence of theta 

rhythm but rather on the relevance of shifts of  the dominant fi'equency component 
within the theta rhythm. In a previous investigation of Lopes da Silva and Kamp v a 

consistent shift of  hippocampal theta frequency from 5 to 6 c/sec was shown to occur 
at the beginning of a stereotyped behaviour pattern when a dog withdrew from a pedal 
in an operant behaviour situation. This finding apparently contradicted the contention 

of" Elazar and Adey 4 that such a shift was a specific correlate of approach behaviour. 
The contradiction might, however, be only superficial if one could envisage such a 
frequency shift as correlated with some other behavioural aspect rather than with 
approach or withdrawal per  se. To investigate this possibility we tried to answer two 

questions: (a) whether similar shifts in hippocampal theta frequency do occur in the 
same animals in different behavioural situations including approach and withdrawal, 
and if so, (b) which is the common behavioural denominator correlated with such a 
shift. 

To answer these questions we investigated, in approach situations, the same 
dogs in which the shift correlated with withdrawal from a pedal had been found. A 
short communication on this topic was presented by Kamp  et al. 5 elsewhere. We 

thought it might be of  interest to include field situations in this study where the limita- 
tions of  the laboratory paradigms could be avoided. 

MATERIAL AND METHODS 

Dogs with chronically implanted electrodes in the dorsal hippocampus and other 
brain areas were prepared as described by Lopes da Silva and Kamp  7 who published 
details of  recording. Four dogs were used. One had also been used in the study 
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mentioned above. Histological confirmation of electrode placements is ax, aiiable for ; 
dogs. 

Behavioural  procedures  

The field situation was devised so that a dog could be kept in his usual play 
environment. Dogs were allowed to play with common objects in a yard of about 
2000 sq. m. It was possible to record their EEG activity in these circumstances because 
our radio-telemetering apparatus v has a range with a radius of 30 m. The field 
situation was set up simply by the experimenter holding in his hand an object of in- 
terest to the dog (piece of food, ball, stick); first the experimenter turned himself 
around with his arm well stretched out so that the dog ran in a circle around him ; after 
several turns the experimenter threw the object to a distance of 10 m and the dog ran 
after it; at last the dog caught it and returned close to the experimenter. The behaviour 
was recorded on video tape simultaneously with a time code, which was also put on 
instrumentation tape, and eventually was filmed. A picture selected from such a film is 
presented in Fig. 2. The operant behavioural situation, where stereotyped withdrawal 
behaviour was seen, was as previously describe&. 

Analys is  

The hippocampal electrical activity was analysed on-line, or from tape, by a 
bank of  20 electronic bandpass filters covering the frequency range 2-32 c/sec as 
described by Lopes da Silva and KampL The running average of the filters' output was 
either displayed in the form of a time sequence of histograms or stored on a Computer 
of Average Transients (CAT 400B, TMC). In the latter event 20 successive addresses of 
the computer were used, each corresponding to one filter. The amplitude of each filter 
was summed in the respective address. The output of  the filters was scanned 10 times 
per sec. The integration time of the filter outputs in this study was typically 0,25 sec. 
This form of  analysis can be displayed in a series of histograms with integrated filter 
amplitude as ordinate and frequency as abscissa. However, to present shifts in frequen- 
cy within the theta band it was found preferable to transform the frequency spectra 
into one single value. This value will be called the coefficient of  frequency shift. This 
value was calculated by taking from each spectrum (for instance representing the fil- 
tered activity within epochs of  2 sec) the amplitude of the 4 filters representing the theta 
band (4-7 c/sec, i.e., F4, Fs, F6 and FT), summing the lower filters' output (F4 --i F:,) 
and the higher ones (F6 % F7) and formulating the ratio between them. To avoid 
asymmetry around unity the logarithm of this ratio was calculated. 

The coefficient of  frequency shift defined in this way is given by: 

(F6 + F7) 
D log 

(F4 -1- Fs) 

This coefficient should be taken only as a convenient way of presenting shills in fre- 

quency in the particular case under study. 
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Fig. 1. Sequential frequency spectra. Time runs vertically. The interval between two histograms is 0.25 
sec. Histograms start being counted with the presentation of the conditioned stimulus (S). P, dog 
presses the pedal ; F, food is delivered; W, dog walks away from the pedal; T, turns back. In spectrum 
21 the values of the first and last filter resonance frequencies are shown. Note low activity between 
S and P. Afterwards a peak appears which is appreciable in spectrum 17 at 5 c/sec, the value being 
indicated above the respective filter. Later the peak shifts to 6 c/sec (spectrum 23). After spectrum 
36 the peak returns to 5 c/sec. 



290 ~ ~<',M), ,.,r ,~; 

Fig. 2. Dog's behaviour illustrated with simultaneously recorded EEG activity. The pict~w~- ~os lakc~ 
from a film montage of the dog's behaviour and of the EEG after synchronization. Tlnc ~icture of the 
dog was taken at the same time as the moment of writing of the pens of the oscillograph. The bebav- 
iour corresponds to acts I and II (see text). The E[zIG was obtained by means of radio-lelemeterhag: 
first trace, record of lateral eye movements; second trace, olfactory bulb: third2trace, dorsal hippo- 
campus (bipolar); fourth trace, temporal cortex; and fifth trace, amygdaloid complex (bipolar:). The 
second and fourth recordings are against a common reference (frontal electrode). 

RESULTS 

The same dogs were invest igated both in ope ran t  behav iour  and in the field 

s i tuat ion.  In the fo rmer  they typical ly  adop t ed  a s te reo typed  behavioura l  pa t t e rn :  

after  the pedal  pressing,  in response  to the condi t ioned  st imulus,  they were rewarded ,  

then wi thdrew a few metres  f rom the n e i g h b o u r h o o d  o f  the pedal  and later  re turned  to 

its proximi ty .  The  changes o f  h i p p o c a m p a l  electrical  activity dur ing  this behavioura l  

sequence,  which we have descr ibed precisely 7, are  represented in Fig. l. A typical  

record  ob ta ined  in the field s i tuat ion can be seen in Fig.  2. Electrical  activities of  

different bra in  areas  are shown in this figure, but  our  a t tent ion is here l imi ted  to those 

recorded  f rom the h i p p o c a m p a l  fo rmat ion .  The  h i p p o c a m p a l  activi ty was analysed as 

descr ibed in Methods ,  and  the coefficient o f  f requency shift de te rmined  at successive~2 

sec intervals.  A p lo t  o f  this coefficient for  one behavioura l  sequence as a funct ion of" 

real t ime is shown in Fig. 3. Before analysing these values we should descr ibe  the 

succession o f  behavioura l  acts which invar iably  took  place in this field s i tuat ion.  

These behav ioura l  acts were as fol lows:  first, the dog turned  a round;  second he 

ran  quickly af ter  the object ,  th i rd  he caught  it, and four th  he b rough t  it back to the 
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Fig. 3. Frequency shift within hippocampal theta rhythm. The roman numerals correspond to the 
behavioural acts described as follows: act I, the dog turns around; act II, he runs after a ball; act III, 
he catches it; act IV, he returns. In the ordinate the coefficient of frequency shift, defined in the text, 
is plotted. Note that the transition from act I to act II is accompanied by an increase of the coefficient 
representing a shift of the dominant theta frequency from 4-5 c/sec to 6-7 c/sec. At the end of the 
behavioural sequence the dog returns to the experimenter and the lower frequencies (4-5 c/sec) pre- 
d ominate. 

experimenter. These successive acts are pictured in Fig. 2 and are described by roman 

numerals in Fig. 3. Dur ing behavioural act I (turning around) the dominant  frequen- 

cies were at 4 and 5 c/sec. The most  striking phenomenon  was the sudden shift o f  

h ippocampal  theta activity to higher frequencies the moment  the dog started running 

after the object (act I -+ act II). Acts I I I  and IV were accompanied by a less stable 

hippocampal  activity, but  at the end of  the behavioural sequence the low frequencies 

became dominant  once more.  It  should be stressed that  all along this behavioural 

sequence the h ippocampal  activity was typically characterized by theta rhythm and not  
by desynchronized activity. This pattern o f  changes o f  h ippocampal  activity and its 

correlat ion with behavioural  acts were seen consistently in 4 dogs. The only differ- 

ences f rom dog to dog were found in the precise timing of  the different acts. The 
striking aspect, however, was that  the moment  the dog changed f rom behavioural act 

I to II  there was a rapid shift o f  theta rhythm towards higher frequencies (6 and 7 

c/sec). Whether  the object thrown was a ball, a piece o f  food or  a stick made no differ- 
ence in the h ippocampal  activity. 

DISCUSSION 

The present experiments demonstrate  that the theta rhythm frequency of  the 
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dorsal hippocampus in dogs does shift to higher values in a field situation when a dog 
switches from a ' turning around'  type of activity to an act performed t,, catch an 

object thrown some distance away. This shift is similar to that found ~b.en dogs 
withdraw from a pedal in an operant behaviour situation. The only differences arc that 
in the field situation the shift lasts longer and is more pronotinced. Therelbre. wc 

conclude that such shifts in hippocampal theta rhythm frequency can occur J n different 
behavioural situations. This, then, is the answer to the first question in the Introduction. 

The second question leads us to investigate which common behavioural denominator 
can be correlated with such frequency shifts. Approach and withdrawal, detined 
objectively in a topological sense, do not appear to be the relevant del~orninators 
because, whereas in the field situation here investigated, as well as in that of  Elazar and 

Adey 4, approach is the relevant correlate of  the 5 :- 6 c/sec shift, in the case of operant 
behavioural situation this was not so. Movement as such is also not the common 
denominator because from an examination of the field situation, it is obvious that the 

two modes of hippocampal theta rhythm- - low and high frequency modes are both 
compatible with overt movement since the first accompanies ' turning arour~d' and the 

second 'running after an object'. 
The association of hippocampal theta activity with voluntary movement  has, of 

course, been described several times in different species, namely in the dog by Storm 
van Leeuwen et  al. ~j and by Dalton and Black a, in the rat by Pickenhain and Kling- 
berg 9 and by VanderwoID a, in the guinea-pig by Sainsbury 1° and in the cat by Par- 

meggiani s, although Bennett ~ has reported negative results in the cat. However. we 
have here to discuss the behavioural correlates of  the frequency shift within the theta 

band rather than the occurrence of theta activity as such. 
In the third place we should perhaps examine the proposition that shifts to 

higher theta frequencies may be correlated with complex behavioural functions, 
memory  consolidation, decision making 4 and orienting responses 2. However~ we would 
rather refrain from entering such speculations because such behavioural functions lack 

explicit definitions. We find it more attractive to see as the common 'denomina tor  of  
the hippocampal shifts the sudden transition, or switching, from one behavioural act 
to another occurring within a behavioural mode in which the dog is walking or running. 

In the field situation the dog switches from a "turning around'  to a 'running after'  act. 
In the operant condition the dog switches from 'pressing' to 'walking awayL This type 
of switch in behavioural pattern is probably associated with a stepwise change of the 
input to the hippocampus. Then the shift in hippocampal theta frequency could be a 
sort of  response of  the septum-hippocampal  neural system, to a stepwise change of 
its input. The latter might be mainly coming from the mesencephalic reticular forma- 

tion. Therefore the step input would consist of  a sudden change~of reticular formation 
activity and the response, somewhat non-linear, would be a shift in frequency of 
hippocampal activity. This proposal is consistent with the observation of Stumpf 12 
that the frequency of the hippocampal theta rhythm can be a sensitive index~'of the 

degree of reticular excitation. 
Vanderwolf la also remarked that the theta frequency of the hippocampus in- 

creased before the occurrence of  some movements,  and similar results were obtained 
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by Pickenhain and Klingberg 9. Moreover Klemm ~ has demonstrated that phasic 
multiple unit increases in midbrain reticular formation activity precede the onset of  
movements,  or increases of  muscle tone, and the occurrence of  theta rhythm in rabbits. 
Vanderwolf also envisages that theta frequency shifts may be due to increased 
activity in the brain stem. In conclusion our observation leads to an interpretation of  
hippocampal shifts o f  theta rhythm within the same general frame of  concepts as the 
above-mentioned authors 6,9,13 have discussed in relation to the occurrence of  theta 
rhythms. 

To establish the behavioural denominator of  the hippocampal shift in the terms 
stated above does not mean, however, that the significance of  such shifts in terms of  
hippocampal function has been defined. This is at present open to speculation. 

SUMMARY 

Electrical activity of the dog's hippocampus was recorded in (a) an operant 
behaviour situation, and (b) a field situation by a radio-telemetering system. The 
dominant frequency of the theta rhythm shifted consistently from 4-5 c/sec to 6-7 
c/sec when a dog (a) withdrew from a pedal after being rewarded or (b) switched from 
a 'turning around' type of activity to an act performed to catch an object thrown some 
distance away. 

The frequency shift was quantified by integrated frequency analysis. Such a 
frequency shift is interpreted in behavioural terms by considering its appearance in 
different behavioural situations. The correlation between such shifts and switching 
from one behavioural act to another, within a behavioural mode characterized by 
movement, is stressed. 
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