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Behavioral Correlates of Neural Readout
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in previous work (1}, we reported that the waveshape of the

" response evoked by presentations of a neuiral stimulus which resulted in
behavioral generalization closely resembled the evoked response to the
‘conditioned stimulus (CS) which was the usual signal for performance of
the same conditioned behavior. When the same neutral stimulus failed
to elicit generalization, the waveshape of the evoled response was
markedly different, lacking o set of components. These components
were identified os endogenous, and were suggested to reflect the
readout of memory, released by the stimulus but having a form deter-
mined by prior experience. :

By subtraction of the response evoked by a neutral stimulus
when it failed to elicit generalization (offerent input alone) from the
response when the same stimulus elicited generalization (input plus
readout), it was possible to obtain an approximate picture of the
process released in different anatomical regions under these conditions
(2). This readout process displayed similar waveshapes but different
latencies in a number of different regions, and apparently originated
in a cortico-reticular system from which it propagated to other brain
regions, appearing latest in the lateral geniculate body,
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Since this phenomenon involved the difference between the waveshapes
of responses evoked by a stimulus when a behavioral performance took place
and when performance failed to occur, it was possible that the observed
differences were due to unspecific factors. In order to control for such factors,
we devised a procedure called "differential generalization". Cats were
trained to perform one conditioned response (CRy) to an intermittent stimulus
consisting of flicker at frequency 1 (V1) and a different conditioned response
(CRy) to flicker at frequency 2 (V). After substantial overtraining of this
differential behavior, a third frequency (V3) was presented which was midway
between V1 and V9. When generalization occurred, V3 elicited behavior
which was sometimes appropriate to Vi (V3CR;) and sometimes to V2(V3CR2).
It was found that the waveshape appearing in many brain regions during
V3CR1 was markedly different from that evoked during V3CR2. Further, the
_waveshape during V3CR] closely resembled that observed during V1CRy,
while the waveshape during V3CRo closely resembled that observed during
V2CRy (3).. ‘

These results showed that the waveshape of the response evoked by
V3 did not solely depend upon the physical stimulus or upon unspecific
factors such as arousal, attention or drive level, but also depended upon the
significance attributed to the stimulus by the animal. Further, the results
showed that the brain could release a particular waveshape, closely resembling
the usual response evoked by a differential. conditioned stimulus, when a novel
stimulus caused generalized performance of the usual behavioral response to
that CS. This released waveshape was interpreted as the electrophysiological
reflection of activation of a specific memory. o

A number of further controls have been carried out to establish that-
these released waveshapes were not due to unspecific factors. Response~
specific readout waveshapes have been obtained using auditory, as well as
visual stimuli, showing that these processes are not restricted to stimuli in
a particular sensory modality, They have been observed in appetitive~appeti=
tive, aversive-aversive, and appetitive-aversive discriminations, showing that
they are not restricted fo tasks based only upon one kind of motivation, nor
do they depend upon differences in motivation for the differential behaviors, -
They have been obtained using direct electrical stimulation of brain structures
as the CS, showing that they are not due to changes in orientation or direction
of gaze, They do not reflect pupillary dilation, since visually elicited
readout waveshapes are not altered by homatropine. They have been observed
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in lever-pressing and hurdle-|umpmg fosks ‘and ‘in observahonol as well as -
conventional ‘instrumental learning situations, showing that they are not =
~ restricted to a pdrticular kind of learning or behavioral task. They do not -
“reflect performance of the instrumental movement since readout Wdi/eshape\s
“elicited by stimuli in one sensory modality usually do not appear ‘in ‘the
~same 'brain Tegions ‘when the same conditioned responses are performed for
cues in other sensory modalities. Set and response bias have also been ruled |
out ‘as responsnble for the differences in waveshape evoked. during trials
resulting in different behavioral outcomes. No readout components were
discerned in the ‘waveshapes evoked by meanmgless flicker stimuli yoked to
* differential auditory cues, whereas readout components appeared | in evoked
responses 1o those flicker shmuh after fney acqu:red cue values by fronsfer _
of frammg (4) L : o

In this work we found fhaf the dn‘ferences between V3CR] dnd
V3CR, were obscured by whole trial averaging, and could be accentuated
by experimenter selection of typical readout waveshapes from the later
- . portions .of behav:oral frnals (3). It was suggested that such selechon made
it possible for sublechve bias to invalidate the apparent sngmfxcance iof
these findings (5). Accordmgl\/, a computer -sorting program was devised ‘to
perform this analysis in an objective way. Essentially, this program constructs
homogeneous subgroups of evoked potentials out of the heterogeneous populohon _
of waveshapes produced by the non-sfahonary processes Wthh churacferlze behaviorul o
situations (6). . . : .

Using this progrcm, we demonsrrofed that the waveshapes ob|echvely
selected by the computer closely approximated the waveshapes sublechvely
- selected on the basis of expenmenfer judgment (7).

"It remained, however, to demonstrate that readouf waveshapes. thus- selecfed
in cmy ariimal were dnsmbuted throughout a large number of behavioral

tidls in which the same outcome occurred, and that different readout wave =
hapes were predictive of different behaviors. A film was made which endbled
audiences to predict performance in differential generalization on the- ‘basis of
the waveshapes recorded from the lateral geniculate body and displayed .on
an oscilloscope (8): Numerous audiences (9) have found it possible to predict
performance accurofely from examination of these waveshapes. :

This fllm demonsfroted the ease with which accurate predlchon of
behavioral outcomé in- differential generdiization could be made by’ subjec~
-tive evaluation of a set of-trials performed by one cat. The purpose of this.
paper is to demonstrate the extremely reproducible content of different . -
waveshaped modes identified by computer selection in a large number of
behavioral ‘trials with ‘the same outcome, to establish the correddion of a
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specific readout waveshape or evoked potential mode with a parﬁcular -
behavior, and to establish that such correlcmons have been found in a

' large: number of animals.

Figure 1 shows the distribution of 3 different modes of evoked res-
ponse in 6 groups of different types of behavioral trials from the same
animal, The cat from which these 59 trials were recorded was trained .to
press the left bar on a work panel to avoid electric shock from a floor grid
within 15 seconds after the onset:of a 4.0 Hz flash V1), and to avoid
shock by pressing the right bar after a 2.0 Hz flash Vo .. After overtraining, .
a number of presentations of a 3,0 Hz neutral flash (V3) were randomly

- interspersed. among a sequence of V) and V, trials, sometimes elncn‘hng left-.

':

bar and sometimes right-bar response. The three groups of trials in the left
half of the-figure all resulted in left~bar response. However, these similar
behaviors were elicited by 3 different stimuli. The trials in Column 1 came |
from Vo errors, in Column 2 from V1 correct responses, and in Column 3 -
from V3 left-bar generalization. The three’ groups of trials in the right

half of the figure all resulted from right-bar response, also from three diffe~
rent stimuli: Column 4 from V3 right-bar generalization, Column 5 from V,
correct’ respohses, and Column 6 from V7 errors.. The spot displays indicate
the points in-each trial at which. the correspondmg mode of evoked response
occurrred, Examination of. the figure shows that all trials began with an
‘evoked potential of Mode 1, progressed to a period. dominated. by potentials’
of Mode 2, and concluded wnfh a period in whlch Mode 3 potentials were
most probable,. . : :

Figure 2A‘presents the actual waveshapes which correspond to the
3 modes of response for the two types of behavior. The top waveshape
shows 6 Mode | waveshapes superimposed, which correspond to the 6 types. -
of trials in the previous figure. These waveshapes were essentidlly identical,
indicating that the state of the nervous system of this animal was approximately
the same at the onset of trials of each behavioral type. The -Mode 2-Left
waveshapes present superposition of the 3 Mode 2 waveshapes which dominated
the early portion of frials resulting in left=bar responses to the three different

. stimuli, and show that these waveshapes were closely similar. Mode 2-Right

waveshapes are superimposed in the 3rd row, and show not only that the

early portion of trials resulting in right-bar responses were closely similar

independent of the eliciting stimulus, but also illustrate the similarity between
the early modes of left~bar and right~bar trials., Mode 3-Left waveshapes
are superimposed in the 4th row, and are closely similar independent’ of

the stimulus, Mode 3-Right woveshcpes are shown in row 5 and are also-

very similar,
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o , However, Mode 3-Leff and Mode 3—R|ght waveshapes are slgmflcanl'ly
~ different. Figure 2B shows the results of sorting on- V3-Leff aond V3-Right =~ .
.generalization trials, ‘using the Mode 3-Left and Mode 3-Ri waveshapes = -

- as classification ‘criteria, These data show -clearly -that ‘the %Eobllrfy of = -

* these 2 kinds of waveshapes .occurred imuch more frequently in V3~Right

trials. This distribition: deviated: sngmf:cantly from random, as assessed by

T computahon .of exocf probobrl:ty. _

* Table 1 shows $lmll0l' results for 14 cots. For each ummol a mrXed
set of frials was constituted,” containing iterated examples of mals resultlng c
in two different behavioral -outcomes to_ the same physical stimulus. The
population -of evoked pofenhols recorded from the lateral geniculate body

" or.other brain regions during the whole set. of trials was then subjected

o sorting cmolysns. ‘The ‘data ‘in the ‘table show -that each mixed population - -
contdined two different readout modes, -one of which was highly correlated '_ ‘

wnth each. of the- differential behavrors. The differential dlslﬂbuhon of

the two readout modes in the two kinds of behavioral -trials was’ “highly . - _
* significant, ‘The temporal: distribution -and. actual waveshapes- of * these various
. reodout processes will be presented in o forthcommg paper (10}, '

" These resulfs show. -that readout processes- can -be. obgechvely defmed
and .automatically -identified, :that fhey appear consistently in -an -extensive .
’.somple of behavioral itrials. from a given. .animal, that they can be found
.in most, if not .all, .animals"in ‘an experimental population, and that they
. are strongly . correlated with a particular ‘differential ‘behavior. These: fmdings, :
" in_conjunction withcontrol ‘data showing thaf readout processes are not - "
- atiributable to unspecific factors such as-arousal, attention, orlenluhon,
_-:mohvoflon, puprllory dilation, chonge in direction of gaze, ‘movement,
'_-infenhon to move, or response bias, ‘support the mterprefahon that readout
R processes reflect fhe activation of a: speclflc memory.

“LEGENDS .

- F| . .' Each column represenfs a set of mols in “which the same B
.Eellovroral ‘response was performed to a- ‘particular stimulus, ‘as indicated. AR
-~ in_the heading. Vy 4.0 Hz flicker) was the CS for o left bar press,

w Vo (24 0 Hz flicker) was the CS for-o right bar press, and V4 (3.0- Hz

- -flicker) was a test stimulus used to elicit differential generalization,

~""The 59 trials included 5 Vs :errors, 11 correct responses fo Vi, and 12 '

. generalization=L responses to V3, all resulting in_left bar responses,

and 10 generalization=R responses to V3, 16 correct responses: fo Vo, -

" .and 5V errors, all resulting in right bar responses. Both left and nght s

*bar responses were to .avoid electric shock from a floor grld The bors '
“were moumed slde by snde on o worl< ponel :
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The top row of white dots in each black rectangle represents’ the

. occurrence of successive light flashes in the behavioral trials. Each row
of dots corresponds to a separate trial, beginning at the left vertical

bar and ending at the right bar. The occurrence of a dot indicates that
the potential. evoked for that light flosh was classified as an example of
the indicated mode.- Three modes were identified within all. 6 types of
trials, and are represented by the three horizontal arrays of data.

Fig. 2A. Mode 1 consisted of the initial evoked potential in 46 of the
59 ‘trials, plus a small number of additional evoked potentials. all of
which occurred early in the trials. The Mode 1 potentials from the 6
types of frials are supenmposed in. the fop row of data. They were

- essentially .identical, o :

Mode 2 consisted of the evoked pofenhals which. dommofed fhe
“early portions of all types of trials. The second row of data, Mode
2-L, shows the superimposed waveshapes of this mode for the three sets
*'of trials which resulted in left bor responses, while the third row,. Mode
2-R, illustrates the’ correspondrng data for right bar responses, - .

‘ Mode 3 consisted of the evoked potenhals whrch dominated the
final portions of all types of trials. The foutth row of data, Mode 3-L,
. shows the superimposed waveshapes of this mode for the different sets 5'

-~ of left bar responses, while the correspondmg data for rlghf bar responses ’

Cis ||lusfrafed in the boffom row.

Ly

Note that the 3 different: Mode 3-L wcveshapes are closely slmllar, ‘

“independent of whether they were elicited by Vi, V2 or V3. Srmrlorly,

the 3 Mode 3-R waveshapes are essentially |denhcol However, Mode B

3-L woveshopes are mcrkedly different from Mode 3-R.

All dofa were recorded from the lateral’ gemculcfe nucleus, blpolar. o

. Fig. 2B, Corrclohon beiween evoked response ‘modes ond behovuor. Each
" Tectangle contains 8 V3 trials which resulted in left bar generaliz tion
(trials 1-8) and 8 V3 mals which resulted in right bar generalization
(trials 9=18), The rectangle on the left shows the incidence of Mode 3-L
. waveshapes ‘in 16 generalization trials, while the right rectangle shows

the incidence of Mode 3-R waveshapes in the same trials, The frials.

were randomly selected from those shown in Fig, 1. and were truncated
so that only the late portion dominated by Mode 3 waveshapes was
-subjected to this further onalysls. These results showed a significant
deviation from randomness in the probability that a particular waveshape
mode would’ occur in a frial with a parhculor behavioral outcome..
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TABLE |, Distribution of CR, ond CRo waveshape modes in sets of trials

resulting in either CRy or CRy behavioral performonce to the same flicker

signal, Number of trials and evoked potentials in each set is indicated for

each animal, as Is the structure from which ¢he data were recorded. The

~ exact probobllufy of obtaining the observed distributions from a randomly
distributed population was calculafed and is shown in the rightmost column,

LG = lateral geniculate body, VIS = visual cortex, MRF - mesencepholic
reticular formation, M = monopolar. derivation, B - blpolor derivation,
+ + = approach~approach discrimination, - - = avoidance=avoidance discrimi=
natlon, + - = approach-avoidance discrimination, 0 + = ho response versus
generallzahon of approach discr!mmuhon. ' :
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DISTRIBUTION OF EVOKED POTENTIAL MODES
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DISTRIBUTION OF EVOKED POTEMNT'IALS INTO DIFFERENT MODES

N trials El's %CR.1 in %CRy in |
Cat Structure Ry LRy &Ry Ry LRy CRy Ry CRy RS
2 LGy + - 7 10 95 159 .48 .16 .22 .54 1078
3 vISp + - 9 10 |us 137 13T o7 27 .45 1074
) LGy, 0 + 5 s |i: a2s .87 .10 .13 .90 10-37
5 Gy + - 9 4 |174 81 58 .2 .03 .41 10714
7 Loy + - 7 8 | 97 120 .55 .30 .45 .69 | 1073
2 VISp + - 3 5 | s6 104 45 a4 | 27 .62 | 2078
9 iy + + 5 s |128 128 .58 .34 27 .50 10-4
10 LGp + - 7 7 |128: 128 .47 .14 .00 .41 10-20
1n VISy + - 4 3 |15 102 737 . 1S 23 .36 1073
12 MRFy + - 9 9 |11 149 1. S0 23 .50 1074
13 16, + - 5 s |104  1s0 .57 .04 20 .30 10716
14 16, + - 3 a |79 177 | .13 .28 27 .96 ] 30™2
16 LGy - - n 1 63 55 N0 13X A3 sy 1973
21 LGy - - 6 6 |128 128 .79 .46 1 .18 .48 1977

Table 1
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. NTIAL MODES
EVOKED POTE CATIG
LGB

V) CORRECT, V, ERROR
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V; CORRECT, V, ERROR, V3GEN-L
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Fig. 2A

CORRELATION BETWEEN
EVOKED RESPONSE MODES
AND BEHAVIOR

CAT |6
LGB
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3L V3 3R
GENERALIZATION
TRIALS TRIALS
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- LEFTBAR ‘
N=39 N=I3
| “RESPONSESON | § 3
- RIGHT BAR
N=14 N=3i
ENDS
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Fig. 2B
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