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The electro-physiologist of to-day with all his equipment of ampli- 
fiers and oscillographs must often reflect with humility on the achieve- 
ments of his predecessors. GALVA•I discovered animal electricity 
before the invention of the galvanometer, the action potential wave 
of muscle was analysed in detail by ]3~NST~IN before any of the rapid 
recording systems had been made and W ~ ) ~ s x r  demonstrated the 
nature of the human electromyogram in 1884. With such examples 
from the past century we ought not to be so surprised at what was 
done by  ttA~s BE~G~R in this. Yet it  was surely a remarkable achieve- 
merit to have established the nature and all the main features of the 
electroencephalogram with only a string galvanometer to record it. 
Only those veterans who have had to use this instrument near the 
limit of its sensitivity will appreciate the difficulties which must have 
faced him, but in spite of them he covered the ground so thoroughly 
that  later work except in the clinical field has added remarkably 
little. Certainly it is never safe to claim any observation on the electro- 
encephalogram as original until  a careful s tudy has shown that  it  is 
not already recorded in one of B~G~I~s papers. 

Though B ~ G ~  paid great attention to the clinical abnormalities 
of the electroencephalogram he was constantly aware of the need 
for a better  understanding of the normal. Here we have progressed 
very  slowly. I t  would be optimistic to expect a complete explanation 
of the cerebral rhythms in terms of neurone activity, but it is disappoin- 
ting to have so little that  we can be sure of. In particular there is con- 
siderable uncertainty about the most striking feature of the electro- 
encephalogram record, namely the disappearance of the ~-rhythm 
when attention is aroused. B~i~G~R regarded this as due to widespread 
inhibition of the cortex accompanying activity in a limited region. 
ADRIAN and M.aTTH~WS (1934) suggested that  the disapparance of 
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the z waves might be due not to inhibition but to desynehronisation of 
the nenrones with the consequent breakdown of the unified rhythm. 
I t  would be a simple matter  to decide if we could record the activity 
of the individual neurones which are responsible for the ~ waves, 
but it is only in the projection areas that  micro-electrode techniques 
give a clear record of axon discharges. In  the association areas the 
axon spikes are very seldom large enough and it is in the association 
areas tha t  the ~-rhythm is most fully developed. 

Yet we can learn something from the behaviour of the projection 
areas, particularly if they are studied over a wide range of anaesthesia. 
As B~EM~.~ has shown, the usual effect of the barbiturates is to pro- 
duce a state in which the cortical neurones though still rhythmicM]y 
active are very little influenced by afferent discharges. In  very deep 
anaesthesia, however, when the rhythmical activity is reduced to no 
more than an occasional wave or short group of waves, it can be seen 
tha t  an afferent discharge does produce some increase in activity 
though the effect is readily fastigued. In  the somatic receiving area of 
the cat, for instance, a touch on the appropriate part of the body 
will often set up a short series of waves resembling those which occur 
from time to time without stimulation. Under lighter anaesthesia 
when the cortex is in continous acti~qty the effect of an afferent discharge 
becomes much less obvious, ba t  the dissociation between afferent 
fibres and. cortical neurones becomes less and less as the anaesthetic 
wears off and when the animal is fully awake the cortical neurones 
can be more directly controlled. A eontinuous afferent discharge will 
now give a rapid succession of waves at a frequency of 50 a second 
and rhythmic touches will produce a corresponding rhythm in the 
cortex. Without  afferent stimulation there is often a regular series of 
waves at  6--10 a second, comparable to the waves under deeper anaeste- 
sin, or to the m-rhythm, and these give place to the rapid 50 a second 
rhythm if the cortex is roused by  a strong afferent discharge, or to 
small irregular oscillations if the afferent stimulus is less intense 
(fig. 1 A). 

In  the sensory receiving area, therefore, an afferent discharge 
has a facilitatory effect on cortical neurones deeply anaesthetised 
with a barbiturate, and on the unanaesthetised cells it gives a rapid 
rhythm, or else irregular smM1 waves, in place of the slower rhy thm 
at 10 a second. Here at all events there cannot be much doubt that  
the disappearance of the slow rhy thm goes hand in hand with an in- 
creased activity of the cells, at M1 events of those which are directly 
influenced by the afferent discharge. 

I t  is interesting to find the same sequence of events in the olfac- 
tory  bulb. This has a structure which differs considerably from that  
of the cerebral cortex yet  its electrical reactions are so much like 
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those of the cortical receiving areas tha t  we must  suppose them to 
depend on the general properties of nerve cell aggregates rather  than 
on any  particular structural  arrangements.  

The rabbi t ' s  olfactory bulb is easily reached through a small opening 
in the skull and a fine wire electrode can be fixed so tha t  the uninsulated 
t ip is in contact with one or other of the different layers. The outer 
layers are composed of the fine olfactory nerve fibres and of the glo- 
meruli in which they  arborise with the dendrites of the mitral ceils. 
In  the outer layers the only electric changes which can be recorded 
are oscillations of the sinusoida] type characteristic of grey mat te r  
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Fig.  1A a n d  B. A P o t e n t i a l  osci l la t ions f r o m  t h e  cerebra l  co r t ex  of a ca t  a f t e r  e t h e r  anaes-  
thes ia .  T he  record  i s  f r o m  t h e  senso ry  r ece iv ing  a r ea  for t h e  fo re l imb a n d  shows t h e  
c h a n g e  f r o m  slow t o  r a p id  w a v e s  w h e n  t h e  foot  is touched .  B F r o m  t h e  o l fac to ry  bulb 
of a r a b b i t  u n d e r  N e m b u t a l  Ol fac to ry  s t i m u l a t i o n  b y  E u c a l y p t u s  a t  each  per iod  of 
in sp i r a t ion  ( m a r k e d  b y  hor i zon ta l  l ine).  R a p i d  i r r eg u l a r  w a v e s  du r ing  s t i m u l a t i o n  

fo l lowed b y  slow r h y t h m .  

in general. With the electrode inserted more deeply axon potentials 
begin to appear and when the t ip is in the layer of fibres which go 
to fo rm the olfactory t rac t  the potential  spikes are the most prominent  
feature of the record. The discharges in these fibres can be compared 
with those in the optic nerve in tha t  both are derived from neurones 
which have synaptic but  not direct connection with the receptor 
endings. 

The pr imary  object of the work has been to s tudy the way in 
which the olfactory organ detects and discriminates smells. For this 
it is best to use a preparat ion so deeply anaesthetised that  the sinus- 
oidal oscillations of the grey mat te r  are suppressed, leaving only the 
response of axons. I t  is found tha t  in some of these the connection 
with the receptors must  be direct enough t o  be very  little affected 
by  the anaesthetic, for even in the deepest anaesthesia it is possible 
to detect a discharge due to an olfactory stimulus. In  fact a small 
proportion of the olfactory t rac t  fibres seem to respond in much the 
same way at  all depths of anaesthesia, but  the major i ty  do not. T h e  
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majori ty remain inactive until  the anaesthesia lightens and sinusoida] 
waves begin to appear from the grey matter.  Then many axons are 
found to be giving a constant succession of potential spikes, often at 
a high frequency, and their continued act ivi ty may completely mask 
the presence of an olfactory discharge. But,  as in the cerebral cortex, 
as soon as the animal has recovered completely from the anaesthetic this 
continons independent activity gives place to one which is intermittent  
and is controlled by  the sensory stimuli. The olfactory discharge, 
now in a large number of fibres instead of only a few, can be detected 
at each inspiration: during expiration, or in the absence of a smell, 
some neurones remain in continuous activity but  the majori ty are 
quiet. 

The independent act ivi ty of the grey matter  in light anaesthesia 
and the resumption of afferent control after recovery recalls at once 
what happens in the receiving areas of the cortex, for here too it is 
only in very  deep anaesthesia tha t  the independent activity is abolished 
and only after full recovery that  the cortical waves are clearly related 
to the afferent signals. 

As in the cortex, the waves developed by the grey matter  of the 
olfactory bulb vary  widely in frequency with the depth of the anaes- 
thetic. Those produced by a strong olfactory stimulus seem to be due 
to structures beating synchronously at the highest frequency of which 
they  are capable and this may vary  from below 10 a second under 
very  deep dial anaesthesia up to 60 a second in the nnanaesthetised 
animal. But  with moderate doses of dial or nembutal a stage is often 
found where in addition to the rapid rhythms produced b y  intense 
stimuli there are waves at a low frequency filling the intervals between 
the periods of stimulation. The record in fig. 1B illustrates the 
change from the slow rhy thm to the small irregular oscillations pro- 
duced by  an olfactory stimulus of moderate intensity. I ts  resemblance 
to tha t  from the sensory cortex of the cat (fig. 1A) needs no comment. 
The development of the slow rhy thm can be followed in fig. 2. The 
depth of anaesthesia was enough to make all spontaneous act ivi ty 
die away if the olfactory organ was left unstimulated for a few minutes. 
Repeated olfactory discharges (produced by  breathing air smelling of 
eucalyptus) raise the level of activity so that  the cells begin to beat 
slowly during the periods between each inspiration. Immediately after 
the olfactory stimulus the rhythm is uncertain and the waves are 
small, but  they increase in size and regularity until  the rhythm is 
broken by  the next  period of stimulation. At each inspiration the 
stimulation of the olfactory organ produces an irregular series of poten- 
tial spikes and this irregular act ivi ty disorganises the slow rhythm;  but  
it  can be seen that  it does so by  exciting rather than inhibiting, for 
at  its reappearance the rhythm is faster than it Becomes when fully 
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developed. When the smell is withdrawn and the stimulus very feeble 
the olfactory discharge may not Joe enough to appear in the record 
and then the only evidence of its occurrence is the disorganisation of the 
slow rhythm (fig. 2, 4). 

Records like these, showing the failure of the slow rhythm at 
eac h period of olfactory stimulation, recall immediately the electro- 
encephalogram records from man showing the failure of the so-rhythm 
at each period of visual attention. They recall too the failure o f  the 
slow rhythm in the optic ganglion of Dxtiscus when the eye is stimu- 
lated (ADRIAN, 1937). In  fact the olfactory bulb gives us another 

Fig.  2. Olfac tory  bulb  of r a b b i t  u n d e r  n e m b u t a l .  Consecut ive  records  showing  deve-  
l o p m e n t  oi slow r h y t h m  as  t he  r e su l t  of o l fac tory  s t imu la t i on  (by Euca lyp tus ) .  Per iods  
oi insp i ra t ion  occur  in t he  midd le  of each  record :  exposure  to smel l  du r ing  records  1 & 2 
m a r k e d  b y  s ignal  above .  The  slow w a v e s  a rc  s t a r t e d  b y  t h e  sensory  d ischarge ,  b u t  t h e  

r h y t h m  is d isorganised b y  each per iod  of s t imula t ion .  

example of the breakdown of a nerve cell rhythm as the result of a 
sensory stimulus. 

In the records in fig. 2 the depth of anaesthesia was enough to 
make the slow rhythm die away if the level of activity of the bulb 
was not maintained by  repeated olfactory discharges. The importance 
of afferent discharges in maintainisg the general level of neurone 
activity has been clearly demonstrated Joy B~E~u~R. In his encgphale 
isolg preparation of the cat, for instance, the section of the visual tracts 
leads to a great reduction in the slow wave activity of the cortex 
(BRls~]~R, ]944). A further example from yet  another nervous structure 
is shown in the records in fig. 3. These are from the optic nerve of 
the toad (Bufo vulgaris) when the eye is exposed to recurrent flashes 
of light. Initially, with the eye in darkness the retinal neurones are 
at  rest, as are the neurones of the olfactory bulb in fig. 2. At each 
flash of light there is a large potential wave due to the primary nerve 
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discharge and this is followed, after an interval  which becomes shorter  
and shorter with each stimulus, b y  a rhythmic  after discharge at  a 
rate  of ]6 a second. Each new period of stimulation disorganises the 
r h y t h m  and it  is reformed progressively as in the olfactory bulb. The 
chief difference is tha t  in this case there is less tendency to continued 
act ivi ty  for although there is no anaesthetic the waves soon die away  
and repeated stimulation is needed to mainta in  them. 

The slow rhy t hm  in the olfactory bulb, like tha t  from the toad 's  
retina, usually starts  as the a f t e r  effect of a stimulus and is appre- 
ciably faster  when it is first reformed after a period of disorganisation. 
There is therefore a pr ima facie case for supposing tha t  the stimulus 
has an exci tatory ra ther  than  an inhibitory effect on the neurones of 
the  bulb. But  although this evidence favours desynchronisation rather  
than  direct inhibition as the immediate cause of the breakdown of the 
waves, there is a further  possibility which must  be taken into account. 
In  the olfactory bulb, as in the cortex, we are dealing with a prepara- 
tion in which there are a great many  nerve cells which are not on the 
direct pa thway between the entering and leaving neIve fibres. I t  is 
probable tha t  most of these cells can influence their immediate neigh- 
bouts  but  tha t  some of them would not be close enough to the main 
pathways  to be much influenced by  signals coming in from outside. 
Under moderate  nembutal  anaesthesia the excitabil i ty is depressed 
enough to keep the cells inactive but  ready to beat  at a low frequency 
if a small facilitating influence is added, l%r those which are near the 
main pathways  a period of afferent stimulation will provide the neces- 
sary facilitation: these cells will s tart  beating and as each provokes 
its. neighbours the rhy thm will spread more and more widely, the 
waves will become more regular arid will grow in size as they do in 
fig. 2. ~qow it is not at  all unlikely tha t  the influence of the active 
cells will become greater and greater as their number  increases, i. e. 
t h a t  the larger the number  of cells beating in unison the greater the 
chance tha t  the rhy t hm  will spread to the outlying inactive groups. 
A large number  of cells beating in unison would give simultaneous 
ac t iv i ty  in m a n y  dendrites and there would also be larger potential  
changes or higher concentrations of humoral  excitants than a few 
cells would give because tile effect of the few would be more reduced 
by  short circuiting or diffusion. ] 3 ~ s  investigations of the strych- 
nine waves in the spinal cord ( B R ~ ,  1940) suggest tha t  direct electric 
factors ~ a y  be more important  than dendritic conduction~ but  at  all 
events whenever we find large regular potential waves developed b y  
sheets or 'masses of nerve cells, i t  isoreasonable to suppose that  a certain 
proportion of the cells will have joined ~n the beat  only because they 
are forced to do so b y  the massive effect of the rest. I f  so it follows 
tha t  any  disturbance of the rhy thm (as by  a renewed afferent stimulus) 
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would reduce the forces which constrain these cells to beat. They 
would become inactive, not from direct inhibition but  because there 
was no longer a sufficient mass of cells, beating in unison, to keep 
them active. There is evidence from the olfactory bulb to support  
this suggestion, for it is found tha t  an 0]factory stimulus m a y  cause 
either an increase or a reduction in the discharge of impulses from 
the neurones which are not on the direct pa thway from the receptors. I f  
these neurones have been reduced to complete inact ivi ty by  deep 
anaesthesia an olfactory stimulus m a y  rouse them to act ivi ty  again. 
Th is  may  die out after a few seconds or minutes if the stimulus is 
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Fig. 3. Records from the  optic nerve of the  Toad (Bufo) showing the  development 
of a rhy thmic  discharge by repeated exposure of the  eye to a brief f lash of l ight .  Each 

f lash disorganises the r h y t h m  (Compare with fig. 2). 

not  renewed and it is increased temporari ly at  each period of stimu- 
lation. But  in lighter anaesthesia when the neurones have reached 
the stage of persistent rapid act ivi ty an afferent discharge m a y  have 
the reverse effect. Often it has none until the effects of the anaesthetic 
have  almost worn off but ul t imately a stage may  be reached in which 
olfactory stimulation causes a marked reduction in the persistent 
discharge. Ins tead of a constant succession of axon spikes at  a high 
frequency there is the large olfactory discharge at  each inspiration 
with only scattered groups of impulses during the expiratory period. 
Here the afferent discharge certainly causes a suppression of activity. 
I t  is true tha t  the act ivi ty  which is suppressed is one of relatively high 
frequency: it is associated with a wave rhy thm between 60 and 80 
a second, which implies maximal rather  than minimal excitation in 
the neurones. Presumably the olfactory discharge breaks up the 
rhy thm by  imposing its own lower frequency (about 50 a sec) on the 
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more accessible neurones so that  those which were the pace-makers 
for the high rhythm have no longer a clear field in which to spread 
their  effect. But  clearly a low frequency rhy thm might be suppressed 
in the same why, many of the neurones being reduced to inactivity by  
the disorganisation of the synchronised beat. 

May not  the ~.rythm in the association areas depend on a similar 
mass effect? We are dealing here with a more complex system, no 
doubt, and the rhythm may be initiated by  cells in some other region 
than the cortex, but  it  is quite possible that  a number of the cells 
which take par t  in the rhy thm would remain inactive if they were 
not forced to beat by the massive stimulus due to the cells already 
beating. The disorganisation of the rhythm would then lead to inactivity 
in some cells though others might be more active than before. Whether  
such a reduction to inactivity by  a withdrawal of the stimulus should 
be classed as inhibition is a mat ter  of definition, for it is scarcely 
comparable to the peripheral inhibitions where there is a definite 
reduction in excitability. 

I t  is worth considering whether cumulative mass effects of this 
kind may  not  govern many of the fluctuations in activity in the brain. 
There is a possible example in the rapid spread of an epileptiform 
discharge over the cortex - -  ,,I~ascitur exiguus, viresque acquirit 
eundo".  I t  is true that  synehronised beating tends to occur mainly 
at one or other end of the frequency scale, when the units are all 
intensely excited or when the exitation is near threshold value. For  
this reason i t  may  not  be a factor of much importance in regions 
which are in moderate activity. But  the large sheets of nerve cells 
which form the silent areas of the cortex would be fertile ground ~or 
the de~ce]opment of such mass effects: it  is at least possible tha t  the 
function of these areas may  depend in part  on the number of cells 
in them which can be drawn into line with their neighbours to form 
relatively stable units. 

Summary. 
In  the olfactory bulb of the rabbit  under nembutal there are usually 

many  neurones in a state of continous activity. These are very  little 
influenced by  olfactory stimulation and it  is only when the anaesthesia 
has worn off tha t  their independent activity gives place to one which 
is fully controlled by  afferent signals. In deep anaesthesia however it  
can be seen that  an afferent signal does produce an excitatory effect. 
At each olfactory stimulus there is the usual impulse discharge in some 
of the neurones and this is often followed hy  a rhythmic succession of 
potential waves in the bulb. The renewed olfactory discharge at 
each inspiration disorganises the wave rhy thm and it reforms progres- 
sively during the period of expiration, l~ecords from the optic nerve 
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of the toad provide a further illustration of the formation and break- 
down of a rhythm. 

In these examples the primary effect of the discharge is excitatory 
and the disappearance of the waves is probably caused in the first 
instance by  desynehronisation. But  many of the neurones taking 
part  in the rhythm may have been aetiv~tated by  the large mass of 
cells already beating in unison. In such neurones the disorganisation 
of the beat will lead to a fall in activity. The failure of the ~-waves 
in the association areas may  be associated in the same way with a 
reduction in act ivi ty in neurones no longer stimulated by  a massive 
rhythm. I t  is suggested that  some of the properties of the cerebral 
cortex may depend on the mass effects which can be developed in 
large sheets of nerve cells. 

Deutsche Zusammenfassung. 
Im Bulbus olfactorius des Xaninchens unter Nembutalnarkose 

befinden sieh viele -Neurone in einem danernden Aktivitgtszustand. 
Dieser wird gewShnlich durch 0lfactoriusreize sehr wenig beeinflul]t; 
erst nach Abklingen der Narkose wird die :Eigent~tigkeit durch eine 
andere Aktivitgtsform ersetzt, die yon afferenten l~eizcn abh/ingig 
ist. Doch kann in tiefer ~qarkose ein afferenter l~eiz auch erregend 
wirken: Jeder Olfactoriusreiz macht zun~chst die fibliche Impuls- 
entladung einiger :Neurone and oft f0]gt hieranf eine rhythmische 
~olge yon Potentialsehwanknngen im :Bulbus. Die bei jeder Inspira- 
tion wiederkehrende Olfactoriusentladung stSrt (desorganisiert) den 
Wellenrhythmus, der sieh allm~hlich wghrend der Expiration wieder 
aufbaut. Ableitungen yore :Nervus op~icus bei der XrSte ]iefern ein 
weiteres ]~eispiel ffir den Aufbau und Zusammenbrnch eines ~hythmus.  

In  diesen Beispielen ist die Iffauptwirkung der ]~ntladnng excitato- 
risch, and das Yerschwinden der We]len wird wahrscheinlich in erster 
Linie durch Desynchronisierung verursaeht. Doch werden viele am 
Rhythmus  teilnehmende :Neurone offenbar aueh dnrch die grol~e 
Anzahl yon Zellen aktiviert, die bereits im gleichen ~hy thmus  ent- 
laden. In  solchen :Neuronen wird die Desorganisation des ~hy thmus  
zu einem Absinken der Aktivitat  ffihren. ])as Yerschwinden der ~- 
Wel]en des E]~G in den Assoziationsfeldern kann ebenso :Begleitersehei- 
hung einer Aktivitgtsminderung in ~euronen sein, die nicht mehr l~nger 
dureh einen Massenrhythmus angeregt werden. ZEs wird angenommen, 
dal3 einige Eigenschaften der Hirnrinde anf Massenwirkungen bernhen 
kSnnen, die sich in ausgedehnten :Nervenzellschiehten entwiekeln. 
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