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" In 1947 Halstead proposed that the frontal
lobes are the portion of the brain most essen-
tial to “biological intelligence.”” This conclu-

~ sion was based on the finding of a g_mdnem,of
impaitment in braindamaged -paticnts su.ch
- that, over a large scries of tests, paticnts with
occipital removals obtained the highest per-
formance scores, those with temporal and
parictal removals made intermediate scores,
while the lowest scores were obtained by
patients with prefrontal removals.
Among the battery of tests which Halstead
used to establish this gradient of impairment
- following brain injury was a test of critical
flicker frequency (CFF), defined as that fre-
quency of flickering light which just gives the
jmpression of steady light. The results on this
test exactly paralleled those for the battery
. as a whole: Occipital removals were associated
with the highest CFF, temporal and parietal
removals with a somewhat lower CFF, while
the lowest critical flicker frequencies were
found in the patients with prefrontal removals.
The results of ablation studies carried out
on monkeys over the past 10 years have not
conformed to this pattern of a single trans-
cortical gradient for “biological intelligence.”

Rather, it has been found that while frontal
cortex is indeed maximally important for
certain types of complex behavior, others are
affected maximally by postetior cortical
lesions (Harlow, Davis, Settlage, & Meyer,
1952). With respect to difficult visual dis-
criminations in particular, lesions in frontal
cortex have been found repeatedly to produce

t This study was supported in part by a research
grant, DA-49-007-MD-401, from the Department of
the Army to Karl H. Pribram, Institute of Living,
Hartford, Conn. The authors wish to express their
appreciation to Robert Cox for designing and construct-
ing the apparatus which provided the stimulus for this
study; and to Seymour Geisser and Allan F. Mirsky
for their assistance with the statistical analyses.
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very little impairment compared with tha::
produced by posterior lesions (Warren &
Harlow, 1952; Pribram, 1954); and withit
posterior cortex, it has been found that ters
poral lesions produce less impairment thaw
occipital lesions on visual differential e
olds (Wilson & Mishkin, 1959). Thus, unles:
CFF is unique among difficult visual dis
criminations, a test of CFF in brain-damaged;
monkeys would be expected to reveal a trans
cortical gradient of impairment which is ju-t,
the reverse of that reported by Halstead fig)
brain-damaged patients. .

METHOD
Subjects

Twelve experimentally naive, immature rhesig
monkeys served as Ss. These were run in three replica,
tions, each consisting of an anterior frontal, an infesil
‘temporal, a lateral occipital, and an unoperated cont
monkey.

Lesions

The Ss were anesthetized with 69, Nembuial ((‘ﬁ
cc/kg body wt, injected intraperitoneally). Ulin‘i
aseptic precautions, anterior or posterior bone flaps weve
turned in those S§s that were to receive frontal o
occipital lesions, while in those that were to receive!
temporal lesions the bone over the area to be exciscd,
was removed completely. One-stage, bilaterally sym-
metrical cortical lesions were made by aspiration with a!
smali-gauge sucker. Wounds were closed in anatomical]
layers with silk sutures, the hrain being protected hy:
the replaced bone flaps, or, in those Ss that had kad:
bone removed, by the thick temporal muscle. N

The area of cortical damage in the anterofrontal Sy
corresponded closely to von Bonin and Bailey's (1947}
areas FD; in the inferotemporal Ss, to their areas TE
and TF; and in the lateral occipital Ss, to the lateral’
portion of their area OC, i.e., that portion of the striate
cortex which is believed to serve macular vision, (The:
occipital operations also indirectly invoived a part of
OB posterior to the lunate sulcus, due to the degenera-
tion of this area following damage to adjacent OC)’
The approximate loci of the three types of ablations.
are shown in Figure 1. Reconstructions have beek
omitted from this report since histological study of the!
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Fic. 1. Approximate loci of frontal (F), temporal ‘
(7), and occipital (0) lesions. ®

lesions in the present: group of animals indicated that
they were similar in all respects to other frontal,
temporal, and occipital lesions for which reconstructions
are already available (Mishkin & Pribram, 1955;
Wilson & Mishkin, 1959).

Apparaius

The testing ‘apparatus, shown schematically in
Figure 2, was placed in a ventilated, soundproofed
room, and automatic programming equipment and
event counters were placed in an adjacent room. The
two rooms were joined by a one-way-vision window.

Stimuli were obtained by projecting the narrowed
beam of one or the other of two 20-c.p., 6-v. d.c. lamps
onto a circular transiucent disc, 1 in. in diameter,
inserted in the side of the testing cage. The stimuli
generated by the two separate sources had matched
brightness valuesof 5.25 ft-c. Eachbeam wasinterrupted
by its own rotating sector disc consisting of two-equally
spaced, 90-degree vanes, resulting in a light-dark ratio
of 1 to 1. It should be noted that while only one lamp
was illuminated at a time, both sector discs revolved
continnonsly.

One sector disc rotated at the fixed speed of 70 rps,
producing a flicker rate of 140 ¢cps when its lamp was
illuminated. This disc was driven and regulated by a
universal motor to which a very light governor was
attached. The resulting flicker rate of 140 cps is far
above the CFF for man and it is hereafter referred to
as the “steady” light.

The rate of the other sector disc could be varied
between 10 and 70 rps, producing flicker rates between
20 and 140 cps when its lamp was illuminated. The main
driving torque for this disc was also supplied by a
universal motor, the speed of which could be roughly
controlled by a Variac. Precise control, however, was
achieved by the use of a high-powered phonic' wheel
mounted on the same shaft as the motor. The phonic
wheel, composed of a field coil and a two-pole rotor,
was connected to the amplified output of an oscillator.
By properly adjusting first the Variac and theq the
oscillator controls the rotating disc could be driven,
and then “locked,” at any desired speed. The.adjust-
ments wete mobitored on an oscilloscope which was
connected to the oscillator (borizontal plates) and to 2

Fio. 2. Schematic drawing of discrimination

photocell pickup of the fickering light (vertical plates),

When the two signals were synchrogized, i.c., when the
flicker rate matched the oscillator setting, a stationary
Lissajous pattern appeared on the oscilloscope screen.
The rate of flicker of the so-called “steady” light was
checked periodically in & similar fashion.

Procedure

The variable flickering light was set initially at &
rate of 30 cps, which appeared to the Es as an obvious
flicker. The Ss were trained to press the panel ocated
above the translucent disc when the disc was illumi-
nated by this flickering light, and to refrain from press-
ing the panel when the disc was illuminated by the
steady light. A panel press switched off the light;
otherwise, the light remained on for § sec., after which
it was switched off automatically. The correct response
of pressing off the flickering light was followed im-
mediately by the delivery of a food pellet, while the
correct response of ol pressing off the steady light was
followed by delivery of a food pellet at the moment
the steady light was switched off auvtomatically. The
pellets were made of lab chow and pulverized peanut
(P. J. Noyes Company, Lancaster, N.H.), and were
delivered by a pellet dispenser into a food dish below
the panel. Food delivery was accompanied by the
illumination of a 7-w. food-dish lamp for 1.5 sec., and
this was followed by a 5-sec. intertrial interval during
which a 40-w. overhead lamp was illuminated. An
incorrect response, consisting either of pressing off the
steady light or of failing to press off the flickering light,
was followed by the 3-sec. interval with the overhead
light and then re-presentation of the stimulus untif the
S responded to it correctly. This rerun correction tech-
nique, wherein each trial ended with a rewarded re-
sponse, was used throughout the course of the experi-
ment.

A daily session consisted of 20 “flicker-go” trials
and 20 “steady-no-go” trials, presented in a balanced
sequence which was varied daily. The Ss were trained
on the preliminary discrimination, i.e., between the
steady light and the light flickering at 30 cps, to 2
criterion of 92.59, correct in one session (37 correct
responses out of 40). When this criterion was met, the
rate of the flickering light was increased beyond 30 cps
in S-cps steps to 35, 40, 45, etc., each of these flicker
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tate-of 100 cps. In these last two preoperative sessions
st Ss obtained subthreshold and near-chance scores,
respectively, indicating that rate of dicker was in fact
the stimulus dimension along which the Ss had been
discriminating.

. When each replication of four Ss completed pre.
aperative training, three Ss were operated, each receiv-
ing a different one of the three types of lesion, and the
fourth was kept as an unoperated control. The Ss in
the first replication were assigned randomly to the four
groups. With each of the next two replications, however,
an attempt was made to so assign the Ss that the
p‘wpsuou\dhc quated for final p P ive thresh-
oids. Beginning twa weeks after operation, all Ss were
setrained to criterion on the discrimination of the 30-
cps light vs. the steady light, tested for eight paired
sscending and descending runs, and then given the two

. control sessions.
Finally, beginning six months aiter operation, the
eight Ss in the first two replications were run through
the entire testing series once again.

RESULTS

Preoperatively, the 12 Ss formed the basic
discrimination between the flickering light and
the steady light in an average of 21 sessions.
Their subsequent performance on the alternat-
ing ascending and descending threshold runs
yielded the critical flicker frequencies shown
on the left in Figure 3. There are two effects
which may be noted in this curve: First, CFF
rises steadily with training; and, secondly, the
CFFs on ascending runs {increasing rates of
flicker) are slightly higher than those on
descending runs (decreasing rates). Every
monkey showed both effects. It should be
noted further that by the end of preoperative
training the four experimental groups-to-be
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were evenly matched, their final CFFs (wef"
aged for the last two pairs of ascending snd
descending runs) falling withisi 1 cps of. u%
other.

Following the operations all Ss M
the basic discrimination befween the 3
light and the steady light in far fewer sessio
than they had required initially. Neverthe
there was a small but eonsmen;’

two pairs of grofps.
Itmaybeseenm F:gure:iﬁmthe
pattern of group. differences, separating
frontal and control groups on the one
from the temporal and occipital groups on the
other, reappeared when their thresholds were
tested. On the first two determinations after
operation, all frontal and control Ss had CF¥
which were equal to or higher than their final
preoperative values, but the CFFs of five out
of the six temporal and occipital Ss felf from
their preoperative values. Using the control
group’s performance as a baseline, the average:
reduction in the CFFs of the temporal and
occipital groups was 9 and 7 ¢ps, respectivel:
The differences were evaluated by Dunnet
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Fi6. 3, Critical flicker frequencies before and after:
operation. The eight successive determinations at each:
stage are grouped into four successive pairs. The
boundary of each shaded curve represents CFFs on
ascending runs; the lower boundary, CFFs on de-
sending runs. 1
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~ With sting, the discrimination per-
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postoperative threshold data. The first part
of the analysis evaluated group differences
averaged for all eight pairs of ascending and
descending-mns. The sum of squares for the
variance among groups (with 3 df) was sub-
divided into three independent sums of squares
(exch with 1 df) according to the method for
orthogonal comparisons described by Cochran
ard Cox (1950). The three independent com-
parisons were {g) frontal and control Ss 1s.
temporal and occipital Ss, (b) frontal Ss vs.
controls, and (¢} temporal vs. occipital Ss.
Each comparison was tested against an ervor
term (with 6 df) from which the¢ variance due
to replication differences had been removed.
The first comparison yielded a significant F
value of 7.75 {p < .03), confirming the predic-
tion that Ss with posterior lesions would have
lower CFFs than would Ss with frontal lesions
and controls. The results of the second com-
parison also conformed to prediction in that
the CFFs of the frontal and control Ss were
not significantly different from each other. The
results of the third comparison, however,
fuiled to confirm the prediction that occipital
§5 would have significantly lower CFFs than
tcmporal Ss, although the difference was 1n
the expected direction. .

The sccond part of the analysis involved
the correlated scores. The only F ratios whtch
attained significance were those for successive
{hreshold determinations (F = 5.69, p < .05
with the minimum of 1 and 8 df) and for CFFs
on ascending #s. descending runs (F = 26.68,

#< 001 with 1 and 8 df). Thus, as in the pre-

. made. Two types of crrom were: possible in
‘this situation:: Pressing the panelin the jires.
Ty af the steudy gt a0 erme - cammis.
g“ guyyl Iniling 100 gorssc i presinee of Hw

“aniflysis of the rrore tixclubin

operative tests, Ss lmproved
and had higher CFFs
Mtheae ing runs. There were na differences on
.M.measums among the groups, however,
as indicated by the fact that none of the inter-
action terms was significant.?
One potential source of group differences
which was not examined in the preceding
analysia relates to the kind of crrors the S

with triinmg‘
on_ ascending than on

SAght an ensir b enibwion, Al

Ty ] 8 St manrde
on re-presentations withing & triad) revenled
that 73% 1o 80% were erfors of commission, -
and this was so for all groups, and whether the
discrimination was relatively easy or difficult
(i.e., above or below threshold). The distribu-
tion of the two types of crrors was thus found
to be related, not to the amount of confusion
between the lights, but, rather, to the Ss’ pre-
ferred mode of response, a preference that was
unaffected by any of the cortical lesions.

One final aspect of performance which was
examined for group differences was the shape
of -the discrimination function as it fell from
nearly 100% correct responses to chance,
Figure 4 presents such discrimination functions
for the four groups postoperatively, as well as
an average curve for all Ss preoperatively. The
shape of the preoperative curve was estimated
from five values selected as follows (refer to
procedure):

1. Final performance on the preliminary
discrimination '

2. 92.5% points on the last two determina-
tions

3. 73% points, or CFF, on the last two
determinations

4. performance on the first of the two con-
trol sessions; and

5. performance on the second control scssion.

The same procedure was followed to obtain
the postoperative curves. No differences are
apparent in the slopes of the discrimination
functions for the various groups. Rather,
difierences in thresholds among groups were
reflected in roughly comparable differences

3 The detailed statistical analyses of the postopera-
tive threshalds are available on request.




N =

i -

MORTIMER MISHKIN AND LAWRENCE WEISKRANTZ

e 4

- - - "' - - -
ATE OF RUCER DR CM)

'F1c. 4 Perceotage of on the
discrimination

correct responses
between fickering light and steady light

3 & fanction of the rate of ficker.

G U NTEY & 8

e

Fi16. §. Critical flicker frequencies of the eight Ss
tested st all three stages of the experiment.

both above and below ‘threshold, resulting in
the horizontal displacement of the entire curve
from one group to the next. Compared with
the final level of preoperative performance,
only the occipital Ss failed to show any post-
operative improvement; and of the others, the
temporal Ss improved the least.

All of the foregoing analyses were based on
the first series of postoperative tests which
were completed within the first three months
after operation. The results of the second series
of tests, covering the period from six to about
nine months after operation, are plotted on the
right in Figure 3, Only the 8 Ss in the first
two replications were run on this second series,
Successive thresholds were averaged for all
8 Ss preoperatively, and for the two pairs of
groups—i.e., the frontal and control Ss vs. the
temporal and occipital Ss—postoperatively. It
can be seen that the impairment found in the
&8s with posterior lesions immediately after
operation persisted through the end of the

second testing period; There was no overlap y
between their thresholds and those of the
frontal and control Ss. .

DISCUSSION

Two characteristics of the CFF, the steady ]
improvement with training and the supériority " 4
of thresholds on ascending runs, were noted
in all groups of animals at ail stages of the
experiment. These would seem to deserve.
further discussion. The first effect, improve-
ment with practice in discriminating along &
single physical dimension, has been described
before in the literature on sensory acuity
animals (Gibson, 1953).” What is, perhap
surprising in the present study, is that
unoperated Ss learned to make finer and fin
discriminations throughout the entire coun
of the experiment. For any given .§ the experi-
ment covered nearly one year, and the steadily
accumulated improvement in CFF amounted”;
to as much as 25 ¢ps, with no indication that
the limits of improvement had yet been
reached. This is a striking demonstration of :
the influence of learning on the measurement
of what is commonly considered to be a stable
sensory function. -

An influence of learning on CFF is also
suggested, though less directly, by the finding
that the CFF on ascending runs was consist-
ently higher than that on descending runs.’
Superficially this phenomenon resembles one
which often appears in human psychophysical.”
experiments when the method of limits, at"
serial exploration, is used. Thus, in man, alsoe,’
a gradually increasing rate of flicker yields & -
higher CFF than does a gradually decreasing’
rate (Knox, 1945). However, the similarity
between the phenomena is probably only co-
incidental, for when man’s CFF is determined
by serial exploration, the rate of flicker is
varied in an orderly sequence from moment to
moment, whereas in the present experiment
the rate of flicker was varied only from day to
day. It thus seems uniikely that the present
results reflect an “inertia” of the flicker experi-
ence on ascending runs, and of the fusion
experience on descending runs, as has been
inferred for man (Knox, 1945). It is more
reasonable to suppose that when the S5 in the
present study could no longer discriminate
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rciiably the flickering Ii
light :t the ende olfnga nhga};::ef::il: the steady

) ; g run, their
learned observing or diffcrential panel-press-
N5 responses underwent partial extinction .
f!'nm which they did not recover until some
time after the start of the descending run.
According to this analysis, the CFFs even of
highly overtrained normal s were periodically
lowered due to the periodic disruption of their
learnad responses,

The: evidence that various learning factors
were impartant determinants of the CFF in
normal Ss helps to explain the unexpected
finding that a Jesion outside the primary visual
systemn was nearly as effective as a lesion with-
m.il, in reducing the CFF. Previous work
peints to an impairment in learning as the
principal source of the visual disturbance
ascociated with inferotemporal lesions (Wilson
& Mishkin, 1959). This, together with the
recognition that CFF is jointly determined by
sersory and learning processes, suggests that
occipital and temporal damage may have
produced similar effects on CFF by interfering
with quite different mechanisms. Thus, infero-
temporal lesions may have interfered with
retention of the level of discrimination learning
that the Ss had attained preoperatively; also,
their learned observing and instrumental
responses may have been more easily disrupted
by the propesed extinction process, particu-
lafly just after operation. The impairment
following occipital lesions, on the other hand,
was presumably the result of direct inter-
ference with sensory processes, though the
precise nature of the sensory impairment—
macular field defect, amblyopia, or some quite
different abnormality—remains to be deter-
mined. . .

In contrast with the lasting dcﬁcxts.dls-
played by the animals with posterior k:swnﬁ,
there was no evidence of impairment in the
animals with frontal lesions at any stage of
the experiment. In this respect, th(? results on
critical flicker frequency are consistent ymh
those ordinarily obtained on difficult visual
discriminations in brain-damaged monkff)'s-
While these results reverse the transcortical

gradient of impairment in CFF ?ngma.llg
}e‘,»orlcd for man (Halstead, 1947), ‘f‘ shou}
be noted that they are in agreement with more
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;ecc:;t investigations
ender, & Teuber, 1951; Buttersh 1951;
M?'dma, 1957) which have :'a.lso_failcd l);),obt.::r;
evidence of a reduction in CFF following
fiamage to t!)e frontal lobes, but have found
instead, a significant and lasting depressiol;

in this functi i ipi
o2 this fu ction following damage 1o the occipi-

in man ( Battershy,

SUMMARY

The critical flicker frequencies of 12 monkcys
were determined by a modified “method u'(
h‘mns" before und after various corticad ablae
tions, The results confirmed ihe prediction
based on studics of other visund funetions iv; :
monkeys, that CFF in this species waubd not
be impaired by anterior frontal fesions, but

. would be impaired by beth inferotémporal

and lateral occipital lesions. These findings

are compared with the results of investigations

of CFF in brain-injurcd men.

Certain characteristics of the animals’ per-
formance provided evidence of the important
influence of learning on the CFF. It is sug-
gested that occipital and  temporad fesions -
may have had deceptively similar effecis on
this function by interfering with sensory und
Jearning mechanisms, respectively.
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. EFFECTS OF smcx&é
EF OF
. REMOVAL ON CONDITIO

viously learned tesponse gor did it preclude
learning of the response (Yerkes, 1912; Heck,
19201, However, st the present time, no in-
formation  is dvailable about the effects of
removing these'ganglia on a classically condi-
tioned response.

Those variables which have been found/Ao
affect lcarning with vertebrates have in geyleral
not heca investigated with invertebratey
the provious Ratner and Miller study (1959}
had found only 42% CRs at the end/of condi-
tioning . using earthworms with jhoderately
mas-ed training, the massing ybriable was
selected for co-investigation with the extirpa-
tion variable in this study. Specifically, the
present study was designed todnvestigate with
earthw srms in a factorial degign the effects of
removing the pharyngeal fganglia and the
spacing of trials on the /conditioning of a
the reconditioning
est period.

Subects

Sisty earthworms, Luq;bricw lesrestris, varying in
size from 121 to 240 segments were obtained from a
plot of ground on the Michigan State University cam-
pus. The Ss were kept in sphagnum moss during the
short trip from their natural habitat to the lahoratory.
On arrival at the laboratory, the worms were

"Trin cxperiment reported here was submiitted _by
the second suthor in partial fulfillment of the require-
ments for the MA in psychology at Michigan State

University. .
1 Now with Armor Human Rescarch Unit, Fort

Knox, Kentucky.

TRAINING AND GANG
LIA
NING IN EARTHWORMS

STANLEY ¢, RA'I‘NER‘ AND KLIEM R. MiLLERs

| | Mickiges Siate Usiversity
A recent 1 by Ratnér and M ‘ ; ‘
t , itler (1959)  randomly 0 one of % : '
ey ed conditioning of & with. under their sssigned et The ofrmer e,
wa ﬁmmm as an cuslier  Comiveted during June, July, sod A, o
Ttudy had g6 with flatworms, members of & g 4 sarius’ - T
1?)‘;5; ph sonpron - & McConnell, Fovewiial
o .'Jh‘asw md} carthworms had ully the same enstive ’udy by Rt :
3 hp ¥ . S e b R k !
in Such e onienling movements  Mite : _!M,.W'iw'o:ﬂ'{'m:‘mx Y
§ sitistions. g4 TM‘M m Roruseat “fube whicly was 62,5 o,
of these s!nam ted that removing the de dismeder of QN cm, The |
cerchral” ganglis _not ‘impair the pre- oo
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fied. A 6-v. d.c. bell husser'wiih Wmdm
attiched on the plywood hase at the center of the
formed by the Koroseal tube. One No. 2 G.E,
; flood bulb in a spun-siuminum reflector was
mounterd 46 cm. above the tube and constituted the
source of the US. A ruby-red darkroom bulh provided
general illumination. o ’

All parts of the apparatus, for example, stop-watch
holder and clock, which could have produced vibestion,
were padded with foam rubber. Two identical pleces of
spparatus were constructed so that two Ss could be run,
one during the intertrial interval of the other. The CS
and US were timed and automatically presented by
Time-O-Lite end Hunter Decade Interval timers.
Latency of the CR was timed by an electric stop clock
which was activated by the CS times and stopped by
» microswitch operated by E. '

S

Procedure

The six groups of Ss, each of which contsined 10
worms, were: normal, spaced-trial group (NS}; normal,
massed-trial group (NM); operated, spaced-trial group
(OS); operated, massed-trial group {OM); operated,
spaced control group {OSC); and operated,
control group (OMC). Each § in the normal groups,
that is nonoperated groups, was removed from the
sphagnum moss and allowed to crawl, anterior end
first, into one end of the Koraseal tube which had heen
maistened with 0.6 cc. of water, The ends of the tube
were then fastened togetber with thin wire so that §
had a tubular circle to traverse. A 20-min. adaptation
period followed during which time the 8-c.p. ruby-red
bulb was illuminated.

Following this adaptation period, S8 in Group NM
were given a total of 90 conditioning trials with a 10-sec.
intertal interval except for a 20-min. rest in the
apparatus between Trials 80 and 81. A conditioning A

of a G-sec. presentation of the vibratory

trial consisted 1 t
stimulus (CS), after the first 4 sec. of which the light

(US) was presented for 2 sec. Thus, the CS and US




