
er than 1 percent of the cells gave pre- 
cipitation rings less than 30 pu in diam- 
eter, or approximately three times the 
size of the large lymphoid cells, a linear 
relation was assumed for precipitation 
rings less than 30 /. Consequently, the 
amount of antigen in cells with rings 
less than 30 ,u in diameter may have 
been overestimated. A nonlinear rela- 
tion in the calibration curve was largely 
avoided by proper dilution of anti- 
serum, the diameter of the precipitation 
ring formed by a given amount of 
antigen being proportional to the dilu- 
tion of the antiserum (1). 

The method thus described differs in 
several important aspects from that 
reported (1) for determination of sol- 
uble proteins in single cells. (i) In the 
previous method, it was necessary to 
rely on the presence of relatively large 
numbers of cells containing the antigen, 
since both the average and median 
diameters of the precipitation rings had 
to be calculated to convert the ring di- 
ameters into absolute quantities of spe- 
cific protein. These factors no longer 
need be determined, and the method 
can be used (Table 1) when less than 
one cell per 105 cells contains the anti- 
gen. (ii) In the earlier method, the di- 
ameters had to be determined with at 
least two different dilutions of a given 
antiserum; only one dilution is neces- 
sary now. (iii) In the previous method 
only proteins which are diffusible in 
agar at the time of cell lysis could be 
estimated; in the present method, pro- 
teins already synthesized by the ribo- 
somes but still bound in a form not 
diffusible in agar are measured as well, 
since deoxycholate may be used to re- 
lease the bound protein. Our new 
method is less complicated mathemati- 
cally, requires fewer manipulations and 
less antiserum, and can be used where 
the latter cannot. 

Cells from the tonsils of four children 
were studied for yG content, cells from 
the tonsils of two other children were 
examined for yA, and cells from the 
tonsils of one of the latter children 
were studied for yM (Table 1 and Figs. 
2 and 3). The number of cells con- 
taining yM or yA were fewer than the 
number containing yG. Of the four -yG 
surveys, an average of one cell per 6900 
lymphoid cells contained detectable yG; 
but of the two yA surveys, an average 
of one cell per 67,000 lymphoid cells 
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the tonsils, there were about 1/10th 
as many cells containing yA cells 
on the average as there were yG 
cells, and 1/28th as many yM cells as 
there were -yG cells. On the other hand, 
the average amount of yG per cell was 
only 0.46 pg compared to an average 
of 2.6 pg for yA and 1.7 pg for yM; 
thus the average yA content was 5.6 
times that for yG, and the average yM 
content was 3.7 times that for yG. 
The average amount of cellular -yA in 
the tonsils studied was 1/10 X 5.6 times 
that of yG; and the average amount of 
yM was 1/28 X 3.7 times that of yG. 
In the normal child over 2 years of age, 
the average amount of yA synthesized 
per day is approximately 0.5 times that 
of yG, and the average amount of yM 
synthesized per day is about 0.2 times 
that of yG (4). Thus, the relative num- 
ber of cells containing a specific immu- 
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after stimulation. 

We have described features of the 
average evoked potential elicited when 
a previously trained animal performs a 
conditioned response upon presenta- 
tion of a novel test stimulus (1-5). 
We have identified such behavior as 
generalization, arguing that it must re- 
quire release of both an endogenous 
pattern of neuronal activity and a be- 
havior established to the conditioned 
stimulus during training. The potential 
evoked by the test stimulus in trials 
resulting in generalization is markedly 
different from the evoked potential 
caused by the same stimulus when gen- 
eralization failed to occur (3). The 
wave shape of the evoked potential 
caused by the test stimulus in trials 
resulting in generalization closely re- 
sembled that usually elicited during cor- 
rect behavioral response to the condi- 
tioned stimulus. Thus, the endogenous 
activity closely reproduced the usual 
temporal pattern of potential evoked 
by the conditioned stimulus. 
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noglobulin multiplied by the average 
cell content of the immunoglobulin re- 
flected the relative average total body 
synthesis of that immunoglobulin. The 
method may be applied in studies of 
cell population kinetics. 
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Such findings might mean that a 
pattern of activity specific to the mean- 
ing of a particular conditioned stimulus 
was stored in the nervous system and 
could be released by an appropriate 
trigger. Conversely, the released pattern 
might be unspecific, merely reflecting 
arousal, attention, the intention to 
move, or fluctuations in level of moti- 
vation, and bearing no relationship to 
the informational significance attributed 
to the ambiguous test signal. We now 
report results of an experiment which 
shows that the released endogenous 
pattern reflects readout of specific in- 
formation. 

After implantation of 34 electrodes 
in each animal, eight cats were trained 
to discriminate between two frequencies 
of flicker. One frequency (VI) was 
the cue to press the right lever on a 
work panel in order to obtain food 
(CR). The second frequency (V2) was 
the signal to press the left lever on the 
work panel to avoid electric shock 
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Neural Readout from Memory during Generalization 

Abstract. Eight cats with implanted electrodes were trained to obtain food 
on presentation of one flicker frequency and to avoid shock on presentation of 
a second flicker frequency. A third flicker frequency, midway between the first 
and the second, was then presented. Differential generalization ensued, in which 
either the food response or the avoidance response was performed. Average 
evoked potentials from generalization trials with different outcomes were signifi- 
cantly different. The wave shape elicited by the stimulus for generalization closely 
resembled the usual response to the appropriate signal for the behavior which was 
displayed. This constitutes evidence for release of a neural process representing 
previous experience. The release of this process begins about 35 milliseconds 
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(CAR) through a floor grid (6). Flick- 
er was presented from an overhead light 
source and imposed a moderate fluctua- 
tion in the illumination in the cage, 
which was always lit by overhead bulbs. 
To avoid effects related to fortuitous 
selection of frequencies, three pairs of 

frequencies were used. For each pair 
of frequencies, two or more animals 
were trained so that the frequency 
which was the food signal for some 
was the avoidance signal for others, 
and vice versa. 

After acquisition of the two discrimi- 
native behaviors, each animal received 
several months of overtraining. Then 
each animal was subjected to a series 
of test sessions in which a novel test 
stimulus (V3) was occasionally inter- 

spersed between presentations of the 
actual conditioned stimulus. Test 
stimulus V3 was a light flickering at a 

frequency midway between V1 and V2. 
The three different stimuli were in 
random sequence. Thus, the animal 
was constantly shifting from side to 
side of the cage, providing appreciable 
variability in eye and head position as 
well as body orientation. Other work 
has provided no indication that the in- 
fluence of position or movement could 
account for these wave-shape differ- 
ences (7). 

Stimulus V3 sometimes elicited per- 
formance of the approach response and 
sometimes elicited the avoidance re- 
sponse. Average evoked potentials and 
variances were computed separately for 
trials in which V3 elicited CR (V3CR) 
and for trials resulting in CAR 
(V3CAR). The significance of differ- 
ences between these averages was as- 
sessed by the t-test. Comparisons be- 
tween these averages, and between each 
of the averages and waves from V1CR 
and V2CAR trials, were made by cal- 
culating correlation coefficients (8). 

Data are given separately according 
to two methods of data selection. First, 
?an arbitrary time period of 4 seconds 
preceding the behavioral performance 
was used. Second, wave-shape sequences 
toward the end of the behavioral 
trials were selected which seemed char- 
acteristic of the behavioral outcome. 
Average evoked responses from the last 
4 seconds of each trial are presented in 
Fig. 1. The averages of selected se- 
quences of evoked potentials which oc- 
curred late in these same trials are 
presented in Fig. 2. 

A set of data is presented from the 
visual cortex or the lateral geniculate 
body of each experimental animal. In 
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Fig. 1. Average response wave shapes recorded from one structure in each experi- 
mental animal, computed from last 4 seconds of trials resulting in correct performance 
of a lever-press for food during presentation of flicker at frequency 1 (V1CR), cor- 
rect performance of a lever-press to avoid shock during presentation of flicker at 
frequency 2 (V2CAR), and during presentations of flicker at an intermediate frequency 
3 resulting in generalized approach (VsCR) or avoidance (VsCAR). Interrupted line 
between the second and third wave shape in each group indicates those intervals during 
which the significance of the difference between V3CR and VaCAR exceeds the 0.1 
level. LLG, Left lateral geniculate body; LVIS, left visual cortex; subscript m denotes 
monopolar derivation versus a frontal reference; subscript b indicates bipolar de- 
rivation taken between two electrodes 1 mm apart. Frequencies were as follows: Cats 
1 and 2, V1 = 7.7, V2= 3.1, V3 5.0; cat 3, V =3.1, V2= 7.7, V3= 5.0; cats 4, 
5, and 8, V1 = 5, V2 =2, V3 = 3.1; cat 6, V = 2.5, V2 = 1.0, V3= 1.75; cat 7, 
V1 = 1.0, V2= 2.5, V3 = 1.75. Sample size was variable, with an average of 56. 

each set, the first and second wave 

shapes, from V1CR and V3CR, are 

strikingly similar. The third and fourth 
wave shapes, from V3CAR and V2CAR, 
are also similar. The difference between 
V3CR and V3CAR is shown by the dis- 

similarity between the second and third 
wave shapes. 

CAT 1 (LLGm) CAT 3 (LLGh) 

The interrupted lines between V3CR 
and V3CAR indicate intervals within 
which these differences are statistically 
significant (P <.01). For all eight 
animals in this study, the average re- 

sponse wave shape during V3CR was 

significantly different from that ob- 
served during V3CAR. In a ninth 
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Fig. 2. Response wave shapes, as in Fig. 1, but with averages based upon sequences 
of evoked potentials selected by the experimenter from the last 4 seconds of multiple 
behavioral trials. Average sample size, 15. 
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Table 1. The coefficients in the top half of the table were computed from averages of the 
evoked responses during the last 4 seconds of each of several trials (shown in Fig. 1). The 
coefficients in the bottom half were computed from averages based on characteristic wave- 
shape sequen:es selected by the experimenters from the last portion of the same several trials 
(shown in Fig. 2). 

Cat VICR X V,CR X V,CAR X VsCAR X V,CR X V,CR X 
V2CAR V,CAR V2CAR V1CR V1CR V2CAR 

Last 4 seconds 
1 .35 .72 .88 .32 .74 .71 
2 .83 .98 .92 .94 .94 .87 
3 .50 .79 .93 .61 .90 .69 
4 -.13 .58 ,12 .21 .54 .44 
5 .64 .75 .80 .72 .88 .66 
6 .14 .62 .82 .39 .64 .45 
7 .42 .63 .76 .53 .67 .55 
8 .68 .94 .85 .76 .81 .78 

Selected sequences 
1 .65 .69 .92 .63 .83 .72 
2 .49 .65 .91 .59 .91 .53 
3 .21 .43 .88 .32 .89 .40 
4 -.47 .02 .54 -.41 .78 -17 
5 .50 .60 .96 .57 .85 .51 
6 .15 .14 .81 .17 .59 .19 
7 .70 .75 .92 .78 .74 .69 
8 .86 .96 .97 .91 .95 .92 

animal, similar results have been ob- 
tained with an approach-approach dis- 
crimination. Thus, the wave shape re- 
leased by V3 during generalization can- 
not be determined by such unspecified 
factors as arousal, attention, intention 
to move, or type or amount of motiva- 
tion, but depends upon the specific CR 
which is subsequently performed. These 
differences could frequently be ob- 
served in nonaveraged recordings. In 
several animals, they were sufficiently 
consistent to permit prediction of the 
outcome of the generalization trials. 

Wave shapes were quantitatively 
compared by computation of the prod- 
uct moment correlation coefficient be- 
tween pairs of responses. Although 
cross-correlation provides an objective 
measure of wave shape similarity, the 

procedure has shortcomings. In some 
cases, wave shapes which were obvious- 

ly different both by visual inspection 
and by t-test yielded high correlation 
coefficients. In general, this was due to 
the fact that the differences consisted 
of fast components which accounted 
for but a small part of the total energy 
of the wave shape. This was particular- 
ly true for cat No. 8. 

Table 1 contains the correlation co- 
efficients between the four different 
kinds of wave shapes for each set of 
data illustrated in Figs. 1 and 2. The 
low cross-correlations between V1CR 
and V2CAR indicate that the wave 
shapes elicited by the two discriminated 
stimuli were markedly different. The 
wave shape released by the novel stim- 
ulus during generalization was not fully 
determined by the stimulus characteris- 
tics, since V3CR X V3CAR is relatively 
low in most cases. The wave shape elic- 
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ited by V3 during differential generali- 
zation resembles the usual response to 
V1 when CR occurs (V3CR X V1CR > 
VaCR X V2CAR), but resembles the re- 
sponse to V2 when CAR occurs (V3CAR 
X V2CAR > VaCAR X V1CR). The ex- 
act probability of obtaining the distri- 
bution of values in columns 3 to 6 of 
the upper part of Table 1 by chance 
is less than .002, whereas the probabil- 
ity of the distribution obtained for the 
selected samples is less than .0001. 
Thus, our conclusions are supported 
by the results of an arbitrary and ob- 
jective computation as well as by the 
procedure based upon selected data, al- 
though the latter method yields more 
striking results. 

Data from electrodes in the visual 
system have been presented because 
they were particularly striking and con- 
sistent. However, the phenomena were 
also observed in many other brain re- 
gions. Of the total of 96 placements 
in which unselected data were studied 
in eight cats, for 64 regions the wave 
shape observed during V3CAR re- 
sembled the response to V2 during 
CAR more than the response to V1 
during CR. For 65 regions, the wave 
shape during V3CR resembled the re- 
sponse to V1 during CR more than the 
response to V2 during CAR. The chi 
square for this distribution of results 
equaled 22.6 (P<<<.001). The V3CR 
and V3CAR wave shapes became mark- 
edly different for all cats at latencies 
which ranged from 30 to 50 msec. In 
other studies (9) a burst of neuronal dis- 
charge beginning at a latency of about 
35 msec has been observed in the lat- 
eral geniculate body during generaliza- 
tion. Further, the shape of the multiple 

unit poststimulus histogram during gen- 
eralization closely reproduced the usual 
response to the familiar conditioned 
stimulus. Thus, phenomena comparable 
to those reported here have been ob- 
served on the unit level of analysis. 

We conclude that the shape of the 
evoked potential released by a novel 
stimulus during generalization is not 
solely dztermined by the actual phys- 
ical stimulus, but contains an endoge- 
nous component which varies depend- 
ing upon the meaning attributed by 
the animal to the signal. Second, the 
two different endogenous processes re- 
leased during differential generalization 
correspond well to the wave shapes 
normally elicited by the discriminated 
stimuli which were used to establish the 
differentiated behavioral responses. 
Third, release of these stored patterns 
involves discharge of a widely distrib- 
uted set of neurons which begins at 
about 35 msec. 

These findings constitute evidence 
that during conditioning a specific tem- 
poral pattern of neuronal activity or 
engram is established in the nervous 
system. Activation of this memory by 
a neutral stimulus during generaliza- 
tion is accompanied by the appearance 
of characteristic endogenous wave 
shapes in various regions of the brain. 
Those regions presumably mediate re- 
membering of the appropriate behavior. 
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