INFORMATION TO USERg

mum“wmm.mmwﬂmwuuu.mmmm
G-MMWMMMMWQ&W
have been wed, the quality is hesvily dependent Unon the quality of the original

submiteed.

The ldlowin'umﬂmofmmml.f"'mmhlpvwmand
makinpwmmhhmvwwmm.

1. The sign or “target” fapﬂ'?’“""vlnkmmwm
photographed is “Missing Page(s)”. 1f 1t Was posyible 10 obtain the missing
p-p(s)orm,ﬁwmlﬂw'“”“ﬂmdmﬁmdhmtm.
Thhmmmwfﬁlm‘“imﬁduﬂim.dm
pmtoimunvoucmmﬁ"“""

2. When an Impwﬁoﬁ!misoﬂi.nﬁdwithawmndmmm,n
is an indication that the photo@rsphe Spctay that the copy may have
moved during exposure snd thus CRR8 8 blyurred imege. You will find a
wodimofﬂuppinﬂnMM.

3. When a map, drawing or ohart, ®%-. % oyt of the materisl being
mwumowfﬂm-aﬁmamwm
“sectioning” the material. It is CUSTOMENY 15 hegin photoing st the upper
mhﬂmdtwmﬁbmﬁmmmmmn
right in equel sections with 8 smell OV ¢ necemary, sectioning is
continued sgein — beginning below e Tl vay and continuing on until
complete.

4.mmhﬂwdminduuﬂtﬂmmuanmﬁm'
however, 8 somawhat higher queiity hroducon oould be mede from
wphotographs” if sssential to the UndSrStuncing of the dissertation. Silver
prints of “photographs’” mey be ordersd xt gqditionsl charge by writing
the Order Depertment, giving the 08talog number, title, suthor and

specific peges you wish
5.PLEASE NOTE: Some peges MY haw indistint print. Filmed =
veosived.
Xerox University Microflims
00 porsh 2eeb Road

Any Arpor, Michigen 40108



73-32,491
INFLUENCE OF SUPERIOR COLLICULUS ON THE SPATIAL
GRADIENT OF RESPONSES IN CAT VISUAL CORTEX.

The City University of New York, Ph.D., 1973
Psychology, experimental

University Microfilms, A XEROX Company , Ann Arbor, Michigan



INFLUENCE OF SUPERIOR COLLICULUS ON THE SPATIAL GRADIENT

OF RESPONSES IN CAT VISUAL CORTEX

oy

Marian D. Sekuler

A dissertation submitted to the Graduate Faculty 1in
Psychology in partial fulfillment of the requirements
for the degree of Doctor of Phllosophy, The City
University of New York.

1973



This manuscript has been read and accepted for the
Graduate Faculty in Psychology 1n satisfaction of
the dissertation requirement for the degree of
Doctor of Philosophy.

75

ate

Qunty 7,973 Hlrvies | Devecarhs

tlornae & Porandioae
/&aﬁv‘-v /a'/&d-w At D

Supervisory Commlttee

The City University of New York



Abstract

The effects of activating the superior colliculus
(SC) on the spatial distribution of responses elicited in
visual cortex (V1) by single and double '"test" shocks to
the lateral geniculate body (LGB) were examined in 38 adult
cats locally anesthetlzed and maintained on NoO and Op.
Results show: (1) Tetanizing the ventral portlions of SC
increased the amplitude of the single test response, at
both the topologlcally related (maximally responsive) locus,
and at surrounding submaximal loei in V1, with the latter
effect being proportionally the larger. (2) Prior SC tet-
anization altered the spatlal interactlion of responses to
dual shocks by reducing the temporal period of interactilon
between them; in some cases 1t exerted a "sharpening' effect
on the distributicn of cortical responses to the second ("test")
shock. (3) Similar enhancement effects were obtained by tet-
anizing SC on the slde contralateral to the V1 cortex being
mapped, and such effects survived large lesions of the ipsi-
lateral SC alone, or in combination with topical KCl on the
contralateral V1 and V2 cortex. (4) SC enhancement survived
ipsilateral Pulvinar (Pul) lesion, was slightly reduced follow-
ing lpsilateral MRF leslon, and was completely abollished by
blilateral MRF leslons, or by ipsilateral Pul and MRF lesion,.
These findings demonstrate the influence of SC on spatlal
processes In V1 cortex, presumably by way of known tecto-
reticular pathways, and are discussed in terms of current

concepts of SC function.
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INTRODUCTION

The function of the superlior colliculus has classl-
cally been consldered twofold: 1) as a sensorimotor integra-
tion center for oculomotor function (Schifer, 1888), and,

2) as the mediator of residual visual functions following
cerebral lesions, i.e., "collicular vision" (see Marquis,
1935). Unfortunately, neither of these concepts has direct
anatomical support. Fibera from the superior colliculus to
the third, fourth, and slixth c¢ranlal nerve nuclei have yet
to be reliably described (Altman and Carpenter, 1961), and
in any event, ablation of the superior colliculus ylelds
only a transient oculomotor paresis (Pasik and Pasik, 1964).
With respect to residual visual functlion, visual intensity
or pattern discriminations in the cat are still present after
leslon of the visual cortex plus serial or simultaneous re-
moval of the superior colliculus (Sperry et al, 1955; Norton
and Clark, 1963; Fishman and Meikle, 1965; Urbaitis and
Meikle, 1968). 1In the primate, some residusl vision persists
following complete atriatectomy, plus collicular lesion, and
1t 1s only abolished followilng bllateral lesions of the
accessory optic tract (Pasik and Pasik, 1971). Furthermore,
current theories have stressed two other aspects of collicu-
lar function: first, an anclillary visual projection system
in parallel with the genlculo-striate proJjection and second,
a spatial integration center mediating visual orienting

behavior (see Schneider, 1969).



While recent studies have supported nelther of the
two classical concepts of collicular function, much has been
revealed about 1ts connections with other central nervous
system structures. For example, the superior colliculus in
the cat receives one topological projection from the retina,
and another from the visual cortex, the two inputs arriving
at the same discrete region within the dorsal layers of the
superior colliculus (Garey, 1965; Garey et al, 1968). The
ventral layers of the superlor colliculus receive somesthetic
inputs from the spinal cord via the medlial spinothalamic
tract (Anderson and Berry, 1959), plus an auditory input
from the inferior colliculus (Moore and Goldberg, 1963).
From the functional polint of view, Altman and Malis (1962)
have shown that evoked responses and unit discharges to
photic or optlc nerve stimulation were maximal at the dorsal
levels of the superior colliculus. Visual, auditory and
somesthetic stimulation can all elicit gross evoked responses
in the superior colliculus which can also be modified by
cortical influences (Jassik-Gerschenfeld and Ascher, 1963;
Marchiafava et al, 1968). More recent studies have demon-
strated both modality speclific and multimodal responses in
individual collicular cells (Jassik~-Gerschenfeld, 1965;
Wickelgren, 1971; Steiln and Arigbede, 1972b; Gordon, 1973)
with visually speclfic cells dominating the dorsal layers,
multimodal responsive cells the ventral layers (Stein and
Arigbede, 1972b). Some of these properties are subject to

change, however, slince the response properties of visually
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speclfic cells are . alterable by cortical influences
(Wickelgren and Sterling, 196G; Rizzolattli et al, 1970;
McIiwain and Fields, 1970; Hoffman and Straschill, 1971;
Palmer et al, 1972; Stein and Arigbede, 1972b).

The superlor colliculus {(SC) also recelves afferent
fibers origlnating 1in the Pulvinar (Altman, 1962), the mes-
encephalic reticular formation (MRF) (Anderson and Berry,
1959) and from numerous cortical locations including the
marginal, posterclateral, suprasylvian and sigmeid gyri
(Sprague, 1963) and the ectoasylvian gyrus as well (Sprague,
1963; Paula-Barbosa and Sousa-Pinto, 1973). A number of
efferent pathways originate from the superlor colliculus,
For example, the SC glves rise to fibers projecting to the
opposite colliculus, to the MRF, to the interstitial nuclel
of Cajal and N. of Darkschewlitsch, the pons, spinal cord,
pars ventralls of the lateral genlculate body, medial gen-
iculate body, pulvinar-lateralils posterior complex (Pul-LP),
suprageniculate n,, pretectum, Forel's field Hl and the
reticular nucleus of the thalamus (Altman and Carpenter,
1961). Unfortunately, some of these efferent pathways have
yet to be well delineated wlth the more sophlisticated histo-
logical techniques now avallable, In any case, some of
these structures (in particular Pul-LP and MRF) are known
to respond to photic stimull (French et al, 1952; Chalupa
et al, 1972) and these same structuresa are also known, from
other stimulation studles, to be part of a diffuse system

which can influence the visual cortex elther directly
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(Chalupa et al, 1973) or through projection to LGB (Okuda,
1962; Bremer, 1959). While the SC obviously has numerous
efferents, their functional significance has not been
assessed in any detall. Prior studlies have shown that stimu-
lation of the SC diminishes the cortical evoked response to
a photic stimulus and enhances the evoked response to a
geniculate shock (Bremer, 1961, 1966a, 1966b; Brown and
Marco, 1966; Chalupa et al, 1973); in the latter case the
enhancement is billateral in cortex (Bremer, 1966a, 1966b).
Some of these effects could be medlated through the MRF, Pul,
and/or intralamlnar nuclei, structures functionally and
anatomlically related to the SC, or alternately through the
opposite colliculus. This latter possibllity of an inter-
collicular effect has been stressed by Sprague (1966), but
exclusively on the basis of ablation evidence.

The behavioral signlficance recently ascribed to
the superior colliculus, 18 that of a mediating center for
visually guided behavior (Sprague and Melkle, 1965; Sprague,
1972). This concept is based on recent findings 1in the cat
(Sprague and Melkle, 1965; Norton and Lindsley, 1971), ham-
ster (Schnelder, 1969), tree shrew (Casagrande et al, 1972)
and monkey (Denny-Brown, 1962) indicating that orienting and
following responses are severely altered by SC lesion while
stimulation of SC (in cats) produces eye and head movement
responses toward the contralateral side (Hess et al, 1946;
Hyde and Eliasson, 1957; Syka and Radil-Welss, 1971). On
the other hand, it should be pointed out that detalled

studles on the behavioral effects of SC leslion have not yet
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been carried out within higher species and, in fact, there

is some negative evidence for the monkey (Pasik et al, 1966).
The concept of a visual orienting function of the SC has
heuristic value, however, and has gulded more recent electro-
physiological work. For example, 1t appears significant that
collicular unlits are most responsive to moving stimuli, and
that they possess directional sensitivity (Straschill and
Taghavy, 1967; McIlwaln and Buser, 1368; Sterling and
Wickelgren, 1969; Stein and Arigbede, 1972a), topological
specificity (Straschill and Hoffman, 1968, 1969), and that
their discharge can be correlated with the onset of spontan-
eous eye movements (Straschill and Hoffman, 1970). 1In
addition, cclllicular unit discharges attenuate markedly to
repeated stimulation (Sprague et al, 1968; Straschill, 1971;
Stein and Arigbede, 1972a), this unit habituation being the
neuronal correlate of the behavioral habituation of the orient-
ing response (Straschill, 1971). Since orienting involves
head and neck movement, it 1a significant to note that
Anderson et al, (1971) demonstrated EPSP's from contralateral
neck motoneurons in the cat following stimulation of the deep
layers of SC and found them to be reduced following interrup-
tion of the tectoreticulosplnal pathways. Finally, recent
observations on the tree shrew {(Casagrande et al, 1972)
suggest that a functional distinction can be made between the
dorsal layers of SC which may mediate form discrimination,
and the ventral layers which may subserve spatlal orientation.

Collectively, the ahove anatomical, electrophysioclog-
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ical and behavioral data indicate that the spatlial aspects
of visual Btimu;ation may be in part dependent upon collicu-
lar functioning, either via 1its efferents, or possibly by
processes intrinsic to SC 1tself. It would follow from this
consideratlion that one way of assessing the influence of SC
activation would be In terms of its influence on spatial
projection 1n the geniculqg-striate system. Recent studles
from this laboratory in the unanesthetlzed cat have shown
that a single IGB shock stimulus elicits a maximal cortlcal
response falrly localized in visual cortex, if shortest
latency and maximum amplitude are used as criteria. This
maximal locus 1s always surrounded, however, by a more
wlidespread distributlion of smaller amplitude, longer latency
responses which while submaximal are still functionally
slznificant since temporal interaction between responses to
paired LGB shocks can be dewonsircted (Storcic et al, 1972).
Another study (Chalupa et al, 1973) has shown that activation
of 8C, MRF, or Pul can alter the response amplitude of the
cortical potential evoked by a LGB test shock(s). In the
present study, the influence of activating the SC on the
amplitude distributlion of responses across cortex {the corti-
cal gradient), as elicited by single or double shocks to LGB
was examined 1n the locally anesthetlized, immobilized cat.
In an effort to determline the pathways medlating collicular
influences on cortlical responsiveness, SC effects were
compared with those produced by activation of Pul and MRF,
as well as by the opposite colllculus., In addition, the
effects on cortlcal responsiveness of lesions in these

various structures was also assessed.
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METHODS AND MATERIALS

Surgery. Quantifiable data were obtained from 38 adult male
cats, each welghing 2 to 3 kilograms. Ether anesthesla was
Induced in an alirtight box, the trachea cannulated, and the
animal thereafter maintained on Halothane anesthesia (1 to

2 per cent depending on physlological signs) and N20 anal -
gesia (1 liter per minute), supplemented with Op (0.6 liters
per minute). After mounting in a stereotaxic instrument
(Kopf), the saphenous vein was cannulated for later infusion
of gallamine triethiodide (Flaxedil), the temporal muscles
reflected bilaterally to expose the dorsal and lateral parts
of the cranium (particularly on the left side), and two trephine
holes were made on the left slde, one 2 to 3 millimeters from
the midline at about stereotaxic A-P plane 0O and another one
just rostral and dorsal to the earbar (for LGB stimulation),
i.e., the region Jjust overlying the anterior sylvian gyrus.

A large left cranlectomy or in some cases a blilateral one was
made exposing the marglnal and posteroclateral gyrl and most
of the suprasylvian gyrus extending laterally approximately
20 millimeters from the midline (see Fig. 1).

General Procedure., Using a calibrated electrode carrier, the

cranlum bordering the cortical exposure on elther side was
marked in 5 millimeter intervals from A+20 to P-10, to
facilitate accurate subsequent placement of cortical record-
ing electrodes. After the dura was reflected, the cortex

was kept moist with saline at about 37° centigrade, and



Fig. 1 Illustration of preparation in stereotaxic instrument.
Dorsal exposure of left marginal and suprasylvian gyri: three stim-
ulating electrodes, held together on the same carrier, penetrated
the dorsal surface to impale SC, MRF, and Pul and eight recording
electrodes rested on the plal surface 2 to 3 millimeters from the

midline. Near the left earbar, four horlizontally-oriented electrodes
impaled LGB through the trephine opening,
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partially covered with Saran Wrap to form a moist chamber.

A comb of four, horizontally oriented, stimulating
electrodes was directed medially towards the left LGB
through the trephine hole just anterior to the left ear (see
Pig. 1). Each of these concentric electrodes was formed of
a central 5 mil tungsten wire, insulated with Pormvar except
for the flush-cut and polished tip, which was inserted into
a 24 guage hypodermic tubing, similarly insulated except for
the concentric tip. The wire tips extended 0.5 millimeter
from the edge of their tubes and were spaced 1 miilimeter
apart. Electrode 1mpedances were frequently monitored in
normal saline and were of the order of 20 to 50 kohms, A
double~pole selector switch permitted selection of any one
of the four electrodes for bipolar stimulation, Additlional
electrodes fashioned from two 5 mil tungsten wlres separated
by 0.5 millimeter were diyected via a common carrier towards
the SC, either on one side or both, and also towards the MRF,
agaln either unilaterally or bllaterally, and in some cases
at the Pul as well., All coordinate values used are expressed
according to the atlas of Jasper and Ajmone-Marsan (1954).
Before each experiment the impedance of the blpolar depth
electrodes was measured in normal saline, and found to be
approximately 50 to 100 kohms. Oc¢casslionally the stimulating
current passing through the LGB or SC-MRF-Pul electrodes was
monltored in vivo with an inductively-coupled current probe,
and found to be in the range of 100 to 200 microamperes.

Eight silver monopolar recording electrodes, with C.5 milli-
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meter balled tips, were mounted on ball Jjoints in a (rass
electrode holder and then disposed along the marginal and
posterolateral gyri, about 2 to 3 mlillimeters from the
midline, 1.e., the 17-18 border or the presumed vertical
meridian according to the published results of Otsuka and
Hassler (1962) and Woolsey (1971). All recordings were
monopolar, the temporal muscle or bone at the occipltal
ridze servinz as a reference (see Flg, 1).

Followling electrode placement, all wound edges
and pressure polnts were infiltrated with propitocaine
(Citanest), Flaxedll was infused, and the animal placed on
artificial respiration at about 35 cc per stroke, 26 strokes
per minute, Halothane was then completely withdrawn or, on
occaslon, reduced to .25 per cent. A DC powered heating
blanket wrapped around the animal's abdomen helped maintain
body temperature at about 37°centigrade as described in
prior reports from this laboratory (Battersby and Oesterreich,
1963). Filnally, the animal's hindquarters were elevated to
prevent stasls, and periodically the trachea was aspirated
to prevent f{luid accumulation,

At the end of each experliment, the animal was sacri-
ficed with an overdose of Nembutal (I.V.), subcortical loci
were anodally fulgurated with 0.1 to G.4 millliamperes for
15 to 2C seconds, and the braln removed and placed in a 10
per cent buffered, formalin solutlion. Frozen, coronal
sectlons were subsequently cut at 50 micra thickness and

every fifth or tenth sectlon stalined with the Klulver-Barrera



(1953) stain,

Apparatus. The timing control for all stimulation and
recording was accomplished using Tektronlx Waveform (162)

and Pulse (161) Generators and Grass Stimulators, as out-

lined in Fig. 2. A waveform generator, acting as & recycling
timer, triggered another waveform generator every 6.3 seconds
whose sawtooth output provided the time base for two subsequent
pulse generators, The first pulse generator gated on two Grass
S-4 stimulators each of which could be switch-selected to stim-~
ulate any one of four loci in LGB. The onset of this gate was
also used to provide a delayed trigger to the CRO. The second
pulse generator gated a Grass S-4 stimulator to produce stim-
ulation of elther SC, MRF, or Pul dependlng upon switch selec-
tion., The LGB stimulus was a 0.1 mlllisecond duration square
pulse of 1.0 to 6.0 volts delivered to either one or two
spatially discrete LGB locl. Activation of SC, MRF, or Pul
consisted of a brief, 20 pulse train (200 hertz) of 0,1 milli-
second dursatlon square pulses and an intensity of 1.0 to 6.0
volts for MRF, 2.0 to 6.0 volts for 3C, and 3.0 to 6.0 volts
for Pul, each being independently varied for maximum effect

as described below.

The cortical activity at any two of the eilght record-
ing sites was switch selected and fed through two differential
Grass AC preamplifiers (-3 dB at 7 cps and 10 ke¢) and displayed
on a split-beam oscllloscope (Tektronix 561) and a slave stor-
age scope (Tektronix 564), Five superimposed traces were re-

corded and photographed with a Kymograph camera.

1



Fig. 2 Flow diagram of stimulating and recording equipment.
LGB, lateral genliculate body; SC, superior colliculus; MRF, mes-
encephallic reticular formation; Pul, pulvinar; SIU, stimulus iso-
lation unit; I Mon,, current monitor; Stim., stimulator; F, fre-
quency; D, duration; P.W,, pulse width; V. volts; V Mon., voltage
monitor; ms, mllliseconds.
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Experimental Procedure. Experiments were conducted at least

30 minutes after the withdrawal of Halothane, The LGB stimu-
lating comb was advanced medially in 0.5 millimeter steps un-
til stimulation at each of two or more stimulating sites pro-
duced cortical evoked potentials. The SC-MRF-Pul electrodes
(all1 on the same carrier) were then lowered in 1.0 millimeter
steps untll activation of each of the three subcortical loeci
with the brief 20 pulse train produced the maximal enhance-
ment of the LGB shock-evoked cortical potentlal with minimal
stimulating voltage. Two physlological criteria were utililzed
in positioning the depth electrodes: (a) pupillary dilatation
was found to be most marked (of large amplitude and short
latency) when the area ventral to the superior colliculus
and extending caudally into the MRF was stimulated. Stimu-
lation of SC, 1n contrast, was found to produce little (of
8light magnitude and longer latency), 1f any, pupillary
dllatatlion, while activation of the pulvinar produced none;
{p) the Pul placement in most animals could be verified by
the elicitation of large augmentling responses in the posterd-
lateral or suprasylvian gyrli upon low frequency stimulation,
The delay between the end of the activating traln to
SC, or MRF and onset of the LGB test shock (St) was constant
for any experiment and varlied for different preparations from
25 to 50 milililiseconds dependin; upon the interval producing
maximal enhancement of the shock evoked potential. In experi-
ments where the effects of Pul activatlon were compared wlth

those of SC or MRF an lnterval of 15 milliseconds wasa used

2c
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for all conditlons,

In 11 cats where spatial interaction in cortex was
examined, two LGB shocks, the first a conditioning (Sc) and
the second a test (St) shock, were always dellvered to two
different locl in LGB, separated by at least 2 millimeters.
The delay between S, and St ranged from 5 to 200 milliseconds.
The effect of activating elther SC, MRF, or Pul on the re-
sponse to S, alone or when preceded by S, was examined for
each St delay.

In 15 cats the effects of subcortical lesions of
SC, MRF, or Pul were examined, These lesions were made,
usually 1n successlive stages, by anodally fulgurating for
30 seconds the SC with 2 to 4 milliamperes and the MRF or
Pul with 4 to 5 milliamperes, Halothane anesthesia was
always increased to 1 to 2 per cent prior to such fulgura-
tions, then terminated, and the effects of stimulating the
remalining structures retested 10 to 20 minutes later. In
some experiments, in addition to subcortical lesions, 5
per cent KCl-soaked fllter paper was toplcally applled to
the marginal and posterolateral gyri contralateral to the
cortical recording region. Surrounding strips of 5 per cent
MgCls~soaked filter paper were used to restrict the spread of
KC1,

Analysis of the data. 1In each cat, the peak to peak amplitude
of the response eliclted by LGB shock alone (St) was read from
the filmed data of 5 superimposed tracings before and after
subcortical activation. This corresponds with the amplltude

of the peak positive to peak negative deflection (components



4 to 5 of Malls and Kruger (1956)), and usually fell in the
range of 50 microvolts to 5 millivolts. In most cases, the
amplitude of this test response when preceded by subcortical
activation (SC, MRF, or Pul) was then expressed as a per
cent of control, i1.e., the test response amplitude wlthout

prior subcortical activation was consldered 100 per cent.
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RESULTS

Influence of superior collicular activation on the

cortical gradient of responses elicited by LGB shock. In 34

animals the influence of activating the ipsilateral (N=26)
or contralateral (N=24) superior colliculus on the spatial
distribution of LGB shock-evoked responses across cortex

was examined. The results for Cat 285 (Figs. 3 and 4) are
representative of the findings for all animals. Figure 3
1llustrates with oscilloscope traclings the spatlal distribu-
tion of evoked responses to LGB stimulation alone at Fr. 5.5
(left column) or when preceded by activation of the ipsi-
lateral (middle column) or contralateral (right column)
superior c¢olliculus. In general, activating the colliculus
on either side produced a marked enhancement in the peak to
peak amplithde of the test response at all cortical locatlons,
with the largest percentage lncrease, however, occurring at
submaximal locations., Figure 4 presents the complete data
for Cat 285 in graphical form. Four familles of curves are
given, each of them representing a different stimulating
locus in LGB (Pr. 8.5, 7.5, 6.5, 5.5). As indicated, the
maximal response in cortex (indicated by the arrow on the
abscissa) shifts posteriorly as the stimulating locus in

LOB shifts posteriorly from Fr. 8.5 to Fr. 5.5, an observa-
tion consistent with the topological organization of the gen-
iculo-cortical system as recently described by Storck et al
(1972). Pigure 4 also illustrates the variety of spatial

gradients observed after stimulating different LGB loci.



Pig. 3 The responses across cortex to a single shock at
Fr. 5.5 in LGB (left column of tracings) and enhancement of
responses produced by ipsilateral {(middle column) or contra-
lateral (right column) SC activation. The arrow at the left
indicates the location of the maximal cortical pesponse,
Note change in gain callbrations at right. Surface negativity
indicated by upward deflection in this and all subsequent
tracings.
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Fig. 4 1Ipsilateral and contralateral SC enhancement of
responses across cortex for four different cortical gradlents
obtained by stimulating four different LGB loci (PFr. 8.5, 7.5,
6.5, 5.5). In each graph the arrow on the abscissa indicates
the location of the maximal cortical response.
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One LGB site elicited a relatively peaked distribution on
cortex (Fr., 8.5) while all others produced broader cortical
gradients (Fr. 7.5, 6.9, 5.5)., In all cases, however, acti-
vation of either colliculus lncreased test response amplitude
at all cortical locations, both at maximal and submaximal
loecli,

The varliety of cortical gradients elicited with 1GB
stimulation is further 1lllustrated in Filg. 5. In the case
of both Cats 311 (top left) and 306 (bottom left) 1t was
found that one of two stimulating locli in LGB produced a
peaked spatlial gradient while the other stimulating locus
produced a broader spatlal gradlient. Once again, however,
activation of the superior colliculus on either slde enhanced
the test response at all cortical locations, the greatest
relative enhancement occurring at submaximal locations.
With Cat 303 (right side of Fig. 5) stimulating at Fr. 7.0
in LGB produced a flat distribution of low amplitude, longer
latency responses across all cortex, In thlis case 1lpslilater~
al or contralateral collicular activation increased 3, re-

sponse amplitude at all cortical locations, but in 80 doing

produced a spatial gradlent with a well deflined maximal corti-

cal locus at A+7.0, This is 1llustrated in the oscilloscope
tracings below, Simllar results were obtained in all eight
animals in which the effects of SC activation on intrinsi-
cally flat types of spatial distributions were examined.

The relative enhancement of LGB cliclted cortical

responses for both peak and flat distributions can be best

30



Fig. 5 The effects of ipsilateral and contralateral SC
activation on peak and broad distributions of LGB elicited re-
sponses $Cats 311 and 306) and for a flat distribution of re-

sponses (Cat 303). Sample tracings for Cat 303 are shown at
right.
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analyzed 1f the data are normalized by plotting response
amplitude after SC activation as a percentage of the con-
trol {test response to S, alone) amplitude. The above

data in Fig. 5 are represented in this manner in Fig, 6

for Cats 311 and 303. These data show that 1In the peak
distributions for Cat 311 (top), the greatest proportion

of enhancement after elther lpsilateral or contralateral

SC actlivation occurred at the submaximal cortlical locatlons,
For each stimulating site in LGB, Fr. 8.5 and Fr, 5.5, the
proporcion of enhancement tended to 1ncrease with increas-
in; distance from the maximal locus (indicated by the arrow
orr the avscissa), reached a maximum valuc (at P-4 for LGB
iocus Fr., 3.5 and at A+8 for LGB locus Fr, 5,5) and then
decreased slizhtly. In the {lat cortlcal distributlion cof
LGB elicited cortical responses for Cat 303 (bottom), the
sreatest proportion of enhancement produced by lpsilateral
or contralateral 3SC activation occurred at the maximal
cortical location (A+7), and then declined with increasing
distance [rom the maximal cortical location.

Table 1 presents the iIndidence of histologlcally
identified locations in LGB in terms ol A-P plane (Fr, 4,0
to 9.0) and lamina (A or A', B) for two classes of distri-
butions, those Judzed to be relatively peaked (at the top)
and those Judzed to be flat (at the bottom). 1In general,
LGB locl producingg peak gradlients were located throughout
the A-F extent of LGB but tended to be somewhat anterlor

(around Fr, 7.C), Of the 43 tabulated, 35 were clearly

33



Fig., 6 Data taken from Fig, 5 for Cats 311 and 303 are
normalized so that response to test shock (S,) following SC acti-
vation 1s expressed as a percentage of contr31 {response to S
alone). Arrow on abscissa 1n each graph indicates location o}
maximal cortical response. Proportlionate enhancement across
cortex depends upon type of distribution: peak (Cat 311) or flat
{Cat 303) as originally illustrated in Fig. 5.
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TABLE ONE

Incidence of LGB Electrode Sites Yielding Peak or Flat
Distributions by A-F Plane and Lamlna

Distribution L=FP Plane Lamlina

+4,05,06,0 7.0 8,0 9,0 A/h' B Unclassified
Peak (N=43) 1 6 8 12 11 5 35 2 6

Flat (N=18) 1 7T 7 3 0 © 1 11 7



ldentified as being in lamina A or A', only 2 in lamina B,

6 unclassifiable because electrolytic markings were too
large, invading more than one lamina. LGB locl producling
flat distributions, on the other hand, tended to be posterl-
orly (and ventrally) located in LGB, and of the 18 tabulated,
11 were clearly 1ldentified as being Iin lamina B, 1 in lamina
A, and 7 others belng unclassified because of reason noted
above, In general, 1t would appear that the proJjections
from A or A' are more topologically specific than those

from lamina B (see Discussion below).

In summary, 1t was observed that the spatial distrib-
utlon of cortical responses evolked by LGB shock could be
elther pezked or lat, wlih the maximal response in cortex,
when present, beling topoleglcally related to the site of
LGB stimulation. Any combination of distributions could be
obtained in the same animal (eg., Cat 285), the nature of the
distribution depending in part upon the exact site in LGB
stimulated, For all types of spatlal distributions, activa-
tion of eilther the ipsilateral or the contralateral cecllicu-
lus increased the test response ampllitude at both maximal and
submaximal cortical locations, wlith the greatest proportionate
enhancement occurring at submaximal locatlons irn peaked dis-
tributions, and at maximal locations in flat distributions.

Influence of stimulus intensity on enhancement of

maximal and submaximal responses. Since strength of test

shock has been found to be an important variable determining

degree of enhancement (Chalupa et al, 1973), the influence of

3
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stimulus intensity was systematically investigated in four
animals, The findings for all animals were similar and are
1llustrated in Fig., 7 for Cat 324, Cortical responses to a
test shock at varylng voltages in LGB (given in column head-
ings at top), are shown for LGB test shock alone (top row)
and when preceded by activation of SC (second row), MRF
(third row) or Pul (bottom row). At both the maximal (top
tracings marked +5) and submaximal (bottom tracings marked
-2) locations 1in cortex, response amplitude increases with
increments 1n shock iIntensity, with the magnitude of this
increase belng greater at the maximal locus. Activatlon of
SC, MRF, or Pul enhanced the magnitude of the response to

the test shock, but the greatest effect was at the submaximal
locations. These effects are more clearly indicated in the
two graphs at the bottom of Flg. 7 which show that SC, MRF,
or Pul activation produced an increase 1n response amplitude
much greater than control (St algne) at the submaximal locus
(marked -2 at right)} than at the maximal locus (marked +5 on
the left) 1n cortex; l.e., percentase of increasc was greater
at submaximal loci. In most experiments, the LGB stlmulating
voltasze was set at a value just suffliclent to produce a max-
imum amplitude response, Thls criterion usually meant that
the LGB shock intensity was at or near the upper limit of

the dynamic range and hence the proportion of enhancement

due to subcortlical activation was consglistently smaller or
completely absent at the maxlmal locus, while belng proportion-

ately larger at submaximal locations,
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Midbrain levels influencing the spatial distribution

of shock-evoked responses. In the present study the influence
of MRF activation on the spatial distribution of cortical
responses evoked by L4B shock was examined in 21 animals,
Activation of either the lpsilateral (N=19) or contralateral
(N=13) MRF was found to influence the spatial distribution of
evoked responses in a2 manner similar to that produced by SC
activation, That is, for peak distributions elicited by
near maximal intensity shocks to 1L4B, the proportion of
enhancement at submaximal locations in cortex was greater
than at the maximal locatlon, Conversely, for flat distridbu-
tions the proportion of enhancement was greater at the max-
imal location in cortex.

The most dorsal portion of the MRF Just ventral to
SC 1s known to carry flbers which originate in ventral layers
of SC and terminate in different levels of the MRF, 1.e,,
tectoreticular and tectospinal collateral fibers (Altman and
Carpenter, 1951). In 8 animals, the effects of activation of
this area on the cortical gradient was compared with SC or
MRF activation. The data in Fig. 8 for Cat 293 is representa-
tive of the results obtalned for all animals, The left LGB
was stimulated to produce a distribution of responses across
the left marglnal gyrus, and the right midbrain area was
activated electrically to produce enhancement. The midbrain
electrode was lowered in 1 millimeter steps from the level of
the superior colliculus to the MRF, and the spatial distribution

of test responses aione and when preceded by midbrain activation



Fig. 8 Effects of activation of different levels of the
contralateral midbrain extending from H+4.0 in SC to H-2.0 in
MRF. Arrow on abscissa indicates location of maximal cortical
response., Dorsal MRF levels: H+1.0 and HO,.0O; Ventral MRF levels:
H-1.0 and H-2.0. Microphotograph at right indicates the tract
of the electrode which is unusually large due to the tubing
surrounding the electrode, electrolytic markings, and additional
damage in withdrawing the electrode,
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were examined; intensity of activation was constant for all
conditions, As indicated in the graphs for each level of
activation (from H=4.,0 to H-2,0), enhancement of the test
response occurred at all cortical locations when the contra-
lateral midbraln was activated at all levels indicated above.
Moreover, the magnitude of thls enhancement effect did not
materially differ between SC and dorsal and ventral portions

of MRF, Tetanization of SC rarely produced any pupillomotor
responses, however, but such responses occurred in many in-
sBtances as the midbraln electrode was lowered to approach

HO.0, 1.e,, the MRF. Comparing the effects of SC and MRF
acroas a croup of 37 cats, 1t was noted that slightly higher
stimulating voltages were usually neceasary to produce SC
enhancement as compared to MRF, The mean stimulating intensity
for SC (N=37) was 4.3 volts (range 2.0 to 6.0}, while that for
MRF (N=21) was 3.2 volts (range 1,0 to 6.0). These differences
were considered inslignificant,

Fizure 9 (left side) shows the hilstologically verified
electrode locations in the midbrain used in the present study.
Note that positive loci within the superior colliculus are
distributed throughout the intermediate and ventral layers,
meaning that these levels of SC were usually found to be the
most effective sites for enhancing the LGB shock response,
when the c¢riterion used was the minimal Iintensity of tetaniza-
tion necessary to produce maximal enhancement, Negative loci
in SC, where they were verifled histologlecally, were found to

be more laterally and dorsally situated, However, no concerted



Pig., 9 Coronal sections from the cat braln atlas of Jasper
and Ajmone-Marsan (1954) at Fr. 2.0 (left) and Pr. 6.0 (right).
Stimulating at positive locl {closed circles) resulted in enhance~
ment of the evoked potentlal while stimulatinz at negative loci
(x's) failed to enhance the evoked potential.
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effort was made to histologically verlfy all negative locl.
In one animal, however, tetanization of the inferior collicu-
lus and the area ventral to it (not shown in Fig. 9) falled
to produce any enhancement of the LGP shock response,

Influence of Pulvinar actlivation on the cortical

gradient of responses elicited by LGB shock. In 10 cats the

influence of stimulating the lpsilateral pulvinar on the spatilal
distribution of shock evoked potentlals was examined. Since
similar findings were obtained in all animals, the results

for only two of them are shown in Fig. 10. For Cat 313 (top)
stimulation of LGB at Fr. 7.0 produced a steep spatial gradient
in cortex with a maximal locus at O, When preceded by Ful

activation S, response amplitude was increased at all cortical

t
locations, with the greatest proportionate enhancement occurring
at submaximal locatlons, For Cat 322, stimulation at Fr, 6.5

in LGB produced a flat distribution of low amplitude, longer
latency responses in cortex. When preceded by Pul activation,
however, a steep spatial gradilent with a maximal locus at O

was produced, with the maximal enhancement occurring at this
locatlion, These effects are lllustrated in the tracings on

the rizht. In general, activation of the pulvinar influences
the spatial distribution of the shock evoked potential in the
same manner as that observed for SC or MRF, In addition, it

was found that the mean stimulating voltage necessary feor

Pul enhancement was slightly higher (mean at 4,7 volts,

range 3.0 to 6.0) than for SC (4.3 volts) and MRF (3.2 volts).

These (differences were considered Insignificant, Flgure 9



Fig. 10 Comparison of the effects of Pul activation on
a peak distribution (Cat 313) and a flat distribution (Cat 322).
For each cat, upper graph shows response amplitude to S, alone
(closed circlesg and to SC plus 3; (open circles) as a Function
of cortical location and lower ﬂraph open circles) i1s the same
data normalized (horizontal dashed line indicates 10C per cent
control level). Arrow in each graph indicates location of max-
imal response., Sample tracings are ziven for each cat (maximal)
locus indicated by arrow), Hote change in gain calibration in
lower tracings.
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(right side) shows the histologically verified positive
electrode tetanization sltes within the Pul that were
found effective in producing enhancement in the present
study.

In an effort to present a summary of all the data,
the three scattergrams shown in Flg. 11 were constructed
from the individual data of all animals (number of animals
indicated by N), in which the influence of SC (top), MRF
(middle) or Pul (bottom) activation on peak cortical
gradients was examined. The relative magnitude of response
enhancement 1s plotted on the ordinate ( in per cent of
control) and cortical location 1s on the abscissa in terms
of distance in miliimeters from the location of maximal
response (indicated by arrow at O). Each closed circle on
the scattergram Indicates for each animal the proportionate
enhancement obtalned at any given cortical location. The
median of all these polnts {(within a class interval of 2
millimeters along the absclssa) was then picked by inspection
(open circles), and a best fitting curve hand fit to the
medians, A comparison of these curves indicates a simlilar
trend 1n the effects of SC, MRF, or Pul activation on
cortical gradients. In each case, the proportion of enhance-
ment at submaxlimal response locations is always greater than
at the maximal locatlon., In addition, for SC and MRF activa-
tion the proportionate enhancement increases with dlstance
from the maximal locus. The 1irregular nature of some of

these curves, particularly the Pul data at the extremes, may

50



Fig. 11 GQaroup data normallzed to compare the
effects of SC, MRF, and Pul activation on peak dis-
trivutions. See text for detalls,
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be attributed to the small number of observationa or to
other factors as yet unknown,

Collicular influences on the spatial interaction of

responses in cortex eliclted from different LGB sites, The

results presented so far describe the effects of SC activatlion
on the distribution of responses in cortex to a single IGB
test shock. Recently, Storck et al (1972) have shown that

the cortical gradlent of response to a single I4B shock (St)
was influenced by the prior response to a preceding condition-
ing shock (Sc) delivered at a neighboring locus in IGB, In
brilef, they found that at the maximal locus of Sc’ the response
Lo 3¢ was usually decreased while at the maximal locus for 3¢,
the response to S; could be elther increased or decreased
depending upon the amplitude of the first (conditionin)
response.,  3ince 3C activatlon has also been showm to influence
the recovery cycle to two successive shocks at a single LGB
locus {Chalupa et al, 1973), the influence of such activation
on the cortical gradlent of responses ellcited from different
1OB sites was cxamined Iin 11 animals. Specifically, we ana-
lyzed the responses in cortex to a LGB test shock (St) given
alone, and wnen preceded by SC activation, or by a condition-
ing shock (Sc) to another LGB site, or to both of these
stimuli., The graphs in Flg, 12 show the group date for 11
animals In terms of mean response amplltude expressed as per-
centage of control {solid circles) and assoclated fiducial
iimits (p<.05) as functions of S, to S¢ delay for the dual
LGB shock condition, Control data was obtained with a single
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Fig. 12 Spatial Interaction Group Data: Means and fiducial
1imits (p<.05) for test response (per cent of control) when preceded
by SC activation (left graphs) or by Se (middle graphs) or both
(right graphs) at the maximal locus for S¢ (top graphs) and at the
maximal locus for S, (bottom graphs). Abscissa indicates delay
between S, and S%. Data for one atypical animal was dropped in

to

computingcthe bottom sets of graphs.
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LGB shock delayed s commensurate amount from the end of SC
activation. Data on the left show that the single test
response amplitude is increased following SC activation,
the magnitude of this effect decreasing somewhat as the
interval between SC activation and Sy increased at both
the maximal locus for 8¢ (top graph) and the maximal locus
for S, (bottom graph). The middle set of graphs presents
the control data for the normal recovery cycle (no SC
activation) to S, and 8¢ (Sc and Sy were always of equal
intensity), and shows a depression of test response
reaching a maximum effect at 50 to 80 milliseconds and
returning to control levels by 200 mllliseconds., Following
SC activation (right graphs), the excitabllity cycle 1is
8lightly altered throughout its extent. Test amplltude

is not depressed as markedly as in the normal recovery
cycle, and by the 200 millisecond interval approaches the
control value obtained at the commensurate delay for the
SC plus St condition. 1In general, amplitude of response
to S; seemed more affected by the prior 5, response than
by SC activation until the two shocks were separated by
about 200 milliseconds,.

In 5 of our 11 animals a prior condltlioning shock
increased rather than decreased the response to S; at 1its
maximal locus, confirming an observation previously noted
by Storck et al,{(1572). In these 5 animals 1t was noted
that at short intervals only (5 to 10 milliseconds), prior

SC activation produced an interesting effect which 1is



1llustrated in Pig. 13, On the left are shown 5 super-
impoeed traces of responses to S¢ alone (top pair), SC
activation plus St (second pair), S, and St at a 10 miili-
second interval (third pair), and 8C activation plus Sc
and St (bottom pair);in all cases top tracings are from

St maximal locus and bottom tracings from Sc maximal locus
on cortex. As shown earlier, SC activation enhanced the
response to St more at submaximal than at maximal 1écations
(compare in the first two sets of tracings the amplitude
changes at +8 and -4 locations). When S, preceded S., the
response to 3, was slightly enhanced at 1ts maximal locus
(A+8) but depressed at the maximal locus for S, (P-4)
(compare first and third sets of tracings at +8 and -4),
When Sc and Sy shocks were preceded by SC activation, the
response to S5; was enhanced s8lightly more at its maximal
locus (A+8) but completely eliminated at the maximal locus
for 3, (P-4) (compare third and fourth sets of tracings).
The graph on the right portrays functions of the amplitude
of response versus cortlcal locatlon, &s ellcited by St,
when preceded by SC activation (solid circles), by S, at

a fixed 10 millisecond interval (open circles), or to both
SC and S, (triangles). Eight cortical locatlions along the
marizinal gyrus were sampled varying in the A-P direction
from A+8 (maximal locus for S,) to P-6 (P-4 being the
maximal locus for S,). These data show that SC activatilon
(trianglies) tends to ralse very slightly the test response

amplitude near 1ts maximal locus on cortex (eround +8), and
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Fig. 13 Effects of SC activation on the spatial interaction
of responses in cortex to two LGB shocks (10 milliseconds apart)
for Cat 299, Tracings show cortical response at the maximal locus
for S; (+38) and at the maximal locus for S, (-4). Graph shows Sy
response (expressed as per cent of control)] for different locations
across cortex for the three experimental conditions indicated.
Arrows on graph indicate cortical location of maximal response to
5¢; (+8) and to S, (-4).
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to depress more definitely the test amplitude in the vicin-
1ty of the S, maximal locus (around P-4). The overall
effect of SC activation, then, is to exaggerate somewhat
the slope of the cortical gradlient of the recovery function
(open circles). Such a "sharpening" effect following SC
activation was observed 1n all 5 animals,

The effects of subcortical leslons on the enhance-

ment effect, In the present study 1t was shown that

enhancement of shock evoked responses could be ellcilted in
cortex after either 1ipsllateral or contralateral SC actlva-
tion. It is possible that such a contralateral enhancement
effect was due to indirect activation of the ipsilateral SC

via known intercollicular connections (Altman and Carpenter,
1961). In 7 animals, therefore, the effects of contralateral
SC activatlon on the spatlal distribution of the shock response
in cortex was examlned, before and after a lesion was made in
the ipsilateral superior colliculus., In all 7 experiments

the resulté were the same and are illustrated in Fig. 14 for
three of these animals, As indicated in the upper row of
graphs the proportion of contralateral colllcular enhancement
is unchanged after ipsilateral colllicular lesion. When the
electrodes were lowered into the MRF billaterally (bottom row

of graphs), a simlilar enhancement was obtained from the contra-
lateral MRF and this effect perslsted following additional
lesion of the ipsilateral MRF, In these experiments, topical
KCl was applied to the contralateral cortex during the post-

lesion stage tc control for possible transcallosal effects,



Fig. 14 Top graphs: In all three cats lesion of the ipsi-
lateral SC did not alter the enhancement effect produced by
contralateral SC activation. Bottom graphs: Same results were
obtained when contralateral MRF was activated followlng lesion

of the ipsilateral MRF.
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No change was observed in the enhancement effect for either
contralateral 3SC or MRF activation following KCl administra-
tion. In brief, the findings 1ndicate that the enhancement
effect obtainable for both SC and MRF 1s bilateral and not
dependent upon commissural connections at the midbrain or
cortical levels,.

Since there are no known direct tectal inputs to the
cortex, the superior colliculus may medlate 1ts Influence on
cortex indirectly through the MRF, as suggested by Brown and
Marco {1957), or tnrough the pulvinar. Both structures have
reciprocal connectlions with SC (Aitman and Carpenter, 1961;
Anderscn and Berry, 1959) and as demonstrated in thls, as
well as 1n earller electrophysiological studies (Chalupa et
al, 1973) they appear to be Tunctlonally related, 1In 9
animals, therefore, a serles of slingle or multiple-stage
leslons were made to determine possible functional relations
between 3C and MRF, Flgure 15 shows for two cats, 311 and
312, the relative enhancement of LGB ellcited responses
across cortex (zraphs at bottom) due to contralateral SC
actlvation, before and after a consecutlive series of three
midbrain lesions, In both cats, the relative amount of
collicular-induced enhancement was unchanged followling lesion
of the ipsilateral colliculus (Stage 2), as noted above., A
subsequent lesion of the ipsilateral MRF (Stage 3) produced
a minimal reduction in the enhancement effect 1n Cat 311 and
no effect 1n Cat 312. When an additional lesion was made 1n

the contralateral MRF (Staze 4) collicular enhancement was



Flg. 15 Effects of serlial midbrain lesions on contralateral
SC activation: Ipsilateral SC leslon (Stage 2) produced no change;
ipsilateral MRF lesion (Staze 3) produced some effect in Cat 311
and no change in Cat 312; zdditlonal lesion to the underlying MRF
(Stage 4) abolished SC enhancement effect in both ecats. Accompany-
ing microphotographs identify lesion sites.
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completely abolished and the curve drops to control level,

Figure 16 1llustrates for two more cats, 314 and 318,
the cortical gradient of the enhancement effect induced by
elther 1psilateral or contralateral SC activation. Prilor
to the MRF lesion, activation of elther collliculus produced
about the same effect across cortex (left hand graphs).

When a lesion was made in the 1psilateral MRF (middle graphs),
there was some reductlion in the enhancement effect obtailnable
by activating the colliculus on the same side (ipsilateral SC).
Essentlally the same effects were obtained 1n two other anlimals
(Cats 321 and 323) not shown here., After a bilateral MRF
lesion (right hand graphs), however, the collicular enhance-
ment obtainable from either slde was abolished in the two

cats shown in Fig. 16,

The influence of Pul lesions on collicular enhance-
ment was examined in three animals, as shown 1in Filg. 17. As
the top graphs show, the relative enhancement effect elicited
by SC activation was unchanged after a Pul lesion on the same
side as the actlvated colliculus. The same Pul leslon had
little conslistent effect on the enhancement produced by
activation of the MRF on the same side (bottom graphs),
except possibly 1n Cat 329, However, as the top graphs
indicate, a subsequent ipsilateral lesion of the MRF, 1i.e.,
on the same side as the prior Pul lesion, completely abolished
the enhancement effect obtainable from SC in all three animals.
These findings sugzest that efferents from SC to the Pul are

not necessary for obtaining enhancement, whereas those to the



Fig. 16 Effects of serial bilateral MRF lesions: unilateral
MRF lesion (Stage ¢ reduced somewhat the enhancement obtained by
activatlion of the overlylng colliculus; bllateral MRF lesions

(Stage 3) markedly reduced the enhancement effect obtained from
elther colliculus.
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Fig. 17 In three cats Pul lesions produced no change in the
enhancement effect obtained by activating SC (top grapha% or MRF

(bottom graphs) on the same side but in all cases additional lesion
of MRF (top graphs) reduced SC enhancement effect to control level.
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MRF appear to be essential. Yet Pul appears to be involved
in some way since a combined Pul and MRF leslon on one side
was as effective in abolishing collicular enhancement as a
bllateral MRF lesion.

In summary, 15 animals were used to investigate the
subcortical pathways involved in mediating collicular
enhancement of the geniculate shock evoked cortical response.
The findings indicate that: 1) the bilateral effects of
collicular enhancement do not depend upon the integrity of
intercollicular or transcallosal pathways; 2) the MRF under-
lylng the actlivated colliculus appears to be involved in
mediating collicular enhancement; 3) bilateral pathways
through the MRF appear to be essentlal for thls enhancement
to occur; and, 4) ipsilateral pathways through the Pul do
not appear to be essentlal for colllcular enhancement, but

appear to be invelved 1in some, as yet, unknown manner,



DISCUSSION

The results of the present study show that activation
of the ipsilateral or contralateral superlor colliculus
increases the response amplitude elicited by a single gen-
iculate test shock, at both focal (maximal) and non-focal
(submaximal) locations on cortex, Interaction between the
cortical responses elicited by two shocks to different LGB
locl was also affected by SC activation. 1In 11 animals, SC
activation rellably shortened the normal recovery cycle 1n
that 1t returned to control levels within 200 milliseconds.
In 5 of these animals, at short S, to Sy intervals, test
regsponse amplltude was slightly enhanced at the maximal
location for the test shock, but more definitely depressed
at the maximal cortlcal location for the conditioning shock.
Enhancement of responses in visual cortex, obtained by
activating one SC, survived lesion of the contralateral SC,
even when KCl was applied topilcally to the contralateral
cortex., In addition, SC enhancement survived 1psilateral
Pul lesion, was reduced foliowing 1psilateral MRF lesion, and
easentlally eliminated by bilateral MRF leslons or by ipsi-
lateral Pul and MRF lesiocons., The import of these effects
will be discussed below,.

The cortlcal gradlent of collicular enhancement.

Prior studles have shown that activation of the superilor
colliculus enhances the cortical response to LGB shock

(Bremer, 1966a, 1966b; Chalupa et al, 1973) or optlc tract



stimulation (Brown and Marco, 1967), but collicular influences
on the gradient of evoked responses across cortex have not
been previocusly described. It was found in the present study
that the relative amount of SC enhancement (per cent of
control amplitude) between maximal and submaximal cortical
locations depended upon the nature of the cortical gradlent
of response ellicited by LGB shock. In those distributions
where definite peak responses were elicited (usually with a
maximal intensity test shock), the greatest proportion of
enhancement occurred at submaximal locations (see Fig. 11).
Statistically, these distributions were obtalned by test
shocks in 1amina A or A' of LGB (see Table 1). On the other
hand, even maximal intensity stimulation in posterior or
ventral portions of LGB (lamina B) usually produced flat
distributions across cortex of low amplitude, longer latency
responses, usually 1 to 2 milllseconds longer than responses
elicited from lamina A or A' {(see Figs. 5 and 10 for details).
In such distributions, prior activation of SC either made it
possible to elicit a definite peak locus for the first time,
or, if a slight peak locus existed, 1t was markedly enhanced;
1.e,, the greatest proportlonate enhancement occurred at this
maximal locatlon,

The above findings suggest that an indlrect pathway
from lamina B of LGB to vlsual cortex exlsts. Such a path-
way 1s possible in view of prior electrophysiological studles
(Bishop and Clare, 1955; Chalupa et al, 1972) showing con-

nections between lamina B and the Pul-LP complex, Since the



Pul 18 known to project to suprasylvian cortex (Waller and
Barris, 1937; Graybilel, 1972), and since loop flbers are
known to exist between this projectlion fleld anu the visual
cortex (Wilson, 1968), lamina B can project indirectly to
visual cortex, albeilt with slightly longer latency.

Other subcortical structures ylelding cortical

enhancement., It was shown in the present study that

activation of the midbrain extending ventrally from SC

into the MRF produced an enhancement of the spatial dis-

tribution of evoked responses in cortex (see Figs., 8 and 9),

which was essentlally the same as that ellcited from SC.
Previous studles have shown that MRF activétion enhances
the evoked response to LGB shock (Bremer, 1906a, 1966b;
Chalupa et al, 1973), but the effects of tetanizinc the
tegmental area adjacent to the centrz’ ray have not veen
proviously descerived. This latter area 18 known to carry
reciprocal cornectlons between SC and MRF (Altman and
Carpenter, 1961i; Anderson and Berry, 1959), and recent
studies have shown that LGB actlivity can be influenced by
activation of this area (Tatton and Crapper, 1472), as well
as by activation of the ventral MRF (Ogawa, 1963; Satinsky,
1263; Singer and Drager, 1972). Our finding of a SC
enhancement effect can be explained most simply in terms
of fibers coursing from SC ventrally into MRF, so that SC
activation essentlally results In MRF activation. An
alternate 1interpretatlon would stress the significance of

spread of stimulating current from SC to MRF. Whille such a

T4
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factor cannot be completely excluded, it could not be the
critical mechanism, since SC tetanization rarely produced
pupillary dilatation (and where present it was slight and
of longer latency), whereas MRF tetanization always pro-
duced a puplllary response of large magnitude and short
latency. Moreover, the postulation of current spread from
SC to MRF could hardly explaln the fact that an ipsilateral
MRF leslon had only a slight depressing effect on SC enhance-
ment, while bilateral MRF lesions were most effective (see
discussion below).

It should be stressed, however, that efferents
from SC are not llmlted to fibers coursing to MRF. A small
but well defined number of SC efferents are known to project
to Pul (Altman and Carpenter, 1961), and activation of the
Pul was shown 1n the present study (see Fig. 10) to influence
cortical responses in a manner similar to SC and MRF actil-
vation. 1In other studles, activation of the Pul has been
shown to enhance the evoked response to light (Battersby
and Oesterreich, 1963), optic tract (Brown and Marco, 1967)
or lateral geniculate shock stimulation (Chalupa et al, 1973).
Accordinizly, on the basls of known anatomlcal and electro-
physiolozslical data as outlined above, 1t 1s posslible that
part of the ipsilateral SC enhancement effect was mediated
through the Pul. |

Flbvers projecting from one SC to the other provide
yet another possible mechanism for the SC enhancement effect,

The present study showed that activation of either SC could



produce similar enhancement effects on the cortical response
to LGB shock; 1.e., the effects of stimulating either collicu-
lus were billateral, It 1s possible, however, that the effect
of SC tetanlization in the 1lpsllateral hemlsphere 1s medliated
via mechanlisms noted above, but that the effect in the contra-
lateral hemlsphere depends upon an intercollicular projectlion,
In bilef, activating one SC may have resulted in activation
of the other, Recent concepts arrived at primarily from
ablatlion studies {Sprague, 1366), however, have stressed the
role of intercollicular inhibition, not actlvation, and
there 1s some electrophysliological support for this concept
(Hoffman and Straschill, 1971).

In general, the findings discussed above indicate
that a variety of complex 1nteractlons can occur between
the collliculi, as well as between SC and the Pul and MRF,
The leslon experiments discussed below represent an attempt

to test for the siznificance of some of these interactions.

Effects of subcortical lesions on cortical enhance-
ment. The present study showed that 3C enhancement effects
were bllateral 1n cortex, a finding earller reported by
Bremer (1966a, 1966b). It was further shown, however, that
a lesion of the ipsilateral colliculus produced no change in
the effect of enhancement as elicited in that same hemlsphere
from the contralateral SC (see Fig. 14), indicating that
collicular enhancement 1s essentlally independent of direct
intercolllicular projection. It is possible that these

negative results can be attributed to an incomplete lesion
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of the 1ipsilateral SC. This would not, however, account
for the positive results obtained following large, yet
incomplete ipsilateral or bilateral MRF lesions, Some
authors (Sprague, 1966) have postulated that when a lesion
18 made 1n SC on one slde, the remaining SC will be
"released” from a normal Intercollicular inhibltion, Conse-
guently, stimulation of the remaining SC should produce a
greater cortical enhancement of the LOB eliclted response
than prior to lesion due to this "release" phenomenon,
This did net occur in the present experiment, perhaps
because intercollicular inhibitlion elther does not exist,
or does not operate 1n our preparations where both visusal
cortices were left intact, On the other hand, a more direct
method would have been to sectlion the intercollicular
comnissure, This was not done in the present study. How-
ever, the present study also showed that post-lesion appli-
cation of KCl to the contralateral cortex did not alter the
magnitude of contralateral SC enhancement. This finding
ralses questions for those concepts which postulate a
functicnal alteration wlthin one SC after 1ipsilateral
visual cortex ablatlon.plus SC lesion on the opposite slde
(Sprague, 1966), and, in fact, some negative data exlsts
(Keane et al, 1968),

Like SC, MRF enhancement was similarly found to be
biiateral in cortex, and the effects obtalned from one MRF
survived lesion of the other, even when KCl was appliled

topically to the overlylng cortex, Collectively, these



findings could be explained by postulating that SC and MRF
influences on cortex are mediated through a dlencephalic
pathway, most likely the diffuse reticulo-thalamo-cortical
system (Jasper and Ajmone-Marsan, 1952), Such a hypothesis
could be teated by examining the effects of SC and MRF
enhancement before and after leslons of such thalamic
structures as the centre median, supragcnicuiate, and
centralis lateralis nuclel.

The possibility of bllateral enhancement effects
from the Pul and their posslble survival following unilateral
Pul lesions were not examined in the present study, and must
therefore awalt future investigation. However, the influence
of unllateral Pul leslon on the enhancement effect elicited
by SC and MRF activation was assessed (ser Fig., 17), and no
alteration from pre-lesion status was noted. When a MRP
lesion was added on the same side as the Pul lesion, however,
a complete loss of the SC elicited enhancement efflect occurred,
This finding suggests that the enhancement phenomenon depends
upon alternate pathways from 3C, one through MRF and the
diffuse projection system, the other via the Pul and its
parastriate cortical projection,

Extending an earlier observation, {Chalupa, 1970), the
present study has shown that unilateral MRF leslions reduced
somewhat the enhancement effect elicited from the ipsllateral
(overlying) colliculus, but not from the contralateral
colliculus, Billateral MRF lesions essentially abolished

collicular enhancement from either side., Thils f{linding
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indicates that the enhancement phenomenon depends upon a
bilateral projection of each SC into both MRF structures.
In fact, fivers from the deep layers of SC are known to
project bllaterally into MRF, some crossing in SC and
others 1in the dorsal tegmental decussation, distributing
collaterais to the contraateral MRF (lAltuman and Carpenter,
19651), Collicular influences medlated throuzh MRF could
then ascend in the diffuse projections endinz in midline
and intralaminar nuclel (Nauta and Whitlock, 1954}, and
thence could affect cortex via the reticular nucleus
(Jasper and Ajmone-Marsan, 1952). Unfortunately, this
pestulation would not by 1tself explain the posiltive effects
of combined Pul and MRF leslon on the same slde, as noted
above (page G6)., One possibility 1s that the Pul influence
on cortlcal enhancement 1s dependent upon MRF integrity on
the same slide. There 1s some support for this hypothesis,
Chalupa et 21 (1973) showed, for example, that the time
course for Pul and MRF potentiatlon of a single LGB shock
response was similar, but both of them differed somewhat
from that elicited from SC. Thils suggests that Ful and
MRF effects are mediated throusgh some common pathway,
Moreover, Chalupa (1970) found that MRF lesions markedly
disrupted the effects of thils Pul enhance:ient. In preliminary
studies (not described in this work), we have obtalned
similar results on the cortical gradient of enhancement

for 2 out of 3 cats., These observations require more

systematic study but they tend to support the hypothesis



of a critical pathway from Pul to MRF.

Collicular effects on spatial interaction. Recently,

Storck et al (1972) have shown that the cortical response to
an LGB test shock (St) can be influenced by the response to

a2 preceding conditioning shock (Sc) delivered to a different
S8lte within LGB. Specifically, the response to the second
("test") shock Increased at its maximal cortical locatilon

as compared to control (St alone) data, but decreased at

the maximal cortical locatlon for S,. The authors postulated
that a "lateral interactior." process, similar to that
operating at retlinal levels, exlists also at the cortical
level, such that the contrast between two incoming stimull

1s increased; 1.e., a2 "sharpening' mechanism 1s operative.
Such a mechanism could be significant in such behavioral
functions as visual aculty and spatial locallization. The
present study showed that SC actlvatlon could very definitely
aflect the dezgree of spatial interactlion eliclited by palred
shocks at different locations in LGB (see Flg. 12). More
importantly, perhaps, with such LGB shocks at short intervals
(5 to 10 milliseconds), the response to S; could be further
enhanced (as compared to control excitability data) at 1its
maximal Zocation, and further depressed at the maximal
location for 5, (see Flg., 13). This observation suggests
that the superlor collilculus can influence the interaction

of cortlcal responses initlated by two incoming socurces of
activity, such that the contrast between two environmental

stimull is magnifled. OCur findings 1n conJunction with those
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of Storck et al (1972) suggest that interaction within the
geniculo-striate system 1lnvolves both excltatory and
inhibltory mechanisms, and their influence on cortical
responsiveness can be altered by activation of SC. As
suggested by several earlier studies (Jung, 1958, 1961;
Morillo, 1961), a "unit" approach would permit a more
detalled exdmination of such mechanisms, and if intracellular
in nature might allow for an ultimate explanation in terms

of shifts in membrane potential (see Li et al, 1960;

Watanabe et al, 1966; Creutzfeld and Ito, 1968).

Behavioral Implications. Billateral SC leslions in

¢cats have been sald to result 1ln problems related to
orlentation and obJect localization which cannot be attrib-
uted excluslvely to elther eye, head, and neck coordination
or visual field dificits {Sprague and Melkle, 19565). 1In
freely moving cats, stimulation of SC produces eye and

head movements towards the contralateral side, which have
been interpreted as some sort of "orienting behavior" (Syka
and Radll-Welss, 1971). The present study suggests that
activation of the superior colliculus lncreases the spatial
dispersion of the response to a single LGB shock, It is
possible, for example, that areas of cortex not normally
exclted by radlation input do become excited upon collicular
actlvation, thereby 1lncreasing the spatial capacity of the
system, This 1s illustrated by the dilagram in Fig, 18
where a theoretical test response amplitude is plotted as

a function of cortical location for S, alone (lower curve)



Fig. 183 Theoretical test response amplitude as
a function of cortical location for S; alone {lower curve)
and SC + S, (upper curve). Hatched areas Indicate areas
of increasgd spatial dispersilon of responses to 3¢ when
it 1s preceded by SC activation. Arrow on the absclssia
indicates location of maximal response.
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and for SC plus S, (upper curve). The hatched areas
indicate the extended distribution of responses to St when
it 18 preceded by SC activation., The slignificance of such a
postulate could be tested in chronlc preparations by com-
paring the behavloral effects of SC activation, eg., on
obJect locallzation, before and after cortical lesions
which restrict spatial dispersion, such as in the hatched
areas of Fig, 18, The superior colliculus may also exert
a "sharpening' effect on the distribution of responses to
a test shock which 138 preceded by a condltloning shock to
another LGB site, As noted above, such an effect might be
significant for enhancing the contrast between two
environmental stimull, In brief, both behavioral and
electrophysiological data suggest that SC 1s involved in
the spatial processing of information in the visual systemn,
While conceptually intrizulng, the above hypothesls
does not have direct support since the relationshlp between
behavioral and evoked potentlal data has not been demonstrated.
Nevertheless, there are some interesting correlated sets of
data, For example, the present study has shown that bilateral
MRF lesions abolish SC enhancement. Similarly, Myers (1964)
has shown that pattern discrimination in cats 1s markedly
disrupted following bilateral SC lesions, but only when
thesc lesions also include the dorsal aspects of the MRF,
More recently, Berlucchl et al (1972} have shown that the
learning of monocular pattern dlsceriminations in gplit

brain cats was more markedly 1mpaired if the ipsilateral
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SC lesion was accompanlied by pretectal leslon which
apparently also extended into the subcollicular area (the
MRF), as well as into the area rostral to the SC. In fact,
an early behavioral study (Sprague et al, 1963) which
attempted to compare the effects of midbrain lemniscal and
reticular formatlon lesions, actually included extenslve
damage to the deeper layers of SC (including the tecto-
spinal and tectoreticular fibers {see Sprague and Meikle,
19305, page 140). Accordinzly, it 1s not surprising that
the "lemniscal" lesions in the above study produced behavioral
disturbances similar to those following collliculectomy.

Agslde from SC and MRF interactions, some consider-
atlion has been glven to the behavloral significance of
3C and Pul interactions, Specifically, Sprague and Melkle
(1965) showed that uniliateral interruption of tectothalamic
fibers In cats produced visual fleld defects ("visual neglect")
wlth no accompanyling motor dilisturbances whereas lesion of the
tectospinal tract produced motor disturbances assoclated
with the eyes, head, and neck and no visual deflcits. The
present study showed that unllateral lesion of Pul alone
produced no alteration iIn SC enhancement wh=reas a comblned
MRF plus Pul leslon abolished SC enhancement. Collectively,
these findlngs suggest that Pul 1s involved in medlating SC
functions but more experimental data are requlred to accurately
assess this 1involvement, particularly those where adequate
stimulation 1s utllized, In this regard, the use of chronic

preparations with cortical and subcortical 1mplanted electrodes



would be helpful. In such preparations the effects of
activating SC, MRF, and Pul could be assessed behaviorally
and electrophysiologically and these results compared with
SC actlvation followling Pul or MRF leslon.
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