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Sununury, Effects of electrical stmulation of the
basat ganghia {caudate nucleus and putamen) and
COFlEN [gvius profeus and compositus) on the recep-
tive fietds and response properties of units in the
visunl cortex of cils were assessed using single lines,
double fines and mwultipte lines (gratingss. In the
single line experiment caudaie stimalution signifi-
captly increased the spontaneous activity. optimal
firing rate and receptive field size of visual cortex
neurons whereas putumen stimulation decreased
these parameters. Stimulation of gyrus proreus
enhanced, while that of gyrus compositus diminished
optimal firing rate without affecting spontaneous
activity; in addition, stimulation of ipsilaterat proreus
and compositus increased rhe receptive field size
whereas their contralateral homologues decreased ir.
in the double line experiment. proreus and caudate
stimulation increased the magnitude of the facilita-
tory effect of progressive separation of the tines over
certain ranges whereas compositus and pulamen
stimulation increased the inhibitory influences.
QOrientation selectivity and spatial frequency tuning
charactenistics were unaffected by the electrical
stimulations of any of the four sites. Thus three
categories of network properties were delineated:
those characterized by remaining invariant to any
cerebral stimulation: those characterized by overalt
acrivation as by basal ganglia stimularion: and ihose
characterized as interactive which were responsive
especially to corticat stimulation,

Key words: Visual properties — Visual cortex -
Recepiive fields — Spatial frequency - Interactive
properlies
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Hughilings Juckson F1932) first proposed that cerehral
functions constitited wn equilibrium which becomes
disrupted by bruwin lesions, Jackson's proposat has
been tested behaviarally and received support with
reurd o the differonee in effeet of Josions of the
frontut and posterior intrinsic (ssociulion) Cortex
(Pribrum 1966: Brody et ul. 1977). The question was
raised. therefore. as to what mechanism might be
invelved in maintaining the Jucksonian equitibrium.

In order 1o explore this question a series of
etectrophysiological experiments was undertaken. of
which the current report is 4 part. The initial studies
showed opposing effects of electrical stimulations of
frontal and posterior intrinsic (association) cortex on
recovery cycles in the visual system (Spinelli and
Pribram 1966) and on the appurent size of visual
receplive fields (Spinetli und Pribram 1967). These
studies eft in doubt, however. whether the chunges
in apparent receptive fietd size were due 1o differ-
ences produced in the level of background activity or
due 10 atterations in the configuration of the recep-
tive field itself.

A further question is raised by these experimental
findings: by what pathway is the electrophysiological
resulr effected? Behuviorul duta have implicated the
head of the caudare nucleus us ihe focus most
intimately related 10 the functions of the frontal
intrinsic (associdtion? cortex {(Rosvold et al. 1938}
and anatomical studies huve demonstrated heavy
projections from the frontal cortex to this basal
ganglion {Kemp and Powell [970: Goldman et af.

1971 Yeterian and Van Hoesen 1978).-

Similarly. the posterior intrinsic cortex projects to
the putamen {Reitz and Pribram 1969) and behav-
ioral data intimately relate this portion of the
strigtum to posteriar corticat funcrion (Buerger et al,
1974}, Though the puthwuys from the basal wanalia 1o
the visual svstem are s set uncharted. Kudobatushi
{Kadobavashi et al. 1972 Kudobavashi und Ukida
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19711 has shown that electnival sumulations of the
busal gunghia will influence gross and unit potentiuls
evoked by flashes of lghtin bath the lateral genicu-
Lt pucleus und the primuary visual cortex.

Thus the experiments reported here were under-
ciken 1o investigate the influence of electricul sumu-
fution ot the frontal and posterior intrinsic cortex
fevrus proreas and gyvrus compositus of the cat), and
of the caudate nucleus und putamen. on the proper-
ties of receptive fields of neurons in the visua] cortex.
As noted in the preceding puper. it was essential
this enterprise o attempt first o understand these
properties by clussifving them with the aim that such
clissificotivn would vlarify the nuture of the trunster
tunctions unvelved. The resadts ot the electnl
stimubation experiments reported here are anubvzed
within the trame of the clussitications arrised at in the
preceding paper. The findings are reported in two
sevtions. The first reports results where the proper-
ties uf the receptive nefd Jdid not vary with electrical
stimulution, The second section reports the resuits
where receptive field properties were ntluenced by
such stimulutions. These effects were sufficiently
differentiul 1o allow specificaon of the transfer
funcrions involved, and to suggest mechanisms by
which the effects might operate.

Methods

A Chroeic bnploviiiion

Fourizen adult cars were bitaterally implanted under deep generul
anesifesia [ Ncmbutak, (8 my ke) with hipolar simulating clee-
trodes mrade out of nierome wire. 2 mm Jdismeter. dimit insulbited.
Thiewr expused up wus U3 mm. The sites uf implantation were
gyrus prateus Lronwl coriex) and gyrus compositus which s
thought (o correspond w the inferaemporal cortex in the cai on
the basts of behuvioral sjudies perfonned by Blake {1403). The
electrodes werg pluced by hand through small burr holes in the
skull (1 cm posterior to the interaural hine for gyrus composiius
and 3 cm anterior 1o the interaural line for gyrus proreus). In other
cats electrades were biluterslly implunted stereotaxically imto the
putamen (HC: A 16, L3, Hiv and the caudate nucleus tHC: AR5,
H3.3} These voordinares were derived from the Atlas of Jasper
and A ymone-sarsan C19060) and correspanded for the caudate. o
the anatamicul projection frum gyrus proreus. for the putamen. to
the center of the structure. A plug socker, DIP 8 pins) was
conaected W the elecirodes. the cantact deng mude by crimping
the ends of suft brass tubing. one ¢nd on the clectrode. the other
an the plug's prongs. Deptdd cement was then poured uround the
plug. Finully, o recordipg chumber (Puto et al. Y761 was
wnplunted. This svstem permitted painless and stable immobiliza-
tian wb the head withaur the use of earbars, avaiding surgicul
preparation during the avtual revording sessions.

B. Recording Preparation

Twemv-four hours priar to the recording sgssion the animal was
foud deprived to prevent subsequent vonuring. Thirny minures
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before the experiment the cat was subcutaneously injected with
atropine subfate (0 25 me) in order 10 block laryngeal secretions
that could be caused by intubalion and reeeived an intramusculas
injection al Ketamine. At the onser of the expeniment anesthesia
wus induced with thiopenial  Pentothal, Abbur, 18 me kel and the
siphenous vern wus cunnulated with o catheter fangrocuth 22
wuuge. |, Deserer. 29620

A local anestheric was then spraved vn the glotts (Cetacuine)
and the amimial intubated with an endotracheat tube covered with
Ny locamne, The tracheal wbe and venous cutheter were secured (o
prevent yncomfortable movements of these canuluae! Body tem-
perature was manitored through @ rectal thermometer and normal
wemperature was maintained by a circulating wuter hgaring pad.
The animal’s head wus then secured in the holder fixed 10 screws
previously embedded in the skull with cement. obwiating the
necessity of using cuchars. Afier the corne was unesthetized with
tpical apphication af Dorsoctine. and mydriasis and cvelaplegia
wore aldueed wath phvoslephrine [veossnepdiome ] and atropine,
oLt fenses were applied e the eves, The eves waere fefracted t
streih renmescopy wind letses were installed i rront of the animal’s
¢ves in order W bring them 1o focus on o projecting screen. An
initiad dose of gallunine (deahiodid (Flaxedil. 20 mg) was given
intravenousiv. and respiration was maintained artificially. The
respirator was sei o distribute a stroke-volwne per body weight
atcording w0 the chare of Kisiaman und  Kadford, Jro, und
physiologicul parameters (heari rate and recral wmperadure) were
manitored. & misture of 3 me Tubocuranne chloride and 14 my
Fluxedil was adininistered by a motar-driven syringe by continual
automatic infuston at a rate of 2 ce/h. The duranion of an average
recarding session was 24 h. The animal was then revived. The
nurmal behavior displaved by the cats in the same surroundings on
subsequent duys suggesied thul no psychological trauma had
occurred duting the previous recarding sessions. Each cat was used
for either two or three recording sessions.

C. Apparaius

Cells were first hund-mapped with the use of a rerinoscope. They
were further investigated by a computer contralled system (PDP B}
which allowed the presentation of stimuli (one line. two lines and
gratings) and recorded the cell’s responses 1o those stimul. In
addition. electrical stimulations were administered 1o the cerebral
structures through a square wave pulse generator. Prior to the
brain recording session various efecrrical stimulations o brain
siructures were given first to the unanesthetized and unparalyzed
subject 10 determing the intensity and frequency of the stimulating
curtent 0 be used during electrophysiological recordings. The
ntensity and Irequency used were those which were just under
threshold for cliciling a behavioral response {pupil dilation.
atlempi Lo escape . . ) from the fully awske animal. For the basal
ganglia these stimuisiions had the following parameters: [ =
0.2-04 mA; D = 0.2 ms; F = 2 Hz. [n the cortex experimenis
parameters found 1o be optimal were: [ = 25 ma; D = | .U ms:
F = 2 Hz. Electrical stimulation centinued thraughout the pre-
sentation of visual stimul. Comparisons entailing electrical stimu.-
lativn were thetefore with a bascline produced with electricat
stimulation in the absence of visuul sumulation,

D. Experimentd Protacol

The following steps consuituted the experiment:

1. A baseline reading wus taken with electrival but no visual
stimulatian. )

k)
aut electrical stimulation consisbed of: L4l one ine maving in each
of 3o directions in U7 inerements: or (b tive repeutions of

. L)
1 An iniuad control presentatian of visual stimulation with- ¢



MLU Lassonnde et al Invraverebiral influences

sgpurate scans wf two paraikel lines moving s the preferred

arientuiion and direction and at the preterred veloois wirth vanous

SCparstions =271 0r 107 1en sine wuse grahings ispatial freguencs

= W -2 avles degree of visual angler dritied in the preterred
orientation and dicecoon J Lhe prererred veloury.

A0 The same provedure was then repeated while administer-
ing clecineal stinulation W vne of the our implanted elecirode
sleE.

) 4. Control and simulinion serics wore alternated unnl the
four sites tipsilateral and contralaterdl fruntal or nlerotemparal
vortes: or ipsilatesal and coniralatery) puwtamen or vaudate] had
cach been simulared. The arder of sites of electrical stimulations
was randomized. A finul control serivs was then run {1} withoul
visual. und {2} without electrical of visual sumulanon,

E. Hiswtogival Proceduire

At completion ab the Tinal recording session. cats were given an
overdose ul sudium pesobarbital and pesiused throwgh the leit
veotnele, first with normal saline and then with B¥ e Formalin,
Purt of the cranium was removed and the head placed in Formalin
for three days, after which it wus mounted in 4 sierevtusic
instrument and blocked in coronal plunes. The brain was then
removed and pliced for seven davs in sucrose Formadin (10
Fonmalin, 30¢ sucrose ). The block containing the lesion was then
embedded in o albumin-gelain solaton {18 em. o gelaim, oil ce
of distilled water at 30° C. 18U gm of albumin} and cut mto 3-y
seclions on a freezing microtome. Every fifth section was mounted
and stained with cresyl vivlet.

The placemenis of the sumulating elecirodes could be iden-
tified unequivocally. and most of the elecirode tips were in the
intended loci. In the case of gyrus proreus and compositus. the
electrodes were all in the desired loci. The clectrodes intended tor
caudate aucleus were on targel except four. as shown in Fig. |
One was Jocated in the right capsuia inerna. and one in the left
capsula interna. Two were located in the anterior ecwo:sylvian
gyrus, one in the ieft one. one in the right. For the putamen (Fig.
2) also four of the ¢lectrode iips did not reach the intended target:
three were located in the Claustrum (twe in the right. one in the
lefy) and ong in the siria medullaris of the thalamus.

Results

The results are divided into two parts, In the first
part, we shall report the effects of electrical stimula-
tion of the basal ganglia and of gyrus proreus and
compositus on those properties (orientation selectiv-
ity and spatial frequency tuning characteristics} of
striate cortex neurons that did not vary as a result of
the electrical stimulations. In the second part. those
properties (spontaneous activity, optimal firing rate,
receptive field size and double line interactions) of
visuat cortex neurons which vaned as a result of the
electrical stimulation will be reported.

L. Invartanr Properiies

A. Orientation Selacrivity

L. Puwamen and Caudate Stmularion, The average
change in the preferred onentation of U6 units was

j

Fig. 1. Loci of stimufitiag clectrodes in caudate nucleus. CC:
corpus callosum: Cud: vuudate nuclews; Cl: capsuta interoa; cl;
clausirum; Pul: putamen

Fig. 2. Loci of stimulating electrodes in pulamen. CC: corpus
callosum: Cd: caudare nucleus: Cl: capsula interna; ¢l: clausteum; .
Put; pulamen i

computed (analysis of variance — ANQVA) and
showed that the effects of electrical stimulation of
putamen and caudate on orientation selectivity of
visual cortex neurons were not significant (F; 4, =
0.42, p > 0.5). Moreover, in order to see if there was
any difference between the simple and the complex
receptive field properties with respect 10 any change
in their orientation selectivity, a chi-square analysis
was performed on the wo subgroups. Neither of
these properties showed any significant change and
the probability of change was the same for the two
groups (X%, = 10.41. p < 0.23 for the simple. X3,
= 13.85. p < 0.20 for the compiex properivy,

2. Cortical Stimuidarion. Twenty cells were studied
with regard o the possibility that their selectivity 1o
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Table 1
Classification

Simpie Simple Complex Complex
Experiment Simple Complex Sustained Transient Sustned Transient Sustained Transient
Spatiat Frequency X'mgbd X =457 X=d435 X =133 X =467 X'=6l1l X =193 X' =353
Peak Shifts with
Cortical Stimulation p < 0.3 p <l p o< LU P uu3 p<uls p <23 £ <075 p <01
Spatial Frequency Xi=368 X'=51y X=711 X =918 X =4% X'=33 X'=49 X' =715
Width of Tuning
Curves with
Cortival Stimulation  p < 0.25 p<u3 p <023 p < .10 p < i3 p<u3 p<(3 p < il
Spomtanecus Activity X' = 438 N s 3le X =437 N'=133 N =11 K=48% X =17 X'=8 .
with
Corticat Sumuiation g <073 2 < A0 J VS p < U3 £ I3 p < p < .30 p <8




AL Laesonmde o al Dinpaectaie] L lugnees

orentatton could be changed by electrical stimula-
Lo of gyrus proreus or compasitus. No significant
cliects LANON A were obrained  from electricul
siimubation of these sicactures (Flay,, = 285 p =
Doy Norowere differvnees Tound berween simype
amd conmiplex receptive ficlds with regiard w change in
GG,

B. Spatial Frequency

[ Peak Shifts. As illustrated by the tuning curves of
individuiil receptive fields shown n Fig. 3. stimula-
non of proreus and compositus did not signiticantly
~hift the spatal Freguency of the peaks of such supra-
thieshold curves (1 = LAY p < 0LS),

The changes iy peak Ireguency oecurring during

cartical stimulation were ulso tabulated accarding w
revepuve beld properties. No signtficans differences
{see Tuble 1} in shifts of peak frequency were found
for wny property or combination of properiics.
2o Waddhe of Sparied Frequency Taning Curves. The
widths of those funing curves shown in Fig. 3 were
also nat significanty { ANOVA) atfected by proreus
and compositus stimulations. (F.», = L8 p <
.23},

Nor did analysis performed on the different
receptive field properties or combination of proper-
ties show any significant changes (see Table 1} in
curve widths following proreus and compositus
stimulations.

. Varving Properties

AL Spontaneous Activity

In order o determine the spontaneous activity, post-
sumulus time hisiograms (PSTH) were derived while
the unit was firing in the absence of electrical or
specific visual stmulation. Then, electnical pulses
were delivered to the basal ganglia or the cortical
sites. and additional controls without visual stimula-
tion were taken as indicated in the Methods section.
i Puiimen and Cuudate Stimulation. As shown in
Fig. 4. the electnical stimulation of putamen induces
{on the average} a decrease in the spontaneous
acoviey  while  electrical  sumulation  of  cuudate
induces an increase.

An anulysis of variance performed on a tatal
sampie of 82 units showed that the increase and the
decrense in spontangous activity during caudate and
putamen stumulation respectively were significant
(Fi-o, = 7.3). p < UL These results are reported
tn Table 2. This effect was observed irrespective of
which receptive field properties charucterized the
uni.
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Fig. 4. Effects of electrical stimulation of putamen and Caudale

nucleus an a cell's spantaneous activity. All histograms were -

derived over the lime that wauld be taken by a single line
presented in one arignration (but the line was not preseated during
this run) while the cett was firing in the absence of specific visual
stimulation. The second histogram on the right shows a decrease in
the cell’s response during electriesl stimulation of the ipsilaeral
putamen and the second histogram on the left shows an increase
during electrical stimulation of the ipsilateral caudate. The firsi
and last histograms {left and right) were obtained withour any
electricat stimuiatien. The same cffects were observed when the
time was ¢xtended o cover the duration that would have been
taken by presentations in 36 onenianons. Abscissa: time {bin
width: 200 ms): Ordinate: cell’s responsc in spikess caleulated by
dividing the 1012l number of spikes by the number af bins x bin
width

2. Cortical Siinuwdaiion. No significant differences
were found with ¢iither proreus or compositus stimu-
lation with respect 1o change in spontaneous ackivity
(Fiajms = U289 p < U30). Nor were there any
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Tuble X Meun change in spontaneows acuvity Juring busal ganghia stmulatian

Ip=ilateral Coniralaterat Totai Ipsilateral Contralateral Total
Putimen Putumen Putamen Caudate Caudute Caudare
Number i
cells 14 117%) 3 (437 ) sUce ) 16 {30%) 16 (205 ) 32 ()T}
Meuan change
spikes. s -5.9] ~18.18 ~13. 36 + 12,116 +14.57 +13.3
Siandard
devistion 847 2245 19.53 12.38 20.52 18.03
The number in parenthesis indicates the percentage of the romaf sample of celts which responded in this fashion
chunges in spontaneous firing rate (see Tuble 1) when R 0 00 e e o, - 0 me
tabulated according to receptive field properties and HELOCITY VELOTITY /s
combinations of properties.
1
B. Optimal Firing Rate wisusL R visua 1
- STiMULATION - STIMULATION J
i

PSTH were 1aken in the f{ollowing sequence: (1)
Electrical stimulation of basal ganglia and cortex
onty: (2} No electrical siimulation while the cell was
visually driven with an optimal stimulus: (3) Electri-
cal stimulation of basal ganghu and coriex during
continued visual stimulus presentation: (4) Optimal
visual stimulation only.

{. Puramen and Caudate Stimudation. Figure 3 shows
an exampie of the effect of electrical stimulation of
putamen and caudate on the response of (wo units.
On the feft. the first histogram is a subhistogram of
the total of 36 such subhistograms obtained in
determining the orientanion selectivity of the recep-
tive field. This subhistogram is chosen a posterion
because it showed that the best response is obtained
when the bar of light has an orientation of 220° and is
moved in the preferred direction at a preferred
~ velocity. During elecrrical stimulation of the puta-
men, the firing level of the unit drops drastically. In
the last histogram, the cell returns 1o t1s pre-elecirical
stimulation level. The histograms on the right show
that during electrical stimulation of the caudate
nucleus, a unit whose optimal orientauon is 190°
increases is firing level and shows a return to the pre-
elecirical stimulatton level during the control run
(Fig. 5).

_ These caudate and putamen effects were found in
most of the 79 units studied and are summarized in
Tabie 3. The increase and decrease in optimal firing
rate were stastcally (ANOVA) sigmificant {F 555, =
6.5. p < 0.01).

In order 1o see if units showing simple und
complex properiies were equally affected by electri-
cal sumulation of putamen and caudate, a chi-square

IPSILATEAAL IFSILATERAL
PUTAMEN CAUDATE
- —_—
1]
>
z
H
CONTAQL COMTAOL
e

[-TLF

Flg. 5. Effects of elecurical stimulation of putamen and caudare
nurleus an the optimal firing rate and receprive field size (RF) of
twa complex cells. For all histograms the abscissa represents the
pasition of 1he sumulus as it moves once across the field (bin width
= 200 ms) and the ordinate. the unit’'s discharge {spikesis). The
arrow o (e left of each histogram represents the level of sponrane.
ous activiry. Note that this level eemains unchanged throughout che
experiment. In the left column, the first histogram represents the
opuimal firing rate of the unir 05-01-04 chosen 4 posieriori from
presentation tn 36 orieniaticas because it showed the preferred
orientativn and direction. The upper histogram was made uader
1he contral conditicn af visual stimulation ondy. This is followed in
the middle histogram by etectrical stimulation of ipsifareral puta-
men. Mowe thal the unir's discharge dropped drasucally and us RF
size shrank (the number of bins on the abscissa diminishedt.
Finaily. the contral condition of visua) stimulation oaly shows a
rewurn 1o pre-electrical stimulation level. In the right column. the
first histogram represeats the control condition vptimal firing rate
aof anather unit 106-01-04). During electrical stimulation uf ipsilat-
eral caudaie. there is a drastic increase in the RF size as well as its
discharge. Contrul: retumn w pre-¢lectrical stimulation level
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Tahie 3 Mean change sn oprtimal tiring rate durtng putamen and caudate stimulation
fpsilaterul Cuntraluieral Total Ipsiluteral Contralaterai Total
Putunten Puiamen Putamen Caudare Caudate Caudare
Number of .
celbs 114135 02 3¥ 429 2329 23297 46 (38
Meuin change
Lspikes 5] 3ol =8.31 -0.6l +6.69 +1.89 +4.29
Standard
Jeviation 1004 1304 13.48 16.61 13,49 15.16

The number in parenthesis indivates the percentage of the sl number of cells which responded in this fashion
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CONTRALATERAL IFBILATERAL
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Fig. 6. Eftfects of electrical stimulfarion of gyrus proreus or gyrus

| COMpPOoSItus on two unils in the visual cortex. The arrow indicates
spontangaus activity which again remains unchanged with cortical
stumulation. [n the left coluon the first histogram represemts the
opumal firing rate of the unit according w preferred orientation
and Jirection chosen a posteniori from presentation in 38 orienta-
tiens. The second histogram was taken during electrical stimuta-
tion of the contralateral gyrus compositus. Note that the unir's
apumal firing rate and receptive field size are decreased. The third
histogram shows that the unit’'s Jdischarge returns 1o the pre-
electrical stimudation leve! during the {inal controt run. [ the right
cotumn the first hisiogram represents the optimal firing rate of
another unit under the same conditian as the first control. The
second histogram shows that during elecirical stmulation of the
ipsilateral gyrus proreus there is an increase in the cell's firing rate
and recepuve figld size. The third histogram shows the rewurn o
the pre-electrical stimulation level during the final control run. For
all histoerams the abscissa represents the ume (bin width =
200 ms) and the ordinate. the unit's discharee in spikess. The
arrow to e left ol each histogrum represents the level of
SPUNIEREOUS activiry

test was performed for each of the subgroups. For
cells with complex properties, the directional effect
was significant (X7, = 14.28, p < 0.03) but those
with simple properties seem on the whole to be
equally affected (X7, = 1.83, p > 0.10) even though
on the average, they show a decrease after putamen
stimulation and an increase after caudate sumula-
tion.

2. Coriical Stimulation. The optimal firing rate of 113
cells was measured before and during electrical
stimulation of proreus and compositus in the same
manner as described under putamen and caudate
stimulation. A significant (ANOVA) effect (Fpy 100 =
2.69, p < 0.05) was obtained. Both ipsilateral and
contralateral proreus stimulations increase the opti-
mal firing rate of cortical units whereas ipsilateral
and contralateral compositus stimulations decrease
it. Figure 6 shows an example of the effect of
electrical stimulation of proreus and compositus on
the response of two units. On the left are PSTH
obtained from a unit whose optimal orentation is
120° while stimulated by a line moving in the
preferred direcuon and velocity. It can be seen that
the ceil’s optimal firing level decreases drastically
during compositus stimulation. Orn the right are
PSTH for a unit whose optimal orientation is 100°

. and whose optimal firing rate is increased by electri-

cal stimulation of proreus. Notice also that in both
cases the unit's firing raté returns to its pre-stimula-
tion level in the last histograms. |

Further, the effects of stimulation of gyrus pro-
reus and compositus were studied with regard to the
simple vs complex properties of the iunits. A chi-
square analysis performed on the data revealed no

_significant effects for the simple property (X' =

3.16, p < 0.20) and none for the complex property
(X5 = 131, p < 0.5). However, a trend is manifest
in that 63% of the cells with simple properties and
61% with complex properties showed an increase in
optimal firing rate after proreus stimulation and 86%%
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of cadls with simple propertics and 6370 with comples
properties showed a decreuse after compositus stirau-
lation,

C. Receptive Field Size

£ Punnen and Caudare Stmudation. Fraure 3 alsa
sttows an exumple of o umt whose receptive tiekd waus
modified during electrical stimulation of the puta-
men. The size of the receptive ficld was derived from
the receptive field profile using the formula F =
V x T.where ¥ = velocily of the line moving across
the field and T = number of bins {abscissa} X bin
width. During putamen stimulation the receptive
field became smaller. that is, the number of bins on
the abscissa diminished. During the controf run the
receptive field came hack to the pre-electrical stimu-
lution  level.  Conversely.  caudate  samulation
increased the size ol the receptive field after which
the receptive [etd returned to the pre-electrical
stimulation level during the controf run. The increase
and decrease in receptive field size following caudate
and putamen stimulation were found in most of the
units studied (N =_114; Fjp ;0 = 3.82, p < 001}
These data are summarized in Table 4. The effects of
putamen and caudate stimulation on the receptive
field size were compured for the simple and complex
properties of the receptive tield. A chi-square analy-
sis on the data showed that the effects were hizhiy
significunt for boih subgroups (X° ), = 7.3. p < 0.0}
for the simple property: X7, = 7.43. p < (.01 for the
complex property). 70% of cells with simple proper-
ties showed u decrease in their receptive tield size
during putumen stimulation and 90% showed un

increase during caudate stimulation. As o cells with
complex properties, 709 showed o decrease in their
receptive field siee during putamen stimulation and
747 showed an lacrease during caudate stimulation.
2o Cortical Stimmdluncn, L3 oclts were investigated w
stuth the ¢iteets of proreus and compositus sumuola-
tion o receptive field size. The data show that
ipsilugeral proreus  and  composiius  stimulations
éncrease the size of the cell's receptive field whereas
contrafaceral cortical stimulations decrease it. These
effects ure significant at the G035 level (F o, = 2.77,
p < 0.U3). Examples of units whose receptive field
was modified during electrical stimularion of proreus
and compositus are shown in Fig. 6.

No differential effect was found with regard to
the simple-complex distinction. A chi-square analvsis
shuwed the effects of sumulatnon do not differentiate
at the U.U3 level of signiticance. :

D. Double Line Interaction

In order to test whether basal ganglia and correx
stimulation affects the inhibitory and facilitatory
interactions within the receptive field. the respanse
of the cells 1o each separation of the two lines
{0.1°~£.8%) was compared during and before electri-
cal stimulutdon. Inhibitaten (and facilitation) were
defined a3 a one standard deviation decrease
{increase) in the firing rate produced by the presenta-
tion of a double bar over that produced by the
presentation of u single bar at preferred origntation,
direction und velocity. Inhibition {and facilitation)
werg computed for ¢ach degree of separation.

Fig. Fu—c, Graph of the nwmber of cells in which facilitation and inhibition i produced forall receptive ticld properiies and combinations of |
propertigs by the interaction of o lines movile ai the preferred orentatian, divechon and velocity. a Dunng s sumulation oaly:

aumber of vells studied = #1b During caudare nuclews @ectrical stimulanon: awnber af cells studied = 56, ¢ During putamen electricul

stiimuation: pumber of cells studied = 23 Absaissar stmuius separanon i deerees: Ondinate: ownber af anits
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i Putamen and Candate Stimudation. Figure 7 pre-
sents the effect of electnical sumulation of caudate
and puiamen on all the units studied (Ney = 361N, =

23). No overal) change could be observed during”

putamen stmutation (Z = 094, p > 0.3) but a
general excitatory influence was found during cau-
date stimulation (Z = 3.6. p < 0.01).

However, it can be seen from Fig. 7 that the
number of cells showing facilitation during caudate
sumulation is increased for all parts of the histograms
asshownin Fig. 7 (2 =34, p<001: 2 =36.p <
0.01: Z = 2.0, p < 0.03). On the other hand.
putamen stimulation increases the number of recep-
tive fields which show inhibitary sub-regions i the
first (U.1°-0.47) and second {11.53°-1.2°) parts of the
histograms (Z = 2.1. p < 003: Z = 1.87, p <Q.U3).
The terminal region ¢1.3°~1.8°) however, shows an
inverse effect (Z = 2.10, p < 0.03).

In an additional analysis. the celts were divided
according 1o their simplercomplex propertigs and the
effect of stimulatton on each category was evaluated.
No significant differences were found.

2. Cortical Stimutation. Figure 8 illustrates the effects
of stimulation of proreus and compositus on all units
(Necarews = 407 Nepmposis = 39). Only stimulation of
gyrus compositus produced an overall change and

this was inhibitory (Z = 2.75, p < 0.01). Stimulation

of gyrus proreus produced no overall change. How-
ever, when the three segments of the histogram were
considered separately (that is, 0°-0.4°; 0.6°-1.2%
1.3°-1.8%), it could be seen that proreus stimuiation
increases the magnitude of the facilitatory effects in
the middle segment of the histogram (Z = 2.63.
p < 0.01) leaving the other parts unaffected by the
stimulation {Z wa = 1.03, p < 0.53; Z3q tpire = L. 12,
p < 0.3). The effects of compositus stimulation were
restricted to the first two segments of the histogram
(Zigt pan = 2.65, p < 0.01; Zypg gun = 2.76, p < 0.01)
leaving the third part relatively unaffected. Finally,
no significant differences were found berween cells
showing simple and complex properties as to their
responses o the double-line interaction before and
during stimulation.

{11 Stimulation of Other Cerebral Structires

Some electrode tips inadvertently hit the Capsula
Interna {CI). the stria medullaris of the thalamus
(SMT). the gyrus ectosylvian anterior (GEA), and
clavstrum. Statistical analyses similar to those used
above were applied. The results show that stimula-
tion of Cl (ipsi- or contralateral), GEA (ipsi- or
contralateral) and SMT (contralateral) had no signifi-
cant eifect on any of the tested variables. However,
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CELL: 28-3-12
BIN WIGTH: 200 msec
VELOCITY: & cmfsac

Visual
STIMULATION
ONLY

CONTRALATERAL

—

CLAUSTRUM

18

CONTROL

SPIKES

" ORIENTATION {deg)

Fig. 9, Effects of electrical stimulation of the claustrum on the
increase in tiring fevel above spontaneous activity of a unit in the
visual cortex. First histogram: meun vptimal firing rate of the unit
in respoense to the presentation of the stimutus in 36 oricatatioas.
Second histogram: during stimuiatica of contealateral clausteum,
the cell’'s response dropped drastically. Third histogram: in the
final control cun. in the absence of electrical stimulation. there was
areturn W pre-electrical stimulation level. Abscissa: acientation of
the line stimulus tn deg.; Ordinate: unic's firing in spikes's

electrical stimulation of the claustrum (contra or
ipsilateral) has a staustically significant etfect on
spontaneous activity. optimal firing level, and recep-
tive field size essentiaily identical to putamen stimu-
lation, i.e.. a decrease in spontanecus activity and
optimal tiring level and a diminution of the receptive
field. !

The etfects of claustrum stimulation on optimal
firing rate are represented in Fig. 9. The first PSTH
represents the mean response of the cell to each of 36
directions {preferred arientation: 210°). In the sec-
ond histogram. electiical puises applied to ipsilateral
clausirum induced a drop in the cell's firing level and
finalty in the iast PSTH the cell returns to the pre-
etectrical stimulation level.
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Tabie 3. Eftect ob claustrim stunulation ui spuniasesds acliviiy,
aptimad ficiny cute, b beceptive fichd size

ATMREH AT TURIPES Chpsaml Ruevpiine
alivily arnng rate fteld ~1ee
Numeer o
BEENN T I b .
Meun ehunge -3 -t 24 -t 1y
Stundand
deviation 152 n27 1

Table 3 reports the effects o chinestrunt sthinubi-

Lol ot spoitanveus and opanrad fiving rues us well

an an the receptive fickd size.

IV Awtenomic Measures

Ta rest whether the amount and parumerers of
etectricad stimubation of the basal ganghia und correx
was affecting wutonomic functions. hearl rute and
GSR were recorded during und before clectrical
stimulation. Heart rate wus monitored in all experi-
ments and GSR in several additionat ones. Neither
heart rate nor the aumber of deflections nor mean
amptitude of the GSR were affected by these particu-
lar parameters of the stimulation sites,

Discussion -

The experiments performed in this study devolved on
determinations of the effects of electrical stimulation
of the basal ganglis (caudate or putamen} and of
cortex (gyrus proreus and gyrus compositus) on the
properties of visual receptive fields. To this end,
quantitative baselines of these properties had 1o be
delinemied, The set of properties described in the
previous report (Pribram ¢t al. 1981) was used o
characterize the receptive fields of neurons in the
visual coriex: orientation: direction and velocity of
movement: spontaneous and optimal firing rutes:
receptive field size: and responses to stationary and
drifting gratings. '

Qur results indicate that electrical stimulations of
the basal ganghia and cortex have different effects.
Fundamental to this difference is the fact that basal
eunglia {including claustrum) stimulations influence
the spontaneous activity of neurons in the visual
cortex. while cortical stimulations do not. Thus.
whatever other effects electrical stimulations of the
basal ganglia produce. the results must always be
considered as possibly due to some overall activation

MOC Lussapde e abs hotracerebead Inlluences

or reduction of spontaneous activity. while those of
corticat stimutation can be considered independent of
any such ¢ffect,

With this cavear in mind. immportant simifurities in
the effects of stimubations of the basid gupneha and
corlex cin dlso he noted. The reviprocul bulance
Bretween froutad and posterior brain mechunisms o
which the current experiments were addressed has
been supported by the results. Thus stimutations of
the caudite nucleus increased. und those of the
putamen decreused. the spontuneous activity of cetls
in the visual cortex. Further. optimal firing rates
were iacreused by stimulations of gvrus proreus or
the catdite aucleus: whereas stimuluations of girus
copasitus or putionien decrcisad them, These
results contirm previaus findings {Smerin 1981
Spinelti und Pribram 1966, 1967} in which it wus
found that stimulations of the basal ganglia and
cortex modify responses in the luteral geniculute
nucteus i sinilar tashion: frontorcaudate sumula-
nons have an excititory effect and posterior coriex:
putamen stimulations have an inhibitory one.

The only exception to this freat-back reciprocal
effect of the stimulations were thase on receptive
fietd size. In this instance. ipstlaterat stimulations of
both proreal and composit cortex {(and oniv of
cortex) produces enlargement of the receptive fields
while contralateral stimulation shrinks them.

A beginning can be made in understanding these
diverse effects by noting that none of the electrical
stimufations of subcortical and cortical structures
which were undertaken influenced the orientation
selectivity or the overalt spatial tuning characteristics
of the visual cortcal cells. ln keeping with the
analysis made in the previous report (Pribram et al.
1981} this suggests that such extra geniculo-striate
stimulations do not influence the invarian: properties
of receptive field organization of striate cortex
neurons which arise from sensory input.’

Next. recall that only basa! ganglia stimulations.
not those of cortex. intluenced spontaneous activity.
Conversely. optimal firing rate and receptive field
size are altered by cortical stimulation in the absence
of changes in spontaneous activity. Chanees in sen-
sitivity to stimulation and in receptive field size can
thus occur independently of changes in the level of
activation.

These differences observed between the effects of
stimulating basal ganglia and cortex suggest that
different pathways are responsible for the differential
effects. The massive effect observed on the spontane-
ous actvity. the optimal firing rate and the recepiive

field size following basal ganglia stimulation could be

attributed 1o a change in the level of general acova--

tion in 2 manner anatogous to the muodel presented
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by Deutsch and Oeuisch (1963, Caudate stimukition
would “ruse” the level of gencral uctiviation such that
bath the noise spontuncons actvity ) and  signul
foptinial firing rate) woold be amplified. Alterna-
tvelv, putamen stumudation would the Tevel
of generul wetivation such thar both the noise {spon-
tenneous avtivity 1oand signad topumal lirng rate}
would be greatly reduced.

The basal ganglin thus actin aecord with asystem
responsible for generul activation such as  the
mesencephulic reticufur actividing svstem (Deuel et
al. 1971 Jouver 1967). Both the caudate and the
retrcular systems Bave. 1 tura. been shown to modify
the activity of the nuclens reticukaris of the thalamus

Slomeer”

whose wenvine generally mflucnces the svisoad padi-
was (Y ingling and Skinner 1975,

Bv contrast. corticul snmulation speciftcally mod-
ifies the vptimal finng rite and receprive field size of
the cells o the viswal cortes withput influencing the
spontincous actviny fevel. This influence oo aponl
fiomg rae and recepune bicld size could be exerted
through Literul or recurrent inbitory processes. The
mechanism by which the cortex atfects such controd
might well be mediated by intra- and inter-hemis-
pheric cortico-cortical connections as supgested by
the beluvioral neuropsychologicul studies of Deuel
et al. (1971). However. an alternative possibility is
that cortico-thalamic pathways to the specific nuclei
of the diencephalon are wnvolved (Skinner and Ying-
ling 1976).

In an essential respect. the results of the current
experiment support the proposal made by Pribram et
al. in the compunion study {submiitedl: Network
properties rather than carrently described cell tvpes
are optimyl candidines for classificanon. ln the
current series of experiments the overall {excitatory)
reactivity of the newwork is influenced by basal
ganglia stimulations raising the question as to
whether sustained-transient properties are subject to
change by such stimulations. The interactive {inhibi-
tory) properties of the network cleusly respand 1o
cortical stimultions and are only indirecty influ-
enced by basal ganglia sumulatuons. The properties
clussified as indepenident in the companion ceport
remain invanant when subject 10 either basal ganglia
or corticul stimutations in the current series of
gxperiments.

The results of these experimenis support the
conception that the primary visual svstem cun be
influenced by the uction of related non-primary
svstems. The evidence presemted suggests that the
cortico-corticat influences vperate on lateral or recur-
rent inhibition. but it is not ¢lear whether this eftect
transpires at the lateral geniculate nucleus or ar the
cortex. Nor has it been established anatomicaily what
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the pathways might be for overall activanon: Are
thev. as suggested above. basal ganglia — mesence-
phalic reticular formanon — reticular nucleus of the
thalamus - or ure the more direct routes from busal
ganyhiy o centrum medianum. or even to visual
cortex (s for example in the case of the claustrum
{Samdes and Bucchold 19797 Priso und Miceli in
prep.}). involved? Or bath? These questions are now
under consideration in our laboratories.
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