
Fig. 2. Cell-crescent body associations rep- 
resenting a graded series in Gromphador- 
hina hemolymph (X 760). a-e, Phase- 
contrast studies of stages representing 
phagocytosis. f-h, Cells, stained with gal- 
locyanin-chromalum, showing progressive 
decrease of inner crescent substance. 

extensions are frequently observed in 
the final phase of cell ingestion. An 
example of this is shown in Fig. Ic. 
Were this an extrusion phenomenon, 
one might expect to see cytoplasmic 
swelling and evidence of a ruptured 
membrane. 

In the majority of cases, associated 
bodies in the hemolymph are juxta- 
posed in such manner that the anucle- 
ate member of the pair (averaging 25 
,i in diameter and 5 u at the thicker 
edge) partly surrounds the smaller 
nucleated member (averaging 8 ,u in 
diameter) with broad pseudopod-like 
extensions. The anucleate cytoplasm 
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thus has the shape of a crescent (Fig. 
2b). In these associations, approxi- 
mately half of the partially ingested 
cell, which is round, flat, and scanty 
in cytoplasmic content, projects beyond 
the two "pseudopodia" forming the 
lesser curvature of the crescent body. 
In other associated pairs either "pseudo- 
pod" extensions have not yet formed, 
or the cell-juxtaposed face of the cres- 
cent body is no more than a slight 
concavity (Fig. 2a). The variety of 
associated pairs seen suggests an or- 
dered sequence resembling phagocytosis 
(Fig. 2, c-e). 

Once incorporated within the cyto- 
plasm of the crescent body, the nucleus 
of the former cell persists in a some- 
what enlarged state. Newly formed cells 
of this type may be seen to undergo 
breakdown of the inner crescent form 
(Fig. 2, f-h)--an area of more dense 
granulation within the crescent body 
which conforms to the shape of the 
cytoplasmic membrane without con- 
tacting it. Fixed and stained cells are 
represented in Fig. 2 (f-h) because of 
enhanced contrast afforded in stages 
which are apparently participating in 
the reorganization of the inner crescent 
substance. 

When tested by the periodic acid- 
Schiff (PAS) reaction, the crescent 
body substance was strongly positive 
and the intensity of staining was al- 
most uniform. Negative results were 
obtained with the diastase reaction. 
Lipid material could not be demon- 
strated with Sudan Black B. Staining 
procedures selective for nucleic acid 
identification (Feulgen, gallocyanin- 
chromalum, toluidine blue, pyronin Y, 
acridine orange) gave negative results. 
Stains were used with various fixatives 
and with ribonuclease. 

What is the fate of newly formed 
cells? If the degree of PAS sensitivity 
is indicative of high polysaccharide 
content, then one might regard this 
feature as representing an energy store 
available for the possible fulfillment of 
subsequent cytological events. But evi- 
dence for functional integration be- 
tween the ingested nucleus and its 
adopted cytoplasm is lacking, even 
though cellular disintegration does not 
seem to occur. Another unsolved ques- 
tion relates to the origin of the phago- 
cytic crescent bodies. 
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Cross-Correlation Analysis of 

Electroencephalographic Potentials 
and Slow Membrane Transients 

Abstract. Cross-correlation analysis 
reveals a close correlation between the 
waves in an electroencephalogram and 
slow membrane transients of single neu- 
rons of the sensorimotor cortex of cats 
during spontaneous activity, augment- 
ing and recruiting responses, and after 
local application of strychnine. Time- 
series correlation coefficients up to 0.7 
have been computed. It is suggested 
that the waves of the electroencephal- 
ogram reflect an integration of the 
changes of membrane potentials in both 
the cell bodies and dendrites of cortical 
neurons. 

In addition to spike activity, intra- 
cellular recordings of the electrical ac- 
tivity of neurons reveal slow changes of 
the membrane potential which are re- 
ferred to as postsynaptic potentials. 
Similarities in the time course of after- 
potentials of motoneurons and the 
periodicity of a-waves in the electro- 
encephalogram (EEG) had led to the 
assumption (i) that the EEG consists of 
a summation of postsynaptic potentials 
(1). Because of the characteristics of 
nonrefractory and graded responses it 
was assumed (ii) that the EEG origi- 
nates in the apical dendrites or might be 
a summation of dendritic postsynaptic 
potentials (2). Other theories of the 
origin of the EEG consider (iii) soma- 
dendritic dipoles, (iv) autorhythmicity 
of neuronal elements, (v) modulation 
of cortical d-c potentials, and (vi) ac- 
tivity of glial cells to be the important 
factors (3, 4). 
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Table 1. Average of decay-time constants. 
Results expressed in milliseconds (PSP, post- 
synaptic potential). 

Mem- EEG 
Ncuroclectric brane 

activity tran- ptn- 
sients 

Depolarizing PSP's and EEG waves 
Augmenting 20 7 10 
Recruiting 20 14 13 
Strychnine-induced 

waves 15 13 17 

Hyperpolarizing PSP's and EEG afterpotentials 
Augmenting 10 53 38 
Strych n i ne-induced 

waves 15 93 116 

polarizing and hyperpolarizing poten- 
tials or afterpotentials, have been quali- 
tatively shown by several investigators 
(i) in hippocampal neurons during 
seizures (5), (ii) in thalamic and corti- 
cal neurons during recruiting (6), 
(iii) during caudate spindle waves (7), 
(iv) in neurons of the visual cortex 

during spontaneous activity (8), and 

(v) in a stratigraphic EEG analysis (4). 
We have analyzed quantitatively the 

correlation between EEG waves and 
slow membrane transients of single cor- 

tical neurons. By computing the cross- 
correlograms m i(.,. .m..bra ie. (r) and the 
time-series correlation coefficients 

peog , l,. ..emr ( ) this correlation was 

statistically confirmed. Synchronous re- 

cordings of the surface EEG and of the 
intracellular potentials of 50 selected 
neurons were obtained by standard 
microelectrode techniques from 23 cats 
lightly anesthetized with pentobarbital 
sodium. Most of the neurons were situ- 
ated about 600 to 1500 I beneath the 
surface of the sensorimotor cortex cor- 
responding to layers III and V. 

Test stimuli to both the nuclei ventro- 
oralis posterior thalami and the centrum 
medianum, and also to the bulbar pyra- 
midal tract for identifying the cortical 
neurons with antidromic responses as 

pyramidal tract cells, were applied by 
means of bipolar electrodes. 

The recording system consisted of 

micropipets filled with 2M potassium 
citrate, a cathode follower, a direct- 
current amplifier for the membrane 

potential, RC-coupled amplifiers with 
the same time constants of 100 or 250 
msec for membrane transients and EEG 

waves, oscilloscopes, a continuous strip- 

Table 2. Characteristics of 40 correlograms. The distance between the microelectrode for membrane 
transients and the macroelectrode for the EEG was 2 to 3 mm. 

Phase lead of Cross-correlation 
Ncuroelectric negative max. coefficient of positive 

activity (msec) and negative maximum 

Normal 

Strychninie-induced 

Augmenting 
Recruiting 
Strych nine-induced 

17 

10 

8 
3 
2 

A 

mV 

-5o- -- -65 

Spontaneous 
0 to 60 

10 to 60 
Evoked 

8 to 32 
0 to 48 

8 and 12 

+0.1 to + 0.5 
- .2 to - 0.5 
+ .1 to+ .7 
- .3 to - .7 
Not computed 
Not computed 
Not computed 

C 

2o0 msec 
---- - 

Fig. 1. Simultaneous recordings of the 
EEG (upper records) and of intracellular 
single-unit activity during a spontaneous 
strychnine-induced wave (A), a strychnine- 
induced wave elicited by thalamic stimula- 
tion (B), and during augmenting responses 
in a preparation never treated with strych- 
nine (C). The duration of the vertical 
fast sweep is in (B) 30 msec, and in (C) 
14 msec. 
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recording camera, and a multichannel 
frequency-modulated magnetic tape 
recorder. 

Membrane transients with spikes 
omitted and EEG waves of 40 record- 
ings were digitized with Mnemotron 
equipment at sampling intervals of 2, 5, 
10, or 20 msec for periods as long as 
4 seconds, and were subsequently proc- 
essed on an IBM 7090 data processing 
system (9). Samples of the types of 
recordings used for the computation 
of the correlograms of the evoked re- 
sponses are shown in Fig. 1. The pat- 
terns for strychnine-treated preparations 
(Fig. 1, A and B) are typical for those 
occurring at the beginning of strychnine 
seizures after topical application of 1- 
percent strychnine sulfate. The pattern 
for the augmenting response is typical 
for EEG responses in the middle of a 
train of stimulation of the specific 
thalamic nucleus at about 5 cycles per 
second (10, 11). 

These EEG patterns were usually ac- 

companied by synchronous discharges 
of the cells, as shown in the lower 
records of Fig. 1, A-C: a depolar- 
izing potential with burst discharges, 
followed by a long-lasting hyperpolar- 
izing potential of 150- to 200-msec 
duration. Moreover, Fig. 1, A and B, 
show that after strychnine poisoning 
neither the duration nor the amplitude 
of hyperpolarizing potentials are di- 
minished, whether after spontaneous 
strychnine-induced waves (Fig. 1A) or 
after waves elicited by thalamic stimula- 
tion (Fig. 1B), when compared with 

corresponding potentials in unpoisoned 
preparations (Fig. 1C) (12). In fact, 
hyperpolarizing potentials obtained un- 
der those conditions frequently have a 

longer duration and greater (decay) 
time constants (Table 1) than normal 
ones. 

The correlograms (13) of these 
evoked patterns, and in addition of 
evoked recruiting patterns, are shown in 

Fig. 2A. The ordinate scale in Fig. 2A 
is normalized to -1.0 for the highest 
value of the correlogram for the strych- 
nine-treated preparation. Note the vari- 

ability of the augmenting responses 
shown in the two different traces, and 
the similar time course of strychnine- 
induced and recruiting patterns. The 
similarities between the patterns for 

strychnine-treated preparations and for 

recruiting, and the nearly identical (de- 
cay) time constants (Table 1), support 
the notion that the increased excitability 
after strychnine poisoning may be 
localized at dendrites (14), since the 

SCIENCE, VOL. 147 



A 

B 

.^^n 

-0L5 

Fig. 2. Samples of cross-cor 
evoked activities (A), and 
(spontaneous) and strychnine 
tivities (B). Delay increments 
msec; in (B), 10 msec. Integ 
0.4 second (A), 2.0 seconds ! 
tion of ordinates: (A) highes 
induced value of correlogran 
to -10; (B) time-series corre 
cient. 

mechanism of strychnine sei 
cortex now no longer seem 
same as in the motoneuron 
mediated by way of bloc] 
hibitory postsynaptic potenti 
(12). 

In Fig. 2B, average types 
grams of spontaneous ac 
shown. In this figure the or 
represents the actual time se 
tion coefficient peegr, mlmbrnn. 

shape of all these correlogra 
especially upon the confi 
EEG waves which are pr 
monophasic-negative in the 
strychnine poisoning and rec 
EEG waves are accompai 
single unit level by depolai 
of the membrane potential 
being a negative correlatiol 
between both signals. Durir 
ing and spontaneous norn 
biphasic EEG sequences c 
are also reflected in the cl 
Very often a phase lead of 
other of these signals can 
on those correlograms wh 
have their negative maximu 

Table 2 summarizes the result of 40 
Strydcine 

.::::::: .o correlograms. We measured this phase 
lead by different methods. If one as- 

-^--- 
^ sumes that this lead is probably due to 

?-'-'-20 electrotonically propagated transients 
between the two recording electrodes 
having a distance of 2 to 3 mm, then 
velocities in the order of magnitude of 
10-~ m sec-' can be calculated. Such 

.... ',, velocities have been reported for slowly 
conducted dendritic potentials (15) and 
for slow waves which were ascribed to 

t^ ^t _ ~be dendritic processes (see 16). 
.t, . We found no differences between the 

correlograms of identified pyramidal 
tract cells and non-identified cells. But 
it is impossible to draw any conclusions 

relograms of about the extension of the dendritic 
of normal ramifications and about the size of those :-induced ac- - 
in (Ad)c 2a cells that do not respond to antidromic 

sration time: stimulation (recurrent inhibition, anodal 
(B). Calibra- polarization), or to spot routinely the 
;t strychnine- cells from which the recordings were 
i normalized obtained by any histological method. In lation coeffi- 

addition, the time constants of syn- 
chronous events in different phases of 
membrane transients and EEG waves 

izures in the have been determined by graphical 
is to be the methods which show clearly that the 

where it is time constants of both signals are com- 
kage of in- parable (Table 1) (17). 
ials (Fig. 1) Evidently, there are close relation- 

ships between EEG waves and slow 
of correlo- membrane transients which can be ex- 

:tivities are pressed quantitatively both by time-se- 
rdinate scale ries analysis and by determining the time 

:ries correla- constants of both signals. Our findings 
(r). The supported at first the hypothesis that 

ims depends the EEG is a summation of postsynaptic 
guration of potentials. But recent findings have also 
edominantly shown that there is no fundamental dif- 
patterns for ference between graded dendritic re- 
:ruiting. The sponses and excitatory postsynaptic po- 
nied at the tentials elicited at axo-dendritic synapses 
rizing waves (10, 18). In latency and firing level, 
1, the result these dendritic excitatory postsynaptic 
n coefficient potentials exhibit differences from sup- 
ng augment- posed axo-somatic excitatory postsynap- 
nal activity, tic potentials, and also their amplitude 
)ccur which is not increased by hyperpolarizing cur- 
orrelograms. rents injected through the microelec- 
f one or the trode in the cell body. 
be observed Because of (i) some characteristics 
ich do not of dendritic elements in the conduction 
im at r = 0. velocity of EEG phenomena, and be- 

cause of (ii) the possibility that post- 
synaptic potentials are generated at 
more distal parts of dendrites, especially 
during spindle activity of the EEG, we 
feel justified in interpreting both EEG 
waves and slow membrane transients as 
being potential changes generated at the 
membranes of the cell bodies and of the 
dendritic ramifications of the cortical 
neurons. 
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